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EAG TEM/STEM

LABORATORIES”

Analytical Resolution versus Detection Limit

TEM/STEM  SPM ) Imaging
. Technique

100 at% ; — §E22

10 8% o s Esca _ | ez

1at% ' : : 1E21

0.1 at% 1E20

100 ppm X 1E19

TOF-SIMS

§ 10 ppm 1E18
LA4ACPMS T
& 3 <
£ 1ppm €17 E
i ' )

100 ppb 1E16

10 ppb 1E15

Technlque
Dynamic SIMS
1 ppb Y 1E14
100 ppt | © [rckness md Density \ 1E13
01inm 1nm 10 nm 100 nm 1 pm 10 ym 100 pm 1mm 1cm
Analytical Spot Size

SITEMAE $R s i B B R o3 e 2 A 7T 2R )
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EAG TEM 1 STEM &4 &

LABORATORIES”

TEM

Electron gun
Movable aperiure K‘E .

Lo L] -
2 stages condenser lens : :

< { ) -

Lo i | =

4stages —— =
intermediate/projection
lens

Detector f
BB iizovcA8

STEM

Electron gun

2 stages condenser lens

Z Objective lens

Sample

0N
A

ADF-STEM detector

BF-STEM detector
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EAG TEM #1 STEM H.%¢

LABORATORIES”

TEM

Diffracted Direct Direct Scattered
Beam Beam Beam Beam
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« TEME{STEM {4 EAE 5 #FFH30-300 KeV T HL T 3K
o T IREEMNMN LEFNFREA S, FEnEE —KE
50~100nm.

« S/ITEM’s 7] LJMEDS or EELS (electron energy Ioss
spectroscopy)#ha » RN R TTR B ESE R
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o TEMEAE T FHASE] A4S BEAL S AT DLAEAS [ s =0T Fa e
— B35 (BRI )
— 15 (RIETESRAT R
— S HER (R7 5 A EERT S T R L),
— HL T4
— ¥ EDS or EELS.
« STEMZLHE 1 A] LAK AN [A) 45 = aidR
— B AERUER 1)

— B 371% (B L7~ High Angle Annular Dark Field:;
HAADF, Z-contrast, ZC)

— _IKHT
— iz EDS or EELS
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EAQES (S)TEM DATA TYPES

STEM BF Image STEM Dark Field/Z-contrast STEM SE Image

4 )
P

EAG HD2300 200kV x150k TE nm EAG HD2300 200kV x15

Electron Diffraction Elemental Maps

Some images and figures courtesy of Hitachi
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EAG MR E&=- ELEMENTAL ID

LABORATORIES”

X-ray emission Electron Energy Loss
"EDS Spectroscopy-EELS
Evac Evac

M M

= L L

Incident
X-ray Beam
/ K
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EAG A5 - EDS

LABORATORIES” -

Sample
yd Surface

TEMFE B EF{SEDS
SDHERATE] ~3 nm

/

Source of secondary/< >

fluorescence X-ray Resolution
0.5-5 um fpr bulk sample
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EAG

asoratoriess ELECTRON ENERGY
LOSS SPECTROSCOPY

EETREERRE T, FEMETEMAFTRIEN T, Brahdbttads, <

REEE.
ARGV HUR A Ok, T N BT O, SRR, NSRRI,
A FE = FL T FEL BN AR R T 2 it AR F 4T H

LLEDSWER 2 E 5

* 1 nm probe size

intensity

- FHEE AR (<L eV)

o X R PRI T 3 RBUE Eerawioss

Image source:
http://pruffle.mit.edu/~ccarter/NANOAM/images/van_benthem_EELS.gif
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EAG W
AENONES 204 LOONMEL I 2

° E?E/J\J[L\___
— X F100nmEIEE N, BB EA FEKT20nm,
AR S E /N 10nm.

