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A Study of Mobility Enhancement by

Contact Etch Stop Layer and Recess Source/Drain

Student : Zheng-Chang Mu Advisors: Dr. Tien-Sheng Chao

Department of Electrophysics

National Chiao Tung University

Abstract

In this thesis, we fabricate nMOSFET with recess source/drain and CESL
(contact etch stop layer) on (110) substrate for channel strain and carrier mobility
enhancement. Dopant activation is executed by the microwave anneal. Besides, from
the result of material analysis, SiN film annealed by microwave shows with a tensile
stress shift. This technique is used in device fabrication for tensile strain and mobility

enhancement.

From the result, CESL with microwave anneal for tensile enhancement technique
improves driving current obviously. As gate length scales down to 0.2um, recess
source/drain structure with CESL with microwave anneal for tensile enhancement
technique significantly enhances driving current. During SiN deposition, hydrogen
diffuses to the interface of silicon and oxide to passivate dangling bonds. From charge
pumping measurement, interface state density of SiN split is smaller than that of

control split.

From hot carrier stress analyses, the recess source/drain device shows a serious
degradation after the hot carrier stress. In the process, channel hot electron would be

trapped in the spacer. When the electrons flow through the spacer, Coulomb scattering



would become serious in current-voltage measurement. As a result, current-voltage
curves show a serious degradation. This phenomenon is confirmed from the result of

shift of threshold voltage versus time under stress.
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Chapter 1
Introduction

1-1 General Background

Field Effect Transistor (FET) is used in advanced integrated circuit (IC) products.
One of representative product for advanced semiconductor is computer. To enhance
the speed and advance the compute efficiency of computer, the transistors count of
CPU increases with year is shown in Fig. 1-1[1]. To increasing the transistors count of
CPU, transistors must be scaled down. Fig. 1-2 [2] shows the transistor scale down
30% for every generation. The goals of MOSFET scale down are higher transistor

density and high operating speed for CPU.

From International Technology Roadmap for Semiconductors (ITRS) 2009 [3],
the FET physical gate length scale down to 29nm for high-performance logic beyond
2009. Fig. 1-3 show the process integration device and structures logic potential

solution.

1-1.1  Strain Technology

As FET scale down, short channel effect and surface roughness would become
the main issue for nanometer-scale transistors. In Fig. 1-4[4], the mobility degraded
by surface roughness scattering obviously as the gate length under 100 nm. To
enhance the carrier mobility which degraded by surface roughness scattering, strain

technique was introduced in FET fabrications.

Mobility enhancement by strain is one of method to reduce power consumption
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in integrated circuits. The mobility associate with the effective carrier mass m* from

qrt
= veeq.(1—1
0 - -eq.( )

, Where p is carrier mobility and t is the mean free time of carrier. The effective

carrier mass associate with the band diagram in reciprocal (k) space, from

, Where R is Plank constant divided by 2m and E is the energy in k space. We could

derive the effective mass from the energy band diagram in k space.

Biaxial tensile strain is a general method to enhance electron mobility [5-7]. Si
channel grown on a relaxed SiGe substrate as shown in Fig. 1-8(a), the Si crystal
would be biaxial-tensile strained by SiGe substrate. Fig. 1-5(a) shows the conduction
band valley in the reciprocal space. For electrons, the biaxial tensile strain caused the
degenerate band valleys splitting. Two fold valleys with lower energy and four fold
valleys with higher energy are shown in Fig. 1-5(c). The electron population shift to
two fold out-of-plane valleys in the reciprocal (k) space as shown in Fig. 1-5(b). The

total electron effective mass is given by

w = [(2)+ ()] a3

The longitudinal mass (parallel to the axis) is given by m;=0.98m, (m, is free
electron mass), the transverse mass (perpendicular to the axis) is given by m,
=0.19m,. Most electrons populate at two fold valleys, which result more electrons
with an in-plane transverse mass (0.19mg,) and less electrons with out-of-plane
longitudinal mass (0.98m,).The direction from source to drain is transverse direction,

most of electron with transverse mass (0.19m;). Then the electron mobility is



enhanced by biaxial tensile stress. From reference [8] as shown in Fig. 1-7(a), the
universal curve was the line which linked the peak mobilities of bulk Si for nFETS,
and the strained Si technique could enhance effective electron mobility obviously.
From the viewpoint of holes, the biaxial tensile strain split the valence bands for light
hole band and heavy hole band as shown in Fig. 1-6(d). The heavy hole band is low
energy and the light hole band is high energy. Most of hole populated at light hole
band. From source to drain, holes transport for in- plane direction, the energy band in
k space as shown in Fig. 1-6(b). From Eqg. (1-2), the effective mass of hole at light
holes band is heavier than heavy hole band in the situation, so the effective mass of
hole become heavier for in-plane transportation. This is why pFET degraded by

tensile stress.

