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High-Performance Devices for a 0.15-um
- CMOS Technology

G. G. Shahidi, James Warnock, Member, IEEE, S. Fischer, P. A. McFarland, Alexandre Acovic,
Member, IEEE, S. Subbanna, E. Ganin, Emmanuel Crabbé, Member, IEEE, James Comfort,
Member, IEEE, Jack Y.-C. Sun, Senior Member, IEEE, Tak. H. Ning, Fellow, IEEE, and

Bijan Davari, Senior Member, IEEE |

CMOS technology with the nominal channel length of 0.15 um
and minimum channel length below 0.1 pm. In order to mini-
mize shortchannel effects (SCE’s) down to channel lengths
below 0.1 pm, highly nonuniform channel dopings (obtained by
indium and antimony channel implants) and shallow
source~drain extensions / halo (by In and Sb preamorphization
and low-energy As and BF, implant) were used. Maximum high
Vps threshold rolloff was 250 mV at effective channel length of
0.06 pm. For the minimum channel length of 0.1 pm, the loaded
(FI1 = FO = 3, C, = 240 F) and unloaded delays were 150 and

25 ps, respectively.
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1. INTRODUCTION

EEP-submicrometer CMOS is the main technology

for ULSI systems. Presently the state-of-the-art

CMOS is a 0. 25-um CMOS opcranng at 2.5 V[1]. As the
CMOS technology is extended into the deep-submicrome-
ter range, it is estimated that the next generation will

have a nominal channel length of 0.15 um. In such a

technology, devices with L less than 0.1 um should
have acceptable threshold voltage rolloff and off current.
Control of the short-channel effects (SCE’s) is one of the
most critical issues faced when scaling into submicrometer
range [2], [3]. In this paper devices with excellent SCE
down to below 0.1 um, demonstrating their potential for
use in a 0.15-um CMOS technology, are presented. In
order to contain the SCE, a highly nonuniform channel
doping [4), and very shallow extensions/halo were used.
At the same threshold, the nonuniform channel doping

results in a superior SCE when compared to a uniform

channel doping [4]. The use of source-drain exten-
sions/halo obtained by low-energy implants and In (for
nMOS) and Sb (for pMOS) preamorphization result in an
improved SCE, a reduced source-drain resistance, and a
lower overlap capacitance.
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Both nMOS and pMOS were surface channel devices,

fabricated in a twin-well CMOS process on p~/p”* epi.
_Indium and antimony were used in the wells to obtain a-
highly nonuniform. channel dopant profile in order to
minimize SCE’s. Energies of about 190 keV resulted in

the best SCE. Fig. 1(a) is a SIMS of channel implant used-

for nMOS and pMOS: the In and Sb channel implant
peaks were placed at about 100 nm under the channel.
Background dopings in the range from 1 X 10" to 4 X

1017 were examined, and it was found that SCE was not

affected significantly by the background doping over that

range. The gate oxide thickness was 4.5 nm. The gate
stack was dual doped polysilicon patterned by e-beam
lithography to obtain channel lengths below 0.1 pm. Ul-
trashallow source-drain extensions/halo were obtained
with preamorphization by indium and a low-energy As
implant for nMOS [7], and Sb preamorphization and a
BF, implant for pMOS devices [5], [6] as shown in SIMS
in Fig. 1(b) and (c). Counter-doping with the preamorphiz-
ing species results in more abrupt junction, lower
source—drain resistance, and improved SCE. The nFET
extension is about 50 nm deep and the pFET extension is

AN
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60 nm deep. Devices were also built using Ge preamor-
phization, and it was found that the V7 rolloff was shifted
by about 0.07 um to longer channel lengths for these
devices. A thick spacer was formed in order to place the

‘deep ‘part of the source—drain junction far from the

channel. The deep junctions are used to provide robust
contact process. These deep source—drain junctions were
designed to overwhelm the highly doped surface region of
the well, intersecting the well dopant profile at close to
the background level in order to minimize the junction

‘capacitance. The heat cycle was minimized to avoid boron

penetration through the gate oxide [6]. A Ti salicide
process was employed to minimize the gate and the source
and drain sheet resistance.
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III. ELECTRICAL RESULTS

Fig. 2 shows the characteristics of 0.1-um Lgp; nMOS
and pMOS devices (AL is about 0.06 pm). The sub-
threshold slope is about 85 mV/decade for the nMOS
and 90 mV/decade for the pMOS. Fig. 3 shows the

. threshold rolloff for these CMOS devices at high Vps
(Vs at which (IpsL)/W = 50 pA at Vpg = 1.8 V). De-
vices with small SCE are demonstrated down to below
0.1-um channel length. Fig. 4 shows a TEM cross section
of a 0.06-um Lgp; nMOS device (0.12-pm Lpgawn) and

_its electrical characteristics (155 of this device is 4 nm).

No punchthrough is observed. The drain-induced bamer
lowering is 150 mV. The maximum Vy rolloff (from long-
channel ¥y, at low Vps to high Vps threshold of this
device) is 250 mV. Saturated transconductances of the
0.1-pm nMOS and pMOS were, respectively, fSO_and 225
mS/mm at |Vpsl = [Vgsl = 1.8 V. Device lifetime was
measured as a function of peak substrate current. For 2

Fig. 2. 0.1-zm nMOS (a) and pMOS (b) device characteristics. Device
width is 10 um, gate oxide is 4.5 nm, and device contact size is 10 X 10
pm®. NFET and pFET I at [Vpgl= 1.8 V are 90 nA and 0.65 pA,
respectively, and their output conductances at [Vpg| = [Vggl = 1.8V are
0.04 snd 0.06 mho/mm, respectively.
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Experimental High Performance Sub-0.1um
Channel nMOSFET’s

Y. Mii. S. Rishton, Y. Taur, D. Kem, T. Lii, K. Lee, K. A. Jcnkips,
'D. anlan T. Brown Jr., D. Danner, F. Sewell, and M. Polcan

