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PREFACE

With the dawn of the new millennium, IC technology-nodes have evolved beyond
0.18-micron. New processes also had to be developed to meet the needs of this
Deep-Submicron Era, including: copper/low-k dual-damascene interconnects;
high-k MOSFET-gate and DRAM dielectrics; 300-mm wafers; chemical-
mechanical polishing (CMP); excimer-laser-based DUV-lithography: chemically-
amplified (CA) resists; silicon:;germanium (5i:Ge); and silicon-on-insalator (SOT).
The semiconductor industry, however, also experienced an economic decline of
unprecedented severity at the start of the 2000 decade. It seams clear that to fuel the
recovery, chip manufacturers will have to exploit the above innovations. Such
processes are a path to achieving the performance goals of future IC technology-
nodes that will be needed for manufactunng new and profitable electronic products.

This is the first available book dedicated exclusively to describing such deep-
submicron process technologies (including those listed above). It is intended to
provide semiconductor engineers and researchers with a comprehensive, state-of-
the-art reference about these emerging and leading-edge processes, While many
other books have been written about the “traditional” IC fabrication processes,
none offer what this volume contains. It's sole focus is those techniques needed to
manufacture chips for 0.18-um {and smaller) generations. Thus, it belongs on the
shelf of every microelectronic professional whose livelihood depends on having a
thorough grasp of the latest advances in IC fabrication technigues. There is no
faster way to gain this information. As with our other volumes, owners will find
themselves referring to this text again and again!

Readers can still consult Vol.1, 2* Edition for background material on basic IC
fabrication modules, as this book (Vol. 4) does not repeat that information. Instead,
it presents over 800 pages of new content about the process technologies of the
2000's. It also has over 900 references (with 200 of these being published since
2000), and more than 500 illustrations. It is written in the same lucid, user-friendly
style that has been widely praised in the other volumes of Silicon Processing for
the VLSI Era.

As with the previous volumes, this text was produced wsing an accelerated
book-production schedule. By empleying revolutionary publishing techniques
made available in the 1990"s, Lattice Press can turn a finished manuscript into a
published text in less than 3 months (a task that takes most publishers of technical
books 15-18 months). This allows our books to be released faster, and to contain
the most-up-to-date information at the time of publication.

xxi



xxli PREFACE

SILICON PROCESSING FOR THE VLSl ERA is a multi-volume treatise
designed to provide a comprehensive and up-to-date treatment of this important
and rapidly changing field. The volume in hand is the fourth in the series.
Volume 1 (Process Technology, 2 Edition) was published in 2000 and deals
with individual processes employed in the fabrication of silicon ULSI circuits
(such as silicon wafering, thermal oxidation of silicon, CVD and PVD of
amorphous and polycrystalline films, diffusion and ion implantation of dopants
in silicon, microlithography, and patterning technology). Volume 2 (Process
Integration) was released in 1990, and describes how the individual processes of
Volume 1 are combined in various ways to produce MOS and bipolar VLSI and
ULSI circuits. The task of integrating these various fabrication processes together
is referred to as process integration. In Volume 3 (The Submicron MOSFET,
published in 1995) the topics of submicron MOSFET device physics and the
relationship between such device physics and submicron MOSFET fabrication
are addressed.

A book of this length and diversity would not have been possible without the
indirect and direct assistance of many others. From an indirect perspective,
virtually all of the information presenied here is based on the research efforts of
countless numbers of scientists and engineers, Their contributions are recognized
to a small degree in citations of their articles given in the references at the end of
each chapter. The direct help was also provided by many people, and the
resulting text is thus significantly better. The author expresses heartfelt thanks to
those who gave their ime, energy, and intellect.

Important direct help came from members of my immediate family. My wife,
Carrol, read the manuscript for grammatical and stylistic correctness. My son,
Ross, designed the cover and improved many of the graphics. My daughter,
Jennifer, helped in marketing the book. Thus, it truly represents a family
enterprise.

Stanley Wolf

For additional copies of the books contact:

LATTICE PRESS
Post Office Box 340
Sunset Beach, CA 90742 USA

www.latticepress.com

For your convenience an order form is provided on the final leaf of the book.
It can also be ordered from the LATTICE PRESS websile.



Chapter 1

THE EVOLUTION OF THE STRUCTURE OF MOSFETS

The silicon MOSFET is the most important active-device in ULS] integrated
circuits. Over the past 30 years, MOSFET dimensions have been decreasing at a
dramatic rate - from gate lengths of 10-um in the early 1970s to less than 0.13-
pm today. This gate-length scaling is expected to continue, and may reach 0.05-
pm (50-nm) at the end of the projected shrink path in 2012, Table 1-1 shows the
predicted scaling of MOSFETs according to the 2001 IRTS Roadmap. !

MOSFETs are the dominant devices in Si ICs largely because they can be
scaled to increasingly small dimensions, and this scaling results in higher perfor-
mance. However, the structure of the MOSFET has undergone many changes
besides the scaling of feature sizes down to the deep-sub-micron regime of today.

Figure 1-1 shows a SEM of a MOSFET with a gate length of 2-uym (Fig. 1-1a,
circa 1985), and also of a MOSFET with a gate length of 0.2-um (Fig. 1-1b).
With the exception of being scaled, the basic structure of the MOSFET does not
appear to be fundamentally changed. However, several aspects of the MOSFET
device structure have been modified. (This can be better illustrated in schematic
drawings that depict MOSFET cross-sections with a 1.5-uym gate length and a
0.18-um gate length, see Fig. 1-2.) In this chapter the structure of deep-sub-
micron MOSFETs is compared to those of technology generations in which the
gate length exceeded 1.0-pm. In this discussion the term deep-submicron
MOSFET refers to MOSFETs with a gate length of 0.25-pm or smaller, How the
structure of CMOS devices must be reconfigured when building ICs using
devices whose minimum sizes are in the deep-submicron regime is also covered.”

* By 2001, several novel MOSFET structures were being studied as aliernatives for the
“conventional” MOSFET when it's scaling limits are reached. Such new structures
include the vertical-, the replacement-gate-, and double-gate-MOSFETs. However, by
2002 these structures (and others) were still in their infancy. It is not likely that they will
be put inte production for many years. The focus of this text, however, is on process
technology that is in {or about to be put into) mainstream IC manufacturing lines in the
2001-3 timeframe. Thus, these novel structures will not be described here further. How-
ever, readers interested in more data on such futuristic MOSFETS should see such recent
reviews as Refl. 8, and the Technical Digests of the [EEE International Electron Devices
Meetings (IEDM), and Digests of Technical Papers of the Symposium VLS Technology.

1
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Table 1-1 PRINTED GATE LENGTHS OF MOSFETS ITRS20011
2001 2002 2003 2004 2005 2006 2007

PRINTED GATE LENGTH (nm) 80 75 65 a3 45 40 35

The purpose of this chapter is to show how the MOSFET structure has had to
be changed when deep-submicron integrated circuits were fabricated. The device
physics details that underlie the need for building such deep-submicron MOSFET
structures are not presented here. While some of such information is found in
later chapters, a more in-depth discussion of this topic is left to other texts (such
as Vol. 3 of this series.2 and elsewhere.¥)

1.1 THE STRUCTURE OF DEEP-SUBMICRON MOSFETS: (0.25 g 10 0,13 pm)
COMPARED TO EARLIER-GENERATION MOSFETS: (2.0 g to 0.5 ym)

In this section the structures of deep-submicron MOSFETs of the 2001-2002
timeframe (i.e., with gate lengths from 0.25 ym down to about 0.13 pm) are
compared to those fabncated in the late 1980s and early 1990s (i.e., with gate
lengths that ranged from 2.0 gm down to about 0.5 ym).

The following parts of the MOSFET will be examined, to see how the device
structure had to be modified in order 1o allow high-performance deep-submicron
MOSFETs to be implemented:

1. MOSFET gate-stack and contact structure;

2. Gate dielectric materials for the MOSFET,

3. Doping-concentration profiles of the MOSFET channel;
4. Drain structure of the MOSFET,

He. 1-1 SEMs of MOSFET cross-sections with different gate lengths: a) 2.0 pm; b) 0.2 pm.
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b)

Fig. 1-2 Schematics of MOSFET cross-sections with different gate lengths: a) 15 gm; b)
0.2 gm.

Note that in CMOS ICs there are some additional structural aspects of the
integrated circuit that must be considered besides those pertaining to the active
device (MOSFET) structure. That is, the characteristics of the following two
CMOS elements must also be addressed: 1) the on-chip inlerconnect system; and
2) the substrate and isolation structures. The issues relating to the substrate and
the isolation structures will be considered in the following section of this chapter,
while general issues related to the interconnect system are covered in Chap. 12,

1.1.1 Evolution of the MOSFET Gate Stack and Contact Structure

MOSFETs have used polysilicon as the gate material since the mid-1970s (i.e.,
when the polysilicon-gate structure replaced metal [Al] gates). The gate matenal
in earlier MOSFETs for both NMOS and CMOS technologies down to about
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0.35-pym was n*-doped poly (usually heavily doped with phosphorus - see also
the following section on CMOS technology for more information on poly
doping). However, as the MOSFET gate lengths were scaled below about 1.25-
pm, the resistance of the polysilicon lines became too large for them to be
effective in their secondary role as a local interconnect (even when they were
doped as heavily as possible). At that point it became necessary to clad the top
surface of the poly film with a metal silicide layer (most commonly WSi, ). This
multi-layer gate stack was called a polycide structure (see Chap. 13 for more
details on W5i, polycides). Usc of the polycide gate stack structure allowed the
resistance of lines implemented with heavily-doped poly to be reduced by about a
factor of four. Implementing WSi, polycides thus permitted the use of single-
level-metal interconnects in MOS-based ICs to be extended for one or two more
technology nodes. (Note that the polycide structure is not shown in Fig. 1-2a, but
is shown in Fig. 13-1.)

In deep-submicron CMOS, the silicide atop the poly layer is no longer WSi,.
Instead it is replaced with TiSi; or CoSi;. These two silicides have lower
resistivities than WSi,. In addition, TiSiy or CoSiy can be simultancously formed
on the source and drain contact-regions at the same time they are formed on the
poly lines. MOSFETs with a silicide on both the poly and the source/drain
contact regions are said to contain a self-aligned silicide (or salicide) structure (as
shown in Fig. 1-2b). The salicide structure provides two main benefits to the
MOSFET: 1) the poly lines have a lower resistivity due to the presence of the
silicide; and 2) the contact region exhibits a smaller contact resistance and sheet
resistivity as compared to a contact region that does not have such a silicide. The
details of the salicide formation processes, and the comparison of titanium
silicides and coball silicides for this role are described in Chap. 13.

1.1.2 Gate Dielectric Materials in Deep-Submicron MOSFETs

Thermally grown Si0, has been used as the gate dielectric material for over 30
years (ever since MOSFETs ICs were first introduced). The thickness of this
oxide has been continuously scaled to improve the MOSFET drain current and to
control short-channel effects. The gate-oxide thickness has been approximately
linearly scaled with channel length, with the ratio of gate length Ly to oxide
thickness 1,, being maintained al approximately 45 (i.e., Lght,, ~45)% For
example, a 200-A gate-oxide thickness was used in MOSFETs with a gate length
of 1.0-um, and a 40-A gate-oxide thickness was used for 0.18-uym MOSFETS.

It is predicted that 5104 will continue to be used as the gate dielectric in
MOSFETs until about 2004-2005, At that point (for MOSFETs with a gate
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Fig. 1-3 a) Doping profile in a conventional diffused CMOS well; b) Doping profile in the
CMOS well with a threshold-adjust implant; ¢) Doping profile in a CMOS well with a
threshold-adjust implant and an anti-punchthroogh implant,

length of 0.1 gm), the required oxide thickness will be less than 20-A (assuming
the same ratio Lg/t,, is maintained). However, when the oxide reaches a
thickness of less than 20A, the gate-to-channel tunneling leakage-current will
become approximately as great as the off-state source-to-drain leakage-current of
the MOSFET (~10-nAfum).. As a result, it may not be feasible to build logic
MOSFETs (i.e., not even high-performance-logic MOSFETs) with Si0, gate
dielectric layers thinner than about 20-A. Other devices (e.g., DRAM capacitors,
or oxides used in non-volatile memory structures) will face even more stringent
oxide thickness limitations. Such limits to gate oxide thickness are considered in
more detail in Chap. 3.

To allow the gate lengths of MOSFETSs to continue to be scaled below 0.1
pm, it seems it will be necessary to use altermative high-k-diclectric materials
instead of 5i0,. With these materials, thicker dielectric layers can be used, and
yet the same inversion layer charactenstics can be maintained. These thicker lay-
ers result in less carrier tunneling, and thus they permit further scaling. The use

BORON CONCINTRATION jem™ k)

b)
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of high-k dielectrics as alternative gate-dielectric materials is discussed in
Chapter. 4.

1.1.3 Doping-Concentration Profiles of the MOSFET Channel

In earlier MOSFETs the channel region had a doping concentration profile {prior
to the Vp-adjust implant) that is initially relatively flat with respect 1o depth
below the siliconfoxide interface. In NMOS technology, this flat profile exists
because the starting-substrate Si-wafers in which the NMOSFETs are fabricated
are uniformly doped. In CMOS technology, the initial flat doping profiles are
created from the processes used to create “conventional” CMOS well regions.
That is, in such processes the well dopant is introduced into the silicon wafer
near its surface using a shallow implant step. Then a long, high-temperature
drive-in process diffuses these dopants away from the silicon surface, resulting in
a doping profile that is relatively constant with depth near the silicon surface (see
Fig. 1-3a). A Vp-adjust implant (using boron for both NMOS and PMOS) is then
carried out to provide a doping profile as shown in Fig. 1-3b. As the NMOSFET
approached I-um in gate length, a blanket anti-punchthrough boron implant was
also carried out (typically following the Vy-adjust implant step). This caused a
doping profile to exist in the channel as shown in Fig. 1-3c (and the MOSFET
structure as in Fig. 1-2a).

In deep-submicron MOSFETs, the doping profile in both the vertical direction
(i.e., in depth from the silicon surface) and in the lateral directions (i.c., along the
channel) is changed from that which existed in carlier MOSFETSs. Consider the
profiles in the vertical and lateral directions separately.

In the vertical direction, the doping profile in the channel of deep-submicron
MOSFETs has a so-called super-steep rerrograde (SSR) shape (see Fig. 1-4).
Such an 85R channel doping is needed to allow the correct value of the threshold
voltage of the MOSFET to be achieved, while avoiding a degradation in the
mobility of the carriers in the channel (due to excessively high dopant
concentrations near the siliconfoxide interface - where the inversion layer exists).
That is, it is desired to keep the doping density at the silicon surface to
<5x10'7/em?, Such an SSR doping profile can be obtained by implanting a
heavier dopant species than B for n-channel devices (typically In is used to
replace B), and a heavier dopant species than P for p-channel devices (either As
or Sb can be used). These species have a smaller diffusivity than either B or P,
respectively, and thus the impurity profile does not get spread out during the



EVOLUTION OF THE STRUCTURE OF MOSFETS 7

* Higher channel mobility
* Higher drive current

* Better punchirough
suppression
B

Concentration

Depth

Fig. 1-& As-implanted doping concentration profiles of threshold-adjust-implants with B and
In as the implant species. The In implant produces a super-steep retrograde (S5R) profile.

subsequent heat cycles used to activate the implanted dopants. By choosing the
correct implant energy and annealing cycles after implant, an appropriate SSR
channel doping profile can be created. Chapter 5 covers this topic in more detail.

In the lateral direction (i.e., in the direction along the channel from the source
to the drain), there is now also a non-uniform doping profile. That is, in the
advanced “conventional” MOSFETs, a blanket implant for improving the
punchthrough (PT) performance of the MOSFET is employed. Since this implant
15 a blanket process, the impurities that it introduces are in uniform concentration
in the lateral direction of the channel (as shown in Fig. 1-2a). However, for deep-
submicron MOSFETS, such blanket PT implants canse performance degradation.

To avoid these problems (and yet maintain the benefits provided by the
blanket anti-punchthrough implant), the same dopant species is introduced in
another fashion. As shown in Fig. |-2b, the dopant is introduced only in selected,
local regions; namely at the edge of the drain-extension region. This leaves much
of the channel length with a lighter doping that is needed for a low V.

As the schematic drawing of Fig. 1-2b depicts, this extra dopant region
surrounds the edge of the drain extension much like a halo surrounds the head of
an angel in medieval paintings. Hence, this localized anti-punchthrough region
has been termed a hale anti-punchthrough structure. Such a halo structure was
originally produced (ca. 1985) by performing a second implant after the implant
that created the lightly doped drain region (LDD - see Sect. 1.4.1). The halo
implant is again self-aligned to the gate (and with the beam direction normal to
the wafer surface). The same implant species as that already present in the well.
is introduced by the halo implant, and it uses an energy that is somewhat higher
than that used for the LDD implant. Thus, the range and lateral straggle of this



8 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

: Gl I ]
T T ne
A N

il
2 02 :
02 21 2 o o2
Distmneoe it Gale EaQe (am]

s |  Spacer |
u L] L T
]
pi-
2807 -2
E’” n 2317 k
2 0al T =
0.2 1ai 7 —

-

0.2 EI.LI 0 -2 4.3
Distmnce inom Gabe Edga (m)

Fig. 1-5 Doping concentration contours resulting from a LATIPS implant.”

second implant will be greater than that of the first, resulting in the formation of a
halo region as shown in Fig. 1-2b.

In more-advanced-technology generations, this second implant step is carried
out with the ion beam directed at a high angle to the wafer surface. This allows
the peak concentration of the implanted impurities to be located at a precise
depth and lateral distance from the edge of the gate. Such an implant process has
been named large angle tilted implanred punchthrough structure (LATIPS), or
alternatively a pocket implant. Such lateral tailoring of the channel doping profile
provides some additional design space to control V1 and punchthrough. Figure
1-5 shows the doping concentration contours resulting from such a LATIPS
process, and more details on LATIPS are given in Chap. 5. These LATIPS (or
pocket) implants, however, may be difficult to control at small dimensions.

1.1.4 Evolution of the Drain Structure of MOSFETs

When MOSFETs were first implemented in ICs, gate lengths were on the order
of 10-pm. For MOSFETS with such long channel] lengths, the drain-side of the pn
Junction at the drain end of the channel consisted of a simple single-region drain
structure (Fig. 1-6a). As the gate lengths grew smaller than abouat 2.0—um, the
electric field in the depletion region of this drain pri-junction grew so large that it
started to produce severe hot-carrier injection effects (HCI). These HCI effects
caused long-term reliability-degradation in MOSFETs, and they had to be
curtailed. The technique used to suppress HCI effects was to replace the single-
region drain structure with a two-region drain structure (Fig. 1-6b). The two-
region drain structure consisted of a region that was in contact with the MOSFET
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channel (and extended under the edge of the gate) and a second region that was
further from the channel (but was connected to the first region). To reduce the
electric field near the drain, the first region was more lightly doped (=10 7/em?)
compared to the second region (~1020/cm?). The name given to this two-region
drain structure is the lightly doped drain (or LDD).

The process sequence for forming this structure is as follows: 1) Afiter
patterning the gate stack, the lightly doped drain region is formed with an ion
implantation step using a medium-current implanter. The gate is used to align the
drain dopant with that of the gate edge, forming the LDD region; 2) A spacer is
formed (by CVD of a dielectric film, followed by an anisotropic-etch step that
leaves a spacer structure along the sidewalls of the gate); 3) A high-current
implanter is next used to introduce the dopants for the second heavily-doped
drain-contact-region (with the spacer preventing these species from being
implanted into the LDD region); and 4) An anneal step activates the dopants
implanted in both steps and drives the edge of the lightly doped region the proper
distance beneath the edge of the gate.

In deep-submicron MOSFETs, the drain structure has been modified from the
2-region LDD-drain described above. The reason for this change is that the
power-supply voltage has been reduced as MOSFET dimensions were scaled
{primarily because gate oxide thicknesses have become thinner, and such thin
oxides cannot withstand the oxide electric fields that exist at the higher supply
voltage values — sce Chap. 3). For MOSFETs at 0.18-pm, the power-supply

SiDEwALL
SPACER

Sidewall
spager

p-sub

a) b) c)

Flg. 1-6 a) Single-region drain in a MOSFET; b) Lightly-doped-drain in a MOSFET;
¢) Source/drain-extension and contact-drain-regions used in deep-submicron MOSFETS.
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voltage has been reduced to about 2.0 V (down from the 5.0 V power supply
value that was retained until devices got to the 0.8-ym generation). In any case,
for such small drain-voltage values, the electric field near the drain 15 already
reduced to a degree where few carriers can now gain sufficient energy to create
interface states or shallow oxide traps. Hence, in deep-submicron MOSFETs
HCl-effects no longer nced to be controlled by the use of an LDD structure.
However, the parasitic resistance contribution to the overall MOSFET ON-resis-
tance due to the LDD region 1s increased to an unacceptably large degree.

To evercome the above problem, the two-region drain structure is retained.
However, the region closest to the channel is no longer an LDD region. Instead,
the first region is now termed the source/drain-extension-region (SDE) because
the peak doping is no longer lighter than in the contact region. The increase in
peak doping is achieved by raising the implant dose into the SDE region (from
1-5x1013/em? to 5-10x10"%em?), which produces an extension region of the
drain having lower resistivity. The peak doping concentration in the SDE is as
high as in the second {(contact) region, but its junction depth 15 shallower. This
second drain region is called the contact region (Fig. 1-6¢). It should also be
noted that the penetration of the junction due to the SDE under the gate edge
must be more carefully controlled as the gate length gets shorter.

The main challenge is to continue to make the SDE more shallow (to control
short-channel effects), while retaining a sufficiently low resistance. Shallow ntip
S/D junctions can be formed easily by arsenic (As) implantation, because its high
mass produces smaller Rp. and the high As dose in the SDE region amorphizes
the silicon, suppressing channeling effects. On the other hand, it is more difficult
to make shallow p*/n S/D junctions due to the low mass and susceptibility to
TED of boron (the only p-type dopant with solid solubility suitable for this
application). This has driven boron implant energies to the ultra-low (0.5-1.0
keV) range, and has forced the development of specialized ion implanters to do
these implants economically. These and other issues involved with the formation
of the SDE and the contact region are described in detail in Chap. 5.

1.2 DEEP-SUBMICRON CMOS STRUCTURES

Other structures besides just MOSFETs have to be formed when fabricating
monolithic [Cs. That is, isolation structures and interconnects are also needed.



EVOLUTION OF THE STRUCTURE OF MOSFETS 11

_|_______........1-_..--..-..-.. e

e e £ (G =

Fig. 1-7 Perspective schematic view of a twin-well CMOS structure,

Furthermore, the IC technology can be MOSFET-based (e.g., NMOS or CMOS),
bipolar-junction-transistor (BJT) based (e.g., emitter-coupled-logic - ECL), or
one that contains both BJTs and MOSFETSs (e.g., BICMOS). Since CMOS is the
dominant silicon IC technology at the start of the 21* century, the focus will be
on the CMOS structures within the silicon substrate that must be created when
manufacturing deep-submicron CMOS ICs (Fig. 1-7).

1.2.1 Substrate Issues for Deep-Submicron CMOS

Czochralski-grown single-crystal silicon is the starting matenal on which silicon
ICs are fabricated. Such single-crystal silicon is formed into wafers. There are
two common doping-concentration configurations that ULSI wafers contain: 1)
the wafers are uniformly doped with a relatively light doping concentration of
either p- or n-lype dopant (and such wafers are referred to as bulk or, polished
wafers), and 2) the wafers are heavily p-doped during the crystal growing
process, and then a lightly p-doped epitaxial 3i layer is grown on the polished top
surface of the wafer (and these wafers are referred to as epitaxial, epi, or p-epi-
on-p* wafers).

Bulk wafers were used for NMOS technologies and some CMOS technologies
(especially in chips that have lower selling prices, since the cost of bulk-3i
wafers is about one-half that of epi wafers). The epi wafers were used for con-
trolling latchup in CMOS logic circuits that needed high functional density but
had a higher average selling price (ASP) than the chips that use bulk-5i wafers.
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In deep-submicron CMOS technologies, the epi wafers are used for other roles
besides just controlling latchup. The use of an epi layer on a heavily p-doped 5i
wafer improves the gate-oxide-integrity (GOl - an important factor that
determines the overall yield of the chips), and also the intrinsic-gettering
capability of the wafer. That is, some impurities in the Si wafers (e.g., iron) are
gettered by the formation of metal-atom-B pairs (Fe-B) in the heavily-B-doped
bulk region of the wafer. Chapter 2 discusses both the GOI issue and this
gettering capability in detail. It also reviews the new, alternative substrates that
aré¢ beginning to replace the conventional epi-wafers descnbed above (e.g., such
new wafer types as epi optimized substrates),

1.2.2 Well Formation in Deep-Submicron CMOS

As described in Sect. 1.1.3, “conventional” wells in CMOS are formed by
introducing the well dopants with a shallow implant process, and then diffusing
them deeply into the silicon with a long, high-temperature drive-in step. This
crcates a well doping-concentration profile that has the highest doping
concentration atl the siliconfoxide interface, and decreases monotonically with
distance into the depth of the silicon. Unfortunately, such a well-doping-profile
forces tradeoffs to be made among various MOSFET device-performance
characteristics, especially when fabricating deep-submicron MOSFETSs.

To aveid this problem, and to enable independent optimization of key
MOSFET performance charactenstics, a different well-doping-profile must be
produced. That is, by creating so-called refreograde-wells (instead of “conven-
tional” wells), carrier mobility, S/ capacitance, inter-device leakage currents,
Vip-control, punchthrough suppression, parasitic transistor effects, and latchup
can be optimized almost independently. Retrograde wells are discussed in Ch. 5.

1.2.3 Dual-Doped Poly in Deep-Submicron CMOS

Conventional CMOS structures (down to about 0.35-pum) used n*-poly for both
NMOS and PMOS devices. Surface-channel MOSFETs are produced when n*-
poly is used as the gate material for NMOS transistors. However, the
consequence of wsing n*.poly as the gate material for PMOS transistors is that
such PMOSFETs are buried-channel MOSFETs (see Vol. 3 for a complete
discussion on surface-channel vs. buried channel MOSFETSs, and why the use of
ri*-poly makes buried-channel PMOSFETs inevitable). However, buried-channel
PMOSFETs exhibit OFF-state leakage currents that are unacceptably large once
MOSFETsS are scaled to 0.25-um (and smaller) gate lengths.
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To overcome this problem, it is necessary to build surface-channel
PMOSFETs (as well as surface-channel NMOSFETs) in CMOS technologies at
0.23-ym and smaller. This requires the use of p*.poly as the poly gate matenal
on the PMOSFETSs (Fig. 1-8), and n*.poly for NMOSFETs (in other words, the
poly in the 0.25-um [and smaller] CMOS circuits must be duwal doped). Such a
change has several implications. First, additional complexity is introduced into
the CMOS process flow (c.g., selective dual doping of the poly layer must be
carried out instead of single doping, requiring additional masking layers to permit
such selective doping). Second, the p-dopant introduced (boron, B), can peénetrate
the gate oxide into the silicon substrate unless a sufficiently low thermal budget
is used after this poly doping step (or unless the gate oxide is somehow made
more resistant to B penetration). Such B penetration would cause unacceptable
variations in the threshold veltage of the PMOSFETs. Third, B diffusion along
the poly lines can counterdope the poly in other parts of the IC. Some of the
issues involved with the use of dual-doped poly in deep-submicron ICs are
discussed further in Chap. 3, as well as in Vol. 3, Chap. 5 of this series.

1.2.4 Shallow Trench Isolation for Deep-Submicron CMOS

LOCOS isolation was developed in the early 19705, and it remamned the
workhorse isolation structure for NMOS and CMOS ICs until these technologies
reached the 0.35-uym generation (Fig. 1-9a). However, for IC generations beyond

Shallow Trench |solation

Fig. 1-8 Schematic cross-section of a CMOS structure with STT and dual-doped poly.
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Fig. 1-8 a) Semirecessed LOCOS isolation structure; b Shallow trench isolation structure.

0.35 pym, shallow-trench isolation (STI) replaced LOCOS. The drawbacks that
LOCOS could not overcome were the field oxide bird’s beak (that encroaches
into the active areas of the chip) and the non-planar topography that results from
thermally growing the semi-recessed field oxide.

Both of these problems are avoided by the use of STI (Fig. 1-8 and 1-9b).
That is, in STI, trenches are etched and filled with oxide deposited by CVD to
form the thick isolation oxide region. This method of forming the isolation oxide
does not produce a bird's beak. In addition, by using CMP to planarize the
surface in the course of forming this isolation oxide-structore, the wafer surface
is flat at the conclusion of the STI-formation sequence. This eliminates the
topography that exists at the conclusion of the LOCOS formation process.
Chapter 9 covers the details of STI and CMP is discussed in Chap. 8.

1.2.5 Silicon-0On-Insulator (S01) Technology

CMOS technology has largely been built on so-called bulk-Si wafers. In such
wafers the devices are isolated from one another by a combination of isolation
structures at the silicon surface, and pn junctions in the bulk of the 51, However,
latent current paths among devices may still be activated in the bulk regions by
such phenomena as latchup or transient radiation evenis. Furthermore, parasitic
circuit elements associated with the CMOS structure (such as source-to-substrate
and drain-to-substrate capacitances) can become too large in CMOS structures
built on bulk-5i wafers. As a result, the use of silicon-on-insulator wafers (SOI)
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instead of bulk-Si wafers for some CMOS applications is being pursued. Device
isolation and latchup control are simplified for SOl with fewer processing steps
required. SO technology is described in Chap. 11

1.3 LIMITS TO CONVENTIONAL MOSFET SCALING

Conventional scaling of MOSFETs, with some modifications to the device
structures (as described in the previous sections) has allowed MOSFETs with
gate dimensions to be reduced from 10-um in the 1970s down to 0.1-um. (Figure
1-10 shows a SEM micrograph of 0.18-ym MOSFET transistors in typical logic
structures.) Certain MOSFET structures were essentially just scaled (without
undergoing any fundamental structural changes} as the minimum device
dimension was reduced to about 0. 1-uym. These include: the gate-oxide thickness;
the source/drain junction depth; and the gate length.

However, below 0.1-um, MOSFET devices built according to the structure
described in this chapter {and depicted in Fig. 1-2), appear to run into some
fundamental limits. These limits would prevent further size reductions if we were
restricted to using only such traditional scaling approaches. Table 1-2 (as
postulated by Thompson ef al.), catalogs these limits.* Consequently, to enable
MOSFETs to be scaled even further, new solutions will need to be developed,
such as the use of high-k materials for gate diclectrics (see Chap. 4), and novel
shallow, ultra-low-resistivity junctions (see Chap. 5). Other issues related to
these limits also arise, and will be considered in the chapters of this book. For
example, advanced lithography challenges will be covered in Chaps. 6 and 7, and

Fig. 1-10 A SEM micrograph of 0.18-um MOSFET transistors in logic structures.
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Table 1-2 SCALING LIMITS OF CONVENTIONAL MOS DEVICES*

FEATURE LIMIT REASON

Oxide Thickness 2.0 nm Leakage (lgae)
Junction Depth 30 nm Resistance (Rgne)
Channel Doping V=025V Leakage ()

SDE Under-Diffusion 15 nm Resistance (R,,)
Channel Length 0.06 pm Leakage (l)
Gate Length 0.10 pm Leakage (1,4}

alternative device architectures, such as Si:Ge technology and SOI CMOS will be
discussed in Chaps. 10 and 11, respectively. Issues concerning ULSI interconnect
issues are explored in Chaps. 12 to 16. A recent review by Hutchby er al,
discusses the novel structures being considered to replace conventional
MOSFETs that are still being used in ICs at the start of the decade of 2000.% It
describes how such nanoelectronic structures for memory, logic, and information
processing architectures could possibly extend the time frame of the ITRS
beyond CMOS.
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Chapter 2
300-mm SILICON WAFERS

This chapter deals with 300-mm wafer technology, including the growth of 300-
mm Si crystals, 300-mm wafer specifications, and the economics of the 300-mm
wafer indusiry. Readers wishing background information on maternal properties
of silicon, general information on Si crystal growth and wafering can consult
Silicon Processing for the VLSI Era - Vol. 1: Process Technology, 2™ Edition.

2.1 300-mm SILICON WAFER GROWTH

The fabrication of VLSI and ULSI takes place on Si substrates possessing very
high crystalline perfection. The critical importance of utilizing single-crystal
material for the transistor regions of microelectronic circuits was first recognized
by Teal in 1949.!1 He reasoned that polycrystalline material would exhibit
inadequately short minority-carrier-lifetimes, due to the defects at the grain
boundaries of the polycrystalline grains. Teal also pointed out the need to define
the degree of chemical purity and crystal perfection, the uniformity of structure,
and the chemical composition of the single-crystals when specifying starting
material on which to fabricate semiconductor products. The method of obtaining
such single-crystal Si for IC fabrication, involves several steps (Fig. 2-1):

RAW MATERIAL (QUARTZITE}

DISTILLATION AND REDUCTION

[FUI.‘I'GR‘I"ETALLHE SILICON I

CRYSTAL GROWTH

SINGLE CRYSTAL SILICON

<4 GRIND, SAW,POLISH

Flg. 2-1 Process sequence: From starting material to polished wafer,

17
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Fig. 2-2 The increase with time of CZ silicon crystal diameter and the percentage increase
in waler area with increase in wafer diameter.
1. Raw malerial (e.g., quartzite, a type of sand), is refined by a complex, mul-
ti-stage process that produces electronic grade polysilicon, EGS (Fig. 2-1).
2. This electronic grade polysilicon is used to grow single-crystal silicon by
Crochralski (CZ) crystal growth or float-zone (FZ) crystal growth.

In CZ growth, single-crystal ingots are pulled from molten silicon contained
in a crucible. Czochralski silicon is preferred for ULSI applications since it can
withstand thermal stresses better than FZ material,? and it is able to offer an
internal gettering mechanism (not available with FZ£ crystals) that can remove
unwanted impurities from the device structures on wafer surfaces.

The simplicity of the CZ process and the relatively high-degree of crystal
purity helped establish it as the dominant silicon-crystal-growing technology in
the early years of the semiconductor industry. The development of dislocation-
free ingot growth and automatic diameter control in the late 1960s lead o a rapid
growth in the sizes of ingot diameters and crystal melts. Further increases in
charge size and diameters were driven by the economic advantages of even larger
ingots., As shown in Fig. 2-2, by 1998 300-mm diameter crystals had become
available, grown with 150-kg charges. Typical commercial ingots are grown
0.5-2.5-m in length, and a 100-kg charge can grow an ingot roughly 1-m long
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Fig. 2-3 a) 300-mm Si crystal after it has been removed from a 300-mm CZ puller;
b) 300-mm ingot cooling on a malerials-handling device,

with a diameter of 200-mm. The driving function for going to larger wafer
diameters is the increase in Si area available per wafer. Figure 2-2 also shows
that the area of a 300-mm wafer is 2.25 times the area of a 200-mm wafer. Figure
2-3b shows a 300-mm Si ingot mounted in a materials handling device. We will
only concern ourselves in this section with the issues involving the growth of
300-mm Si-crystals.

The wafer manufacturing process for 300-mm wafers is not a straightforward
extension or scale-up of 200-mm processes. Most tools needed to produce 200-
mm wafers, including crystal pullers, grinders, polishers, cleanérs, and inspection
stations are not capable of being cost-effectively utilized for 300-mm wafer
production, In addition, the cost of growing 300-mm silicon crystals is the
principle challenge facing technologists striving to match the 200-mm unit-arca
cost performance. That is, to be able to achieve the same yield of 300-mm wafers
as is possible with 200-mm wafers, the size of the charges will have be increased
from the 150-kg charge being used in 1998 for 200-mm wafers to 300-400 kg for
300-mm wafers. The equipment used to pull crystals from such charges will also
have to be able to rotate and lift the crystal while stiming and positioning the
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Fig. 2-4 a) Modern computer controlled CZ pullers. Larger silicon wafer sizes and the
required manufacturing efficiency have driven crystal puller gize. b) Schemalic drawing
of CZ puller.

melt, doing this all the while without vibration, in a high-vacuum atmosphere,
and at temperatures that exceed 1400°C. Figure 2-4 shows how the size of the
crystal puller has to be increased with respect to the size of a 200-mm puller to
make it possible to handle such larger charges.

The charge must be held in a single-use, high-purity quartz crucible more than
30 inches in diameter. Demands on the crucible increase significantly for a 300-
mm process, as the growth cycle time stretches to over 100 hours (~4 days). Any
flaw that develops in the crucible during that muolti-day crystal-growth tme can
cause a loss in atomic alignment of the crystal, making it unusable.

Another important factor that impacts the cost of producing the wafer is the
crystal pull speed (i.e., the longer it takes to pull the crystal, the higher the cost of
producing the wafer). However, in growth chambers of identical design, this
speed Voylipare 18 inversely proportional to the crystal diameter Depygyy) or,
'-'pu“m.:—r[]mm}mm]. The reason that the pull speed must be decreased as the
diameter increases is that the crystal mass increases as the square of the ingot
radius, while the surface area of the ingot (which radiates away the heat of
fusion), is proportional to the diameter. Thus, a path toward reducing the cost of
manufacturing larger diameter wafers is to develop new and innovative puller
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designs that allow the heat 1o be removed more quickly than in a conventional
puller (a project apparently being pursued by most wafer suppliers).

Increasing the pull speed, however, is only one relatively small aspect of
decreasing the cost of manufacturing large diameter wafers because there are
many steps that comprise the entire growth cycle. (As shown in Fig. 2-5, by
tripling the pull speed from 0.5 mm/min to 1.5 mm/min, the wafer production
cost is reduced by only about 5%.) Two other significant factors that increase the
cost of producing 300-mm wafers above the cost of producing 200-mm wafers
are: 1) a 300-mm wafer is 50-um (or 7%) thicker than a 200-mm wafer; and 2)
the back surface of a 300-mm wafer is polished, whereas the back surface of a
200-mm wafer is not. The back-surface polishing process removes an additional
10-20-pm of silicon stock. In total, a 300-mm wafer therefore consumes about
9% more Si-crystal per unit area than a 200-mm wafer, resulting in fewer wafers
per unit-length of ingot.

2.2 GROWN-IN CRYSTAL DEFECTS:
CRYSTAL-ORIGINATED PARTICLES (COPs) and DISLOCATION LOOPS

As the silicon crystal is being grown in the CZ growth process, several
phenomena occur that produce defects in the as-grown crystal. Since these
defects arise from the various aspects of the CZ crystal growth sequence
(namely, solidification from the melt and cool-down to room temperature), they
are termed grown-in defects. As the minimum device dimensions in ICs are
scaled below 0.25-pm, grown-in defects have been identified as a potential factor
that reduces the performance characteristics and decreases the yields of CMOS
ICs. The most significant of these grown-in defects are the so-called crystal-
eriginated defects (COPs). The COP defects have the form of voids in the Si
lattice, and these voids are caused by agglomeration of supersaturated vacancies

100
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Fig. 2-5 300-mm crystal-growth-cycle-time components.
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that are introduced into the crystal as the liquid-phase-silicon solidifies. COPs
cause two major problems when such voids intersect the wafer surface: 1) they
degrade the integrity of thin gate-oxide films (GOI); and 2) they create leakage
paths in the isolation structures of DRAMs.? In this section we describe the
mechanisms that give rise to these COPs and provide details about the problems
they cause in the devices fabricated on wafers contaiming such defects. Finally,
we discuss measures that have been employed to mitigate their effects.

MNote that another form of defect is also prevalent in CZ Si wafers, namely
oxygen precipitates. These defects, however, form during IC processing (instead
of during the crystal growth process itself), and thus oxygen precipitatés aré not
considered to be grown-in defects. However, their density in the wafer
(number/cm®) and their size also strongly correlate with prior crystal growth
conditions and subsequent heat treatments.

It is believed that the grown-in defects descnbed above (i.e., COPs - as well as
their complementary counterparts, dislocation loops) anse from an agglomeration
of intrinsic point-defects (namely, vacancies to form COPs and self-interstiials
to form dislocation loops), dunng the cooling of the silicon ingots following the
crystallization from the liguid phase. The formation of veoids from the
homogeneous nucleation (agglomeration) of supersaturated vacancies in silicon
was first suggested by Voronkov in 19824

Intrinsic point defects are incorporated into the silicon when it crystallizes.
Estimates from computer simulation indicate that their thermodynamic
equilibrium concentrations at the melting point of silicon (1412°C) are ~1x10'°
em? for vacancies, and about 20% less for self-interstitials.®® As the crystal
cools continually during CZ growth, the solubility of these intrinsic point-defects
decreases, resulting in a condition of supersaturation. Intense recombination of
the vacancies and interstitials occurs when the solidified crystal 15 cooling
through the high-temperature range (i.e., from 1412°C to ~1200°C). At the same
time, some net out-diffusion of self-interstitials occurs from regions near the
surface (outer circumference) of the Si ingot. That is, more self-interstitials out-
diffuse from the ingot surface than do vacancies because the self-interstitials
diffuse 10 times faster than vacancies near the silicon melting-point temperature.

Computer simulations further indicate that ~10% of the original point-defects
in both the vacancy- and interstitial-rich regions survive after the intense
recombination events which occurred during the cooling through the high-
temperature range, but that these surviving point-defects still remain in
supersaturation when the temperature of the ingot drops below ~1200°C. Since
the point-defects continue to diffuse rather rapidly at temperatures above
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~1150°C, they can come out of solation either by further recombination events,
or by agglomerating into clusters of vacancies or self-interstitials. The vacancies
have been found to agglomerate into octohedral voids at about 1150-1180°C. As
noted earlier, these voids formed by vacancy-agglomeration are called crystal-
originated particles (COPs).™-8 Supersaturated self-interstitials, on the other hand,
can form large dislocation loops. CZ-silicon-crystals, however, are pulled under
conditions where vacancies are the prevailing type of intrinsic point-defect, and
as a result, self-interstitial-agglomerated dislocation loops do not occur in
significant numbers in 200-mm Si wafers used in IC preduction. Thus, our
discussion of grown-in defects is pnmarily focused on COPs.

2.3 DETAILS OF THE FORMATION OF CRYSTAL ORIGINATED PARTICLES (COPS)

In this section we provide additional information about the formation of COPs
and the effects they have on IC devices. We begin with a more detailed
discussion of how COPs are formed during the cooling of the Si ingot.

The formation of COPs was studied by employing crystal-growth-halting-and-
quenching techniques. That is, during CZ-growth the crystal ingot pull-rate was
abruptly halted, and the ingot temperature was quickly lowered (quenched) to
some specific value, By doing this with a number of ingots and quenching to
different temperatures, the defects formed dunng the cooling of the ingot from
solidification to that temperature could be examined. Such studies indicated that
the formation of COPs consists of two stages. In the first, voids are rapidly
formed as the ingot cools through the narrow temperature range of 1150-1180°C.
In the second, an oxide is formed on the inner surface of the voids during the
cooling-down process following void formation (down to about 900°C). The
resultant voids formed within the bulk have been identified by TEM studies as
having a tetrahedral shape, and with sizes between 0.1- and 0.3-pm (100-300-
nm), Farthermore, their inner surfaces are covered with a thin oxide layer
approximately ~5-nm thick (Figs. 2-6 and 2-7).7 Such COPs are formed with
densities between 105 to 107 em-3.10

It should be noted that before the nature of grown-in defects was well
understood, COPs were identified in the literature under different names,
depending on the technique that was used to delineate and detect them. These
terms included: COPs, laser-scattering tomography defects (LSTDs), flow-
pattern defects (FPDs), and Secco efch-pit defecis (SEPDs). However, by
comparative observation, it was confirmed that they were in fact the same type of
defect (namely COPs), that just appear under different guises (depending on the
technique used to detect them).
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Fig. 2-6 SEM of COPs as they appear on the surface of a Si wafer. Oxide layer at the
void.crystal-interface is visible,

In fact, the most common method used to make COPs visible with optical
instruments when they intersect a wafer surface is to immerse bare silicon wafers
in hot RCA-Clean SC-1 solutions (e.g., 4 h @ 85°C). The SC-1 solution etches Si
slowly and isotropically, and this enlarges the lateral and vertical dimensions of
any COPs that intersect the surface. They appear with the shapes shown in Figs.
2-6 and 2-7.!! This shape enlargement also makes it possible for laser-based
defect-detecting tools (which do not have as high a resolution capability as do
TEMs - which can be used to image COPs directly), to detect the presence of any
COPs as localized light scatterers (L1.Ds), By using this delineation technique,
the entire wafer surface can be quickly mapped for the presence of COPs with

Si-SUB
Fig. 2-7 Schematic representation of the octahedral structure of a COP defect.
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an automated scanning surface inspection system (such as the KLA-Tencor
Surfscan).

2.3.1 The Radial Distribution of Grown-In Defecls on the Wafer Surface

As described previously, typical 200-mm wafers being used for ULSI today have
a central vacancy-rich region surrounded by a self-interstitial-rich edge. These
regions are separated by the vacancy/self-interstitial (V/1) boundary that occurs at
a critical value of a parameter, ¢, defined as:

vG(r) = . = 0.138 mm*min-K 2.1

where v is crystal pull rate (in mm/min), G{r) is the axial temperature gradient
{Le., G(r) = dT(r)dr [in K/mm]} at the crystal/melt interface at a radial position
(r) from the center of the ingot, and T is the absolute temperature (in kelvins).12

The axial temperature gradient, G(r), at the center of the crystal ingot is
usually lower than at the ingot surface. In addition, v is the same across the
crystal growth interface at a given pull rate. Thus, in conventional CZ crystal
growth, the value of v/G(r) is highest at the radial center of the ingot and
decreases continually toward the crystal-ingot edge. The wafer central-region
inside the V/1 boundary is thus vacancy-rich, characterized by v/G(r) > .. while
the edge-region outside the V/I boundary is self-interstitial-rich, with v/G{r) < ¢_.

The concentration of the vacancies (Cy) and the self-interstitials (Cp) at a
given radial position, r, relative to those of the equilibrium levels of (Cy®d) and
(C*9) at about 1200°C, after passing the intense recombination and out-diffusion
regime between the melting-point and ~1200°C, are apparently exponentially
proportional to the difference between v/G(r) and ¢, or:

(CypfCy %), = exp [t [W/G(r) - .1} 2.2)

(CYCr9), =exp (B [5 - WG]} 2.3)
where @and Pare not known at this time. The supersaturation of vacancies is
highest at the radial center, and decreases radially from this value. Thus, more
voids are formed at the central-region of the wafer. On the other hand, high
supersaturation of self-interstitials is present at the crystal peripheral (edge)
region. But, because of out-diffusion of the self-interstitials to the crystal surface
(a result of the fact that self-interstitials diffuse 10 times as fast as vacancies near
the melting point of 5i), high-supersaturation of self-interstitials occurs at some
distance from the edge.

In the v/G(r) ratio, the thermal gradient (G[r]) is controlled by the thermal
environment in the hot-zone of the crystal puller, and by melt convection, With
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an appropriately designed crystal-puller, the value of G(r) can thus, in theory,
also be controlled. The pull rate v is much more easily controllable. Computer
simulations of both the melt convection and the thermal distributions within the
puller hot-zone have been extensively employed to modify the design of the
crystal puller so that an optimum v/G(r) value can be obtained, The recent rapid
progress in the field of simulating crystal-growth processes permit the bulk
properties and process stability of the growth processes to be predicted with
remarkable accuracy. This should help reduce R&D costs, a requisite for
allowing wafer manufacturers to profitably develop the new generations of
wafers being called for by the industry.!?

2.4 THE OXYGEN-STACKING-FAULT RING (0SF-RING)

It is observed that when a typical, polished 200-mm CZ-grown wafer (as
described above) is oxidized and then etched in HF and SC-1 to delineate the
defects present at the wafer surface, it manifests a multi-ring defect structure. The
central region of the wafer contains COPs. The COP-filled region is surrounded
by a ring of exidation-induced stacking faults, OSFs (i.e., which emerge after the
wafer is subjected to a thermal oxidation step). This feature is also termed an
OSF-ring (Fig. 2-8). The region of the wafer outside of the OSF-ring is an
essentially defect-free region that contains a very low density of dislocation
loops. This region extends to the edge of the wafer (Fig. 2-9).!% The origin of the
COPs in the central region has already been described. Here we explain what is
believed to be the cause of the OSF-ring.

In the OSF-ring, the delineated defects are oxidation-induced stacking faults
(OSFs). These stacking faults, however, arise from the presence of oxygen
precipitates.!3 The oxygen precipitates are the actual defects that exist in the as-
grown state of the ingot. But since these precipitates act as heterogeneous
nucleation sites for the OSFs, the OSFs become the defects that are delineated by
the SC-1 etch. Hence, this region is called the OSF-ring. An important aspect of
the OSF-ring is that the ning-radius decreases with decreasing pull rate, until at a
critical pull-rate-value (that depends on thermal conditions), it disappears into the
center of the crystal. The presence and radial location of an OSF-ring in CZ-
silicon corresponds gualitatively to the neutral (or boundary) region that
scparates the vacancy-rich- and self-interstitial-rich-regions of the ingot.!®
(Sometimes anomalous oxygen precipitation is observed between the OSF-ring
and the defect-free outer-region, as shown in Fig. 2-9, but we shall not consider
this anomalous phenomenon here).

The OSF-ning is thought to be a region in which vacancies are only in slight
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Fig. 2-8 Schematic drawing of the ring regions. An OSF-region after oxidation separates
the A-defect-rich region (dislocation loops) from the D-defect-rich region {(COPs) .

excess over self-interstitials, so recombination proceeds over a longer peried of
time, since neither species is strongly dominant. This competition resulis in a
lower vacancy supersaturation and a delay in the onset of nucleation. Smaller
voids are formed and the final vacancy concentration in the region of the OSF-
ring is actually higher than inside the ring. These vacancies may provide the
needed free volume for formation of the oxide precipitates that are observed at
the center of the stacking faults in the OSF-ring region.!7

2.5 MITIGATING THE EFFECTS OF GOPS WITH THE USE OF
POST-CRYSTAL-GROWTH ANNEALING

As we noted previously, for ULSI circuits it is important that the wafer be free of
grown-in defects and oxide precipitates in the surface and sub-surface device
regions of the wafer. Typically, a high-temperature annealing step is performed
on the wafers to out-diffuse the oxygen near the surface, so that the concentration
of oxygen there drops below the solubility limit. Thus, oxygen precipitation can
no longer occur in this region, and no oxide precipitates are formed. High-
temperature annealing processes have also been investigated as a method of
annihilating the COPs near the wafer surface. That 15, annealing at high
temperatures (typically 2 1200°C) in an inert ambient (most commonly
hydrogen, but also in argon) has been used to reduce the COP density near the
wafer surface. Such hydrogen-annealed CZ-polished-wafers were introduced by
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Fig. 2-8 a) Plane x-ray topograph of Cu-decorated CZ-Si waler; b) Plane x-ray topograph
of oxygen-precipitated CZ-8i wafer. The D-region, OSF ring, and defect-free regions are
ohserved. c) Details of the defects delincated in each region.
Toshiba Ceramics in 1986, and they have been commercially available under the
name of Hi-WAFER.T™M.18 Other silicon wafer vendors have also offered
annealed CZ-polished-wafers (annealed in other gases). It should be noted that it
has been reported that the annealing must be carried out in an oxygen-free
ambient, otherwise the annealing procedures do not produce optimal benefits. !?
The mechanism thought to be responsible for reducing the COP density in
hydrogen-annealed wafers 15 as follows: The inner surface of the COP void is
covered with a thin oxide. Under high-temperature annealing in a hydrogen
ambient, the hydrogen species diffuse into the Si. The oxide on the COP surfaces
(in regions near the wafer surface) is decomposed by the reduction effect of
hydrogen and oxygen. Eventually the COP surface becomes bare-51 and the
surface atoms within the COP-void are mobile enough to reconstruct this surface
and cause the void to shnnk (by vacancy-diffusion into the 5 bulk). As the
process of void dissolution proceeds, the void is first transformed into a spherical
structure from a regularly octahedron (because this decreases the surface free-
energy of the void during annealing).2 It has also been proposed that a heavily-
doped buried layer (created by high-energy implantation of a heavy boron dose)
be incorporated into Hi-WAFERs, In that way, the benefits of a heavily-doped
horon region in the substrate (as is available with p/p* epitaxial wafers) can also
be obtained with a Hi-WAFER, at a lower cost than that of such epi wafers.?!
Hydrogen annealing at 1150°C for several hours to reduce COP levels extends
the usefulness of 200-mm polished wafers. However, it adds 15-20% o the wafer
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cost, and according to some opinions, it will not be a feasible technique for 300-
mm wafers.?2

In another report, wafers were annealed at 1300°C in an inert ambient for one
hour. No observable COPs existed (i.e., at the wafer surface) after this
annealing.?? It was reported in another study that very-good GOI was obtained
using such wafers. However, these wafers also showed a very high concentration
of oxide precipitates after the thermal processes used during the IC fabrication
were carried out. The presence of these precipitates may give risc to excess
leakage values in such products as high-density DRAMSs. As a result, this report
concluded that the high-temperature-annealing process needs further
optimization 24
2.6 ELIMINATION OF COPS WITH “PERFECT SILICON"

A special CZ-silicon-growth technique has been developed that eliminates COPs
from silicon wafers by preventing their formation during the ingot growth
process, Wafers obtained from ingots grown according to this technique are
referred to as “perfect” silicon wafers, or “pure” silicon wafers.?3 The idea
behind this approach is to create growth conditions such that the concentrations
of intrinsic point defects remain close to their quasi-equilibrium valves all along
the radius of the crystal-melt interface. In that way, the silicon is not super-
saturated with either vacancies or self-interstitials. Under these circumstances,
regions will still exist that are either vacancy-rich, or self-interstitial-rich. But
neither COPs nor dislocation loops can form (because even in those regions there
is no supersaturation of the point-defect species which dominates in that region).
The goal of the “perfect” silicon-growth-process is to the establish the conditions
quantified by the following set of conditions:

VIG(r) - ce=0, Cy =~ Cy®d, and Cj = C;4 2.4)

The name “perfect silicon™ was given to such point-defect-equilibrated silicon
crystals because wafers from such crystals after immersion in a defect-
delineation etch exhibit neither a boundary between vacancy-rich/self-interstitial-
rich regions nor an OSF-ring. Instead, the wafer appears “perfect” or “pure.”
Specifically, a “perfect” silicon wafer will show negligible COP densities, so
yield and performance of ULSI devices on such wafers will be enhanced to the
levels exhibited by devices fabricated on epitaxial wafers. Growth processes and
crystal pullers that can produce “perfect” silicon were being developed in 2000 to
be able to produce 200-mm “perfect” silicon wafers in production quantities, and
subsequently this effort is expected to be carried out for 300-mmwafers.
However, there are some difficulties associated with this approach. The first is
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that the hot-zone in the crystal puller must be optimized so that it becomes poss-
ible to maintain the condition of v/G{r) = ¢ along the whole length of the crystal.
The second is that a relatively slow pull-speed is needed to maintain the v/G(r) =
g condition. The latter requirement is not favorable in terms of the crystal yield.