To enhance the holes mobility for pFET, reference [9] proposed that epitaxial
SiGe form on recess source and drain regions, as shown in Fig. 1-8(b), to enhance
hole mobility. The direction from source to drain is out-of-plane direction, most of
hole populate at light hole band as shown in Fig. 1-6(d). In Fig. 1-6(c), the E-K
diagram for out-of-plane valence band, the light hole band curve is smaller than the
heavy hole band. In this situation, from Eq. (1-2), the effective mass for most of hole
is become smaller. Then hole mobility would be enhance in pFET as shown in

Fig.1-7(b).

Besides, SiN film with stress deposited on transistors could strain the channel.
SIN cap on transistors with tensile/compressive stress would enhance the
electron/hole mobility [10-12]. It is well-known process strain technigque in advanced
CMOS fabrication. Recently, SMT (stress memorization technique) was used for
enhancing nFET performance [13]. The mechanics of SMT is using the high

temperature anneal to enhance the tensile stress of SiN, and channel strained by the

3



stress shift of SiN [14-15].

The direction of strain would affect the MOSFET characteristics. Table 1-1
[16-17] summarizes the stress effect CMOS performance on general channel direction
<110> and substrate orientation (100). For nFET, the x and y direction with tensile
strain and z direction with compressive strain would enhance electron mobility. For
pFET, the y and z direction with tensile strain and x direction with compressive strain

would enhance hole mobility.

1-1.2 Orientation and Ideal CMOSFET

Fig. 1-10 shows the different channel directions on (100), (110), (111) substrate
orientations [18], it’s also a factor for effecting on carrier mobility. From Fig. 1-11
[19-20] (a) and (b), we could summary the effect on different channel directions with
(100), (110) and (111) substrate orientations. NFETs fabricate on <110> channel
direction and (100) substrate orientation with high electron mobility. PFETSs fabricate

on <110> channel direction and (110) substrate orientation with high hole mobility.

As a result of Fig. 1-11, Hybrid-Orientation Technology (HOT)[19] combined
the nMOS with (100) channel and pMOS with (110) channel for high carrier mobility
as shown in Fig. 1-12. HOT structure also proposed for ideal CMOS which with
symmetrical current -voltage characteristics as shown in Fig. 1-13. But it more cost
with the additional processes is the disadvantage for HOT structure. Ideal CMOS

could fabricate by other low cost methods.

One method of ideal CMOS is fabricating CMOS on (100) substrate, and
enhancing the pMOS performance. In 2006, X. Chen et al [21] proposed Stress
Proximity Technique to improve the pMOS performance on (100) substrate. NMOS

fabricate on (100) substrate with high electron mobility, and we could only enhance

4



the pMOSFET performance on (100) substrate for ideal CMOS.

The other method for ideal CMOS is fabricating CMOS on (110) substrate, and
enhancing the nMOSFET performance. PMOS with high intrinsic hole mobility on
(110) substrate, we could only enhance the nMOSFET on (110) substrate for ideal
CMOS. And this thesis is study of enhancing the nMOSFET performance on (110)

substrate.

1-2 Motivation

1-2.1 Recess Source/Drain Technique

From the reference [22], VLSI technology 2008, S. S. Tan et al proposed recess
Source/Drain technique to enhance channel strain. Fig 1-14 shows the TEM cross
section of the recess S/D structure, and all FETs are on <110> channel direction and
(100) substrate orientation. Fig 1-15 shows the I,, — I performance of NFET and
PFET. Recess S/D structure enhance the on current of PFET about 15%~40%, but not

for NFET.

But the performance of recess S/D NFET structure on (110) substrate is
unknown. Maybe we could fabricate NFETs on (110) substrate with enhancement by
recess S/D technique. It might be a method to improve the electron mobility on (110)

substrate, and then we could realized the ideal CMOS on (110) substrate.

