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AFM Basics

Photodeiestion

Tip Aloms
F

Laser Beam

Zmm feature slopes
v1a depths feature

urfa s linewidth  height |=e. |
// // 70 | ///_//,ll 2N/

e

AFM can meet a variety of dimensional

A Atomic force microscopy (AFM) needs.
measures the interaction force
between a cantilever with a tip radius  ATypical AFM tips are made from Si or

of a few tens of nanometers and the  SINXx and have commercially available
sample surface. radii between 2-60 nm

Alip-to-tip variation can be
considerable

Aviaterial brittleness can result in
short tip lifetime

A Forces between the surface and tip
result in a deflection, which is
detected by a reflected laser and
photo-diode.
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Advantages of Carbon Nanotubes Over Conventional Si Tips

MANUFACTURING INITIATIVE

A CNT-AFM advantages
I high resolution (small tip radius)
I large aspect ratio for deep trench profiling
I long life time due to tube flexibility
I controlled synthesis for repeatable

fabrication
A Enhanced resolution

I sub10-nm vs 10006s of nm
conductive probes

oo [Eear . SRR A Enhanced electrical sensitivity
o TEM images of CNT I <10 mV
showing 4-walled A Cylindrical vs. conical geometry

structure. .
| access to densely spaced features

Well-defined compaosition

Electrical properties that do not degrade
with use

T> T

A CNT-AFM disadvantages
ccce [N ;i ; o s o o) | I poor tip-to-base conductivity
CNT manually CNT grown directly on  CNT manually mounted A can be improved by doping
mounted on a Si tip a Sitip on a sharpened W tip T reduc_ed S/N ratio due to parasitic
capaC|tance
A can be reduced by coating CNT with SiO,
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Carbond Many Structures and Applications

Allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite,
d) C60 (Buckminsterfullerene or buckyball), e) C540, f) C70,
g) amorphous carbon, and h) single-walled carbon nanotube

or buckytube.

SPIE OPTICS and PHOTONICS Conference,
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Double-walled
Carbon Nanotube
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Multi-walled
Carbon Nanotube

Nanotube Rope




2009 ITRS Dopant Metrology Requirements e

poly gate
electrode
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halo implants

S/D extension
ultra-shallow
junction implants
(S/D implant)

n+ X

Year af Production 2009 2010 200 2012 2013 1014 2015
Diopant atom P, As,B | P,As,B | P,As,B P,As,B | P,As,B | P,As,B | P,As,B
Divain extension X () for bull MPUASTC [AT 13 12 10.5 9.5 5.7 §

Extension lateral abrupmess for bull MPUIASIC mmidecade)

cr 3.5 3.2 28 24 2.3 2 1.8
Lateralidepth spatial resohition for 200V3D dopant profile (nm) 35

At-line dopant concentration precision (across concentration

rangs) [D]
AFM can be adapted to a variety of electrical metrology
techniques for scanning probe microscopy.

Fi

T SIPM Mode Prohe Measured ﬂllﬂllti'l]" SPM-based 2D dOpant prOfI|Ing methods include
Tﬁ;:"“l:; ——— o ——— tunneling atomic force microscopy (TUNA),
or L- g elal-coate I ar OT goping atoms . . .
AFH Contact-AFh Metallic: CNT I spectra scanning capam.tance microscopy (SCM),
Metal-coated Sior| Depletion Capacitance scanning  spreading .reSIStance mlcroscopy
SCM Contact-AFM Metallic: CNT C spectra (S.SRM), and scanning surface p.otentlal
- - . Diarmond coated | Elecirical Resistance microscopy (SSPM) (also known as Kelvin force
antact- Si CNT I spectra microscopy [KFM]).
SSPM or |Intermittent Contact- |Metal-coated Sior| Electrostatic potential
KFM AF M Metallic; CHNT Work function
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Carbon Nanotube Preparation

Types of resistance in CNT-cantilever

ONOOhWhE

systems

CNT-to-sample contact resistance

CNT resistance

CNT-to-SPM tip contact resistance

SPM cantilever sheet resistance
Internal AFM wiring resistance

Return connection to sample resistance
Puck-to-silver epoxy-to-film resistance
Film sheet resistance

CNT-metal contact resistance is caused by 3

1.
2.