» sub-0.lym channel I. INTRODUCTION

M’MT ve!;h:{:hw p:“; 35 A gate oxide and shallow NE of the key questions concerning future ULSI tech-
“MOSFETI in extensions. An 8.8-pustage delay a8V gz = 15 V nology is whether MOSFET devices can be scaled down
is recorded from a 0.08um channel nMOS ring tor at 85 100.1 um and beyond for continuing performance and density
K. The room temperature delay is 11.3 ps/stage. These are the improvement. To provide both high performance and good
fastest switching speeds reported to date for any silicon devices ;00 channel behavior in this region, MOSFET's need to be
at these temperatures. Cutoff frequencies (fp) of a 0-08'5'1? implemented with ultrathin gate oxides, shallow source—drain
chanpel device are 93 GHz at 300K, and 119 GHz at 85K junctions, and low series resistances. The fabrication of very
respectively. Record saturstion transconductances, 740 m-?;'mm high performance sub-0.1xm channel "MOSFET's with 354.
at 300K and 1040 mS/mm at 85K, are obtained from a ﬁc-ﬁi “H 3 thick gate oxide, retrograde channel doping profile [1], [2],
channel device. Good subthreshold characteristics are achlev and shallow source—drain (halo) [3] extension is presented.
for 0.09 um channel devices with a source-drain halo process. DC characteristics, cutoff frequency, and ring oscillator speed

_ \\ at both 300 and 85 K are described.
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Applicd gate voltage is from ~0.5 Vto +1.5 V in 0.25-V steps.
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Sub-1/4-pm Dual-Gate CMOS Technology
Using In-Situ Doped Polysilicon for
nMOS and pMOS Gates

Yukio Okazaki, Toshio Kobayashi, Member, IEEE, Hiroshi Inokawa, Member, IEEE,
Satoshi Nakayarna, Masayasu Miyake, Takashi Morimoto,
and Yousuke Yamamoto, Member, IEEE

Abstract—A new dual poly-Si gate CMOS fabrication process
is praposed. The incorporated technology features a boron-
peneiration-resistant MBN gate structure for pMOSFET’s, and
a dual poly-Si gate CMOS process involving separate depositions
of in-situ doped n~ and p~ poly-Si for the nMOS and pMOS
gates. 0.2-pm CMOS devices with 3.5-nm gate oxide have been
successfully fabricated. The advantages of the new process are
demonstrated on these test devices. A CMOS 1/16 dsynamic
frequency divider fabricated by the mew process functions
properly up to 5.78 GHz at a 2-V supply voltage.
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' I. INTRODUCTION

DUAL poly-Si gate structure is required for sub-1/4-um
CMOS in order to adopt surface-channel operation for
both nMOS and pMOS. This is because surface-channel
operation offers better short-channel and subthreshold I-V
characteristics, and better threshold-voltage controllability than
buried-channel operation does [1], [2]. The main issues related

to the dual poly-Si gate process are the suppression of boron
penetration from the pt poly-Si gate through the thin gate
oxide, and the doping process for the poly-51 gates. Boron
penetration makes it difficult to control the threshold voltage
and degrades gate-oxide reliability {3]-[5]. Thus, if the thick-
ness of the gate oxide is reduced, it becomes difficult to use
low-energy ion implantation and subsequent high-temperature
diffusion to dope the gate poly-Si close to the gate/oxide
interface. If the concentration of dopants in the vicinity of
the interface is insufficient for degeneracy, a thick depletion
layer forms in the gate poly-Si and reduces the device’s current
drivability [6]. Reduction of the gate resistance is also a key
issue in the conventional dual-gate process.

In this work, we devised a new dual-gate CMOS fabri-
cation process featuring two new_technologies. The first is

a_multilayer p*-gate structure of boron-doped poly-Si on

thin nitrogen-doped poly-Si (MBN-gate structure) for pMOS.

AN
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This is done by LPCVD. The MBN gate effectively sup-
presses boron penetration {7}, [8]). The second is a dual-gate
CMOS process in which in-situ doped nt and p* poly-Si
allows for uniform doping at a high concentration close to
the gate/oxide interface without high-temperature diffusion
[9]. The poly-Si sheet resistance is reduced by depositing as
amorphous silicon with a high concentration of dopants. The
combination of these technologies offers low-sheet-resistance
dual poly-Si gates without the fear of boron penetration or
gate depletion.

A sub-1/4-um dual-gate CMOS with extremely thin gate
oxide was fabricated to verify the advantages of the new
process. First, the new dual-gate fabrication process and its
key technologies are described. Then, the characteristics of
the in-situ doped poly-Si gates and the results of transistor
measurements are discussed. Finally, the high performance
of the sub-1/4-um CMOS fabricated by the new process is
demonstrated using frequency divider circuits.

Microelectronic Engineering
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/ II. FABRICATION PROCESS AND KEY TECHNOLOGIES

A. Process Sequence

A schematic of the processing steps is shown in Fig. 1. In
this process, the isolated p-well structure with high latchup
immunity was adopted (Fig. 1(a)). This involves thin epitaxy
over the n* buried layer and deep trench for inter-well isola-
tion [10]. The active regions for each device were delineated
by shallow trench isolation [11]. This makes the active-field
boundary flat.

Channel implantation of boron and phosphorous is done
through temporary oxide for the nMOS and pMOS regions,
respectively. After the first gate oxidation at 800°C in dry O,
a phosphorous in-situ doped amorphous-Si layer is deposited
by LPCVD using a Si;H¢-PHj gas system at 510°C, to form
the n* gate for the nMOSFET's (Fig. 1(b)). The phosphorous
concentration is 3 x 102° cm™3, and the film thickness is 380
nm.

The phosphorous-doped amorphous Si over the pMOS
region is selectively eliminated by ECR ion-stream etching,
which has a high Si-to-SiO, etching-rate ratio. Then, the

remaining gate oxide is eliminated by wet etching, followed by
second gate oxidation in the pMOS region. The phosphorous-

doped amorphous Si is crystallized during second gate oxi-
dation,

—

AN
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An amorphous-Si layer doped in-siru with nitrogen and
boron !SizHe-NHs-Bsz), and then one doped with only
boron (SigHg-BaHg) are deposited in one continuous step by
LPCVD at 510°C, to form the pt* gate for the pMOSFET’s
(MBN gate) (Fig. 1(c)). The boron and nitrogen concentrations
are 2 x 10%° cm~2 and 1.1 x 10! cm™3, respectively. The
total thickness is 380 nm.

To selectively remove the boron-doped amorphous Si cover-
ing the nt poly-Si and planarize the surface, the resist etchback
technique is adopted. First a resist is coated on the poly-Si and
etched back until the surface of the boron-doped amorphous
Si on the n* poly-Si is exposed (Fig. 1(d)). The boron-and-
nitrogen-doped amorphous Si on the n* poly-Si are eliminated
and the remaining resist is removed. Another resist is coated
on the poly-Si, then the resist and the projection on poly-Si
are etched back simultaneously.