1-2.2 Low Temperature Microwave Anneal

lon implantation is the standard process for CMOS fabrication. After

implantation, CMOS would anneal for doping activation. Because of the CMOS scale



down, anti-punch through implantation is introduced to avoid the punch through
effect. But the main factor of increasing dopant diffusion is the thermal budget of
device fabrication [23]. Therefore, decrease the thermal budget should be the key

point of device scaling down.

The dopant activation has been used in the fabrication of thin film transistor
(TFT) [25]. It is different that anneal mechanism of RTA and microwave. The thermal
source heat the surface of the wafer, and the heat transmit to the inside of the wafer to
activate dopant for RTA. And the microwave run through the wafer, the particles

accept the energy of the microwave to oscillate and anneal the dopant.

In Fig. 1-16 [25], the SIMS profile shows the boron diffusion after RTA 900°C
15s and Microwave 100s. After 100 seconds microwave anneal is almost the same as

implanted. The dopant diffusion is effectively suppressed by microwave anneal [26].

1-2.3 Low Temperature Anneal for Strain Enhancement

From reference [14], the stress of SiN is associate with the anneal temperature.
And reference [15] proposed that the stress shift with difference composition of SiN
by rapid thermal anneal. Fig 1-17 [15] shows the stress of SiN for intrinsic, annealed,
and stress shift. The SiN films are different composition of Si and N. The SiN strain
with about 1200MPa after annealed for SiH, high sample. Fig 1-18 [15] shows the
model that stress shift enhancement for thermal anneal. As annealed, the SiN
expanded by thermal mechanism. But high temperature would effect upon the implant

profile.

From reference [14-15], we have an idea of strain enhancement by microwave

annealing. We check the microwave enhance stress ability, and measuring the stress



before and after microwave annealing. In Fig. 1-19, the intrinsic stress is about
350MPa as we deposited SIN 200nm on wafer. Then we anneal the wafer by
microwave 2100W 600s, the after annealed stress is about 1250MPa. It indicates

microwave annealing could enhance tensile stress as RTA.

1-2.4 The Combination of Recess Source/Drain Technique and
Microwave Anneal

We want to combine recess source/drain technique and microwave annealing to
enhance nitride stress for our device fabrication. It might enhance channel strain and

electron mobility of nMOSFET on (110) substrate.



Chapter 2

Material Analysis, Device Fabrication, and

Measurement

2-1  Material Analysis

We discussed the strain of nitride for intrinsic and annealed condition. Our
deposition of SiN on 6-in silicon wafers by Oxford PECVD in 850 mTorr with high
frequency RF power 20 Watt and the temperature is 300°C. The recipes for SiN
deposition were SiH, for 20 sccm, NH; for 20 sccm, and N, for 980 sccm. The
nitride strain was measured by stress measurement system [27]. Fig. 2-1 show strain
measured by the shift of curvature.

First, we studied the relation of nitride thickness and strain. We deposited the
SiN 20nm~200nm on wafers by PECVD and strain measurement for intrinsic strain.
After deposition, the wafers annealed by microwave (2100W, 600s) and RTA (900"
C,15s). We measured the stain enhancement by annealed process for different
thickness condition of nitride.

Then, we compared the relation of strain and annealed condition. All the wafer
was deposited SiN 200nm and compared the strain shift. Wafers annealed by
microwave (2100W, 600s), RTA (500°C, 600s), and RTA(900°C, 15s) . After

annealing, strain measurement for different annealed condition.

2-2 Device Fabrication

Fig. 2-2 show the process flow of device fabrication, and Figs. 2-3(a) ~ (m) are

the steps of process. NMOSFET fabricated on 6-in p-type (110) silicon wafers. First,
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well implanted BF, with the dose and energy were 1.2 x 103cm™2 and 70 KeV.
Then standard LOCOS for isolation. Threshold voltage implant BF, with the dose
and energy were 1 x 103cm™2 and 90 KeV. Anti punch through implant Boron with

the dose and energy were 2 x 10'2cm™2 and 70 KeV.

Gate oxide was grown in vertical furnace, and the thickness were 3nm for (110)
orientation wafers. In situ phosphorous poly gate 100nm was deposited by vertical
furnace; gate was patterned by e-beam lithography and dry etching. After halo and
S/D extension implantation, low temperature PECVD TEOS deposited and spacer

was formatted by dry etching.