3.

major factors:

Current constriction due to geometry
Local oxidation or impurities between
CNT and contact (field enhanced oxide
growth)

Alignment of CNT and contact Fermi
levels

Each of these factors is difficult to control!

INTERNATIONAL SEMATECH
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Carbon nanotube CVD fabrication steps

/a\

Start with 5i AFM Tip

A

Coat with Ag using thermal
evaporation

/\

Coat with Catalyst Mix using thermal
evaporation

A

Grow CNT using CVD

/\

Coat with metal layer using thermal
evaporation

Catalyst mix

——— Ag coating

Metal coating

A

Start with 5i AFM Tip

JEN—

Coat with Catalyst Mix using thermal
evaporation

Grow CNT using CVD

/\

Coat with metal layer using thermal
evaporation

Coat Si tip with a Ag layer to make Si more conductive
Tip is coated with a catalyst mix

CNT grows directly on the tip

This work was supported in part by NSF Grant No. [IP-0945206 to
Xidex Corporation and The University of Tennessee, Knoxville.
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Electron Beam-Induced Deposition Basics INTERNATIONAL SEMATECH

e 1

Volatile
Byproducts&

Precursor Gas
o Deposited
o - © Atoms

0000000000000 00

00000000V O0O0GO0GO6EO6GOO

A B C
A. Gaseous organometallic precursor flows through a gas injection system (GIS) and

subsequently adsorbs on the substrate.

B. Electrons break precursor bonds near the beam (~10 nm deposit resolution),
resulting in decomposition.

C. Target and impurity atoms incorporate into the film, while volatile byproducts
desorb and are removed by the pumping system.

* If the precursor gas is an etchant, the decomposition products form reactive
radicals that volatilize the surface, resulting in material etching.
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Tip Editing: EBI D Exampl es

XeF, etched area

Au deposition

ekg| HV mag WD | 10/27/2009 |tilt| curr —— 500 hm —— ekg| HV mag WD | 10/27/2009 |tilt| curr —— 500 hm —
“|5.00 kV | 100 000 x| 5.8 mm | 10:47:01 AM | 0 °| 0.40 nA “|5.00 kV | 100 000 x| 5.8 mm | 10:51:45 AM | 0 °| 0.40 nA

XeF, was used to etch SiO, on CNT.

Au was deposited within etched areas to demonstrate growth rate
and control over placement

Left T 5s beam-spot mode, Au deposition yielding 72 nm diameter
Right i 50k pass line scan, yielding 117 nm diameter

This work was supported in part by NSF Grant No. [IP-0945206 to Xidex Corporation and The University of Tennessee, Knoxuville.
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CNT-AFM Tip Enhancement by Electron Beam-Induced S e
Deposition and Etching

CNT . . . MANl:JFACTU;ING INIVTVIATVIVE
Selective Etch____ / CVD Dielectric Shield
\m / 225 nm CNT tip grown on Si tip coated with Ag
Metal Contac A. Pt Contact B. Selective SIO

etching by XefF

A. Pt contact deposited between CNT tip and Si cantilever to reduce
contact resistance.

B. CVD dielectric shield deposited to reduce stray capacitance.
Selective dielectric etching by XeF, to release CNT.

Electron beam-induced deposition and etching:

Apply alocalized, thin metal contact to increase contact area, increase
tip stability, and lower tip-to-base resistance

Oxide may be grown to provide electrical shielding to reduce parasitic
capacitance between probe and sample surface

Develop localized and chemically selective etch method to release CNT
from oxide

This work was supported in part by NSF Grant No. [IP-0945206 to Xidex Corporation and The University of Tennessee, Knoxuville.
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Tip Editing: Effect of Pt Welding on Electrical Characteristics

increased Pt welding Increased Pt welding

1.5E-05 1.5E-05 ‘
3 4— 1 4
1.0E-05 =6 - 1.0E-05 ——11 3 s
8 r”pi;- //f — 15 /{ f
— 5.0E-06 5] 5.0E-08 /
= M -~
< 0.0E+00 £ 0.0E+00
= — g
O - oE-06 r.’f{’j 3 MM
-5.0E- //f':,l' J,-’JF.? -5.0E-06 L /
-1.0E-05 & -1.0E-05 A
-1.5E-05 -1.5E-05
-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 -10.0 -8.0 -6.0 -4.0 -20 0.0 20 4.0 6.0 8.0
Voltage [V] Voltage [V]

Typical |-V curves for the
assembled W-CNT-W
connection.