After this, resist patterns for the gate electrode are formed
(Fig. 1(e)) and both the phosphorous-doped poly-Si over the
nMOS region and the boron/nitrogen-doped amorphous Si

over the pMOS region are patterned simultaneously by ECR
etching.

The sidewalls of the poly-Si gates are oxidized in steam
ambient at 750°C for 30 minutes, prior to source/drain im-
plantation. The boron-doped amorphous Si is crystallized
during sidewall oxidation. Then, shallow n* and p* S/D
junctions are formed by low-energy BF, implantation with Si-
preamorphization_and low-energy As implantation, followed
by rapid thermal annealing at 950°C for 15 5. Both junctions

, © April 19,2010 Dr. Lynn Fuller |=

have abrupt profiles and a depth of 80 nm (Fig. 1(f)) [12). //
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As described above, this process does not require any
additional high-temperature diffusion or annealing processes
to dope the gate poly-Si, which is advantageous in that it
prevents boron penetration and facilitates the formation of a
steep channel-impurity profile and an extremely shallow S/D
junction.

Fully planarized two-level metalization is employed, fea-
turing tungsten contact plugs formed by blanket CVD, and
aluminum via plugs formed by selective CVD [13]. Syn-
chrotron X-ray lithography with a single-layer resist process
is used to define the six critical layers [14].

The gate-oxide thickness of the measured devices is 3.5
nm. Only the MOS capacitors used for quasi-static C-V

B. MBN Gate Structure

The MBN gate consists of a boron in-situ doped and a

boron-and-nitrogen in-situ doped poly-Si double layer. Both
layers are deposited by LPCVD without any break in the
processing. The thickness of the boron-and-nitrogen-doped
poly-Si is about 5 nm and the nitrogen concentration is
1.1 x 10 ¢m~3. This thin layer successfully suppresses
boron penetration through the 3.5-nm-thick gate oxide during

subsequent thermal treatment [8]. The double-layer poly-S11s

continuously etched by ECR ion-stream etching.

AN
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C. In-Situ Doped Poly-Si Deposited as Amorphous Si

Annealing the in-siru doped amorphous-Si film is useful
in forming doped poly-Si with low resistivity, because it is
compatible with Jow-temperature processing [15], (16]. Fig. 2
shows the sheet resistance of Si films in-situ doped with phos-
phorous and boron as a function of annealing temperature for
several impurity concentrations. The Si films were deposited
by LPCVD using SioHg-PHj and Si;Hg-BoHg gas systems at
510°C. The as-deposited Si films are both amorphous, and are
crystallized by annealing above 600°C.

The sheet resistance decreases as the impurity concentration
increases at the same annealing temperature. The annealing-
temperature dependence of the sheet resistance drastically
decreases at concentrations above 1 x 10'°® cm™3. At a
concentration of 1.9 x 102 for boron-doped Si the resistivity
is as small as 2 x 10~3 Qcm, while at a concentration of
3.4 x 10%° for phosphorous-doped Si it is 7 x 10~4 Qcm

generation of nucleation centers in amorphous Si leads to a
la‘rger grain size than that of the as-deposited polycrystalline
Si [17). The observed grain size is 1-4 um.

/
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4 High-Performance 0.07-ym CMOS wi

9.5-ps Gate Delay and 150 GHz fr

Clement Wann, Fariborz Assaderaghi, Leathen Shi, Kevin Chan, Steve Cohen, Harry Hovel, Keith Jenkins,
Young Lee, Devendra Sadana, Raman Viswanathan, Shalom Wind, and Yuan Taur

Abstraci— We report room-temperature 0.07-um CMOS in-
verter delays of 13.6 ps at 1.5 V and 9.5 ps at 2.5 V for
SOI substrate; 16 ps at 1.5 V and 12 ps at 2.5 V for bulk
substrate. This is the first room-temperature sub-10 ps inverter
ring oscillator delay ever reported. PFET with very high drive
current and reduction in parasitic resistances and capacitances
for both NFET and PFET, realized by careful thermal budget
optimization, contribute to the fast device speed. Moreover, the
fast inverter delay was achieved without compromising the device
short-channel characteristics. At Vygqg = 1.5 V and I.g ~ 2.5
nA/um, minimum L.g is about 0.085 nm for NFET and 0.068
um for PFET. PFET I, is 360 pA/um, which is the highest
PFET I,, ever reported at comparable V4 and I.z. The SOI
MOSFET has about one order of magnitude higher I.g than

bulk MOSFET due to the floating-body effect. At around 0.07

pm L.z, the NFET cut-off frequencies are 150 GHz for SOI and
135 GHz for bulk. These performance figures suggest that sub-
tenth-micron CMOS is ready for multi-gigahertz digital circuits,
and has a good potential for RF and microwave applications.

Rochester Institute of Technology
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I. DEVICE FABRICATION AND PERFORMANC_E

UB-TENTH-MICRON CMOS continues to deliver higher

performance and less power consumption at lower Vgq. In
this work sub-tenth-micron CMOS devices and circuits were
fabricated_on bulk and SOI substrates. The device fabrication
processes were similar to that in [1]. The gate level was
patterned using X-ray lithography, enabling high resolution
and high throughput. Functional DC-to-DC converters, 10-
GHz voltage-controlled oscillators, 5.8-GHz low-noise ampli-
fiers, and 6-GHz frequency dividers were also successfully
fabricated. The oxide thickness was 27 A as measured by an
ellipsometer.

CMOS inverter ring oscillators had delays of 16 ps at 1.5
V, 13.5 ps at 1.8 V, and 12 ps at 2.5 V for bulk substrate;
136 psat 1.5V, 11 psat 1.8V, and 9.5 ps at 2.5 V for SOI
substrate, as seen in Fig. 1. This is the first room-temperature
sub-10 ps CMOS ring oscillator delay reported. The partially-
depleted (PD) SOI CMOS devices (140 nm starting silicon
thickness) in general have improved the inverter delay by
about 25%, although I.g is one order of magnitude higher
due to the floating-body effect. This fast ring oscillator speed
mainly resulted from the high performance PFET and the
reduction of the parasitic resistances and capacitances of the
short-channel devices, both were realized by reducing the

AN
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thermal budget. Shallow source and drain extensions with \*

abrupt profiles in both the vertical and the latera directions
are the keys to simultaneously reduce overlap capacitances
and series resistances of bulk and PDSOI MOSFET s to about
200 Q2 - um for NFET’s and about 400 §) - pm for PFET s
(both sides).