After spacer formation, S/D recessed by dry etching for recess S/D splits. S/D
implant phosphorous with dose and energy were 5 x 10'>cm™2 and 10 KeV. After

body etching, body implanted BF, (5 x 10'°cm?, 40 KeV) for ohmic contact.

First microwave anneal (2800W, 600s) the implant activation. After deposition of
PECVD SiN 200nm (control sample without SiN deposition), we used second
microwave annealing for SiN tensile strain. Finally, 300nm TEOS oxide passivation
was deposited by PECVD. Contact etching process by dry etching, metal contact

deposited by PVD, and metal pad etching by dry etching.

2-3 Measurement

Basic current-voltage (I-V) and capacitor-voltage (C-V) characteristics was
measured for all samples by Keithley 4200 semiconductor analyzer and HP 4284

meter.

Fig. 2-4 shows the four point probe method to extract the sheet resistance with

length=500um and different width (from 1um to S5um). Sheet resistance and dopant
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activation are associated. We can check dopant activation from the measurement

value.

Charge pumping measurement setup [28] (fixed gate voltage amplitude mode) is
shown in Fig. 2-5. Interface trap density can extract by the measurement.

Hot carrier stress setup show in Fig. 2-6, drain voltage (Vp) is 5V, gate voltage
(V¢) at substrate current maximum, and the stress time for 5000s. During the stress,

we measured basic current-voltage characteristics for device reliability.
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Chapter 3
Result and Discussion

3-1 Material Characteristic

At first, we want to figure out the relation of nitride thicknesses and anneal
processes. Fig. 3-1 shows the tensile stress enhancement by microwave and RTA
process for different nitride thickness. The microwave (2100W, 600s) stress shifts for
different SiN thicknesses are better than RTA (900°C, 15s). Eq. 3-2 shows the relation

of film stress and curvature [27].

E h2(1 1

2 (=-=) .Eq@B-1
1—Vv6t\R, R1> B3~

Where o is the stress of the film, E is Young’s modulus of the substrate, v is Poisson
ratio, h is the thickness of the substrate, t is the film thickness, R; is the radius of
curvature before film deposition, and R, is the radius of curvature after film
deposition. Fig. 3-2 shows relation of the Aot (stress shift multiplied by thickness)
versus nitride thickness. Aot is proportional to the curvature shift (1/R,-1/R;) of the
wafer. In Fig. 3-2, we could know the thickness proportional to curvature shift. The

stress enhancement of microwave at low temperature is higher than RTA.

Then we compare anneal condition at the same nitride thickness (2000A). The
anneal condition are microwave (2100W, 600s), RTA (500°C, 600s), and RTA (900°C,
15s). Fig. 3-3 shows the temperature profile for three annealing conditions. Before
annealing, from Fig. 3-4, the intrinsic stress for PECVD SiN deposition is about
360MPa. After annealing, the SiN enhanced to 1250MPa and the stress shift to
900MPa for microwave condition. And the stress shift of microwave condition are

higher than RTA samples, it indicates we could enhance tensile strain without high
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temperature process.

3-2 Device Characteristic

3-2.1 Basic Device Analysis

Fig. 3-5 shows the TEM cross section for control sample, (gate length=0.1pm)
which without recess source/drain and nitride deposition. Fig. 3-6 shows the TEM
cross section for Recess 2 sample, which with recess source/drain and nitride
deposition. The recess source/drain depth is about 30nm, and SiN film thickness is

200nm.

Fig. 3-7 shows the temperature profile of microwave annealing for 2800W and
600s. All of our splits are anneal with this condition. First we checked the device
activation by microwave, and four-point probe measurement extracted the sheet
resistance of poly silicon gate and source/drain region. Fig. 3-8 shows the relation of

sheet resistance versus the width of resistance.

The resistance value are about 150~200 (Q2/[_]) and 350~450(<2/[_]) for poly
silicon gate and source/drain region at width is 5Sum. Sheet resistance of CESL 2
(without recess S/D and with once microwave annealed) sample for poly silicon gate
and S/D region are higher than others. We consider that CESL 2 with only once
microwave anneal (2800W, 600s) is not enough to activate the dopant. So we do not

subsume the CESL 2 sample for following discussion.