—ﬁénnTH iill 2 SR AN [

Hard or soft samples
« Hard and soft layered/composite samples
« Heat sensitive samples
« Small features
« How much time and $$ are available?
— Duel beam FIB’s cost >$1M
» Biologicals
» Solvent sensitive samples
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EAG
LABORATORIES TEM #Fﬁl%ﬂ%ﬁ%

. SRETH
» Wedge Polishing+ lon Milling
— BT R R A
— XTSRRI, R XK
— R 2% TR R
- HERA
— TR RIS, Eangh KRk
IR AR
o HEOCAME G
— T BRI AR R T
o« EBEYI R
— AREHTHevERT -2 5 H T AV B R & YR R
« Crushing

o et ekfe AR
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EAG
LABORATORIES” ko I sy A2 . 1 KL Hy f]

7

O DS DS DS o //
VD > .
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EAG

LABORATORIES” S/TEM FQI:II:I':IFEIJ%

SEM Electron Beam
(optional)

lon

Beam Typical Sample

!

8 um

!

Sample (with protective
metal layer)

TEM beam ©

e

Stair Step Cut

MAE “lift-out”

FITEM ik L,
B 1zonsLAB

B 2 IRIRE o 2 A2 78 LR L

————— 12 ym ———

IR
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LABORATORIES® TYPICAL RESULTS
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EAG 42 5% B % FIDUAL BEAM

LABORATORIES

FIB CROSS SECTION

[ i) - - o~ = - = - - - P

g

w‘ i Wi

ol wiD {FW Ik 5um
) A1 mm 102pm 0

R/NFIE A die map(GDS
I files) 1135 Bl ] DUAoRE 51

BIRE, LR E R TT DL R L
FE HIRE ). m

pm

) EEEELREEREERY

oow1 doo 30
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EAG TEM in Situ lift out

LABORATORIES”
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EAG WHAT (S)TEM CAN DO...

LABORATORIES”

* HR Imaging (Bright Field/Z-contrast/SE)
« Composition Identity (EDS, EELS...)
 Crystal Defects/Dislocations (Diffraction Contrast)

 Crystal Orientation/Structure (Phase Contrast, Atomic
Resolution Imaging, SAD, NBD, CBED,FFT)
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EAG FAULT LOCALIZATION VIA -

TABORATORIES PV AND XS FROM A PV

- HMRENRIEBAESsourcefllgate
AR =F L

 FIB lift out B5cHplan viewf i
%14, @& gate and source X
g i X 35

PV prep with FIB S

|

drain ource TIVA {8 BR T BRIGHI B
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EAG STEM )£ R HEL S 77 B

LABORATORIES”

15 BY 15 MICRON PLAN VIEW

[ .‘5_' - o ¥ i ‘_\.'. . h- S v'

200kV x80.0k ZC 300nm

200kV x5.0k ZC

Ao ot AL il T R T i 46 B 3E S TEMA R .
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EAG Fault Localization via PV and XS from
LABORATORIES™ a PV

XS-STEM view

Cross section Prep location

—>
STEM View

direction

Y L L L O
1.00pm

MAS HD2000 200kV x30.0k ZC

METAL STRINGER FROM LIFT OFF PROCESS
IDENTIFIED!

© 2016 EAG, Inc.
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asoratoriess HRTEM PREPARATION

AJ LA 4 FIB 4545
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EAG

LABORATORIES” HR-TEM Of Cdselzns %'&%*ﬁ*ﬁ

CdSe-ZnS

B~ mie AZBURLI R
Eﬁ[ﬂ%/ﬂ_ﬁ:- ;

A% 2R BOK H
R ) FE 44
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LABORATORIES” STEM %%%}%%’&@

. 5 (: Nof v

. e R P R
» ) Ch e Wy o S NP2 o el -~ S
I U O | I I I O R O O |

HD2300 200kV x8000k TE 3.00nm EAG HD2300 200kV x6000k ZC 5.00nm

~0.2 nm Resolution

JE TR B R
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E AG BB HIZ- CONTRAST
IMAGE

[
EAG HD2300 200kV x500k ZC

- - NN 11
EAG HD2300 200kV x2000k ZC 15 Onm
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EAG GAN BASED LEDZ# 43t

LABORATORIES”

A= W5

EAG HD2300 200kV x700k ZC 950.0nm

Eimili* ®UZDNELAB ©2016 EAG, Inc. =




EAG

LABORATORIES” gg@‘l}@ :
o Rt SRIEHYEDS A TS
(Poly contact)

EDS Site
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EAG ELEMENTAL MAPS BY

LABORATORIES”

v v ’~. < »,:‘ y
e e e ¥ Qe o bty St 1+~ oD e | (=2

I 1
600nm
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EAG GAN BASED LED% 14

LABORATORIES”
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EAG GaN Based LEDZ#4r#7

LABORATORIES”
TUER ER AT H

800 120
e Galllium
” Nitrogen
100
. AlUMIiNUM
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o - |
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5 ” I= . Background
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EAG S A

LABORATORIES”

Core=hic e &=t

a F ¥ H B H & 3 ¥ B B8
= e s e s s F E < < 2
3 < 2 g o o 3 3 b b 3

-S00D

W

gatese A MWWk 2 A EM?

