- ‘_ Electrical Characterization
with SPM Application

Modules




Metrology, Characterization, Failure Analysis:

Data Storage
Magnetoresistive (MR) read-write heads
Semiconductor
Transistors
Interconnect
Ferroelectric thin films
capacitors
Conductive Polymers

Veeco



Modular Electrical Characterization

 SPM plus multiple modules:
CAFM, TUNA, SCM, SSRM

 Modules can be exchanged
In flve minutes or less

 Available for the Digital
Instruments Dimension and
MultiMode SPM systems

MultiMode Head Dimension Head
with Module with Module

Veeco



Metrology, Characterization, Failure Analysis:

Semiconductors

Interconnect levels:
TUNA, CAFM, SSRM

« Multiple layers of material
are deposited, planarized,
lithographed, etched, ..., /

one layer on top of the next

« Various SPM techniques,
platforms, modules, and
probes are used to

Measure and characterize
features in each fabrication \

step,

Characterize materials In
development

Locate and analyze failed
devices
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Conductive AFM (CAFM)




Metrology, Characterization, Failure Analysis:

CAFM for Semiconductors

Interconnect levels:
CAFM
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Conductive AFM Principle of Operation

conductive

AFM probe

thin
dielectric
film
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CAFM mapping the conductivity of a
conductive

20.0 pm O 20.0 pm

Data type Current Data type Height

Z range 200.0 nA Z range 1000 nm

Conductive AFM map Topography image
(TappingMode AFM)
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CAFM of Metal Thin Film

20nm 7 - 1000.0mV
- : 3 e '.- A -_ -.-— A j % F ]

|
0.0 1: Height 1.0 pm

 Nominally 12nm-thick metal film on dielectric substrate.
 Topography does not distinguish metal from dielectric.
« CAFM shows where dielectric substrate is accessible to AFM tip (white areas.)

Veeco



CAFM Technigue Applied to High-k

Dielectric

e (Case Study on HfO2
IMEC, Belgium: J. Pe’try
INSYS, Belgium: W. Vandervorst,
Universitat Autonoma de Barcelona, Spain: X. Blasco

o HfO2: k=26 - 30 (high-k dielectric)
Good news: suitable for Si-integration (minimal interaction w/ Si)
Bad news: low crystallization temperature may result in HfO2
nanocrystals forming when annealing wafer at high temperature
to activate polysilicon and source/drain implants.

Nanocrystals may induce locally higher leakage currents, and
compromise device performance

 Researchers used CAFM to analyze sub-microscopic
leakage paths in HfO2.
HfO2 stack 5.6nm thick layer grown by atomic layer CVD
Annealing in Nitrogen for 1 minute at 700C and 800C
CAFM imaging and IV curves revealed useful information

Veeco



CAFM Applied to high-k Dielectric R&D:

Images of HfO2

5.0 pa

2.5 pA
» FH

0.0 fa

0 250 500

Pre-Anneal " Post-Anneal@700C

Post-Anneal@800C ™
CAFM voltage = 5V CAFM Voltage = 5V CAFM Voltage = 4.5V

(tip positive relative to sample, 500nm scans)

 Mapping the conductivity of HfO2 as deposited and
post-anneal
o Sitips coated with Pt-Ir

« Allows visualizing, quantifying size & distribution of

weak spots
P Veeco



CAFM Applied to High-k Dielectric:

| ocalized IV curves (Spectroscop

« CAFM Current-versus-Voltage (IV) plots on weak spots;
(averages from different locations) reveal

Background leakage current dropped with annealing

Above the instrument noise level, average current is
measured larger for a given voltage after annealing, and
larger with higher annealing temperature

(Plots in next slide)
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CAFM Applied to High-k Dielectric:
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Tunneling AFM ( TUNA)




Metrology, Characterization, Failure Analysis:

TUNA for Semiconductors

Interconnect levels:
TUNA

B iinA

1]
“._" .

Veeco



Tunneling AFM

TUNA for electrical characterization of materials and
devices with lateral resolution of 10-20nm

Avallable on the Digital Instruments Dimension 3100,
Dimension 5000, and MultiMode SPMs

Imaging of very low currents (~60fA - 100pA)
Applications:
Thin dielectrics films (failure analysis):
Homogeneity of gate oxides

Integrity of DLC films in read-write heads
Ferro electric films

Nanotubes
Conductivity measurements and defect analysis of other
high resistivity samples

Semiconducting

Light emitting polymers
Veeco



TUNA Principal of Operation

 Measures ultra low currents between the probe tip and
sample as probes is scanned over sample

- extra gain
(60 fA —=100 pA) pA-Amplifier + filter
conductive
SPM probe

to ADC

thin dielectric )
film

DC bias voltage
(-12V to +12V)

1pA/V gain
50 fA RMS noise
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TUNA on SIO,

Fowler-Nordheim current:

D \ f
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current
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TUNA of Thick Tunnel Oxide (SIO,)

Topography (left) and TUNA images of 8.5nm-thick tunnel oxide
(S102). Sample bias = 10V. 200fA current scale. 2mm scans.