3-2.2 Capacitor-Voltage and Current-Voltage Characteristics

The capacitance-voltage (C-V) characteristics of samples (W/L=20um/20um) are
shown in Fig. 3-9. All the curves coincided together, indicating the follow observation

are not caused by thickness difference of the oxide. From accumulation region, the

12



effective oxide thickness are about 2.76nm. The effective oxide thickness is about

2.98nm at inversion region.

The drain current versus gate voltage and transconductance characteristics of the
samples are shown in Figs. 3-10~3-12. In Fig. 3-10, the maximum of
transconductance (G, max ) Characteristics are similar for all samples. It indicates that
the length is 10 um, the stress of CESL has not affect the channel obviously. When
length scales down to 0.4um, the Gy, m.x Characteristics for nitride deposition
samples are enhanced obviously as Fig. 3-11. It indicates the CESL stress in channel
become obviously for short channel devices. The Gy, max Value for CESL 1 sample
and Recess 2 sample are close to the same as Fig. 3-11. Then in Fig. 3-12, the length
scale down to 0.2um, the G, m.x O Recess 2 sample are higher than CESL 1 sample.
It indicates that recess source/drain with nitride MOSFET enhance obviously for short
channel devices, and the Gy, nax OVverlaped at length is 0.4um for CESL 1 and Recess
2 sample. Fig. 3-13 summarizes the relationship of channel length and the maximum
of transconductance for samples. When length scale down to 0.2um, the

Gm max €nhancement of Recess 2 compared to CESL 1 is about 18%.

In Fig. 3-14, we observer that the transconductance decreased slowly for short
channel and recess source/drain devices at gate voltage= 2V. Fig. 3-15(a) shows the
path of electron for normal MOSFET. When gate voltage increased, the path of
electron is more nearly the interface of silicon and oxide. The surface rough scattering
is serious for normal MOSFET. We consider the electron path of recess source/drain
device causes the transconductance decreased slower than normal MOSFET. Fig.
3-15(b) shows the electron path of recess source/drain devices. Because of the recess
structure, we consider most of electrons from source to drain go through path 1, but

some of electrons might go through path 2. Surface roughness scattering is serious for

13



path 1, but less scattering affect for path 2. And the transconductance of recess

source/drain MOSFET decreased slower than normal MOSFET in high gate voltage.

Subthreshold swing (S.S.) characteristics are shown in Fig. 3-16. The
subthreshold swing of control sample is slightly higher than others. Subthreshold

swing of MOSFET at room temperature can be expressed as [29]

S.S.= 60 (1 —...eq.(3—2).
( * Cox ) (dec) eq. ( )

Where S.S. is subthreshold swing, C4 is the depletion capacitance, C;. is the
interface state capacitance. When SiN deposition by PECVD, the high hydrogen
contain precursors (SiH, and NH3) for SiN film deposition. The species of hydrogen
diffuse to the oxide and silicon interface to passivate the dangling bonds [30]. The
interface capacitance decreased for nitride deposition splits, and the S.S. also

decreased [31].

Drain induce barrier lowing (DIBL) characteristics are shown in Fig. 3-17, and

the definition of DIBL is

Vi [Vh, = 1.55(V)] — V;[Vp1 = 0.55(V
DIBL = T[Vb2 ()] — V¢ [Vpq W] . Eq.(3—4).
Vb2 — Vb1

In Fig. 3-17, the trends are approximately the same for all splits. It indicates the SiN

deposition process or microwave anneal would not make the DIBL worse for devices.

3-2.3 Interface State

Interface traps density measurement by charge pumping method. Fig. 3-18 and
Fig. 3-19 show the graph of the charge pumping current versus base voltage for length
are 0.2um and 0.4um. The charge pumping current of SiN deposition samples are

lower than control. The charge pumping current can be expressed as [28]
14



lepmax = 4 fNy WL ... Eq.(3 — 3)

Where f is the gate pulse frequency, N;; is the interface trap density, W is channel
width, and L is the channel length. The charge pumping current is proportional to the
interface trap density. The split with lower charge pumping current for SiN deposited
splits. It also indicates that hydrogen passivate the dangling bonds when SiN
deposition process. Fig. 3-20 shows the path of hydrogen diffuse to the oxide and
silicon interface, and passivate the dangling bonds [30]. The path 1 is through the gate
electrode into the gate oxide and channel region, the path 2 is through the oxide
spacer into the gate oxide and channel region, the path 3 is through the source/drain

contact into the silicon substrate and diffuse into the channel region.

