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® Introduction
® Background
® Principles of high-resolution X-ray diffraction (HRXRD)
® Instrumentation
® Diffraction geometries
Measurements of epitaxial thin-films
Reciprocal space and reciprocal space maps (RSMs)

N

® RSMs from epitaxial thin-films
® RSMs from patterned epitaxial nanostructures

® Synchrotron studies
®* Conclusions
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Jordan Valley overview -
TN

B
Jordan Valley Semiconductors (JVS) develops and

manufactures X-ray based in-line metrology and
inspection solutions for the semiconductor industry

®* Provide innovative solutions for a wide variety of
materials, process and structure challenges

Range of X-ray techniques including: XRF, XRR,

(HR)XRD and XRDI
Tools provide fully automated measurements,

[
analysis and reporting and support semiconductor
production and R&D activities worldwide
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Jordan Valley overview (cont.) 1
] ———

® Private company
® Established 1982, HQ in Israel

®* Global presence

> 180 employees
* Manufacturing and demo sites (Israel & UK)

* Local sales & support offices in strategic locations
(US, Taiwan, Korea, Singapore, Europe)

Q
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Silicon semiconductor metrology tools

]
® Tools: JVX7300 series
® Channels: XRF, XRR and HRXRD JVX7300LSI

Applications:
o 7300HR: SiGe & Si:C on bulk or
(FD)SOI, various ALD films, HKMG

stacks, silicides...
o 7300LSI: Ge and IlI/V on Si for
sub-10 nm, HKMG, FinFETs,

GaN-on-Si, MEMS
o 7300F(R): Metal / magnetic films, WLP

o 7300G: Ultra-thin films and 3D devices
® |In-line tools for silicon semiconductor
device manufacturers for process control

6

of product wafers
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What can HRXRD give us, who uses it

and for what?
B
®* High-resolution X-ray diffraction (HRXRD) provides a

wealth of information about epitaxial materials
® Crystal lattice misfit/strain, tilt and defectivity/quality...

® Composition and thickness of planar films
® Shape and lattice distortion in patterned structures

® |tis first-principles (no calibration) and non-
destructive characterization and metrology technique

® Does not require material/process dependent optical

Q
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constants
® Accurate and precise with very few assumptions
® Has been used for 30+ years in the compound Q,;
<7~

semiconductor industry for a wide range of materials
(I1I-V, HI-nitride, 1I-VI...) and devices (LEDs, lasers, CPV,
i -

detectors.. )

Frontiers of Characterization and Metrology for Nanoelectronics 2015
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What can HRXRD give us, who uses it S _

and for what (cont.)? Ny
1 S

® Introduced into the Si industry

with strain engineering for IMEC LOGIC DEVICE ROADMAP
su b_loo nm Iogic devices Vg 1O-1.IV 09-1.0V 0.8-0.9V 0.7-0.8V 0.6-0.7V 0.5-0.6V < 0.5V
. . . Strain & Fully-depleted Band- Novel Materials/
® EpltaXIa| S|Ge S/D stressors for Advanced Gate Cha)rlnn:Ipf:re E:;ineered N:\‘:reTra:;e;:r:
e Stack Engineering | Improved Channel for Extreme
PMOS m0b|||ty enhancement Electrostatics EnhancedGt .. | Electrostatics
. - ransport A -
® Also Si:C/Si:P S/D stressors for |l T Gpwessed b i ?"FET’ 2D s B

NMOS, but less widespread P == mm

T

® Used for R&D, CVD chamber o ] [;; wcem [
qual., process diagnostics /
ramp and in-line metrology  rechtode  szzeem  tom  7m R

1 45nm 22/20nm 10nm 5nm
® Solid metrology pads less
. * Feature Dimension & Voltage Scaling are concurrent drivers
re I eva nt / n Ot ava I Ia b I e * Material & Device Architecture Innovations: Enablers of continual scaling