EELS

Fig. A: HRTEM image of a
MOSFET gate. Gate /|,
JEE~2nmE.
Fig. B: [A]— X &1
STEM image &/REELSZ;
HFMSIFARH U5 .

| Fig C:Jj4htgate )/ HJ=
MR 7B, RS AR
| ).

EDS & IAZIN.

;BN 8560 ;- 57801 GRYE BOIL MG QOIS MONS O i e R preaer
Jr
1 ® © 2016 EAG, Inc 34
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EAG

LABORATORIES”

Electron Energy Loss spectroscopy

£ 3 £ 3
@)
X
=<
Q
@
-]

2
/

SR o s ok
§ E 8 8 8 8 8 &

STEM Image of Flash memory cross sectioned parallel to the word line. The polyl floating gate,
oxide/nitride/oxide(ONO) dielectric stack, and the poly2 gate electrode were imaged. The ONO
stack was investigated using EELS. The EELS ## &.7xONO stack /Z K#E£E5nm : 4nm : 5nm.
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EAG
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High Resolution Imaging

with Aberration Corrected STEM
(AC-STEM)
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EAG

LABORATORIES”

B uzonGLAB

EAG-NC AC-STEM

©2016 EAG, Inc.

Hitachi HD2700 STEM
Hitachi C.-Corrector
Bruker QUANTAX EDS



EAG AC-STEM: CORRECTING FOR SPHERICAL
LABORATORIES” ABERRAT'ON

Blurred
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EAG AC-STEM ADVANTAGE: FINER PROBE=HIGHER
LABORATORIES" RESOLUTION

SION on Si

* FIB prepared Samples
* 0.13 nm resolution

« Great for examining thin
layers

« ZC images are directly
interpretable

AR Y W A e s

B
‘
.
’
’
LR

..

LA B I . . B B
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EAG Atomic Resolution: Structure with Composition

LABORATORIES”

Si — Diamond Cubic

AC-STEM Z-Contrast: S Sj
Relative Intensity varies
with atomic number (2)

‘ ‘ Unit cell 110 projection STEM ZC
Z=14 Z=14

InAsS - Zinc Blende
In As
Z=49 z=33 « : EL

STEM ZC
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EAG ATOMIC RESOLUTION: ENGINEERING

LABORATORIES” STRUCTURE

Strain compensation layer in
InNAs/GaSb Superlattice IR Detector

ERERE
.
:

LR

o'i.i i3

W
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.
-
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ARAREREEEXEE
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EEEREEEEEREE

198 1Tt v e
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-
-
-
-
»
..
-
-
Ed
-
»

. » » .

IR
.

200kV x4000k ZC

« AC-STEM ZC images combined with computational modelling and electrical performance
data confirms there is a single monolayer of InSb at the interfaces of the GaSb and InAs
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: MONITORING INDIUM

ATOMIC RESOLUTION

EAG

9lellsgns
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In composition ~5-10 at%. ZC intensity variance not from FIB sample prep!
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SURFACE

g J TS P e o
e L IR LR e
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A

~ 50nm thick FIB

IMAGING

the same
© 2016 EAG, Inc.
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EAG

LABORATORIES”

Composition Identity
with EDS on AC-STEM
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EAG AC-STEM ANALYTICAL

LABORATORIES” ADVANTAGE
More beam current in a smaller e-probe!