3 & 1 =CNTis attached to both
W tips via Van der Waals force

6 & 11 = Both CNT-to-W
contacts were welded with Pt

8 & 15 =The W tips and the
CNT were covered with a layer

of Pt Areas for process optimization include minimizing CNT deflection and
preventing unwanted EBID on the CNT
Resistivity decreases after Electron beam parameters (energy, current) can be adjusted to address

these issues

Tip exhibits brief wobbling under the beam but eventually stabilized
After imaging and contact deposition, the CNT has been deflected
slightly and appears thicker due to some Pt or a-C growth

welding the W-CNT contacts.
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Device-Scale Scanning Capacitance Microscopy:

Ultra-Shallow Implant Dopant Activation Metrology .. :
| anor canning :
Capacitance :
l Microscopy
Photo- NancScope

Detector Controller &

Computer

0
\ UHF Transmission Line ﬁ ﬁ
T {} _ e TOt (o | [Erenm SCAN
o e Mo GATE § <} DIRECTION
N S

Oxide layer m—gie—

X-Y Stage

The basic principle of scanning
capacitance microscopy is based on two
essential parts: the tip sample and the P+ SOURCE/

electronics part. DRAIN
SCM IMAGE OF 0.3 pm PMOS TRANSISTOR

SCM can be analogous to a MOS
capacitor: The conductive tip is the top P.TYPE
metal contact, and the top oxide layer is POLYSILICON
on top of a semiconductor. GAIE

R. S. Mul |l er and T. | . Kamins, iDevice EI
York, N.Y, 2003)

E. H. Nicollian and J. R. BrewdyIOS (Metal Oxide Semiconductor) Physics and
Technology" (Wiley Interscience, MA, 1982).

J. J. Kopanski, fASemiconductor Dopant Pro
Capacitance Microscopy, 06 Mater. Res. Soc.
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Sample Preparation Process

1) Cleave selected region. , =
2) Glue cover slide on the slice using epoxy and cure at 150°C. R RACT e .
3) Dicesliceintoal mm x 1 cm stripe.

4) Form backside contact by depositing Al using a thermal evaporator.

5) Polish sample with grit papers to remove the dicing saw marks and to planarize the

surface.
6) Polish sample with polycrystalline solutions to smooth surface and remove residual

polishing particles.
7) Polish sample with colloidal silica to remove scratches and to produce a thin

insulating layer.
8) Oxidize surface with UV-generated ozone to accelerate native oxide growth on

sample surface.
9) A capacitance measurement can now be made.

Cantilever and tii

PR SCM for ultra-shallow junction dopant
o distribution:
T s g ARequires oxide deposition on the top surface
23 of the sample (rotated to allow scanning
SRl | £ through the sample cross-section)
AAl is deposited on backside to make an ohmic
contact.
E _

Backside contact: Al

August 3, 2010 SPIE OPTICS and PHOTONICS Conference, Aug. 1-5, 2010, San Diego, CA



CNT Characterization by TUNA fOr T|p ReSiStanC66 INTERNATIONAL SEMATECH
Varied Behavior at Different Applied Voltages

Al-V curves are generated from tunneling current flowing between the MANUFACTURING INITIATIVE
CNT tip and the sampled a function of voltage as a measure of the tip resistance.
AL ower tip resistance permits increased dopant sensitivity.