The ingot yield from a crystal puller is reduced by this method for two
reasons. First, the slower pull-speed reduces the throughput of the puller. Second,
because the ingot growth cycle becomes much longer, more time is allowed for a
disruptive event o occur during the crystal growth time (which would render the
ingot useless). Nevertheless, since the cost to produce “perfect” silicon wafers
scems to be less than the cost of producing epitaxial wafers, there is still an
incentive o pursue the development of “perfect” silicon growth processes.

A report comparing the behavior of MOS-capacitor structures and pr-junction
dipdes fabricated on conventional polished CZ wafers, “perfect-silicon™ CZ
wafers, and pjr*-epitaxial wafers was published by Niwa.2® Junction leakage
currents were smaller on the “perfect-silicon” and p/p™-epitaxial wafers than on
the conventional CZ wafers. GOl characteristics were also superior on the
“perfect-silicon™ and p/p™-epitaxial wafers, and the “perfect-silicon™ GOI results
maiched those obtained with the epitaxial wafers.

2.7 MINIMZING COPS PERFOMANCE DEGRADATION WITH
HIGH-PULL-SPEED SILICON

Another approach that is being pursued to achieve wafer quality similar to
“perfect-silicon™ is to use a crystal pull-rate that is much faster than that used to
pull a “perfect-silicon™ ingot (three or four times as fast). With this faster pull-
rate, Gi(r) 15 increased to some extent as a result of the higher pull-rate. However,
since v is much larger than in the “perfect-silicon” case, the overall v/G(r) value
becomes substantially larger than the critical value ¢, = 0.138 mm?®/min-K. Thus,
the crystal becomes completely vacancy-rich and the vacancy concentration at
temperatures below 1200°C becomes much larger than the guasi-equilibrium
value (i.c., the crystal becomes supersaturated with vacancies), or:

viG(r) >> ¢, and Cy >> Cy™ (2.5)
Nevertheless, due to the high pull rate, the crystal passes quickly through the
1150-1180°C COP-forming temperature-range, so only COPs of smaller sizes
and at a high density can be formed. Such small-sized voids near the wafer

surface can be annihilated by post-growth wafer-annealing. Doping the ingot
with nitrogen during crystal growth is another factor that contributes to the mini-
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Fig. 2-10 Size of COPs in a silicon wafler as a function of pulling conditions.*

mization of void formation.?? Figure 2-10 shows how the size of COPs is decrea-
sed by combining fast-pull and nitrogen-doping of CZ-ingots.28 The fast-pull-ap-
proach offers potential advantages of high throughput and yield, and lower cost.
The process of performing the CZ-ingot-growth process at a high pull-speed
and simultaneously doping the ingot with nitrogen (to get small COPs) has been
combined with hydrogen annealing of wafers obtained from such ingots. By
using infra-red topography, the concentration of COPs near and at the wafer
surface (i.e., a technique that can detect the presence of COPs within 20-pm of
the surface),?? it was observed that the concentration of COPs decreases
dramatically to depth of over 10-pym when such walfers are annealed in hydrogen
at 1200°C.30 The GOI of these wafers annealed in hydrogen was also
significantly improved (Fig. 2-11).
Some concerns exist about the fast-pull CZ-Si growth processes. First, the
relatively high vacancy concentrations remain in the wafer (which could cause
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Fig. 2-11 Gate oxide integrity is best on wafers with small COP size (“C" breakdown
mode indicates breakdown field of the gate oxide is > 10 MVicm),*
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anomalous oxygen precipitation that degrades DRAM refresh time). Second, the
formation of proper denuded zones during the high-temperature annealing steps
is a question. For applications that require wafers without COPs that intersect the
waler surface, but which cannot afford to use “conventional” epitaxial wafers, a
fast-pulled wafer with a thin epitaxial layer on it may be a possibility. Such
wafers are termed epitaxy-optimized substrates (EOS), and they are described in
Sect. 29.1.

2.8 GETTERING FOR ULSI PROCESSES

Unwanted crystalline defects and impurities can be introduced during silicon
crystal growth or subsequent wafer fabrication processes. The presence of
crystalline defects and impurities is undesirable because both can degrade device
characteristics and overall yield. A detailed discussion of the degradation of
VL3I device properties by extended crystalline defects (dislocations, stacking
faults, and precipitates) can be found in Silicon Processing for the VLSI Era
Vol.1, 2* Ed. Chap. 2. The damaging effects by impurities are discussed here.

The impurities that create problems are grouped into two categories: 1)
impurities that participate in the process of nucleating extended crystalline
defects (e.g., oxygen and carbon); and 2) other impurities that decorate pre-
existing extended crystalline defects (the latter being primarily metals, and
incluede such elements as Cu, Ni, Au, and Fe). Such metallic impuritics arc highly
mobile and diffuse long distances in the crystal at moderate process temperatures.
Thus, there is a high probability they will migrate near extended defect sites, and
be captured by them. Extended defects in device regions of the wafer which
capture metal impurities give rise to larger leakage currents and lower breakdown
voltages.

Efforts undertaken to eliminate the effects of impurities and defects have
involved four approaches:3! 1) suppression of extended defect nucleation; 2)
annihilation of existing extended defects in the device regions; 3) preventing
device degrading impurities from being introduced into the wafer; and 4)
preventing any remaining metallic impuritics from being captured in the device
regions. Technique 4) is referred to as getrering, which is a term originally used
to describe the process in which an appropriate material (such as cesium), was
used to getter (remove) the last traces of gas in vacuum tubes, so that the required
high vacuums within the glass tubes could be achieved.

By combining these four approaches, the product yield of ICs can be
enhanced. That is, proper application of the first two approaches minimizes the
number of extended defects that exist in the active regions, and the third reduces



300-mm SILICON WAFERS 33

the concentrations of the impurities introduced into the silicon. Gettering is then
used to remove any of those impurities that still manage to be incorporated
during crystal growth or processing. Thus, gettering reduces the probability of
decorating any extended defects formed in the device regions with metallic
impurities.

Methods used fo suppress extended defect nucleation include: a) control of the
thermal process conditions during wafer fabrnication that lead to excess thermal-
stress and resultant dislocations; and b) creation of oxygen denuded zones at the
walfer surface regions in which active devices are fabricated. The latter procedure
eliminatés oxygen precipitates in these device regions. Annihilation of pre-
existing or process-induced extended defects such as stacking faults, is achieved
by using various techniques, including clevated temperatures (>1200°C)32 and
the addition of HCI to the growth ambient3? during the growth of Si0;.

The use of technique 3), namely the control of unwanted impurities
(especially metals), involves identification and removal of the sources of
contamination. Such approaches entail the thorough characterization of the
material and processing equipment used to fabricate devices. Some examples of
the contaminant sources that have been identified include: a) stainless steel
fixtures in ion-implant machines that ended up being sputtered during the ion-
implant process; ¥ b) impurities originating from the sputtering of chamber walls
and fixtures of reactive ion etching systems;?3 ¢) the diffusion of heavy metals
from the heater coils through the fused silica walls of diffusion furnaces; and d)
the release of transition metals (e.g., Fe and Ti) by the S5iC-coated susceptors of
{batch) epitaxial reactors.

A variety of procedures have been implemented to reduce the level of metal
contamination arising from these sources. Stainless steel parts (which may
release metal aloms as a result of sputtering in ion implanters and reactive-ion
etchers) have been replaced with parts made from materials which produce less
degradation if they are incorporated into Si than do Fe or Cr. Such materials
include aluminum, silicon, and carbon. Suggested procedures to decrease
contamination by sources of heavy metals have included the following: 1)
reducing process temperatures (since gquartz tubes become increasingly
permeable to the metal atoms of the furnace heating coils as the temperature
increases); 2) subjecting the furnace tubes to periodic high-temperature HCI
cleaning: and 3) use of double-wall furnace tubes (with HCI or inent gas flowing
in the space between the inner and outer tubes). Contamination from epitaxial
susceptors can be reduced by performing the epitaxy process al lower
temperatures and reduced pressures, and by in situ cleaning of the wafers prior to
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Fig. 2-12 Four s1ages of impurity gettering in silicon.

initiating epitaxial growth. The use of cassette-to-cassette operations in
transporting of wafers has reduced the possibility of contamination due to manual
handling. Use of vacuum wands is now mandated if automatic wafer handling
fails or is not yet fully implemented.

2.8.1 Basic Gettering Principles
The mechanism of gettening removes transition metal impuritics from device
regions by four steps (Fig. 2-12):
1. The metal impurities to be gettered are released into solid solution from
any stable-precipitate-form they have assumed,
2. They then diffuse through the silicon lattice;
3. They are "captured” at a position away from the device regions by
cither: a) the formation of chemical pairs (e.g., Fe-B pairs) with other
impurities (e.g., boron) present in the crystal; or b) by deliberately created
extended defects (dislocations or precipitates);
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4. The metal impurities are prevented from being re-released into the wafer
during subsequent heat treatments.

In general, the transition-metal impurities are initially considered to rapidly
disperse themselves uniformly throughout the wafer. This assumption is based on
their high diffusivity and long diffusion lengths at typical processing
temperatures (see Vol. 1, 22 Ed., Chap. 2).

Gettering processes are divided into two categories: exirinsic and intrinsic.
Extrinsic getrering involves the use of external means to create damage or stress
on the surface of the silicon wafer that leads to the creation of the extended
defects or chemically reactive sites at which the mobile impurities are captured.
Normally such capturing sites are generated on the backside of the wafer,
although front-side extrinsic gettering has also been explored. Extrinsic gettering
can be performed prior to the first oxidation step (pre-oxidation gettering), or
concurrently with the remainder of the fabncation steps (gefrering during [or
subsequent to] junction formation). Intrinsic gettering involves the localization of
impurities at extended defects or regions of high concentration of electrical
impurities (such as boron) which exist within the bulk material of the silicon
wafer, and whose origin 15 due to an “intrinsic” property of the starting wafer,
such as its oxygen or boron content acquired dunng CZ crystal growth.

The gettering of gold atoms in silicon by phosphorus diffusion is described, as
this process serves to illustrate the basic mechanism of (extrinsic) gettering. A
known concentration of gold atoms (e.g., 1x10'%/em?) is first diffused uniformly
throughout a group of silicon wafers. Phosphorus diffusions at 900°C are then
carried out in an attempt to getter the gold. These diffusions produce surface
regions having high concentrations of P (1x10'9-1x102Vem?). After the P
diffusions are completed, the gettering efficiency of the procedure is measured. It
is observed that with increasing surface concentration of P, a strongly decreasing
concentration of gold in the silicon bulk occurs. At P concentrations of 102!
atoms/cm?, the gold concentration is decreased below the detection limit. Further
investigations show that the gold has diffused into the phosphorus-containing
layers in the silicon.

A model offered by some investigators describes the kinetics of this
gettering process according to the following steps:®® a) P diffusion is
accompanied by the generation of phosphorus-vacancy complexes and/or misfit
dislocations which become possible capture sites (sinks) for the gold atoms; b)
during the P-diffusion step the highly mobile gold atoms also diffuse long
distances in the wafer; ¢) the gold is captured at the phosphorus-vacancy or
dislocation sites, and is thus removed from solution (this maintains a favorable
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concentration gradient of gold in sclution toward the phosphorus-rich zones); and
d) once a gold atom is captured, the electrostatic interaction energy with the
caplure site is 5o high that subsequent heat treatment does not release it back into
the wafer. Sufficient phosphorus must be deposited to create enough capture sites
to getter the gold present in the wafer.

Diffused phosphorus layers (and other backside gettering methods) are also
effective in shrinking OISFs. Oxidation-induced stacking-faults are regions of
excess point defects (i.e., Si self-interstitials). Diffused P-layers shrink them for
reasons still being argued (i.e., either vacancies are injected, which shrinks the
OISFs, or the supersaturated P-concentration causes precipitation to begin and
the resulting dislocation loops form sites to soak up the interstitials).

2.8.2 Extrinsic Gettering

Historically, gettering of mobile metallic impurities has been accomplished by
extrinsic gettering, in which the wafer backside is subjected to a process that
creates damage or stress, and subsequently traps mobile impurities. A number of
wafer backside treatments have been developed for this purpose. Mechanical
damage and polysilicon deposition are the two used most widely.

Mechanical damage by abrasion, grooving, or sandblasting have all been
used to create stress fields at the backside of wafers. During subsequent
annealing steps, dislocations which relieve these stresses are generated. The
dislocations then serve as gettering sites,

A laver of polysilicon deposited on the wafer backside (1.2-1.5-ym thick) is
another extrinsic gettering technique that has been developed (Fig. 2-13).%7 Stan-
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Fip. 2-13 Cross-sectional TEM micrographs of: a) as-deposited poly-5i, then wet
oxidized at 1150°C for; b) 100 min; ¢) 765 min, and; d) 1300 min.3¥
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ing walers up to 200-mm in diameter can be purchased with such a layer already
deposited. (However, as we will see, such backside deposition is not compatible
with 300-mmwafers.) The grain boundaries, and high degree of lattice disorder in
polysilicon act as sinks for mobile impurities.

Unfortunately, extrinsic gettering technigques suffer from a wvariety of
limitations. The primary general limitation of extrinsic gettering procedures is
their inherent lack of stability, especially at high temperatures up to 1250°C for
bipolar structures. Such instability manifests itself as the dissolution of gettered
metal back into the wafer, and the annealing out of dislocations as the wafer
undergoes a number of high-temperature steps. Upon being annealed out,
dislocations can no longer trap newly introduced impurities, nor recapture the
impurities released back into the wafer from getter sites. This limitation is one
reason why extensive investigation of intrinsic gettering as a complementary
gettering procedure has been undertaken, and why it is being increasingly
implemented into ULSI fabrication sequences.

For 300-mm wafers, a double-sided-polishing (DSP) standard has been
adopted. By polishing the wafer backside of the wafer {as well as the frontside),
inspection of the entire wafer surface for the presence of particles can be
achieved (i.e., small particles cannot be detected on the rough back-surface of a
wafer). However, since the backside layer treatments of a wafer for the purposes
of external gettering would have to be carried out after the DSP steps, it will no
longer be possible to use them for 300-mm wafers. Hence, 300-mm wafers will
have to rely on internal gettering processes.

2.8.3 Intrinsic Gettering

Intrinsic geitering is based on the principle that under proper conditions, fast-
diffusing impurities are captured at sites existing within the interior of silicon
wafer, away from the device regions near the surface. Two mechanisms are
employed to implement internal gettering:

Crettering at Oxygen Precipitares: Supersaturated oxygen in silicon wafers
will precipitate out of solution and form clusters within the wafer during
thermal processing. The stresses that result as these clusters grow into larger
precipitates can be relieved by punching out dislocation loops (or by
emitting Si-self interstitials that agglomerate to form stacking faults and
dislocation loops). These dislocations become sites at which unwanted
impurities can be trapped and localized.*® In an effectively designed
intrinsic gettering process, these precipitates are only allowed to form in the
bulk regions of the wafer. They are prevented from forming in the active
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Fig. 2-1% SEM micrograph of a pn junction created by a 450°C anneal for 70 hr in
denuded-zoned-Si with 5i0, precipitates formed by thermal treatment.
device regions by reducing the oxygen concentrations to levels below the
threshold required for precipitation (denuded zone formation). In this way,
unwanted impurities are localized (gettered) only in regions not containing
active devices (Fig. 2-14).

Gentering by Formartion of Impurity Pairs: In this techmique some types of
metallic impurities are immobilized by chemically pairing them with other
impurities deliberately introduced into the Si for this purpose. For example,
Fe appears to form immobile Fe-B pairs. Thus, if regions of high B
concentration are present in the interior of a wafer, migrating Fe atoms pair
with a B atom and become immobilized at that location. Silicon wafers with
a high bulk-concentration of B, topped with a lightly doped (e.g., 1x1016
em™?) thin epitaxial layer of 5i (e.g., 3-um-thick) can be used for this
purpose. In fact, such silicon wafers have been historically used to control
latchup in CMOS. Only recently has it been discovered that they are also
very effective at gettering Fe through Fe—B pair formation, as descnbed
above, Recent reports indicate that a heavily doped region of B, created by a
high-energy ion-implant process may be as effective in gettering Fe in
wafers without an epi layer. If this claim is bome out, it may provide a less
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expensive way of obtaining the benefits of gettering and latchup protection
offered by the heavily doped boron region in the Si with an epi layer.

The advantages of intrinsic gettering over extrinsic gettering include the
tollowing: a) the technique may be employed without any external treatment of
the wafer other than heating; b) the volume of the wafer provides a sink during
intrinsic gettering that is roughly two orders of magnitude larger than the volume
of the gettering region on the wafer backside; and ¢) the gettering region in the
bulk is much closer to the device regions than the backside of the wafer.?® The
distance required for impurities to diffuse from the circuit regions to the sinks is
therefore 25-50 times shorter. Thus, intrinsic gettering allows diffusion cycles
which are significantly shorter than those required for extrinsic gettering to
remove the same contamination.

2.8.4 Gettering with Oxygen Precipitales

The first requirement for successfully implementing oxygen precipitate gettering
techniques is to have appropriate oxygen concentration levels in the starting Si
(i.e., 15-19 ppma). The lower limit of this range is somewhat above the threshold
concentration of oxygen required for precipitation (~6x10!7 atomsfem® = 12
ppma). Precipitation does not occur at a measurable rate for concentrations below
the 12 ppma level. 3 Wafers from CZ-grown ingots, however, normally exceed
this lower limit, with the oxygen being incorporated during crystal growth by
erosion of the Si0; crucible. On the other hand, if oxygen concentrations exceed
19 ppma, too high a density of precipitates is formed. This may contribute to both
wafer warpage and dislocation generation in the vicinity of the active devices
(Fig. 2-15).4142

Assume that the wafers contain appropriate concentrations of oxygen, and that
the oxygen is uniformly distributed across the wafer diameter, The wafers can
then be subjected to a series of temperature cycles to achieve intrinsic gettering
(Fig. 2-16). A high-low-high sequence of such steps is then:

Step 1. Denuded Zone Formation - a high-temperature step produces a
region of reduced oxygen concentration near the wafer surface;

Step 2. Nucleation of Si0, Clusters - a lower-temperature step causes
homogeneously nucleation of 510, precipitation sites;

Step 3. Precipitate Growth and Gettering - a high-temperature step grows
the 5i0, nuclei formed in Step 2 into larger oxide precipitates. The result
of their growth is the formation of dislocation loops, which function as the
desired gettering sites.
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In Step 1, a region near the surface containing less oxygen than is required to
form precipitates (denuded zome) is created. Thus, such precipitates or their
punched out dislocation loops (which could intersect active device junctions or
become decorated with impurities near device surfaces), are prevented from
forming. Denuded zones are established by subjecting wafers to a high temper-
ature step#443:46 The oxygen near the top and bottom wafer surfaces thus diff-
uses out, reducing its concentration near the surface to about the solubility level
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Flg. 2-18 Example of a thermal cycle to form the denuded zone #
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Fig. 2-17 Effect of initial oxygen concentration on the denuded zone depth 4

at that temperature. Denuded zones needed for a ULSI process must have a depth
exceeding the deepest junction plus its surrounding space-charge region. Since
the depletion region thickness depends on the wafer resistivity and the maximum
operating voltage of the device, different devices made on the same substrate
resistivity may need different denuded zone depths. Therefore, an important
question that must be answered is: What is the shallowest denuded zone depth
that the design and process can tolerate? There 15 no real shoricut to determining
this information. Functional circuits must be fabricated on wafers containing a
variety of initial oxygen levels. These circuits must be tested, and then cleaved
and etched to determine the denuded zone depth and precipitate densities.
Temperature cycles of 1100-1200°C for 30-240 min reportedly create denuded
zones |0-40-pym deep. Figure 2-17 shows the outdiffusion depth for varous
temperatures and initial oxygen concentrations. Nitrogen and argon are typically
suggested as appropriate ambient gases. However, it has beeén recommended that
to avoid pitting, a thin oxide layer be grown before subjecting wafers to the high
denuding temperature cycle (= 1200°C) in these inert gases. 47

In Step 2, a lower temperature cycle (600-800°C) is next used to cause
interstitial oxygen in the wafer bulk to form the nuclei required for the
subsequent precipitation and gettering events of Step 3. The supersaturated
(interstitial) oxygen can diffuse and homogeneously nucleate into small clusters
if wafers are subjected to temperatures between 650-800°C for prolonged
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penods (e.g., 4-04 hrs). Note that above 950°C, homogeneous nucleation appears
to be negligible. Thus, the first temperature step on starting wafers (the denuding
step) should be carried out a temperatures greater than 950°C, to prevent
formation of clusters near wafer surfaces during this initial heat treatment.

A large number of relatively small oxygen clusters are formed by this step.
This number, for a fixed temperature and time, depends on the oxygen content
and increases with initial oxygen concentration. Since the oxygen content of the
starting wafers is one important parameter that determines the density of oxygen
clusters, it is crucial that this concentration be controlled in CZ silicon. Figure 2-
18 shows the nucleation rate and final radius of the clusters that are created at
800°C for an initial oxygen content of 15 ppma.47 If nucleation cycles are carried
out at the lower end of the temperature range (~650°C), significantly longer
annealing times are required to achieve a sufficient concentration of adequately
sized clusters (16-64 hr). To enable an initial 650°C temperature to be used for
this step, and yet allow a reduction in the overall nucleation cycle time, a
ramping up of the temperature during Step 2 has been suggested. 4249

The rate of cluster formation can be enhanced by this procedure if the rate of
change of the critical size, r,, with temperature, is smaller than the rate of growth
of the clusters during annealing. That is, by the time a growing cluster reaches a
higher temperature, it will have grown fast enough that its size exceeds the
required r,, at that temperature.
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Fig. 2-18 Nucleation rate for oxygen precipitates. The curve is the expected rate of
precipitate formation at 880°C 47
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The time to grow the clusters into precipitates that would be large enough to
form the desired dislocations in the bulk 1s prolibitively long over the range of
temperatures of Step 2. Thus, once the clusters have grown to a size where they
exceed the r, of a higher temperature step, a third thermal eycle at that
temperature can be used to grow the clusters into larger precipitates in a shorter
time. If a temperature-ramping technique during the nucleation cycle is used, the
final temperature can be that called for by Srep 3.

In Step 3, wafers are heated to high temperatures (900-1250°C) for extended
periods (4—-16 hrs). At these temperatures, oxygen clusters of a sufficient size
(i.e., > ry) which were formed during Srep 2, will grow (e.g., from 3-5-nm to
~50-100-nm in radius). Such growth is caused by diffusion of interstitial oxygen
in the bulk to the Si0), clusters, and reaction with silicon on the precipitate
surface. For each 810, molecule thus formed, a Si-self-interstitial is produced to
accommodate the volume expansion. The large volume-change associated with
the precipitation is not completely relieved by the emission of self-interstitials,
and the precipitate builds up a strain field that can punch out prismatic
dislocation loops (Fig. 2-19).50

The self-interstitials emitted by the precipitate can also form dislocation loops
as discussed in the section on Bulk Defecrs in Vol.1, Ch. 2. The dislocation loops
contain an extrinsic stacking fault that grows by absorbing the self-interstitials
emitted by the growing precipitate. The dislocations formed from both
mechanisms act as the gettering sites which can trap fast diffusing impunties.

The ultimate size of the precipitates apparently also plays a role in the
warpage resistance of the wafers. Kishino®2 shows that wafer warpage increases
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Flg. 2-19 a) Image of the core of a dislocation in 51 obtained by high resolution TEM
depicts an extra plane of atoms that terminates at the core of the dislocation. A precipitate
is a1 the core.?4 (©1985 IEEE); b) Dislocation loops generated in Si due (o prismatic

punching by 5i05 particles.™
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with increasing precipitate size (Fig. 2-20). These data, and that of others, 3152

suggests that Srep 3 heat cycles that lead to precipitates larger than 200-nm in
size can negatively impact production yield. Several reports have, in fact,
indicated that the best wafers are those in which the precipitation occurs slowly
and uniformly throughout the wafer (especially with goed radial uniformity), and
which results in small precipitates with attached precipitation defect
complexes.?3¥ The concem for wafer strength has lead most users of internal
gettering away from materials with high oxygen levels (e.g., > 19 ppma), o
material containing medium levels of oxygen (e.g., 15-19 ppma).

2.8.5 Summary of Geltering

Effective gettering is required to produce high-yielding ULSI. We have described
a variety of gettering techniques, both extrinsic and intrinsic. In practice, more
than one gettering mechanism has been simultaneously exploited in a wafer
during fabrication. That is, the approach to gettering has been to deliberately
implement more than one technique. An extrinsic, backside technique and an
intrinsic gettering process were employed concurrently. Since typical CZ wafers
contain oxygen in the appropniate range of 15-19 ppma, 1t is likely that many
early IC processes had inadveriently benefited from intrinsic gettering. However,
as low-temperature processes, and/or RTP, become more extensively utilized,
and especially when 300-mm wafers are used, the use of intrinsic gettering can
no longer be left to chance. The reduced thermal cycles in some cases, and the
inability to use extrinsic gettering with 300-mm wafers will demand use of a
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geltenng technique which allows the placement of gettering sinks in the wafer
bulk {and closer to the device regions). The intrinsic gettering method, however,
does require the strict control of a number of oxygen-related processes, and this
can be a complex task.

2.9 STATUS OF SILICON WAFER TECHNOLOGY IN 2000 AND FUTURE TRENDS

By the year 2000, most 200-mm wafers being used for ULSI IC fabrication were
either: 1) conventional lightly-doped polished CZ wafers (i.e., which exhibit a
grown-in defect distribution characterized by central vacancy-rich region
surrounded with an OSF-ring); or 2) conventional heavily p-doped CZ-silicon-
substrate-wafers covered with a lightly-p-doped epitaxial layer. Some of the
polished wafers are subjected to a post-growth high-temperature annealing step
in hydrogen or argon to decrease the density of COPs at the wafer surface (sce
Sect. 2.5). The polished-CZ-wafers rely on both external gettering methods (e.g.,
backside polysilicon) and internal gettering methods which require the presence
of oxide precipitates to establish gettering sites in the bulk of the wafer. The p-
cpitaxial/p™-wafers also employ these two gettering techniques, but are able to
rely on the gettering capability of the heavily doped p* substrate as an additional
gettering mechanism (especially for such impurities as Fe and Cu). The polished-
CZ-wafers usually use a deliberate process step (or steps), (o creale a Zone near
the surface denuded of oxygen (i.e., a denuded zome), to prevent oxide
precipitates from forming in the device regions. Epitaxial wafers do not need to
establish a separate denuded zone, as oxygen is nol incorporated into the
epitaxial layer during the epi deposition step (and thus such wafers automatically
have a denuded device region).

As devices are being scaled below 0.18-um and the wafer sizes are increasing
to 300-mm in size, a new set of wafers types with respect to: 1) the grown-in
defect characteristics they exhibit; 2) the gettening methods they employ; and 3)
the denuded zones they possess, will be used. Let us examine each of these
characteristics.

There appear to be four types of wafers that will be offered for processes
below 0.18-uym and 300-mm wafers; 1) “perfect-silicon™ wafers; 2) fast-pulled
wafers; 3) epitaxy-optimized substrate wafers (EOQS); and 4) “conventional”
cpitaxial wafers. The “perfect-silicon” wafers are described in Sect. 2.5. The fast-
pulled wafers are described in Sect, 2.7, The EOS wafers are described in Sect.
2.9.1. We compare the advantages and disadvantages of these four types of
“new” wafers in Sect. 2.9.2.



46 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

2.9.1 Epitaxy-Optimized-Substrate (E0S) Walers

Epitaxy-optimized-substrate (EOS) wafers typically use a fast-pulled, lightly-p-
doped wafer as the substrate, and cover it with a medium-p-doped, epitaxial layer
that is thinner than those used in conventional epitaxial wafers The epitaxial layer
in EOS wafers is not deposited thick enough so that it contains the entire device
region. [is role instead, is merely to cover the COPs so that they do not degrade
the isolation leakage behavior of DRAMs (and also not degrade the GOI of thin
gate oxides). As noted, the COPs created in the fast-pulled substrate (i.e., a
silicon crystal which may also be doped with nitrogen) are small and are formed
with lgh density.

A thin (~0.5 pm thick), medium-p-doped epitaxial Si layer is thus deposited
on a lightly-doped substrate. COPs are not formed in epitaxial layers because the
epitaxial deposition temperature is much lower than the temperature encountered
by the sohdifying Si crystal in CZ growth. Thus, the vacancies created duning the
epitaxial process are in much lower concentrations (too low, in fact, to allow
them to aggregate and form COP voids). In addition, it has also been
demonstrated that the small COPs that are formed in the fast-pulled silicon which
are caovered with such a 0.5-pm-thick epitaxial layer are no longer detected with
a surface scanning inspection system after an SC-1 delineation etch.33:30 In fact,
more thorough experimental data indicates that substrate COPs are still present
after epitaxial deposition, but their morphology is radically changed. Their
dimensions significantly decrease after being covered by a thin epitaxial layer
(their thickness is around 2-nm, compared to 13-nm before the epi deposition),
with no dependence on epi thickness detected for epi layers from 0.5 to 3.0-um
thick. Data also show a 100% GOI yield for epi layers only 0.5-pm thick. Thus,
on such EOS wafers, the effects of COPs is dramatically reduced with the use of
a fast-pull crystal growth process and the deposition of a very thin epitaxial layer.

Note that since these EOS wafers start with a lightly p-doped Si substrate, for
some applications a heavily doped p-type buried layer (formed with high-energy
ion implantation) may also be implemented. This type of buried layer would
allow the latchup and gettering benefits of the heavily doped p*-substrate
(present in "conventional™ epitaxial wafers) to be obtained on EOQOS wafers as
well. EOS-type wafers are being offered commercially under such names as:
fLASH® {Wacker Siltronic AG), and Epi.-[[@ (MEMC).

2.9.2 Comparison of Grown-In-Defect Characteristics of the “New" Walers

The four “new"” types of wafers for near-future generations of ULSI circuits and
300-mm can now be compared, especially with respect to the tradeoffs among
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them involving low-grown-in defect densities, reliability of devices fabricated on
each type, and cost:

1. “Perfect-silicon” wafers are beginning to be offered for mainstream
production applications. However, the preduction of “perfect-silicon™
wafers in large quantities presents some serious problems for the wafer
manufacturers with respect to developing a cost-effective manufacturing
process. That is, the pull-rate required to ensure “perfect-silicon™ is slow,
and this negatively impacts the throughput of the ingots that can be
produced by an (expensive) crystal puller. Furthermore, the ingots must
remain within the hot-zone of the puller for much longer peniods of time,
which increase the likelihood that a growth-disturbing event will occur
during the growth cycle. This will further reduce the yield of acceptable
ingots produced by a puller. Finally, a “perfect-silicon” growth-process
must be developed for 300-mm wafers, which itself is a costly undertaking.
In summary, the overall cost of “perfect-silicon” wafers for 300-mm wafer
sizes may turn out to exceed the cost of even EOS wafers.

2, The fast-pulled {and perhaps also nitrogen-doped) wafers possess small-
sized COPs, present in high densities. However, it has been demonstrated
that the presence of COPs no longer degrades the GOI of oxides when the
oxide thickness is smaller than 6.5-nm. As an example, it was reported that
for MOSFETs fabricated with gate-oxides of 5-nm thickness, almost no
COP failures were detected, independent of the size and density of the
COPs in different crystals. 37 As a result, the use of fast-pulled wafers may
be acceptable for many logic 1Cs, despite presence of the COPs (provided
such circuit applications do not require the extremely low isolation leakage
levels required by other products, such as DRAMSs). Thus, such wafers
might find use for a wide variety of CMOS IC circuit applications that use
gate-oxide thicknesses of less than 6.5-nm-thick, built on 300-mm wafers.
Of course, for some applications (such as 256-MB [and larger] DRAMS),
the presence of a high-density of COPs might be the potential cause of
such high leakage currents that this type of wafer would not be a suitable
choice for them.

3. As described above, the EOS wafers use a lightly doped, fast-pulled
substrate. Manufacturing such substrates can be achieved with higher
throughput, and with a much-less-intensive process-development-effort
than will be required for developing a “perfect-silicon” process for 300-
mm wafers. In addition, the throughput and yield for such wafers will be
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significantly greater than for "perfect-silicon™ wafers. Finally, the cost of
producing such thin epitaxial layers is significantly lower than that to
produce the thicker epitaxial layers used in “conventional” epitaxial-5i-
wafers (up to 15-um thick). That is, the production cost of depositing the
epitaxial layer on “conventional” epitaxial wafer is a significant part of the
overall wafer cost It is possible that when all of the factors that go into the
cost of producing 300-mm “perfect-silicon™ wafers are compared to those
that go into the cost of producing EOS wafers, that the EOS production
costs will be lower.

4. “Conventional” epitaxial wafers will also probably continue to be used
in 300-mm wafers, for a number of reasons. First, the p*-substrate used in
such wafers may provide latchup and gettering advantages for some circuit
that may not be possible to achieve with either “perfect-silicon™ or EOS
wafers. The highly doped boron substrate enhances the formation of oxide
precipitates as well as providing additional solubility gettering for impurity
contamination. Second, a significant reduction in the epitaxial-to-polished
wafer price-ratio is expected for 300-mm wafers, compared to that which
existed for smaller diameter wafers. Finally, it has been observed that the
COP density in highly-p-doped wafers (2x10'? cm-3) is very low,3® and
that this contributes to the excellent GOI of gate oxides fabricated on pp*
epitaxial wafers. Thus, despite the fact that such “conventional™ epitaxial
wafers will likely cost more than the other wafer types, they may still be
chosen for some circuits built on 300-mm wafers.

2.9.3 Gettering Methods and Denuded Zone Formation Technigues
Employed with the “New" Walers

As noted in Sect. 2.8.3, external gettering processes based on backside wafer
treatmenis are not compatible with the double-sided-polishing standard adopted
for 300-mm wafers. Consequently, 300-mm wafers will have to rely on internal
gettering processes. However, gettering sinks are even more critical today, when
device fabrication increasingly uses copper interconnects (which could
potentially introduce a very fast diffusing impurity in both the device region of
the IC and into the IC manufacturing process lines). Let us therefore now discuss
the forms of intrinsic gettering that will be available with the “new” wafers
described carlier.

In the “new” wafers in which the substrate background doping is low, the
intrinsic gettening capability will have to rely on gettering produced with the
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assistance of oxide precipitates in the bulk. In the “conventional” epitaxial
wafers, the substrate is heavily-p-doped with boron. The formation of oxide
precipitates is significantly enhanced by the heavy boron doping (allowing a
sufficient number of oxide precipitates to be formed, even if the oxygen content
in the silicon is low),”*#? and some additional solubility gettering will occur due
to the heavily-doped substrate that does not occur in the wafers with lightly-
doped substrates. Hence, gettering will, in general, be more effective in wafers
that have the more heavily-doped substrates (and in particular for gettening Fe).
Nevertheless, in one report, it was indicated that equally effective gettering can
be obtained in both the lightly-doped and heavily-doped substrates, provided that
the oxygen concentration in the lightly doped substrates exceeds 7x10!7 cm-3 6!
By co-doping the Si with nitrogen during crystal growth, the oxide precipitate
densities can, however, be significantly increased. Such mitrogen doping also acts
to reduce COP sizes, as noted earlier.

Thus, to enable the use of such lower-cost “new™ wafers which have a lightly-
doped substrate, adequate getiering capability must be exhibited with such a
substrate, To ensure that sufficient gettering capability is available, either one of
two approaches is being followed: 1) the wafers are being doped with mitrogen to
enhance the number of oxygen precipitate nucleation sites; or 2) an RTP process
that manipulates the excess-vacancy-profile throughout the wafer is employed, as
this allows the density of oxygen precipitate nucleation sites to be controlled.

As described in Sect. 2.8.4, part of the gettering process involves forming a
denuded zone that extends from the wafer surface to a depth that exceeds the
region in which device structures are formed. That is, the denuded zone is a
region that is devoid of oxygen precipitates. In the “new” wafers, such denuded
zones must also exist. In the case of “conventional” epitaxial wafers, the epitaxial
layer is a denuded zone because there is no oxygen incorporated into the epitaxial
layer as it is deposited. Hence, no oxygen precipitation will occur within the
“thick” epitaxial layer of “conventional™ epitaxial wafers. For the other three
“new” wafer types, the denuded zone is typically formed as in conventional
polished wafers with high-temperature annealing steps (>1000°C) to out-diffuse
oxygen from the wafer near the surface (including the EOS wafers, in which the
epitaxial Jayer is so thin that it does not extend deep enongh to encompass the
entire device region). It has been postulated that due to radical reductions in the
total thermal budgets, the “conventional” methods of forming adequate denuded
zones may no longer be cost effective.
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2.9.3.1 Magic DeNuded Zones™!: A novel way of producing the denuded zone
has recently been introduced by MEMC called the Magic Denuded Zone
{(MDZ).TM62.63 [n this method the denuded zone (and the oxide precipitates
within the bulk region of the wafer) are formed with the assistance of vacancy-
concentration profiles that are introduced into the wafer with a Rapid Thermal
Process (RTP) prior to the development of the oxygen precipitates in subsequent
heat treatments. (Oxygen diffusion rates are much slower than vacancy diffusion
rates in silicon.) The patented MDZ process creates a vacancy-concentration
depth-profile that effectively pre-programs the oxide-precipitate-density in the
bulk of the wafer, as well as the depth of the oxide-precipitate-free-zone to ideal
targets. In late-2000 MEMC licensed this technology to Wacker Siltronic AG,
another vendor of Si wafers, in a cross-licensing agreement involving a number
of patents.

The physics of the Magic Denuded Zone concept is as follows: An otherwise
perfect silicon crystal at any temperature above 0K (e.g., room temperature)
nevertheless contains an equilibrium-concentration of point defects, namely
vacancies and interstitials. (For more details see Vol.1, Chap. 2, 2 Ed.) The
higher the equilibrium temperature, the higher are these concentrations. Consider
a region in a bulk-silicon-crystal (i.e., far from any surface). If the crystal 15
heated above room temperature, thermal generation will create equal numbers of
additional (or excess) vacancies and interstitials (vacancy-interstitial pairs). As
long as the silicon is kept at an elevated temperature, such higher equilibrium-
concentrations of point-defects will be sustained. However, if the silicon is
returned 0 room temperature, the excess vacancies and interstitials will
annihilate each other by a reverse process, i.¢., réecombination. Such
recombination of excess point-defects will continue until the room-temperature
equilibrium concentrations are restored.

The events that take place when a Si-crystal wafer is heated differ dramat-
ically from when a region deep within the bulk of a Si-crystal is heated, due to
the presence of surfaces relatively close to any point within the silicon wafer. The
proximity to such surfaces radically alters the relative concentration of vacancies
and interstitials in the heated wafer. This alteration in the relative concentrations
of the two point defect types occurs for two reasons: 1) interstitials are about 10
times as mobile as vacancies; and 2) when either an interstitial or vacancy amives
at the surface, it is quickly annihilated. That is, when an interstitial arrives at a
surface, it will quickly occupy one of the plentiful (vacant) surface lattice sites.
Likewise, a vacancy moving onto a latlice site is really just a silicon atom
moving from one filled site to an adjacent empty one. Since interstitials can move
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more quickly to any nearby surfaces, most vacancies trail behind. (Note that
gince thermal generation of interstitial-vacancy pairs is a continuouns process,
some vacancies are always able to recombine with interstitials. But, since the
new interstitials also migrate more rapidly to the surfaces, there are always fewer
interstitials within the bulk of a wafer than vacancies.) In other words, because of
the inequality in point-defect mobility, and the presence of nearby surfaces, a net
steady-state excess-vacancy-concentration will exist within a heated silicon
wafer. The length of time from when a silicon wafer is heated to when the
concentration values of interstitials and vacancies reaches their new, steady-state
values is very fast — on the order of a few seconds.

If the wafer temperature is reduced to a value below its initial heated
temperature (but to a value still higher than room temperature), the concentration
of excess vacancies in the silicon will also eventually decrease to a new, lower,
steady-state value. However, the process by which this reduction takes place in a
wafer is a combination of: 1) recombination; and 2) the diffusion of vacancies to
the surfaces from locations of higher concentration deep within the wafer.

The diffusion of vacancies is also dependent on temperature. At temperatures
in the vicinity of 1000°C the vacancies can diffuse rapidly to the surfaces of the
wafer (but of course, more slowly than the interstitials), but at room temperature
the vacancy diffusion is so slow that the vacancies can be considered essentially
immobile. Thus, if a heated wafer is rapidly cooled to room temperature, the
concentration profile of excess vacancies within the wafer is “quenched in.” In
addition, by controlling the intermediate wafer temperature (and the time during
which the wafer is kept at that intermediate temperature), the concentration of
vacancies that will be “quenched in™ at the surface can also be controlled.

MEMC has invented the MDZ process that uses RTP to produce vacancy-
concentration-profiles within a wafer that are well-suited for internal gettering
techniques. That is, it is known that the rate and oxygen concentration
dependence of oxygen clustering can be substantially modified and controlled by
the concentration of vacancies present (as was leamed from studies of the oxide
precipitate formation in the OSF-ring region of the wafer as was described in
Sect. 2.3.2). MEMC determined that in regions of the silicon containing high
concentrations of “quenched in" vacancies, the rate of formation of oxide nuclei
is dramatically increased, whereas in regions where the concentrations are lower,
the oxide nuclei formation rate is much slower. Thus, by creating a profile in
which vacancies deep in the wafer bulk are high in concentration, the number of
oxide precipitates that form there will also be high. Near the surface (and to the
desired depth), the vacancy concentration is tailored to be much lower. Thus, in
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such near-surface regions oxide precipitate formation essentially does not occur,
even in the presence of relatively high concentrations of oxygen. Thus, a “true
denuded zone™ near the silicon surface can be produced with a short RTP process
after the wafers are formed - instead of with a long, high-temperature process for
out-diffusing the oxygen {and which MEMC argues is not a “true denuded zone”
because some oxygen nuclei may still remain from the time the oxygen
concentration was high enough to have allowed them to form). On the other
hand, in Si wafer regions below the denuded zone at the surface, a high number
of oxygen precipitates forms, permitting an effective internal gettering scheme to
be implemented. No special processing of the silicon dunng ingot growth (such
as nitrogen doping during ingot growth) is necessary with this method.

By using the MDZ process, the density of oxide-precipitates and their depth
distribution are completely decoupled from the oxygen and crystal growth influ-
ences and details of the [C thermal processes. The precipitation performance is
completely controlled by the engineered vacancy-concentration-profile. In
addition, the denuded-zone-depth and bulk-oxygen-precipitate-density may be
engineered independently of one another by this technigue. The denuded zone is
also formed without the requirement of oxygen out-diffusion. The entire MDZ
process is accomplished in less than one minute, and is therefore much faster if
compared to the average oxygen diffusion process (that takes several hours).

MDZ provides internal gettering that is nearly independent of initial oxygen
concentration, wafer position along the ingot, and thermal history effects. Since
the MDZ process is also independent of the crystal growth-process, accurate
MDZ performance may be achieved on any type of wafer. This means that the
oxygen precipitation process is effectively decoupled from the crystal-growth-
related intrinsic-point-defect issues.

2.10 FROM INGOT TO FINISHED WAFER: SLICING, ETCHING, and POLISHING

After a single crystal ingot has been grown, a complex sequence of shaping and
polishing steps are performed to produce starting material suitable for fabricating
semiconductor devices (wafers).%5 ™ The wafering process for 300-mm wafers
has been modified to some degree compared to ones used for previous wafer
generations. We will emphasize those differences in this section. Figure 2-21
shows a flow chart depicting a generic 300-mm wafer shaping process. Figure 2-
22 also illustrates this wafering procedure, which includes the steps covered next.

2.10.1 Ingot Evaluation

The grown single crystal ingot undergoes routine evaluation of resistivity,
impurity content, crystal perfection, size, and weight. Sections of the ingot that
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are crystallographically defective, irregularly shaped, or undersized, are cut off
and discarded (as are the seed and butt [or rang] ends). Loss of the ingot material
may approach 50% at this point.

2.10.2 Ingot Surface Grinding

Since ingots do not grow perfectly round, nor with sufficiently uniform
diameters, they must shaped to the desired form and dimension, Thus, ingots are
deliberately grown larger than the final desired wafer diameter and a grinding
operation removes the excess material to reduce as-grown crystals to a
cylindrical shape of precise diameter. (Exact diameter dimensions are required to
make wafers compatible with automated handling procedures.) Since silicon is a
hard, brittle material (registering 72.6 on the Rockwell A" hardness scale),
grinding machines with diamond wheels are used to perform this cylindrical
shaping process. The grinding step is followed by an etch step that removes the
grinding work-damage. The ingot diameter is reduced 0.25-1.0-cm by the
grinding and etch steps.

2.10.3 Grinding Flats or Notches on the Ingot for Orientation Purposes

For wafers up to 150 mm, flats are used for aligning and crystal onentation. For
larger wafers = 200 mm, notches are predominantly used (see Fig. 2-23). For
300-mm wafers, notches are used exclusively. These features are next ground
along the length of the ingot. The largest flat, called the primary flar, is usually
positioned relative to a specific crystal direction. (The primary flat orientation is
found by using X-rays to produce a Laue photograph.) The primary flat is used
for several purposes. Automated wafer handling equipment utilizes the primary
flat to obtain correct alignment, and in addition, devices on the wafer can be
oriented to specific crystal directions with this flat as a reference. Smaller flats
are called secondary flats, and they are utilized to identify the orientation and
conductivity type of the wafer. Since automated equipment relies on the flats for
correct operation, the flat dimensions must be precisely machined. For example,
the flat or notch is placed perpendicular to a <110 direction on a (100) wafer.

2.10.4 Sawing the Ingot into Slices (Walers)

The sawing operation6.74 that produces silicon slices from the shaped ingot also
defines the surface orientation, thickness, taper, and warp of the slice. The ingot
is rigidly mounted to maintain exact crystallographic orientation during the
sawing process. Wafers of <100> orientation are normally cut "on orientation”
(e.g., within + 0.5%).
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Fig. 2-21 Flow chart depicting the steps invelved in wafer preparation starting with a
whole Si ingot.

Wafer thickness is primarily set by the sawing operation, although some
material is also removed by subscquent operations (e.g., for a 200-mm wafer of
final 725-um thickness, a total of ~1250 -um of ingot silicon is needed: 725-um
final wafer thickness; 400-um for kerf loss during sawing; 50-um lapping loss;
S50-pm etching loss; 25-um polishing loss. Thus, about 8, 200-mm wafers per
linear cm of ingot can be produced. As wafers get larger they must be thicker
(Table 2-1) 1o allow them to withstand thermal processes (e.g., epitaxy and
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oxidation) and handling during fabrication. Thus, fewer wafers per unit length of
ingot are possible than for smaller wafers.

The most common mode of slicing has been inner diameter (ID) slicing (Fig.
2-24) using stainless steel blades with diamond particles bonded 1o their edges,™
Continuous monitoring with blade-deflection sensors 1s required to assure that
slices are sawn adequately free of bow, taper, work damage, and saw marks.
Cutting speeds are in the neighborhood of 0.05 cm/sec. Since one slice is cut at a
time by the saw, this is a relatively slow process.

Wafers with 300-mm diameters are sawn with slurry-coated wires instead of
inner-diameter saws. More slices per inch of ingot are possible due to smaller
kerf loss (kerf loss is reduced by approximately 30% compared to the 1D saw).57
In addition, wire sawing enables the silicon slicing to be carried out at higher
throughput and superior mechanical properties, such as reduced bow and warp.
Figure 2-25 shows a schematic of multiple-wire saw. In this arrangement,
parallel, equally spaced and properly tensioned stainless steel wires spun across
two pulleys are part of single stainless-sieel wire winding through a complex set
of pulleys. Cutting of multiple slices results when the ingot is pressed against the
traveling wires under injection of slurry. Although the cutting rate is much
slower than the ID saw (the ordinary ID saw has a 80-100 times higher sawing

| ]
(e ammoatning) . Polish
Etch of waters {high gloes Tinlsh)

@%H%@

Clean bansh Laser inspect
{p BNl e matal ey L)

Flg. 2-22 Graphical depiction of the steps in the wafering process.
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Fig. 2-23 a) ldentilying flats on a silicon wafer; b) Notched wafers.

rate), as many as 300 slices can be produced simultancously. Since slicing by the
multi-wire saw is actually the result of low speed grinding action by the slurry,
improved bow, warp, TTV, and taper are much more easily obtained than with
the 1D saw.

2.10.5 Laser Marking the Walers

A technique using a laser to create an alphanumeric (or bar code) identification
mark on the front of the wafer near the primary flat or notch (Fig. 2-26) is then
employed. Laser marking according to SEMI®® Sid. M 1.8, specifies an 18
character field to identify the wafer manufacturer, conductivity type, resistivity,
flatness, wafer number, and device type. This allows each wafer to be identified.
Wafer traceability, correlation of device characteristics produced on a wafer with
the wafer properties, and the ability to prevent in-process rejected wafers from
being re-inserted into the fab line are all benefits of utilizing waler marking.
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Automatic code readers at vanous stages of processing can also track wafers and
provide data on wafer movement in the fab 670

2.10.6 Lapping and Grinding the Walers

The thickness of the as-sawn slices is sufficiently vanable that a fapping and
grinding step 15 next employed to bning all slices to within the specified thickness
— . Crystal Ingot

Fig. 2-25 Wire sawing an ingot to produce wafers.
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Flg. 2-26 a) SEM of letter "A" marked on wafer after it appears as marked on lapped
wafer (left), after wafer has been etched (center), and after polishing. Courtesy of Wacker
Siltronic; b} SEMI specification for marking vendor codes on wafers. Dimensions are
specified along fat on wafer; ¢) SEMI specifications for 18-character vendor code. SEMI

standard, used with permission,

telerance. The lapping takes place between two counter-rotating cast-iron plates
in the presence of an abrasive slurry, usually a mixture of micron-sized alumina
or silicon carbide particles suspended in a solution. This step also serves to
reduce bow and warp, and to increase slice flatness. Both sides of the slice are
lapped using a mixture of Aly0); and glycerine, and a succession of increasingly
finer polishing grits 15 vsed in multiple lapping steps. This process can achieve
flatness uniformities of 2-pm.

2.10.7 Removal of Surface Mechanical Damage by Chemical Etching

The work damage and contamination cauwsed by the previows mechanical
grinding, sawing, and lapping steps must be removed. This is done by chemically
etching away the resullant damaged and contaminated layer.”! The wet etch
procedure for this step typically utilizes an etchant solution of hydrofluoric (HF)
and nitric (HNO;) acid (with modifiers such as acetic acid) 1o antack the silicon.
The surface material removal is the result of two-step reactions. The Si surface is
first oxidized by the nitric acid to form silicon oxide, and this oxide removed by
the HF. A relatively non-porous and clean wafer backside is also produced by
this step. Note that etching of the wafer may be repeated after the subsequent
operation of edge rounding.
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2.10.8 Rounding the Wafer Edge (and Notch)

The edges of the silicon slices are then shaped (rounded) as shown in Fig. 2-27.
Edge rounding substantially reduces the incidence of chipping during normal
wafer handling, and helps minimize film buildup on the edge of the wafer during
photoresist and epitaxial processes. (Edge-chip defect sites are known to nucleate
plastic deformation [or slip] during subsequent thermal processing steps).”? The
shape of the rounded edge profile usually follows an industry standard (i.e.,
SEMI standard) in which the edge profile fits within the boundary of a standard
template.

2.10.9 Edge Polishing of the Walers

Particle contamination reduces yield. In advanced, submicren IC processing
some of the major sources of particles are the process equipment and the wafer
itself. Defects found on the wafers during the device fabrication sequence are
often caused by tiny chips of silicon from the wafer, or by particles removed
from the process equipment, This abrasive effect is caused by the contact of the
silicon wafer with the process equipment, and can be influenced by the
smoothness of the contact area, pnimarily the wafers edge.

Wafer edges of as-sawn wafers are sharp and prone to chipping (Fig 2-27a).
As a result, after sawing, wafers are generally subjected to a grinding process that
rounds the wafer edge (with much of the edge-grinding damage being later
removed during the wafer-surface etching process). This results in a wafer edge
that is rounded, but is not perfectly smooth, as shown in Fig. 2-27b.%% Such
relatively rough edges still produce enough particles to reduce the yield of ICs,
when compared to the yields obtained when these edges are polished after the
edge has been etched to remove the grinding damage. That is, after edge-
polishing the wafer edge is perfectly smooth, as shown in Fig. 2-27c, and
indications are that the defect density on wafers is reduced if their edges are so

polished. For the future generations of ICs that will produced on 300-mm wafers,
the benefit of edge-polishing should be even more pronounced. That is, the

wafer-edge area increases with increasing wafer radius and thickness, In addition,
it appears that other particle sources on the wafer topography (such as the notch
and deep laser scribe marks), must also be polished (or in some other way
smoothed) to further reduce defect density.