Fig. 2(a) and (b) show the characteristics of NFET and
PFET devices of the same Limask (0.125 um) as those in
the ring oscillators. For bulk CMOS, I.g for 0.085 pm Lo
NFET and 0.068 um L.g PFET (both of Linask 0.125 pm)
is 2.5 nA/um at 1.5 V. I02 of the 0.068 um PFET is 360
pAlpm, which is also the highest ever reported at 1.5 V Vyy

and comparable I,z. V; roll-off characteristics of bulk CMOS
are shown in Fig. 3,

III. CONCLUSION

High speed bulk and SOI CMOS technologies were fabri-
cated. Our SOI CMOS delivers a 9.5-ps inverter ring oscillator
delay at 2.5 V under room temperature, the first sub-10 ps
room temperature ring oscillator ever reported. At Vg = 1.5
V, our bulk CMOS delivers a 16-ps delay at 2.5 nA/um I g.
Loy is 360 pA/pum for the 0.068-um PFET, even higher than a
previously reported 1.8 V technology (7). By careful reduction
of the thermal budget, we were able to realize high-current-

drive PFET and low parasitics short-channe! NFET and PFET.
A scheme to compare 74 with adjusted V; is proposed. The
fr of the 0.07 pm L.g NFET is 150 GHz for SOI and 135
GHz for bulk. Sub-tenth-micron CMOS is ready for multi-
GHz digital applications and is also a possible candidate in

/
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An 0.18-um CMOS for Mixed
Digital and Analog Applications with
Zero-Volt-V;y, Epitaxial-Channel MOSFET’s

Tatsuya Ohguro, Member, JEEE, Hiroshi Naruse, Hiroyuki Sugaya, Eiji Morifuji, Member, IEEE,
Simichi Nakamura, Takashi Yoshitomi, Member, IEEE, Toyota Morimoto, Hideki Kimijima,
Hizavo Sasaki Momose, Member, IEEE, Yasuhiro Katsumala, Member, IEEE, and Hiroshi Iwai, Fellow, IEEE

[. INTRODUCTION

Abstract—An 0.18-5pm CMOS technology with multi-V5's for
mixed high-speed digital and RF-analog applications has been
developed. The V' of MOSFET s for digital circuils are 0.4 V
for NMOS and —0.4 V¥ for PMOS, respectively. In addition, there
are n-MOSFET's with zero-volt-1}, for RF analog circuits. The
zero-voll-15, MOSFET s were made by wsing undoped epitaxial
layver for the channel regions. Though the epitaxial flm was
grown by reduced pressure chemical vapor deposition (RP-CVID)
at 750 ", the film quality is as good as the bulk silicon because
high pre-heating temperature (940 “C for 30 2) is used in 0=
atmosphere before the epitaxial growth. The epitaxial channel
MOSFET shows higher peak g, and fr values than those of bulk
cases. Furthermore, the g., and [ values of the epitaxial channel
MOSFET show significantly improved performances under the
lower supply voltage compared with those of bulk. This is very
important for KF analog application for low supply voltage. The
undoped-epitaxial-channel MOSFET s with zero-15;, will become
a key to realize high-performance and low-power CMOS devices
for mixed digital and RF-analog applications.
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«OW power consumption has been one of the higgest

1ssues for developing next-generation high-performance
CMOS. The most effective way of reducing power consump-
tion is to lower the supply voltage. At the same time, gate
oxide thickness should be reduced to maintain the current
drive of MOSFET s, Table I shows the general trend of CMOS
parameters for (1L25-, 0L18-, and (L13-pm generations [1], For
the (L18-um generation, t,. of 45 nm and V,; of 1.8 V
are assumed. In the low-voltage/low-power design of 0.18-
pum CMOS, we chose in advance the values of t.. and
Ve assumed for 0.13-pm generation—3.5 nm and 1.5 V,
respectively. In addition, we chose nt gate for p-MOSFET s
in order to simplify the process, and thus reduce the production
cost. By optimizing the channel impurity profiles, the short-
channel effects of n* gate buried-channel p-MOSFET's was
sufficiently suppressed [2]. In the n™ poly 5i gate case, dopant
[.H:I.'iLlH[an of the gate electrode is not a problem, differing

from the p* poly gate case_Thus, pitdded oxide gate insulator

15 not NECasEary.
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For Icmwnltﬁga RF analog application, high g, value at
low V,, is critically important as shown in Table [I, Generally,

subthreshold leakage current at 1, = 0 V is not a problem in
the analog circuits because the leakage current is controlled
by current source. On the other hand,.in the digital circuits,
the leakage current is a sericus obstacle for the realization of
low power consumption because this current is not controlled.
Thus, Vy, required for analog MOSFETs is different from
that for digital MOSFET’s. In the design, we made a special

H]‘lﬂlﬂE n-MOS transistors with ¥, = 0 ¥ in addition with

conventional digital CMOS transistors with Ve = 0.4 ¥

for NMOS and —04 V for PMOS as shown in Table IL
Short-channel effect suppression of zero-volt-1}, MOSFET is
expected to be not very good when using ion-implantation for
channel doping because the channel impurity profile cannot
be very steep. This was solved by introducing an undoped-
epitaxial-channel technigue [3]-[12] with a small cost of
processsiep increase. In this paper, 0.18-pm CMOS technology
with multi-Vy),"s for mixed high-speed digital and RF-analog
applications is reported.
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II. SAMPLE FABRICATION

Fig. 1{a) shows the process flow for the 0,.18-gm CMOS in-
volving digital n- and p-MOSFET's and analog n-MOSFET 's.
Kev process steps are exnlained usine the crnss-sectional

views shown in Fig. l(b). After the formation of the isola-
tion, thin sacrifice oxide was grown on Si substrale. Then,
channel doping of n- and p-MOSFET's was carried out ion-
implantation [Fig. 10b)(i}]. The conditions are BF; at 30 KeV
with dosage of 1 x 10*® em~? for digital and analog n-
MOSFET's and P** at 120 KeV with 5.0 x 10** em—2, As
at 70 KeV with 4.0 x 10** em™2 and BFa at 15 KeV with
5 % 103 em=* for digital p-MOSFET’s, respectively.