® Transition from p|anar to 3D Source: A. Steegen, “Logic Scaling Beyond 10 nm”,
. . IMEC Technol F US (July 2013
(FinFET) devices echnology Forum Us (July 2013)

® Novel channel materials,

e.g. SiGe, Ge and IlI-V for sub ,7
10 nm nodes e
i 47[7
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Principle of X-ray diffraction based
stress/strain analysis
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® X-ray diffraction uses the crystal lattice as a “strain gauge”

® The relation between the lattice parameter and diffraction anglﬁ":
is defined by Bragg’s law, 2d sin 0 5 = nA >

®* Most sensitive stress/strain analysis method for semi. (ITRS ZQ
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What do we mean by “high-resolution”?

1IN

® Epitaxial films and structures have a high degree of

crystalline perfection
®* The features (peaks and interference fringes) in the
diffracted X-ray intensity from epilayer-substrate material

systems are very closely spaced
® angular range of a few degrees at most

®* High-resolution is needed to resolve these features

Ad B AA N A6
d A tanfj
® High-resolution usually means highly collimated and

monochromatic X-ray beams and precise goniometry

Frontiers of Characterization and Metrology for Nanoelectronics 2015



High resolution XRD setups

y
-

X-ray tube

Conditioning Slits
crystal pe— \
Sli |ts " T 1
Mirror .. ’ \ Det?ctor
126

®* Most common setup uses a parallel beam and point (OD) detector

® Source and detector angles scanned using a motorized goniometer

® Large (mm) and small (~50 um) spot configurations are available

®* JV also developed an innovative small-spot, focused beam HRXR’E«».;7

approach for fast in-line measurements

Frontiers of Characterization and Metrology for Nanoelectronics 2015
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Common Bragg diffraction geometries and AWOF
anatomy of a HRXRD curve %n\\\\\\
|
Symmetric geometry 08
Substrate
10° peak

Layer
peak

Asymmetric geometries Fringes

Intensity (arb. units)

10°
1\

7 & 101 /

/ \

’//i:::EEEE EEES::::\\‘ +0 20 -15 10 05 00 05 10

Glancing Glancing w (deg)

incidence exit

®* Symmetric Bragg geometry is sensitive to lattice parameter ,g

perpendicular to the surface <7~

®* Asymmetric geometries are also sensitive to the lattice parameters ,Q |
both parallel and perpendicular to the surface | 0,7":

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015 12



Example: Fully strained SiGe epilayer S
B
— Composition / strain
¢ Measurement determined from measured
N Simulation lattice misfit
f Misfit normal to surface
§ 3 from layer peak position
Emz_ Ad/d = —Aw cotBp
101 Thickness from interference
100_ fringe period

w-26 (deg.)

Symmetric 004 reflection from 22.5 nm

t = A/(2Awy cos Op)

No dependence on uncerta.i‘,ri;;_g

epitaxial film of Si, ,Ge, with x=49% on a materials parameters ‘@
Si(001) substrate % 2
AT

Frontiers of Characterization and Metrology for Nanoelectronics 2015 13
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Example: Fully strained Si:C epilayer = <
P y piiay N
-
e ® Si:Cand Si:P can be used as
o . °  Measurement source/drain stressors for
Simulati i .
g muation NMOS transistors
"§_ . ® Composition and thickness
5 metrology possible using
2107 HRXRD due to large strain
= 10t ®* Metrology is challenging
10'f using SE because of very
1oL low concentrations

w-20 (deg.)

Symmetric 004 reflection from a 101.1 nm
epitaxial film of Si,,C, with incorporated
x =1.4% on a Si(001) substrate

Frontiers of Characterization and Metrology for Nanoelectronics 2015
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More complex SiGe/Si examples = s
N
B
10 NIST SRM2000 standard: .
- 23.7nm Si/ 48.20m ®* More complex stacks give
_ 1oL Si0.84Ge0.16 on Si(001) .
g rise to more complex
: interference effects
®* Measured data can be
i : automatically fit to
N dynamical X-ray diffraction
O theory by refining the
105:_ Periodic .f,uperlattice structl.Jre: pa rameters Of a Structural
t  [8.2nm Si, Ge,,/ 22.4nm Si]x5 3
104; on a Si(001) substrate mod eI

Intensity (arb. units)
=)

1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
w-20 (deg.)