2.10.10 Chemical-Mechanical Polishing of the Wafers

A chemical-mechanical polishing?! step is used to produce the highly reflective,
scratch- and damage-free surface on one or both sides of the wafer. This is
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Fig. 2-27 a) Wafer edge-rounding process; b) Edge-rounded wafer; ¢) Non-edge rounded
wafer; d) Mechanical strength of edge-rounded vs. non-edge-rounded wafers; ¢) Edge-
rounded, but non-polished wafer; ) Edge-rounded, polished wafer,

accomplished by mounting unpolished slices onto a carmier, and then putting
them on a polishing machine. There, a powered platen drives an appropriate
polishing pad material across the wafer surface. A colloidal silica slurry of
sodium hydroxide and fine (~10-nm) Si0, particles is dripped onto the table. The
frictional heat of the sliding mounted wafers causes the sodium hydroxide to
oxidize the Si (i.e., the chemical part of the process). The oxide is then abraded
away by the silica particles (i.e., the mechanical part). Figure 2-28 shows the
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wafer thickness and surface roughness changes as it undergoes the vanous
grinding,, lapping and polishing processes.

For 300-mm wafers, double-sided-polishing will be standard (instead of the
single-sided-polishing used up to the 200-mm wafer sizes). Double-sided
polishing (CMP on both the front and back surfaces simultaneously) has been
found to result in superior flatness than single-sided polishing.

The wafer preparation via mechanical methods (i.e., grinding, CMP, etc.) has
its limits in the degree of flatness that can be obtained. To supplement and fine
tune the local lithography for further improvement in local flatness, tools that can
carry out such processes as plasma-assisted chemical etching (PACE) have been
dmreluped.” Such a tool employs a spatially confined plasma with a scanning
mechanism to allow matenal removal to be controlled as desired over the wafer
surface. The PACE utilizes low-energy ions (i.e., << 1 eV), instead of the
energetic ions that are employed in reactive-ion-etching. Therefore, PACE
produces minimum or no subsurface damage.

2.10.11 Cleaning the Walers

Following the polishing cycle (in which a layer of silicon about 25-pm-thick is
removed) the wafers are subjected to series of chemical dips and ninses (o remove
the polish slurry. A cleaning process concludes this step. This is a very important

76 pm
Afber Waler Sawing

Q4 pm

[L- T
After Edge Rounding 914 pm

12.5 pm
After Lapping BI4 pm

<2 5um
After Eich TS50 pm

Virtually Defect Free
Adter ChP T35 pm

Fig. 2-28 Wafer thickness and surface roughness changes during grinding and polishing.
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step as the silicon wafer must be free of contamination before it is shipped to the
device fabncation facility. Chemical cleaning is effective in removing
contaminants from the wafer surface. The “RCA Clean” (see Vol. 1, Chap. 5) is
widely used to clean the wafer before shipping.

2.10.12 Depositing Epitaxial Silicon Layers on the Wafers

Epitaxial layers are required for some ULSI process technologies. Wafer
manufacturers are now supplying silicon wafers with a variety of epitaxial layers
for CMOS ULSI technologies. Another option being offered is a layer of
polysilicon or mechanical damage on the backside of the wafers for extrinsic

getlering purposes.

2.10.13 Shipping 300-mm Wafers: Iis Impacl
on the Evolution of Waler Shipping Boxes

An inspection, followed by packing in a particle-free package finishes the
wafering sequence. The box used to ship 300-mm wafers is called a from-
opening shipping bex (FOSB, pronounced fos-bee). FOSBs cost approximately
10 times as much as the boxes that are used to ship 200-mm wafers. The main
reason for this cost discrepancy is that the 300-mm wafer is more susceptible to
breakage because it is proportionately thinner than previous diameters.
Consequently, the shipping package must provide more protection. In addition,
the FOSB must be more rigid in order to interface with automated load ports.

Since the cost is so high, it must be possible to re-use the FOSB. In fact, as
shown in Fig. 2-29, if the FOSB is used only once, the cost per wafer to use it is
~515, whereas if it is reused 10 times, the cost per wafer drops to ~§7. Neverthe-
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Fig. 2-29 The cost/reuse of a FOSB levels off at $7/wafer,
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less, the overall cost of the box to ship the wafer is at least 55% higher for 300-
mm wafers than for 200-mm wafers.

One topic being discussed concemns the issue of FOSB ownership. One
proposal before the SEMI 300-mm Wafer Shipping Box Taskforce is that
manufacturers become owners of the FOSB. That is, since device manulacturers
want a guarantes of wafer cleanliness, the best way to supply this is to maintain
completely control the FOSB history. Ownership of the FOSB makes this
possible. The protocol for using the FOSB is to remove the wafers upon
receiving them from the wafer supplier, to then seal the FOSB in a polypropylene
bag and ship it back to the wafer producer. The FOSB is like a wafer. Once it
gets contaminated, it becomes hard, or impossible to clean.

2.11 SPECIFICATIONS OF SILICON WAFERS FOR VLSI

There are many properties that a wafer must exhibit (Table 2-2) in order to be an
appropriate starting substrate for the fabrication of VLSI and ULSL. Table 2-3
provides some typical specification ranges for 125-, 150-, and 200-mm diameter
CZ wafers. Figure 2-30 graphically summarizes the qualitative characterislics
desired in 200-mm device quality Si wafers for ULSI cireuits.”® The semi-
conductor industry has seen quality improvements in Si crystals grown by the CZ
technique continually over the years. In today’s emerging sub-0.13-pym IC manu-

Table 2-2. COMPARISON OF MATERIAL PROPERTIES AND
REQUIREMENTS FOR VLS| AND ULSI

Property Czochralski Float Zone Requirements
for ULSI
Resistivity (phosphorus) n-type (ohm-cm) 1-50 1-300 and up 5<50 and up
Resistivity (antimony) n-type (ohm-cm) 0.005-10 - 0.001=-0.02
Resistivity (boron) p-type (chm-cm) 0.005-50 1-300 5-50 and up
Resistivity gradient (four point probe) (%) 5-10 20 <1
Minority carrier lifetime (prs) 30-300 S0-500 3001000
Oxygen (ppma) 5-25 Not detected Uniform and
controlled
Carbon (ppma) 1=3 0.1-1 < 0.1
Dislocation (before processing) (perem?) < 500 < 500 51
Diameter (mm) up to 300 up to 100 up to 300
Wafer bow (um) =125 =25 <5
Wafer taper (um) =15 515 <5
Surface Matness (pm) <5 <5 <1

Heavy-metal impurities (ppba) <1 =001 < (.001
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TABLE 2-3 SPECIFICATIONS FOR SINGLE-CRYSTAL SILICON WAFERS

Parameter 150 mm 200 mm 300 mm
Diameter (mm) 150+ 0.2 200 =0.2 300 =0.1
Thickness (pm) 675 =25 T25 =20 TI5+25
Primary flat length (mm) 55-60 netch notch
Oxygen content (ASTM *79) (ppma) 2232 222+1.5
Flainess (um) (GTIR) L5 15 1.5

Site Flainess (pm) (SFQLD) =017 {1998) + (.12 (2001
Surface onentation {1000 { 100 {1040

facturing, 200-mm and 300-mm wafers must meet ever tightening wafer quality
requirements in terms of the crystalline defects, heavy-metal impurities, oxygen
level, oxygen radial uniformity, minority-carrier lifetimes, particles, and flatness.

Note that these specifications have also become tighter with increasing wafer
size due to automatic wafer handling and photolithographic requirements. ADE
Corporation is the major supplier of tools used to measure many of these
specifications. While 300-mm wafers are just being introduced into full-scale IC
production, the required quality as updated in the 1999 Technology Roadmap for
Semiconductors (Table 2-4, p. 69) will be met by further developing and refining
crystal growth technology being applied and developed for 200-mm wafers,
particularly as it is applied to point-defect and secondary-defect control, and the
control of oxygen.

Some questions have arisen, however, about whether some aspects of wafer
“goodness™ may be specified too tightly, especially with respect to contaminant
levels in the silicon. That is, it may be necessary to balance “best wafer possible™
against the cost of ownership opportenity of not driving silicon requirements to
the detection limit, but to some less stringent value consistent with achieving
high yield. This issue is important, as the cost of a 300-mm wafer is projected to
account for as much as 30% of the total IC wafer processing cost.’®

There has been a variety of data in the literature to support such a view.”” One
example, described earlier, is that the specification on the limits of COPS and
metals may be relaxed for device technologies in which thinner gate dielectrics
are employed. For example, at gate-oxide thicknesses of 5-nm or less, the
influence of COPS on gate-oxide-integrity (GOI) has been found to become
negligible for CZ polished wafers.”® (On the other hand, at the 0.1-ym node, the
device features will approach the size of the void diameters, and this might cause
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shorts, e.g., between adjacent trench capacitors in a DRAM.) Furthermore, gate
oxidation is generally performed after a number of prior thermal processes which
typically annihilate near-surface COPs, thereby reducing whatever residual
influence these defects may have on the GOI. In addition, in epitaxial matenal,
the COPs are covered up to a depth beyond ~100 nm, essentially negating their
influence. Accordingly, the necessity of using “perfect-silicon™ (while being a
remarkable scientific achievement, see Sect. 2.6), apparently needs to be
reassessed for future generations of 1Cs from a cost-of-ownership perspective.

The implications of thin-gate-oxides for the specification of the metal levels in
the Si wafer are based on the paradoxical fact that the integrity of thinner gate
oxides may be less compromised by metals than is the integrity of thicker
oxides.”™ A second reason that the maximom allowed levels of metal in the silicon
may be allowed to be increased is that cleaning technologies have been improving,
allowing the incoming critical metal level specifications to be somewhat higher
than those now in use. This is because the improved cleaning processes dnve the
initial levels of metal down to an operational level that is an order of magnitude
smaller than the initial level.

The utilization of multiple-well structures fabricated by ion-implantation in
effect decouples the MOSFETSs from the original silicon material characteristics.
This reduces the sensitivity of these devices to the initial resistivity- and
uniformity-tolerance of both CZ polished and epitaxial wafers. Whereas the
nominal substrate doping for epitaxial wafers is typically in the range of ~5-10
mil-cm (to ensure latch-up contrel), shallow-trench-isolation (STI) is rendering
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classical concerns for latch-up, such as n*-p* spacing mool. Accordingly,
resistivity ranges 220% may be acceptable, also favorably impacting CoO,

Internal gettering (IG) in CZ-polished-Si wafers will still be required to remove
deleterious metallic contaminants inadvertently introduced during IC processing.
A %2 ppma variation in bulk oxygen concentration in the range ~18-31 ppma (old
ASTM standard) may be sufficient to ensure stringent bulk defect control with an
acceptable homogeneous IG capability. Adequate wafer strength and resistance to
warpage, along with denuded-zone width contrel, is also required. The utilization
of heavily-boron-doped substrates for epitaxial wafers also offers an effective IG
capability, especially for gettering Fe.

In summary, it appears that calling for forther reduction of wvarious
contaminants and defects in Si wafers (and the continued drive to reduce certain
other wafer specifications) may not necessarily be required to ensure continued
improvements in IC performance.

2.12 THE ECONOMICS OF SILICON WAFERS

As discussed earlier, the size of silicon wafers has been continuously increasing.
The motivation for using larger wafers is economic, and here we discuss this
issue. The economic benefits of larger wafers are gained from the additional
silicon area they provide (Fig. 2-31). If the manufacturing cost per wafer remains
constant (or if its percentage increase is smaller than the percentage increase in
silicon area) a reduction in the manufacturing cost per chip may be possible.

Let us address the issue of the silicon wafer costs. We see from Fig. 2-32 that
the cost per square inch of silicon on a given wafer size is highest when the new
wafer size is first introduced, but then drops with time.3Y For 125-mm prime
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Fig. 2-31 The increase in silicon wafer area with increasing wafer diameter,
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device wafers the minimum silicon cost reached ~$1/in. For each succeeding
wafer size the minimum cost/in® is expected to be 1.4x the cost of the previous
generation. Thus, for 200-mm wafers the silicon cost is $2/in?, resulting in the
minimum cost of prime bulk CZ. wafers of this size being $80-5100. The cost of
300-mm wafers is expected to eventually decline to somewhere above $3/in2,
with a single bulk-CZ wafer thus eventually costing $350-3400. In 1998, the cost
of prime 300- mm wafers was ~$1000. Note that adding an epitaxial layer to the
wafer approximately doubles the wafer cost, and the cost of 200-mm epi wafers
in 1998 was $150-5180.

The costfin? increases with wafer size for a number reasons. First, larger
wafers are thicker, meaning fewer wafers per cm of ingot length are produced.
Second, a smaller percentage of the electronic-grade polysilicon (EGS) ends up
in prime wafers. (For 150-mm wafers this percentage was 30%, for 200-mm
wafers it dropped to 17%, and for 300 mm wafers it is expected to be only
~10%.81) Third, wafer specs are tighter for each generation, reducing the "sweet
spot” in the middle of the ingot that yields prime wafers. Finally, epi may be
required for DRAM production on 300-mm wafers, which will create a steep rise
in average price of prime wafers.

Note that the consumption of wafers of & given size also varies with time (see
Fig. 2-33), and each new wafer size remains in production for about 24 years 52
For example, production of 150-mm wafers began in the latel970s, and their
consumption rate peaked in 1997, Their use in production is expected to be
phased out by about 2010. Next, 200-mm wafers were first introduced in 1988,
and they are expected to reach their peak consumption rate sometime between
2005 and 2010 (depending on the rate of ramp up of the new 300-mm wafer
generation).’? By 1998, however, full-scale-production IC factories using 300-
mm wafers were not yet running. As a result, well-designed 200-mm equipment
is predicted to have a long working life before it is made obsolete by future
wafer-fabs running larger wafer sizes.

The worldwide consumption of single-crystal silicon has been growing at
15-20% per year. In 1992, about 1.9 billion in? of silicon were sold. By 1994 this
number was 2.7 billion in, and by 1999 it had increased to ~4.5 billion in?. In
1994 this translated to a total production of about 100 million wafers. These sales
generated an income of $5.9 billion US in 1999.5%5% There are a relatively large
number of silicon wafer suppliers, In the late 1990's the largest were Shin-Etsu
Handotai (SEH: Japanese), MEMC (German); Wacker-Siltronic (German);
Sumitomo-Sitix (Japanese); Mitsubishi Materials Silicon (Japanese); and
Komatsu (Japanese).
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Flg. 2-32 a) Actual wafer pricing cycle by wafer diameter. Reprinted with permission of
Semiconductor International.” b) Photograph of a 300-mm wafer. Courtesy of MEMC.

The silicon wafer induvstry historically funded its R&D and capacity
expansion for the next generation, large-diameter wafer through the profits and
cash flow from the previous-generation wafers, However, in the 2000-year
timeframe the industry was being asked to fund the 200-mm and the 300-mm
generation at the same time. According to the Rose Associates this is
unprecedented, especially in an industry that lost nearly $1 billion in 1998 on
sales. 3 These losses resulted from the semiconductor industry downtum, the
Asian financial ensis, and excess silicon wafer capacity that combined to cavse
the average selling price of silicon wafers to fall by 36% over the three year
period ending in mid-1999. This caused the industry to focos on cost reduction
for survival. While losses in 1999 narrowed, and profitability returned in 2000,
the profit outlook was still uncertain. Unless the profitability continues to
improve, the funding for 300-mm development will compete with the economics
of 200-mm growth and capability requirements.

One possible scenario will be that there will be a shortage of wafers in
the 2000 tumeframe, especially 300-mm wafers. One vehicle for alleviating this
shortage is to use reclaimed wafers, especially for the role of test wafers used in
process development applications. That is, during the development and marathon
testing of wafer-manufacturing tools, reclaim wafers provide an excellemt
opportunity to re-use materials. While the maturation of 200-mm processes has
greatly reduced the need for test wafers, their use will increase as the 300-mm
processes enter the mainstream manufacturing arena. The price of 300-mm
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reclaim wafers is about 60% of the price of virgin wafers. Reclaim wafers in
2000 represented about 10% of the 300-mm market. 56
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Chapter 3

GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS

Thermally grown films of silicon dioxide ($i0;) play many key roles in the
operation and fabrication of silicon integrated circuits. However, the most enitical
application of such films in deep-submicron CMOS USLI circuits is serving as
the MOSFET gate dielectric material. Although the many other roles of Si0, are
also important (including diffusion masking, surface passivation, and func-
tioning as a field oxide, interlevel dielectric, screen oxide, pad oxide, trench liner
in STI, tunneling oxide in non-volatile memory devices, and sidewall spacer), the
discussion here will focus on its role as the gare dielectric of MOSFETs.

It is commonly believed that crystalline-silicon is the main material
responsible for the growth and success of the semiconductor industry. But others
maintain that the real magic in silicon technology lies with silicon dioxide and its
amazing ability te satsfy the mynad demands placed upon it as the gate
dielectric of the MOSFET.

In this chapter we will explore the role of thin gate oxide films in deep-
submicron MOSFETSs, and address the following issues that relate to this subject:

1. The structure and role of silicon dioxide (and the 5i/510, interface) as the
gate dielectric of the MOSFET.
2. Dielectric breakdown and defects in 510;;
3. Leakage currents in silicon dioxide films;
4, Models and processes of the growth of ultra-thin oxide films;
5. Strengthening silicon dioxide films through the addition of nitrogen
{oxynitrides), and the related problem boron penetration through gate oxides;
6. Technology of growing ultra-thin oxides on large diameter wafers (200-mm
and 300-mm);
7. Limits of silicon dioxide as a gate dielectric material.
Despite the fact that we will restrict our discussion to S5i0,-films as gate

dielectrics, it is informative to list the other IC applications in which oxide films
are employed, and the oxide thickness used in such roles (see Table 3-1).

75
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Table 3-1 RANGES OF THERMAL OXIDE THICKNESS USED IN ULSI PROCESSING

Application SIﬂ!E'LI-r.:lmtu {mim)

Gata axide insulaiors lor MOS devices 1.5-10.0
Tunnel cxides in EEPROMs: and Rash memories 6.0-10.0
Screen oxides lof ion implaniation 10.0-200
Side-wall liners lor shallow trench Isolation (STT) 15.0-4000
Flield oxide for LOCOS isclation 200-400
Re-oxdation of the etched gate stack side-wal damage 5075
Inber-polysificon digleciric 4.0-20.0
Masking fim against ion implantation and difusion 100-200
Sacrificial gxidas for gabe applicafions 6.0-15.0
Capacior dielecinc in DRAM circuits 50-100

3.1 REQUIRED CHARACTERISTICS OF GATE DIELECTRICS FOR
DEEP-SUBMICRON MOSFETS

A dielectric material must satisfy a large number of important demands in order
to successfully function as the gate dielectric of a MOSFET. Silicon dioxide has
been used as the gate dielectric material in silicon-based MOS ICs ever since
they were first introduced in the early 1970's. It continues to serve in this role,
even as MOSFETs have been scaled down 1o the deep-submicron regime. We list
the requirements of dielectric material for this application here, and provide more
details about them in later sections of the chapter.

1. The most important requirement that the gate dielectric of a deep-
submicron MOSFET must meet is the following: It must be possible 1o
continue to decrease the thickness of the oxide to the degree specified in
accordance with the scaling of the gate length Lg of a MOSFET. We
should elaborate upon why being able to scale the gate oxide thickness is
so fundamentally important for deep-submicron MOSFETs. Figure 3-1
shows that the ratio of the gate length to the oxide thickness (Lgft,y) has
indeed remained constant at about a value of 45 for process technology at
Intel for over 25 years.! The gate-oxide requirements for technology nodes
for 0.18-pym and beyond (according to the ITRS Roadmap) are given in
Table 3-2. At some point, if 5i0; cannot be scaled further to meet future
demands, another material with higher reliability will be needed.

As CMOS IC technology advances, the central focus of scaling the
MOSFET device structure involves scaling the gate length L. That is, gate
lengths of MOSFETs are scaled to obtain the significant benefits offered
by such scaling. These benefits include: §) an increase in the drain current
of the MOSFET I, (which usually provides an improvement in the circuit
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Table 3-2 Gate Oxide Equivalent Thickness for Deep-Submicron CMOS

19009 2001 2003 2006 2009 2012
(180 pm) (150 nm) (130 nam) (100 nm) (70 nm) {50 nm)

Equivalent i4 2-3 -3 1.5-2 =1.5 =1.0

Oxide

thickness (nm)
speed); i) a decrease in the gate area of the minimum-size MOSFET
{which results in a reduction of the input capacitance that must be charged
when logic levels are switched - and thus also improves the circuit speed);
and iii) an increase in the density of devices that can be fabricated on a
chip. (See Vol. 3 for more details on these issues.)

In deep-submicron MOSFETs, however, such reduction of the gate
length increases the subthreshold drain current I, of a MOSFET (which
is one component of the total off-state leakage current of CMOS ICs).
That is, in deep-submicron MOSFETs the short-channel effect known as
drain-induced barrier lowering (DIBL) causes the subthreshold (off-state)
drain current to rise significantly as the gate length is reduced (see Vol. 3
for more details). Two measures must be employed to prevent (or at least
mitigate) this rise in the subthreshold leakage current as the gate length is

60
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Fig. 3-1 Channel-length divided by gate-oxide thickness (Lgh, ) versus channel-length
Ly, [or Intel's process technologies for the past 20 years.!
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reduced. First, the junction depth X; of the source/drain-extension-regions
must be made shallower. Second, the depth of the MOSFET channel-
depletion-region must also be made shallower. Both measures serve to
keep the electric field of the drain from penetrating along the channel
toward the source (which would worsen the DIBL effect).

The second measure (making the channel-depletion-region shallower
as the gate length is shortened) is achieved by increasing the doping
concentration in the channel (typically with a heavier-dose threshold-
adjust-implant). While it is relatively easy to implement such an increase
in the channel doping, doing so causes another undesirable effect. That is,
if the gate-oxide-thickness of the MOSFET remains unchanged, the
threshold-voltage Vo is increased as the doping concentration near the
surface of the channel (boron) is increased (e.g., for an NMOSFET with a
p-doped channel region). Since the threshold voltage i1s generally kept
unchanged {or it may even be slightly decreased) as the CMOS
technology is scaled, the increase in Vg due to the increased channel
doping must be counteracted. This can only be done by reducing the gate-
oxide-thickness (see Fig. 3-2). For example, as shown in Fig. 3-2, if the
doping concentration of an NMOSFET with a 250-A gate-oxide is
increased from 6x10'%/cm? o 1x1017/em?, Vi will increase from 0.6-V 1o
about 1.4-Y — which is far higher than the required Vy value of 0.6 V.

In summary, this shows that in order 1o continue to scale the gare-length
aof MOSFETs, it will be necessary to decrease the oxide thickness by abour
the same scaling facter applied 1o the gare-length! However, such scaling
of the oxide thickness brings with it both benefits and problems. One
additional benefit is that the on-state drain current is further increased as
the oxide thickness is scaled down (see Vol. 3). However, several other
negativeé factors also ensue: the thinnér oxide films cannot tolerate the

increased gate electric fields, and this forces smaller power-supply volt-

ages to be used (and such smaller supply voltages reduce the MOSFET
on-state drain current); the tunneling leakage-current (gate current)
through the oxide increases; the oxide is more prone to penetration by
poly dopant (especially boron); and defects and oxide-layer thickness
non-uniformities become bigger problems when thinner oxides must be
manufactured. Figure 3-3 depicts these concerns for ultrathin gale oxides.

2. It must be possible to form the oxide layer with a thickness that closely
matches the design specification of the MOSFET. This oxide thickness



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 79
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polysilicon gate (right scale). Curves for gate oxide thicknesses d of 150A, 250A, and

650A are shown. From 5.M. Sze Ed. VLSI Technology, 2nd Ed., Chap. 11, "VLSI

Process Integration.” Copyright, 1988 Bell Telephone Labs. Reprinted with permission.
must also be sufficiently uniform across the entire wafer, and from wafer-
to-wafer, and from mun-to-run.

3. The oxide film and the Si/5i0; interface must maintain stable electncal
characteristics. This includes exhibiting adequately small values of charge
in the oxide and at the S5i-S5i0; interface (i.e., low Qf, Djt, Qo and Qm
values).
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Fig. 3-3 Concems in ultra-thin gate oxides.
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4. The dielectric breakdown strength of the oxide must be sufficiently high
(e.g., » 8-MVicm), implying that the film is pinhole free and contains a
negligible number of defects that would lead to oxide breakdown at lower
electric fields.

§. The oxide film must exhibit sufficiently long Lifetime under normal op-
erating conditions (i.e., tpp 18 adequate). This characteristic is related 1o 4.

6. The diclectric material (oxide) must be compatible with the other
materials of the MOSFET structure, and be thermally, electrically, and
chemically stable under the processes used to fabricate the ICs.

7. The leakage-current through the gate-oxide must be sufficiently small to
mect the off-current leakage requirement of the IC in which it is used.

8. The oxide should exhibit high resistance to hot-carrier damage (i.e.,
device degradation should be low in the face of hot-carrier stressing).

9. If the oxide is to be used in a symmetric CMOS technology (i.e., in
which both p* and n* poly are used), the oxide film needs to be resistant to
the penetration of boron at the process temperatures used after gate doping.
10. The oxide must passivate the silicon surface.

3.2 THE STRUCTURE OF THERMALLY GROWN Si0,
AND THE PROPERTIES OF THE SI/Si0, INTERFACE

3.2.1 The Microscopic Structure of Thermally Grown 3i0,

310 (silica) can be found in crystalline or amorphous (vitreous) forms. When the
atomic structure of silica exhibits long-range order it is in crvstalline form. Many
varieties of crystalline-silica exist, including quartz, erystobalite, coesite, ete.
However, the type of silica encountered in silicon ICs (j.e., silicon-dioxide films
thermally grown under normal conditions) is not crystalline. Instead, it is silica in
its vitreous (or glassy) form. Vitreous solids do not exhibit long-range order.
Instead, their strocture is ordered only over short ranges. This glassy state of
5104 is also often referred to as fused-siflica. Since we are interested in thermally
grown 510, our discussion will focus on the glassy state of 5104 (fused-silica).
The basic structural unit of silica is centered around the structural formula
(8i04). The spatial arrangement of 51 and O atoms is due to their respective
valence (+4 and -2), their relative sizes, and their electrostatic interactions. These
factors give rise to elementary 5i0; cells of tetrahedric configurations. That is, a
silicon atom (with a valence of +4) is located at the center of the tetrahedron,
with oxygen atoms (0%") at each of the corners (Fig. 3-4a). In crystalline-SiO;
{quartz), each oxygem atom belongs to two tetrahedra and is thus bonded to 2
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silicon atoms. Such oxygen atoms are then known as bridging oxyveen atoms.
(Fig. 3-4b).% In vitreous- or amorphous-Si0; some of the vertices of the
tetrahedra have nonbridging oxygen atoms, meaning they are not shared between
two tetrahedra (Fig. 3-4d). The greater the ratio of bndging-to-non-bridging
oxygens, the greater the cohesiveness of the 5107 structure.

The interatomic distances (from the center of one atom to the center of its
nearest neighbor) have been measured and found to have the following mean
values: 1.62-A for the 5i-O bond; 2.27-A for the 0-O distance; and 3.12-A for
the 5i-5i distance. Note this implics that a 2.0-nm gate oxide is only 10-12
atomic layers thick!

The structure of fused-silica is a continuous random network of tetrahedra,
where the 5i-0-Si bond angle varies from 110° to 180°, with the most probable
value being 144°. A two-dimensional representation of the vitreous-5i0; lattice
is shown in Fig. 3-4c.9

Fig. 3-4 (a) The basic structure of 8i0,.? (b) Three-dimensional representation of two
neighboring Si0y cells, bridged by an oxygen atom. (c) Two-dimensional lattice repre-
senting vitreous-$i0,.2 (d) The structure of thermally grown Si0; showing bridging and
non-bridging oxygen aloms and dopant (i.¢.. network modifier) atoms.? (© [EEE 1965)
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The density of thermal-Si0; (fused-silica) is 2.20-g/cm?® which is smaller than
that of quartz (2.65-gfcm?). In fused silica only 43% of the lattice space is
occupied, making its structure much more open than that of gquartz.
Consequently, a large variety of impurity atoms can easily enter this oxide
network and diffuse through it. Since it is difficult to directly assess the density
of thin films, the refractive index of 5i0; 15 nsually measured instead, and the
density is then inferred from it. A refractive index of 1.460 corresponds to a
density of 2.20-g/cm?. Generally, CVD oxides exhibit smaller densities than
thermally grown 5i0;, and worse electrical and material properties correspond to
less dense films. Hence, measurements of the index of refraction also provide a
method for rapidly comparing the characteristics of deposited oxides.

3.2.2 The Si/Si0; Interface

In addition to the characteristics of the Si0> bulk structure, the charactenistics of
the S5i/5i0; interface also play a critical role when 5i0, functions as the
dielectric layer of a MOSFET. Hence, a discussion of these characteristics (and
the structare) of the 5i0), interface is also relevant. First, it is useful to define the
types of charges that exist in the oxide and at the Si/5i0; interface. (It should be
noted that such charges are not expected to exist in an “ideal” oxide or at an
“ideal" interface.) Four different types of charges are associated with the bulk
oxide and “real” 5i/85i02 interfaces, as shown schematically in Fig. 3-5. The
effective net (i.e., total) charge-per-unit-area due to such charges at the 5i/810;
interface and within the oxide bulk (in Clem?) is denoted by the symbol Qo
whereas the net (total) pumber of charges per unit area (Qyoy/g) is given by Nigt-
The standardized terminology and symbols used to differentiate these various
individual charge types are as follows:

1. Mobile ionic charge per unit area Qm (Clem?), and Ni (no. of mobile

charges/cm?);

2. Fixed oxide charge per unit area Qf (C/em?), and Ny (no. of fixed oxide

charges/cm?);

3. Interface trapped charge per unit area Qj; (C/ecm?), and Nj (no. of

interface trapped charges/em?): Djy - number of interface trapped charges

per unit area and energy (no. of interface trapped r:hargcsfcmz-e'-.l’}:

4. Oxide trapped charge Qu (Clem?), and Ny¢ (no. of oxide trapped

chargesfcm?),
The issues relating to the reliability of deep-submicron MOSFETs primarily
involve ( and Qgy. That is, the problems caused by Qm and Qf are not only well
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controlled, but their impact does not get any more severe as oxides are scaled. On
the other hand, those associated with Qj; and Qg are ongoing, scaling-dependent
problems that must be addressed as MOSFETs are pushed further into the deep-
submicron regime. Hence, the review provided here will examine only these two
categories of interface/oxide bulk charges. This will include the origin of the
charges and their effect on device behavior, A more detailed description of the
characteristics of Qm and Qf can be found in Viols. 1 and 3, and in Refs. | and 7.

3.2.2.1 Interface Trapped Charge: The interface-trapped charges refer to charges
which are localized at sites at the surface of the silicon (i.e., at the 5i/5i0,
interface). Such sites are believed to anise from energy states that exist in the
forbidden gap of the silicon, and are referred to as interface siates. Such surface
states are extra allowed encrgy states (i.e., that electrons can occupy) present at
the semi-conductor surface, but not within the bulk.

The term surface state was coined by Tamm in 1932.% Using quantum
mechanical calculations, he showed that new electronic energy states arise in a
crystal if the lattice is terminated at a surface. Such new states are confined to the
region very close to the surface. He also calculated that these states will anise at
interfaces (such as the Si/5i0; interface), as well as at free surfaces. Each of the
states is associated with a single atom at the surface. Hence, an electron
occupying one of these states is localized (i.e., it 15 forced to remain in a
restricted region of space centered on that atom). Since such states thus
effectively frap frec carriers at the surface, they are also referred to as inferface
traps. The charge-per-unit-area stored in these traps is symbolized by Qy.

R C
$i0;

Silicon

Fig. 3-8 Charges associated with the S¥/Si0, system.
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Fig. 3-8 Physical model for the interfacial traps. "Dangling bonds” which occur when the
51 lattice is abruptly terminated along a given plane to form a surface. (b) Post-oxidation
perfect (ideal) interface. (¢ & d) Post-oxidation dangling bonds that become interfacial
traps.” Reprinted with permission of the publisher, the Electrochemical Society.

Although the theoretical basis of interface traps is well accepted and models
exist that accurately detail the electrical behavior of the traps, the physical origin
of these surface states has not been totally determined. The weight of
experimental evidence supports the view that surface-states arise pnmanly from
unsatisfied, or dangling bonds at the silicon surface (see Fig. 3-6). Note that a Si
atom at a surface with a dangling bond can also be viewed as a frivalent St atom.

From a qualitative perspective, the dangling bond model can be visualized
with the aid of Fig. 3-6a. Here it is seen that if a Si lattice is abruptly terminated
along a given plane to form a surface, one of the four bonds of each 51 atom at
the surface is left dangling. There will thus be extra states on this surface because
the energy field of the crystal is one-sided (i.e., the electrons in the surface region
are bonded only from the side directed toward the bulk). It is plausible that
thermal formation of Si0; can tie up these surface Si bonds, and that along a
perfect S¥/5i0; interface all such bonds could be tied up (Fig. 3-6b). In this case,
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surface-states at the interface would be suppressed.® However, it is more
plausible that such oxidation will not tie up all the bonds (Fig. 3-6¢). If even a
very small fraction of the number of dangling bonds is left unsatisfied, a
significant number of surface-states could exist. For example, on a (100)-5i-
surface there are 6.8x10M Si atoms per cm?, If oxidation left 1/1000 of these
bonds dangling, and each of them gave nise to a surface-state, the density of
interface trapped charges would be 6.8x10!Y/cm? (assuming one clectronic
charge is associated with each energy state). If a gate-oxide-thickness of 20-nm
was being used, this would cause a threshold-voltage-shift of 0.63-V. This
indicates that if the dangling-bond model correctly describes the origin of
interface states, then only a relatively small number of residual-dangling-bonds
can significantly perturb MOSFET device charactenstics. Crystal-defects near
the surface or forcign atoms bonded at the surface are other interface
perturbations that have been identified as possible sources of surface-states.

Figure 3-7 represents the bond-stretching and broken-bond model of the
Si/$i0; bulk of Verwey? and of the $if$iO; interface of Sakurai and Sugano.®
That is, Fig. 3-Ta depicts the stretched and broken 5i-O bonds in the bulk, and
Figs. 3-7Tb-¢ at the interface. Figures 3-7f-h illustrate the possible defects in the
oxide bulk. In Fig. 3-Tb, the dangling-Si-bond at the surface is depicted as an
interfacial-trivalent-Si-atom, while in Fig. 3-7f, a dangling-Si-bond in the bulk is
portrayed as a rrivalent-Si-atom.

Trivalent-Si-atoms introduce a deep trap-level near the Si midgap when
located at the interface, and a deep trap-level in the Si(}; bandgap when located
in the oxide bulk. The weak 5i-51* and 5i-O stretched bonds (Figs. 3-7c and 3-
7d) at the interface introduce a continuum of deep trap levels, or if such stretched
bonds exist in the bulk of the oxide (Fig. 3-7g), they produce shallow trap levels.
If a dangling-Si-bond is tied up with an impurity (most commonly H or OH), this
is thought to produce an electron-trap, while the oxygen vacancy {or weak 3i-5i
stretched bond) is considered to be the precursor of a hole-trap.

An anneal in a hydrogen ambient (100% Hj or 4%-H3 in N, [forming gas]) at
approximately 450°C is normally the final step prior o assembly and packaging
of an IC. This step is thought to allow hydrogen to penetrate the gate-oxide and
then tie up the remaining dangling bonds at the S5i/8i0; interface not tied up by
thermal oxidation (as suggested in Fig. 3-8). However, the Si-H or Si-OH bond
can be easily broken by injected hot-electrons, giving rise to interface traps.
Thus, hydrogen introduced in the post-metal anneal or other process steps
(i.e., during the steam reflow of an interlevel BPSG layer, or during the dep-
osition of silicon nitride), can increase hot-electron degradation ina MOSFET.



86 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV
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Flg. 3-7 (a) Strained and broken bonds: (al) Normal 5i-O bonds; (a2) Strained bond in
vitreous silica; (a3) Broken bond represented with a trapped electron; (24) Broken bond
represcnted with a trapped hole. Possible interface defects (b-¢): (b) 5i dangling bonds.
(c) 5i-51 stretched bond (or oxygen vacancy). {d) Si-0 streiched bond. (e) Impurity at
interface. Possible oxide bulk defects (f-h): (f) Si dangling bond; (g) Si-5i streiched bond
{or oxygen vacancy). (h) impurity in 5i0..% (© IEEE 1988)

Consequently, it has been suggested that the ideal gate diclectric and all
subsequent dielectric layers should contain as little hydrogen as possible to make
them hot-electron resistant.

3.2.2.2 Effect of Interface Traps on IC Characteristics: The presence of interface
traps has four major effects on the characteristics of ICs. First, the charge that is
present in the interface traps interacts with the charge in the silicon near the
surface and thus changes the silicon charge distribution and the surface potential.
Second, interface traps act as generalion-recombination centers, giving rise to
leakage currents, as described below. Third, since the density of interface trap
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Fig. 3-8 How hydrogen can passivate the dangling bonds at the silicon surface shown in
Fig. 3-7c and reduce the interface trap density.

charge changes with the surface potential, it gives rise to an additional capacitance
component in parallel with the silicon gate capacitance. Fourth, an increase in
interface-state-density has been correlated to weakening of the oxide, which
appears to be a prelude to the second-stage breakdown event in gate oxides.

The issue concerning the effect on the surface-potential of charge being
trapped at the interface is considered first. That 13, such charge trapped at the
interface has the same effect on the surface-potential as placing a sheet of charge
Q,x at the oxide-silicon interface. Such a sheet of charge will impact the
threshold voltage, causing it to shift by an amount given by AV = -Qg,/C.,. To
keep this threshold voltage shift as small as possible, the value of QO should
also be kept as small as possible. The last paragraph of this section explains the
measures taken to achieve this goal.

A secondary effect of interface-trap-charge on the surface-potential was
ntroduced earlier. That is, injection of hot electrons into the gate-oxide is
thought to produce interface traps (by breaking the bond between a silicon-
surface atom and a hydrogen atom, which leaves a dangling bond on the Si
atom). Since this process produces additional dangling bonds (and thus interface
traps) as time goes by - and since these interface traps can trap electrons - this
phenomenon will also cause the value of Q,, to increase with time. In tum, this
will cause the value of V1o change with time. If Vy increases as result of the
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buildup of Q. the drain current of the MOSFET will decrease. If such drain
current degradation becomes too severe the deviee will eventually fail to operate
properly. Thus, measures to avoid hot-carrier-injection have been employed in
MOSFETs as their gate lengths approached 1.0-ym and smaller.

The second effect of interface states involves the fact that they can serve as
generation-recombination centers. Since they are present at the silicon surface,
they will exist in the depletion regions of pa junctions that intersect the surface of
the silicon. There are many such junctions at the Si/5i0, interface in every
device, and therefore in every IC.

Before the invention of integrated circuits, only discrete diodes, bipolar
transistors, and field-effect transistors (FETs) could be fabricated. In the early
1950s, these discrete devices exhibited relatively high reverse-bias junction-
leakage and low breakdown-voltage (caused by the large density of interface
traps al the surface of single-crystal silicon).

In 1958, a group of workers at Bell Telephone Laboratories, led by Atalla,
found that when a thin layer of 5i0y was grown on the surface of silicon where a
pr-junction intercepts the surface, the leakage current of the junction was
reduced by a factor from 10 to 100. It was later understood that the oxide reduces
the number (or stabilizes many) of the interface traps. Not only did such oxide-
passivation of the silicon surfaces allow diodes and transistors to be fabricated
with significantly improved device characteristics, but the leakage path along the
surface of the silicon was also effectively shut off. Thus, one of the fundamental
isolation capabilities needed for planar devices and integrated circuits had also
been developed. In his report on the evolution of the MOS transistor, C.T. Sah
remarks that the successful effort by the Bell Labs group to stabilize Si surfaces
was the most important technological advance in microelectronics during the
1950, and that it blazed the trail that led to the development of the silicon
integrated circuit.®

The third effect of interface traps involves the interface-trap capacitance. As
noted earlier, the interface-trap capacitance C is in parallel with the gate
capacitance. However, only those interface traps that can be filled and emptied at
a rate faster than the capacitance measurement signal can contribute to Cj;. Traps
too slow to follow the capacitance-measurement signal will not contribute to Cy.
Therefore, the observed C; is not only a function of the interface-trap density but
also depends on the MOS-capacitor gate voltage (which controls the surface
potential and hence the probability of occupancy of the traps) and the frequency
at which the capacitance measurement is made.

All of these observations point to the conclusion that for a MOSFET to have
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predictable and reproducible capacitance characteristics, it is important to employ
fabrication processes that minimize trap density. Using (100)-oriented silicon
wafers, and a post-metallization hydrogen-annealing step (at temperatures around
400°C) at the end of the fabrication process, are the main techniques for keeping
the interface-trap-density at a minimum.

It has been observed that the passage of tunneling current through a thin oxide
also introduces interface traps at the Si/Si0; interface. Furthermore, while
breakdown may not occur until about 10 Cfem? of charge has passed through the
oxide, interface traps are detectable even after 0.001 Clem? of charge passage.
Thus, measuring interface traps has been proposed as a more sensitive means of
quantitatively measuring oxide damage (due to Fowler-Nordheim stressing of
oxides) prior to breakdown.

3.2.2.3 Oxide Trapped Charge: The oxide trapped charge Qg is due to holes or
electrons trapped in the bulk of the oxide, and hence can be positive or negative.
They become trapped at frap centers that are microscopic defects in the oxide
structure in the bulk of the oxide laver. Such defects may be caused by ionizing
radiation, hot-camer injection, or high currents through the oxide (e.g., due o
Fowler-Nordheim tunneling), or other reactions which either bend or break 5i-O
bonds in the oxide. Figures 3-7f-h show possible defects in the Si0; bulk that
may give rise to such traps. For example, a trivalent Si atom in the Si0q will
introduce a deep trap level in the Si0; bandgap (.Si=03), and stretched Si-O or
5i-Si bonds [in the latter, a missing bridging-oxygen atom leads to a defect
(03=5i..5=03)]). Figure 3-9 shows schematics illustrating the potential wells of
electron traps in silicon dioxide. While, as-grown 5i0); films contain few such
microscopic oxide defects, electron and hole traps can be easily introduced by
bombardment with high-cnergy photons or particles.® (The exception to this

|

l

(a) (b) (3]

Fig. 3-8 Schematics illustrating the potential wells of electron traps in silicon dioxide: a)
Coulomb-attractive trap; b) neutral trap; and ) Coulomb-repulsive trap.
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statement is that as-grown wet oxides tend to contain some oxide traps because
they also contain OH" and H,O species. The density of oxide traps in wet oxides
can be significantly reduced with an appropriate post-oxidation-anneal.)

Qqot can be annealed out by low-temperature treatments (above 550°C)
although some neutral traps may remain. Therefore, oxide trapped charge was
been considered relatively less important than the other oxide charges in just-
completed MOSFETs. In early generations of MOSFET ICs, exposure of the
devices to ionizing radiation encountered in space flights was the main concern
involving Q. However, in deep-submicron CMOS ICs, the problems involving
Qot are becoming serious for several reasons. First, processing techniques such as
ion implantation, sputter deposition, and plasma etching are potential sources for
creating charged and neutral traps in the gate dielectric (all of which may not be
completely annealed out at the end of the fabrication process). This may result in
long-term reliability problems, especially if hot carmiers are injected in these
oxides and get trapped. Another reliability concern invelves gate-oxide
degradation due to high electric-fields in the oxide (and subsequent Fowler-
Nordheim tunneling currents in the oxide). This has become more of a concem as
oxide thickness has been scaled down.

3.2.2.4 Effect of Oxide Trapped Charge on Device Characteristics: The major
effect of oxide trapped charge on MOSFETs is that they are a manifestation of
the damage done to the gate oxide during device fabrication or by electrical
stressing (either by the application of a high electnc-field across the oxide, or by
the injection of carriers into or through the oxide). We will discuss this issue in
more detail in Sect. 3.3,

3.3 DIELECTRIC BREAXKDOWN IN SILICON DIOXIDE FILMS

Dielectric breakdown of the gate-oxide layer is one of the major reliability issues
that affects MOSFETs. We provide a review of this phenomenon here, and
recommend that interested readers consult Vol. 3, Chap. 7 for more background
information on the various breakdown measurements, statistical models, and
burn-in tests used to screen out parts with weak oxides. However, significant new
information that has been published since 1995 (when Vol. 3 was released) and
this new information will be focus of the discussion here.

Figure 3-10 shows the time dependence of the gate current through an oxide
under a large and constant voltage stress applied across the oxide layer. One can
see that there is a gradual decrease in the current with time until the oxide suffers
dielectric breakdown (Fig. 3-10). At that point the current rises rapidly (catasiro-
phic breakdown).!'0 After such breakdown, the oxide is irreparably damaged,
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and can no longer function as the dielectric layer in the MOSFET, Since such
breakdown occurs after the oxide is subjected to a voliage stress for some
extended period of time, this phenomenon is also referred to as fime-dependent
dieleciric breakdown (TDDB ). Anomalous “soft breakdown” of oxides also
occurs for films < 5.0-nm thick, and this will be discussed in Sect. 3.8

A different metric of the quality of oxide films is expressed in terms of the
electric field at which dielectric breakdown occurs. To measure this value, a
voltage (that increases linearly with time) is applied between the gate and
substrate of a MOS-C test structure until the oxide breaks down. The “best”
(apparently defeci-free) oxides break down at fields greater than about 10
MV/em, and failures at such field strengths are referred to as “intrinsic
breakdown.” Less-than-perfect-oxides (i.e., those that contain some form of
defect) may fail at lower voltages (i.e., between 4-6-MVicm).

In any case, dielectric breakdown in ICs must be avoided. Extensive work has
demonstrated that 20-year oxide-lifetimes can be achieved if the oxide hield
remains below about 8-MV/em.!! Thus, for devices used in CMOS logic and
memory chips, the maximum electric field during normal device operation is
typically restricted to the 5 MV/cm range, and this limit on the electric field is
projected to remain at about this value for each technology generation. That is,
the 5-MV/em value is expected to give an acceptable safety margin for 20-30-
year oxide-lifetimes. Chips are also normally subjected to burn-in tests 10 screen
out those chips that contain oxides that would fail under the normal operating
conditions during their time of service.
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a)
Fig. 3-11 a) Localized poly filament shorting the gate and substrate after gate oxide
breakdown; b) A SEM photograph of two breakdown spots. The polysilicon electrode has
melted away over 20 um?, The polysilicon is spread over a large area in the form of dust
and little globules. The size of a dash iz 1-um. From D.E. Wolters and LF. Verwey,
“Breakdown and Wear-Out Phenomena in Si0; Films,” Chap. 6, p. 329, in Instabilities in
Silicon Devices, G.M. Barbottin and A. Vapaille Eds., © 1986 Elsevier Science.

Because dielectric breakdown is such a critical reliability issue in CMOS ICs,
breakdown of thin oxide films has been (and still is) a subject of intense research.
The physical mechanisms involved in the diclectric breakdown process are quile
complex. We will discuss some of the latest proposed models to shed light on
this phenomenon.

In general, the catastrophic breakdown of a dielectric is believed to be a two-
stage process. First, the dielectric is slowly degraded over time (perhaps years)
due to being subjected to high-electric fields or due to the passing of current
through the oxide. This degradation takes the form of creating defects in the
oxide (e.g., clectron/hole traps and/or bond-breakage). These defects form a
localized conductive path through the oxide during this time. The second stage is
the very short ronaway breakdown process itself (it may occur in microseconds).
During the runaway breakdown phase the oxide is shorted (due to severe joule-
heating that causes a conductive filament to form in the dielectric) and a very
large current flows between the gate and substrate in the MOS device (Fig. 3-11).

There are numerous forms of damage to the oxide that are postulated to occur
during the oxide degradation process, including lattice damage, trap creation by
electrons, and trap creation by holes. The two physical mechanisms that are
blamed for producing these types of damage are: 1) externally applied clectric
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fields; and 2) current that passes through the oxide. Thus, there are two classes of
models that have been developed to predict TDDB: 1) models that assume the
oxide degradation is electric-field-driven (the so-called E-models); and 2) models
that assume the oxide degradation is current-driven (the so-called [1/E]-models).
Here we briefly describe both models. Also note that although the physical basis
for oxide degradation is still under debate, defimitions and practices have been
developed to describe and test the integrity of the oxide.

3.3.1 Electron Trapping in Silicon Dioxide:
(and why the Current In the Oxide Decreases with Time During

Constant-Voltage Stressing)

As described in Sect. 3.2.2.3, silicon-dioxide layers contain electron and hole
traps (either as a result of residual damage inflicted during device processing, or
caused by the electric fields applied across the oxide - or gate current that flows -
duning normal device operation). If these sites trap carriers which are transported
in the oxide conduction-band (electrons), they can give rise to oxide-trap charge
Qg Electrons can enter the conduction band of the oxide in several ways,
including: 1) ionizing radiation can generate electron-hole pairs within the oxide
itself. 2) electrons can enter from the silicon substrate or the gate polysilicon
either through tunneling or through hot-electron injection, Some of these
electrons may get trapped at oxide trap sites. These trapped electrons will then
cause the electric field in the oxide to be modified in the following manner: The
field near cathode (i.e., the electrode that acts as an electron source) is decreased,
while the electric ficld near the ancde (the electrode that acts as the electron sink)
is increased (as depicted in Fig. 3-12). A decrease in the field near the cathode
causes Fowler-Nordheim current in the oxide to decrease. Since the gate current
is due primarily to Fowler-Nordheim tunneling, this explains why the gate
current declines with time under a constant-voltage stress (as shown in Fig 3-10).

3.3.2 The Electric-Field-Driven Model of Oxide Degradation

In the electric-field -driven models of oxide degradation (E-models), the cause of
low-field (< 10-MV/em) TDDB is postulated to be field-enhanced thermal bond
breakage. That is, at a given temperature, chemical bonds in the Si0y structure
can be broken by thermal vibrations. Such bond breakage produces local defects
that weaken the oxide, and when the concentration of such defects reaches a
critical value, breakdown can occur. An externally applied clectric field serves to
reduce the activation energy required for such thermal-bond breakage, and there-
fore increases the degradation-reaction rate for failure exponentially. The fime-ro-
breakdown tgp, which is the inverse of degradation rate, decreases exponentially
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Fig. 3-12 Schematic illustrating the trapping of wnneling electrons. As electrons are
trapped, the oxide field near the cathode (electron source) is decreased, while the oxide

ficld near the anode (electron sink) is increased,
with held according to:

tap = Ag exXp (1 Eqy) exp (QlkgT) [3.1)
where ¥ is the field acceleration-parameter, E,,, is the electric field in the oxide

(usually expressed in MV/cm), and Q is the enthalpy of activation for bond
breaking in the absence of an external electric field. Generally, for oxide

thicknesses greater than 90-A, ¥ ~2.5-3.5-cm/MV.

3.3.3 The Current-Driven Model of Oxide Degradation (1/E Model)

In the so-called 1/E model for TDDB, degradation 1s postulated to be due to
current flow through the dielectric caused by Fowler-Nordheim conduction.
Electrons, which are F-N injected from the cathode, may cause damage to the di-
electric due to impact ionization as the electrons are accelerated through the
oxide. Also, when these accelerated electrons reach the anode, hot holes may be
produced (see Sect. 3.3.4 below) which can wnnel back into the dielectric
causing damage. Since both the electrons from the cathode and the hot holes
from the anode are the result of F-N conduction, the time-to-failure is expected to
show an exponential dependence on the reciprocal of the electric field, 1/E:

g = To(T) exp [G(TVE,,] [3.2)



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 95

where T,(T) is a temperature dependent pre-factor, G is the 1/E-model field
acceleration-factor, and kg is Boltzmann's constant.
The temperature dependence of & has been expressed as a 1/T power series
expansion, given by:!2
G =Gy [1 + (ykg){[(U/T) - (1/300K))] (3.3)
where:
¥ = (kg/Gy) [GH(LIT) 3008 (3.4)
and where the derivative is evaluated at 300K. At room temperature, &, ~350-
MV/icm and ¥ ~0.017-eV.
Tl T) is also usually represented as a |/T expansion:
To(T) = 7, exp[(~Ey/kg){(V/T) - (1/300K)}] (3.5)
where T, ~1x10°!! sec, and E, ~0.3-cV.

3.3.4 The Hole-Trapping Model thal Describes How Holes are Injecled
and Trapped in Si0,

The transport of holes through the oxide has been shown to precede breakdown,
indicating that holes cause damage to the oxide (namely by creating traps in the
bulk oxide).!* A model (the anode-hole injection model [AHI model]) has been
published that seeks to explain how such holes are generated and injected into the
oxide during high electrical field stress.!* The mechanisms that occur are
depicted in Fig. 3-13.