The sacrifice oxide was removed selectively in the analog
n-MOSFET area by using a mask step [Fig. 1(b), (ii)]. Then,
undoped epitaxial Si layer of 20 nm was grown selectively on
this area by RP-CVD [Fig. 1(b), (1i1}]. The process conditions
of RP-CVD are listed in Table II1. Just prior 1o the deposition,
the native oxide layer was evaporated by using in situ high-
lemperature pre-heating at 940 °C for 30 s in Hy atmosphere,
A 30 nm intrinsic or undoped silicon epitaxial layer was grown
at 730 *C by uvsing SiH2Cl; gas. The growth rale is 2 nm/min.

After growing the selective epitaxial lavers, the sacnfice
oxide on the digital n- and p-MOSFET arcas was removed by
the eiching of the entire region without masking as shown in
Fig. 1(b}, (iv). Then, the gaiec oxide is grown [Fig. 1(a)] by
dry Oz oxidation at 800 °C for 30 min, The thickness of gate
oxide was 3.5 nm. This is the standard oxide thickness used

for 1.5 V supply voliage.
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The in sitw phosphorus doped polysilicon was deposited
for the gate electrodes of all the three types of transistors,
An 0.3-pm resist pattern for gate electrode was made on the
polysilicon film by using excimer stepper. Then, the resist
pattern was narrowed to 0.1 um by using ashing technique
[13], [14]. A minimum gate length is 0.1 pm in our experi-
ments. After the formation of the phosphorus polysilicon gate
electrode, extension regions of source and drain (As: 15 keV
2.0% 10" em~* for n-MOSFET s and 15 keV 5.0 10" em=?

for p-MOSFET s) were formed by using ion implantation.
After the formation of 100 nm SiglNg sidewall, arsenic (30
keV, 5.0 x 10'% em~?) for n-MOSFET’s and BF; (30 keV,
3.0 % 10 ¢m~?) for p-MOSFET s was carried out with the
Si3M, sidewall as a mask to form a deeper source and drain
region of CMOS.

Co-salicide echnique 2], [15] was used in this process to
reduce source, drain and gate resistances significantly as shown
in Fig. 1{b), (v). After MOSFET formation, Co and TiN film
were deposited by sputter. CoSi films were formed on source,
drain and gate electrode selectively by annealing at 500 °C
for 60 s. After removing nonrcactive Co and TiN films, Co
silicide was changed from CoSi to CoSi; by annealing at 750
*C for 30 s to reduce its resistivity, By using this process, sheet
resistance of the gate electrode below 3 ohm/fsq. was realized
even at the gate length of 0.1 um. The sheet resistance of the
source and drain were alse 5 ohm/fsqg. Finally, metallization
was carried out,
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' An 0.18-pm CMOS with multi-V;y s for mixed high-speed

i ﬁ. digital and RF-analog applications has been developed. In the
NTE::'S- e low-voltage/low-power design of (.18-pm CMOS5, we chose
e the values of £, and 1 assumed for (L.13-pm generation—23.5
| 038 e . nm and 1.5 V. respectively. In addition, we chose n™ gate

4|:| -
A : for p-MOSFET's in order to simplify the process, and1 thus
O =g to reduce the production cost. The Ve 's of MOSFET's for

0.5 |

20 - NMOS e NAMOS :
| without epi channel 0.4 - f without epi channel . digital circuits are 0.4 V for NMOS and —0.4 V for P]‘-ﬂf]l?i,_
NMOS respectively. In order to prevent the RF analog n-MOSFEL

1 1 i 1
i u"i-gn{frm%t: e 02 b with cpi channel 3  performance degradation due to lower supply voltage of 1.3V,

zero-volt-Vyy, was applied to the analog n-MOSFET. The zero-

volt-Viy, MOSFET s were made by using undoped epitaxial
laver for the channel regions. Though the epitaxial film was
grown by reduced pressure chemical vapor deposition (RP-
CVD) at 750 °C, the film quality i as good as the bulk silicon
because high pre-heating temperature (940 °C for 30 s) is
used in Hz atmosphere before the epitaxial growth. Increase
Rochester Institute of Technology of process cost 15 small. High-performance under low-voltage
Microelectronic Engineering in both analog and digital MOSFET"s has been d-:::mnstmt;/
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A 130-nm Channel Length Partially
Depleted SOI CMOS-Technology

Stephan Pindl, Jarg Berthold, Thomas Huttner, Stefan Reif, Dirk Schumann, and Henning von Philipsborn

Abstract— A partially depleted silicon-on-insulator (PDSOT)
CMOS technology emploving pocket implantation and a sclf-
aligned titanium silicidation with an effective gate length of (.13
pm has been developed. An advanced mesa isolation process is
used to suppress corner devices. A clear improvement of the
device performance due to the novel isolation process is shown.
Good transfer characteristics with a steep subthreshold slope and
an excellent roll-off of threshold voltage is obtained for both
nMOS and pMOS devices down to effective gate lengths of (L13
pem. A 10k transistor circuit which is mostly combinatoric (carry
select adder circuit) has been realized and characterized as a
performance test circuit with an effective gate length of 0.18
pm and shows high performance and low power consumption
compared to an optimized 0.18 pm effective gate length bulk
technology with similar processing.
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I. INTRODUCTION

HE CMOS technology on thin-film silicon-on-insulator

(SOI) substrates is very promising for low-power and
high-performance applications at supply voltages of 1.2 V
and below [1], as the parasitic capacitances are signilicantly
reduced by the buried oxide [2], [3]. Other benefits are for
example the simple isolation process and the high inlegra-
tion density, as no wells are needed as in bulk technology.
Additionally, ultrathin film SOI devices with electrical fully
depleted channel (FDSOI) have an excellent subthreshold
swing caused by the perfect coupling between gate electrode
and channel, However, FDSOI devices show more pronounced
short channel effects than SO1 devices with a partially depleted
channel (PDSOD in the 0.1-pm regime and beyond caused