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015 15
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Lattice deformation in epitaxial thin-films s
N

N

- J | [ TN
® If the lattice mismatch to the SRORCAAEAEEAAAA:
R . € € € € ¢ € ¢ 6 ¢ ¢ ¢ ¢
substrate and/or thickness is small, o
€ € € € €6 € ¢ ¢ ¢©6¢ € ¢ ¢ ¢ ¢
then an epilayer can be strained so S P S AP S PSP S S P
. . e 6 6 6 6 6 ¢ 6 6 6 6 ¢ ¢ ¢ ¢ ¢
that the in-plane lattice parameter 6 666666666666666
is equal to that of the substrate 0000000900008 00!
(fully strained) 100000000808 080088:
® Tetragonal distortion of the unit cell
. . . ¢ €& €& ¢ ¢ ¢
® Forlarge mismatch or thickness, it ¢ ¢ ¢ ¢ ¢ «
may become energetically Yy YTy
o bbb oy
favorable to relax ¢
. ] . ¢ € ¢ 6 ¢ ¢
® Creation of dislocations and/or 666666
1 e € ¢ ¢ ¢ ¢
roughening D000 D!
... more on this later FTVTTN

Misfit :
dislocations e

Frontiers of Characterization and Metrology for Nanoelectronics 2015 16



Comparison of HRXRD data from strained SWIORDAN VALLEY
and relaxed SiGe epilayers 0
- § 7 TN
. ) Fully strained layer
®* Degradation of device o |
performance and yield loss @
® Relaxed material has about “@
50% less strain than a Tt
pseudomorphic layer ol
. RelaxedmateriaIWillcontain 10)77\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\
d|Slocat|ons at the interface 3000 -2500  -2000  -1500 Om;lggo(c;ec) -500 0 500 1000
and in the layer -increased
Ieakage? Ll Partially relaxed layer w
®* HRXRD provides a unique, S
automated solution for strain = Nointerference fringes

“Triangular” layer peak

metrology and assessment of =
lattice defectivity o

100+

T T T T T T
-4000 -3000 -2000 -1000 0 1000

OMEGA-2THETA (arcsec)

T
-7000 -6000 -5000
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Diffraction in reciprocal space - QWJORDAN VALLEY

Ewald sphere and Laue condition £
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» Scattering vector Q = K’ — k has magnitude |Q| = 2sin 8 X 2w /A
» Reciprocal lattice vector G has magnitude |G| = 2n/dyk;
* Laue condition Q = G is exactly equivalent to Bragg’s law

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015
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X-ray tube

Conditioning ‘

crystal p———
Slits T Y
.,/ N Lmeal;

< detector

[

| ]

| / |
|
|
|

Linear (1D) detector replaces analyzer crystal / slits and point (OD) detector

([ J
and allows routine RSMs to be measured in the fab
® Simultaneously intensity acquisition over a large range of 26 angles
® x10-100 faster than conventional approach (minutes not hours) 7@
®* Provides more information than available by single HRXRD curves 7@3

iy
®* Automated RSM analysis for epi. process development and control of thln- 7 9
7,>

=7 Z>

films and patterned nanostructures
Frontiers of Characterization and Metrology for Nanoelectronics 2015 19



RSMs from fully strained epitaxial thin-films =

37.6 nm Si, z,Ge, o, 0n Si(001)
113ge

004

4.05
4.04
4.03
4.02
4.0
4.00
3.99
g 3.98
— 3497
3.96
3.85
3.04
3.93
3.92
3.91

3.90
-0.01 0.00

h [110]

