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Crystal Quality
— a definition based on crystallography

CRYSTAL QUALITY

The quality of what is nominally a “single” crystal |can vary over an enormous
range. At one extreme, the crystal may have undergone gross plastic deformation
by [bending and/or twisting, |such that some portions of it are [disoriented|from
other portions by angles as large as tens of degrees, and the dislocation density
1s high. At the other extreme, some carefully grown crystals are almost free of
dislocations and other line or planar imperfections, and their crystal planes are
flat to less than[10~* degrees over distances of the order of a centimeter] In
general, metal crystals tend to be more imperfect than crystals of covalent or 1onic
substances.
Various x-ray methods of assessing crystal quality are described below. These
\methods differ in sensitivity, and we will deal with the least sensitive first.

« Ref. “Elements of X-ray Diffraction”, B.D. Cullity. 2"
edition, page 260. 2
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Qutline
Crystal Quality Measurement by EBSD

— “Image Quality” and “Misorientation Angles”
as figure-of-merits

— Surveying AASC Nb Films
— Surveying bulk Nb and MgB, Epitaxy film
Crystal Quality Measurement by XRD

— Introduction of Pole Figure and Reciprocal
Space Mapping (RSM) techniques

— RSM Experimental Data on film and bulk Nb
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Crystal Quality Measurement
by EBSD

Image Quality and Misorientation Angles

as Figure-of-Merits



Misorientation Angles
- as a caliber of crystal quality
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« Misorientation Angles of a survey area could be

POLYGONIZED

measured by XRD (Rocking Curve, RSM), or by EBSD
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EBSD Image Quality (1.Q.) parameter

- as a caliber of crystal quality
IMAGE QUALITY Recrystalli;zed ;g;_r_:ai_n

Deformed grain

The implication of equation (3) is that the
quality of a diffraction pattern is dependent on
the material being examined. Two other factors
affect the quality of the diffraction patterns. The
first factor is the degree of deviation from the
ideal CrySta.l’ e fo de.formatlor!, i e 2 Figure 16. Electron backscatter diffraction patterns
Lattice strains due to 1‘mpelq§:t10ns cause local from partially recrystallized low carbon steel. The

. f - . . :
deviations in the Bragg reflecting position  pagern on left is from a recrystallized grain and the
ng to more diffuse bandS in the dlffractlon pattern at ngh[ is from a deformed grain.

wn in figure 16. The second factor
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I'he factor aftecting the quality ot ditfraction patterns of most interest, from a materials science |

standpoint, is the perfection of the crystal lattice in the diffracting volume. Any distortions to the crystal
lattice within the diffracting volume will produce lower quality (more diffuse) diffraction patterns. This
enables the IQ parameter to be used to give a qualitative description of the strain distribution in a
microstructure. (A good example in the literature is S.T. Wardle, L. S. Lin, A. Cetel and B.L.. Adams,
“Orientation Imaging Microscopy: Monitoring Residual Stress Profiles in Single Crystals using an
Image-Quality Parameter, IQ” in Proc. 52nd Annual Meeting of the Microscopy Society of America, eds.
|G. W. Bailey and A.J. Garratt-Reed, San Francisco Press: San Francisco (1994) pp. 680-1.) The 1Q]
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 Ref. “EBSD IndexinxghTutorial”, Lecture Handout from EDAX/TSL company.
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Nb Thin Film Samples

Sample CED-47 CED-46 CED-38
Thickness ~60 Nnm ~120 nm ~800 nm
RRR 46 62 136
T. (K) 8.95 0.14 9.20

The samples were coated by cathodic-arc deposition at

AASC(CED™)

Substrates are magnesium-oxide crystal, with MgO(100) in-plane
Before coating, the substrates were annealed at 700°C; The
substrate temperate was set at “500°C” during Nb thin film
deposition. Note as, “700°C/500°C”
The films are single crystals with epitaxial relationship,
Nb(100)//MgO(100)
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EBSD Measurement (l)
Sample CED-47 CED-46 CED-38

Avg. C.I. 0.67 0.72 0.90
Avg. 1.Q. 1121 1003 2101
Avg. Miso. Angle 0.18’ 0.20° 0.15

EBSD Survey Area: 250X250 um, Stepl10 um. The bottom pic. are Inverse Pole Figures.
IPF grayscale are rendered by the same 1.Q. value: [min,max] = [500, 2100]

\/: CED-047 CED-O46 Q CED-038




Crystal quality progressively evolves
on film thickness

Avg. 1.Q. 1121 2101
Avg. Miso. Angle 0.18 0.1%5’
RRR 46 136

EBSD |.P.F.