3-2.4 Series Resistance

On MOSFET equivalent circuit, series resistance (Fig. 3-21) reduces the intrinsic
voltage and degrades the drive current. We compare the series resistance (Rgp) of
recess source/drain MOSFET and normal MOSFET. We extract series resistance by

De La Moneda et al method [32], which base on Eq. (3-5)~(3-7).

L
Rtotal = RSD + Rchannel = RSD + Mefr Cox W (VG _ VT) Eq' (3 - 5)
Ho
= ..Eq.(3—6
oL L
Rtotal = RSD + . Eq. (3 - 7).

+ .
HOCox W HOCOX w (VG - VT)

Where Ry, is Vp/Ip, Rgp is source and drain region resistance, p.g is effective
mobility, p, is mobility, 6 is mobility degradation factor, C,, is oxide capacitor, L is
channel length, and W is channel width. From I, — V; measurement, we extract

Riotal (Vp/Ip, Vp = 0.05V) and 1/ (V; — V) for a straight line. Slope (m) of the
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line is L/ (pg Cox W), and intercept (R,,;) of the line is Rgp + OL/(pgCox W). The

Riota  CaN be rewrite as

Rtotal = RSD + me + le + e Eq. (3 - 8)

_ m

Vo —Vp Ve = Vr
Fig. 3-22 shows the Ry Versus 1/ (Vg — V) which extract from I — Vi (length
= 0.1, 0.2, 0.4um) measurement for CESL 1 and Recess 2 samples. We can extract
R, and m from the figure for different length. From Eqg. (3-8), we can obtain the

relation of R,; and m.
RSD 4+ mb = Rmi Eq (3 - 9)

Fig. 3-23 shows the straight line made by R,,; and m for each CESL 1 sample and
Recess 2 sample. The Slope of line is 6, and intercept of the line is Rgp. From the
intercept, we obtain the source and drain region resistance are 2116.5((2) and
2059.2((2) for each CESL 1 and Recess 2 samples. The result of Rgp is similar for
CESL 1 and Recess 2 samples. It indicates that recess source and drain structure

would not degrade the resistance of source and drain region (Rgp ).

3-2.5 The Device Characteristics After Hot Carrier Stress Process

Substrate current characteristics are shown in Fig. 3-24, the substrate current of
CESL 1 and Recess 2 samples are larger than control sample. It indicates that tensile
SiN induce channel strain samples generate more channel hot electron. Impact
ionization generates electron and hole pair at gate edge near the drain, and holes
diffuse to substrate for substrate current. When maximum of substrate current, it also

indicates the most serious for impact ionization.

Hot carrier stress 5000s is the drain voltage at 5V and gate voltage at maximum

substrate current. Fig. 3-25 to Fig. 3-27 are show subthreshold and transconductance
16



characteristics which before and after hot carrier stress for 5000s. All the stress
samples are degraded the subthreshold swing and transconductance. Hot electrons
cause damage to the edge of the gate, and degrading the current-voltage. At gate
voltage is 2V, drive current degrade seriously for Recess 2 sample as shown in Fig.
3-27. When impact ionization occur as shown in Fig. 3-28(a), the more hot electrons
trap at the spacer and gate oxide. After hot carrier stress, current-voltage measurement
is shown in Fig. 3-28(b). Coulomb scattering is serious at the edge of the gate, it like a

resistance at the edge. It explains the degrading of drive current for Recess 2 sample.

Fig. 3-29 shows the threshold voltage shift increasing with the stress time. CESL
1 and Recess 2 samples are with a large threshold voltage shift. Threshold voltage

shift causes by fixed charge density ( Q¢ ) and interface trap charge density ( Q;, ) [33].

AQ; + AQ;
AV; = _AQr + AQ: ..Eq. (3 —10),
COX

As shown in Eqg. (3-10), where C,, IS the oxide capacitance, it indicates the electron
traps induce the threshold shift for CESL 1 and Recess 2 samples with serious hot

electron trapping.