Image courtesy A. Olbrich, Infineon, Munich, Germany.

Veeco



TUNA on DLC film

Veeco



TUNA on SIO, - Trench Isolation

40nm-thick gate oxide Field oxide

\

! N \

Courtesy, A. Olbrich,
Infineon, Munich -
Germany

Topography TUNA
e Closed-loop TUNA (constant current = 1pA)



TUNA on SIO, with embedded defects

under applied voltage

Scan size: 1x1 pm 2



TUNA on Gate Oxides

e Bias voltage is ramped
until electrical breakdown
occurs showing thinning or
defects

?reakdown spots

Scan size 1um



TUNA on Field Oxide/Gate Oxide interface

Courtesy of A. Olbrich, Infineon, Munich - Germany

 Tunneling current shows high leakage at interface
Indicating gate oxide thinning.



TUNA In Data Storage: MR head

Topography Tunneling current



TUNA In Data Storage: MR head

20nm 50mv

Topography Tunneling current



TUNA Failure Analysis of MR heads

% defects

TUNA TUNA
Reference MR head Defective MR head



TUNA on FerroElectric (PZT) film

Topography Tunneling Current

Scan size: 1.5um
* Tunneling current higher at grain boundaries of
FerroElectric thin films

 Grain boundaries may result in leakage current in
FerroElectric capacitor made with this film



Digital Instruments
Torsion Resonance Mode
(TRmode) with TUNA




TRmode Technology Highlights

e Monitors torsion resonance oscillations of AFM cantilever
* Operates with angstrom-scale lateral tip dither

 Measures lateral forces and force gradients

 Maps in-plane anisotropy on sample
surface

e Interleaves with TappingMode for
complementary lateral and vertical
characterization

o Compatible with MultiMode &
Dimension SPMs

e A Veeco exclusive



TR-TUNA

TRmode TR-TUNA
1.2mm scans

« High resolution images of carbon black particles in a polymer matrix.

o Soft sample, at best difficult to measure TUNA current with contact
mode (not shown).



TR-TUNA

e TR-TUNA detects
conductivity
variation along
carbon nanotubes

CNT (CNT) on a gold
Substrate.

 Top: TRmMode
Image

* Bottom: TR-TUNA
Images at scan
angles 0 and 90
degrees.

CNT



Scanning Spreading
Resistance Microscopy
(SSRM)




Metrology, Characterization, Failure Analysis:

SSRM for Semiconductors

Interconnect levels:
SSRM
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SSRM

SSRM — Scanning Spreading Resistant Microscopy

Conductivity & resistivity imaging (metal, semi-metals,
semiconductors)

2-D carrier profiling in semiconductor devices (Si and compound)
Current range: 10 pA - 100 nA
Spatial resolution: 10 -25 nm
Hard conductive probes (diamond) required on Si
Carrier profiling

Dynamic range: 10%>-10%° atoms/cm?
Junction localization is possible: resistance peak



SSRM Principle of operation

e DC bias Is applied between sample and conductive tip

* Measures current resistance, yielding sample resistivity,
conductivity, and carrier/dopant profiles

conductive
probe (10 pA - 100 mA)
/ contact resistance
log(l)
n ‘ Si spreadingn[esistance
| | B
- - 4 x radius




SSRM on St DMOSFET

Topography Resistivity

Scan size: 12x12 pm
e Dark = high conductivity
e Light = low conductivity
« Contrast differentiates the doped regions



SSRM on cross-sectioned capacitor

Topography Resistivity

200nm 10.0V

e Resistivity image:
Dark indicates high conductivity
Light indicates low conductivity



SSRM on SI PMOSFET
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09 o 1000 2000 3000 4000
Scan size: 5x5 um?2 Q\\"Q depth (nm)

* Image and cross-section of two adjacent PMOSFET
transistors

e Cross section corresponds to blue line in image (left to right
= top to bottom)



SSRM on InP test structure
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« SSRM also works on compound semiconductors
 Differentiates n and p regions



Electrical Characterization Modules

Comparison: TUNA. CAEM. SSRM

Noi‘se level (RMS)

Current (A)



Scanning Capacitance
Microscopy (SCM)




Metrology, Characterization, Failure Analysis:
SCM for Semiconductors




Scanning Capacitance Microscopy

o Spatial resolution: 15-20nm
e Dynamic range: 10%°-10%° atoms/cm3
e 2-D imaging and local C-V spectra

« Malin application: 2-D dopant profiling in semiconductors:
Si & compound

Process evaluation

Is the implant there?

Does the implanted region have the correct concentration value and
dimensions?

Failure analysis
TCAD simulator calibration
« R&D: quantum dots, FerroElectrics, etc.