When an electric field is applied across an oxide layer using an MOS-C
structure, the encrgy-band diagram of this sitwation is depicted in Fig. 3-13. If an
electron tunnels from the cathode into the conduction band of an oxide layer (by
F-N tunncling), it can then gain kinetic energy from the electric field applied
across the oxide, and get accelerated toward the anode. When the electron amives
at the anode it has a large amount of kinctic energy fﬁgnin in Fig. 3-13). Some
fraction of such electrons that arrive at the anode are able to transfer this energy
to an electron deep within the valence band of the anode silicon near the oxide-
anode interface. This valence band electron is excited to the bottom edge of the
silicon conduction band in the anode. The excitation event also produces a hole
deep within the valence band, and this “hot” hole can tunnel into the valence
band of the oxide (again by F-N tunneling, as depicted in Fig. 3-13). These holes
can be trapped in the oxide and also create the damage described earlier. This
damage accumulates with time, degrading the oxide, ¥

In addition, the trapped holes in the oxide layer cause an increase in the oxide
field near the cathode, and a decrease in the field near the anode (Fig. 3-14). A
small increase in the oxide field near the cathode can cause a large increase in the
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Fig. 3-13 Energy-band diagram of the anode-hole injection { AHI) model, illustrating the
generation of an eleciron-hole pair by a unneling electron. The hole thus generated can
then be injected (by tunneling in this model), into the oxide layer.

tunneling current. Thus, hole trapping in the oxide near the cathode provides
positive feedback to the electron tunneling process. It should be pointed out that
the increase in tunneling current due to hole trapping is wsually not readily
observable, except near breakdown, because it is masked by the decrease in
tunneling current due to electron trapping.

It should be noted that recent work has called some conclusions of this model
into question. That is, until recently it was generally accepted that the substrate
current originates from the anode-hole-injection (AHI} mechanism, which was
schematically depicted in Fig. 3-13. Part of the holes created by the phenomena
postulated by this model tunnel into the oxide, and the oxide degradation is
related to the hole fluence (which iz found to be constant at breakdown,
independent of the stress carrent or stress voltage). However, the explanation of
the substrate current by anode-hole-injection has never been completely verified,
and other mechanisms such as minority-carrier generation due to F-N-induced
photons have been suggested to be a cause as well. Two recent reports claim that
the F-N-induced photons in the gate are the dominant source of the substrate hole
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Fig. 3-18 Schematic showing the trapping of holes in the oxide layer, The trapped holes
enhance the electric field near the cathode, and decrease the electric field near the anode.

current, and thus the generally accepted explanation of oxide degradation based
on anode-hole-injection may have to be revised 132

3.3.5 Comparing the Electric-Field-Driven and the Current-Driven Oxide
Breakdown Models

There has been a great deal of disagreement as to which is the dominant
degradation mechanism for low-field TDDB in thin oxide films; pe.. is it feld-
induced or current-induced? The (1/E)-model fits the TDDB data very well at
high fields (in which high F-N-currents exist), but falls short at lower fields
(< 10-MV/cm). In fact, there have been several low-field/long-term TDDB
studies carried out, with each showing that TDDB data were described much
better by the E-model.!3-16.34 The good fit of the physics-based E-model to low-
field/long-term TDDB data suggests strongly that it is field (not current), which
15 the dominant degradation mechanism at low fields becanse the F-N current is
simply so vanishingly small at these lower fields. However, for very-thin oxides
(< 40-A) the direct tunneling-current is very high, which could mean that in
these oxides the dominant degradation mechanism may again be current-driven.
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3.3.6 Time-to-Breakdown (1gp) and Charge-to-Breakdown ((Qgp)

The breakdown characteristics of an oxide film are described in terms of the
time-to-breakdown (as was discussed earlier) and in terms of its charge-io-
breakdown Qgp, (which measures the inregrared total tunneling current [i.e., total
charge] just before breakdown). Recent publications have tended to use the value
of Qpp. It appears that it is simpler to develop models relating 1o the other
physical processes, such as hole current, trapping, trap generation, and interface-
state generation, than it is to develop models relating time-to-breakdown to these
processes. Thus, Qgry needs to discussed further.

As mentioned above, evidence indicates that tunneling-clectron-current can
lead to hole-injection into the oxide. Thus, Qgp 18 the sum of the charges passing
through the oxide due to electrons and holes. If a MOS-C structure is used to
measure Qgp. then due to the two-terminal nature of the MOS-C, only the total
charge can be measured. However, if an NMOSFET is used to measure Qgpy,
then both the total charge and the hole-charge component can be determined. For
the case of an NMOSFET, the bias configuration for such measurements is
shown in Fig. 3-15. Integration of the gate current gives the total charge, while
integration of the substrate current gives the charge due to the holes. For a given
oxide film, Qgp, is often plotted as a function of oxide voltage. Figure 3-16 is
such a plot for oxide thickness in the 2.5-10-nm range.!? It shows that for a given
oxide thickness, Qpp decreases with increasing oxide voltage.

——{:H|I)1
Jivraanvyal

Fig. 3-15 Schematic depicting the bias configuration of an n-channel MOSFET for
measunng the charge-to-breakdown Qg and its hole-charge component.
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Fig. 3-16 Typical plot of charge to breakdown versus oxide voliage for several oxide
thickness values,

3.4 LEAKAGE CURRENTS IN SiD, FILMS (TUNNELING PHENOMENA)

When considering the ideal MOS capacitor structure, it is assumed that no
current flows through the oxide. However, in real MOS capacitors, a current
from the gate 1o the substrate through the oxide can flow (termed gate current,
IE‘I' Although the carriers that constitute such current can enter the conduction
band (electrons) and valence band (holes) of silicon dioxide by hot-carrier
injection, here we only discuss the other way that they can enter, namely by
tunneling. This is because few carriers in deep-submicron MOSFETs enter the
oxide as a result of hot-carrier injection during normal device operating
conditions; hence they do not play 2 major role in the observed gate current.

J‘E
Bim— | Fe

£ Ey

n* silicon Si0s p silicon

Fig. 3-17 Energy-band diagram of an n-type polysilicon-gate MOS structure at flat band.
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The phenomenon of carrier injection into the oxide by tunneling is due to the
quantum-mechanical nature of the electron. In the classical sense, the oxide
represents an impenetrable barrier to injection of electrons into the conduction-
band of the silicon if they possess kinetic energics smaller than the interface
energy barrier for the electrons (E;,; = 3.1-eV). In Fig. 3-17, the energy-band
diagram of a MOS capacitor with silicon dioxide as the insulator and heavily n-
doped-polysilicon as the gate is shown when biased at the flat-band condition.
When a large positive voltage is applied to the gate electrode, electrons in the
strongly inverted Si substrate surface can tunnel into or through the oxide layer,
and give rise to gate current. (Similarly, if a large negative voltage is applied 1o
the gate electrode, electrons from the nt-polysilicon can tunnel into or through
the oxide-layer and again give rise to gate-current.) Such tunneling occurs
because the wave nature of an electron (or hole) allows a finite probability of
crossing the barrier, even if the electron does not possess sufficient kinetic
energy. This probability increases with larger gate electne helds and/or thinner
barriers. Electrons injected by tunneling are generally considered to be in
equilibrium with the lattice, and are thus characterized as "cold” (i.e., not "hot").

3.4.1 Fowler-Nordheim (F-N) Tunneling (Tunneling /nfo Silicon Dioxide)

The first type of tunneling is called Fowler-Nordheim tunneling. Here electrons
are injected by tunneling into the conduction band of the oxide through the
triangular energy barrier. Once injected into the oxide conduction-band, electrons
are accelerated by the oxide field toward the anode (gate), causing a gate currentL.
Figure 3-18a sketches the energy band diagram for this case assuming a positive
bias is applied to the gate.

To determine the probability of an electron exhibiting F-IN tunneling through a
barrier, Schroedinger’s equation is solved for a triangular barrier. The WKB
approximation (discussed in most quantum mechanical textbooks) is inveked,
and the following expression for the tunneling current-density expression is
derived:

J = Ap Egx?® exp (-B/Egy) 13.5)
where Ap = 1.25x10°8 A/VZ, B ~240-MV/cm, ] is the current-density in Afem?,
and Egx is the oxide field in Vem.!7 According to this equation, the oxide
current is exponentially dependent on the electric field and experimental siudies
have found that the equation accurately describes the oxide current. This can be
seen in Fig. 3-20, which shows the measured gate current and the gate current
calculated using Eq. 3-6 in oxides 6-nm- and 8.3-nm-thick. The tunneling
probability rapidly rises as Eyyx increases because the wnneling distance (i.e., the
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Fig. 3-18 Encrgy-band diagram for the phenomenon of Fowler-Nordheim tuenneling in the
MOSFET gate oxide. Also shown are some possible interface-trap assisted leakage paths,
with trap levels indicated by short, solid bars.

distance from the Si-surface through the triangular barrier to the oxide
conduction-band) becomes smaller as Eyy increases.*

It should also be noted that it may be possible for electrons to be “hot™ but still
not possess sufficient energy to surmount the barrier. In this case, carmer
injection may occur by allowing these hot-cammiers to tunnel through a smaller
triangular-barrier distance. Thus, a synergistic combination of processes which
individually would not have caused injection may vet enable carriers to be
injected. This effect was modeled by Ning and Yu.!®

AL an oxide electric-field of 8-MV/cm, the measured Fowler-Nordheim
tunneling-current-density is about Sx10-7 Afcm2. Thus, for normal device
operation, Fowler-Nordheim tunneling does not produce enough gate-current
leakage to be significant. Hence, Fowler-Nordheim tunneling does not represent
an issue when gate-oxides get thinner as the gate length of MOSFETs are scaled,
even to deep-submicron gate-lengths.

3.4.2 Direct Tunneling (Tunneling Through Silicon Dioxide)

If the oxide is very thin (say 4-nmor less), electrons from the inverted silicon

* Because the distance of tunneling between Si surface and the oxide conduction band
decreases with increasing electric ficld.
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surface can tunnel directly through the forbidden-energy-gap of the oxide layer
instead of tunneling into the conduction-band of the Si0; layer. In direct-
tunneling, electrons wnnel through a trapezoid-shaped barrier as shown in Fig. 3-
19. (Because of the differences in the height of barmiers for electrons and holes,
and because holes have a much lower tunneling-probability in oxide than do
electrons, the tunneling limit will be reached earlier for NMOS than PMOS.)

The theory of direct-tunneling is even more complex than that of Fowler-
Nordheim-tunneling, and there is no theoretical simple dependence of the
tunneling-current-density on voltage or electric field. (While an expression for
the wnneling probability can be derived, no analytical expression is available for
direct tunneling (as exists for the case of F-N tunneling). Instead, direct-
tunneling-current must be calculated from numerical analysis, and the resulis of
such calculations are plotted in Fig. 3-20. 19} Nevertheless, experimental data
indicates that tunneling current exhibits a weaker dependence on oxide fields
than is shown by the equation that governs Fowler-Nordheim tunneling (Eq. 3-6).
This means that direct-tunneling dominates in thin oxides at low voltages.

For oxide thicknesses smaller than 3-nm, the direct tunneling-current becomes
very large. Figure 3-21 is a plot of the measured and simulated thin-oxide
tunneling-current versus voltage in polysilicon gate MOSFETs. For the gate-
voltage range shown in Fig. 3-21, the current is primarily a direct-tunneling
current.2? This tunneling represents a limit on the oxide thickness that can be
used. This limit will be reached approximately when the gate-to-channel
tunneling-current becomes equal to the off-state source-to-drain subthreshold

/
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Flg. 3-19 Enecrgy-band diagram for the phenomenon of direct tunneling through the gate
oxide for thin oxides. Also shown are both unassisted-tunneling and some possible
interface-trap-assisted leakage paths, with trap levels indicated by short, solid bars.
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Fig. 3-20 Theoretical (and experimental) tunneling -V curves of Al-gate n-channel MOS
structures under negative gate-bias, illustrating the I-V characteristics of Fowler-
Nordheim tunneling in 6-nm- and 8.3-nm-thick oxides and the calculated direct
tunneling- currents in 3.9-nm- and 3.4-nm-thick oxides.!” (© IEEE 1983)

leakage current (e.g., I,@W = 10 nA/um). That is, a MOSFET with a 1-ym gate
length and width, would have a channel area of 1-um?. Thus, to keep its value
equal to the subthreshold source-to-drain leakage current, the tunneling leakage
current density should not exceed 10-% Afum? (which is equal to | Afem?),

From Fig. 3-21, the minimum oxide thickness that could be used to achieve a
gate current density of 10°% Ajum? is 1.4-nm.* Since this is the thickness of the
oxide needed for the 70-nm generation (according to the Lght,, guideline given
at the beginning of Sect. 3.1 of this chapler), it appears that alternative gate-
dielectric materials with reduced gate-leakage will be required for 50-nm
MOSFETs and beyond. (Another, more detailed analysis of the leakage-currents
in CMOS technology in the 100-nm regime armves at the same oxide-thickness
limit due to tunneling-leakage as the one given above [ie., 1.4-nm]. %) This topic
is considered in Chap. 4. It should also be noted that logic circuits can usually
withstand higher leakage currents than can DRAMs. Therefore. the gate oxide

* Mote that the data shown in Fig. 3-21 are the resulis of work by researchers at Agere
Systems. They used an in-situ cleaning of the silicon surface (with HF gas, followed by
ultra-violet [UV] cleaning) before the rapid-thermal-oxidation. The oltra-thin oxides they
grew using this cleaning sequence resulted in oxides with very-low gate leakage currents
(Fig. 3-21). Ultra-thin oxides grown by wet rapid-thermal-oxidation (RTO) processes
have also reportedly shown smaller gate leakage currents (see Sect. 3.6.2).
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Fig. 3-21 Negative gate-cument-density as a function of negative gate-voltage for oxide
thicknesses from 1.1-nm to 3.1-nm, showing gate wunneling-leakage-current-densities. *
limit for DRAMs is expected to be larger (about 3-nm will be the minimum oxide
thickness for DRAMs).

3.5 MODELS OF THIN-OXIDE GROWTH

The Deal-Grove model described in Vol. | for the growth of 510, provides
excellent agreement with experimental observations for thick oxides.2! That is,
the rate-constants denived in the Deal-Grove model allow the thickness of oxide
films >350-A to be well predicted as a function of temperature, fumace-ambient,
silicon-doping-concentration, and silicon-crystal-cnentation. However, the model
does not give a detailed understanding of the mechanisms that produce these
dependencies, nor is it valid when the oxide is thinner than 200-A. Specifically,
the experimental measurements of oxide-growth-rates in dry-0, are not
accuratcly predicted by the Grove-Deal for oxides less than about 200-A (20-
nm). This is the so-called anomalous regime of the Deal-Grove model. This is
particularly troublesome because gate-oxide-thicknesses of < 100-A are used
for sub-micron MOSFETs. Figure 3-22 depicts a computer simulation of the
formation of the first few layers of oxide being grown on a silicon surface, 22

Several physical mechanisms have been proposed as models for the enhanced
oxidation that is observed when oxides thinner than 200-A are grown in dry-O,,
including: 23
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1. Models based on space-charge effects where the oxidation-enhancement
in the thin regime is due to field-assisted oxidant-diffusion (ansing from
05" coupled diffusion with holes).

2. Models based on the existence of structural defects in the oxide, such as
micropores or channels (=10-A in diameter). These would allow the
oxygen molecules to diffuse more rapidly when the oxide is thin,

3. Models based on parallel O, and O reactions at the SifSi0; interface.

4. Models which postulate that a blocking layer exists near the S5i/5i10,
interface which forms as the oxide grows and slows down the rate for
thicker layers.
5. A model by Massoud er al., based on the presence of a thin surface layer
in the silicon where additional reaction sites are available. The
concentration of these sites decays exponentially with a characteristic
decay length [, in Bq. 3-9.23
Despite the large number of models proposed to explain oxide growth in this
very-thin regime, none has yet been shown to be clearly correct, and thus none
have been convincingly accepted as more valid than the others, We are therefore
left with several empirical models that yield reasonable agreement with measured
values of oxide thickness in the thin regime, but with no completely satisfactory
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physical explanation. Additional work in the future may help clarify some of
these issues.

One empirical model for thin oxide growth was proposed by Reisman and
Nicollian in 1987.%% By analyzing a vast amount of data, they derived an
empirical model that calculates the oxide thickness versus time using a general

power law of the form:
tox = @ (tg + )P @7

where @ and b are constants, and tg is the growth time measured in a given
experiment, and T1s the time to grow an oxide of thickness ioy; already present
on the surface. Their model could fit all published dry-0O, data. In fitting this
equation to experimental data, they extracted b values between 0.25 and 1.0,
depending on temperature and oxidant-partial-pressure. This equation has two
fitting parameters (a and b), just as the Deal-Grove model has two (A and B/A).
However, there are significant differences between the models. First, the
Reisman-Nicollian model is claimed to be able to fit data down to oxide
thicknesses of essentially zero thickness. There is no anomalous regime, as exists
with the Deal-Grove model. Second, each model has its own physical basis for
the oxide growth process. The Deal-Grove model is based on the idea of oxidant-
diffusion and an interface-reaction - with each process dominating the growth
under different conditions. Reisman suggests that the interface-reaction actually
controls the oxidation process at all times, and that the volume expansion
necessary at that interface to accommodate the growing oxide was provided by
viscous-flow (relaxation) of the oxide layer. The time-dependent viscous-flow of
the oxide in the Reisman model, is used to explain the extracted pressure- and
temperature-dependence of the parameters in that model (a and b). A third model
by Han and Helms (which we will not consider in detail herc), has also been
proposed to predict oxide growth. We will, however, compare the results of the
Reisman and the Han and Helms model to the Grove-Deal model in upcoming
paragraphs.

A companson between the Reisman-Nicollian model of oxide thickness and
the Deal-Grove model is shown in Fig. 3-23. Data from Deal and Grove at 700°C
are plotted on linear scales and Eq. 3-7 is plotted with measured values of @ and
b. Shown for comparison is Eq. 3-7 with the appropriate constants obtained by a
fractional weighted least squares fit to the data.24 Kouvatsos extracted the a and
b parameters of Eq. 3-7 at 950°C and 1100°C for oxide growth in O diluted in
He, and found very good fit to the Reisman-Nicollian power-law model.25

Figures 3-24 and 3-25 again compare the predictions of the Reisman and the
Han and Helms models with those of the Deal-Grove model. The model para-
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Flg. 3-23 Fiis 1o oxide thickness versus oxidation time using the Deal-Grove model and
the Reisman-Nicollian power-law model expression. 24
meters for these plots for the Deal-Grove model are the standard A and B/A
values for 1 atmosphere. For the Reisman model at 800°C, a = 0.302 nm, b =
0.704, and T = 13.1 min. At 1000°C a = 3.02 nm, &= 0.701, and T = 1.26 min. At
200°C (Fag. 3-24), the differences in these models for very-thin oxides is clear.
The Reisman (and the Han and Helms) model agree fairly well with each
other and are a good match to experimental data in the thin regime. The Deal-
Grove model does not do a good job for thin oxides, either with T set at 8 hours
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Fig. 3-24 Comparison of three oxidation models for 1 atmos, dry-0, oxidation at B00°C.
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(the value Deal and Grove extracted in their original work), or with T =0 (which
predicls even thinner oxide than do the Reisman or Han/Helms models). At
1000°C (Fig. 3-25), the differences in the models in the thin regime are less
apparent since much thicker oxides grow at the higher temperature on the same
time scale, For the particular parameters chosen for this plot, the Reisman-
Nicollian model diverges from the predictions for thicker oxides.

Despite the fact that the Deal-Grove model in its original form does a poor job
at predicting oxide growth in dry-0; in the thin-oxide regime, their model can be
“fixed” to do a much better job. Such a"fix" was developed by Massoud er al.,
who demonstrated that a much better fit can be accomplished than with the Deal-
Grove model alone (by adding an additional term that decays exponentially with
thickness to the oxidation rate.). The expression for the oxide growth-rate in the
classical Deal-Grove model dt,,/df (see Vol. 1, Chap. 7) given by:

(dig/dt) = BA2tg, + A) (3.8)
then becomes

(dtgfdt) = {BA2Gy +A)} + Cexpl=ty/Ls) (3.9)
where

C = CYexp (-E MkgT) (3.10)
where CU-3.6x10%-um/hr, E, ~2.35-eV, and L, is the characteristic decay length
described in paragraph 5 above. For dry-oxidation of lightly doped substrates in
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Fig. 3-25 Comparison of three oxidation models for 1 atmosphere, dry-0, oxidation at
1000°C. The dashed lines are the Deal-Grove model.
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the 800-1000°C range, L, was found to be =7-nm, independent of surface
orientation [i.e.. the above numbers apply to either (100)- or (111)-oriented
silicon substrates]. Heavy doping was found to only slightly affect the oxidation-
rate-enhancement in the thin regime. Equation 3-9 has been inserted into
SUPREM [II and SUPREM IV as the model for thin-oxide growth in dry-
oxygen. With Massoud's addition to the Deal-Grove model, its predictions match
the data well over the whole thickness range. Note that it was decided to
implement the Massoud model (but not the Reisman model) in SUPREM I1I and
IV. This is because many other oxidation-effects have also been tied to the basic
Deal-Grove model, and these effects are also modeled in SUPREM 111 and IV.
While the debate continues about the physical mechanisms responsible for
thin oxide kinetics, the problem has taken on a new importance. This is becaunse
deep-submicron MOSFET gate-oxides are routinely grown with thicknesses in
the anomalous regime. This is an example of an industrial application outpacing
basic scientific understanding. From the industrial view, it is more important to
be able to grow thin oxide layers reproducibly and uniformly (and with good
electrical properties), than it is to understand the governing physical principles.

3.6 SINGLE-WAFER TECHNOLOGY OF THIN OXIDE GROWTH

Thin oxides can be grown using a batch process or a single-wafer process. Batch
processes currently use vertical furnaces (200-mm wafers), and such tools are
discussed in more detail in Vel. 1, 2™ Ed. With the advent of 300-mm wafer
processing and the need to grow uniformly-thick 20-nm oxides across such 300-
mm wafers, the single-wafer process may begin to make inroads against batch-
oxide-growth processes. Here we will limit the discussion to such single-wafer
oxide processes, which are also based on rapid-thermal-oxidation (RTO)
methods. Note that single-wafer RTP processes are also deseribed in Vol. 1, 2
Edition, Chap. 7, and a more comprehensive review of RTP systems and
processes is given in Ref. 26. However, in both of these references, the focus is
more on the general aspects of RTP systems. Here our focus is on the details of
rapid-thermal-oxidation (RTO) tools and processes. Wet-RTO processes are also
examined, a topic not covered in Val. 1, 2 Ed,

3.6.1 Rapid Thermal Oxidation Tools

Conventional fumace-based oxidation has been the workhorse of the industry,
but it encounters some problems when gate oxides thinner than 2.0-nm must be
grown, including: 1) furnace oxidation is difficult to scale below 2.0-nm
thickness; and 2) the lower temperatures used during such ulitra-thin oxide
growth processes degrade the oxide quality.
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RTO is able to offer better quality ultra-thin oxides when compared to those
grown in fumaces for two reasons: 1) RTO grows the oxides at higher
temperatures; and 2) RTO is more conducive to cluster tooling. RTO can grow
thin oxides at high temperatures becanse the oxidation time is kept down to just a
few seconds (whereas the minimum oxidation time in a batch furnace is at least a
few minutes).

There are several advanlages to growing oxides at higher temperatures. First,
oxides exhibit smaller gate-leakage-currents as their growth temperature
increases (up to a maximum of 1050°C, beyond which leakage-currents in-
crease).”’ Second, they show higher resistance to boron penetration. In one study,
2-nm-thick oxides grown in a furnace at BO0®C were compared to RTP-grown
oxides at 1000°C. The results indicated that boron penetration was suppressed
better by the RTP-grown oxides.?8 The third advantage is that MOSFETs built
with the RTP-grown oxides had higher effective carrier mobilities (for both
electrons and holes) as the temperature of the oxide growth process was
increased from 800°C to 1000°C.2% This was attributed to the smoother Sif5i0,
interface that results from growing the oxides at higher temperatures.

Cluster tools can potentially produce better-quality oxides because they allow
process sequences to be carried out in an integrated fashion. For example, in
oxide growth processes, a cleaning procedure is done pnor to the growth step. If
this can be done in situ, the quality of the oxides can be improved. Clustering is
easily achievable with single-wafer RTP systems, but is impractical with batch
furnace tools. By integrating RTO chambers with other processing modules it
may be possible to extend the use of oxides to additional technology generations.

As noted above, with the introduction of single-wafer RTO-systems, it
becomes possible to carry out ir situ surface preparation, wafer rotation, ambient
control, and process integration, Because such systems can grow oxides at such
rapid rates (i.e., more than 1000-A/min), it also makes RTO capable of
competing economically with vertical hot-wall furnaces.

Figure 3-26 is a cross-sectional view of an RTO reaction-chamber depicting
the necessary components of a lamp-heated RTO-system. In this reactor, the
wafer is inserted into the reaction chamber by a robot wafer handler onto a
rotating SiC support ring. The wafer is rapidly heated at rates of 50-100°C to the
process temperature (800-1050°C). Process gases are introduced at reduced
pressure in an axial flow pattern where they react to form water vapor, hydroxyl
ions, oxygen ions, and other species (depending on the Hy:04-ratio and whether
Ns, NH;, HCI, or other reactant gases are introduced). At the conclusion of the
oxidation and annealing steps, the wafer is cooled rapidly to a temperature where
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Fig. 3-26 Cross-section of an Applied Materials ISSG RTO reactor.

it can safely be removed by the wafer handler from the reaction chamber to an
additional cool-down chamber that can be used to enhance system throughput.
Cool-down can be enhanced further by providing a wafer backside cooling gas,
such as helium or hydrogen.

3.6.2 Wel RTO Processes

As will be discussed in Sect. 3.8, traditional dry oxides are expected to be limited
to minimum thicknesses somewhere between 1.6-nm>® and 2.5-nm.37 Various
techniques are being explored to reduce this thickness limit. One of these
methods employs wet-RTO. A technique pioneered by Applied Materials called
in-situ steam generation (IS5G) has reportedly allowed oxides in the 2.0-nm
thickness range to be formed with improved reliability compared to dry oxides of
the same thickness.?¥ ISSG-oxidation is a low-pressure process (typically below
20 torr, for safety reasons) performed in a cold-wall RTP reactor.

Unlike hot-wall furnaces that employ a pyrogenic torch for growing wet
oxides, no hot quartz is used to generate the stecam ambient (eliminating the
problem of quartz devitrification). Instead, in IS5G-oxidation, H,0, OH and at-
omic oxygen are generated directly in the reaction chamber without pre-
combustion. The hot wafer acts as an ignition swilch, causing reactions among
electronic-grade Hy and O, gases (that are pre-mixed in a plenum before being
injected into the RTP chamber). This configuration reduces risk of metal con-
tamination, since no metal catalyst is used in the in-situ steam generation method.

The oxidation-rate rapidly increases as the pressure is decreased below 20 torr
(unlike in conventional oxidation processes where oxidation-rates decrease with
decreasing pressure), The growth-rate at 10-torr is nearly twice that of
atmospheric dry-rapid-thermal-oxidation. Modeling studies indicate that the
oxidation-rate exhibits a strong comelation to the atomic-oxygen-concentration
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and not to any other atomic or molecular species. The oxidation-rate is also
strongly temperature-dependent compared with wet-atmospheric-oxidation.
Oxides grown with the ISSG process show good characteristics. Within-wafer
uniformity and wafer-to-wafer repeatability are well below 1% (1), both for thin
(< 40-A) and thick (> 100-A) oxide-films. The faster growth-rates improve
productivity while offering a thermal-budget reduction. The wide range of
temperatures and hydrogen concentrations allow controlled oxidation for any
thickness of oxide. The ISSG-oxides also demonstrate better reliability than
comparable furnace-oxides, or those created by dry-RTO. Several independent
measurements of charge-to-breakdown of 30-50-A wet-RTP oxides show a
threefold (or more) improvement over furnace-grown-oxides. The wet-RTO-
oxides also exhibit about an order-of-magnitude less gate-leakage-current than
dry-RTO oxides, which are comparable to furnace-grown-oxides (Fig. 3-27).76

3.7 NITRIDED AND FLUORINATED OXIDES AS MOSFET GATE DIELECTRICS

One modification to the basic 5i0; material that has recently been intensely
examined is the addition of nitrogen to the oxide. That is, oxynitrides have been
studied as replacements for silicon dioxide as the gate dielectric of MOSFETs for
thicknesses below 4.0 nm. The advantages of oxynitrides over silicon dioxide for
this application are the following: 1) they exhibit improved boron penetration
resistance; 2) they have better breakdown characteristics; 3) they show greater
immunily to hot-camrier-injection effects; and 4) MOSFETs made with such
layers exhibit improved high-field channel-electron-mobility. Improved
performance of nitrided silicon-dioxide gate-dielectrics has been associated with
the accumulation of a small amount of N at the 5i/5i0, interface. Interfacial N-
accumulation is thought to reduce interfacial defects by relieving strained 5i-O
bonds and “dangling” bonds. An interfacial peak-concentration of about 1-2 atom
% is typically associated with higher breakdown electric fields and lower fixed-
oxide charge densities. But, a higher N-concentration (> 5 atom %) is needed 1o
effectively suppress boron penetration through the dielectric layer.
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Nitridation of oxides 15 considered to be a vanation of silicon oxidation, and
such films are formed mainly though the nitnidation of silicon oxide or the
oxidation of silicon in a nitrogen containing ambient such as NHy, N,O, NO (or
mixtures of Oy and NO). Such films have been formed in high-temperature
furnace processing or rapid-thermal-processing tools. Fluorine can also be
incorporated into gate oxides as a method for improving its dielectric
characteristics. This subject is also discussed in a following section.

3.7.1 Oxynitridation of Silicon in N20

Early oxynitride films were formed by nitriding a thermally grown oxide film by
exposing it to an NH; ambient at high temperatures, and then re-oxidizing the
nitrided oxide to reduce the amount of hydrogen that remains in the film after
WH; nitridation. Such oxynitrides were thus called recxidized nirrided oxide
(ROXNOX) films.

Although ROXNOX films exhibit better hot-carmner resistance than do pure
oxides, some practical issues make them troublesome to manufacture. First, the
ROXNOX formation sequence is complex and difficult to optimize, especially
for CMOS applications. For example, the combination of nitridation and
reoxidation steps used in the ROXNOX process may leave excess hydrogen in
the film. In that case, the density of electron traps will be higher than in a pure
oxide film. Since electron trapping is the dominant degradation mechanism in
PMOS devices, PMOSFETs with such films will exhibit worse hot-carrier
degradation.?” On the other hand, if the reoxidation step is excessive, the film
can lose its strength against interface-state generation by hot-carriers. Thus,
NMOSFETs containing such films would be prone to more hot-carmer
degradation. The gate dielectric layer might also grow too thick. Another
drawback is that the best NHi-nitrided films always exhibit higher densities of
positive fixed charge (Qy) than do the best 5i0; films. The fixed charge arises as
a result of the nitridation process. Finally, the ROXNOX process generally
involves multiple high-temperature steps, which are undesirable for ULSI CMOS
applications. As a result, ultra-thin oxynitrides are not formed in production by
using NH; as the nitrogen source.”

A solution to some of the problems of NHy-nitrided films is to avoid the
incorporation of hydrogen in the film in the first place. One way to accomplish
this is to replace NHy with N2O as the nitriding ambient. Such N;O-based
techniques have indeed proved to be more fruitful because of the hydrogen-free
nature of the processing.

* Interested readers can find more details on ROXNOX films in Vol. 3.
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Fig. 3-28 SIMS depth profiles of N and H in three kinds of oxide films: (a) pure Si0;
{#1); (b) NH3-nitrided 5i0; (#2); and (c) N;O-nitrided Si0; (#3).

This approach was first used to grow a gate dielectric by directly reacting N2O
at the silicon surface in an RTP system.40.4142.43 Since there is no hydrogen in
Nz0, this process results in films with significantly less incorporated hydrogen
than WHj3-nitride films. Figure 3-28 shows SIMS profiles of dielectric films
prepared by: (a) thermally oxidizing silicon; (b) nitriding an oxide film in NHj;
and (c) growing a film on silicon by RTP in an N30 ambient.*! It can be seen
that the hydrogen concentration in the N2O film is significantly smaller than in
the NH3 film. It is also evident that the nitrogen concentration in the N3O film is
highest at the Si-5101 interface. Early studies of such films concluded that they
are self-limiting in thickness, as is shown in Fig. 3-294.4044 The build up of the
nitrogen concentration was thought to block the oxidation reaction that occurs
simultaneously at the interface. Later work showed that the thickness was not
self-limiting (see Fig. 3-29b),%34% and that the thickness in fact, increases ap-
proximately as (time)!/2, This seems to indicate that the growth is instead limited
by the diffusion of N3O through the oxide bulk (rather than through the nitrogen-
rich layer).*? The discrepancy in the apparent growth mechanisms may have
been explained by Okada, who observed significant retardation of the growth
only at relatively high (~0.9 at%) interfacial nitrogen concentrations, which is
higher than observed in some N3O furnace processes.’® However, the interfacial
reactions may still dominate growth rates for short times and thin oxides.

Nevertheless, the nitrogen profile in the N2O film is similar to that in the
ROXNOX film, yet this is achieved with only a one-step process (i.e.,no
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Fig. 3-28 (a) N30 oxynitride thickness versus oxidation time using RTP for various
process temperatures. Ramp-up rate was 200°Cisec. Oxide thickness was measured al a
fixed refractive index (1.46)% (@ TEEE 1990); (b) N30 oxynitride thickness versus time
in a furnace-anneal process. (© Electrochemical Society 1993)%3
recxidation is necessary). The peak nitrogen concentration (at the Si/Si0;
interface) is ~0.5%, which is less than that found (2-10 atom%) in 510, furnace-
nitrided in NH3 under atmospheric pressure. Furthermore, residual hydrogen
incorporation into the film is no longer a concemn. This is evidenced by the low
electron trapping density exhibited by such films. NMOSFETs fabricated with
such films also exhibited less tendency toward hot-carrier degradation than those
made with control oxides (i.e., they showed smaller values of ADj(), and were
also less susceptible to the creation of electron traps throughout the oxide under
hot-carrier stressing 48

However, several limitations were still observed in these N2O-grown
oxynitrides. First, larger initial values of Dj; were observed than in pure oxide
films (Fig. 3-30), even though the rate of their generalion under hot-carmer
stressing was much smaller (see also Fig. 3-30).48 Second, the initial Qf values
were also somewhat higher. Third, the slow growth-rate of such films make them
only practical for ULSI applications which use dielectric films thinner than 100A
(see Fig. 3-29). Fourth, the maximum mobility of electrons in MOSFETs made
with such films is ~5% less than in MOSFETSs with oxide gate dielectrics (but the
mobility is actually higher at large lateral electric fields - see Fig. 3-31).% The
most severe limitation, however, is that such RTP N2O-grown films exhibit
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unacceptably large nonuniformitics in composition and thickness across a
wafer.?? Such non-uniformities would limit the use of such films in ULSI MOS
devices, Temperature nonuniformities in the RTP chamber, gas depletion, and
heat-transfer effects were some of the phenomena suspected of leading to these
nonuniformities.

Nevertheless, it was found that growth of such N7O dielectrics in a fumace
(rather than by RTP) resulted in films with thickness uniformities comparable to
those of pure oxide films, and with adequate compositional uniformity as
well.* 132 The process described in these reports was a 950°C fumace step in
N30, which grew 60-A-thick dielectric films having a nitrogen concentration at
the Si/5i0; interface of ~3%. Hot-carrier degradation of PMOSFETs with such
films was excellent since electron-trap-densities in these films was also low.

3.7.2 Oxynitridation of Oxides in N20 or NO

Another method used to form thin oxynitride layer invelves a two-step operation.
Oxides are first grown in O, and are then subjected to an oxynitridation step in
N20 or NO. When N2O is used as a post-oxidation-annealing ambient, a wide
range of final oxide thicknesses is achievable with much smaller thermal budgets.
Processes using this two-step N20O sequence have been described using an
atmmph;rj:-prcssum-fumm.“'ﬁﬂrﬂﬁ a Iuw-pm;surn-t‘urnace,” and RTP
conditions,”” Figure 3-32 shows an example of such a two-siep process
performed in a conventional furnace at atmospheric pressure 34

10} 10"
- 2.0 Cremt
-;.. o 2.0 C/emd
E 1ol 1.0 ‘e 10'Y 1.0
Bt o 0.5 o 0.5
Y 0.3 T 0.2
= 0.2 z o1
= = ol pre-dnjection
& “JII_ 0.1 5 l'ﬂ’ |
pre-injection
Ey midgap £ Ev midgap Ee
Iﬂtlf [l i 1|. i '] I i 1 /| l '] 'l L J L

0 Q2 04 06 0B 10 12
Potential (eV)

(a)

0 02 04 06 08 10 12
Potential (e¥)

(b)

Flg. 3-30 Changes in the interface trap densities of MOS capacitors with: a) pure $i0;;
and b) Si0yNy by Fowler-Nordheim electron injection. Electrons were injected from the
gate electrodes into the oxide films at a current density of ~10 mAJem?® *2 (@ TEEE 1991)
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Fig. 3-31 Effective electron mobility versus effective normal field of NMOSFETs with a
65-A-thick gate diclectric. The mobility values were calculated using the linear region Iy
versus Vgs curves (Vps = 100 mV), with a Z/L ratio of 75-pm/60-pm. The maximum
effective mobility of the oxynitride is 5% lower than that of the contral oxide. However,
the high-ficld mobility of the oxynitride shows a 10% improvement. ¥ (© IEEE 1991)

Typically, the oxide is grown in dry-0; in a furmnace at 850-900°C. The N3O step
is usually carried out at 800-850°C for 5-40 minutes. In the process described in
Ref. 55, 50-A 5i0; films are grown in dry-0z at 850°C for 30 minutes. During
the second step in N20 at 950°C, an additional 35-A of oxide is grown to form
films with a final thickness of 85-A.

PMOSFETs made by oxynitridation of Si0; in N30 also exhibit enhanced
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Fig. 3-32 Two-step oxidation & N0 nitridation process in a conventional furnace. 5 (©

IEEE 1993)
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hot-carrier immunity compared to devices made with pure oxide. This is thought
to be due to the fact that electron trapping is suppressed in devices with such
N20 dielectrics. 58 Consequently, it has been suggested that the optimum NaO
oxynitride process is oxidation in O; followed by nitridation in N20, rather than
oxidation in N20O alone.

In the low-pressure appr::rmh55 it was reported that & minimum pressure of
between 1 and 50 torr of N2O was needed before a measurable amount of
nitrogen was incorporated into the oxide. However, at low pressures of N2O (i.e.,
just beyond the minimum needed for the onset of nitrogen incorporation), the
concentration of nitrogen at the interface could be well controlled, but at the
same time, minimal additional oxide was grown during the oxynitridation step.
Thus, tight control of the final film thickness could be maintained.

As noted in a previous paragraph, the oxide film continues to grow during the
second (i.e., N2Q) step. However, if re-oxidation of N7O oxides is carried out
after they are formed, unusual behavior occurs. That is, new Si0; grows at the
Si/8i0; interface, and the existing N-rich layer remains intact and is displaced
away from the interface by growth of the new oxide (see Fig. 3-33).%9

Using N5O as the nitrogen source during the second step of this procedure was
found to have some disadvantages. The concentration of N-incorporation may be
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Fig. 3-33 SIMS profile of the oxynitride film grown from 100% N2O at 1100°C before
reoxidation, and after 85 min reoxidation, ™ By permission of the Electrochemical Society.
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too low for some applications, especially suppression of boron penetration,
unless a much higher thermal budget is permitted.

More recently oxynitrides formed with the two-step process using NO as the
nitrogen source have been reported. Generally, the results for NO oxynitrides
overcame the problems of using N,O as the nitrogen source, in that they offer a
lower thermal budget process for incorporating higher concentrations of N, as
well as better thickness control for scaled diclectrics.50.61 Tt is thought that
nitrogen incorporation in the N,O process is driven by NO species, which is a
product of N0 molecule dissociation. The NoO molecule likely dissociates into
NO (4.7%), N, (64.3%), and Oy (31%), according to calculations by Tobin er
al.52 Such by-products act in competition. That is, while the NO incorporates
nitrogen, Oy continues the oxidation by reacting with the silicon substrate, and
M, reduces the partial-pressure of the nitridation species (which increases the
thermal budget). The parallel oxidation explains the observed increase of oxide
thickness during annealing in N5O. The high temperature needed for N,O
dissociation (> 850°C) mandates the high thermal budget needed to get
acceptable results. Good quality gate-dielectric-films have reportedly been
produced with RTP processes using NO + O mixtures.

The percent nitrogen incorporation also depends on the relative amount of NO
in the gas mixture. Figure 3-34 shows the dependence of N incorporation on NO
concentration for both direct {1-step), and 2-step oxynitride growth carried out in
a NO + O, mixtures using RTP processes. This indicates that NO can produce
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Fig. 3-3% Dependence of nitrogen incorporation in oxide on NO concentration in
NO + O, mixtures.
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oxynitride films with a wide range of incorporated N, allowing the films to be
tailored for specific applications.

In another reported process, 4.0-nm-thick oxynitrides were formed in a two-
step fumace operation. First, 4.0 nm oxides were grown in O, at 800°C with a
6% HCI, and a post-oxidation anneal in Ny. The second step involved annealing
this oxide in a diluted NO ambient at 800°C for 45 min.%? Finally, a process that
uses a muxture of NoO and NO in the reaction chamber has been described. The
postulated advantage of this method is that the vertical positions of the nitrogen
concentration peaks within the oxynitride layer can be adjusted by changing the
N,0O + NO mixture 64

We should also mention that adding nitrogen to gate oxides has also been
reported by several other novel techniques, including implantation of nitrogen
through the polysilicon gate and drive-in annealing.5* reoxidation of films
formed by growing the oxynitride in N,O or NO,%% and nitridation of the Si
surface by using a nitrogen remote plasma.56.67.68

3.7.3 Fluorinated Gate Oxides

The presence of fluorine in the gate oxide has also been reported to increase the
hot-clectron resistance of devices fabricated with such oxides.5%.70 Such fluorine
may inadveriently be introduced from a BF2* source/drain implant, or from an
LPCVD-W or LPCVD WSiy process. (In the W-CVD and WSi,-CVD processes
fluorine is produced during the reaction of WFg and SiH4.7!) Other reports
confirm that deliberate incorporation of fluorine into the gate oxide (from im-
planting fluonine into a polysilicon film, and then diffusing it into the gate oxide)
produces a more hot-clectron resistant interface.”73 The increased hot-carrier-
resistance of the F-containing-oxides is thought to be due to fluorine atoms which
form S5i-F bonds. These are stronger than Si-H bonds. The presence of the
fluorine implies that some of the Si-H bonds at the 5i/5i0; interface are replaced
by Si-F bonds, thus yielding an interface that has better hot-carrier-resistance.
Unfortunately, while the above benefits make fluorinated oxides attractive for
NMOSFETs, the presence of fluorine in the gate oxide may increase the
penetration of boron (from p*-poly gates) though the gate oxides, and this
represents a potential problem for deep-submicron PMOSFETSs. That is, BF,* is
used when the shallow source/drain-extension-region is formed, and this implant
enters the poly gate. Thus, the F from this implant will diffuse through the poly
and into the gate oxide during the implant activation steps. However, a recent
study indicated that if the fluorine dose implanted into the poly is restricted to a
medium dose (1x10'4/em?), no noticeable enhanced boron penetration effect is
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observed. In addition, the charge-to-breakdown (Qpp) characteristics of the
PMOSFET capacitors fabricated with 4-nm-thick oxides are also significantly
improved.”™

Recently, a new form of “anomalons” leakage was discovered in oxides used
in Flash-memory devices. Such leakage occurs at temperatures below 150°C, and
thus cannot be screened by a traditional 250°C high-temperature retention bake.
However, by incorporating a high concentration of fluonne in the tunnel oxide
(introduced in a W51, capped-control-gate process), a much higher resistance to
this anomalous leakage is obtained.”

3.7.4 “Dual-Gate-Oxide-Thickness™ Structures

An increasing number of mixed-signal and system-on-a-chip applications require
dual on-chip power-supply-voltages. The higher-voltage may be used for the
analog and input/output (1/O) circuitry, and the lower-voltage for the core digital-
logic-devices, However, a serious reliability problem would be created if the
same thin oxide needed for the high-performance logic MOSFETSs was used in
the devices subjected to the higher voltage (i.e., the analog and /O circuitry
MOSFETs). That is, the analog and /O devices require thicker gate oxides than
the core logic devices. (The thicker oxide also makes the I/O devices more robust
against transient, off-chip electrostatic-discharge-events.) Consequently, it must
be possible to fabricate gate oxides with different thicknesses on such ICs.

Early “dual-gate-oxide-thickness” processes had two oxidation steps, with a
masked etch-step in between to remove the first oxide from regions intended to
have thinner oxide. Newer processes use a different, simpler approach. That is, it
has been discovered that the rate of thermal-oxidation on silicon is reduced by
nitrogen implants 8% Hence, nitrogen implantation into the silicon substrate prior
to the oxidation process can be used to facilitate the implementation of such
“dual-gate-oxide™ ICs. Namely, selective implantation of nitrogen will cause
oxides grown on such arcas to be thinner than those simultaneously grown on
non-implanted areas (Fig. 3-35a). Typical implant conditions for the nitrogen
implant are energies of 10-30 keV, at doses of 2x101%/em2-1x101%/cm?. Figure 3-
35b shows how the oxide thickness from an 800°C, dry-O, oxidation is reduced
with increasing nitrogen dose.®¥ It is suggested that nitrogen suppresses
oxidation by forming Si-N bonds at the interface of the growing oxide, thereby
constraining further growth.

3.8 PROJECTIONS OF THICKNESS LIMITS OF GATE OXIDES

In the late 1970's it was projected that the scaling limit of MOSFETs would be
0.5-pm. In the mid-1980's, this limit was reduced to 0.25-um. In 2001, there
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Fig. 3-33 a) Schematic of the process flow for sub-3-nm gate oxide formation on N,-
implanted substrates. b) Oxide thicknesses obtained in dry-0, at B00°C for various
nitrogen implant doses (energy = 25 keV) and oxidation times.®® (@ IEEE 1997)

does not seem to be any device physics barrier for scaling at least to 0.05-um
(30-nm). The factor that kept the predicted limit on MOSFET gate lengths in
previous decades higher than it is today was the uncertainty in the minimum
thickness of the gate-oxide-layer that could be successfully implemented in
MOSFETs as they were scaled. Thus, the question of the minimum-oxide-
thickness that can be implemented in MOSFETs remains an important one. Here
we address the predictions of the minimum-oxide-thickness as viewed in 2001.

There are a number of factors that play a role in the minimum-oxide-thickness
that can be used, including: oxide-reliability, unneling-leakage-current, stress-
induced leakage-currents (SILC), polysilicon-depletion, process-induced oxide-
damage, and hot-camer-induced damage. The type of application in which the
oxide is to be used also plays a role. That is, different minimum-oxide-thickness
limits exist for logic devices, DRAMs, and nonvolatile memory devices. We will
discuss each of these topics here, with the exception of hot-carrier-induced
damage. The latter phenomenon is not treated because hot-carrier-reliability is
expected to greatly improve as the gate voltage is decreased below 3-V (since at
such low voltages, few carriers can gain sufficient energy to create interface-traps
or shallow oxide-traps). This is one of the positive aspects of scaling devices
below 0.25-um.
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3.8.1 Minimum-0xide-Thickness Due to Defects and Tunneling

The first two {and probably the most important) phenomena that impact the
minimum-oxide-thickness that will be usable in full-scale IC production are: 1)
defect densities in the thin-oxide films and; 2) the direct-tunneling-current
through these films. We discuss these two effects together here because
approximately the same minimum-oxide-thickness limit is set by either of them.

In 1996, Hu predicted what the minimum-oxide-thicknesses would be in
production ICs, depending on the power-supply voltage.!! He based these values
on the following assumptions: Firsl, the oxides will be used in ICs designed to
operate for at least 10 years. Second, the time-to-breakdown (tgp,) that oxides of
various thicknesses will exhibil can be extrapolated to the 10-year limit by using
the anode-hole-injection (AHI) model discussed in Sect. 3.3.4. Figure 3-36 shows
a plot of such tgp data for oxides of various thicknesses and intrinsic failure
behavior (i.e., the oxides depicted in this plot are assumed to be defect-free, and
thus fail according to intrinsic-breakdown failure mechanisms). For such defect-
free oxide films, the following thicknesses could be expected to exhibit a 10-year
time-to-breakdown behavior for respective power supply voltages: a) 80-A for
5.5V (5 V power supply + 10%); b) 45-A for 3.6 v (3.3 V + 10%); ¢) 33-A (3.3-
nm) for 2.75 V (2.5 V + 10%).

To allow for defects in the oxide that would weaken them (i.c., the B-mode
defects, which locally thin, but do not create catastrophic pinholes in the oxide),
Hu suggested that a safety margin be employed. That is, he used a 30% increase
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in the oxide thickness to allow for such defects. Thus, the minimum oxide
thicknesses that he predicted that could be used in production were: a) 110A for
5 V: b) 65A for 3.3 V; and ¢) 45A for 2.5 V.

Since that time, however, MOSFET scaling has been projected to even
smaller gate lengths, mandating the use of even thinner gate-oxides (and smaller
power-supply voltages). That 15, projections for MOSFETSs scaled to 50-nm (and
using oxides below 2.0-nm) have been subsequently published. In 1998, Stathis
and Di Maria of IBM published a study in which they projected the minimum
oxide thickness that could be used in production was 2.6-nm for a 1.0-V power
supply in order to meel the 10-year operating lifetime.37 This was based on the
conclusion that intnnsic oxide-degradation and breakdown would become the
most significant reliability concerns, and therefore the dominant limiting factors
that would set the allowable oxide thickness, Figure 3-37 shows the graph
reported in that study, indicating that at 1.0 V, the minimum oxide thickness to
meet a 10-year lifetime would be aboul 2.6-nm. This plot also implies that a 2.2-
nm-thick gate oxide would no longer meet the ITRS Roadmap requirements.

In 1999, however, another study by Weir er al, of Bell Labs (Lucent
Technologies) indicated that if the oxide uniformity could be significantly imp-



GATE DIELECTRICS: THIN SILICON DIOXIDE FILMS 125

t.E08 10 Years
LSOl e T e T
1.E+07 ;
1.E+06 5
E 1.E+05 E
F 1.E+04 ' Worst
ﬁ 1.E+03 ; Case
i Field
1.E+02 Lo '
5 & Fi B 9 10 11

E (MV/icm)

Fig. 3-38 TDDB data for 2.0-n- thick oxides at 125°C from MOS-capacitor data. ™

roved, the reliability projections of an oxide at a given thickness can also be
increased. That implies that thinner oxide films than were projected by Stathis
and Di Maria may be possible. In fact, Weir showed that oxides with a thickness
of 1.6-nm could meet the 10-year operating lifetime goal with a power-supply of
1.2 V - if they were produced with a process that allowed the film-thickness-
uniformity to be increased.

In 1999, a 100-nm CMOS-technology that uses an oxide with a thickness of
2.0-nm and a power-supply voltage of 1.5 V was reported by Intel.™ Figure 3-38
indicates that this oxide is able to meet the 10-year operating lifetime. In 2000,
another report by the same group indicated it could fabricate 130-nm CMOS ICs
with a gate oxide that was 1.5-nm-thick and with a 1.3-V power supply. These
recent results appear to exceed the predictions of the minimum gate oxide
thicknesses made just 2 years ago. At this point (circa 2002), the limit of oxide
scaling does not yet seem to have reached.

The tunneling gate-leakage-current is another factor that has been predicted to
put a limit on the minimum-oxide-thickness that can be used. In Sect. 3.4.2 we
menticned that at oxide thicknesses below 1.4-nm, the wnneling-leakage-current
would become excessive.” This about the same thickness of oxide that has been
reported to be used in the most advanced CMOS processes by 2000. Thus, both
gate oxide reliability and excessive gating tunneling currents both limit the gate
* At some point this leakage will grow to be too large. That is, for Si0; at a gate-bias of
-1 V, the leakage-current changes from 1x10-12 A/em?® at 35-A, to 1x10 Adem? at ~15-A

(see also Fig. 3-21). This represents a change of fwelve orders of magnitude in leakage-
current for an oxide-thickness-change of little more than a factor of 2!
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oxide thickness at about the same value. (Although, it has been reported that even
high levels of tunneling current do not seem to affect device reliability. 57)

3.8.2 Minimum-0xide-Thickness Due to Stress-Induced Leakage-Current (SILC)

When thin oxides are exposed to high electric-field-stress (and consequently
Fowler-Nordheim gate current), it causes them to subsequently exhibit low-field
leakage. This effect, termed stress-induced leakage current (SILC), was first re-
ported in 1987 (Fig. 3-39) 80 Apparently, such high-field stress generates neutral
oxide-traps that facilitaie electron wnneling. In addition, SILC is a transient
phenomenon in thicker oxides, but is a continuous current in thinner oxides.31.82
That is, in thicker oxides the SILC is observed o decay as traps are filled without
significant tunneling out of traps. In thinner oxides, a steady-state current flows
when there is an equilibrium between trap-filling and -emptying processes.??

The SILC is a particular problem for non-volatile memory devices because
such oxide leakage reduces data retentivity. As shown in Fig. 3-40, it also tends
to increase under the high-field program/erase cycles that the tunnel-oxides of
such devices experience. The leakage makes nonvolatile-memory tunneling-
oxide scaling much below 8-nm difficult (and perhaps impossible), unless the 10-
year retention requirement is relaxed.