II. FABRICATION

Starting material for the SOI devices is 130 mm, 8 cm, (100)
oriented bonded and etched back SOOI (BESOIL) wafers (Hughes
Danbury, now Ipec Precision). The top silicon and bured
oxide layer thickness is 190 and 390 nm, respectively (Fig. 1)
First, an advanced mesa isolation process 15 performed, which
is described in more detail in the Section Il After channel
and well implantation for threshold adjustment & 4.7-nm
thick fumace gate oxide was grown and a 300-nm thick
polysilicon was deposited. Next to patterning of the gate with
a tetracthylorthosilicate (TEOS) hardmask and performing a
rounding oxide to perform a gate’s bird’s beak, lightly doped
drain (LDD) implantations with arsenic for nMOSFET s and

by top silicon thickness variations [£]. In this work, we TABLE 1
present an advanced PDSOI CMOS technology for devices PROCESS AND DEVICE PARAMETERS OF THE PDS0T TECHNOLOGY
with -::hm.me]. lengths of 0.13 pm. Both device and test circuit Drotess MOS TG
characterization have been performed [5].
material BESOI {1g{=1%0 nm)
channel horon | phosphonus
gate oxide 4.7 nm
LDODYHDD Arsenic horon
pocket boron phozphorus
RTA anneal 10&0°C 108 10407 C9s
sphicidation 50 nm titanium
contact hole lungsien
Lafe 130 nm
Rochester Institute of Technology l""IDD' 1.2V
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In this work, a novel concept is proposed to form 2
spacer higher than the silicon film with minimum acdditional
processing. The investigations on different mesa isolation
concepts are performed on SOT wafers with an initial silicon
thickness of 45 nm. Both the conventional and the new
isolation concept are realized within the same batch, To form
the new mesa isolation first a pad oxide (3 nm) 15 grown.
Subsequently, a 50-nm nitride layer is deposited. Then the
wafers are patterned by dry etching of nitride and silicon
[Fig. 2(a)]. After a corner rounding oxidation, a TEQS layer is
deposited and dry etched to form a TEOS spacer [Fig, 2(b)].
Then the nitride layer is wet elched selectively to oxide and
silicon [Fig. 2(c)]. After channel and well implantation the pad
oxide acting also as screening oxide is removed by a wet etch
[Fig, 2(d)] and a 4.7 nm gate oxide is grown followed by a
deposition and patterning of the gate polysilicon [Fig, 2{ell.
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Schematic process flow of the novel 5010 mesa isolation concept with an additional mitride layer.

new concept:
intact spacer

R
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Fig. 4. TEM micrograph of 501 mesa isolation using the novel concept,
Compared o the conventional concept there 15 ebviously more spacer Left at
the mesa comer,
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A high performance and low power (0.13-pm channel length
partially depleted SOI technology has been realized and char-
acterized. By using an optimized pocket implantation the
roll-off of threshold voltage is effectively suppressed. Corner
devices are omitted using an advanced mesa isolation process
with an elevated mesa spacer process, 4 10k transistor carry
select adder test circuit with a 0,18 pm channel length shows a
45% smaller delay time and a 35% reduced power dissipation

subthreshald swing [midec]

compared to a carry select adder processed with a similar bulk
- silicon technology with the same leakage current.
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Fig. 11.
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Fabrication and Characterization of Sub-Quarter-
Micron MOSFET’s with a Copper Gate Electrode

I. Mauyen, Y. Ono, ael 3, T, Hsu

Y. Ma D R Evmms. '
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There have been a number of reports of MOSFET's fabricated
with metals such as TiN, Ta, and W as the gate [2]-[5]. With
increasing use of copper in the back end of the line, it is natural
then to investigate the feasibility of using copper as the gate
electrode as well, In addition to the greatly reduced gate sheet
resistance with copper, its implementation may simplify the
fabrication process and reduce cost since development effort
and production equipment may possibly be shared with copper
interconnect technology currently coming into the mainstream.
MNear term, copper gate electrode devices may be used as a
test vehicle to study copper diffusion barriers and the effect of
copper diffusion into the device active area. This information
is important even if copper is used only in the backend
of the process flow. In this letter we report the successful
fabrication of copper gate electrode sub-0.25-pm MOSFET s
using a replacement or “cast” process, wherein the metal gate
is deposited after the S/D formation which is performed with
a temporary silicon nitride “microcast”. Using this approach,
the maximum temperature after copper deposition is 200 °C,

| © April 19,2010 Dr. Lynn Fuller |=
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Fig. |. Processing steps: (1) formation of the nitride cast; (b) alter undercut
etch using hot phosphonice acid and then a single implantation through the
Testructhire to farm both 5/D and the LDD extension regions; (o) after oxide
fill and CMP to top of the nitride cast, the nitride 1s removed selectively using
hot phospheric acid; (d) after PVD TiN and MOCWYD copper deposition and
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~  CMP 1o copper; (¢) final structure after Al contact formation.
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Figs. 2 and 3 show the drain and subthresheld character-
istics, respectively, for N- and P-channel MOSFET s, Con-
sidering that a 5 nm N;O gate oxide is used, the drive
current is very good, especially for the PMOS devices. The
subthreshold leakage is only a few pAJum, suggesting that no
copper contamination is found in the channel region. Fig. 4
shows the threshold voltage of copper gate P~ and NMOS
transistors as well as N7 poly-silicon gate transistors made by
the same process. The Fermi level of the TiN/Cu gate is close
to the mid-gap [3]. This is confirmed by the VT shift of about
.45 V between the n poly gate and the metal gate devices. A
similar flatband voltage shift is shown by the high-frequency
capacitance ('— V') measurements, Capacitance measurements
also indicate that the copper gate devices have a T, = 4.6
nm which is smaller, while the poly gate devices have Ti,.; (=
5.1 nm) which is larger, than the as-grown T.. of 48 nm
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0.08 um MOSFETS
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The “T” shaped gate structure helps reduce resistance of the
gate connection
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" Bell Labs Claims Smallest
“Complete’ MOS Transistor

"MURRAY HILL, N.J.—Researchers at Bell Laboratories, the
‘Tesearch and development arm of Lucent Technologies,
“have fabricated what the company claims to be the world’s
smallest “complete” metal oxide semiconductor (MOS) tran-
‘sistors, paving the way for new ICs to pack several hillion
components on a single silicon chip.

- The experimental “nanotransistors™ are only 60
-nanometers (182 atoms) wide—four times thinner than the
smallest transistors In today’s IC, it was said. Despite the
-shrink in size, Bell Labs maintains that these transistors
bave excelled in speed, power consumption, and other key
‘measures of performance to record levels.