100108-1-3 (Pt coated CNT) 100108-1-3 (Pt coated CNT)

57 o i 25000 : S
4K i 20000 |
o i - < 15000 -
3 2| <& 20 % 10000 [
g P ¥ § 5000 |-
£ o £ 5 of
8 5 0 o F
i O ® 5000
c © g £
i € 2 10000
3 = 50 -15000
e 20000 |-
10 05 00 05 10 St L T L D05 3 3 (; @ 2‘ 3‘ 5
Voltage (V) e 03 Volt:;e V) 05 " Voltage (V)
: TUNA |-V curve at
Typical TUNA I-V TUNA [-V curve

higher voltage

curve ffcapac.iadbtaimesl after RY CTrveligs diode-like

contact obtained when Aformingo contzac
: . : : Ip at negative
first making contact briefly applying -5 V. .
with low anplied voltages is more
PP conductive than with
voltages.

positive voltages.
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CNT Characterization by TUNAO Varied Behavior at

Different Applied Voltages

Current (pA)

0 —
-100000 - \

200000 —
300000 -

-400000

Current through CNT-SPM tip
400000 | I T T

Al film

Au film R=27 x10° O

300000 —
(slope)’ =8.73x10° @

200000 —

100000 -

R=1.78x10" 0

b J
-600

1 1 L
-400 -200 0 200
Sample Bias (mV)

800

I-V curve
characteristic of a CNT
tip is rectifying
(asymmetric between
+ and - voltages)
When contacting the
Al film, the IV-curve is
ohmic (symmetric)

Rectification is at the
CNT-to-film (Au)
contact
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Current (pA)

low voltage region
‘ ‘ :

10.0 [—“: — i
397201_0_1: 43 GQ

< 100212_4 B

-0.05

0.00
Voltage (V)

TUNA |-V curve of
CNT tips at low applied
voltages in the reverse
bias region of the
diodes and low current
flows.

Current (pA)

1000000

800000

600000 -

400000

200000

0

-200000
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MAN A

high voltage region

1 ‘ T [ T
- 397020 1 |hhoo12 4: 340 kO
560 kQ =
]
100108_1_3: 240 kQ
100213_1_3: 130 kQ
A\
1 | 1 \ 1 ‘ | -] L \ { M O N (I O O
3 -2 1 0 1 2 3
Voltage (V)
Diode-like

characteristics at
higher applied
voltages

Turn on voltage
decreases with time at
stress, forward
resistance is a

rel ati
to 500
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CNT Applicationd Implant and Annealed Wafers SHIERNGTRNAL SEnAtEeH

1.0E+21

-

Annealed at 1200°C; Nd(smace) = (2.34 +/- 0.938)e20 at/cm?

Annealed at 1225°C; Ny(syracey = (2.31 +/- 0.546)e19 at/cm?

With laser annealingd
SCM shows dopant
diffusion occurring at

MANUFACTURING INITIATIVE

Annealed at 1250°C; Ny(sytacey = (1.06 +/- 0.009)e19 at/cm?

Annealed at 1300°C; Nyguriaoe) = (8:55 +/- 0.009)e18 at/cm? Laser Anneal Tem P eratures
surface, likely due

diffusion occurring . (1S TR RS samples were
durlng pre-anpeal g 1O T~ 0T approximately
(COﬂSlStent Wlth Sheet LoEs16 1 | Section Section% :Sec‘:lonv.' 15x1.0cm

Doping Concentration (at/cm 3)

1 2
resistance ; \
measurements) 10E+15 S —— =
0 50 100 150 200 250 300 350 400 450 500 i g e
Tip Position (nm) 12” Wafer
1OE+21 N, corace) = (287 +1- 0536)620 atfem’; Ny, FF 1P €19 atfem Pai5=ap ¢ Pad7=cap2  Psd2i=tand
Area=16-dcm Area=2E-5cm2  Area=5E-5cm?
Nysurtace) = (2.89 +/- 0.198)e20 at/cm?; Ny p) - 146 €19 at/cm? Label=113um Label=50um Label+80um