April 14, 2015

0.01

® Layer peak position gives
the lattice parameters
Aa | /a=AL/L
Aa”/a — AH/H

®* Composition and

®* Peakin the asymmetric
RSMis located at H=1

strained (asige,| = as;)

®* Thickness fringes are
visible in the L direction

t X 1/ALfringeS

0.990 0995 1.000 1.0056 1.010
h [110]

Frontiers of Characterization and Metrology for Nanoelectronics 2015

relaxation can be obtained

indicating the layer is fully
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N
= N
N

Substrate
peak H

RSMs from relaxed epitaxial thin-films

~35 nm Si; ;;Ge, ; (R = 70%) on Si(001)
224ge

004

Si

SiGe

190 182 104 186 198 200 202 204
h[110]

SiGe peak is shifted away from H=2 in the asymmetric 224ge map

0.04 002 000 002 004
h[110]

indicating relaxation (agige,| > as;)
* Peakis broadened due to dislocations, w(H)/H o 1/Vp

Frontiers of Characterization and Metrology for Nanoelectronics 2015

April 14, 2015
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RSMs from strained thin-films on QWO
strain relaxed buffers (SRBs) KN

Ge, 345N, 1, / Ge on Si(001)
004 224ge ®* Ge peak is shifted away

v from H< 2 in the
asymmetric 224ge map
3.98 o . . .
o indicating relaxation
o (Age,| > asi)
3.92
- ® @GeSn peak is not shifted
— s in H wrt to Ge peak
2384 7 —
5.82 g (aGeSn,II _ aSi)
: .
- * Composition and
376 % relaxation of each layer
3.74 v, 1 . ZER
a2 o can be obtained
. £z
3.70 i S=52h
368 i 7‘57»
3.66 >

-0.04 -0.02 0.00 0.02 .04
h[110]

1.85 1.90 1.85 2.00 2.05
h[110]

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015 22



Patterned epitaxial nanostructures s s
MIN
E——

simple biaxial stress b 1

® Blanket pads are less relevant
and / or no longer available

® In epitaxial nanostructures -

you have

® Micro-loading effects in | sl i
selective growth e '

® Stress-state is far more
complex, i.e. elastic

relaxation of the epi and
distortion of the substrate

.
lattice il ]
n 1 L " L L L " 1 I 1 L 1 -20
60 -40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 ¥ -8.46x107° ‘9
N SN
9\ :

o[ 4 ey T
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RSM from Si fins made using spacer double '
patterning (SDP) lithography >

4.025
4.020 ~ \\,
4.015 _)\\'\’Q\
4.010
_+coo SR T . e
S 4.000 =% ) 29
Y
3.8980
-0.035 0.04 003 0.02 0.01 0.00 0.01 0.02 0.03 .04 0.05
-0.05 -0.04 -0.03 -0.02 -0.01 H?;ELOO] 0.01 0.02 0.03 0.04 0.05
® Fins act as a diffraction grating, P < 1/AH g = 42.2 £ 0.5 nm
® X-patternis characteristic of trapezoidal features, a =9 + 1° e
® Evidence of significant pitch walking error from SDP lithography s
o

® Strong half-order GTR peaks (corresponds to 2 x pitch), AP =5 + 0.5 nm

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015 24



RSMs from epitaxial SiGe fins
Symmetric 004 reflection

il

N\

N\

N

SiGe Layer
Silicon Layer —>

3.80
—0.07 o.co 0.01 —005-0.04-0.03-0.02-0.01-0.00 0.01 Q.02 .03 0.04 £.05
h[110] h[112]

oy

cr
-

®* H-spacing of the GTRs gives the pitch, P = 42 nm o
®* Components of the strain tensor can be determined from intensity ’67
envelopes by measuring asymmetric reflection at different azimuths "