3.8.3 Soft-Breakdown in Thin Gate Oxides

In Sect. 3.3 we described how oxide films undergo sudden, catastrophic

breakdown in which the -V charactenistic becomes essentially ohmic after being
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Fig. 3-30 Suress-induced (gate) leakage current (SILC) in S0A gate oxides. 5
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Fig. 3-40 Stress-induced leakage current is a transient current in thicker oxides but is a
continuous current in thinner oxides, preventing nonvolatile memory scaling.®!
subjected to sufficient electrical stress. However, for oxide films thinner than 5.0-
nm, the breakdown mechanism may be fundamentally different. That is, another
“anomalous” breakdown mode, termed soft breakdown or quasi-breakdows,
occurs. Soft breakdown is detected by a much smaller change of voltage or
current during stress, and a post-breakdown [-V characteristic that is given by a
power law. In fact, while hard breakdown dominates for thicker oxides, it is often
not observed in thin gate oxides. Instead, thin oxides appear to undergo soft
breakdown. Also, soft breakdown is exhibited when oxides are stressed using
lower and more realistic voltages or current densities. Soft break-down becomes
“softer” and even less abrupt as the stress and oxide thickness is decreased.®0
Figure 3-41a shows how the gate current in MOSFETs with thin (2.5-nm)
oxides changes with time during voltage stressing (Vg=4.1V and T = 140°C).
Two breakdown regimes are observed: 1) soft breakdown - where the current
rises suddenly to an intermediate level of =104 A in some devices, and 2) hard
breakdown — where the current rises suddenly to about 1072 A. The 1-V curves of
a pre-breakdown oxide (before), and a post-breakdown oxide (after) are shown
in Fig. 3-41b. In fact, when the thin oxide is first stressed with excess voltage, it
undergoes SILC. However, further stress beyond a critical oxide-field-value
causes the SILC to transition to soft breakdown. That is, soft breakdown is ob-
served to be triggered once the oxide electric-field exceeds 10.7-11.0-MV/em. %1
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After the oxide has undergone soft breakdown, the gate voltage becomes
noisy (Fig. 3-42), but the threshold voltage Vo and transconductance g, do not
change significantly (as observed in MOSFETs with an oxide thickness of 2.5-
nm). While MOSFET: with thicker oxides (5.5-nm-thick) undergo hard
breakdown, their Vo and gy, also undergo little change. However, the current
through the gate becomes so large that the transistor charactenstics are distorted
{making the MOSFETs that undergo hard breakdown unusable). Nevertheless,
the only measurable effect on MOSFETs after soft breakdown is an increase in
noise level in the gate voltage signal. While such noise fluctuations can couple
into the drain current, for many applications this effect will not prevent
MOSFETS from functioning properly. This suggests the possibility of a low-vol-
tage technology which does not have gate-oxide breakdown as a failure mode.%0

A later report, however, indicated that the soft breakdown mode in MOSFETs
with channel lengths smaller than 1.0-ym is not observed. That is, such small
MOSFETs undergo hard-breakdown.and immediate device failure.?2 Thus, being
able to operate deep-submicron MOSFETS in a mode in which gate oxides do not
undergo hard breakdown is not a likely scenario. This same study also
demonstrated that hard- and soft-breakdown events are triggered by the same
type of defect paths. The impact of soft breakdown on the reliability of ICs
fabricated with deep-submicron MOSFETS is still being actively examined.

3.8.4 Impact of Polysilicon Depletion
Polysilicon depletion becomes a significant effect in MOSFETs when gate
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Fig. 3-41 a) Observed soft and hard breakdown in stress current curves vs. time for t,, =
2.5-nm with Vig = 4.1 V at 140°C. 9 b) Oxide I-V characteristics before and after sofi-

breakdown. ™ (Pre-breakdown = solid line; Post-soft (short-dash); Post-hard (long-dash).
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Fig. 3-82 Gale voltage measured during sequential 10 mA/fcm? constant-current stresses

of a 2.0-nm gate oxide. Soft breakdown occurs after about 360 seconds. Spikes are
vigible in the pre-breakdown trace because the stress was removed periodically. ™

lengths are scaled below 0.25-ym. However, while the effect is widely discussed
as being a problem, its physical basis on a fundamental level has not been
carefully addressed in most texts. Thus, it is useful to explain the origin of this
effect before describing its ramifications on the characteristics of deep-submicron
MOSFETS.

While the polysilicon-depletion-effect has recently become a topic of attention
in the technical literature, in truth it is an effeet that always exists when a MOS-C
{or MOSFET) is biased into depletion or inversion. Although the polysilicon-
depletion-effect always occurs under such biasing conditions, it can be ignored
by treating the polysilicon gate layer as being an ideal, equipotential region. In
fact, this idealized perspective is merely an approximation, that can only be
invoked as long as doing so has insignificant effects on the device behavior. Once
the effect becomes significant, this idealization must be removed. (Note that most
book authors are probably oblivious to the fact that this approximation is even
invoked, as the correct energy-band diagram is only mentioned in one or two of
the dozens of device physics texts that purport to treat MOSFETS.)

Let us consider an MOS-C which has an n*-doped polysilicon gate and a
p-doped silicon substrate. When a positive bias is applied between the gate and
substrate, this causes depletion or depletionfinversion in the silicon substrate
{depending on the bias voltage), and the charges induced in the silicon substrate
by this biasing are megative. In any case, an equivalent positive charge must exist
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Fig. 3-43 a) Energy-band diagram of an NMOS-C biased to inversion which ignores the
depletion-region formed in the polysilicon gate; b) Energy-band diagram of an NMOS-C
biased to inversion showing the polysilicon depletion-region that actually always forms.

on the gate (polysilicon electrode). Donor jons in the n*-doped poly constitute
this positive charge (i.c., some of the mobile, negatively charged electrons leave
the poly gate when a positive bias is applied to it). In other words, the biasing
causes a depletion region of some finite thickness to be formed in the poly gate
{at the poly/oxide interface). This depletion region in the poly is the basis of the
polysilicon-depletion-effect (PDE). While most energy-band diagrams depict the
situation of a MOS-C under depletion {(or inversion) as in Fig. 3-43a, this is not
strictly correct. That is, this diagram ignores the polysilicon depletion-region.
The more correct energy-band-diagram is shown in Fig. 3-43b. Here, the
presence of the poly depletion-region is indicated by band-bending (which
implies the presence of an electric field ) in the poly gate near the oxide.

The existence of an electric field means that a voltage-drop exists across the
polysilicon depletion-region (which represents some fraction of the applied gate
voltage). This means that the remaining voltage (i.c., the sum of the voltage
across the gate oxide and the silicon substrate) is smaller than if no voltage was
dropped across the poly depletion-region. The reduced remaining voltage will
induce a smaller inversion-layer charge-density than if there was no voltage
dropped across the polysilicon depletion-layer. (The effect is the same as if the
gate oxide thickness was increased; i.e., PDE increases the “equivalent oxide
thickness" loxeq = SeC Chap. 4, Sect 4.1). The decreased inversion-layer charge-
density results in a degradation of the drain-current I, of the MOSFET.
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The polysilicon-depletion-effect (PDE) becomes more significant as device
scaling continues because the oxide capacitance increases as the oxide is made
thinner, but the capacitance due to the polysilicon-depletion-layer remains
constant (assuming there is no increase in the poly doping). At some point (i.e.,
at about when the gate-oxide thickness is scaled below 10.0-nm and the gate
voltages are 2.5-V [or lower]), the depletion effect starts to adversely impact the
device performance of MOSFETs made with polysilicon gates to a significant
degree. We will now explain quantitatively why this is so.

The depletion-capacitance due to the PD-region is in series with the gate-
oxide-capacitance (and the silicon-substrate depletion-region-capacitance, as
well). An equivalent circuit diagram of the poly-depletion-capacitance in series
with the gate-oxide-capacitance is shown in Fig. 3-44a.* The total capacitance of
two capacitors in series is given by:

WCyo = (1C)) + (1/C,) [3.11)
Thus, the smaller capacitor largely determines the total capacitance value. For the

* Note that although no capacitor electrodes physically exist at the poly/$i0, interface,
such “virtual” electrodes are shown in Fig. 3-44a. This is nevertheless a valid equivalent-
circuit representation because the two “virtual” electrodes each have the same amount of
charge (although of opposite polarity). Thus, the effect of one cancels that of the other.
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Fig. 3-45 a) Theoretical plot of Cy,/C,, as a function of carrier concentration at the
polysilicon/oxide interface for different gate oxide thickness.!"! b) Theoretical C-V
curves for a thin gate oxide (1-nm-thick) including quantum mechanical effects and
polysilicon depletion. ™

case of the polysilicon-depletion-capacitance and the gate-oxide-capacitance, the
gate-oxide-capacitance is much smaller than the polysilicon-depletion-capacit-
ance until the oxide thickness gets below about 10.0-nm. For such thin oxides
{assuming the poly layers doping remains constant), the oXide-capacitance starts
to get large enough that the poly-depletion-capacitance can begin impacting the
total capacitance. This is also shown in Fig. 3-44b in which the low-frequency
C-V curves are shown for an MOS capacitor (with a 7-nm gate oxide, a p-
subsirate, and an n*-poly gate with several doping concentrations).®5 It can be
seen that the total capacitance at inversion (G, ) does not return to the full oxide
capacitance (i.e., the total capacitance in inversion is reduced by the PDE). The
degree of reduction in C;,, depends on the poly doping concentration (Fig.
3-45a). This is because the higher the doping concentration, the narrower is the
PD region, and thus the smaller is effect of PD. For the 7-nm gate-oxide
thickness used in Fig. 3-44b, the poly-depletion effect becomes negligible only
when the poly doping reaches about 1x10%em3 (C;, -.98C,,,, see Fig. 3.45a),

As the oxide thickness gets smaller, the problem gets worse.93 Figure 3-45b
depicts computer simulated C-V curves for an MOS-C with a 1-nm-thick oxide,
and an n*-poly on a p-type substrate having a doping density of 4x10'%em? (to
allow for a Vi of several tenths of a volt). Curve a) is the C-V curve for an ideal
{infinite conductivity) gate material, ignoring quantum effects. Curve b) is for a
metal gate but including quantum effects. Curves c) and d) are for n*-poly gates
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doped to 2x102%cm? and 1x102%cm?, respectively, and including quantum
effects. Curves ¢) and d) illustrate the effects of finite polysilicon dnping.”

The above discussions indicate that if the poelysilicon doping density could be
increased without limit, the polysilicon depletion effect could be minimized.
However, it appears that it will be very difficull to get electrically active doping
densities above 1020em? for n-type polysilicon and above the mid- to upper-
10'%cm? for p-type polysilicon. This will result in reductions in drive-current
capability that might not be accepiable.

To summarize, the impact of polysilicon-depletion on the minimum-oxide-
thickness is the following: As the oxide is made thinner, the capacitance of the
MOS gate structure is more impacted by the polysilicon-depletion-layer
capacitance (assuming the doping in the poly remains constant). The effect is to
reduce the total MOS-gate-capacitance 1o a lower value than if there was no poly
depletion-layer-capacitance. For the same gale voltage, the potential at the 5i
surface is thus reduced, which in turn decreases the inversion-layer charge-dens-
ity. Thus, the drain current actually decreases as the oxide is made thinner, caus-
ing the speed of the circvits made with such MOSFETSs to decrease. Figure 3-46
shows how the propagation-delay in a ring oscillator increases with decreasing
oxide thickness due to this effect.® This implies that it may not be appropriate to
use the thinnest oxide thickness that is allowed by the 5-MVicm breakdown
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3.8.5 Impact of Process Induced Damage

In 1996, Hu suggested that process -induced damage would have less impact on
gate-oxide-reliability as oxides less than 10-nm in thickness were used.”™ That is,
oxides that were 6.4-nm-thick showed an order of magnitude smaller interface-
trap-density than did oxides that were 11.6-nm-thick (Fig. 3-47). A model that
sought to explain this effect treats plasma charging-current as a constant-current-
source, rather than a fixed voltage-source. Thus, for the same plasma process
conditions, the same amount of current will pass through oxides as they are
scaled below 10-nm, regardless of their thickness. In addition, the thinner oxide
{e.g., 6.4-nm) is more tolerant of the same current stress than the thicker oxide
{11.6-nm-thick). This data led Hu to conclude that plasma-process damage would
not become a more serious issue with oxide scaling below 5-nm.

However, more recent information was not as optimistic. In 2000, at the 5°
International Symposium on Plasma Process-Induced Damage, P.W. Mason of
Lucent Technologies reported that plasma damage did, in fact, increase as the
gate oxide thickness was decreased from 11.5-nm to 5.5-nm. The main damage
source was the rf-backsputter via-clean process used to prepare vias for metal
deposition. The plasma damage was found to correlate with long-term oxide
reliability degradation, although not with short-term reliability problems. Another
report from K.P. Cheung of Lucent at the same conference indicated that
currently available measurement techniques cannot determine whether or not a
low-level of plasma-induced damage is occurring.

The fact that plasma-induced damage in gate oxides may still remain a relia-
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Fig. 3-47 Plasma-process-anienna-effect actually causes less damage (o 6.4-nm oxides
than to 11.6-nm oxides.!!
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bility problem, has led work to continue on ways to limit such damage. In July
2000 t was reported that wusing 3.0-nm-thick oxides nitnided in N,O
produced CMOS transistors which showed significantly improved resistance to
charging damage, especially for PMOS devices.®5

3.9 MEASURING ULTRA-THIN GATE OXIDES

Ultra-thin oxide films can be measured in a number of ways, as described in
detail in Ref. 98. Two of the more common methods are ellipsometry and high-
resolution transmission electron microscopy (HRTEM). Ellipsometry is a
powerful and accurate optical method. The technique uses plane-polanzed
monochromatic light to illuminate the oxidized silicon surface at an angle. (The
name ellipsometer comes from the use of elliptically polarized light to measure
film properties.) An elliptically polarized laser beam is directed at the Si surface
at an angle, and is then reflected from both the silicon substrate and oxide surface
(Fig. 3-48). The technique makes use of the change of state of polarization when
light is reflected from a surface. If the index of refraction (m;) and the extinction
coefficient’ (k) of the substrate are known, and if the film is non-absorptive at the
wavelength being used (so it°s x = 0), the state of polarization of the reflected
beam then depends only on the thickness of the transparent film (and n;).

The reflected beam passes through an analyzer drum and onto a detector. The
analyzer drum is rotated to produce a minimum valoe in the light intensity
reaching the photodetector. By reading the polanizer and analyzer settings, the
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Fig. 3-48 Schematic of an ellipsometer,
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Fig. 3-48 HRTEM of 2.4 nm-thick oxide.* (© 1997 IEEE)

film thickness and index of refraction can be determined. The direct outputs of an
ellipsometric measurement are the angles ¢ and W, which are related to the
refractive index of the silicon substrate, the refractive index of the silicon oxide,
and the thickness of the film.

If a single reflectance angle is used, multiple film thicknesses can produce a
null, and the user must thus start with some idea of the expected film thickness to
sglect the correct value. However, if multiple angles are used, an unambiguous
single thickness value can be obtained. In any case, ellipsomelry can be used to
measure oxide thicknesses down the very thin regime (< 50-A). However,
inaccuracies in this regime may be present. Therefore, more complicated
methods, such as multiple-wavelength ellipsometry or maultiple-angle
ellipsometry may be used to improve the accuracy of these measurements.”’ One
recently described technique for measuring ultra-thin oxides involves a
modification to conventional ellipsometry. In this method, an oxide under a
polysilicon gate film is measured with a multiple-wavelength, multiple-angle,
laser ellipsometer (the Rudolph Technologies S200-ultra® model). This allows
the thickness of oxides fabricated in-situ in the single-wafer cluster tools
described in Sect. 3.8.6, to be determined. ™

Thin-oxide film-thickness can also be measured from micrographs obtained
by HRTEM (Fig. 3-49). Preparing a sample for HRTEM requires the tedious
tasks of slicing the wafer, mounting the slice in epoxy, and mechanically polish-
ing and ion milling it to the proper thickness. However, unlike other technigues,
no physical values such as index-of-refraction or dielectric constant are needed.

As gate-oxides scale to the ultra-thin regime, issues associated with meas-
uring these films becomes increasingly critical. A transition region is thought to
exist between the crystalline-silicon and bulk-silicon-dioxide that extends from
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several angstroms up to about 10-A from the silicon. For ultra-thin exide films
this could constitute 20-50% of the film. The structural differences in the
transition region can change the properties of the film, including its refractive
index, static dielectric constant, band gap, and effective mass. These property
changes can effect many measurement techniques used to determine the oxide
thickness. Thus, it 15 necessary to éxamine the extent to which this interlayer
must be included in optical models to obtain the required measurement precision
for ultra-thin oxide films. Surface roughness will alse play a role since many of
the measurements assume an atomically smooth transition between silicon ad
silicon dioxide, Leakage and tunnel currents through the oxide will also affect
many metrology aspects, including capacitance and conductance measurements.
The presence of contamination on the surface of the dielectrics to be measured
is another complicating factor. Such airborne contaminants can form an ad-layer
on the surface (see Sect. 3.10.1). Under these circumstances, the ellipsometric
response will include the effect of the ad-layer. To eliminate these effects, it is
necessary o develop a reproducible and casily implemented cleaning procedure.
The analysis of ultra-thin stacked dielectrics consisting of individual layers of ox-
ide and nitride may also be made more complex by parameter correlation effects.

3.10 MANUFACTURING ULTRA-THIN GATE OXIDES IN EARLY-2001

3.10.1 Process Control Issues of Growing Ultra-Thin Gale Oxides

In the 2001 timeframe, gate oxides were still largely being grown with batch
processes that employ vertical furnaces. Details of such batch oxide-growth
processes (and the tools used to carry them out) are found in Vol 1, 2* Ed., Chap.
7. It has been demonstrated that these types of processes can grow oxide films as
thin as 2.5-nm, and with a uniformity of +0.5-A across a 200-mm wafer, 100
However, when oxide thicknesses have to be made even thinner (£ 2.0-nm), it
becomes very difficult to maintain this kind of control using such conventional
processing methods (i.e., in which the gate oxide is grown in an oxidation
furnace and the polysilicon gate electrode is subsequently deposited in a separate
processing tool). In the time between gate-oxide-formation and polysilicon-
deposition, the gate oxide is exposed to the fab environment, allowing adsorption
of molecular airborne contamination (MACs — see also Chap. 6).192 Such MACs
have been shown to have a negative effect on gate-oxide integnity, and they are
also known to cause the measured thickness of the gate oxide to increase over
time. In traditional batch processing, wafers may be stored for hours (or even
days) after the gate oxide is grown, before the poly gate electrode is deposited,
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Mewer production methods thus form both the gate oxide and the polysilicon
in the single vacuum environment of a cluster tool (with separate process
chambers linked by an isolated vacuum robot that transfers wafers between
chambers). This not only speeds the formation of the gate stack but also does not
MACs the opportunity to become incorporated MACs between the two layers.??

3.10.2 Extending the Use of Ullra-Thin Silicon Dioxide Layers as
Gate Dielectrics: Stacked Oxide Films Which Incorporate Nitrogen

As argued carlier, growing gate dielectrics with a thickness of < 2.0-nm in a
manufacturing environment may not be possible, due to several limits: reliability,
tunneling leakage-current; and boron penetration. However, work has continued
to try and extend the use of oxides into this thickness regime. The main thrust in
the 2001 umeframe for doing this involves the formation a dielecine stack, still
mainly based on 5i0;. However, nitrogen is incorporated into the oxide such that
it is present in several places: 1) in a very-thin layer near the 5i/Si0; interface at
a concentration of < latom%; and 2) in another very thin layer at the poly/SiO,
interface, at a percentage of greater than 5 atom% (or, more commonly, in the
form of a very thin SiON layer on top of the $i0; layer). To make such a gate-
dielectric stack-structure effective, it is critical to be able to control the amount,
position, and concentration-profile of the nitrogen throughout the stack.

Excess nitrogen in the bulk of the film may harm the oxide properties, and
thus it 1s desirable that little (or none) exists in the bulk of the oxide. However,
nitrogen at a concentration of < 1% close to the S5i/5i0, interface has been found
to be useful in strengthening the bottom Si/Si0;, interface against hot-carrier
degradation and interface-state generation, without degrading the electrical
properties of the stack. On the other hand, a nitrogen concentration of at least 5
atom% is needed at the top oxide/poly interface to prevent boron penetration into
the oxide bulk during subsequent high-temperature processing steps. Such boron
penctration into the oxide (i.e., from the p*-doped poly of deep-submicron
PMOSFETs) has two detrimental effects: 1) If not prevented from doing so, the
boron can enter the Si substrate, causing unacceptable shifts in the Vi of the
PMOSFETs; and 2) If the boron does enter the oxide, but is prevented from
entering the silicon substrate, it will nevertheless pile up in the oxide. Such
boron-pileup in the oxide has been shown to degrade the oxide reliability, likely
by causing defects that weaken the oxide structure,

Thermal oxidation with 05, N2O, and NO (as described in Sects. 3.7.1 and
3.7.2) can tailor the nitrogen profile such that reasonable control of the nitrogen
density and profile at the $i/Si0; interface and within the bulk oxide can be
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maintained. However, it may not be possible to form a layer with enough
nitrogen al the oxide/poly interface to prevent B penetration (i.c., > 5 atom% is
needed) using thermal technigues in oxide films £ 2.0-nm thick. Instead, a low-
temperature plasma-technique (e.g.. using a remote nitrogen plasma) can be used
to form a very-thin nitride film on the top oxide surface (actually a heavily-
nitrided oxide-film is formed with this method).'™ Such thin SiON-layers may
be enough not only to reduce or eliminate boron penetration, but also to increase
the stacks permittivity. The result is that by adding an oxynitride film to the stack
may cause an increase in its effective thickness of approximately 30%. This, in
theory, may also make it possible to reduce the gate leakage-current. The nitride
film formed by such a remote plasma nitridation process has also recently been
shown to improve the reliability of the dielectric stack.!™ These improvements
reportedly anse from reduced leakage and higher voltage acceleration factor.

3.10.3 Use of Ultra-Thin Oxide Layers Under High-k Gate-Dielectric Films

Even when it comes time to use high-k diclectrics in MOSFETs, an ultra-thin
silicon oxide layer may still need to be formed on the silicon surface under the
high-k dielectric film (to produce a reliable interface between the high-k material
and silicon substrate). Such an §i0, layer would preserve the interface state
characteristics and channel mobility. However, since the interfacial layer
contributes to the equivalent oxide thickness, the oxide thickness will still have to
be minimized the without compromising reliable interface properties. Thus, it
seems that processing ultra-thin 8i0; films may remain a part of silicon IC
fabrication for yet a long time!
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Chapter 4
HIGH- & DIELEGTRICS

For 1C applications, high-k dielectrics are defined as those with a diclectric
constant greater than that of silicon nitride (i.e., > £k = 7). High-k dielectnic
materials are being investigated for use in three main IC applications: 1) as a gate
dielectric material to replace 8i0; in advanced MOSFET structures; 2) as a
dielectric material in the capacitor structures of dynamic RAMS (DRAMSs); and
3) as a dielectric in the capacitor structure of non-volatile ferroclectric random
access memonies (FeRAMSs). In this chapter we will pnmanly focus on the first
two of these apphications, That is, since FeRAMS are not yet a mainstream [C
product, we will only give a brief description of high-k FeRAM structures.

There are currently a variety of materials with dielectric constants greater
than that of $i0, being studied as such high-k replacement dielectrics. These
include: silicon nitride (SizMNg); aluminum oxide (Al;O1), tantalum pentoxide
(Taz0s); zircenium oxide (Zr0s); hafnium oxide (HfO,), barium strontium
titanate (BST), and lead-lanthanum-zirconium-titanate (PLZT - PbLaTiO,).
Table 4-1 lists the dielectric constant and bandgap of these matenals.

4.1 HIGH-k DIELECTRICS AS THE GATE DIELECTRIC IN MOSFETS

Let us begin by describing the need for high-k dielectrics in the first of the above
three applications, namely, as a gate dielectric in advanced MOSFET structures.
Metal-oxide-semiconductor field-effect transistors (MOSFETs) have been
continually scaled since they were first introduced in the éarly 1960s. The gate
dielectric employed in all of these scaled generations has been silicon dioxide
(5i04). As each generation was scaled, this gate oxide also had to be made
progressively thinner. For the most advanced CMOS technologies being
fabricated in 2001 (0.13-pm), the gate oxides had thicknesses of ~3.0-nm.
According to the International Technology Roadmap for Semiconductors - 1999
(ITRS-99),! when MOSFET devices used in CMOS are scaled to gate lengths
below 0.1-um (100-nm), they will require gate-oxide-equivalent thicknesses,
loxeq < 1.5 nm. However, because direct tunneling increases exponentially with
decreasing thickness, it may not be feasible to use $i0; films with thicknesses

145
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TABLE 4-1 IMPORTANT HIGH-k DIELECTRIC MATERIALS

Dielectric Constant Bandgap (eV) Crystal Structure
PbLa ZrTiO; 1000

BaSrTiOy 300

Tay05 26 4.5 Orthorhombic
Zr(, 25 7.8 Monoclinic
HIO, 24 5.7 Monoclinic
Al Oy 9 8.7 Amorphous
SisN, 7 5.1 Amorphous
510, (Reference) 3.9 89 Amorphous

smaller than 1.5 nm. Thus, it appears that 510, may become unsuitable as the
gate insulator in sub-100-nm MOSFETS if future device scaling requirements are
to be met. OF course, process engineers will do everything possible to keep using
5i0y for this role. This is because 5i0;is compatible with silicon (and
polysilicon) and is well behaved and well understood. Furthermore, it has also
been used as the gate dielectric since the inception of MOSFET technology some
40 years ago. Finally, it has been widely predicted that the substitution of high-&
diclectrics for 510; as a gate dielectric will be markedly difficult due to intrinsic
chemical bonding effects and difficult process integration challenges.? Some
have predicted that the greatest challenge to the continued scaling of the MOS
transistor may be the replacement of $i0> with a high-k dieleciric!

In any case, when (and if) 5i0; is replaced, the replacement material will have
to be thicker than oxide to reduce the direct-tunneling current and yet maintain
the same MOSFET drive-current capability. This can be achieved by using an
insulator that has a higher dielectric constant (Exjgh-4) than does oxide (Eqx = 3.9).
That is, it must be possible to achieve the same equivalent thickness as required
for 5103, where the oxide equivalent thickness Loneqs is given by:

toxeq = thigh-k (Eox' Ehigh-k) = thigh-k (3.9€nigh-k) (4.1)

For example, a high-k gate insulator with a thickness tpigp, = 10-nm and a

dielectric constant (Epjgp.&) of 20, will behave in the same way in a MOSFET as
an 5107 layer with a thickness of ~2.0 nm (see also Fig. 4-1).

Of course, an interfacial layer of Si0; (or some other lower-k material) will

limit the highest possible gate stack capacitance or, equivalently, the lowest

achievable boxeq value. That is, when a gate-dielectric structure consists of a
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stack of several dielectric materials, the layer with the lowest-k value dominates
the overall capacitance and also sets a limit on the minimum achievable Lo
value,

The capacitance of two dielectrics in series is given by:

UC = (1)) +(1/C;) (4.2)

For example, a dielectric stack structure with an Si0; bottom layer and a top
layer having a higher-k value, will thus have a Loxeq that is calculated from:

toxeq = 15i0; + Wigh-k (Eon/Enigh-k) (4.3)
Since the minimum achievable loxeq value will never be less than that of the

lower-k layer, a bilayer approach necessarily compromises the performance of
the high-k dielectric film.

4.1.1 Integrating High-k Dielectrics into MOSFET Structures

The use of high-k dielecirics as the gate dielectric in submicron MOSFET
structures also improves other device characteristics. First, as a MOSFET is
scaled below about 0.3 microns, the threshold voltage Vo begins to decrease as
the gate length is decreased (for a constant channel doping value and gate
diclectric thickness). This is seen in Fig. 4-2a, where the effect of channel length
reduction on the threshold voltage value is plotted for deep-submicron MOSFETs
(i.e., gate lengths smaller than 1.0-pm) fabricated with gate diclectric films of
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Fig. 4-1 As shown in this hypothetical transistor gate stack, a high-k material can be
physically thicker yet provide an oxide-equivalent thickness that is electrically thinner
{lmm = 10+ A for both) than would be possible using oxynitride dielectrics.
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Fig. &2 a) The effect of channel-length-reduction on the threshold voltage Vi for deep-
submicron MOSFETs fabricated with 510, and Ta, 0y as the gaie diclectric. The use of
Ta; 0y reduces the V. degradation with channel length scaling? b) The effect of channel
length reduction on the subthreshold swing 5, for deep submicron MOSFET: fabricated
with 510, and Ta,0 as the gate dielectric. The use of Ta,Og allows an improved 5,
value with channcl length scaling.:*'

5i0, and Ta;04. This data shows that for a specific gate length (e.g., 0.1-pm),
the change in Vy from that of a long channel MOSFET (e.g., with a length > 0.5
pm, in this example) is greater for MOSFETs built with a gate oxide than with a
TayOq gate dielectric.

The second improvement in device performance observed when a high-k gate
dielectnic is used involves the subthreshold-swing of a MOSFET, 5;. This is a
measure of how effectively a MOSFET is turned off as the gate voltage is
decreased below Vo (see Vol. 3 for more information on 5,). As shown in Fig. 4-
2b, a value of 80 mV/decade can still be obtained for MOSFETs built with a
high-k gate dielectric (e.g., Ta;0:). Note that 3; values smaller than 100
mV/decade are considered very good, and the smaller the 5; value the better. It
has been shown that for a dielectric thickness of 5-nm, the optimum dielectric
constant is 25, which corresponds to the k-value of Tay0¢3 For MOSFETS, there
is a specific dielectric constant for a given dielectric thickness for which the
circuit performance is optimum.

One of the drawbacks of using high-k dielectrics is that if they are deposited
directly on Si they tend to have a high-level of interface states, Dy The interface-
state-density can be reduced by growing a thin layer of oxide (1-2 atomic layers)
on the silicon to passivate the surface. We will describe this issue and other
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Fig. &3 The current-voltage (I-Vpe) characteristics of a 0.9 ym NMOSFET using SiyN,
and 5i0y as the gate dielectrics.®

processing challenges related to the deposition and etching of various high-k
films with respect to their suitability as alternatives to 510, as a gate dielectric.

Note that initial results of using an alternative dielectric instead of Si0; in
MOSFETs has produced some promising results, although none are clearly yet
ready for full-scale IC production. Several examples of MOSFETs fabricated
with altermative gate diclectrics have been reported. Figure 4-3 compares the
current-voltage (In-Vpg) characteristics of a 0.9-um NMOSFET using a 20-nm-
thick SizN, gate dielectric to one using a 20-nm-thick 5i0, gate dielectric. The
device structure using the RTCVD-5i;N, gate dielectric exhibits greater drain
current.? A second MOSFET used a thermal-CVD process to deposit a Ta,0q
gate dielectric. The current-voltage charactenistics of 150-nm MOS transistors
using such a 4.0 nm-thick Ta;Og film showed an improved drain current value
compared to those fabricated with a gate oxide.® A third MOSFET used a
Ta,0,/Si0, gate dielectric with a 2.8-nm equivalent-oxide thickness.% A fourth
MOSFET used a gate dielectric stack consisting of SION/Ta,04/TiN.7

According to some researchers, 3 the ideal gate diclectric stack may end up
having an interface consisting of a few atomic layers of 5i-O (and possibly N),
containing a pseudo-binary oxide, This oxide layer could preserve the critical
high-quality characteristics of the Si0; interface while providing a higher-k
value. Then a different, higher-k material could be used on top of this interfacial

layer.
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4.2 HIGH-k DIELECTRICS AS THE CAPACITOR DIELECTRIC IN DRAMS

A DRAM capacitor is a stack of materials consisting of a dielectric sandwiched
between two electrodes. Since the invention of the DRAM nearly 30 years ago,
either Si0; with a dielectric consiant (k) of 4, or SiN with k = 7, or a combination
of these materials has been used as the capacitor dielectric. Polysilicon is used as
both the bottom and top electrode. Structures containing these materials are
therefore called silicon-inswlator-silicon capacitors (S18).

As progress is made to put more meémory bits on a chip, the surface area of
silicon available for each individual memory cell in a DRAM shrinks rapidly
(Fig. 4-4). At the same lime operating voltages have been falling from 5V a few
years ago, to below 3V today (and probably to about a volt in a few years).
However, the charge-storage-capacity for each cell remains at about 30 fF/eell
(corresponding to about 1-2x10% electrons/cell). There are three reasons that the
amount of stored charge per cell has not been decreased. First, this charge-
storage-capacity is needed to prevent the occurrence of soft errors. Soft errors are
caused by alpha particles emitted from naturally occurring trace radioactive
impurities in packaging materials or from cosmic rays. Such energetic particles
generate minority carriers in the silicon, whose charge can alter memory states.
By maintaining the capacitance-per-cell at about 30 fF/cell, the soft-error-rate
(SER) can be kept acceptably low. Second, as DRAMSs have evolved, the
detection capability of the DRAM sense amplifiers has remained about the same.
Thus, each cell still needs to have about the same charge-storage-capacity to
enable the state of the cell to be read. Third, the data-retention time has remained

constant, again requiring about the same charge-storage-capacity per cell.
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Fig. 4-& Capacitor area and the required capacitance density as a function of DRAM bit
density.?” (& IEEE)
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Until recently, three approaches have been used to maintain this constant
value of charge storage per cell. The first involves the use of three-dimensional
structures to increase the cell surface area (such as trench capacitors and stacked
capacitors). The second involves using ever-thinner layers of dielectric in the
capacitor. The latter approach entails increasing the surface area of the capacitor
by about a factor of 2x by roughening the surface of the polysilicon bottom
electrode. This is achieved by growing the bottom-electrode polysilicon with
larger grains, and the resulting films are called hemispherical silicon grain
(HSG) or rouph-surface polysilicon (RSP).

However, as the silicon area per cecll has continued to decrease, the three-
dimensional structures can no longer be scaled further to increase surface area.
Thus, in the face of shrinking capacitor area and reduced capacitor voltage, even
thinner layers of 5i0, (or multilayers of oxidefitridefoxide - ONO) have been
implemented. Nevertheless, in ONO dielectrics, the minimum thickness is about
50-A (5-nm). In thinner films, tunneling currents produce excessive leakage.
However, the combination of such ONO films, together with HSG is currently
psed in 0.18-pm and 0.15-ym DRAM production.

But, as memory chips surpass about 256 MB this approach will no longer be
adequate because unacceptably high values of leakage current occuor.
Furthermore, the storage capacitors suffer premature catastrophic breakdown,
even with reduced operating voltages. Thus, by examining the capacitor equa-
tion, the only remaining option for increasing the capacitance per unit area is to
incorporate a dielectric with a higher k-value. This enables use of a capacitor
dielectric with a large enough thickness that low leakage and high operating
reliability to be maintained - while still providing sufficient charge storage with a
continuously shrinking plate area and storage voltage. By using such high-k
dielectrics, the DRAM cell structures could also be significantly simplified.

When the list of high-k dielectric candidates for DRAM capacitors is
examined one notes that Al,Oy (with a k-value of 9), does not provide a
sufficient increase in k to maintain the required charge storage/cell. However,
Tay0s, with a k-value of 25 can meet the requirement for the next generation or
two of DRAMs. The [C industry has had some experience with Ta;0s, and it can
be deposited in a variety of ways, incloding CVD, metal-organic CVD,
sputtering, and anodization. However, Ta, 05 does not provide a sufficiently
large improvement in charge storage for the memory generations above 4 Gb that
are expected to begin production within the next few years (~2006). The long-
term solution appears to lie in the various ferroelectric or near-ferroelectric
dielectric materials, such as the various combinations of barium and strontium
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with uttanate (e.g., barium/strontium-titanate - BST), lead/zirconium-titanate
(PZT), and other perovskite metal oxides. These types of materials exhibit k-
values from a few hundred to several thousand, enabling them, in principle, to
provide sufficient capacitance for DRAMS into the foreseeable future. Such ultra-
high-k materials can be deposited using almost any method by which a thin film
can be formed (and they come in a wide variety of compositions and
morphologies). The dielectnc constants tend to be a strong function the specific
elemental ratios and crystal structures which, in tum, are a function of the
deposition method. The selection of a particular dielectric material and the design
of the DRAM cell depend on a number of complex factors, including the process
simplification leading to cost reduction.

There are, however, several challenging process integration issues involving
the use of high-k materials in DRAM capacitor structures. First, note that in
DRAM capacitors the bottom capacitor electrode is the storage node and the top
capacitor electrode is termed the plate electrode (Fig. 4-5). Doped-polysilicon
has traditionally been the material used to form the bottom electrode of the
DEAM capacitor, and cither polysilicon or metal has been used to form the plate
clectrode. (As noted earlier, if polysilicon is used for both electrodes, the
capacitor is a called a silicon-insulator-silicon capacitor [SIS]. If the top
electrode is made of metal, the structure is called a metal-insularor-silicon ca-
pacitor [MIS].) In any case, polysilicon has been used to form at least one of the
capacitor electrodes. However, polysilicon has the problem that it tends to form a
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Fig. &-5 The evolution of the capacitor-clectrode structure in stacked-capacitor DRAMs,
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silicon oxide layer at the polysiliconfhigh-k interface, either as a native oxide, or
during the processing steps used to form or anneal the high-k dielectric layer (or
even during the subsequent chemical-vapor-deposition of interlevel dielectric
layers). These interfacial Si0; layers cause an increase in the SiO;-equivalent
thickness of the overall capacitor dielectric layer (which, in tum, reduces the cell
capacitance). As a result, a number of other bottom-electrode materials are being
considered for the manufacture of cell capacitors, including aluminum (Al),
iridium (Ir), platinum (Pt), ruthenium (Ru), tantalum nitride (TaN), titanium
nitride (TiN) and tungsten (W). Note that if both the bottom and top electrodes of
the DRAM capacitor are made of metal, the structure is called a metal-insulator-
metal capacitor (MIM). Table 4-2 shows the requirements of DRAM capacitors
as the DRAM size increases above |Gbichip.

The Platinum Group Metals (PGM) - Pt, Ir, and Ru - have been actively
studied due to their low resistivity, chemical corresion resistance, thermal
stability, and diffusion barrier properties. Each, however, has unique problems
with respect to serving as an electrode. For example, Pt has adhesion and etch
residue problems, while Ru forms RuQy4 as a toxic by-product of the etch process
{and Ru is also susceptible to pinholes and notching because of its ease of
oxidation). We discuss these issues in more detail in later sections. Note that
PVD and CVD are the most common deposition methods for these materials.
Each has its advantages and disadvantages. CVD is capable of much better
conformality at lower processing temperatures. However, obtaining high-purity
precursors of the PGMs is a rather difficult process. PGM deposition by CVD
also presents a significant challenge in the development of volatile precursors.

Cost is another significant factor. For example, to sputter deposit a 50-nm
(500-A) film of Pt onto a 200-mm wafer with a 40% deposition efficiency, the
cost is roughly $1000 per wafer. At 20,000 wafer-starts per month, this cost is

TABLE 4-2 DRAM Stack Capacitor Films Technology Requirements

Year 1999 2002 2005 2008 2011 2014
Technology Node1B0nm 130 nm 100 nm 70 nm 50nm 35nm
DRAM Capacity 1Gb 4 Gb 8Gb 24 Gb 64 Gb 192 Gb
Capacitor Structure Cylinder Pedestal Pedestal Pedestal Pedestal Pedestal
M MIM MIM MIM MIM MM

Capacitor Dielectric Ta,0, Ta,Os BST Epi-BST 777 17
Material

Capacitor Dialectric 22 50 250 700 1500 1500
Constant
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is significant. In CVD, only 20% of the precursor is deposited in the chamber,
and roughly 80% of the precursor is exhausted as waste. After subsequent
processing, on the order of only 1% of the original material remains on the
finished wafer. The remaining deposited-99% is removed by plasma etch or
chamber cleaning. For expensive metals, this remaining 99% must be reclaimed.®
One report describes an MOCVD deposition process for Pt films.?

4.3 HIGH-k DIELECTRICS FOR FeRAM APPLICATONS

The use of high-k dielectric materials in non-volatile memory FeRAMs is an
emerging area. Ferroelectric dielectrics such as lead zirconium titanate (PLT -
whose k value is 1000-1500), or strontium bismuth titanate (SBT), have a
perovskite structure and are unique in that this crystal structure retains its
“memory” without power. Thal is, since ferroelectric polarization retention is
nearly perpetual, refresh is not needed. The capacitor structure in FeRAMs
controls read/write speeds, data-storage lifetime, device layout, and packing
density. Figure 4-6 shows a cross-section of an FeRAM cell and an example of a
process flow used to incorporate such a cell into a conventional IC structure, 2
The carly FeERAM device (manufactured by Ramitron Corp.) is being used in
game cartridges, where memory is maintained without the use of a battery. The
challenges of implementing ferroelectric dielectrics in FeRAMs are similar to
those encountéred in integrating high-k dielectrics into DRAMS. These include:
controlling the interfacial reactions between the dielectric and electrode
materials; maintaining thermal stability of the electrodes of the capacitor; and
developing plasma-etching processes that provide critical dimensions of the
devices. A review of the current status of FeRAMs has recently been
published, 2

4.4 TANTALUM PENTOXIDE (Ta;05)

Tantalum pentoxide, Ta,Os, has a k-value of 25 and the IC industry has been
developing techniques for forming thin films of this material since the early
1980s. It can be deposited in various ways including: 1) LPCVD; 2) metalorganic
CVD; 3) sputtering of Ta films followed by oxidation; and 4) anodic oxidation of
deposited Ta films. For use as a high-k dielectric layer in DRAMs, the most
common deposition method of TazOs films is LPCVD. Vendors that supply
CVD tools to deposit Taz05 include Lam Research and Applied Materials.

4.4.1 Tantalum Pentoxide as a DRAM Capacitor Dielectric
We will discuss the use of Ta;Og as a DRAM capacitor dielectric first becanse it
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Fig. &6 a) The cross-section of a ferroelectric RAM cell (FRAM); and b) A typical
FRAM process (low. 2

is more likely to be implemented in this role than as a gate dielectric in
MOSFETs. However, we will also discuss the application of Ta;0s as a gate
dielectric in the next section. The integration of Ta;Os as a DRAM-capacitor-
dielectric has been pursued because its k-value of 25 is high enough to result in
adequately high charge-storage values per cell for DRAMs after the 256-Mb
generation (i.e., perhaps for the 1-Gb and 4-Gb DRAM generations). In addition,
Tay0s capacitors can simply replace ONO-based capacitors without major
process integration problems. (The other change in the DRAM capacitor
structure that accompanies the shift to a Taz;0s dielectric is the replacement of
the top plate polysilicon electrode with TiN - forming a TiN/Ta;Os/polysilicon
structure [which is an MIS capacitor]). Here we descnbe the various processing
issues associated with implementing Ta;0Os as a DRAM capacitor dielectric
material. While Ta;Os films exhibit many outstanding characteristics, their
biggest drawback for DRAM applications is their relatively high leakage-current
densities.

As noted above, the most common technique for forming TazOs films for
DRAM diclectrics is LPCVD. 19 Such films provide good step coverage. The film
is formed by the oxygen-assisted thermal decomposition of an erganometallic
precursor in the presence of oxygen, typically tantalum ethylate (i.e.,
Ta[OCaHsls + 0y), or tantalum tetracthoxy dimethylaminoethoxide (i.e.
Ta[OC;Hs],[OCH2CH,N (CH3);] TATDMAE and O,) at 450°C, and at a
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pressure of 1-4 torr. Tantalum ethylate is also referred to as tantalum ethoxide -
or TAET(O. TAETO was the first precursor used for CVD of Taz0s and has
become the standard one. Typically, a 10-nm-thick TayOs layer is deposited,
whose 5i0s-equivalent thickness {t‘“ﬂ} is 2.5-nm.

Note that both of these precursors are liquid at room temperature, and so must
first be vaporized at 170°C before being flowed into the CVD chamber with Ar
as the carrier gas. In addition, the freezing point of TAETO is 18°C and that of
TATDMARE is 9°C. Thus, it is a challenge o deliver a fully vaporized precursor
to the heated wafer surface without any condensation or decomposition anywhere
in the liguid delivery system. To circumvent this problem, TAETO is typically
mixed with ethanol. TAETO with 2.5% ethanol has a freezing point of <10°C
and thus does not require a heated ampule or heated liquid lines.

The deposition rate of TAETO in the 450-485°C range is reaction-rate limited
and is thus sensitive to temperature. (The activation energy of the deposition
process is 1.3 eV, which implies that the deposition rate doubles every 25°C in
this region.) Above 485°C the process transitions into a mass-flow limited
regime. Since excellent step coverage and film conformality are needed in
DRAM capacitors, the deposition process must be carmed out in the reaction-rate
limited regime. Figure 4-7 is a SEM showing that excellent step coverage and
conformality is achieved in such high-aspect-ratio structures as found in DRAM
devices. The smaller SEMs in this figure show the film details at the top and
bottom of the opening.

Since these films are deposited on the doped-polysilicon bottom electrode of
the DRAM capacitor, it is undesirable to have an interfacial oxide form on the
polysilicon either as a native oxide or duning thermal process steps thal are
performed after the TazOs layer has been deposited. (As noted earlier, such an
interfacial oxide layer would cause the effective thickness of the capacitor
dielectric layer to increase.) To eliminate the possibility of such an oxide layer
from existing on the poly, a rapid-thermal nitridation (RTN) step is thus carried
out on the polysilicon prior to depositing the TazOs film (e.g., at 900°C for 60
sec in NH;). This RTN step both nitrides any native oxide layer already existing
on the poly, and the nitride layer that is thus formed acts as a diffusion barrier 1o
oxygen, preventing any new oxide from forming on the poly during later
processes.

The as-deposited TayOs films, however, exhibit poor leakage characteristics.
It is belicved that this occurs because the as-deposited LPCVD-Taz05 films are
oxygen deficient and amorphous, Thus, such Ta;0s layers are densified using an
anneal in O, to improve their leakage characteristics. Anncaling in oxygen is
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thought to balance the stoichiometry of the films by filling vacancies in the
undensified film, thus causing the leakage current to decrease.

The conventional oxygen-annealing method is performed in a furnace at
500°C in the presence of UV-generated U:,.” However, more recent methods use
a rapid-thermal-process in oxygen (RTO). The RTO process minimizes the
impact on the thermal budget and reduces the time during which oxygen can
react with the substrate beneath the electrode. The oxygenation process in one
approach is carried out at 600°C in an oxygen plasma and the temperature is then
ramped quickly above 700°C to achieve crystallization of the Ta0s film2® The
maximum temperature of the RTO step must still be kept below 800°C because
the interfacial oxide under the Taz0Os¢ will grow too thick at higher temperatures
(Fig. 4-8)!! - making the Si0,-equivalent thickness of the Ta;Os film too great.
(That is, at higher temperatures than 800°C, Si can diffuse through the SiN
barrier on the polysilicon surface and react with the TazOs to form 5102.) Up to a
six-order-of-magnitude improvement in leakage current has been reported at 1V
using such an RTO-annealing procedure. 26

The densification step also crystallizes the amorphous as-deposited film, and
this is also thought to reduce the leakage current through the TazOs layers.
Finally, since the precursor Ta[OC;Hs)s is an organometallic material, the as-
deposited TagOs layer is not carbon-free. The densification step desorbs some of
the hydrocarbon and water molecules, which also shrinks the film thickness. The
decrease in film thickness also decreases the tmcqﬂf the film.
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Another issue involves keeping the top polysilicon electrode from forming a
silicide with the Ta;0Os layer. This can be prevented by inserting a barrier layer
between the TayOs layer and the poly. Matenals such as TiN and WN have
reportedly be employed for this purpose. Another way around this problem is to
use a plate electrode material other than polysilicon. For example, as mentioned
earlier TiN (deposited by PVD), is typically used as a top (or plate) electrode
matenial with Ta;Os.

In addition, even the nitride layer formed on the bottom polysilicon electrode
will degrade the overall capacitance to some degree, reducing the benefit of using
a high-k dielectric. As a result, an alternative material for the bottom electrode
has also been studied. In one report, TiN was used for the bottom electrode, and
Pt for the top electrode.!? In another report, reactively sputter-deposited RuQ,
was used for the bottom electrode. (RuQ), is a conductive oxide with a
conductivity of 35 uLl-cm. Since it is already an oxide, it will not form a
dielectric oxide layer at the Ru04/Ta;04 interface during post-TasOg thermal
processes.) In one other publication, a Ru/Ta;0¢/Ru capacitlor structure was
described. The Ru electrodes were deposited by sputtering. In this report, the
TayOs film after annealing was found to have a k-value of 65, It was speculated
that the Ta; 05 layer crystallized on the Ru material during the annealing step in
such a way that its k-value was significantly increased compared to layers used
with other electrode materials. Significantly lower leakage-currents through the
Taz0s layers were also observed after annealing them in forming-gas at 400°C. 13
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Fig. 4-8 Anncaling temperature dependence of leakage current density for 2.5 nm Ta, 0y
eapacitors. A rapid thermal oxidation (RTO) is performed after Ta, 05 film deposition.'?
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Subsequent high-temperature process steps, however, cause the leakage
currents through the TaxOs layers to significantly increase (sce Fig. 4-9).14 In
this figure, it is observed that if the Ta;0Os layers are subjected to furnace-
annealing temperatures of 800°C for 1 hour (or more), the leakage current rises
precipitously. Two such high temperature steps that are commonly used in post-
Tay0s layer deposition are those used to reflow the BPSG ILD layer, and to
activate the dopants after the source-drain implant step. In one paper, this leakage
current was reduced by using a novel low-thermal-budget process that exposed
the TasOs layers to temperatures no higher than 500°C after the Tas0s layers are
deposited. That is, instead of using a conventional BPSG film, the interlevel
dieleciric layer (ILDY) was formed as follows: An SOG film was first spun on,
and this was followed by the deposition of an Si0; capping-layer using a low-
temperature-CVD process. The sourcefdrain regions were formed with an
optimized implant step that employed only a 500°C activation anneal.!® The
application of a TayOs layer to a DRAM capacitor formed with rugged
polysilicon as the bottom electrode and TiN as the top electrode was described in
Ref. 15.

Since leakage through the TayOs layers is one of the biggest issues with such
films for DRAM applications, work has been done to try and solve this problem.
One factor that seems to influence leakage is the surface roughness of the
underlying electrode.!6

Another technique for depositing TazOsg layers is by metalorganic solution
deposition (MOSD). This also allows the TazOs layer to be doped with Al (a
factor that improves some of the TagOs layer dielectric properties). For example,
thin films with 0.9Ta205-0.1Al:03 composition exhibited an increased k value of
42 and a lower leakage-current density (6x10-% Afem?® up to an applied electric
field of 1 MeV/em).!7

Etching of TasOs layers can be carried out in variety of fluorocarbon gases
(e.g.. CoFg, CHy, CF;Cl, CHF,, and CCI3F,),'® as well as in discharges of Cls,
SFg, Ny, or CHy/H,. Selectivities of > 6 for 8i over TagOs were obtained for
SFg/0; discharges.!?

In summary, Ta;0s seems to be the DRAM capacitor dielectric material that
will replace ONO. Combined with such polysilicon-electrode techniques as
hemispherical-grain poly (HSG), Ta;0s capacitors will be suitable for DEAMs
up the 1-Gb and 4-Gb generations (0.15-um node). The minimum thickness of
Tay0s is estimated to be about an cquivalent oxide thickness of 1.5 nm. This
implies that even by using HSG and the minimum possible TazOs thickness, the
limits of Ta;0s technology may be reached at the 1-Gb integration level.
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However, for the 0.13 pm technology node it may be possible that TagOg will be
used with a MIS capacitor structure (i.e., RuOy/TayOg/poly). At the 0.1 ym node
it may be necessary to use metal-insulator-metal (MIM) structure (i.e.,
Ru0),/Tay05/Ruly}). At the 0.05 pm node (50 nm) it is likely that the insulator in
an MIM structure will be BST.

4.4.2 Tantalum Pentoxide as a MOSFET Gate Dielectric

Tantalum pentoxide has also been considered as an alternative gate-dielectric
material to Si0, for MOSFETs with gate lengths of less than 0.1-ym. Since
oxide films for such devices would have to be thinner than 1.5-nm, excessive
leakage-current through the oxide film would make such MOSFETs impractical
for use in most circuit applications. Due to the fact that direct-tunneling leakage
currents decrease exponentially with the thickness increase of the dielectric layer,
a dielectric with a higher k-value could provide the same electrical behavior as
5i0; but it could be used with a larger thickness. For the case of TapOs, which
has a k-value of 25, a TayOs layer would have a thickness 25/4.0 times larger
than that of an equivalent 5i0; film. Many of the process integration issues of
incorporating into a MOS structure were discussed in the previous section. Here,
we describe the challenges specific to using TazOs as a gate-dielectric layer.

The first problem that must be addressed involves the fact that when Taz0s is
deposited directly on silicon (or when it is subsequently annealed in oxygen),
S0y grows under the Taz0Os. As much as 2-nm of oxide can grow, thereby
Increasing l.n:ﬂq (see Eq. 4-3). This was demonstrated in a report in which Ta;05
was deposited directly on Si and NMOSFET transistors were subsequently
fabricated.?? An interfacial Si05 laver was found to be under the TasOg at the
conclusion of all processing. A way 1o prevent uncontrollable growth of such an
oxide dunng subscquent thermal processing steps is to form an interfacial layer
between the TayOs and the Si substrate. In the first report of fabricating
MOSFETs with a Tay0Og gate dielectric, a 2-nm-thick oxide layer was in fact
deliberately grown on the Si before the TazOs was deposited. This layer was then
annealed in N, at 800°C for 30 min (nitriding the oxide). A diffusion-barrier is
thus created which prevents oxygen from reaching the underlying Si substrate
and growing additional oxide. A TiN gate electrode was employed instead of
poly (Fig. 4-10). The leakage current was reported to be eguivalent to that of a
MOSFET with an Si0, gate diclectric of identical thickness.?!