N (surfacey = (2.78 +/- 0.201)e20 at/cm?; Ny, pf =

&
£
L
8 Ny(surtace) = (2.85 +/- 0.207)e20 at/cm3; Ny [, =84 £19 at/cm?
: s
No annealingd 5
. . S 1.0E+20 1
no dopant diffusion at | & :
Q
)
surface =
=
o
a}
Area=1E-5cm2 Area=2E-4cm2
Label=36um  Label=160um
Padd=Cap1 Pad B=Cap &
1.0E+19 T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500

Tip Position (nm)
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CNT Applicationd FinFET Dopant Metrology

Area 40 um x 10um

200 fins
Wfin = 50nm
Pitch = 200nm

Boron implant A

!
- }
? : ;
. «,

PCL#091228005 W#469A0C4ASEC6E Slot#8 (2' 10%NH4OH)

INTERNATIONAL SEMATECH

MANUFACTURING INITIATIVE

Boron implant B

[_\ A AN D

FINFETS courtesy of Chris Hobbs,
SEMATECH, Front End Processes

PCL#091228005 W#469A0C4DSEAS Slot#6 (2' 10%NH40H)

Sample LOT ID Wafer ID Wafer Type Structure Doping Anneal
1 1002RCL11001| 46EJQ10SJEO Bare Si Fin Lines, 65 nm wide Baseline
2 1022RL1001 | 46EJQ10SIM1 Bare Si Fin Lines, 65 nm wide B-Doped | No Anneal
3 1002RL11001 | 46EJQOQ9SJIE6 Bare Si Fin Lines, 65 nm wide B-Doped | Anneal
4 1003RLFF006 | 7580B874SEEQ SOl FinFETSs, varied dimensions, as small as 15nm wide Baseline
5 1003RLFF006 | 7580B86YSEB7 SOl FinFETSs, varied dimensions, as small as 15nm wide B-Doped | No Anneal
6 1003RLFF006 | 7580B85Q5EA2 SOl FinFETS, varied dimensions, as small as 15nm wide B-Doped | Anneal

August 3, 2010

SPIE OPTICS and PHOTONICS Conference, Aug. 1-5, 2010, San Diego, CA




CNT Applicationd FinFET Dopant Metrology

AFM FinFET cross-section, rotated 90°. SCM

SPIE OPTICS and PHOTONICS Conference, Aug. 1-5, 2010, San Diego, CA
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Images of B-doped
annealed
scatterometry
array structure.

Limited spatial
resolution and
sensitivity should
be improved using
CNTOs.
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CNT Applicationd Work Function Metrology by Scanning
Kelvin Force Microscopy (SKFM)

Wafer | TiN Thickness (nm)| Capping Layer Thicknes (nm) W =
MANUFACTURING INITIATIVE
1 10 0.7
Poly-Si 2 20 0
doped 3 10 0.7
(doped) 4 20 0

SKFM provides simple, accurate, and high spatial resolution
measurements of surface potential and work function in ambient.
The conducting tip and the sample are characterized by different work
Capping Layer| unctions. When both elements are brought in contact, a net electric
HfO, High-k | current flows between them until the Fermi levels are aligned, or the
nterfacial oxidd contact potential difference (CPD).
Si Substrate Can improve spatial resolution of SKFM using advanced tip designs
and improved data acquisition techniques.

Work function variation Y e T ol T ol B ] S
a function of TiN and
capping layer thickness. First Scan: Tapping mode image of topography.

Tip is mechanically vibrated at ¥ .

L.l L_J

first scan

SKFM Second Scan: Offset by lift height (~ 2 nm),
turn off mechanical vibration, apply ac at ¥ + dc
voltage. Feedback loop adjusts dc voltage to
minimize force at V. = - CPD
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CNT Applicationd Work Function Metrology by SKFM ;NTER”"”‘)“ALE”ATEC“
Reduction of cantilever stray %ﬂ?

MANUFACTURING INITIATIVE

capacitance with CNT tip, Atrueo
CPD of Au film easier to measure

CPD Measured Across an Abrupt
Boundary: Au to SiO,

Al

Cr

AU

Modeled (Ptlr coated Si tip) Measured

August 3, 2010 SPIE OPTICS and PHOTONICS Conference, Aug. 1-5, 2010, San Diego, CA