10000
.---""--’4
10X | g g ———
probe current = |
- ]
& 100 A
-
: /
=
o
-]
S 10 —8— corrected [
2 e
X —8— uncorrected
resolution . l |
0 0.2 0.4 0.6 0.8 1 12
probe size [nm]|

The spatial resolution for Imaging and EDS is improved by a Cs Corrector system.
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EAG HIGHER BEAM CURRENT = BETTER ANALYTICAL

LABORATORIES" PERFORMANCE
Au Cs Corrected
Uncorrected
§%)
c i
oD
(@]
(&]
b 200—
>
"D
[
Q
= A
&
! Al
X A
Cu o Au
5 "y o Cu A
A Al
b . o : : LAl S . il i . (kL N.n.l.u.n.. u,dﬂi.. WA i T
2.00 4.00 6.00 8.00 10.00 12.00 14.00
X-ray energy [keV]

EDS spectra of Au particles. Si(Li) detector, Acquisition time = 20 sec.
0.2 nm-probe (Red line = Uncorrected state, Brown line = Cs Corrected).
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EAG EDS MAPPING — LOW

LABORATORIES" CONCENTRATIONS
: Tl Si Device EDS Mapping

>0.3 sr solid angle*

DF=STEM 128)(100 PIXG|S

<2at%
Dwell time: 0.5 ms/pixel

Total acquisition time:
20min

The aberration corrected STEM allows high-speed elemental mapping by
using large probe current. The above shows HAADF-STEM and As-
elemental mapping of a Si device. As-K can already been seen at only 1
minute acquisition time, and the distribution of As is clearly visualized after
20 minutes acquisition. This type of low concentration mapping cannot be
realized by using the conventional STEM.
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EAG EDS for Chemical Analysis at Nanoscale

LABORATORIES”

EAG HD2700 200kV x450k ZC
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EAG EDS for Chemical Analysis at Nanoscale

LABORATORIES”

| : & 3 5’*%“”4’*#“&*‘%’“;&#5 4 AV
~ = " S W oW

ZC MAG: 1500000 x HV: 200.0 kV WD: -1.0 m 560
% In
40
_ 1.7 nm
20 A
' 0
10 nm 0 10 20 30 40 50

Distance (nm)

b
Il
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EAG EDS QUANTIFICATION -

LABORATORIES" ACCURACY

Application Note: Quantification of Ultrathin Layers by STEM-EDS
http://www.eag.com/documents/quantification-of-ultrathin-layers-by-STEM-EDS-AN472.pdf

v RESULTS & DISCUSSION
S SR As can be seen in Figure 1, the AC-STEM image provides highly
a EE : ,5;‘_’; detailed images of the sample. This image clarity is not possible with
PR 43! ¥ traditional STEM or TEM images. With image resolution better than
«:sz n s 3 1.5A, AC-STEM can provide unparalleled layer thickness accuracy
A & ¥ and detail.
hia ;
44 In addition to excellent image quality; the AC-STEM coupled to an
: %E % advanced x-ray detector allows for reliable quantification of materials.
3 E : As an example of the accuracy that can be obtained by STEM-EDS,
;! 2 é::. Table 1 shows the results comparing the measured values by STEM-
34 4% FIA EDS and by Rutherford Backscattering Spectrometry (RBS). RBS is used
355 i ‘i’ to create reference standards and is considered to be one of the
i ‘E: jgg most accurate analytical techniques for thick films. The agreement
3 3 peist between RBS and STEM-EDS is within the expected RBS measurement
i J;!: £ uncertainty of 5% (relative).
e i
: : it RBS | AC-STEM-EDS | Relative difference

In concentration 5.3% 5.5% 3.8%

Table 1 In concentration on a InGaMN thick film standard sample.

BB 1z0nsLA8 2016 EAG, nc.




EAG EDS QUANTITATIVE LINESCAN

LABORATORIES”
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EAG

LABORATORIES”

Crystal Defects/Dislocations

with Diffraction Contrast
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EAG VCSEL Plan View (PV) STEM of Field Failures

LABORATORIES”

* All PV STEM prep is performed
using in-situ FIB liftout

e 30um x 30um x 1.5um thick

* Imaged with 200kV STEM

* Thickness: 1-2 periods p-DBR

above oxide and 1-2 periods n-
DBR below MQW

LR RS LR
EAG HD2300 200kV x5.0k ZC 6.00pum

ﬁimill*(@DZﬂNELAB ©2016 EAG, Inc.