In a second report describing MOSFETs TayOs with a gate diclectric layer,
the gate dielectric consisted of a stack (i.e., 1.5-nm Si0#/3.0-7.5-nm Ta:0+/0.5-
1.5-nm S5i0;). This dielectric stack was electrically equivalent to 20-35-nm
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8i02.2%31 A later report described the use of RTP to grow an interfacial layer on
the Si substrate with NO at 800°C for 20 sec - which when combined with a
CVD TazOs layer - produced a gate dielectric with a loxeq = 2.3-nm thick. The
main benefit of using this approach was that the leakage current through the
dielectric film was 1000x smaller than when an oxide was used as the interfacial
]:l:,u:r.13 A similar process flow reported use of a RTN step (nitndation of the
silicon substrate surface by RTP in an NH; ambient at 800°C for 30 sec), to form
an interfacial layer on the poly before depositing the TazOs film.24

Related to the oxide growth under the TazOs is the issue of unacceptably large
values of interface traps when using a dielectric other than 5i0; is in contact with
5i. In the Kizilyalli study above, a TayOs gate-dielectric-stack (with 5i0; in con-
tact with both the underlying Si and the overlying poly gate) exhibited interface
trap densities comparable to those in MOSFETS fabricated with SiOz. Charge
trapping (a major problem of layered dielectrics) was reportedly not an issue.

A final limitation of using TazOs as a gate dielectric is that a barrier over the
Tax0s is needed to prevent silicide from forming due to a chemical reaction of
the Taz0Os and the polysilicon gate during subsequent thermal processes. This
barrier must be conductive, and TiN, WN, or PGMs used in DRAM top
electrodes can be used. However, the difficulty with using such a metallic gate
barrier is that the threshold voltage of MOSFETS is increased by about 0.6V,
Obviously, this high threshold voltage value is not compatible with low-voltage,
low-power technologies. Hence, proper threshold voltage adjustment with
counterdoping in the active areas must be employed. However, this produces
buried-channel MOSFETSs, which degrades their short-channel behavior.

Dvale Voltsge (V)

iy activition by KTA
(R el

Fig. 8-10 Process flow, cross section, and 1-V characteristics of an NMOSFET fabricated
with a with a Ta,04/Si0, gate dielectric. A TiN gate electrode was also employed 2!
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4.5 BARIUM STRONTIUM TITANATE (BST) FILMS FOR DRAM CAPACITOR
DIELECTRICS

Banum:strontium-titanate (BST) 15 the candidate material of most promise for
use as a capacitor dielectric in future generations of high-density DRAMs. BST
films are polycrystalline films, with the crystalline grains having a perovskite
oxide structure. The chemical formula of BST is (Ba,Sry_,)Ti0;. Common
compositions for DRAM use are 0.5 < x < 0.7. B3T films are the leading
candidates for advanced DRAM capacitor dielectrics because of their high
dielectric constant (k = 88-90 in the film thickness range used in DRAM
capacitors), and because the value of k in BST films exhibits a relatively small
frequency dependence. That is, the permittivity of perovskite oxide films tends to
decrease al high frequencies. For BST films deposited by MOCVD k decreases
by < 2% from 100 Hz to 10 MHz and by < 7% from 200 MHz to 2GHz.%? This is
sufficient to meet the requirements of foture DRAM generations. lts large
dielectric constant (like those of many other perovskites) is the resalt of the
strong ionic polarization in the material.

Many believe that dielectric films with such high-k values will be needed for
DRAM capacitors following the 130-nm generation. For example, the required
capacitance density in a DRAM technology with a minimum feature size of 0.15-
pm with a DRAM capacitor having a stack structure of 0.3-pym in height (i.e., a
2:1 aspect ratio) and a rectangular area of 0.15-uym by 0.45-uym is 80 fFlum?.
Figure 4-11 shows a schematic representation of a simple stack-capacitor DRAM
cell incorporating a high-k dielectric in the stack capacitor. The high-k dielectric
Cell plate

BSTO

Bottem
P elecirade

T TATETE S R R
ety P O

Plug

‘Word
lirye

-_’.-E‘:#j'jﬁ_ﬂ e ey ik Tu:ul:lrun-

Fig. 411 A mh:mat:c r:pn: 5e nialmn of a mmple “stack cnpammr DRAM cell
incorporating a high-k dielectric layer.#" Courtesy of Semiconductor International.
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material (e.g., BST) covers the top and sides of the patterned bottom electrode.
The top electrode forms the common plate electrode, and the word lines and bit
lines are located below the capacitor. The structural simplicity in the capacitor of
this cell is apparent. In addition, the vertical height of the bottom electrode can be
reduced to provide improved control over the critical dimension by reducing
depth-of-focus issues.

Note that perovskite materials exhibit ferroelectric behavior when held below
their Curic point, and paraelectric behavier when above that temperature.2® In
conventional DRAMs, the perovskite materials used as the capacitor dielectric
are chosen so that they exhibit paraelectric behavior. On the other hand,
perovskites that exhibit ferroelectric behavior are used as the dielectrics of
FeRAM capacitor structures. BST is a perovskite that has a Curie point that
varies linearly with composition, with a value of about 1207°C when x = 1, and
about =2207°C when x = 0.2 The strontium is added to reduce the Curie point
below room temperature, which ensures paraelectric operation. The dielectric
constant also depends on the film composition, and barium/strontium
composition 1s an important parameter in the use of BST in memory capacitors.

To obtain the high-k values necessary for high-density DRAMSs, the films
must be free of impurities, have correct stoichiometry, and be crystalline.

4.5.1 Deposition of BST Films by CVD

The deposition of BST films can be carried out by a number of methods,
including PVD by rf sputtering, thermal MOCVD, sol-gel, and pulsed laser
ablation. However, BST film deposition is most commonly done with MOCVD,
One reason for this is that rf sputtering requires an appropriately designed
composite target. Since sputtering rates for the different elements vary, the useful
lifetime of a single sputtering target is too short. BST films deposited by
sputtering and sol-gel methods also have a conformality which is typically
smaller than 60%, while the conformality of BST films deposited by thermal
MOCVD processes can exceed §0%. Because of the high conformality which can
be realized, the MOCVD method is likely to be used to deposit the high-
dielectric layers for DRAM capacitors. Consequently, we will restrict our
discussion of deposition of BST films to the MOCVD processes.

Most precursors of BST are solids at room temperature and are dissolved in
an organic solvent for delivery as a liquid to a vaporizer. The liquid is flash-
vaporized (to minimize the time precursors spend at elevated temperatures,
which minimizes precursor decomposition), and is then transported in a gaseous
state to the CVD chamber. This liquid delivery method enables the use of solid



164 SILICON PROCESSING FOR THE VLSI ERA -~ VOLUME IV

precursors. However, it chemically complicates the deposition process by
introducing a solvent. Most of the published work on CVD BST uses precursors
that are adducts of barium and strontium P-diketones along with organometallic
titanium compounds, primarily: Ba(THD)y-tetraglyme, Ba(THD), PMDTA.
Sr(THD), tetraglyme, Sr(THD), PMDTA. and (THD),Ti(i-Pr-O),. (Note that:
THD = 2,2.6,6-tetramethylheptane-dionate, and (i-Pr-O) = isopropoxide). These
diketones and organometallic-Ti compounds are usually dissolved in butyl
acetate. BST films of good quality have been produced using this precursor
scheme at deposition temperatures around 550°C. However, at these
temperatures, conformality of the deposited films is typically poor and may not
be acceptable for three-dimensional capacitor fabrication. A different sel of
precursors has therefore been developed, which appear promising for BST film
growth at lower temperatures. In this precursor scheme, non-adducted versions of
the same barium and strontium P-diketones: (Ba{THD},); and (Sr{THD},),,
along with (THD), Ti(i-Pr-O),, are dissolved in tetrahydrofuran (THF). Reports
in the literature state that BST films with capacitance densities (planar
capacitors) of over 100 fF/um? and leakage currents in the 10-* Afem? range can
be grown at wafer temperatures of 480°C using these precursors. Other work has
demonstrated conformality of 100% at 480°C using non-adducted precursors.

The low-temperature CVD processes for depositing BST films give better
conformality than do the higher temperature deposition processes. This is due to
the fact that different mechanisms are limiting the deposition process. An
Arrhenius plot of the deposition rate of BST growth is shown in Fig. 4-12. It can
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Fig. 8-12 Arrhenius plot showing two regimes of rate-limiting mechanisms for CVD BST
deposition using non-adducted precursors. Courtesy of Marcel Dekker Publishing.



HIGH-k DIELECTRICS 165

be seen that two distinct regimes are apparent with a crossover at ~480°C. In the
higher temperature regime (where the deposition rate 15 approximately constant
with increasing temperature), film growth is rate-limited by mass transport from
the vapor phase to the film surface. In the lower temperature regime, film growth
is limited by the chemical reaction rate on the surface. Films grown at the higher
temperatures exhibit poor conformality because the precursor material reacts
immediately upon arriving at the surface and does not have time to diffuse into
narrow patterned features before being incorporated into the growing BST film.
In the surface-reaction-limited regime, the precursor molecules can diffuse a long
way on the wafer surface (i.¢., into the narrow patterned regions) before reacting
and being incorporated into the growing film.

In BST deposition, a tradeoff occurs between needing a high enough
deposition temperature (o ensure good crystallinity of the perovskite phase, and
needing a low enough temperature to achieve adequate conformality. The
adducted precursors form highly crystalline perovskites at high temperatures, but
such films deposited at low lemperatures are mostly amorphous (i.e., they do not
exhibit the perovskite crystalline structure), On the other hand, non-adducted
precursors can produce perovskite BST films in the low-temperature regime. The
low-temperature deposition is also favored when Ru bottom electrodes are used
(see Sect. 4.5.3), to prevent the Ru surfaces from being oxidized during the BST
deposition in an O, atmosphere.

Note, however, that since the BST films are deposited by CVD at low
temperatures (400-500°C) to meet the stringent step-coverage requirements,
these films must be subsequently annealed to achieve the desired capacitance and
leakage-current behavior. Annealing is usually done after the top electrode has
been deposited. Such a post-top-clectrode deposition anneal is especially
beneficial if the top electrode is deposited using a technique that bombards the
BST surface with energetic species (such as PVD). That is, the anncal then serves
the additional purpose of healing the damage done to the BST film by the PVD
process that deposits the top elecirode. Reported annealing parameters vary
widely. Temperatures between ~500°C and 700°C have been used, and both
oxidizing (N50, 0) and inert (N5} ambients have been observed to improve the
BST electrical properties. Typically, films grown at higher temperatures (550°C)
using the adducted precursors require lower annealing temperatures — around
550°C in oxygen is commonly used. Low-temperature depositions require higher
annealing temperatures, closer to TPC.

The main benefit of the annealing processes is a reduction in the leakage
characteristics of BST capacitors. Before annealing, films are leaky (Fig. 4-13),
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Fig. 413 Leakage curves from unanncaled and 550°C oxygen-anncaled BST films
deposited at 600°C. Labels on the leakage curves give the corresponding capacitance
densities of the films,

although the capacitance is quite high. After anncaling leakage improves to an
acceptable level and capacitance increases by roughly 25%, although the
improvement is not as dramatic as that seen in the leakage-current properties.

4.5.2 Microstructure Etfects on the Eleclrical Properties of BST Films

A key factor that impacts the electrical properties of BST films is the amount of
titanium in the film. Titanium content is referred to as a percentage of all cations
in the film, i.e., Ti% = [[Ti)/([Ba] + [Sr] + [Ti])} x 100%. The best properties
{e.g.. highest capacitance-density) are found when there is a slight excess of
titanium, ~31% (compared to the stoichiometric perovskite composition of 50%).
Above this amount, the dielectric constant decreases. The sensitivity of the value
of k to the titanium content is quite high (e.g., the diclectric constant drops by
~40% when the titanium concentration increases from 51% to 53%). Hence, it is
critical that the amount of titanium incorporated during deposition be tightly
controlled. A low-temperature, the non-adducted precursor process has been
shown to provide such control of incorporated titanium content.

Another important parameter thal impacts the BST electrical properties is the
surface roughness. Increased surface roughness correlates with lower dielectric
constants and higher leakage currents. Roughness is often observed as a hazy
film. That is, films that are rough appear hazy to the naked eye under bright light.
Roughness can be caused by depositing the film on a rough underlayer, as well as
film growth occurring in an island mode. Roughness resulting from film growth
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mode is very sensitive to deposition process parameters, and such parameters
must be optimized to find a haze-free process window. Typically less haze is
observed at higher deposition temperatures, above 600°C.

4.5.3 BST Integration Issues

Integrating BST into a DRAM process poses many difficult challenges. First,
BST is incompatible with the materials that have been used for electrodes up to
this point, namely: polysilicon, TiN, and aluminum. This is because BST films
contain significant amounts of oxygen and also require high-temperature post-
deposition annealing in oxygen ambients. Thus, aluminum films cannot be used
as the bottom electrode of a BST DRAM capacitor because they cannot tolerate
the high-temperatures used to anneal BST films after deposition (> 500°C).
Likewise, polysilicon will oxidize either by reaction with the oxygen that can
bleed out from the BST film or with the oxygen present in the annealing
ambients. Finally, TiN is no longer stable against oxidizing species at
temperatures above 500°C. Hence, alternative electrode materials must be
employed.

The most suitable electrode materials are based on the metals found near the
middle of the periodic table - such as platinum (Pt), ruthenium (Ru), and indium
(Ir). Oxides of these metals are also conductive, making them candidates for
inclusion in the electrode stack. As we will discuss in more detail, one of the
major problems of using these materials is the problem of electrode paticming, as
these materials produce minimal volatile species during dry etching of the noble
metal electrodes (with Ru and Ru(); being the exceptions).

Platinum is the most commonly used electrode for BST in R&D work, as it is
non-reactive with BST, and the growth characteristics of BST films on Pt films
are good. However, using platinum is also difficult. Since it is a chemically-inert
noble metal, it is difficult to dry-etch. But, it does form silicides, and hence it
must be deposited on a diffusion barrier to prevent Si-Pt reactions with the Si
wafer. (An example of such a film is stacked layer of Ti/TiN, which is deposited
on the silicon substrate. Then the Pt film is deposited on the TUTiN film.) Since
Pt has poor adhesion to most surfaces, the barrier layer must also serve as a "glue
layer.” This entire multi-layer bottom electrode structure must then be oxidation
resistant and thermally stable enough to withstand the high-temperature,
oxidizing environments employed in the processes used to deposit and anneal
BST films. Finally, platinum can catalyze reduction in the BST during a forming-
gas anneal (instead of protecting the BST against such reduction). Thus, Pt is not
a good candidate for the top electrode.



168 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

Other electrode materials can also be used, especially for the top electrode.
These include ruthenium metal (Ru), ruthenium oxide (RuQ,), iridium oxide
(IrQ,), or conducting perovskite oxides such as SrRu0O; or (La,Sr)Co0O,.
Ruthenium and RuQ, are relatively easy to etch, although one of the products of
the etching process, RuQO,, has a melting point of 25.4°C, and is both a
flammable and highly toxic gas. Figure 4-14 shows the process flow for the
fabrication of RwWBST/Ru capacitors. However, none of these materials 1s
standard in semiconductor processing, and hence all will require significant
process-development for incorporation in DRAMs,

Dry-etching of metal oxides, perovskites (including BST), and refractory
metals will also provide some serious challenges because they do not have
volatile by-products. The etching mechanism for these materials must therefore
be more physical, like ion milling. Ion milling has been used for patterning these
kinds of materials, but the small feature sizes hinder this technigue. Dual-
frequency plasma etching is also being examined as a way to etch materials such
as platinum, metal oxides, and perovskites. The energy of the ions striking the
wafer is controlled to maximize the physical effect while taking advantage of
whatever chemistry effect there is. Work has also been carried out on developing
high-temperature etch processes for such materials (i.e., > 350°C), as a way to
improve the etch-profile and etch-rate of such materials. Masking for the eich
process is another challenge. The material to be etched must be physically
attacked, while the materials that are used for the mask are etched more easily.

The exceptions, as noted earlier, are Ru and RuQ,, both of which can be
patterned by dry-etching (in O,/Cl, plasmas) to give totally anisotropic profiles
through chemical reactions which produce RuQy in oxygen-containing plasmas.
Thus, the profile and feature size of the storage electrodes can be precisely
controlled by short gas-residence-time techniques to suppress the deposition of
reaction products from the plasma onto the sidewalls. This will permit a 3-D
stacked capacitor structure with vertically sided Ru bottom electrodes and BST
dielectrics to be used down to 4-16-Gbit DRAMs.

It should also be noted that a diffusion barrier under the bottom electrode is
also needed to keep the electrodes from reacting with the polysilicon plug during
BST deposition and post-deposition annealing (see Fig. 4-14). Several kinds of
materials have been investigated for this role, including: TiN, TiAIN, and TiSiN.

The introduction of high-dielectric materials for DRAM fabrication will also
require additional tooling, including:

1. A sputtering system for electrode deposition;
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Fig. &14 Process flow for the fabrication of RWBST/Ru capacitors.*® (© 2000 IEEE).

2. An MOCVD reactor for the deposition of the high-k dielectric layer, and;
3. A reactive-ion-etch system to pattern the electrode.

Numerous companies manufacture sputtering systems capable of depositing the
clectrode materials. Applied Materials and Novellus have developed MOCVD
reactors capable of depositing BST on 200-mm wafers. Tegal Corp. and Lam
Research (along with other suppliers of etch equipment) have demonstrated etch
processes for Pt electrodes.

4.6 USE OF OTHER HIGH-k MATERIALS AS GATE DIELECTRIGS

An extensive worldwide research effort is being undertaken to develop
alternative high-k dielectries for MOSFETS to replace silicon dioxide. By the end
of 2000 workers in the field were not optimistic that despite intensive efforts to
find a high-k material that works well, such a material would readily be available
for IC manufacturing applications. Their view is that it is going to take at least
five years (i.e., until 2006) before a suitable high-k material can be introduced
into manufacturing. A review of research on the use of binary metal oxides and
silicates up to 2000 was published by Wilk er al,50 and by Gusev er al®! Here we
describe some of the candidates for that application, as of 2001,
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4.6.1 Atomic Layer Deposition for Depositing Thin High-& Dielectric Films

Before describing the individual high-k materials that are candidates for gate
dielectrics in MOSFETS, it is useful to discuss a new deposition technigue that
may be employed for forming such thin dielectric layers, That is, a promising
method for depositing very-thin films has been developed for a variety of
applications, including gate dielectrics, DRAM capacitor dielectrics, and
diffusion barriers. This technique is called atomic layer deposition (ALD), or
atomic layer chemical vapor deposition (ALCVD), This technique was pioncered
by Tuomo Suntola who invented atomic layer epitaxy (ALE) in 1980. The appeal
of ALE was that it could deposit very-thin layers of material (<10 nm-thick) with
tight composition control. However, at that time the thinnest layers in IC devices
were aboul 100-nm thick, and so ALE was not immediately seen as a technique
for the semiconductor market. (It was initially developed for depositing ZnS
films for electroluminescent devices.)

In the ensuing 20 years, however, things have changed. Aggressive scaling of
critical feature sizes led to lateral dimensions approaching 100-nm, and the
thinnest layers approached atomic dimensions. For example, in the gate-dielectric
layer, only about 1-nm, or about 4 atomic layers in silicon-oxide equivalents are
needed. Clearly, the aggressive scaling has now made applications of the Suntola
invention appropriate for integrated circuits. The ALE technique has therefore
been modified and commercialized as the ALD technique. The ALD process
appears to have several advantages over traditional CVD: it can be carried out at
lower temperatures (typically < 400°C); it uses a wider range of precursors; it
produces very-thin films; and it inherently obtains 100% step coverage and
excellent conformality even over the most challenging topography, and with
lower impunty levels.

However, deposition rates are limited by the ALD mechanism. By definition,
the thickness of each cycle cannot exceed a few angstroms as determined by the
lattice constant of the materials. ALD is therefore targeted at very-thin films
having the highest quality demands. The thickness of these films can be
controlled simply by counting the cycles. The composition can also be modified
and controlled at the atomic level, thus providing an opportunity o create new
diclectrics that cannot be easily obtained by other means. Further scaling of
critical IC feature sizes will inevitably lead to more applications into the realm of
ALD. We will show how ALD can be used to deposit various films in the
upcoming sections.
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Several equipment vendors have introduced ALD tools. The first is ASM
International (Bilthoven, Netherlands) which, through its acquisition of
Microchemistry Ltd. (Finland) now has several systems capable of ALD for
semiconductor and flat-panel display applications. (Note that Atomic Layer CVD
and ALCVD are trademarks of ASM International). Genus (Sunnyvale, CA} also
announced a new ALD capability on its Lynx2 platform. Other equipment
suppliers are also apparently developing tools with ALD capability, The nature of
the ALD process is such that it can be done in a simplified reactor, where gas
flow and temperature uniformity will be relatively unimportant. Instead, the
hardware design will focus on preventing deposition on the reactor interior and
the wafer backside. Development efforts will be focused on creating ALD tools
with high throughput, long mean times between cleans, and low defect density.
Reliable and precise control of reactanis, quick removal of extra reactants and
reaction by-products, and short cycle-time will also be critical to the success of
this emerging technology.

ALD works quite differently from conventional CVD techniques. Instead of
mixing two or more reactant gases inside the deposition chamber - where they
either react in the gas phase and fall on the wafer surface, or they react on the
wafer surface - in ALD one reactant gas is introduced at a time. Through a
process called “chemisorption,” a monolayer of the first gas is adsorbed on the
wafer surface. That is, individual precursors are pulsed onto the wafer surface in
a sequential manner, without mixing in the gas phase. Each individual precursor
reacts with the surface to form an atomic layer in such a way that only one layer
can form at a time. This is because the surface reaction occurs such that the
reaction is complete, and permits no more than one layer at a time to be
deposited, no matter how many molecules are applied to the surface in an
overdosing mode. Films are built up by introducing short bursts of gases in
cycles.

As an example, ALD can be used to deposit a thin silicon-oxide layer by using
silane and oxygen. At room temperature, silane gas is introduced into a chamber
containing the wafer. Silane molecules will be adsorbed onto the wafer surface
until a monolayer of silane molecules exists over the entire exposed surface of
the wafer. Thereafter, no more molecules will be adsorbed by the wafer surface.
If the temperature is kept low enough, a stable chemisorbed monolayer will form
over the exposed wafer surface. Then, the excess silane gas is pumped from the
chamber, and it is replaced with oxygen or water vapor. These molecules react
with the silane to form an oxide, and the reaction is completed when one
monolayer of oxide has been formed. Then, the excess oxygen is removed, and a
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second burst of silane gas is fed into the chamber to form the next monolayer of
silane, and so on. This discussion demonstrates that ALD is a technique best
suited for depositing binary materials such as Si0» and metal oxides (e.g., TazOs,
Alz03, ZrOg, HIOy, etc).

By quickly switching the gases on and off (in less than 1 sec), it is possible o
obtain reasonable growth rates, up to 200-A/min. For those films that are
deposited in the thickness range of 10-50-A (or less), such growth rates should
produce acceptable throughputs. In addition, since it is only necessary o saturate
the wafer with the precursor, the chamber does not have 1o be designed for
uniform reactant coverage. This allows the chamber to be kept very small {e.g.,
only 4 mm high), which in turn, allows as many as 4 cycles per second to be run.
The claim made earlier that ALD deposition temperatures are generally low can
now be understood in light of the fact that this process depends on chemisorption,

4.6.2 Aluminum Oxide (Al,0;) as a Gate Dieleclric

Aluminum forms a stable oxide (aluminum oxide, Aly04), and it is one of the
materials that is being studied as a high-k gate dielectric. The k-value of Al,O4 is
about 9, which is about three times as large as that of Si0,. The effective k-value
of the dielectric layer which employs Al,O; is, in fact, even somewhat smaller
(i.e., it is ~5.5-6.0). This reduction in the effective k-value occurs because a thin
interfacial Si0; layer inevitably forms between the AlO4 layer and the silicon
substrate during Al,04 deposition. This extra, unwanted, interfacial layer reduces
the effective k-value, and increases the equivalent oxide thickness (EQT) of the
Al; 04 layer. (But this interfacial layer also plays a beneficial role in reducing the
interface state density leakage current.) Thus, while Al,O4 promises to provide a
dielectric layer that has an improved k-value, this improvement may only be
adequate for a single technology node.

Aluminum oxide is attractive as a gate dielectric for future MOSFETs not
only because it has a higher k-value than Si0O,, but because it also exhibits
excellent thermal stability when it is in contact with silicon, and because it has a
wide energy gap (~8.3 e¢V). Furthermore, it is compatible with polysilicon
without requiring any barrier materials.

Recent work has described the fabrication of CMOS devices with an Al,04
gate diclectric.3738 The AlyO4 layer is deposited by atomic layer deposition
(ALD - as described in Sect. 4.6.1), using trimethyl-aluminum {TMA) and ozone
as the precursors, at 450°C, (Figure 4-15 shows how an ALD process can be used
to deposit an Al;O4 layer using the above precursors.) Polycrystalline silicon is
then deposited and patterned, junction implants are performed, and a rapid ther-
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mal anneal at T = 1000°C is performed. The leakage current density exhibited by
MOS capacitors with an Aly04 layer is 2-3 orders of magnitude lower than that
observed in MOS capacitor built with an 510, layer with the same EOT.

One major drawback of MOSFETSs built with an Al,0; diclectnic layer is that
the carrier mobility is smaller than in MOSFETs built with 5i0); dielectric layers,
probably due to electron trapping by the Al,04 material. By the end of 2000, the
reason why such electron trapping occurs in Al,O, layers (and other high-k
dielectric materials) is still unknown.

4.5.3 Zirconium Oxide (ZrD,) as a Gate Dielectric

Zirconium oxide (Zr0,) is considered to be one of the most promising high-k
dielectric candidates to replace the 5i0, gate diclectric. Zr0y has a dielectnc
constant of ~20-25 and is thermodynamically stable in contact with silicon.** In
addition, ZrO; has a band gap of ~5.1 ¢V and a lattice mismatch with silicon of
only 2.15. It has been shown that reactively sputtered Zr0, (i.e., a Zr sputter
target is used in an Ar + O, ambient) has a low equivalent-oxide-thickness
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(EOT), low leakage, and good reliability characteristics 404! {Another way that
Zr05 can be formed with a PVD process is by oxidizing a sputtered Zr film in
an RTP process.?5) Zr(, films can also be etched in HF solutions. It has also
been reported that doping the ZrO, films with Al produces amorphous films with
better uniformity, but with a slightly lower dielectric constant. This doping can
be achieved in a PVD deposition process by co-sputtering with an Al target. 4!

Zr(), films can also be deposited using an atomic layer deposition process
(ALD).4243 The ALD process has the inherent advantage of conformality over
PVD deposition processes. Such an ALD process for Zr0; is illustrated in Fig.
4-16. Generally, ALD requires that the metal compound precursor and nonmetal
compound precursor (ZrCly and H,0, respectively, for the case of Zr0;) are
introduced alternately instead of simultancously as in a standard CVD process
(see Sect. 4.6.1). This results in the layer-by-layer growth that creates the
characteristics of ALD films, making them appropriate for several applications.
In the case of Zr-based dielectrics, the material may consist of zirconium,
aluminum, and oxygen,

In any case the ZrO, films are amorphous, and a very thin interfacial silicate
layer (9-A thick) exists at the silicon/ZrQ), interface. Post-deposition annealing in
oxygen or inert gases (at 400-500°C) is found to be necessary to reduce the
leakage current of deposited films. After high-temperature annealing, this layer
grows and converts to a more stoichiometric $i0, layer, Significant 5i0, growth
15 observed at the Zr(0,/5i interface annealed at 400-600°C even under low
partial pressures of oxygen. Reaction with the Si substrate and the polysilicon
gate also occurs at higher temperature (S 1000°C) processing steps.

Films of zirconium silicate doped with aluminum (Zr-Al-8i-0) have also been
studied as candidate high-k gate materials.*2 It was noted that doping ZrO, films
with Al improves the resultant ZrQ; dielectric layer, That is, the undoped ZrO,
films have high diffusivity of oxygen, and so oxygen can diffuse through the
210y during the post-deposition anneal and react with the underlying Si to form
an 5i0, interfacial layer. The addition of Al reduces the rate of oxygen diffusion
through the ZrQ), film. Another report described the use of yitria-stabilized Zr0,
(YSZ) films as a high-dielectric constant layer in MOSFETs. The advantage of
the YSZ film is that it can be epitaxially grown on a silicon substrate by pulsed
laser ablation without the formation of an interfacial silicon oxide layer. %

At the end of 2001, Intel announced that a new transistor structure that
included a ZrO, gate dielectric layer, deposited by ALD. They stated that this
new MOSFET structure would be used for devices built by Intel from 2005 and
beyond 55
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Fig. §-16 Awomic layer CVD growth mechanism of the high-k dielectric Zr0, from ZrCl,
and H,0. Courtesy of ASM International.

4.6.4 Halnium Oxide (H10,) as a Gate Dielectric

Hafnium oxide (HfO,) has been investigated as a high-k dielectric for MOSFET
devices. Early reports described fabrication of MOSFETs with n™ polysilicon
gates,*2 and more recent ones have discussed the characteristics of MOSFETs
with p* polysilicon gates as well*? Hafnium oxide exhibits excellent materials
properties for these applications, namely: a high dielectric constant (k = 24 - 40);
good thermal stability when in contact with silicon; and an energy gap of 5.65
eV. (Hf forms the most stable oxide with the highest heat of formation [AH; =
271 Kcal/mol] among the elements in the IVA group of the periodic table [Ti, Zr,
Hf].) In addition, HfO, is very resistive to impurity diffusion and intermixing at
the silicon/dielectric interface because of its high density (9.68 gfem?). 9

The HfO; films described in the reports were deposited either by PVD
(reactive sputtering),32:33 or by in site RTCVD.?* MOS capacitors were
Fabricated with an equivalent oxide thickness (EOT) of 12-A (and a physical
thickness of 38-A) by optimizing the polysilicon deposition process and the
subsequent annealing steps that would be used to activate the MOSFET
source/drain implants. That is, no interfacial layer was found to be formed
between the HfOs and the polysilicon gates if the polysilicon deposition
temperature was kept below 600°C, and the RTA anneals were carried out al
1000°C. However, the same report indicated that an unwanted interfacial $i0;
layer IL does form between the HfOs and the silicon substrate during the HfOy
deposition (Fig. 4-17). In addition, some crystallization of the HfO3 is observed
to occur during the RTA anneal steps. A more recent study claims that HfO,
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Fig. 817 HR-TEM showing HfO, (~38A) and IL (~6A): (a) after PDA, and (b) and (c)
RTA 900°C and 1000°C for 1 min, respectively. ¥ (© 2000 IEEE).

exhibits more thermal stability than does Zr0,.5! Two other papers published at
the same time also states that better MOSFETs were fabricated with HfO, than
with Zr(), as the gate dielectric.7257

The leakage current characteristics of such MOS capacitors was about four
orders of magnitude smaller than a MOS capacitor fabricated with 3102 having
the same 12-A EOT (as a result of the HfO; layer having a physical thickness
more than double that of the 510, layer). However, like other high-k dielectncs,
the HIO; films also tend to trap electrons and thus degrade camer mohility in the
MOSFET channel. In another report, scalability of the EOT of the HIO; layer to
less than 10-A was demonstrated by using a TaN gate electrode to replace the
polysilicon gate electrode.®® That is, the polysilicon-depletion effect is avoided if
a TaN gate electrode is used instead of polysilicon, and therefore an EOT as
small as 8-A can be obtained.

A recent study was published on the use of HISi0N as a high-k gate dielectric.
This is an amorphous material and exhibits smaller leakage currents than does
silicon dioxide at equivalent oxide thicknesses. HiSiON films scaled below 13-A
showed good reliability performance.

4.6.5 Praseodymium Oxide (Pr,0,) as a High-k Gate Dielectric

Another exotic material that has been studied as a high-k gate dielectric is
praseodymium oxide (Pry04).3% The key advantage that is exhibited by MOS
capacitors made with Pro04 layers is that they exhibit ultra-low leakage current
densitics. That is, leakage currents of 5 nA/cm? at 1V have been demonstrated
for PryO4 layers with EOT of 14-A. This is four orders of magnitude lower than
the best reported results for other high-& materials. Such PryO4 films also exhibit
an effective dielectric constant of 31. In addition, no significant hysteresis is
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observed in the C-V measurements, provided the material is furnace annealed
only briefly at 600°C. These layers can also survive an RTA anneal of up to
1000°C for up to 15 seconds with no degradation in electrical properties.

The PryO; layers are polycrystalline. Ordinarily, the dielectric layers of MOS
capacitors have an amorphous structure, and if the structure begins to become
polyerystalline, the films become leaky. High-temperature post-deposition
anneals tend to crystallize the diclectric films, and this can cause an increase in
the leakage currents through other dielectric layers. Apparently this is not the
case with PryOy, It should be noted, however, that although it is possible to
deposit polysilicon films on these layers, the poly/Pry0, interface is rough. (In
this work, instead of using polysilicon as the top electrode, a top electrode to the
Pry04 was formed by evaporating gold onto the PryO4 through a shadow mask.)

The Pry0; layers in this study were deposited by molecular beam epitaxy
(MBE) at temperatures between 625 and 725°C at a growth rate of 0.1-Afsec.
They were then subsequently furnace-annealed at 600°C for 5 minutes in dry
nitrogen. A 1000°C/15 sec RTA anneal in N, was shown to cause no structural
change in the films, and no change in their electrical properties.
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Chapter 5

THE STRUCTURE OF DEEP-SUBMICRON MOSFETS:
Retrograde-Wells; Super-Steep Retrograde Channel Doping;
Drain Engineering: Punchthrough-Control Structures

In Chapter 1 we discussed the evolution of MOSFET structures down to the sub-
micron technology nodes in production at the time publication of this text. In this
chapter we delve further into the details of the MOSFET regions that are
fabricated in such deep-submicron MOSFETSs, namely: 1) retrograde wells for
CMOS twin-well technology; 2) super-steep retrograde (SS5R) channel doping
profiles; 3) drain engineering issues in deep-submicron MOSFETs; and 4)
punchthrough-control structures.

5.1 WELL-FORMATION IN DEEP-SUBMICRON CMOS

Twin-well CMOS is now the dominant CMOS technology in IC production. In
twin-well CMOS each well is formed scparately by implanting the well dopants
into a lightly doped substrate region. Having two well implants allows each well-
type to be tailored separately, permitting independent device performance
adjustments for both PMOS and NMOS transistors. When first introduced, twin-
well CMOS structures were fabricated by using moderate-energy implants to
place both types of well dopant near the wafer surface. These dopants then had to
be driven into the substrate by a long (12-24 hour), high-temperature (>1100°C})
diffusion process (Fig. 5-1). Such a deep drive-in step was needed to prevent
punchthrough from the MOSFET drain regions at the surface to the substrate
under the well. This type of CMOS-well-structure is referred to as a diffused-
well. However, use of diffused-well structures gives rise to some problems which
limits their use when CMOS is scaled below 0.5 pm:

1. Lateral (as well as vertical) diffusion occurs during the diffusion step,
which has the effect of reducing packing density. For example, since the
lateral diffusion is ~0.7 times the junction depth, a typical diffused well
having a vertical junction depth of 3-4-pym, results in a lateral spread of
well dopant of 2-3-pym. Consequently, the maximum aspect ratio of a
diffused well is limited to about 1.6:1 (i.e., wells narrower than about 1.6
times their depth would intermingle with the dopant of adjacent wells).

181
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2. If LOCOS isolation is used, boron from the p-well-dopant implant-step
segregates into the oxide during the long, high-temperature ficld-oxide
growth step. Compensating for this effect requires a separate field-
threshold-adjust implant (also referred to as a channel-stop-implant), prior
to the field-oxidation step. This additional step adds process complexity.

3. Diffusion of the channel-stop-implant dopant into the active regions
during field oxidation adversely affects both the junction-capacitance and
the tumn-off characteristics of the NMOSEETS (see Vol. 3).

4. The lengthy, high-temperature drive-in-step increases process cycle
time, and increases the risk of silicon wafer warpage, bow, and flatness
degradation (and the likelihood of metal contamination from furmace
heating clements).

5. The diffused-well profile for a panticular technology node is the net
result of compromises between the need to control threshold-voltage, to
suppress hot-carrier effects, to control punchthrough and soft-error effects,
and to provide latch-up immunity. For example, a high dopant concentra-
tion is desirable deep in the well to strengthen latch-up immunity. This
cannot be achieved in a diffused-well because doping at the bottom of such
a well must be lower than at the surface, and the maximum surface doping
is set by limits on junction breakdown voltage and junction capacitance.

For all of the above reasons, the diffused-well approach to forming a twin-well
CMOS process becomes less effective for each smaller technology node. As a
result, an alternative method of forming the wells was sought. The technique
adopted to replace the older diffused-well structure when CMOS technologies are
scaled below about 0.5-uym involves retrograde-well formation with high-energy
fon-implant steps.

5.1.1 Retrograde-Wells for Deep-Submicron GMOS

The medium-energy implant steps used to introduce well-dopants into the
substrate in the diffused-well approach (50-100-keV), can be replaced with high-
energy-implant steps (300-keV to 1-Mev). Such high-energy implants cause the
peak of the implant to be located considerably deeper within the silicon substrate
(at roughly |-um for the energies most frequently used in high-energy implant
processes). Since the implant peak is now far beneath the silicon surface, the
impurity concentration thus decreases as the doping profile approaches the wafer
surface. Since the well-profile in this case 15 different from that of a conventional
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Fig. 51 Doping profile in a conventional well formed by a shallow implant and drive-in step.

diffused well (in which the doping concentration after drive-in is highest at the
surface, and decreases monotonically with depth, as seen in Fig. 5-1), such
deeply implanted wells are known as retrograde-wells.® Comparison of the
doping profiles in conventional and implanted p-well profiles {obtained by
simulation) is shown in Fig. 5-2.%-3 The retrograde-doping-profile is retained by
minimizing the temperature-cycles of later process steps (e.g.. by using RTP
instead of furnace anneals).

The retrograde-well approach to forming the twin-well CMOS-structure has
several major advantages over the diffused-well process:

1. Much less lateral-dopant-spread occurs for a retrograde-well having the
same junction depth as a diffused-well, This is because ion implantation is
a more anisotropic dopant-distribution process than diffusion (i.e., the
lateral-straggle for implant encrgies of 500-keV is only ~0.7-uym). In
addition, little additional diffusion occurs after the implant is performed,
since only a short anneal at a relatively low-temperature is needed to
activate the implant. Thus, the toial lateral-dopant-spread barely exceeds 1-
pm after all thermal processing (compared to at least 2-uym for the same
well-depth using a diffused-well process).? Figure 5-3 depicts the doping
concentration profile of a high-energy implanted p-well. In this example,
the implanted p-well is formed by boron implantation at 400-keV,
In addition, high-energy implanters can place dopant beneath a shallow-

* In order to avoid excessive spread of the active-device electrical parameters, the
surface concentration after the retrograde implant should be at least five times smaller
than its final value - which will be set by subsequently performed, shallower low-dose
implants specifically designed for threshold and punchthrough control.
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trench-isclation oxide or a LOCOS field oxide, allowing the CMOS twin-
well structure to be implanted affer the diclectnc isolation features are
formed. (In diffused-wells, the well-dopants must be implanted before the
field-oxide, and driven-in either before - or during - the field-oxidation
step). Thus, since the high-energy implanted wells are formed after the
long, high-temperature cycle needed to grow the LOCOS field-oxide,
lateral-spread of the well-dopants is further reduced. (A higher threshold
voltage can also be achieved in the LOCOS field-regions of the p-wells if
the boron implant is done following field-oxidation, because the boron
does not segregate out into the oxide during the field-oxide growth-step.!)
Hence, the 7-9-uym n*-to-p* spacing required for a twin-well 1.2-um
CMOS process which uses conventional wells, can be reduced to ~5-pm if
retrograde wells are used instead. Such overall reduced lateral-dopant-
diffusion permits higher circuit-packing-densities.

2. By combining the high-energy-implant step with the other lower-energy
MOSFET channel implants (Vq-adjust and punchthrough stopper) and
since minimal thermal diffusion occurs, control of dopant levels throughout
the depth of the well becomes possible with fewer tradeoffs (a task that has

been dubbed “Well Engineering™). This permits optimization of such key
19"
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Fig. 5-3 Example of the doping profile of a retrograde p-well (boron) implant (400 keV).

MOSFET performance characteristics as: device speed (carrier mobility
and, S/D capacitance), inter-device leakage-currents, Vy-control, punch-
through suppression, parasitic-transistor effects, and soft-error and latch-up
resistance. That is, low surface-doping levels increase mobility and de-
crease capacitance. Heavier doping below the surface (retrograde doping)
suppresses minority carrier collection by decreasing depletion widths; thus
reducing soft errors and latchup susceptibility, This degree of flexibility in
optimizing device parameters is not possible with diffused-wells.
Besides the primary benefits of increased packing-density and greater process
flexibility, retrograde-wells offer the following secondary advantages:’

1. A retarded electric field is created in the parasitic-vertical-bapolar-
transistor, thereby reducing its current gain. This affords some exira
protection against latchup.

2. Susceptibility to vertical-punchthrough is reduced without having to
significantly raise the surface-doping-concentration.

3. The conductivity in the bottom of the well is increased, which also
provides additional resistance against latchup.

4. The shallower well depth should also make the drain of the parasitic
nt-to-n-well (or p*-to-p-well) parasitic-FETs shallower. This contributes
to improvements in both the short-channel threshold-roll-off-effect and
the in the punchthrough characteristics of these parasitic field-region
devices (see Vol. 3, Chap. 6).
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5. The formation of retrograde-wells with high-energy implants results in
a reduced-doping-concentration under the bottom of the source and drain
regions, which reduces the source/drain-to-body junction-capacitance.

However, some concerns associated with the retrograde process should also be
mentioned. First, the process requires a thick photoresist as a masking matenial
for the high-energy implant. Typical resist thicknesses are 2.0-2.5-pm, and
special exposure and development technigues are required for this process.
Implant shadowing arising from the use of such thick resists must also be
addressed. (We will address the challenges associated with the use of thick resists
as high-energy-implant masks in more detail at the end of this section.} Questions
have also been raised about the possibility that the high-energy implants could
cause damage that may degrade device and circuit performance.

5.1.2 Process Integration Issues Involving the Use of Relrograde Wells

Advanced twin-well CMOS processes with both retrograde n- and p-wells (using
short [~5 min] RTP well-drive-in steps), were reported for submicron applic-
ations as early as 1991.% Further advances continoed throughout the decade.
Scaling CMOS to 0.5-um and below reduces the well depths required to prevent
vertical punchthrough and latchup. In tum, as device and isolation dimensions
shrink with each device node, retrograde-well implant-energies for both DRAM
and logic circuits are also gradually being reduced. However, the retrograde-well
implants used for DRAM devices typically require higher doses than those used
in logic devices (i.e., to achieve better minority-carrier suppression [sofi-error
rate]). This, in tum, requires a higher well-implant-energy (to avoid excessive
dopant in the near-surface [channel] region). In addition, the well-depth and well-
dopant-concentration can be reduced if additional, lower-energy implants are
precisely located with respect to the transistor structure (to suppress punch-
through of the MOSFET channels and enhance the field-isolation characteristics).
The high-energy implant step used to form retrograde-wells in deep-
submicron-CMOS is typically performed together with the Vp-adjust,
punchthrough, and channel stop (isolation) implants. These implants are all done
in the same implanter, without removing the wafers from the implant process
chamber in between (unless channel engineering implants [that use high wafer-
tilt-angle for precision dopant placement] are required - sce Sect. 5.4). Such a
“chained” implant sequence is performed by doing the highest-energy implant
first, with the lowest-energy implant being done last. This ensures that no ions
traverse the end-of-range (EOR) damage of a previous implant. Note that because
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of economic requirements for high equipment utilization, this sequence must be
carried out in an implanter that has the capability of doing not only high-energy
implants (e.g., up to about 1-MeV for the retrograde n-well implant), but also
lower-energy boron implants (down to about 10-keV, for the NMOS Vy-adjust
implant).

An example of a “chained implant” retrograde twin-well CMOS process is
given in Ref, 7. Here, a retrograde n-well is formed by a 600-keV, 3x10'? cm-?
phosphorus implant. Then, a second phosphorus implant (150-keV, 4x10'2 cmr?)
is used to obtain both punchthrough prevention and intra-ficld isolation {channel
stop), and a third phosphorus implant (70-keV, 6x1012 em-2) sets the threshold
voltage. In an identical manner, three selective boron implants are placed in the
p-well region. The retrograde p-well implant is boron at 300-keV, 3x10!? em™2.
Then a punchthrough/channel-stop-implant at 150-keV, 4x10'2 em? and a
threshold-adjust-implant at 30-keV, 5.5x1012 cm? are added. The process
displays very good inter-well isolation characteristics, which allows a minimum
pt-to-n* spacing 40% lower than the same process without retrograde wells. It
also achieves very good intra-well isolation, allowing n*-to-n* (and p*-to-p*)
device separation of 0.5-um, without an additional channel-stop implant.

From a manufacturing perspective, the well-formation sequence thus appears
to be a single implant step, reducing manufacturing complexity and cost. Figure
5-4 compares an advanced diffused-well process with a high-energy implanted
process up to gate oxidation, showing the process simplification possible with
“well-engincering.” Eliminating process steps has other benefits besides reducing
cycle time, These include a reduction in work-in-progress (WIP) inventory, less
wafer handling, and fewer defects.

The cycle-time and cost savings obtained from such a “chained-implant”
sequence was assessed by SEMATECH. They sponsored a comparison of a
baseline diffused-well process with a high-energy retrograde-well process at two
different chip manufacturers. The high-energy processes were engincered to
achieve minimum cycle-time and maximum cost savings, while maintaining the
same basic device and circuit parametric data (and thus were identical to the
baseline processes after gate-oxidation). Significant improvements in cycle-time,
cost, and device-performance were achieved by both companies.

By chaining these implants, the doping-profile in the well-regions of the
MOSFETs has a modulated characteristic as depicted in Fig. 5-5 (where the term
“modulated” means that the doping-concentration-profile has several maxima
and minima),” The incorporation of such multiple implants to form a modulated
well has become a firmly established processing approach in chip production.



188 SILICON PROCESSING FOR THE VLSI ERA - VOLUME IV

Fig. 5-4 Fabrication sequences for: a) conventional-diffused-well and; b) high-energy-
implanted-well processes.

Another issue of using high-energy implants to introduce the well and
isolation dopants involves implant shadowing. That is, as shown in Fig. 5-6a,
thick photoresist films must be used as masks against the high-energy implant
(e.g., 2.0-2.5 pym thick). The doping asymmetry resulting from high energy
implants with a small (77) tilt angle can have significant effects on retrograde
well structures and inter-well isolation. Figure 5-7 depicts the simulated doping
profiles from a 1 MeV phosphorus implant with a 7° til.¥ The simulation
accounted for the fact that opposite corners of the photoresist will wear down and
carbonize differently because of the asymmetry in the incoming ion beam. As the
sidewall shape of the photoresist changes with time, this will affect the implanted
profile in the silicon. The doping profiles in Fig. 5-7 clearly show a bulge of
lightly doped matenal on the shadow side of the profile. More seriously, on the
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incoming side, a channel doped to 20% of the peak-concentration extends from
the projected range up to the surface. Doping variations such as these can
adversely affect the mobilities and junction-capacitances of the resulting devices.
This will also make it harder to maintain adequate isolation structures as isolation
widths scale below 400-nm. These problems can be mitigated by reducing the
tilt-angle to the 2-4° range, using 0°-tilt. However, using 0°-tilt-implants is not
always possible, due to channeling effects (which are severe at high energies).

An alternative solution to the implant shadowing problem during high-energy

Dizaas w S0
Burad m 3% " Busar w T

i = o

Fig. 56 The geometric effects of jon implaniation into a narrow aclive region: a) low-tll-
angle shadowing and well misalignment; b) low-tilt quad implant provides both lateral
and vertical (no channeling) uniformity.
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7°-tilt implants is to reposition the wafers part-way through the implant process.
If the wafers are repositioned four times, and 25% of the total dose is implanted
with the wafer in each position (guad implant), all the areas of the exposed
silicon surface will receive the same implant dose, eliminating the implant-
shadowing problem (Fig. 5-6b). That is, well profiles are symmetric, both
laterally and vertically, and shadowing effects near the surface are compensated.

A high-energy batch-implanter capable of performing low-tilt quad-implants
without unloading the wafers from the disk addresses the isolation scaling
problem with high productivity. Since it is not practical to scan a high-energy ion
beam, implanters with fixed beams and batch end-stations using simultaneous
disk spinning and scanning is the method-of-choice for process uniformity. The
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Fig. 5-8 /n situ quad implanis can be run on a baich end-station with orthogonal tilt axes
{designated o and ).

quad-implant capability is achieved with a disk chamber as shown in Fig. 5-8.7
Here the disk can be independently tilted in two orthogonal directions, Such
batch high-energy implanters are sold by Axcelis Corp. Single-wafer high-energy
implanters are also commercially available. A model offered by Applied
Materials also permits tilting the wafer and repositioning it scveral times during
an implant step. Higher tilt-angle control is claimed for such single-wafer high-
energy implanters compared to the batch l.:fpus.m

5.2 SUPERSTEEP RETROGRADE (SSR) CHANNEL DOPING PROFILES

The appropriate choice of substrate doping and engineering of doped layers
under the gate are critical to optimum performance of deep-submicron MOSFETs
{with respect to drain-to-source punchthrough, threshold voltage, and channel
mobility). Specifically, the doping-density in the region between the source and
drain must increase as the gate-length 15 reduced to prevent punchthrough. As
shown in Fig. 5-9, the mean channel-doping-density needed to control punch-
through when gate lengths scale below about 0.13-ym begins to exceed
5x10'7/em?. However, to avoid reduction of carrier mobility in the channel, the
doping at the surface must be kept below 5x10'7/em? to obtain the universal
mobility curve.!! To allow the surface concentration to be kept below this value,
and still have a mean doping concentration in the channel above this number, a
vertical refrograde doping concentration profile is needed in the channel region.
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Assume that a lighter doped surface layer with a concentration of 1x10!7/em?
exists down to a depth X; (taken to be approximately 1/2 of the source/drain
junction depth J{j}. and that at that depth the doping abruptly changes to the value
needed for the heavily doped punchthrough-control layer. Figure 5-10 shows the
scaling required for X at each technology generation. Because the transition in
doping concentration from the lighter doped region near the surface to the heav-
ily doped punchthrough-control region below must occur over such a short dis-
tance, the gradient in the doping concentration must be very steep. Hence, such a
doping concentration profile is termed a super-steep reirograde (SSR) profile.
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Fig. 5-10 Typical thickness of lighter-doped layer and total number of impurity atoms for
10V7/cm? surface doping density. 11
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The formation of SSR channel-doping-profiles for technology nodes from
0.18-pm down to about 0.1-ym is done using ion implantation (in place of the
conventional Vy-adjust implant step). In these implant processes, however,
higher-mass dopants are substituted for the dopants typically used to carry out the
Vo—adjust implants. That 15, indium (In) is used instead of boron (B) for the
NMOS devices, and either arsenic (As) or antimony (Sb) replace phosphorus (P)
in PMOS devices. Heavier implant species provide stecper as-implanted profiles
{due to their smaller straggle), and the heavier ions have reduced diffusivity
{(keeping the as-implanted profile from spreading out dunng subsequent thermal
processes). Thus, well-profiles implanted with In and As {using implant energies
in the 100-200-keV range) can be fabricated with sufficiently low doping
(~5x10'%cm?) at the gate-oxide interface, and a higher peak doping level
(~1x10'%cm?) 80-nm below the gate oxide. (Note that peak doping
concentrations of indium cannot be made higher than about 10'%/cm® because of
the solubility limit of indium atoms in silicon.)

Figure 5-1la shows indium doping-profiles for various annealing
temperatures, up to 1000°C.12 It is evident that little change occurs in the as-
implanted indium doping profile for annealing temperatures up to 1000°C,
making it a promising candidate for forming SSE channel-doping-profiles.
Indium implants for retrograde-channels in NMOSFETs have been reported in
some cases to improve subthreshold-slopes relative to conventional boron
implanted-channels,!2-13 while in another case it was found to have degraded the
subthreshold-slope. !4 It is generally agreed that SSR doping-profiles are effective
at reducing short-channel-effects and drain-induced-bamier-lowering, but it is not
equally certain whether this translates into overall improvement in device
performance (as this also depends on many other variables, including gate-oxide-
thickness, gate-length, and junction-doping). Figures 5-11b and 11c, respectively,
show the vertical concentration-doping-profile for an 55R and a conventional
process for PMOSFETs (Sb for SSR, and P for the conventional process), and
NMOSFETs (indium for $SR, and boron for the conventional process). 13

The use of SS5R channel-doping-profiles is entering some mainstream process
flows, despite disagreements over their advantages compared to conventional
channel-profiles. In late 1999, the successful fabrication of 100-nm-gate-length
devices was reported, They were built using SSR channel-profiles, source/drain-
extensions, and deep source/drain-regions for contact. A 100-nm-process yielded
devices with 1.04-mAJum (NMOS) and 0.46 -mA/um (PMOS) on-currents at 1.5
V with 3-nA/uym off-current. This process uses indium and arsenic as the implant
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Fig. 5-11 a) 5IMS data of indium profiles over a large range of annealing temperatures.
Conventional and retrograde doping profiles (simulated) for b) NMOS and ¢) PMOS .12
species for the SSR-channel-doping-profiles, low-energy boron and arsenic
source/drain-extensions, and high-angle pocket-implants. 16

The source for indium ions in implant processes is InCly, a solid material at
room temperature. The production of ion beams from solid InCly presents some
special challenges for ion implanters. First, InCly is hygroscopic (i.e., it readily
absorbs moisture), and thus may require excessive outgassing if not handled
properly outside of the ion-source vaporiser. In addition, although InCl, is a
solid, it has a low melting-point. Thus, indirect heating from a second vaporiser
in the ion-source may cause unintentional vaporization. Both of these effects can
lead to premature loss of the source charge, as well as the problem of indium
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coating in and around the source area. Finally, even during normal operation,
indium tends to drift down the beamline, covering the beamline components.
This creates a nisk of cross-contamination, since the indium atoms can be dis-
lodged from these surfaces if they are struck by ion beams of other species.