Fig. 3-30 shows the transconductance degrade seriously for Recess 2 sample. It
means that Coulomb scattering seriously after hot carrier stress, and degrading the

transconductane as shown in Fig. 3-28.
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Chapter 4
Summary and Conclusion

Base on the nMOSFET enhancement on (110) orientation substrate for ideal
CMOS structure. Microwave technology activate the dopant and enhance tensile
stress shift are effective for our nMOSFET. Recess source/drain structure and
microwave enhance tensile strain method are obvious for gate length scaling down to

200nm.

Subthreshold swing show the interface state density for control sample is higher
than the SiN deposition samples. And the DIBL is similar for all sample, it indicate
the short channel characteristics would not be worse for microwave process and
PECVD SiN deposition process. We extract the interface state density by charge
pumping method, and the interface state density of SiN deposited samples is lower
than control sample. It indicates hydrogen diffuse to the oxide and silicon interface to

passivated dangling bonds at the PECVD deposition process.

Discussion of series resistance for recess source/drain and normal structure
indicate that recess structure would not increase the resistance of source and drain

region.

But hot carrier degradation is the most serious problem for recess structure. Hot
electrons trap in the spacer induce large electron field to scattering the transport at
device operation mode, and a large degradation for drive current as shown in the

result of Fig.3-27.

Even through recess S/D structure with microwave enhance tensile stress

technique improved the current-voltage characteristics, the recess S/D structure make

18



devices degrade easily. The device characteristics and reliability should be improved
by fabrication processes. But from our result, microwave enhance tensile stress

technique should be a feasible technique for improving nMOS performance.
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Silicide

Fig.1-9 The CMOS performance for strain enhancement structure [16].

Table.1-1 The stress types for FET enhancement on general <110>/(100) substrate

[16].
Direction CMOS Performance
of Strain Impact
Change® | NmMos | PMOs
X Improve | Degrade
Y Improve Improve
Z Degrade | Improve
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Fig. 1-14 TEM cross section of FET with recess Source/Drain about 20nm. [22]
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Fig. 1-15 Thel,, — I, performance for NFET and PFET by recess S/D [22].
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Fig. 1-16 The SIMS profile of boron that before and after (RTA or microwave)

annealing [25].
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Fig. 1-17 The stress shift by RTA anneal for difference composition of SiN [15].
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Fig. 1-18 The model of stress shift after thermal annealing [15].
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Fig.1-19 The intrinsic and microwave annealed stress of SiN 200nm.
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-
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Fig. 2-1 Strain measurement system for measuring the radius of curvature [27] .

Standard LOCOS

Gate oxide 30A growth , in-situ poly Si
deposition, and hard mask deposition

Gate stack formation
S/D extension

Spacer formation; normal S/D and recess
S/D (depth d; and depth d,) formation

O S/D implantation and first microwave
anneal for implant activation

O Tensile PECVD SiN deposition and second
microwave anneal for strain enhancement

(O TEOS passivation deposition, and contact
hole etching

(O Metal deposition and metal pad formation

Fig. 2-2  Process flow for device fabrication.
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Table 2-1 Split table.

Recess S/D X X X depth 1 | depth 2
M1 O O X O O
CESL 2000A X O O O O
M2 O O O O O

M1: First 2800W microwave annealing for 600 seconds.
M2: Second 2800W microwave annealing for 600 seconds.
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Fig. 2-3(a) Standard LOCOS isolation process.
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Fig. 2-3(b) Gate oxide growth, poly silicon deposition, and hard mask deposition.
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Fig. 2-3(c) E-beam lithography process.
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Fig. 2-3(d) Dry etching of gate formation, and photo resist remove.

N I

L b,

P-substrate

Fig. 2-3(e) Source/Drain extension implant with As (Dose: 1 x 10> cm™2, Energy:

10KeV)

— _—

P-substrate

Fig. 2-8(f) PECVD TEOS deposition and dry etching to spacer formation.
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Fig. 2-3(g) Dry etching to define the recess source and drain.

R 'e

P-substrate

Fig. 2-3(h) Source/drain implant with P (Dose: 5 x 10'°cm™~2, Energy: 10KeV)

P-substrate

Fig. 2-3 (i)  First microwave annealing (M1) to activate dopant.
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PECVD SiN 2000A

P-substrate

Fig. 2-3(J)) PECVD tensile SiN deposition.

S TeY

PECVD SiN 2000A

P-substrate

Fig. 2-3(k) Second microwave annealing (M2) to enhance the SiN stress.
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PECVD SiN 2000A
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Fig. 2-3(I) PECVD TEQOS passivation deposition.