“While Bell Labs and others have built transistors with
feature sizes smaller than 100 nanometers before, no one has
built a transistor this small with all of the components—
source, drain, gate and gate oxide—scaled to deliver the kind
of performance needed for a practical device,” said Mark
Pinto, CTO of Lucent Technologies’ Microelectronics Group.
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He tied this recent development in with the 50th anniver-
sary of the transistor's invention at Bell Labs, saying the
technology has ushered in the age of “nanoelectronics.” Ac-
cording to Lucent, the experimental nanotransistor has deliv-
ered a current flow of 1.8 milliamps per micron in the “on™
state at 1.5 volts— said to be the highest current flow ever
reported for a MOS device. It also delivered transconduc-
tance—a measure related to the trapsistor’s gain—at 1.12
siemens/mm, according to Bell Labs. It is five times faster
and draws 60-160 times less power than today’s transistors
to perform equivalent operations. Specifically, operating at
1-volt, the device draws 60 times less power than current
transistors; operating at 0.6-volt, it draws 160 times less.

“This new technology could go a long way toward satis-
fying consumers’ demands for longer battery life, less
weight and additional capabilities in wireless telephones
and portable computers,” said Mr. Pinto.

The technology could prove especially attractive in digi-
tal signal processors, a class of chips used in cellular
phones and other communications devices, something Lu-
cent as a producer of digital signal processors hopes to
cash in on.

AN

Rochester Institute of Technology

components through which the output signals travel. This

The key advance toward making the experimental tran-
sistor possible is said to be an ultra-thin layer of insulation
between the gate, the component on which input signals
are applied to the transistor, and the source and drain, the

layer, called the gate oxide, is only 1.2 nanometers, rough-
ly three layers of atoms in thickness. According to Steven
Hillenius, head of the Device Research Department in the
Bell Labs Silicon Electronics Research laboratory, fabricat-
ing a layer this thin required advances in chip fabrication
technologies also being pioneered at Bell Labs, including
material deposition techniques for growing a three-atom-
thick insulating layer of silicon dioxide on the silicon wafer,
and an etching technique that eliminates excess material
around the transistor gates, but stops short of damaging
the delicate insulation layer. Another advance said to be
“essential” to fabricating these exceptionally small transis-
tors is the use of electron-beam lithography. Optical lithog-
raphy processes were said to be “too large to print” the
features required by this new transistor.

Bell Labs scientist and project team leader Greg Timp
will describe the nanotransistor on Dec. 8 at the Interna-
tional Electron Devices Meeting (IEDM). ¢

(Continued)
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0.05 yum MOSFET Dopant Profile

Source

IEEE Spectrume
July 1999
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[8] A random distribution of discrete dopants in an nMOSFET is simulated above. The device
has a channel length of 0.05 pym and a channel width of 0.1 pm. Each red dot represents an
acceptor (p-type) dopant atom; each blue dot, a donor (n-type) atom.
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ATOMIC SCALE TRANSISTORS

Gate

Drain

Macro: =105 m (side) (a)

Meso: 106 - 10°7 m (side) (b)

Gate

Source “ Drair

.:é ;
®

Atomic: <10-* m (top) (c)

Figure 1. Transistors Have Been Miniaturized, starting from the macroscopic
scale, where thousands of dopant atoms can be regarded as being in a smooth
distribution that determines the switch-on voltage. At the mesoscopic scale,

. transistors have different switch-on voltages, depending on precisely where the
ROChBSter Instltute ofTeChnOIOgy dopant atoms are located. To prevent such unit-to-unit variations, the next step

. . . . in miniaturization will not be accomplished by making conventional transistors
Microelectronic Engineering

smaller: instead, transistors with dimensions <1 nm will be made from chains of
precisely positioned atoms.
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0.03 um MOSFETS

Gate Length Scalability of n-MOSFET's Down to
30 nm: Comparison Between LDD and Non-LDD
Structures
aechn Murakama, Wember, FEEF. Tonhivoks Yoshimwrs Yasushs i, ardd Shamscharo Kimur, Wemdser JEFE

Abstract—Gate length scalability of LDD and non-LDD
n-MOSFET's are investigated in terms of resistance to
short-channel effects. Extremely small gate electrodes are
delineated using electron beam direct writing and highly selective
dry-etching techniques. An LDD MOSFET with As-implanted
15-nm-deep junctions shows a superior scalability down to 30 nm.
In contrast, in the case of a non-LDD MOSFET having Sh-8-doped
18-nm-deep junctions, the drain induced barrier lowering (DIBL)
mechanism limits the minimum gate length to around 80 nm,
at which favorable device operation is achieved. The difference
between built-in potential of source/drain junctions (around 0.1
eV) of LDD and non-LDD devices is found to remarkably affect
short-channel characteristics in the sub-0.1-7:m region.

Index Terms—1.DD, MOSFET, short-channel effects, sub-0.1
pm,
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Rochester Institute of Technology
Microelectronic Engineering

Fig. 1. SEM cross-sectional view of 30-nm poly-Si gate on 4-nm-thick gate
oxide.

Xox 4.0 nm gate oxide
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0.03 um MOSFETS
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0.025um

Enhanced Strain Effects in 25-nm Gate-Length
Thin-Body nMOSFETs With Silicon—Carbon

Source/Drain and Tensile-Stress Liner

Kuh-Wee Ang, King-Jien Chui, Chih-Hang Tung, N. Balasubramanian,
Ming-Fu Li, Ganesh S. Samudrz, and Yee-Chia Yeo

Abstract—We report the demonstration of 25-nm gite-length
L strained nMOSFETs featuring the silicon—carbon source and
drain (Si, ., C,S/D) regions and a thin-body thickness Thoay of
~18 nm. This is also the smallest reported planar nMOSFET
with the 8i,_, C, 8/I} stressors. Strain-induced mobility enhance-
ment due to the 8, C, 5/D leads to a significant drive-current
IDane enhancement of 52% over the control tronsistor. Further-
more, the integration of tensile-stress SiN etch stop layer and
Si1-, C,S/D extends the fpany enhancement to 67%. The per-
formance enhancement was achieved for the devices with simi-
Iar subthreshold swing and drain-induced barrier lowering. The
S, C,S8/M technology and its combinntion with the existing
strained-silicon techniques are promising for the fueture high-
performance CMOS applications.