Frontiers of Characterization and Metrology for Nanoelectronics 2015 25
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RSMs from epitaxial SiGe fins QWO
Asymmetric 113ge reflection KON

3.05

3.04

SiGe La”

Silicon Layer —>

3.03

3.02

SI 3.01

3.00

2.99

- T

1[001]

2.95

2.94

SiGe 2.93

292

2.91

‘;

2.80
Q.99 1.00 1.01 095 096 0.97 098 099 1.00 1.01 1.02 /.:7{
h [170] h[110]

® SiGe in a uniaxial stress state, cf. biaxial stress state for thin-films 2

® Elastic relaxation perpendicular to the line direction L

* Composition and thickness determined from fitting, x = 25%, t = 39.4nm’"

April 14, 2015 Frontiers of Characterization and Metrology for Nanoelectronics 2015 26



RSMs from IlI-Vs deposited in narrow (60 nm)
trenches etched into thick SiO, layer on Si

004

N

N

N\
(il

N\

ssﬁhfzcg,.
115

InGaAs

1.00

0.9%
h[110]

0.4d5 010

-0.00

-0.10 -0.05 Lo,
Interest as a high mobility channel materials in sub-10 nm nodes

GaAs and InGaAs peaks are very broad due to the high density of
threading dislocations, p~101%cm2 despite the ART structures

Frontiers of Characterization and Metrology for Nanoelectronics 2015
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Synchrotron facilities s s
NN

® Orders of magnitude more brilliant than lab / fab X-ray sources

®* Provide advanced measurement capabilities, but very offline

Wavelength (A)
1240 124 1.24

1070
1018
T
= 16
2 0
a
5
14
g 10
8 =
29 o)
-g“‘.‘g | === 1.9 GeV )
8 1ol Cuk MoK
8 g
o E CK
- T | AIK ]
0 | |
£ 108 L | . ]
% Cul N =
@ >
R C-:mtinuum/\ SN
10V 1006V 1 keV 10 keV 100 keV
Fhotan energy
Source: X-ray Data Booklet Source: EPSIM 3D/JF Santarelli, Synchrotron Soleil, =
(http://xdb.Ibl.gov/) via Wikimedia Commons
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Comparison of FastRSMs from SiGe fins SAWIOEBREN L IRY
measured at the APS and in the fab N
I
APS Simulation JVX7300L
4.0+ I I 4024
g 4,00 L .00 | | '
3,96 L3981 |
a06  -op4 002 000 oo .08 006 -Dpa 00 D00 D02 D04 008
4,04+ o400 - 4,044
4,024 o402 - 407
e ]
4,00 L4004 L 4004 B |
) | i Ld
é 3.9E- 358 = 1984
- 3.96 L 3.56- ! - 1964
LI e I
3.924 AL | k3024
3.50 i i i i i i i 3.90 T T T T T T T 3.90 1 T T T T
.06 <004 <0.02 .00 0.0z 0.04 Q.06 006 -0.04 -0.02 0.00 n.02 0.04 .06 .06 0,04 02 0,00 0.02
H [110] H [110] H[110]

® Increased dynamic range is valuable for model development / valldat o
® Analysis of single nanostructures is also possible... 25
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Conclusions

®* High-resolution XRD delivers valuable information on epitaxial

igh-
thin-films and patterned nanostructures
® Materials include: SiGe, Si:C(P), Ge and IlI-Vs for current and future

technology nodes

® Parameters include: strain tensor components, composition, thickness
pitch, pitch-walk, height and SWA as well as crystalline quality

®* Complements techniques such as SE / scatterometry and SEM /

TEM
®* The latest generation of lab / fab tools can yield good quality

data in minutes not several hours

® From patterned wafers
® Including reciprocal space mapping using linear detectors

® In-line X-ray metrology tools, like the JVX7300 series, enable
advance materials and process development and prowde novel 5

solutions for production monitoring

Frontiers of Characterization and Metrology for Nanoelectronics 2015
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