4 Targeted VCSEL XS of PV

LABORATORIES”

U U : O B UL
EAG HD2300 200kV X4b,0k TE 800nm
1

XS of PV - STEM Aperture Edge\

MQW

« XS of PV reveals out-of-plane (OOP) dislocation behavior
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EAG Catching the Failure Early

LABORATORIES”

Corrosion-Based Failure of Oxide-Aperture

VCSELSs, Robert W. Herrick, et. al., IEEE

JOURNAL OF QUANTUM ELECTRONICS, VOL.

49, NO. 12, DECEMBER 2013
EL

200kV x5.0k ZC

Fig. 7. EL image of partially-degraded VCSEL, imaged at ~1 mA (below
threshold). Note dark area at lower left.

« 26% decrease in output after
— Aged at 70C 85%RH for 49 days @ 1mA
— Additional 9 days @ 6mA
« Checked output every 24hrs

EET-II* LJZIOONGLAB © 2016 EAG, Inc.



http://iopscience.iop.org/1748-0221/2/09/P09003

lterative XS of PV

EAG

LABORATORIES”

R RS S SR R KT

Dislocations grow from the oxide aperture

and down into the MQW
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EAG VTD Typing — m-plane GaN

LABORATORIES”

Reflection vector g = 11-20 & 0002

« Screw dislocations
— Visible only for g = 0002 (C)
— Invisible for g = 11-20: |g-b| =0

Edge dislocations 7.( ; %
X 3231°

— Visible only for g = 11-20 (A) 31-216 X X | M i
— Invisible for g = 0002: |g-b| =0 —( S L

2113 0007 2

Mixed dislocations

. . . N 1587 %:1.8?6 B=[0110]
— Visible for both reflections L

foil plane (0110)
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g VTD Typing — m-plane GaN

LABORATORIES”

On Zone: All dislocations

Prrrrrrral
1.00pm

EAG HD2300 200kV x25.0k TE

m

R = e = Prrrrrrntl
EAG HD2300 200kV x25.0k TE 1.00pm

e: edge dislocation
S: screw dislocation EAG HD2300 200KV x25.0k TE T
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EAG GaN Dislocation Density and Typing (PV)

LABORATORIES”

Z=[0001], g=(11-20)

I
N\._*.,
=

!

LS

TR

EAG HD2300 200kV x40.0k TE 800nm
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EAG

LABORATORIES”

Crystal Orientation/Structure

with Phase Contrast, Atomic Resolution
Imaging, Electron Diffraction (SAD,
NBD, CBED,FFT)

EE“F—I'* ®DZDNELAB © 2016 EAG, Inc.




EAG PHASE CONTRAST: ALL PHASES OF
LABORATORIES" SILICON
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EAG Modes of Electron Diffraction

LABORATORIES”

SAD CBED \ /
» Parallel, broad beam j\
« Spot or ring patterns « Convergent beam
* micron-sized areas « Disc pattern
» Tens of nanometers

FFT

NBD

e Parallel beam
« Spot pattern
e ~2Nnm area

» Parallel Pencil beam
* Small discs
« Nanometer size areas

Eiiﬁilli ®DZDNELAB © 2016 EAG, Inc.




EAG

LABORATORIES”

SAD: Selective Area Diffraction
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NBD — NANO-BEAM
ION

FIG. 7. STEM images of the interface between the active area and transition

EET;I'*Q_ region tor a device in the (a) ON and (b) OFF state. Scale bars 10 nm,
1] LUZ0NGLAE



E AG Using FFT’s on High Resolution Images

LABORATORIES”
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EAG

asoratoriess  EAG INSTRUMENTATION

1 7 75 Electron Microscopes
« Focused lon Beam « Transmission Electron Microscopy
— 8 FEI dual beam FIBs, 8+ single — Topcon 002B 200kV TEM
beam FIBs — Hitachi HF2000 200kV TEM

— In-situ Lift Out TEM preparation
« Scanning Transmission Electron

« Other TEM Preparation Mlcrosc_opy _
Dimol di " — Hitachi HD-2300 Schottky field
— Pimpieandion mil emission with EDS
— Mechanical and ion mill — Hitachi HD-2700, Hitachi Cs
corrector, Bruker QUANTX EDS

* Scanning/Transmission Electron
Microscopy

— Three FEI Tecnai TEM/STEM with
EDS and EELS
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