— —

P-substrate

Fig. 2-3(m) Dry etching to define the contact hole, metal deposition by PVD, and

dry etching to define the metal pad.
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Fig. 2-4 Four-point probe measurement to extract sheet resistance.

Fixed Vamp mode
Vbase = -2V~0V

Vamp =15V J‘I—

P-substrate

.
g Reverse Bias =
v

lep

Fig. 2-5 Charge pumping measurement setup. (Fixed gate voltage amplitude mode.)
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Fig. 2-6  Hot carrier stress to induce hot electron traps.
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Fig.3-1 Stress versus nitride thickness under different anneal conditions.
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Fig.3-2 Nitride stress for different thickness.
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Fig. 3-3 Temperature profiles of microwave and RTA anneal conditions.
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Fig.3-4 The SiN stress shift after microwave and RTA process.
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Fig.3-5 The TEM cross section of control sample.
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Fig.3-6 The TEM cross section of Recess 2, with recess source/drain and

CESL 200nm , sample. The Recess depth is about 30nm.
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Fig. 3-7 Temperature profiles versus time of microwave annealing for device

activation. (2800W, 600s)
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Fig. 3-8 Sheet resistance for poly gate and source/drain region.
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Fig. 3-9 The capacitance for W/L=20pum/20um and frequency at 100KHz.

The effective oxide thickness=2.98nm in the inversion region.
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—v— Recess 2

04 02 00 02 04 06 08 10

Fig. 3-10 The I — Vg performance for W/L=10pum/10um nMOS.
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Fig. 3-11 The Ip —V; performance for W/L=10um/0.4pm nMOS.
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Fig. 3-12 The Iy — Vi performance for W/L=10pum/0.2um nMOS.

52



AF Width= 10pm
V= 50mV
m Control
O W18% e CESL1
& i A Recess?
2 20f ]
A a
10} T % .
D
O - 1 1 1 1 M R T | 1 1 1 1 MR
1 10
Gate Length (um)

Fig. 3-13 The characteristic of transconductance maximum and gate length.
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Fig.3-14 The recess source/drain characteristic for transconductance versus gate

voltage for high gate electric field.
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Fig. 3-15(a) Electron path from source to drain for normal MOSFET.

Vg-Vi> 04V

Vda=0.05V

Source

Fig. 3-15(b) Electron path from source to drain for recess S/D MOSFET.
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Fig. 3-16  Subthreshold swing of nMOSFET for all split with W/L=10um /0.2um.
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Fig. 3-17 Drain induce barrier lowing characteristic for nMOS.
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Fig. 3-18 The charge pumping current of nMOS on <100>/(110) . The

W/L=10pum/0.4um, pulse frequency is 10MHz, and amplitude is 1.5V.
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Fig. 3-19 The charge pumping current of nMOS on <100>/(110) . The

W/L=10pum/0.4um, pulse frequency is 10MHz, and amplitude is 1.5V.
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Fig. 3-20 Hydrogen diffused to the interface and passivate the dangling bond in

deposit SiN process.
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Fig. 3-21 The schematic a MOSFET with source and drain resistances.
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Fig. 3-22 Ry Versus 1/(Vg — Vi, ) for difference channel length.
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Fig. 3-23 Rgp s the line intercept at m=0,CESL 1= 2116.5(€2), Recess 2=2059.2(2).
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Fig. 3-24 Impact ionization induce substrate current at V; = 5V.
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Fig. 3-25 Subthreshold and transconductance characteristics after 5000s hot carrier

stress for control sample.
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Fig. 3-26  Subthreshold and transconductance characteristics after 5000s hot carrier

stress for CESL 1 sample.
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Fig. 3-27 Subthreshold and transconductance characteristics after 5000s hot carrier

stress for Recess 2 sample.
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Fig. 3-28(a) The electron trap in spacer at the process of hot carrier stress.

\/G from -0.5~2V

T

VD = 0.05V

eE— €

'écattering

— Io-VVe measurement

Fig. 3-28(b) The electron traps induce Coulomb scattering at current-voltage

measurement.
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Fig. 3-29 Threshold voltage shift with hot carrier stress time.
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Fig. 3-30 Transconductance degradation with stress time for Control, CESL 1, and

Recess 2 samples.
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