SCM Principle of Operation

SiO, \ /
AN
Si

capacitance

= MIS capacitor

+—>

AC
voltage

* Maps 2D carrier/dopant profiles

e Metalized tip and semiconductor sample for
metal-insulator-semiconductor capacitor

 AC bias is applied to sample and resulting
change in capacitance is monitored



SCM Example

Topography SCM dC/dVv

Scan size: 15x7.5 nm

« Sample: Cross-sectioned isolation area between 2 bipolar
transistors

* Topography shows some detall (polished cross section)

« SCM dC/dV image shows depleted & doped regions (n- and p-type)



SCM Example: lon Implanted device

SCM dC/dV Phase

10.0V

Topography

200nm

« SCM image (right) of Si structure: n-type implant (dark areas) in p-type
substrate. Additional (shallower) p-type implant ~200nm-wide can be
observed at high lateral resolution.



SCM Example: Silicon DRAM Cells

Topography SCM dC/dV Amplitude SCM dC/dV Ph ase

200nm 10.0V 5.0V

 The 3 iImages are obtained simultaneously.
See next slide for details.



SCM Example: Silicon DRAM Cells

SCM dC/dV Amplitude SCM dC/dV Phase

10.0V 5.0V

 The phase image differentiates between p-type (bright
color) and n-type (dark color) doped areas.

« The SCM dC/dV amplitude image shows the relative
magnitude of the carrier concentration



Bell Labs’ Vertical Transistor

TEM SCM

Courtesy of Rafi Kleiman, Bell Labs

* Unlike TEM, SCM shows differently-doped areas,
Including source, drain, and well



SCM Failure Analysis Example

O

SCM dC/dV (amplitude) images 15x7.5 mm scans.

o Sample: good & failed (right) device

* Image of the failed device (right) shows a short circuit
between 2 doped regions explaining the high leakage
of this device.

e Device on left Is good.



dC/dV - V curves on doped silicon

n-type Si
2x1017 at./cm3

p-type Si
3x101° at./cm 3

« SCM can measure the dC/dV versus bias voltage at a fixed
X,y position.
o Sign of DC/DV curve differentiates n-type and p-type



FerroElectric (FE) Materials Characterization

e SCM can be used to

Image the domain state in FE materials

Resolution: ~10 nm
High capacitance sensitivity: 10 22 F/CHz

measure the local (10 nm) dC/dV-V, C-V and
Polarization curves
on single grains or small FE capacitors

modify the local domain state by applying DC
voltage pulses



SCM on FerroElectric Film

25 nmm scans

o Sample: PZT FerroElectric (FE) film
 FE domain polarization can be manipulated and
Imaged with SCM



SCM for FerroElectric applications

conductive SCM probe
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SCM for FerroElectric applications

« SCM measures dC/dV
e The sign of dC/dV Is a measure W | /o
of domain polarization = X

e Signalin area 1: dC/dV + and -
e Signal in area 2: dC/dV always +




dC/dV -V spectra w/ SCM on

ferroelectrics

dC/dV spectra can be measured with SCM when the
probe is held in a fixed position. Exclusive to SCM.



SCM dC/dV - V & hysteresis spectra of
FerroElectrics
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FerroElectric characterization:

Macroscopic vs. SCM polarization curve

Macroscopic SCM

(large area-mm) (single grain)
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SCM dC/dV curves on sub-micrometer

FerroElectric capacitors

 FIB-milled 0.5 um FE capacitor:

« SCM dC/dV & polarization curves measured on
this capacitor:
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SCM FerroElectric Domain Imaging

Topography Image dC/dV Phase Image
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signal in area 2:
dC/dV always
positive

Topography and SCM dC/dV phase images of a FerroEle  ctric thin film deposited on top of Pt electrode

e Topography shows granular structure of thin film with 20-
100nm sized grains.

« dC/dV phase image shows polarization state of individual
grain

v



SCM FerroElectric Domain Imaging

<)

v

< {7//

2 1

signal in area 2 of plots signal in area 1 of plots

o Left: Boxed area in Phase image in previous slide

e Right: Same area but now with a DC voltage of 5V applied.

 The DC voltage changes the polarization such that all
grains have the same polarization state.



FerroElectric grain Domain Manipulation &

Imaqging with SCM

« A single FerroElectric grain’s polarity is switched by applying a DC
voltage pulse (~1ms) of -5V when the probe is positioned on the grain.
* Note the apparent presence of domain boundary within the grain

« SCM is used for domain imaging before (left) and after manipulation.



Electric Force Microscopy
(EFM), and

Piezoelectric Response
Microscopy




EFM for FerroElectric characterization

« Electric Field Microscopy (EFM): detects the electric field
gradient near the surface.

Before manipulation After DC = +7V After DC = -7V
applied to central area applied to central area



Failure Analysis with EFM

« Failure Analysis. Two identical transistors. One failed.

Topography image Electric Field Microscopy
(TappingMode AFM) iImage (EFM)



Piezo Electric Response Microscopy

 Measures piezo-electric response (2.5nm Z-range
here) when applying an AC bias between tip and

sample in contact. PZT sample.

Each grain actuates a different amount, giving rise to
contrast in the piezo response image.

Piezo Response Topography
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