Index Terms—Electron mobility, nMOSFET, silicon—carbon
(Si, -, C,), silicon nitride liner, strain, stress.
. INTRODUCTION

ECENTLY, channel-strain engineering is being actively
pursued to enhance carricr mobility and drive current

Fig. 1. {0) SEM image showing problems of silicon migration during the high
temperature (800 °C) prebake step in the S1y_ €y selective epitaxy process.
(b) Excellent morphology of Siy — ,Cy, onihe $/D regions is demonstrated when
a reduced prebake lemperature (700 °C) and a tightly controlled SO body
thickness are used. (€) TEM micrograph of a strained n-channel transistor with
the 5iy -, Cy, /D stressors and the high stress ESL. This trinsistor features the
physical yate length L of 25 nm and the body thickness T) ey OF ~~15 am.
A 25-nm-thick SiN ESL with the tensile stress of 1] GPa was used,

| © April 19,2010 Dr. Lynn Fuller |=
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02 IEEE ELECTRON DEVICE LETTERS, VOL, 28, NO, 4. APRIL 2007
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Fig. 2. (a) Ips—Vps characieristics of the control and strained nRMOSFETs wilh single stressor (Siy.-yCyS/D) and dual stressors (Siy -, CyS/D and ensile-
_ slress SiN ESL). Significant /pus enhancement of 52% is observed in the single stressor device over the control transistor. Even higher f{yqy, improvement of 67%
is achicved with the integration of high stress ESL and Sij ., CyS/D. (b) Single and dual stressor sirained devices are observed 1o enhance the trmsconductance
by 95% and 139% over the control tansistor, respectively.

Microelectronic Engineering /
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IV. CONCLUSION

We demonstrated the successful integration of the Siy_,C,
S/D regions in Lthe strained SOOI nMOSFETSs with the 25-nm
gate lengths, enhancing the Ipg, by 52%. Excellent subthresh-
old charactenstics are achieved by Lhe aggressive scaling of
the SOI body thickness. Strain effects and fpg, are enhanced
further by combining the ligh stress ESL and the 381,_,,C,8/D
stressors. Further performance boost can be achieved with an
increased S1,..,C,S/D elevation,

Rochester Institute of Technology
Microelectronic Engineering
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0.02 um MOSFET

A 20-nm Physical Gate Length NMOSFET Featuring
1.2 nm Gate Oxide, Shallow Implanted Source and
Drain and BF> Pockets

5. Deleonmbus, Member, IEEE O, Coallnt, G |:||||':.;.u| M. Heemanm., M. E. Nier, 5, Tedesea B [l woitin. B Marin
P Mur, AL M I-'_||'\-.|'_|:| Lecarval, 5. Biswan, and 1. Souail

Absiraci—=We have demonstrated the Feasibility of 20-nm gate
lengih NMOSFET s using a twoe-step hard-mask etching tech-
nigque. The gate oxide is 1.2-nm thick. We have achieved devices
with real N7 arsenic implanted extensions and BF; pockets, The
devices operate reasonably well down to 20-nm physical gate
length. These devices are the shortest devices ever reported using
a conventional architecture.

Index Terms—Hard muask, metallsrgical length, NMOSFET,
pockels, tunncling diclectric, 20-nm gate lengih,

l. INTRODUCTION

OF. THE first time, NMOSFET devices with a phvsical
Fp;m‘ length down o 20 nm and a 1.2-nm thick gate oxide
made in a conventional architecture are reported. Unlike the
previous work on 14 nm EJ-MOSFET s [1], we have achieved
devices with real N™ Arsenic implanted extensions and BF.

pockets. Hence, our 20-nm gate length devices have a far much
higher current drivality.

20nm”

i © April 19,2010 Dr. Lynn Fuller
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0.02 um MOSFET

Abstract—We have demonstrated the feasibility of 20-nm gate
length NMOSFET s using a two-step hard-mask etching tech-
migue. The gate oxide is 1.2-nm thick, We have achieved devices
with real N— arsenic implanted extensions and BF; pockets, The
devices operate reasonably well down to 20-nm physical gate
length, These devices are the shortest devices ever reported using
a conventional architecture,

Index Terms—Hard mask, metallurgical length, NMOSFET,
pockets, tunneling dieleciric, 20-nm gate leneth,

1. INTRODCTIONN

The gate oxide is found 1o be 1.2 nm thick by high resolution
transmission electron microscopy { HR TEM) observation under
a transistor gate of TN gm = 300 gm [Fig. 1(b)] or the 20-nm
gate length devices [Fig. 1ic)). Source and drain extensions
are implanted with 3 keV accelermted arsenic. A dose of 1019
cm ¥ leads 1w a junction depth (as implanted) of 11 nm a 1017
at.em ™ —measured by quadrupolar SIMS [4) [Fig. 2ia)]). One
keV Cs™ beam s used with a tilt angle of 60 7 o avoid ion
mixing. BF; pockets are implanted with a moderate dose in
order 10 reduce the short channel effect. A 30-nm wide spacer

I i”m THE hirst time, NMOSFET devices with a physical Le=20nm
. ., . &
gate length down to 200 nm and a 1.2-nm thick gate oxide 0007 . LoYSam
made o conventional architeciure are reported. Unlike the 0,006 '
previous work on 14 nm EJ-MOSFET s [1]. we have achieved -
devices with real N7 Arsemic implanted extensions and BF- ;“-mﬁ Lo ..
pockets. Hence, our 20-nm gate length devices have a far much EIHIIHH F“,_.a-"' _...u-"""". |
- = 1 r e
higher current drivality. | F_.*:_,. o ——
0.3 .-:1':::“.‘ __...--*""'-" e
0.002 AT
L arrant = J—
i_fl.."_".u""# -__“-"-'F.".r
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0.02 um MOSFET

Concentration] at.cm

&n
&
Tk -
..... .
mE
<
E :
: - g ; ’
E "
i .
- "
1y 2
1 1] L5

1 gt

Rochester Institute of Technology

Microelectronic Engineering

Microns

as impdambedd
* - KTP 950 15 N2

0 ] 1% 20 B W

Despth | rurm)
= | | .|
=
. L I

(=" (-] =10

1 e 4 & B
,
Slicrons

| © April 19,2010 Dr. Lynn Fuller

Page 46




(——

0.006 um MOSFET
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Channel is 4 nm thick on Buried Oxide. 8-19-2002
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HOMEWORK- ADVANCED CMOS PART 1&2

1. Briefly describe the following CMOS process enhancements, a)
silicide, b) salicide, c¢) dual doped gate CMOS, d) side wall spacers, e)
gate stack formation, f) multi layer metal.

2. Whattypes of lithography technology was used to make the < 0.2
um transistors described in this set of notes?

3. What types of isolation technology was used to make the CMOS
devices described 1n this set of notes?

4. What technology 1s used to reduce Boron penetration through the
gate oxide for the devices described 1n this set of notes?

5. Sketch the crossection of the 0.07 um CMOS described in this set
of notes. Make the sketch to scale in both the lateral direction and the
direction into the wafer.
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