Two ion-implanter features can adequately suppress such effects. First, active
cooling in the source climinates indirect heating, decreasing indium-loss and
excess beamline-coating, Second, an electrostatic (or other) filtering element near
the end-station greatly reduces the magnitude of such cross-contamination,
allowing all species to be run on a single implanter. The latest generations of
single-wafer, medium-current-implanters incorporate such features, 17

5.2.1 Fabricating SSR Profiles for Sub-0.1 pm MOSFETs

When gate-lengths scale below 0.1-pm, it probably will no longer be possible to
create SSR channel-doping-profiles using ion implantation (even if In and As are
used as the implanted species). For example, if a lightly-doped surface-layer is
established for a 50-nm-generation MOSFET (with a doping concentration of
1x10'7/em?), the heavily-doped punchthrough-control layer (10'%em?) will have
begin at a depth of just 7-nm beneath the silicon surface. Since the width of the
surface-inversion-layer is typically thinner than 7-nm, the channel electrons will
still be located primarily in the lightly-doped surface-region. However, thin
surface-layers with such an abrupt doping-concentration-increase cannot be
fabricated with ion implantation (and its ancillary anncaling processes). Other
doping techniques, such as low-temperature selective-epitaxy (of perhaps Si-Ge
layers!?) will likely be needed for 50-nm and beyond MOSFETs."

5.3 SOURCE/DRAIN ENGINEERING IN DEEP-SUBMICRON CMOS

In deep-submicron MOSFETSs, the typical source/drain contact-structures consist
of two regions: 1) A shallow source/drain-extension-region (SDE), with a
junction-depth I{j: and 2) A deeper contact-source/drain-region, with a junction-
depth X;c. As also described in Chap. 1, when MOSFETs were first designed
with such two-region source/drain-structures, the first-region had lighter doping
than the second-region (and it was in fact called a lightly-doped drain (LDD) re-

* Figure 5-10 also shows a graph of Ny (the total number of impurity atoms in the lightly
doped layer) versus technology generation. For 50-nm and below, this valuc approaches a
small number (< 10), so that for cases where the doping density is important to device
operation, any device parameter depending strongly on Ny will show large statistical
fuctuations from device-to-device. If all parameters depend only very weakly on Ny then
the layer may as well be undoped,!® so that V-control relates 1o the positioning of the
step (i.e., the increase in doping) and the doping in the heavily doped layer.
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gion. This region was added to the single-region MOSFET drain-structures at
about the time when MOSFETs were scaled below 1.5-pm. Its function was to
reduce the peak electric-field (and thus hot-electron-injection) near the drain-end
of the channel. However, as MOSFETs gate-lengths were scaled o the deep-
submicron regime, the power-supply voltages also had to be reduced, and this
resulted in a significant decrease in the peak electric-field near the drain. Hence,
the LDD region was no longer needed to suppress hot-carmier-injection effects.

However, in deep-submicron MOSFETS the SDE-region remains a part of the
drain structure. But, its role now is o reduce short-channel-effects. The drain
contact-region is required to accommodate the thickness of the salicide contact-
layer and minimize junction-leakage. Nevertheless, the junction depth ch of the
contact-region should not be larger than that needed to meet these conditions.
That is, the greater the junction-depth, the larger must be the width of the
sidewall-spacer. This, in turn, will result in a longer SDE-region (which increases
the value of the parasitic SDE-resistance, Rgpp). In Sect 5.3.1.3, we will see that
to enable a MOSFET to deliver improved performance as the gate length is
scaled, it is critical that the source/drain contact design should minimize both the
parasitic series-resistance-effects and the salicide-substrate contact-resistance. In
addition, to ensure that shont-channel-effects are effectively controlled as the
MOSFET is scaled, both Xjand Xjc will also have to appropriately scaled,

Figure 5-12 shows the depths of the source/drain-region junctions and
undoped channel-region as MOSFETS are scaled below 200-nm (where L, is the
lithographically-drawn gate-length), as taken from the ITRS 1999 studf.m'!'he
design rules used in ITRS 2001 to calculate these same values have been relaxed
slightly from those in the 1999 study: 1) the source/drain-contact junction-depth
is 1.1 Ly (£33%), compared to 0.8 L, ; 2) the source/drain-extension junction-
depth is 0.55 L; (£25%), compared to 0.4 L, ; and 3) the undoped region near the
Si/gate-oxide interface in a super-steep retrograde doped channel (S5R) is 0.3 L
(x25%), compared to 0.2 L. Creating and maintaining these ultra-shallow
junctions remains a fundamental challenge for doping and metrology techniques.

In this section we will discuss two subjects related to the formation of the
source/drain-structure in deep-submicron MOSFETs, namely: 1) the issues
involved in keeping the value of the resistance of the drain region Rg (which is
the sum of the parasitic resistance components and contact resistance), to a valoe
that is sufficiently low to meet the requirements of scaled-MOSFET device-
design, and 2) the process technolegy needed to form shallow SDE-junctions,



THE 5TRUCTURE OF DEEP-SUEBMICRON MOSFETS 187

1000
CMOS Junclion Scaling 1
]
—— [ ]
E ot X, (eoniacl=0 7L _+-33%
X, ledanaionjs0 A", +1-25%
[SSRO=0.2_+/-25%
8
§ W Lo E
= i SR
ke
A0
1 A - PR ————
[} 100 1000

Gale Size (nm)
Fig. 5-12 Source/drain junction and undoped-channel depths for planar CMOS on bulk-Si.

5.3.1 Resistance of Deep-Submicron Source/Drains

In the planar MOSFET, the device-region in which transistor-action occurs is the
channel under the gate. The current coming from the metal-interconnect lines
must flow from the metal-Si-contact to the edge of the channel through the
source or drain regions (Fig. 5-13). In the MOSFET, current enters the contact
perpendicular to the wafer-surface, and then travels parallel to the surface in
order to reach the channel. The total parasitic series-resistance, R, of the current
path from the contact to the edge of the channel of a single-region drain (i.¢., one

(ay

b -

Flg. 513 Schematic drawing showing: a) current paths within the source and drain
regions, of a planar MOSFET and; b) their corresponding representalive serics resistance
componenis.?! (© 1987 IEEE),
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that does not have an LDD or a SDE) can be modeled by the sum of four
componenis;2]

Rg = Rgp + Rgp + Rgp + Ry (5.1)
where R, is the contact resistance between the metal and the source/drain
region, Ry, is the sheer resistance of the bulk region of the source and drain, Rsp
describes the resistance of the current lines crowding near the channel end of the
source, and R, is the accumulation-layer resistance.

If the MOSFET drain has an SDE, the Ry, component of Rg can be replaced
by Rgpg, as indicated in Fig. 5-14, so that Rg is now given by:

Rg= R,y +Repp+ Egp-i-ﬂm 5.2)
In any case, the value of Rg must be viewed from the perspective of how il
affects the performance of a MOSFET. Specifically, its value must be compared
to that of the channel-resistance R, of the MOSFET in its ON state:

Rsat = Yoo/lpsar 15.3)
When the external resistance of the source + drain regions is equal to
approximately 10% of the value of Rg,,, the saturation-drain-current I, 1§
reduced by about 8%. In most MOSFET design approaches, the goal is to keep
Ipeat from being reduced by no more than 10% due to such series-resistance of
the source and drain regions. Thus, it is useful to analyze the components of Re,
so that it can be understood what factors can be adjusted to keep the value of Rg
to the value which will meet the Ijy.,,-degradation design goal.

Fig. 5-14 Schematic drawing of the components of source or drain resistance in a deep-
submicron MOSFET.
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For future scaling, the value of Ry, (actually R, W, normalized per unit
device width} is given by:

ReaW = Vpptax(0.4Tv €0y [Vpp — Vo) = 15, (0.376v8.) (5.4)
Equation 5-4 indicates that since t,, will continue to be made smaller as
MOGSFETs are scaled, the value of R W will also decrease as the devices are
scaled. This implies that the value of Rg will also have to be made lower with
cach technology node. Before we examine in detail the implications of a
decreasing Ry, (and therefore also a decreasing Re), we first need to give a more
thorough discussion of the physical meaning of the parasitic resistance
components of the drain contact region, namely R, Ry, and Rgpp.

5.3.1.1 Physical Meaning of Ryg, Rgp, and Rgpe: Let us discuss the physical
onigins of the three parasitic resistance components of the drain/source-regions,
with respect to deep-submicron NMOSFET structures. Figure 5-15 depicts the
doping gradient of an a*-p junction at the source (or drain) end of an NMOSFET,
The dotted lines indicate contours of constant doping concentration. We define
the end of the MOSFET channel as the location where the metallergical junction
occurs (i.c., where Np = N, at the surface). When the MOSFET 1s turned ON, an
inversion layer is induced along the length of the channel (i.e., in the substrate-
region - where for this NMOSFET the doping is p-type). However, because the
gate is an equipotential region, the positive bias needed to turn the MOSFET ON,
will have a different effect on the silicon region under the gate if it is doped n-
type. That is, in the region where the drain doping overlaps under the gate edge,
an accumulation-layer (instead of an inversion-layer) is formed (dark region in
Fig. 5-15).

The length of the accumulation-region is determined by the point where the
induced (accumulated) carrier-concentration at the surface equals the background
doping level. For example, a typical bias induces ~10'%cm? carriers in the ac-
cumulation layer while the maximum doping level in the source/drain region is in
the 1029-102!/cm? range. Therefore, the accumulation-layer has a more negli-
gible effect in the more heavily doped region of the drain (i.e., further away from
the channel edge). Nevertheless, there is still a component of resistance due to
the resistance of the accumulation-layer in series with the channel-ON-resistance,
and this component is referred to as the accumulation-resistance, R, .. Both the
accumulation-layer and the inversion-layer have about the same thickness (which
is given by X.and to which we will refer again in the discussion on Ri‘p:" In any
case, for deep-submicron MOSFETs, the length of the accumulation-layer is so
short, that R,.does not play a significant role in causing the value of Rg 1o
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Fig. 518 Details of structures near the vicinity of the channel end. The dotted lines are
contours of constant concentration. Dark region represents the sccumulation layer.?! (©
1987 IEEE).
rise as the devices are scaled. Hence, we will not consider this component any
Surther in discussing the problem of the increase in R as the MOSFET is scaled,

Let us consider Ry, next, as this parasitic resistance component does play a
role in the increase of Rg as the devices are scaled in the deep-submicron regime.
Qualitatively, for a non-abrupt junction (i.e., where the doping contours are
spaced over some finite distance, as depicted in Fig. 5-15), R".ip arises because
after leaving the channel, the current does not immediately spread into the bulk
of the source-drain regions (where the resistance effect is given by Rgpgp).
Instead, the carmers leave the accomulation layer and spread out as they move
from the thin accumulation layer into the (laterally) uniformly-doped SDE-region
of the source or drain SDE (Fig. 5-16).22 This resistance component is called the
spreading resistance, Rsp

An analytical approximation for calculating the value of HSP is given by:

Rsp ~ (2p/mW) In (BX{Xc) (5.5)
where p is the resistivity of the SDE-region, and X is the inversion-/
accumulation-layer thickness, and P is a constant that varies from 0.37 to 0.9
(depending on the method of derivation). For the purpose of this discussion, an
intermediate value of 0.58 will be used.?!

The value of the series-resistance component Repg of the SDE-region as
shown in Fig. 5-14 can be estimated from (i.e., R = pl/A):
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Fig. 5-16 Schematic diagram showing the resistance component associated with the
injection region where the current spreads from a thin surface layer into a uniformly
doped source or drain 1'ntgin:11r1.11 (& 1983 IEEE)
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Without resorting to a two-dimensional analysis to calculate the length of the
SDE region lgng, a reasonable estimate of its value is L, /2 (where L; is the
lithographically drawn gate-length). Thus, since .'-'{j ~0.55 L; (as described in the
introduction of this section), with scaling the ratio of lgpg to the SDE junction-
depth X; will remain approximately 1.2.
The sum of Ry, and Rgpg will give the value of the parasitic series resistance
component of the SDE region of the drain contact structure. That is, when Eq.
5.5 and 5.6 are added together we get:

(Ryp + Rspp)W = p (Uspe/X)) [1 + 2Xjfr lsp) In (BXyXc)] (5.7)
From Eq. 5-7 it can be seen that, in effect, Ry, multiplies the resistance of the
SDE region by the quantity given in the brackets of Eq. 5-7. This quantity is
expected to range from a factor of 2,09 at the 250-nm generation to about 1.48 at
the 50-nm generation, which indicates the Rsp plays a significant role in the
parasitic resistance of deep-submicron MOSFETs, and it would be beneficial if
methods could be developed that could reduce its value,

5.3.1.2 Comparing the Resistance of the SDE Region (Rgp + Rggel 10 Rggp With
the equations derived in Sect. 5.3.1.1 it becomes possible to estimate the values
of (Rgp + Rgpg) that will be required for MOSFETs scaled down to 50-nm. (Note
that l.|'|.15 analysis was adapted from Ref. 23.) The center curve of Fig. 5-17 shows
the calculated values of the channel resistance R, ;W (in {2-cm) of MOSFETs
from the 0.25-pym (250-nm) node down to the 50-nm node. The upper and lower
curves show what the value of Eﬂ{Rsp + RgpglW would be if the SDE region had
sheet resistance values of 500-C0sq and 1000-£/sq, respectively. Note that
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Fig. 5-17 Allowed values of drain (or source) extension resistance considering both bulk
extension resisiance Rgpy: and exiension spreading resistance Ry, ™

values are shown for n-channel devices, p-channel devices would be about 20%
higher. In addition, 2Ry + Rgpp)W is used because the source and drain
contact regions each contribute to the resistance in series with Rg, W.

The data in Fig. 5-17 indicates that the sheet resistance values of {RSP + Repg)
will need to be about 650-L/sq for 250-nm MOSFETs and about 900-Ll/sq for
30-nm MOSFETs if the value of 20(Rg, + Rgpp/W needed to limit the
degradation in Ipg,, to B-10% is to be achieved, However, since the junction-
depths of the SDE-regions decrease as the gate-lengths are reduced, in order to
keep the sheet-resistance-values in the 650-900-£2/sq range, the average doping-
densitics in the SDE-regions will have to be increased. As shown in Fig. 5-17,
the peak values of doping will have to exceed 10'%em? (e.g., for the 50-nm node,
the peak doping will have be 5.5x10!%cm?).

By 2001 it was determined that junctions whose depth was 35-nm could be
fabricated with 0.5-keV implants and spike-anneals, but that this was about as
low as could be practically achieved (see Sect. 5.3.3). Thus, for 0.1-uym
technologies, it will be possible to fabricate SDE-regions with adequately
shallow junctions and sufficiently low-values of sheet-resistance. However, it is
not clear if it will be possible to do this for 50-nm devices, since the junction-
depth will have to decreased to about 20-25-nm, and this will mean that the sheet
resistance will have to be significantly increased above 350-L)/sq,

Also note that the model for Ry, given by Eq. 5-5 does not include the effect
of the steepness of the lateral-doping-concentration-gradient of the SDE-implant.
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As MOSFETs are scaled below 100 nm, this effect becomes the dominant factor
that controls the value of Rsp‘ We discuss this issue forther in Sect. 5.3.5.

Since increasing the concentration of dopants in the shallow SDE-regions is a
difficult task, other ways to reduce the value of the resistance of the SDE-regions
have also been sought. From Eq. 5-6 it can be seen that if the length of the SDE
region could be reduced, the value of its resistance would also be decreased.
While this can be accomplished by decreasing the width of the sidewall spacer,
this is not practical in the conventional deep-micron MOSFET -structure. That is,
since a deep contact-region is needed (to accommodate the reacted salicide-layer,
see Sect 5.3.1.3), the lateral-straggle of the deeper contact-implant would
penetrate under the gate edge too far if such a narrower sidewall-spacer is used.
However, as we will discuss in Sect. 5.3.2, incorporating elevated-source/drains
into the MOSFET structure would permit the use of such narrow sidewall-
spacers, thus allowing the resistance of the SDE-region to be made smaller.

5.3.1.3 Parasitic-Reslstance R, of the Deeper Contact-Reglon of the Drain:
Although the contact-region of the drain-structure has a deeper junction-depth
than the SDE, it can also contribute significantly to the parasitic series resistance
of the drain structure, namely through the contact resistance, R, That is, a
salicide (TiSi; or CoSis) is formed on the surface of the contact-region by
sputter-depositing a layer of Ti (or Co) onto the wafer. Then the Ti (or Co) is
reacted with the silicon at elevated temperatures, forming the salicide layer. This
salicide-layer (and the kinetics of its formation) play a role in the value of R,
A simple model for R, (or R, W) is given by:2!

10° . . : : . :
g
E 1
g '} - -
E = L Ilﬁal:l-'l"".:i _,-—’":3{
EF: - .‘ﬂlﬂﬂ‘
i v Caloulated Valoes
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Fig. 5-18 Allowed values of drain (or source) contact-resistance,2
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where p.. is the specific contact resistivity of the silicon-to-silicide interface (in
£2-cm®). This can again be compared with the channel-resistance Ry, Figure 5-
18 gives valoes of 20R.,W for a 10% contribution of (source + drain) contact
resistance. To have a 10% or less contribution, the data in Fig. 5-18 indicates that
p. must be in the range of 10°-7-0-cm? for 0.25-gm MOSFETSs, but must get
down to around 4x10-3-C-cm? for 50-nm MOSFETs. It has been demonsirated
that for a barner height of about 0.5-eV, the required doping-density needed to
achieve such a low value of g, is above 102%/cm?, This means that the silicon
regions in contact with the silicide will have be very-heavily doped, a condition
that may not be possible to attain in 50-nm MOSFETs with conventional
structures, for reasons we describe next.

When the silicide is formed on the source/drain contact-regions by the
reaction of Ti (or Co) and silicon, some of the silicon in the substrate is
consumed (i.e., when TiSi, is formed, the silicon consumed is about 75% of that
of the thickness of the final silicide film, while for CoSi,, even more silicon is
consumed — aboul equal to the thickness of the CoSi, that is formed). This has
two repercussions. First, the contact-region of the drain must deep enough so that
the junction is not entirely lost as a result of the silicide-formation. To keep the
implanted dopants from negating the benefits of the shallow SDE-junction (as a
result of lateral-straggle that causes the implanted species to penetrate laterally
under the implant-mask edge) a sufficiently wide gate-sidewall spacer must be
used to mask the contact-region-implant, This impacts the resistance of the SDE-
region, through an increase in lgpp. Second, the silicon consumed is that nearest
the surface, just where its doping concentration is the highest. The interface
between the resultant silicide and the silicon is far below the initial silicon
surface, where the implanted doping-concentration is considerably lower {which
will impact the value of R}, Furthermore, the dopant in the silicon (especially
boron) is known to segregate into the silicide layer, further depleting the doping-
concentration at the silicide-silicon interface. Since the contact-region of the
drain cannot be made arbitrarily deep (due to the fact that lateral-straggle also
increases as the projected-range of the implant is increased), it is not clear that it
will be possible to make contact-regions with doping concentrations that are
adequately high to achieve the required low-values of p.. The use of elevated-
source/drain regions (Sect. 5.3.2) would also allow a way around this obstacle.
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Fig. 5-19 Schematic of elevated-source/drain contacting structure,

5.3.2 MOSFETs with Elevated-Source/Drains

One proposed method for reducing the series-resistance of the source/drain
structures in deep-submicron MOSFETs is to modify the basic device structure
by adding so-called elevared (or raised) source/drains (Fig. 5-19). In this
method, the heavily-doped contact is elevated above the original substrate
surface by forming a selectively-grown epitaxial-Si (or perhaps 5i-Ge) layer.

The MOSFET with elevated-source/draing has several advantages for devices
when they are scaled to 50-nm and beyond. First, the width of the sidewall-
spacer can be made much smaller. This can greatly reduce the resistance of the
SDE region by decreasing its length lenp. Second, the n* contact layer can be
sufficiently thick to contain the salicide layer without junction-leakage problems.
Third, the selective-epitaxy-layer can potentially be heavily-doped duning growth
to obtain a lower contact-resistance. However, two selective-epitaxy processes
will be needed since both n* and p* contacts must be made. The Si-epitaxial-
growth steps occur after the SDE-implant. To keep the dopant of the SDE-region
from diffusing too-far under the gate-edge, the selective-epitaxial-processes will
have to be carried out as sufficiently low temperatures (i.e., probably below
850°C). A technique involving such a low-temperature epitaxial-process for
forming elevated-source/drains was described by Miyano ef al. 2%
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In late-2001, Intel announced that the deep-submicron-MOSFET structure it
intends to use for the next decade is designed with elevated-source/drains {and an
SOl-structure that also employs a high-k dielectric [ZrO,], SSR-channel-doping,
and pocket-implants for ]:luﬂl:hlhrﬂughﬂcﬂ-ﬂrrﬂl}.ﬂ

5.3.3 Shallow-Junction-Formation lor Deep-Submicron Source/Drains

The main thrust for achieving shallow SDE region junction depths is to decrease
the energy of the SDE-implant. For the source/drain-structures of the 0.13-ym
and 0.1-pm technology nodes, single-digit keV energies are expected to be
needed for the implants that will form the drain contact regions, and sub-keV
energies will be needed for the SDE-region-implants.

5.3.3.1 Ultra-Low-Energy Implanls: There are three reasons that reducing the
energy of the implant leads to a decrease in the junction-depth. First, the
projected range Rp of the implant becomes smaller as the energy is reduced.
Second, the straggle and ion-channeling effects both scale with RP (which is
especially important for B implants). Third, TED that occurs during the implant-
annealing step is reduced (see Sect. 5.3.3.2). It turns out that for sub-keV B-
implants the channeling-effects become relatively unimportant (compared to the
broadening of the implant doping profile caused by TED during the annealing
step). For this reason, elaborate measures to reduce channeling (such as
performing a pre-amorphization-implant prior to the low-energy SDE-implant)
are not likely 1o be used for MOSFETs with gate lengths of 0.1-pum and smaller.
The difficulty with implementing such low-energy-implant processes in
manufactuning applications is achieving the productivity that the industry has
been accustomed to getting at higher-implant-energies. For example, at energies
greater than 10-keV, a high-current-implanter with a beam-current between 10-
and 25-mA can implant 230 wafers per hour with the high dose of 4x10'3/cm?.
{Note that beyond 0.18-um, the doses of the SDE will be in the 1-2x10'3/em?
range, and the doses of the contact-regions of source/drains will be even higher.)
At sub-keV energies, the maximum beam-current available on commercial
implanters in the mid-1990s timeframe was in the 1-2-mA range. Even afier a
reduction in dose {(made possible by the decreasing energy), the productivity is
only fraction of what it previously was. The decreased beam-current at lower
energies follows from Child"s law, which states that the maximum ion-current
that can be extracted from any cathode, drops off as V32 where V is the
extraction voltage. While this basic constraint can be somewhat circumvented
{by extracting a larger current at a higher energy and then decelerating the beam
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to a final lower energy; i.e.., what implant vendors refer to as “decel”), the
effective beam-current still decreases with the final energy. With decel, care must
also be taken o minimize eénergy-contamination caused by ion-neutralization
before (or in) the decelerating field. That is, ions neutralized while being
transported in the beamline will not be counted as part of the dose. Furthermore,
they will be implanted at much higher energy, possibly causing deeper junctions
(thus defeating the central purpose of using an ultra-low-energy implant).

There are two commercially available high-current, low-energy-implanter
configurations: 1) barch (or multiwafer) implanters; and 2) single-wafer
implanters. Batch type implanters are sold by Axcelis (GSD/200E® model) and
Applied Materials (Quantum LEAP®), A single-wafer, high-current, low-energy-
implanter (with a scanned ribbon beam) is offered by Varian Semiconductor
(VII5ta-80%). The vendors of the “batch” type low-energy-implanters argue that
the throughput is significantly higher than for single-wafer machines. The batch
systems use a fixed beam, while the single-wafer systems use a scanned beam.
The tuning time for a fixed beam is always shorter than that needed for a scanned
beam, Hence, the set-up time for a batch system is smaller. Capacity modeling
studies have shown that fewer batch low-energy-implant-systems are required
{e.g.. 3 to 4 for a fab that starts 5000-wafers per week with a 0.18-pm process,
versus 5 to 9 single-wafer-implanters), primarily because of the fast tuning in the
batch machines. This reduces the overall capital-cost and cost-per-wafer.

The advantages claimed for the low-energy, single-wafer-implanters are the
following: 1) the angle of the implant with respect to the wafer surface can be
controlled more accurately in a single-wafer-implanter; 2) sputtering of metals
from the spinning disk (the largest source of contamination in batch-implanters)
is climinated; and 3) a 70°-angle analyzing-magnet allows the VIISta-80% to
essentially climinate the problem of energy contamination.

While a significant effort was being expended to improve the productivity by
increasing the beam current, 26 the basic capability of being able to implant at
an ulira-low-energy (i.e., sub-keV) already existed by 2000. (That is, by 2000
implanters were available that could provide 4-mA at 0.2-keV.) This allowed
researchers to investigate the limits of shallow SDE-junction-depths with sub-
keV implants and conventional RTA methods. Drain extensions with junction-
depths that meet 0.1-uym technology requirements were demonstrated.>’ It
appears, however, that it may not be possible to improve on these results unless
either the extension-resistivity-specification is significantly relaxed or new
annealing technologies are developed which provide a smaller thermal budget
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Fig. 5-20 Shcet resistance and source/drain junction depth expectations for CMOS
transistors according to the ITRS99 study for cost and performance-focused product and
gale sizes from 180 nm towards deeply-scaled devices with gates ~20 nm. Also shown
are experimental results for sub-keV B* implants with “spike™ RTA in CZ-Si materials. ™
and are compatible with CMOS processing. That is, in order to meet the
decreased resistivily requirements of the scaled MOSFETS, it is necessary Lo
implant a larger dose or increase the annealing temperature to activate more of
the smaller dose implant. The issue is illustrated in Fig. 5-20, where the ITRS%9
expectations for the source/drain-extension junction-depth and sheet-resistance
are compared (o experimental results for boron-doping with sub-keV B-implants
and a “spike”-RTA process (with a high-temperature thermal-cycle of 1050°C for
| sec). All of the experimental results are above the ~10-3-0-cm resistivity
“wall” (the dark downward-sloping line in this figure). The shaded squares and
trangles in Fig. 5-20 are actual experimental data, whereas the open circles are
expected results that have not yet been attained. The resistivity requirements for
“high performance” MOSFETs are ~10-4-0Q-cm for 20-nm MOSFETs.

As compared to the SDE-regions of the source/drain, higher doping-
concentrations are needed for the contact source/drain-regions. This is because
these regions are used to contact the silicide-layer, and high doping-
concentrations help to reduce the value of R_,. Since these regions are not
adjacent to the channel, they do not have as great an impact on short-channel
behavior as the SDE-junctions. Consequently, doses and implant-energies can be
higher than those permissible for SDE-regions, even when B-implants are used.
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By 2001 the trend of using lower implant energies for the SDE-implant for
each generation appears to have reached a practical limit in terms of device
performance (especially for p-channel transistors). That is, 0.5-keV boron
implants appear to be the lower useful limit for shallow junctions, not just for
0.13-um but for all technologies.2® Below 0.5-keV, the implant becomes less
productive, more costly, and the final junction performance (i.e., the
simultaneous achievement of junction-depth and resistivity) is the same. The
performance limit with a 0.5-keV boron-implant and spike-anneal is a junction-
depth of about 35-nm and a sheet resistance of about 350-£0/sq. It appears that to
further reduce either value, the other must be increased.

5.3.3.2 Transient-Enhanced Diffuslon: The second key reason for developing
dopant implant processes with energics in the sub-keV range (besides reducing
the as-implanted depth), is to minimize the transient-enhanced diffusion (TED)
of the dopant. When high-cnergy ions enter the silicon lattice, they displace
silicon atoms from their laliice sites, creating pairs of vacancies and interstitials.
When the post-implant anncal is initiated, most of these interstitials and
vacancies recombine, but some interstitials remain behind (in an amount about
equal to the quantity of implanted atoms — most of which now occupy the sites
that were formerly filled by the still-displaced silicon interstitials). The fact that
each implanted atom produces about one residual interstitial after a very short
anneal is called the “+] approximation.” TED can be explained by relating its
enhanced-diffusion effects to the presence of these excess interstitials for a wide
range of low- and medium-dose implants, and low- and medium-energies.

The residual excess interstitials rapidly coalesce into such unstable extended-
defects as {311}'s and also into more-stable extended-defects, such as
dislocation loops. While this coalescence occurs because there is a lower system-
encrgy when the interstitials populate extended-defects (compared to when they
exist as individual interstitials), the defects are still metastable. Thus, they
dissolve with continued annealing (especially the {311}-defects). During their
dissolution they emit interstitials into the silicon. The rate at which these defects
dissolve depends on the activation-energy and annealing-temperature.
Mevertheless, as long as these defects exist, an interstitial supersaturation is
maintained (i.e., a higher concentration of interstitials is present than would exist
in the absence of the extended defects). Since boron diffuses by an interstitial
mechanism, its diffusivity is enhanced by the excess interstitials - with the time-
averaged diffusivity-enhancement equal to the time-averaged interstitial-
supersaturation. In any case, both the interstitial-supersaturation and the
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diffusivity-enhancement soon end after the defects have disselved. The
enhancement is thus transient.

The increase in depth of a shallow SDE-junction ﬂ.?ij due to TED can be
expressed in terms of the initial-supersaturation of interstitials and the time of the
interstitial defect dissolution as:

f_‘J{jI = NRpexp [- (-1.4 eV)kT] (5.9)

where N is number of interstitials initially trapped in the defects (approximately
equal to the implanted dose, as noted above) and Ry, is the projected ion range
(which is where the peak concentration of the excess interstitials is initially
located). The lincar dependence of N simply represents the fact that the larger the
dose, the larger the supersaturation, and hence the greater the diffusivity
enhancement. The linear dependence on R, has been demonstrated
experimentally. The nearer the excess interstitials are to the surface, the faster
they reach the surface (where they are annthilated). The linear dependence on Rp
explains why use of ultra-low-energy implants reduces TED effects. That is, if an
ultra-low-energy implant is used, Rp will be small. Thus, the location of the
interstitials will be closer to the surface, allowing them to escape there faster.
Thus, the duration of the transient is shortened, making the value of AX;
smaller,.2? (Later work indicated that for implants below 1-keV in energy, TED | |5
even further reduced because there is less lattice damage per ion.30)

Another important dependence contained in Eq. 5-9 is the negative activation-
encrgy of ﬂjl. which arises from the fact that the interstitial-supersaturation due
te the presence of the extended-defects is larger at a lower temperature. The
negative-activation-energy implies that if the defects are annealed out at a low
temperature, the final junction will be deeper than if the defects are annealed out
at a higher temperature. This is one of the main reasons why the S/D anneals are
currently carried out in an RTA tool rather than in a conventional baich fumace
(that has a ramp-up rate of a few degrees per minute). In an RTA chamber,
significantly less tme is spent during the temperature ramp-up at a lower
temperature (at which the diffusivity-enhancement is larger).

5.3.3.3 Rapid-Thermal-Annealing of Shallow Junctions: To form the shallowest
junction possible using ultra-low-energy implantation, it is necessary to minimize
the thermal-budget after implant. (Thus, as noted above, annealing such implants
is carried out in RTA tools to realize good-quality shallow junctions.) In the ideal
case, the as-implanted-dose would spend “zero™ time at the temperature that
would electrically-activate the dopants and heal the lattice damage from the
implant. (Exposure to a high-temperature for a very-short time is effective
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because the activation-energy for dopant-activation is typically higher than that
for diffusion, thus electrical activation is favored while limiting diffusion.
Reported values for boron are 5.4-eV and 3.4-eV for activation and diffusion,
respectively.) Attempts to reach this ideal annealing condition have led to the
development of so-called “spike” anneals, which consist of very fast ramp-up and
ramp-down of temperature, with virtually zero-time at the peak temperature.
Experiments have shown that the difference in the percentage-of-activation and
sheet-resistance between spike-anneals and those that keep the wafer at
temperature for 10-sec is negligible, On the other hand, for the 10-sec-at-
temperature anneals, the junction-depth increases with temperature 8% This
indicates that spike anneals are more effective at higher peak-temperatures.

In practice, spike anneals have an effectively finite-time at temperature. Also,
in reality, while ramp-up rates as fast as about 200°C/sec are possible, the ramp-
down is limited to approximately 50-80°C/sec. As a result of these deviations
from ideality, it is useful to determine what is a sufficiently-fast ramp-up rate.
The negative-activation-energy of TED seems to indicate that as high a ramp-rate
that can be attained, should be used during a spike anneal. However, experiments
show that for such ultra-fast ramp-rates, the advantage gained by going from
moderately fast (e.g., 100°C/sec) to ultra-fast ramp-up rates (200-400°C/sec) is
relatively small for ultra-low-energy implants. Such a small advantage must be
balanced against the loss of process control (e.g., across-wafer thermal-
uniformity and temperature-repeatability) which inevitably occurs when such
ultra-fast ramp-up-rates are used. The reason the advantage is not very great is
that TED is already sufficiently minimized at 100°C/sec.’2 This reduction in
thermal-budget during ramp-up is negligible compared to the portion of the
thermal budget which cannot be reduced (the finite-dwell-time at temperature
and the relatively low ramp-down-rate).

The data shows that the largest reduction in junction-depth with increased
ramp-up-rates occur for the lowest-energy-implants (see Fig. 5-21).3! Since TED
decreases with decreasing implant-energy, it can be inferred that the advantage 1s
primarily due to the overall thermal-budget and not just of the TED. It is
therefore evident that without the ability to increase the ramp-down-rate (when it
is relatively smaller than the ramp-up-rate), the advantage from increasing the
ramp-up-rate will quickly saturate at ramp-up-rates greater than the ramp-down-
rate. In addition, it has been determined that the ramp-rate is not as good a
measure of the quality of a spike-anneal as is the time spent diffusing the dopant.
That is, since about 90% of the dopant-activation occurs in the short-duration
from approximately 50°C below the peak-temperature to the peak-temperature
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Flg. 5-21 Junciion-depth, measured at a concentration of 1x10'%cm® after spike-
annealing at various ramp-up-rates. The ramp-down-rate was the same in all cases. For
both As and B the advantage from a faster ramp-up is largest for the shallowest implant.
This implies that the reduction in TED (known to decrease with implant-depth) is not the
dominant mechanism responsible for the larger reduction in junction-depths observed for
the shallower-implants with increasing ramp-up-rates. 3!

and back to 50°C below, this interval of time is really a better specification of the
quality of a spike-anneal 28

Figure 5-22 is a survey of published spike-anneal data that was presented in
Ref. 32. It can be seen that many of the data points are coincident, despite having
been taken from different implant-and-annealing conditions (energy, dose, and
ramp-rate). It is evident that more than one set of process conditions can be used
to armive at the same junction properties.

A variety of RTA-tool configurations are commercially available, including
the following: a) linear lamps, double-sided heating; b) axisymmetric lamps,
single-sided heating; ¢) arc lamp; d) hot-plate; and e) hot-wall RTP. Several
general references are available that give detailed descriptions of these types of
RTP tools.**34.3% Data on shallow junctions formed with the various RTP-tool
types can be found in the following references: lamp-based RTP systems (36);
hot-plate (susceptor — 37); and hot-wall RTP (38).

New ways to increase the value of the electrically-active-dopant in shallow-
junction regions are also being actively being researched. Some of these
novel techniques include: 1) laser anneals;?® 2) strain-compensation implants
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Flg. 5-22 Comparison of p-type sheet-resistance and junction-depth data for spike-anneals
using various implant-and-annealing conditions. The data set includes a 400°C/sec ramp-
up-rate and 0.2-keV implant-energy. Note that all the data points fall in a rather narrow
band. No onc has been able 1o make a 30-nm junction with a 300-£}/5q shect-resistance
using ion-implantation and conventional rapid-thermal-annealing. 32

(e.g.. by adding Ge-atoms to the silicon lattice, their larger size compensates for
strain caused by the smaller B atoms. This increases the solubility of the boron
atoms in the silicon.);*0 and 3) using RTP-tools which have a short lamp-
response-time, which increases the ramp-down-rate.#!

5.3.3.4 Dopant Loss for sub-keV Implants from Sell-Sputtering, Out Diffusion,
and Surface Oxlde: Several factors associated with ultra-low-energy implants
give rise to loss of some of the species that are implanted, and they are discussed
in this section. The effects that lead to such dopant loss are: self-sputtering, out-
diffusion, and the presence of a surface oxide during the implant process. When
the dose-loss from all three of these effects are combined, the loss can be large
enough to pose a significant problem for ion-implant processes carried out at
energies of 0.5-keV or lower.

The first phenomenon associated with dopant loss in ultra-low-energy implant
processes is self-sputtering. That is, when any solid-surface (the target) is struck
by an ion-beam, sputtering of atoms from the target will occur. The number of
atoms sputtered for each bombarding ion rises as the energy of the ion decreases.
In particular, when the ions being implanted have energies in the 0.2-1-keV
range, significant sputtering of the target will occur. For example, when 0.5-
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Fig. 5-23 The dose-loss due to self-sputtering depends on how much dopant has already
been implanted. (a) At the start of the implant most of the sputtered atoms are silicon. (b)
As the composition of the near surface layer becomes altered, with an increasing fraction
of them being boron, more boron atoms are sputtered,

keV B-ions strike a silicon target, about one Si-atom is sputtered for every four
implanted B-atoms. Since at such low-energies the implanted species also come
to rest near the Si surface, some of these implanted B-atoms themselves will be
subject to sputtering, In fact, it is expected that with increasing B-dose, more and
more of the implanted B-atoms will be sputtered from the surface. (This
phenomenon is depicted in Fig. 5-23.) Since additional B-implanted-atoms will
be sputtered with increasing dose, this implies that the fraction of implanted dose
that 15 retained in the silicon wafer will decrease with increasing dose. Given the
difficulty associated with achieving a large beam-current at such low-energies, a
further reduction in the retained dose is very undesirable. That is, while the
dopant-loss could be compensated by increasing the implant dose, this will
further decrease throughput (which is already too low).

Figure 5-24 plots the retained-dose compared with the nominal-dose for
various energies.?? It indicates that at 2-keV essentially the entire dose is
retained. But at implant-energies of 0.5-keV and 0.2-keV, a significant fraction
of the implanted-dose has been sputtered out, with the missing fraction rising
with increasing dose. For a nominal-dose of 1x10'3/cm?, sputtering causes a 10%
reduction in the retained dose at 0.5-keV, and a reduction of 20% of the retained
dose at 0.2-keV.,
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If BF;* is used to implant B at low-energies, the sputtering problem is
expected to be even worse than if B is implanted. That is, in BF,*-implantation,
for each implanted B-atom that contnbutes to the retained dose, there are now 3
atoms (one B and 2 F) which can cause sputtering (compared to just one B-atom
for an implant process that uses B*-ions instead). For example, for a nominal
dose of 1x10'3/cm?, we stated that a 0.5-keV B*-implant will cause a 10%
reduction in retained dose, However, if a BF,* implant is carried out so that the
B-atom in the BFy*-ion has the same encrgy as in the 0.5-keV B*-process (i.e.,
the BF,*-ions have energies of 2.2-keV), the reduction in retained-dose increases
to ~20%. The above circumstances imply that caution must be exercised when
comparing junction data from the literature for different sub-keV implants or for
different species. A comrection needs to be applied for the different retained-doses
to allow meaningful comparisons to be made.

The second effect that gives rise to dose-loss is eut-diffusion. Out-diffusion of
implanted species occurs during the annealing steps that are performed after the
implant. As the projected-range Rp of the dopant is decreased (as a result of
implanting at lower energies), the out-diffusion grows worse, The reduction in
retained-dose after a 1000°C/15-sec-anneal is approximately 10% for an implant
encrgy of 0.5-keV, but increases to 15% for (.2-ke'V energies.
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Fig. 5-2§ Retained B-dose as a function of nominal B-dose implanted into (100)-silicon
walers with an as-received native oxide. The trend lines are 3™ order polynomial spline-

fits. For a nominal B-dose of 1x10"%em?2, sputtering leads to a reduction of ~10% in the
retained dose at 0.5-keV, and a reduction of ~20% at 0.2-keV.*?
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The final cause of dopant-loss in sub-keV implants is due to the presence of
an oxide on the silicon-surface during implant. Such an oxide is often
deliberately grown to protect the silicon surface from metal contamination during
the implant process (see Chap. 10, Vol. 1, 2™ Ed.). While this protective oxide
layer can be made quite thin, it nevertheless has a finite thickness. It is clear that
as the implant energy is reduced, a larger fraction of the as-implanted dose will
be located in the protective oxide. Since the oxide is stripped off at the end of the
implant step, the dopant that remains in the oxide cannot contribute to the
formation of the junction. Approximately 25% of the B implanted at 0.5-keV is
lost by removal of a 15-nm-thick surface-oxide, while more than 40% is lost for
0.2-keV implants. With these results, it is possible to estimate the equivalent-
dose needed at lower energies (such as 0.2-keV) to make up for the larger loss as
compared to 0.5-keV implants. For example, it has been calculated that to
successfully implant a dose of 4x10'4/cm? B-atoms at 0.2-keV into the silicon
beyond the protective oxide, the beam-current would have to be as much as 60%
greater than the beam-current at 0.5-keV 1o obtain an equivalent throughput
process.?? To circumvent the oxide dose-loss problem, some ultra-low-energy
implant processes are being carried out without the use of a protective oxide.

In summary, the dose-loss effects are significant for sub-keV implant
processes, and the loss increases as the implant-energy is reduced. For the
extreme case of 0.2-keV implants, as much as 40% of the B-dose can be lost due
to the combined effects of self-sputtering, out-diffusion, and native-oxide
removal for the high doses needed for an SDE-implant.

5.3.4 Eftect of the Overlap of the SDE-Region and Gale-Edge on MOSFET
Performance

In addition to being able to carefully set the junction-depth J{j and length of the
SDE region lgng, it has also been reported that the amount of overlap of the
SDE-region with the gate-edge is also critical for optimum device
performance.*2:57 That is, if the overlap of the SDE-region and the gate-edge is
too great, the deep-submicron MOSFET will suffer excessive leakage (due to
larger short-channel effects that arise if the channel-length is too small).
Excessive leakage means that the off-state current exceeds its maximum design
value (e.g., 1 nAJum). In addition, the gate-to-(drainfsource) overlap-capacitance
increases, which negatively impacts device switching speed.

On the other hand, if the SDE-to-gate-edge-overlap is too small, the ON-state
saturated-dramn-current Iy, will decrease because the SDE-region and the end of
the channel are not electrically well-coupled. Thus, an excessively-high-resist-
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offset spacer

Fig. 5-25 Schematic of a deep-submicron MOSFET with an offsct-sidewall spacer.™

ance-region separates them (and this increases the parasitic resistance of the
source/drain regions, which leads to a decrease in the value of Ii,.).

Controlling the position of the edge of the SDE region with respect to the
gate edge can be done in the following way. First, the implant-and-annealing
processes for forming the SDE (and contact) region of the drain structure are
determined, and the drain structure is formed using these process conditions.
However, an offset-spacer is fabricated on the side of the gate after the gate-poly
is etched (but before the SDE implant step is carried out, Fig. 5-25).57 The width
of this off-set spacer is varied from zero (no-spacer) to some upper-bound (e.g.,
50-nm). Measurements are then made for the MOSFET having different offset-
spacer-widths. The offset-spacer-width that yields optimum device characteristics
(i.e., the best combination of off-current and Ip,,) is taken to be the value that
produces the correct overlap of the SDE-region and the gate edge.

0.7
g 0.5 Tax=4.5nm
E 0.5X (Tox, Vec, Le) Vee=1.8Y
= =0.12m
Z 03 Les
- NMOS Data
0.1 L

0 10 20 30 40 60 SDEOverlap(nm)

Fig. 5-26 I,,,, versus SDE overlap (NMOS). %2
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The results of such a study are shown in Fig. 5-26. In this case, the effects of
SDE-overlap on 0.25-um NMOSFETs were analyzed. The arsenic-implanted
SDE junction-depth }Cj was measured to be 50-nm. Since the lateral diffusion of
the SDE junction under the gate-edge is estimated to be 0.6-0.7 times the vertical
depth (about 30-nm), minus the width of the offset spacer, the SDE-overlap for
each offset spacer width can be determined. Fig. 5-26 shows that if the SDE-
overlap is less than 20-nm, the value of Ip,,, falls off rapidly. Thus, a minimum
overlap of ~20-nm is recommended by this study. Information as to how to form
the offset spacer was not given, but a method (such as re-oxidizing the poly-
silicon gate-structure after it has been etched) is one possible way of doing so.

5.3.5 SDE-Junction Abrupiness

The SDE-region must not only have the correct junction-depth, average-doping-
concentration, and position under the edge of the gate, but recent studies have
shown that there must also be a highly-abrupt lateral-doping-gradient at the
interface of the SDE and the MOSFET channel-regions.**% Not only does such
an abrupt-doping-gradient help limit the lateral-encroachment of the extension-
depletion-regions into the channel, but more importantly it minimizes Rsp‘ The
design rules for lateral-junction-abruptness are that the doping-falloff must be at
least one decade in a distance equal to ~3% of the size of the gate-length (for a
spreading-resistance less than 5% of Rg,,). For 100-nm MOSFETs this means
that the junction-abruptness must be ~3 nm/decade, which is about the profile
slope of as-implanted B at 0.2-keV.45 Since the abruptness will have to increase
even further as smaller MOSFETs are designed, this implies that new techniques
will have to be developed that result in final junction-doping-profiles that are
even steeper than the as-implanted profiles.

The design of the implanter can play a role in the lateral-abruptness of the
SDE as-implanted doping profile. That is, unlike mid- to high-energy ion-implant
applications, channeling-effects are minimal for low-energy, high-current
implants (because of increased channeling acceptance angle). Nevertheless, there
is still a significant difference between single-wafer and batch-implanters due 1o
implant shadowing effects. Ideally, a 0°-implant will give the most-abrupt lateral-
junction because any tilt-angle larger than 0° induces shadowed arcas at the
vicinity of the gate pattern (leading to laterally-graded doping-profiles). If the
incident beam has an angular-spread deviating from the ideal paralle] beam, each
of the ions having different incidence angles will make different shadows. The
result is a loss of dose- and junction-abruptness at the outskirts of the gate. A
single-wafer, parallel-beam-implanter minimizes the incident-angle-variations.
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Spinning-disk batch-implanters use a stationary-spot ion-beam. The wafers pass
through the beam due to the rotation of the disk. Such batch-implanters use a
concave-shaped disk to secure wafers in their respective sites during the high-
speed motion of the disk. Centrifugal force exerted on the disk surface holds
them in place. Since the conical disk has a curved surface and the wafer-surface
is flat, this leads to an incident-beam angle-variation across the wafer during the
implant process. Depending on the dimensions of the disk, cone-angle, and
wafers, this can amount to 1.5°-variation across a wafer, 46

Recently, the abruptness of the SDE-lateral-doping was measured using both
scanning capacitance microscopy (SCM)Y and scanning tunneling microscopy
(STM).48 The latter measurement detected a tail-region of dopant at the end of
the doping profile, spreading from the extension-region in the honzontal direc-
tion near the gate oxide. The cause of this anomalous diffusion taill was not
understood.

5.4 ANTI-PUNCHTHROUGH STRUCTURES IN DEEP-SUBMICRON CMOS

Lateral tailoring of the channel doping profile can provide some additional
flexibility to control Vi and punchthrough. Recently, such lateral tailoring of the
channel profile has been carried out with the use of large-angle-tilt implanted
punchihrough stopper (LATIPS), which are also referred to as pocket-implants
(and are depicted in Fig. 5-27). Such a pocket-implant puts additional dopants in
the channel close to the source/drain-junctions for punchthrough control, and
leaves much of the channel region with a lighter doping, as needed for a low
Vr1.* The peak doping values of the pocket-implants must be somewhat larger
than the doping-concentration values needed for a punchthrough-control layer
that is uniform in the lateral channel direction between the source and drain.

These punchthrough-suppression pocket-implants are done after the
source/drain-extension-implant {and before the formation of the spacer used to
define the edge of the deeper contact-source/drain-implant). This ensures that the
pocket-implant-dopant is self-aligned to the gate. The dopant is placed just below
the active channel, adjacent to the source and drain, and is of the same dopant-
type as the well. Precise control of the placement and dose of this implant within
the transistor-structure is needed to obtain the intended enhancements. As noted

* As pointed out in Chap. 1, if an implant with a beam directed normally 1o the wafer
surface is used 1o introduce dopants to create a punchthrough-control structure, instead of
one whose direction is tilted at a large angle 1o the wafer surface, the resulting
punchthrough-control structure is termed a hale structure. Such a halo structure is
described in Chap. 1, and is depicted in Fig. 1-2b.
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Flg. 5-27 MOSFET with heavily-doped pocket-implants for punchthrough-control.

above, the use of high waler-tilt-angles when performing such pocket-implants
offers an additional, controllable processing parameter for producing complex
channel structures, without diffusion or additional masks. (The presence of
the pocket-implanted-species also helps keep the source/drain-extension [SDE]
junction-depths shallow, because they compensate some of the dopant in the SDE
region [which, in effect, squeezes the SDE-junction closer to the surface].)

As introduced by Hori, high tilt-angles are needed for achieving greater

'D':'I a1 i -ﬂji 032

Fig. 5-28 Simulated 2-D impurity profiles of typical LATIPS structures for (a)
NMOSFET with n-LDD region and: (b) Buried-channel PMOSFET.#?
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lateral-penetration of the pocket-implant than the adjacent source/drain-extension
implant without thermal diffusion. ¥ That is, the species implanted by the pocket-
implant should reside cutside of the final source/drain-extension-doping-profile
after implant and annealing. Typically, tilt-angles are 20°-45° from the wafer
normal. Figure 5-28 shows the resulting (simulated) doping profile in the channel
region and in the adjacent well of a LATIPS device 47

To maintain device symmetry with high tilt-angle, the implants must be split
into segments. Since most circuits contain transistor gates placed 90° from each
other, high tilt-angle implants are typically done in four segments of equal dose
(“quad-implants™) with the wafer rotated 90° between segments. (As gate-widths
shrink, less undercutting of the gate is required to produce the punchthrough stop
effect. Consequently, tilt-angle requirements for this application are steadily
decreasing below the 0.25-ym node, and are expected to reach the “low-tili-
angle” threshold of 10° by the 0.1-pmtechnology node. )

High-tilt-angle punchthrough-suppression-implants improve device perfor-
mance. Junction-capacitance can be reduced by up to 65%; while the
subthreshold slope of the device becomes steeper (which suppresses short-
channel effects).5? The dramatic improvement in punchthrough-resistance does
not depend on extreme scaling of the $/D junction-depth or n-well background-
doping. The reduced subthreshold-slope and junction-capacitance directly result
from carefully controlled doping undemeath the channel at the gate edge and the
near elimination of all other undesired doping that results from less controllable
doping methods.

Because of their lower-diffusivity and as-implanted-straggle, higher mass
dopants can be placed more precisely in the channel. Consequently, indium (In)
and antimony (Sb) are being increasingly used for this application.3!52
Punchthrough-stop implants were the primary production application of In and
Sb in jon-implantation in the 2000 timeframe. The lower susceptibility of these
species to TED also helps reduce the reverse-short-channel-effect (the slight
increase in threshold-voltage with decreasing effective-channel-length that
occurs before punchthrough-effects dominate the smallest channel-lengths).

One proposed structure for MOSFETs with an effective gate length (Lg) of
0.25-um is shown in Fig. 5-29.5% This device has a very heavily doped
source/drain next to a very heavily doped pocket-implant. Since the gate-length is
so small, the pocket-implanted-region actually doubles for the traditional
retrograde-well-implant. This aggressive device design shows the challenges of
doping a 25-nm MOSFET. Very-high doping levels and very-steep doping
gradients are required - with a minimum of thermal processing.
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Fig. 5-28 Doping contours in 25-nm PMOSFET.?

An issue associated with the use of In as a pocket-implant species has recently
been reported. That is, an In implant at the doses needed for the pocket-implant
process causes a bunied amorphous layer to form. This layer has an interface with
the single-crystal silicon. The silicon at these interfaces is still erystalline, but is
heavily damaged. The indium segregates 1o these damaged regions and becomes

§
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Fig. 5-30 Indium SIMS profiles for 1x10M/em? implants at 200 keV annealed at 750°C
for 2, 30, and 120 min in nitrogen. This figure shows large dose loss for indium. The
depth of the defect layer (measured by XTEM) is shown {upper & lower defect layers). >
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electrically de-activated (negating its ability to provide punchthrough
control).¥-23 Figure 5-230 shows a SIMS profile of the In as-implanted, and after
annealing. The loss of indium from its peak is seen. A double-implanted
extension region (As + 3b) has been reported to be able to control the damaged
region near the In pocket, mitigating the indium segregation and de-activation.3%
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Chapter 6
ADVANCED LITHOGRAPHY I - PHOTORESISTS

Lithography is the most heavily used process technology for fabricating ICs. In
2002 some ULSI process flows use more than 20 mask levels. Thus, the entire
lithography procedure is applied more than 20 times when fabricating many
modem ICs. The semiconductor industry 15 also continuing to drive toward
smaller feature sizes, and it relies on progress in lithography to help maintain this
effort. Here many of the changes taking place in lithography processes in the
2001-2002 tumeframe are discussed. While the basics of the lithography process
are not presented in this text, such information can be found Veol. 1 (2 Ed.) of
Silicon Processing for the VLSI Era,! and elsewhere, -

Figure 6-1 shows the lithography-scaling roadmap as it was envisioned in
1998.% Not all of the predictions shown in this figure have come to pass (e.g.,
proximity-X-ray-lithography, predicted to be inserted into manufacturing by
2000, never got commercialized). Nevertheless, the data in the figure clearly
indicates that many changes have occurred in lithography, and many more are
occurring today. The purpose of this chapter (and Chap. 7) is to cover the
changes depicted on the right-hand side of Fig. 6-1, including some that are not
shown in this chart (e.g., 157-nm lithography, based on F,-laser light-sources).

6.1 CHEMICALLY-AMPLIFIED DEEP-UV RESISTS FOR OPTICAL LITHOGRAPHY

As device dimensions were scaled to less than 1.0-pm, advances were occuming
in both the DNQ/novolac resists and the lithography hardware. To achieve sub-
wavelength resolution, advances in lithography were made (i.e., improvement in
stepper optics and inspection techniques). Such progress allowed DNQ/movolac
resists to continue to be used to fabricate device patterns in the sub-micron realm.
Specifically, by using i-line illumination to replace g-line, by using i-line lenses
with larger numerical aperture (NA) in the steppers, and by improving the
novolac resin and DNQ materials, the resolution of i-line lithography kept being
improved. Eventually, it became possible to print the features used in 0.35-pym
CMOS technology with DNQ/novolac resists. Nevertheless, it was understood
that new photoresists would be needed for the generations beyond 0.35-um.
Thus, a major industrial effort was launched in the early 1980's to develop
photoresist systems for shorter wavelengths. This effort spanned about 10 years.
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Fig. 6-1 Lithography Scaling Roadmap
6.1.1 248-nm DUV Photoresists

Eventually, by the early 19905, when the 0.25-pym generation was reached (and
used to make such ICs as 256-Mbit-DRAMS), it became clear that i-line lithogra-
phy could no longer print 0.25 ym features {even when using such resolution-
enhancement-techniques as phase-shift-masks and off-axis illumination). A shift
from i-line to deep-UV illumination had to be made. Since both novalac resin
and DNQ strongly absorb UV light at around 250 nm, DNQ/novolac resists
cannot operate properly in the DUV region. Thus, the new resist chemistry
developed during the 1980s (based on chemical amplification - CA) was adopted.
This CA-chemistry also offered increased photospeed and contrast. Since CA-
resists were compatible with DUV illumination, they became the resist matenals
of choice for advancing optical lithography toward higher resolution, 5

In chemical amplification the important chemistry is not driven directly by the
photons absorbed during the exposure step. Instead, the absorption of photon
energy causes the decomposition of a photoacid generator (PAG). This causes a
small amount of acid to be formed throughout the resist. (In early CA-resists such
PAGs were onium salts.) This acid induces a cascade of chemical trans-
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formations in the resist film, typically during the post-exposure bake (PEB) step.
These transformations increase the solubility of the resist in the developer. Since
the latter reactions are catalytic, the acid is regenerated afler each chemical
reaction. Thus, the same acid molecule can participate in further reactions. From
500-1000 chemical reactions can result from a single photon-absorption event. In
summary, imaging in CA resists occurs in two steps: 1) acid generation during
exposure; and 2) acid-catalyzed reactions during the PEB step.

This technology was pioneered by IBM in the early 1980s in an attempt to
accommodate the low intensity of illumination produced by Hg-arc lamps at 248-
nm wavelengths. Very fast resists were needed, and this led to the development
of the CA reactions. Both positive- and negative-tone DUV-resists were devel-
oped. Details conceming the chemical compositions of these resists are described
in Ref. 5. Information about the chemical reactions occurring duning the various
resist processing steps of 248-nm DUV-resists (i.e., exposure, PEB, and develop)
can be found in Ref. 6.

One of the first commercially available CA-DUV-resists was a negalive-tone
resist (Shipley MEGAPOSIT SNR200). Its intreduction allowed lithographic
practitioners to gain experience with CA-resists and to witness first hand their
high resolution capability. However, the SNR200-resist did not find widespread
use because it is difficult to print contact holes with negative resists. Production-
worthy positive-tone CA-DUV-resists soon followed, with the Shipley APEX-E
resist being developed by the IBM/Shipley DUV-resist alliance. The IBM-
developed CA-DUV resists have phenolic sites on poly hydroxystyrene (pHOST)
which have been protected with t-butoxy-carbonate (1-BOC) groups. The IBM
t-BOC resist works in positive-tone with aqueous developer, and alternately in
negative-tone using an organic developer. Other major resist vendors now also
offer CA-DUV-resists, including Clariant, Olin, ISR, and TOK. Positive-tone
materials have become the preferred DUV resists. Some of the newer resists are
compatible with TMAH developer and have been made more resistant to
airbome contamination. Line/space patterns down to 165-nm, with a depth-of-
focus (DOF) of 1.2-uym can be printed with such resists. Negative-tone CA-
DUV -resists are also available, although not as many types are offered. Because
of the improved acrial image of dark-field masks versus bright-field masks, the
ability to print isolated-lines with negative resists is superior to that of positive
resists. Thus, for some pattern types, negative resists are preferable. CA-DUV
resists, however, are expensive. Their cost in 1998 was $1500-$2000 per gallon,
which is about 2-3 times higher than DNQ/novolac resists. Future CA-DUV
resist formulations are predicted to be even more costly.
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§.1.1.1 Amine-Contamination of DUV CA Resisls: While the biggest advantage of
CA-resists 18 their high sensitivity (1.e., fast photospeed, in the range of 10-50
ml/cm?), the catalytic nature of the CA process makes reproducibility a concern.
If the catalytic chain of reactions is somehow interrupted, many of the litho-
graphically important reactions will not occur, leading to catastrophic resist fail-
ure. That is, prior to post-exposure-bake (during which the photoacids perform
the task of deprotection), these acids are susceptible to neutralization by bases.

The most common mechanism that quenches the catalytic reactions occurs as
a result of ambient contamination.” Specifically, the culprits are trace quantities
{on the order of 10 ppb) of vapors of volatile base compounds (such as amines,
ammonia, ammonium hydroxide, HMDS, or N-methylpyrrolidone [NMP - a
common ingredient in strippers]). Such trace levels of amines in the ambient air
can significantly affect the photochemistry because (as noted above) only a small
quantity of photo-acid is produced by the exposure dose. If the ambient contains
any of these contaminant vapors, the top surface of the resist will absorb them
during the time that elapses between the exposure and post-exposure-bake (PEB)
steps. These base molecules will then react with and neutralize the photo-gen
erated acid. The surface region of the resist is now devoid of acid, and thus be-
comes less soluble than the acid-contaiming regions below, This less-soluble skin
develops more slowly, resulting in the formation of a T-top structure (Fig. 6-2).

Armins COMamanatan

SuTeoe

Exgased

Rkl

Fig. 6-2 {(a) Environmental amine contamination of a chemically amplified resist,
resulting in “T-top” formation afler development.
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This causes linewidth vanations from wafer-to-wafer, as the extent of the skin
formation 15 not contralled, In addition to airtbome contamination, the acids also
decay with ume. Thus, any delay between exposure and PEB exacerbates the
linewidth control problem. Afiter PEB, resist susceptibility to amine
contamination drops to negligible levels.

Let us elaborate on the problem of T-top formation. As noted above, the resist
is most sensitive after the coated wafer is exposed in the exposure tool and
transported back to the PEB/development tool, until the time it 1s baked (PEB).
Typically the time delay between flash and post-exposure bake may be less than
3 minutes, depending on ool loading, but on occasion it may be 10 minotes or
longer. A 10-minute pause can easily cause a linewidth variation on a wafer that
may have just finished exposure but is not yet baked. If this event happens when
a wafer is in an area where the amine contamination level has reached 5 ppb (or
maore), it is possible to cause a CD shift of as much as 10-20-nm. If the CD shift
15 greal enough, changes in the resulting linewidth can cause the electrical
characteristics and performance of the devices to change (possibly to the point
where the device will not perform to specification and its speed or function is
diminished). The length of time the wafers are exposed relative to the
contamination concentration determines the potential risk to linewidth control.
The effect of amine contamination on an example DUV resist is shown in Fig, 6-
3 for three conditions: 1) no time delay between exposure and PEB: 2) 45-minute
delay between exposure and PEB (with the wafer being held within the scanner
enclosure, in which the amine concentration was about 1 ppb); and 3) 45-minute

Fig. 6-3 The cffect of molecular bases on a DUV-resist is shown with: a) No delay
between exposure and PEB; b) after a 45-min delay in the exposure wool; and c) afier a
45-mun delay in a cleanroom ambient.



232 SILICON PROCESSING FOR THE VLSI ERA - VOLUMEIV

delay between exposure and PEB (with the wafer being held in the cleanroom-
ambient which has an ambient-amine-concentration of about 5-ppb). Significant
T-topping occurs as a result of allowing the wafer to remain in the cleanroom-
ambient for 45 minutes.

As shown above, the environmental contamination problem can be quite
serious, as trace quantities of basic (i.e., as opposed to acidic) vapors are
ubiquitous in the semiconductor fabrication ambient (typically in the 5-10-ppb
range). Several methods have thus been established to combat this problem. The
first involves filtration of the cleanroom air with activated charcoal. This was the
practice first adopted by the industry when DUV -resists were initially being used,
but it only reduces the nominal amine concentration in the cleanroom ambient to
the 5-10-ppb range. (Environmental base contamination can also be neutralized
and further reduced by adding weak acids to the filters.) More recently (as noted
above), scanners and track systems (where the resist-coating, exposure, and
development steps are performed) are housed in enclosures, and the air that
enters these enclosures is purified with charcoal filtering and monitoring systems.
Such airborne-amine-filtration and real-time monitoring systems are built by
Extraction Systems (Franklin, MA) and other firms (see Figs. 6-4 and 6-5).
According to the ITRS Roadmap, the total airborne contamination levels inside
such DUV-lithography-enclosures must be kept below 1-ppb (molar) by such
filtration systems as long as CA-resists are used. Another approach is to have the
wafer track place the wafers in “safe holding” locations after exposure. Other
ways to contrelling this problem include: a) coating resist layers with a protective
water-soluble transparent polymenc film (and removing this “sealing” film prior
to development with a water rinse); b) incorporating stabilizing additives to the
resist; and €) reducing the rate of absorption of contaminants by “densifying” the
resists through annealing.

Nevertheless, even use of all of the above technigues is not completely
effective in curing the problem of amine-poisoning of CA resists. Therefore, it is
important that additional measures be employed to minimize the levels of amine
in the cleanroom ambient. This is a challenging task since there are many
potential sources of amines in a fab. Amine levels in wafer fab areas can easily
exceed the nominal 10-ppb concentrations when small quantities of developer or
adhesion promoters (HMDS) are spilled. (Note that HMDS application is an
ammonia- producing process that therefore requires ample exhaustion to prevent
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Fig. 6-& Schematic of filtration units connected to photo-island clusters to avoid amine
contamination of chemically amplified resists, Courtesy of Extraction Systems, Inc.

leakage into the track environment, causing amine levels within the track system
enclosure to rise above 1-ppb.) Many paints, plastics, and epoxies also outgas
amines, Materials that initially evolve large quantities of volatile bases, but
quickly reach low-outgassing rates can be used in the fabrication of lithography
tools. However, their use can be problematic in operating a wafer fab. Some
materials continue to evolve amines over long peniods of time and should not be
used in wafer fabs, nor in the construction of lithography equipment.

6.1.1.2 Current State of 248-nm Resisl Technology: Devices fabricated at 0.35-
pm nse a mixture of optical lithographies, including traditional i<linc and 248-
nm-DUY (the latter employing single-layer CA-resists). The conversion from
i-line to 248-DUVY was completed in the transition to 0.25-pm devices. The
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Fig. 6-5 Cabinet-style chemical air filtration was added to the existing integrated filters to
provide protection from possible spills and elevated room concentrations.

resolution limits for 248-nm resists continues to decrease. By adding such
enhancements as phase-shifting-mask technology and/or more complex multi-
layer resist schemes, the use of 248-nm-lithography is predicted to be extended to
features as small as 0.13-gm. In fact, some claim that positive resists for 248-nm
can image down to 0.1-pm (100-nm) for isolated lines in logic applications, and
130-nm in dense arrays using the latest high-NA (0.8) scanners. (Smaller isolated
lines can be imaged than can features in dense arrays becanse scattering-bar and
OPC technologies are more readily applied to isolated structures.) However, at
these critical dimension limits, it is very hard to maintain adequate process
windows in a production environment and process optimization is engineering-
intensive. The applications in which 248-nm will be pushed to 100-nm will
therefore be very limited.

With manufacturers supplying fifth and sixth generations of 248-nm resist,
these resist types are maturing rapidly. For example, their etch resistance is now
comparable to i-line resists. The 248-nm resists are also optimized for specific
challenges, resulting in resists for isolation layers, contact holes, metal lines, etc.
Although such layer-specific resist specialization causes complexity in the fab
line, it is mandatory in order to achieve sub-wavelength lithography.
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TABLE 6-1 Linewidth Sensitivities of Commercially Available DUV
KrF Resists

Linewidth sensitivity
Resist | Supplier (nm/'C)
Apex E | Shipley 16.0
UVIIHS | Shipley 1.5
UVé Shipley 2.6
TM-461 JSR 2.6
DP-024 TOK 1.8
ARCH 2 Arch ~{

Another issue involving 248-nm DUV-resists is their sensitivity to post-
exposure-bake temperature. The earliest commercially available 248-nm resists
(e.g., APEX, from Shipley) exhibited large linewidth variations with fluctuations
in the temperature of the PEB (16.00 nm/C). However, as shown in Table 6-1,
resist suppliers responded to industry requests to provide better linewidth control.
(For example, Shipley later produced the UVII/HS resist - and thereafter the UV6
resist - which progressively improved this parameter.) However, these linewidth
sensilivities have driven hot-plate specifications, since the resists with essentially
no post-exposure linewidth-variation may not be universally applicable to all
feature types, nor are they necessanly able to provide the best resolution.

In order to satisfy the extraordinarily tight linewidth-contrel requirements of
today’s and future processes, hot-plates must therefore exhibit excellent across-
plate uniformity - significantly less than 0.5°C (range) — and must be matched to
tighter levels. This is a challenge not only in terms of achieving the required
capability, but it also poses a formidable metrology challenge. Resistance
temperature detectors are the best available thermometers today. These are
usually bonded to a silicon wafer, which is then placed on the hot plate. This
placement is also difficult, since the wires must go between the wafer and the
measurement electronics.

As noted above, printing isolated lines is easier than printing nested features.
Consequently, contact-hole layers have rapidly become the ones that are most
difficult to image (and may be the first to transfer to 193-nm). One example of
how layer-specific resist specialization is being used to tackle the contact layer
imaging problem is the so-called RELACS process.® That is, this is a process
developed by Mitsubishi Electronic Corp. for shrinking KrF-imaged via holes
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from 0.2-uym to 0.]-uym using a coat, diffusion-bake-and-rinse sequence,
following resist-exposure and develop. That is, after the coating step, acid from
the unexposed resist diffuses into the wall of the via hole covered by the coating
~ and then into the coating material — during the bake step. The coating material
is crosslinked by this acid (see Figs. 6-6 and 6-7). After a rinse step, some of the
coating material remains behind, thereby causing the opening size of the via to
shrink, Clariant AZ has licensed the materials from Mitsubishi (R200 coating and
R2 developer) and commercializes the process as RELACS (Resist Enhancement
Lithography Assisted by Chemical Shrink).

Once the performance of single-layer 248-nm DUYV-photoresists based on
pHOST chemistries becomes exhausted, bilayer-resists may be adopted to extend
the 248-nm-based lithography process. Bilayer processes decouple requirements
for imaging, performed by the thin (200-nm thick, or less) top resist, from needs

Fig. 6-T The RELACS process shrinks these KrF-imaged 0.22 ym contact holes (left) 1o
11 pm {nght) asing a coat, diffusion bake, and rinse step after waler patterning.
(Courtesy of Clariant AZ)
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for etch resistance, managed by the thick (400-1000-nm thick) bottom resist, The
top layer uses standard single-layer resist imaging. and the image is transferred
down anisotropically using 0,/50, plasma etching. The bottom layer acls as an
anti-reflecting coating (ARC), reducing the pattern-width degradation from
underlying topography. Importantly, bilayer-image performance tends (o be more
limited by the capability of the scanner. At least one bilayer approach has been
implemented in manufacturing. The CARL (chemically amplified resist lines)
developed by Infineon Technologies, is being evaluated at 248-nm and 193-nm.
(See Vol. 1, 2* Ed. for more details on the CARL process.)

Another bilayer approach is being proposed for dual-damascene patterning
with 248-nm lithography. Arch Chemical offers a thin imaging system (TIS-
2000%) optimized for dual-damascene patterning. The top resist layer provides
patterning and the bottom organic-layer acts as the BARC, while also plananzing
via layers for trench imagmg in a via-hirst approach [Fi;g- 6-8, zee also Sect,
15.9.1.5).% One advantage to this process is its dual use at 248-nm and 193-nm,

6.1.2 193-nm DUV Photoresisis

The insertion point for 193-nm lithography is predicted to be the second-
generation 0.13-pym or even 0.10-uym devices (late in 2002 or early 2003).
Successful extension of 248-nm resist is stalling the 193-nm transition. In
addition, the compressed timeline for arriving at the 0.13-um node on the SIA
Roadmaps is also part of the reason. That is, if there were four years allowed for
developing the 0.13-um technology, then 193-nm lithography would have a good
chance of being accepted into manufacturing from the beginning of that technol-

e PRARR@ZS—09

1.0 BV w48

Fig. 6-B In the via-first damascene approach, the underlayer resist serves the purposes of
planarization, BARC and uniform via fill 1o protect the via bottom during the trench etch.
{Courtesy Arch Chemicals and IMEC)
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ogy node. But, since there is not that amount of time, there is more of an
emphasis being placed on extending 248-nm lithography.

At 0.13-uym there is substantial benefit to transferring to 193-nm using
standard binary reticles, rather than using 248-nm and enhancing the reticles with
RET. However, the decision to make this transition will depend on the maturity
of 193-nm resist materials and the performance of 193-nm exposure tools with
very high NA (i.e. > 0.68).10 In addition, at the 0.13-gm node, economics (rather
than technology) may influence the insertion point of 193-nm lithography. That
is, some customers {who manufacture a large number of pants from a single mask
set) may try to extend the use of 248-nm lithography by any means possible,
including the route of using more expensive reticles. Others (such as foundries,
which on the average, run fewer wafers per mask) may prefer the ‘simpler” ap-
proach of driving to a shorter (193-nm) wavelength. It is estimated that possibly
10 mask levels will require the new systems (enhanced-248-nm or 193-nm).
Critical masks will include gate, active area, contact, first metal and first via..

One of the most significant aspects of 193-nm resist development is that after
nearly a decade of R&D (primarily performed empirically, due to the complexity
of reactions within the resist), a single superior polymer backbone material has
not yet been identified (even though the insertion point of 193-nm lithography is
drawing closer). That is, no single polymer platform material seems to be able to
provide the best process for every application. Instead, there are three seemingly-
viable resist polymer types, each exhibiting some benefits — but none of which
have all the benefits needed to be used across all production lines. What is
predicted to occur is that users will select different chemistry platforms for
different applications.

That is, despite the fact that process engineers prefer one resist/one supplier, at
193-nm there are three useful polymer platforms: 1) acrylates (acrylate platforms
with attached ali-cyclic structures); 2) pure cyclic olefins: and 3) cyclic
olefin/maleic anhydrides (COMAs).'Y (These are all also different than the
hydroxy-styrene-based resists used for 248-nm lithography.) The acrylates for
example, reportedly provide the best dense-line performance (particularly with
the adamantane methylacrylate chemistry developed by Fujitsu), but they
generally exhibit poor etch-resistance. On the other hand, the cyclic-clefin
polymers offer better etch—resistance. IBM (in collaboration with Arch
Chemicals) is pursuing this group of materials (which reportedly show
intrinsically higher robusiness toward fairly harsh etch steps). Finally, Clariant
AZ licensed a free-radical copolymer of func-tionalized cyclo-olefins and maleic
anhydride from Hyundai. This polymer appears to be very cost-effective and may
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migrate back into 248-nm to reduce resist cost.

The partial benefits that each polymer offers has caused resist suppliers to
pursue multiple platforms for 193-nm resists. That is, by 2000 many resist sup-
pliers were working on two or three of these different polymer families (whereas
in 1997 each 193-nm resist-supplier had its own, single platform). In addition, a
lithography consortium headed by IMEC has been established to evaloate various
193-nm resists from Arch Chemical, Clariant, JSR, and Shipley on a common
lithography tool (the ASML 5500/900 scanner with integrated TEL track). This
will simplify comparisons of resists whose performance is often measured under
different conditions. By 1999 several promising 193-nm resists were emerging
(although at that time they still remained 1-2 years from being production
worthy). Nevertheless, using a single-layer 193-nm resist, a 0.6-NA scanner and
alternating phase-shift mask, 70-nm gates could be patterned (Fig. 6-9).21

Beyond selecting the most appropriate polymer platform, resist chemisis are
charged with finding the photoacid generator (PAG) best able to deliver strong
dissolution inhibition, high photospeeds, thermal stability, and tailorable
photoacid size (the last factor correlates strongly to imaging performance).

6.1.2.1 Problems of 193-nm Resists: As noted above, the 193-nm photoresist
will need to be selected by chip manufacturers in 2001-2002 to begin developing
193-nm lithographic processes. Together with the issues of selecting resists based
on their polymer platform, a set of other resist performance charactenstics also
needs to be considered. We discuss those issues here.

Fig. 6-9 70-nm gates patterned with 193-nm resist and alternating phase-shift mask.
Cournesy of Semiconductor International,*!
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The primary performance factors involving the still-immature 193-nm resists
are those involving process latitude, namely: exposure-latitude and DOF (i.e., an
exposure latitude of ~20% and a DOF of 0.5-um are needed at 193-nm). The are
also numerous secondary performance characteristics including: etch-resistance;
degree of linewidth vanation with fluctuation in post-exposure-bake temperature;
line-edge-roughness, resist-collapse, resist adhesion (lifting): resist shrinkage
during irradiation with e-beams during CD inspection; and resist outgassing.

Etch resistance becomes more critical for 193-nm resists because thinner
resist layers will have be used than in previous lithography generations. Resist
thickness is expected to be reduced to 400-600 nm in 193-nm (down from about
1000-nm in prior generations of lithography). The advances in etcher design and
the use of high-density-plasma systems are helping to improve 193-nm resist
thinning during etch steps. However, in cases of insufficient dry-etch-resistance,
use of a hard-mask instead of resist-masking may need to be considered.

The degree of linewidth-variation in the face of post-exposure-bake temper-
ature-fluctuation is another inherent problem of the immature 193-nm resists. By
2001 193-nm resists exhibited linewidth variations of 10 nm/C, which is
significantly higher than that exhibited by the latest generation of 248-nm resist
at that time (see Sect. 6.1.1). But, the same situation existed when the early 248-
nm resists were first released. The target value for 193-nm is 3 nm/°C.

Line-edge-roughness is much more pronounced at 193-nm than at 248-nm.
Complex interactions occur between lithographic performance, line-edge rough-
ness, and etch-resistance. Resist chemists are seeking the right compromise.
Some researchers claim that line-edge-roughness (LER) can be reduced to the 5-
7-nm range. The effect of LER on device performance is still being quantified.

Resist-collapse becomes a major issue as the resist features are brought closer
together. That is, as developer and rinse water are being removed from developed
wafers, surface-lension forces cause closely-spaced adjacent lines to be pulled
together (Fig. 6-10). This phenomenon limits the aspect-ratio of resist features
(another reason why resist films have smaller thicknesses as features are scaled).
Resist-collapse becomes common when resist-feamre aspect-ratios exceed about
4:1. There is some concern that resist-collapse may be one factor that could delay
the deployment of 193-nm lithography.

The immature 193-nm resists are also prone to lifting since their formulations
are not yet optimized for adhesion (as are those of i-line and 248-nm resists).
Adhesion can be optimized with respect to wafer-temperature and HMDS-deli-
very for each resist type. Lifting can also be addressed by reducing the resist
thickness. Using a multilayer resist is another potential remedy for resist-lifting.
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Fig. 8-10 Closely spaced, high-aspect-ratio lines of resist that have collapsed after
development.

The 193-nm resists also exhibit significant shrinkage (both in the vertical and
lateral directions) when they are irradiated by electron breams (as occurs when
CD inspections are performed using an SEM). Such resist shrinkage was also
observed in early 248-nm resist, but modified resist formulations helped to
overcome that problem.!! Some 193-nm resists exhibit more shrinkage than
others, but the tradeoff is that those that have better shrinkage behavior tend to
have worse photospeeds and are more prone to resist collapse. Additional work is
needed to make 193-nm resists able to meet all of these needs.

Another significant problem with 193-nm resists is that they ourgas organic
compounds that can then build up on scanner optics. This issue may be addressed
by PAG selection or by using various additives. Aromatic fragments such as the
iodobenzene liberated by iodonium salt sensitizers are among the most critical
outgassing species. While the outgassing problem is evident with 248-nm
systems as well, the working distance between the lenses and resist at 193-nm is
shorter, and the adsorption of vapors is greater at shorter wavelengths. Thus, it is
predicted that the outgassing problem will further increase for 157-nm systems.

6.1.3 157-nm DUV Pholoresists

The existing deep-UV lithographic technologies and associated optical
extensions combined with early 193-nm-based systems are expected to provide
sufficient resolution to allow them to be used for the 130-nm device generation
outlined in the 1999 SIA Roadmap. However, extension of optical lithography
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beyond that point may require that 157-nm DUV-illumination systems be
adopted by 2005. If this time-schedule is to be met, the first pilot-line quantities
of 157-nm resist will need to be delivered to SEMATECH by the first-halfl of
2002 to begin process development efforts toward the 100-nm device node.
Volume production capability using 157-nm illumination systems should be then
become available by the 1% quarter of 2005.12

The question of “Will 157-nm lithography be ready by 20057 was debated at
the SPIE Microlithography Conference in March 2001, However, there was no
consensus as o whether the schedule will (or even, should) be met. Nevertheless,
considering that the development cycle for 248-nm DUV resist materials spanned
at least 10 years (1980-1990), and the 193-nm resist development program was
approximately 8 years long (1991-1999), the 157-nm resist development efforts
are faced with a much more abbreviated and challenging development schedule.
In addition, the cost of developing a 157-nm resist is also expected to be very
high (estimated to be $50-60M). Since such a financial burden is not feasible for
any single company, the International SEMATECH formed a University-based
consortium to perform fundamental research on 157-nm resists. Just as
significantly, IMEC and ASML have begun a cooperative 157-nm lithography
development effort, with funding support from many top device manufacturers,
including AMD, Infineon, Intel, Micron, Philips, Samsung, ST Microelectronics,
and UMC. The First International Symposium on 157-nm Lithography
{sponsored by 43 companies), was held in Dana Point, CA in May 2000, and the
Second Symposium was held in the same location in May 2001, In any case,
researchers are confident that the industry will design workable resists for 157-
nm lithography, but they are less sure that they will be able to do it by the 2003
deadline (i.e., set by the possibility that this will be time at which it will be
necessary (o pattern critical levels in the 70-nm device generation).

The biggest difficulty facing 157-nm lithography is that the illuminating
radiation consists of such high-energy photons (7.9 eV). Most polymers used to
make up the backbone of previous generation resists strongly absorb such high-
energy photons. Thus, it is difficult to find polymers for 157-nm resists that have
sufficient transparency (as well as adequate etch resistance, and good adhesion to
substrates). Fortunately, however, two promising candidates for the backbone (or
platform) polymers in 157-nm resists have been identified: 1) highly fluorinated
hydrocarbons (fluoropolymers based on norbormnane); and 2) silicon-based
siloxanes. A key challenge to developing 157-nm resists based on the latter group
of materials (siloxanes) is the ability to achieve a sufficiently high glass-
transition temperature.
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Fundamentally, the design of materials for developing 157-nm resists is
identical to that used to develop resists for the previous DUV lithographic
generations. That is, the materials must satisfy the following set of requirements
common Lo all CA-photoresist matenials: 1) high transparency at the exposure
wavelengths; 2) sufficient resistance to plasma-ctching processes; and 3)
functional units that are capable of undergoing efficient photochemical
transformations that change their solubility in developer solutions. For positive-
tone resists, this is typically accomplished by designing the matrix-resin
(backbone material) with an acidic functionality that is masked by an acid labile
protecting group. Strong acids generated within the exposed regions of the
photoresist-film catalyze the thermolysis of the protecting groups, rendering
these regions soluble in the agueous-base-developer solutions. The resists should
also have glass-transition-temperatures higher than the processing temperatures,
acceptable shelf-storage lifetime, and minimum toxicological risk. A single-
layer-photoresist process for imaging at 157-nm is also clearly preferred over a
multilayer-resist approach.

When attempting to develop the next-generation of resists, it is ofien
convenient to adopt a modular approach for the design of new photoresist
materials. This allows the polymer design to be broken down into several
functional sub-units that may be addressed in a somewhat independent fashion
(Fig- 6-11).
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Fig. 6-11 A modular approach in the design of new photoresist materials provides
Mexibility in design, but ransparency among all subupnits must be maintained.
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Since the 248-nm and 193-nm resist materials are too-absorbing at 157-nm,
and since the 157-nm resists were still in their earliest stages of development in
2001, a two-pronged approach was chosen to develop the technology of 157-nm
lithography. The first prong involved using existing resists, but at a greatly
reduced thickness (60-70-nm-thick). This provides a pathway for tool-testing and
for developing early baseline-processes. The second-prong pursues development
of the 157-nm resist itself (i.e., exploring the use of novel polymers - such as the
fluorinated variations of the resins used in 248-nm resists). In these rescarch
cfforts, attempts are also made to optimize the formulations and imaging
conditions required to print sub-100-nm features. This is a complex task, since it
15 necessary 1o explore a variable space that includes the photoacid-generator,
base, dissolution-inhibitor, base-polymer, exposure, bake, and development.
Figure 6-12 shows some preliminary results of 70-100-nm-features printed using
early formulations of 157-nm resists that have evolved from that development
effort. Imaging is performed at 0.6-NA, 50-mJ/cm?2, with an alternating phase-
shift-mask, using 148-nm-thick resist on a 70-nm antireflective-layer (DUV30),
followed by a 60-sec 140°C PAB, a 90-sec 130°C PEB, and development for 20-
sec in a 0.26-N TMAH developer. A good image quality is obtained, with
sidewall angles between 85-89°,

Beyond having to meet the performance requirements for reduced line-edge-
roughness, fast-photospeed, dry-etch-resistance, and solubility in aqueous-base -
developer, 157-nm resists have a strong tendency to outgas matenals, which
settle on the lens. At 157-nm, even a monolayer of oxygen or water can
significantly change the transmission of light through the lens and even attenuate
light. Fluorocarbons are less of a concern than silicon dioxide, because the user
can bleed oxygen into the system with the laser on, making the fluorocarbon
residues volatile,. With siloxanes, however, Si0, deposits are more difficult to
remove. Attention to designing effective gas (nitrogen) flows between the wafers
and lenses in 157-nm lithography tools will help combat this problem,

6.2 ANTI-REFLECTIVE COATINGS (ARCs)

Interference effects caused by the reflection of light that is transmitted through
the photoresist and reflected off the substrate and back, can interfere with
incoming light and cause the resist to be unevenly exposed. (See Vol. 1, 2% Ed,,
p- 517-24 for a discussion of such effects.) Instead of reducing such interference
effects through the modification of the resist itself (as also discussed in Vol. 1),
methods that reduce reflectivity at resist interfaces can provide linewidth control
with minimal loss of resist performance. That is, to dampen these reflections,



ADVANCED LITHOGRAPHY [ - PHOTORESISTS 245

anti-reflective coatings (ARCs) can be used.!? By minimizing standing waves
and reflective notching from substrate reflections, ARCs provide improved
resolution and better CD control.

ARCs suppress the reflections either by: 1) arrenuaring light that passes
through the ARC or; 2) by matching the index of refraction of the ARC to the
resist-system at the exposurc-wavelength employed (such that destructive
interference of the light passing through the ARC occurs). These layers can be
deposited either on top of resist layers (forming a Top AR coating or TAR), or on
the surface of the wafer beneath the resist (to form a Bottom AR Coating or
BARC). For 0.25-uym lithography (and below), BARCs must be able to suppress
more than 99% of the substrate-reflected-light to provide sufficient CD control.
Although it significantly increases the process complexity, use of both a BARC
and a TAR have been reported for layers that require the tightest CD centrol (i.e.,
poly gate patterming).

Bottem anti-reflective coatings are materials applied between the substrate and
the resist. They are used extensively in applications such as gate definition and
for opening contacts, where it is important to keep tight control over critical
dimensions. They are not used much at the interconnect level, since the layer of
TiN typically used to control electromigration and prevent hillocking on
aluminum lines has the extra benefit of being a good anti-reflective coating. As
the industry goes to shorter wavelengths, the challenges of minimizing
reflections increase. That is, the reflectivity of the substrate becomes higher with

q

Fig. 6-12 Using 157-nm exposures, phase-shift masks, and 148-nm thick resist on a 70-
nm AR layer, various resist recipes resolve at linewidths of: a) and b) 80 nm; ¢) 100 nm;
and d) 70 nm.
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OPTICAL PRAOPERTIES OF BARCS

o |
e AT E=O
DH - L e | e DR
L TR AL
=L i=D0
E 18 = Tt
E
E 0N =
oes =
i1

BAAC Mackrais (nmb

Fig. 6-13 Eeflectivity i1z a function of film thickness, refractive index (n) and extinction
coefficient (K ).

decreasing wavelength, and thus interference problems also become more severe,
At the same time, advances such as phase-shift-masks, off-axis-illumination, and
optical-proximity-correction have allowed features to be printed that are smaller
than the wavelength of light. This has made the elimination of CD variations
caused by reflected light to be even more critical.

BARCs reduce the problems involving reflectivity by decreasing the value of
the reflection coefficient of the resist-substrate interface. They can accomplish
this in two ways. First, the BARC may absorb the incident light that manages to
penetrate to the bottom of the resist (absorption). This requires that a material
with a high extinction-coefficient ¥ be chosen for the BARC, and/or that a thick
BARC layer be used. Unfortunately, if the value of x is too high, the reflectivity
of the resistBARC interface increases — which degrades the effectiveness of the
BARC. Thus, useful values of & are typically in the range of 0.22 £ k< 0.5 in
order 1o maintain reflectance back into the resist below 10%. For processes that
used i-line resist, a fairly thick BARC-layer was used (60-90-nm thick, see Fig.
6-13).13 But DUV-lithography mandates the use of thinner resist and BARC
layers because of decreased depth of focus. One of the major challenges for
BARCs 1s maintaining a small enough reflectivity as the BARCs get thinner with
decreasing feature size (see also Fig. 6-13).
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Thus, a second approach which decreases the value of the reflection
coefficient of the resist-substrate interface is favored for 0.25-um lithography
(and smaller). That is, a BARC matenal whose index of refraction and thickness
match the incident light wavelength is sought (index-matching). To implement
index-matching, a structure is formed that has an optical-path-length of /4 for
the wavelength of light being employed. Such a A/4-optical-path-length will exist
in a thin film (the BARC) made of a material having the correct index-of-
refraction and thickness (in the range of 50-80-nm). Light strikes the
BARC/resist interface, and some is reflected back toward the airfresist interface,
but the remainder enters the BARC.

The light entering the index-matched BARC layer will pass through the
BARC layer twice (i.e., once after reflecting from the BARC/substrate interface).
These two passes through a quarter-wavelength optical-path-length will produce
a light wave with a half-wavelength phase-shift directed toward the resistBARC
interface. This phase-shifted wave interferes destructively with the part of the
light originally reflected from the BARC/resist interface. Thus, reflectivity at this
interface is decreased. Complete destructive interference only occurs if the
amplitude valees of the interfering waves are identical. Tight control of BARC
thickness (to ensure the two-pass optical-path-length is exactly A/2) is an obvious
requirement for index-matching by the BARC layer. If thicker BARCs can be
telerated, further reduction in reflectivity will occur by making the index-
matching BARC thicker (i.c., to a two-pass optical-path-length of 30/2).

In fact, all BARCs employ some of both the absorber and index-matching
mechanisms. In any case, if the BARC is effective, little of the light incident on
the resistBARC interface is reflected back toward the resist/air interface, and as
a result, the clearing-dose swing ratio (see Vol. 1, 2™ Ed,, p. 522) is smaller.
Standing-wave-effects are reduced because the smaller amplitude of the reflected
light decreases the standing wave intensity. Since less light scatters off the
bottom surface, the severity of notching is also mitigated, BARCs thus
compensate for variations in wafer topography, substrate reflectivity, and surface
characteristics. One price paid for these benefits is increased process complexity
(and, of course, increased process costs, in terms of equipment and materials).
For example, a separate process may be needed to remove the BARC edge-bead.
Another issue which arises when BARCs are employed is that their use may also
significantly extinguish the light signals that come from alignment marks (these
signals arise from the scattering of light from the mark). A variety of deposition
techniques have been used to deposit BARCs including spin-on, PVD, and CVD
processes.
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6.2.1 Organic BARCs

Spin-on organic BARCs are pnmarily absorber-type polymer films that contain
highly absorbing dyes (introduced into the polymer at concentration levels that
deliver appropriate extinction-coefficient values). They must also be non-blea-
ching at the exposure wavelength. Such organic BARCs are applied directly to
the substrate to a thickness in the range of 60-120-nm. The resist is then spun on
top of the BARC, using conventional track equipment. Suppliers of organic spin-
on BARCs include Brewer Science, Clariant, Shipley, Hitachi, and Tokyo Ohka.
Proponents of the organic approach point out that organic BARCs are advant-
ageous in terms of cost-of-ownership, refractive-index-reproducibility, planariz-
ation-capability, film-thickness-tolerance, rework-capability, and surface-control.
Early organic BARCs were about 200-nm-thick, and were wet-etched (in a
step often called “ARC open”). Since wet etching is an isotropic-removal
process, the resulting undercutting of the BARC layers made them unsuitable for
optical lithography smaller than 0.5-uym. Newer organic BARCs are designed to
be developed by an anisotropic dry-development process using an oxygen
plasma. This extends their use to DUV lithography. However, the self-
planarizing nature of spin-on films does not make the dry-developing process a
complete solution to the above undercutting problem. That is, when spun-on over
topography, some regions of the BARC will be thicker than others, and this
causes a problem when organic BARCs are dry-developed. An anisotropic dry-
etch-step can be used to etch the BARC in the flat areas of the wafer, and while
this may erode some of the resist thickness, it should not attack the resist
laterally. However, the thicker residual-BARC-regions must still be removed,
and this may be done with a second, isotropic over-ctch-step. The isotropic
BARC removal process will also laterally attack the resist feature, and this can
give rise to linewidth-control problems. ARC-open may be carried out in a
separate eich chamber prior to the oxide, metal, or poly etch, or the ARC may be
etched in-situ prior to the film being etched. Using a separate chamber approach
leads to a larger COO penalty. Hence, dry-etch-tool vendors (such as Lam
Research), offer in-situ ARC-open processes integrated with the etch process of
all film types (Al, W, poly, and oxide). Organic BARCs are typically etched with
O, chemistries (together with appropriate additives such as Ar, He, and CF;).
Another issue involving organic BARCs is their (in)compatibility with
chemically-amplified (CA) resists. That is, the acidity levels of organic BARCs
can negatively interact with CA resists (resulting in acidic or basic by-products
being formed during thermal hardening of the resist). These by-products can
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create an intermixing layer at the BARC/resist interface. Such intermixing must
not be allowed to occur. Researchers have developed organic BARCs for KrF
and ArF resists that have chromophore and cross-linkable functional groups in
the same copolymer form as the photoresist to avoid this problem.!* The key
difficulty of implementing the solution of closely matching the chemistry of the
organic BARC to that of 197-nm resist is that by 2001 there was not yet a mature
197-nm resist. Until a baseline product is chosen, it will be hard to closely match
the organic BARC and resist. Only when the industry standardizes to one or two
197-nm resists, will it be possible to apply this solution successfully.

A manufacturing-related challenge of using organic BARCs is caused by the
fact that the liquid, spin-on BARC matenials coat spinning bowls and coagulate
in drain lines. A new material introduced by Nissan Chemicals (DUV44)
repontedly uses 70% less catalyst, which results in less spin-bowl coagulation. [t
retains the optical properties of its predecessors o that there is minimal process
variation with respect to depth of focus er exposure latitude.

6.2.2 Inorganic Dielectric BARCSs

Inorganic dielectric BARCs are deposited by PECVD. These are typically films
of silicon oxynitride ($iON) or silicon nitride (SiN) that function both as index-
matching and absorbing BARCs. The thickness, index-of-refraction, and
extinction-coefficient of such silicon-oxynitride layers can be tuned to produce
an cffective BARC layer. The inorganic-CVD-BARCs are thinner (30-50-nm-
thick) than the organic BARC layers. These layers also conformally coat the
underlying topography as a result of the CVD process. This allows the entire film
to have the correct thickness (i.e., the film does not self-planarize). Inorganic
BARCs have chemistrics similar to the underlying layers, which can make it
tricky to remove them after resist-stripping. Thus, some processes leave the
inorganic BARC material in place. On the other hand, inorganic BARCs can
have a much higher selectivity to the material being etched (e.g., poly-Si or Al)
than can organic BARCs (or the photoresist itself). Consequently, the “ARC
open” step is not as much of an issue as when an organic BARC is used. In fact,
in some processes that use inorganic BARCs, no separate ARC-open step is used.
A smaller overetch time is also needed to clear the BARC all over the wafer and
large feature sizes than for organic BARC clearing. Dedicated production tools
for depositing inorganic BARCs have been developed by such suppliers as
Applied Materials and Novellus Systems.

For 193-nm lithography, the composition of the inorganic SiON films must be
altered, since most silicon-based inorganic materials are opaque to 193-nm light.
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The BARC films for 193-nm lithography will have to change from SiON films
{(which are silicon-rich films, where 40+% of the film composition is silicon) to
films that are much more like an oxide. However, the PECVD process allows
such tuning of the composition of silicon, oxygen, and nitrogen of the film over a
relatively wide range. By adjusting the CVD process conditions, the BARC film
can be tuned to be suitable for i-line lithography, 248-nm lithography, or 193-nm

lithography.
Inorganic BARCs can cause adverse reactions between the ARC film and the

photoresist (akin to the problems that can occur when organic BARCs are used).
The culprits are again amine groups (NH;) that are left on the surface of the
SiON films after processing. Deep-UV resists are more sensitive to such
interactions than older i-line and g-line resists. One technique to avoid this
interaclion is to in-sifu-deposit a thin oxide on top of the BARC before spinning-
on the resist. This oxide becomes an inert barrier between the resist and BARC
and has no impact on the properties of the BARC itself. Another way of
preventing such interaction is to use an oxygen treatment after the SiON film has
been deposited, but before putting down the resist. This effectively removes any
amine groups from the BARC surface. The Novellus PEARL® (Plasma-
Enhanced Anti-Reflective Layer) includes an in-sifu nitrous-oxide treatment
before the wafer is taken out of the deposition chamber.

6.2.3 PVD-Deposited ARCs

The most common PVD-deposited ARCs are TiN films. TiN films act primarily
as absorber-type BARCs, with TiN having a x-value of 1.1. Their main
application is for patterning Al films with i-line lithography. Because TiN ARCs
are difficult to remove, they are normally left behind and become part of the
device (where they may serve in the role of a diffusion barrier). TilN films are
reactively sputter-deposited to a thickness of ~80-nm for this purpose. Their use
in DUV-lithography is limited by their high-DUV reflectivity (20-30%%).

6.2.5 BARCs for Dual-Damascene Applications

When BARCs need to be used with dual-damascene, low-kfcopper interconnect
systems, another set of complex challenges are encountered. The biggest obstacle
is patterning transparent dielectric layers (in which the trenches and via holes of
the damascene structures must be etched). These dielectric layers may lie over
the rough topography of a reflective film such as copper or polysilicon. Unlike
the case of applying a BARC directly onto a reflective layer (such as a poly or Al
film), in this situation the intermetal dielectric is transparent. Below it are all
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kinds of reflective surfaces, at multiple levels. This makes the conventional
method of controlling reflection by destructive interference inadequate. That is, a
reflection minimized for one local film stack may result in a high reflection for
another local film stack. To solve the problem, multilayer ARCs, termed
universal ARLs (UARLs) are deposited on the dielectric to be patterned (Fig. 6-
14). Either two-layers (or sometimes even three layers) are used to create such
structures. The bottom layer is opaque to UY light (and reflective), to mask the
underlying oxide, while the upper layer cancels out the reflected light by
destructive interference. The underlying layer has a higher index of refraction
and extinction coefficient so that it is more reflective than absorbing (in the same
way that poly and aluminum films behave). Such UARLs are deposited by CVD,
in tools from vendors including Novellus Systems and Applied Materials. The
UARL formed in the Applied Materials process is termed Double-DARC.® Note
that the third layer shown in Fig. 6-14 is an oxide film to prevent chemical
interaction between the first two BARC layers and the DUV resist.

6.3 PHOTORESIST PROCESSING SYSTEMS

In the early days of IC fabrication the pieces of equipment that performed the
individual resist-processing steps were stand-alone tools. As each step was
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Fig. 6-1& a) Conformal BARC; b) Planar BARC; c) three-layer universal AR layer (UARL).
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Fig. 6-15 DUV Photo-island.

completed, the wafers would be manually carried from one tool to the next. By
about 1990, these tools were integrated into resist-processing systems that
automatically moved the wafers from one tool to another without human
intervention. Such systems are now configured as either wafer tracks or wafer
clusters. In either case, such resist-processing systems are then linked to a stepper
to form an integrated stepper-track/photo-island (Fig. 6-15).13 A cassette of
wafers is loaded onto the input station of the photo-island, and 3060 minutes
later they emerge as patterned wafers, ready to be sent to the next process (e.g.,
wn-implantation or etching).

Wafer tracks oniginally consisted of two side-by-side lines of resist processing
tools (i.e., the prime, spin, and soft-bake modules on the line that fed the stepper,
and the PEB, develop, and hard-bake modules on the other). The wafers were
transferred sequentially from one module to the next using a belt transport
mechanism. In today's frack systems, the individual tools are still arranged in
two lines, but a central robotic transfer shuitle moves the wafers from one tool to
another, offering the capability to randomly access the tools (Fig. 6-16). In wafer
clusters the individual resist-processing tools are arranged in a circular fashion
around a central robot that moves the wafers among the tools, again allowing
flexible access to each of the process stations.!®17 The wafer-cluster-system
approach was pioneered by Texas Instruments in the mid-1980"s and was
introduced commercially by FSI in 1991. It has an anthropomorphic, 6-axis
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Fig. B-18 Clecan Track ACT p].!lfl:rrm_'ﬂ' Coartesy of Tokyo Electron America.

wafer-handling system that provides more reach and fewer, larger robots per
cluster. SVG's ProCell wafer-cluster system offers a hexagonal platform (Fig. 6-
17). Wafers follow a circular path from process module to coating, stepper
interface, develop cell, and back to the cassette interface. By scheduling process-
es with more than 40 wafers simultaneously with varying positions, time require-
ments and sequencing, the lithography process can be completed in 12 balanced
moves. This 15 done with a patented synchronous scheduling algorithm called
advanced guidance system (AGS), which controls wafer movement by calculat-
ing the optimal wafer path before movement is initiated. System-induced delays
are minimized through time management that antomatically builds-in scheduled
intervals at user-defined non-critical steps. allowing consistent process iming.

The stepper-track (or stepper-cluster) photo-islands are among the most
complex systems in a wafer fab. They may consist of up to 20 individual process
tools (besides the stepper) that must all work together. At any one moment, the
track may be transferring 15-20 wafers through multi-process levels, putting
resist on some, developing some, and baking or chilling others. In addition to
handling more wafers, the newer lithography processes require the track to per-
form more steps per wafer. These additional steps include: edge-bead removal,
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Fig. 6-17 Pro-Cell cluster.® Courtesy of Silicon Valley Group.

applying anti-reflective layers, and processing multi-layer resists. Track systems
must also ensure that each wafer (and each lot) has a consistent photoresist
coating. The largest manufacturers of such track and closter systems are Tokyo
Electron Ltd., Dainippon Screen, FSI International, and Silicon Valley Group
(roughly in that order). We will now describe some of the 1ssues associated with
the functioning of photo-islands.#¥ They include: capacity, flexibility, reliability,
cost of ownership, and environmental/safety features.

The capacity of the wafer track is one of its most important charactenstics.
Advanced wafer stepper/scanners are both fast and expensive (35M to $10M). To
get maximum use from the stepper/scanner, the track must be able to supply
wafers as quickly as the stepper can accept them. By 2001, some stepper/scanner
throughputs exceeded 100 wafers’hour (200-mm). The wafer track thus requires
multiple tools for each process to keep up. For example, as many as six spinners
may be needed to support one stepper.

Another critical feature is flexibility. The track system must be capable of
being modified to meet not only today’s, but also tomorrow’s needs. It should be
possible to add, upgrade, or replace process stations without replacing the entire
system. Flexibility is so important because deep-UV resist processing is still
evolving, and both hardware and software must be adaptable to “yet to be
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determined” queue times, chemistry management, and process steps. However,
since 200-mm tracks do not accommodate upgrades to 300-mm wafer sizes, the
flexibility show-stopper will be the change to the 300-mm wafer fabrication.

The flexibility capability must also extend to the system sofiware. The
software should also be modular, so that it can be reconfigured if neceded. The
software must also be able to handle multiple process recipes so that an array of
processes can be run on the same track (e.g., both i-line and DUV resists). The
software must meet the SEMI SECS or GEM standards for process-tool-to-host-
computer communication. In addition, the operator interface should be well
designed so that chances for operator errors are minimized. Ultimately there will
be an expert system in the cluster controller that will collect and analyze data
from the system using statistical techniques that will determine the overall
lithography process status.

The software will also have an impact on throughput. For example, if a new
lot cannot be started until the previous lot has finished, the actual throughput will
be significantly lower than the sready-state throughput. To eliminate this problem
the software controlling the track must be able to start a new lot while the
previous lot is still being processed (a procedure termed lot cascading). Hence, it
must be possible to start a new lot as soon as the input station is empty. The
software must recognize the boundary between the two lots and change the recipe
when the first wafer of the new lot arrives at each processing station. Capabilities
such as on-line recipe editing and graphical user interfaces also help maximize
actual wafer production time.

Next, the system must be highly reliable. All wafer track manufacturers
specify at least 95% uptime, but even this value means that the system will not be
available for 24-36 hours per month. Use of “intelligent redundancy™ in
subsystems can improve track reliability (for example, by adding an extra hot-
plate, or by having qualified standby modules).

The cost of the track system itself, its footprint, and the amount of resist and
developer consumption are other factors that impact the cost-af-ownership. In the
move from 200- to 300-mm wafer tracks, users are demanding that 300-mm
tracks be no more than one-third larger than 200-mm systems. Use of vertically
stacked modules should allow such system footprint goals to be met. Resist
consumption is one of the major costs of operating a semiconductor fab. To
control this cost, the dispense volume of resist per wafer has been decreased with
time . The design of the resist pump and spinning equipment plays a major role in
achieving reduced resist consumption.
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The tracks must also be clean and safe to operate. Both external particles and
contaminants must be suppressed, and the track tools and processes cannot
generate particles. Point-of-use filtration of resists and developer liquids and
advanced wafer transport techniques (that employ gentle handling of wafers)
reduces particle generation. Photo-islands are also enclosed in Class-1
environmental chambers. Safety issues involve the control of toxic fumes from
resist and developer solutions, and measures to ensure that wafers do not fly off
the high-speed spinning chucks.

The environment within the photo-island enclosure must be strictly controlled,
including the temperature, relative humidity (RH), and vibration (and for DUV
resist processing, the trace quantities of amines).1%:1% The temperature control
issue is challenging because the users want an enclosed system in a small
footprint. Yet they also require that the temperature throughout this volume
(which contains bake modules and motors) also be uniform and tightly
controlled. The RH is chosen to be some valoe in the range from 35-50%, but it
must then be maintained at that selected value to £0.2%. The temperature of the
resist and developer chemicals used in the system must also be well controlled.

The goal of the lithographic process is to produce resist features with
consistent CDs. In fact, the acceptable CD variation is getting smaller faster than
the actual CD size.20 At 0.18-um and beyond, good €D control will become the
most important challenge of resist processing. Many factors (already mentioned)
impact the value of the CD including the resist thickness, the use of an anti-
reflection coating, and the exposure and develop processes. For example, in i-line
lithography, across-wafer and wafer-to-wafer tolerances of 50-A were
acceptable. But sub-0.18-um processes require < 20-A ranges. To achieve such
tighter film thickness tolerances, the track system must rigorously control cup
humidity and temperature, resist temperature, resist dispense rate, and wafer
temperature. (Some sub-0.13-uym processes will require £0.1°C temperature
conirel and humidity within 20.2%.) The thermal control in baking, as well as the
time elapsed between process steps. are becoming additional variables that play
eritical roles in determining the CD value, especially when DUV -resists are used.
In DUV processes, the coating step and the PEB hot-plate-temperature are key,
but so is the lag between the time PEB is finished and when the wafer goes on
the chill plate. Sequences will have to be timed within 1 or 2 seconds at every
step. If the system cannot énsure this transfer iming, CDs will vary from wafer
to wafer. (In the past the purpose of the PEB step was to stabilize the image. Now
it is the step that basically creates the image. So any variation in the PEB process
can significantly impact the CDs for 0.25-um features and below.)
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