Nb(100) Film
800 nm

Nb(100) Film
60 nm

CED-38

MgO (100) MgO (100)
cryg@lmbg@fa‘l@k on 5th SRF Thin Film Workshomﬂyﬂaz(ggbstrate



EBSD Measurement (l1)

Sample CED-47 CED-46 CED-38

Avg. Miso. Angle 0.18 0.20° 0.1%°

CED-047

016 CED-046 018 CED-038

0.1 0.2 0.3 0.4 0.5 0.6 . 0.1 0.2 0.3 0.4 0.5 0.6 . 0.1 0.2 0.3

0.4 0.5 0.6
Misorientation Angle [degrees] Misorientatio

n Angle [degrees] Misorientation Angle [degrees]

Average misorientation angles have small

change , if compared by Image Quality (1.Q.)
iIndex.

Higher RRR sample has a slightly smaller Avg
MISO Angle Z(waoetal Talkf)

n 5th SRF Thin Film Workshop, JLab. 2012



Comparison to BCP Nb bulk samples

Sample CED-47

CED-46

CED-38

Avg. Miso. Angle 0.18°

0.20°

0.15°

EBSD survey of 12 bulk Nb samples (BCP’ed and cut from a SRF cavity)

ik
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-

Mean values of the local average misorientatioD
distributions, obtained from the EBSD data on
each grain for all the samples (black circles) and
average density of pits measured on each grain
for six samples (red squares). Samples with

more than one grain have multiple points in the
plot, corresponding to the different
\misorientation angle distributions for each grainj
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Smallest Avg. Miso. Angle is ~0.15°

Citation from: Xin Zhao, G. Ciovati, and T. R. Bieler, Phys.
Rev. ST Accel. Beams 13 (12), 124701 (2010).,
“Characterization of etch pits found on a large-grain bulk
niobium superconducting radio-frequency resonant cavity”
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Comparison to a MgB, Epitaxial Film

EBSD TVRrse PR Hylireo! XI's group)

Sample: “1109C", MgB2/C-plane sapphire

Average Cl is 0. 56 (o 086...0 743), Avg 10=997,
Grayscale: [0.1, 0.743]; Avg Misorientation: 0.28°*
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Comparison Chart

« EBSD Survey Area 200X200um.

Avg. Miso. Angle 0.289 0.159 0.159
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Crystal Quality
Measurement by XRD

Introduction of Pole Figure and
Reciprocal Space Mapping (RSM)

techniques

14



Qutline

* Crystal Quality Measurement by XRD
— Introduction of Pole Figure and Reciprocal
Space Mapping (RSM) techniques

— RSM Experimental Data
* Probing a Nb Film
* Probing a Single Crystal Bulk Nb
* Probing a Polycrystalline Bulk Nb
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Real Lattice vs. Reciprocal Lattice

R space is also known as momentum space or k-space

Lattice Transformation:

- _+ _ 1 _ bxc
a —dmo-d =k
g ashixe

=2
]
(=5
o
=
|
I

Figure 15 The points on the right-hand side are reciprocal lattice points of
the crystal. The vector k is drawn in the direction of the incident x-ray beam
and it terminates at any reciprocal lattice point. We draw a sphere of radius
k = 2m/\ about the origin of k. A diffracted beam will be formed if this sphere
intersects any other point in the reciprocal lattice. The sphere as drawn in- http://leung.uwaterloo.ca/CHEM/750/L

tercepts a point connected with the end of k by a reciprocal lattice vector G. ectures%202007/SSNT-3-

A ¥ s Fprt  — k4 G. Thi e
'cll'llll: :lolﬂg.a;t.eg \)‘(,arla- beam is in the direction k’ = k + G. This construction is SurfaceY%20Sucture%%20(lhim
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http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://leung.uwaterloo.ca/CHEM/750/Lectures 2007/SSNT-3-Surface Structure II.htm
http://en.wikipedia.org/wiki/Momentum_space

Pole Figure
— exploring the Texture of crystallites

<100> Poles

Intersections of
Equatorial Plane

'South Pole'

—4 —

i 4 o ,//; 2 \ /}' ,f"// 2
Pa A )
Normal s ,/ N A
e A a7
Direction e

e Y o

/ ,4./""/ o7 / —

.1 »/‘
Rolling
Direction

Points 1', 2" and 3' are drawn where these connecting lines intersect the equatorial plane. These are
the 100 poles and uniquely represent the orientation of the unit cell in 3D space on a 2D plane.

Source:

<100> Pole Figure

TD

http://aluminium.matter.org.uk/c
ontent/html/eng/0210-0010-
swf.htm

Equatorial Plane is viewed from
top to form stereographic
projection (Pole Figures)
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XRD Pole Figure Experimental Setup
and Standard Nb (110) Pole Figure

 Nb (110) Pole Figure

CukKa

*Fixed 26 of a {hkl} crystal plane. (Bragg Law 2d;,;*sin(6)=A)

Experimental Steps:

] } ) Crystal Plane | v () P10)

*Rotated around Normal Direction (Azimuthal ¢, from 0-360° ) ) o1 o

*Titled off-angle from Normal Direction (y, 0-900) (00) 50 | 12526

(1,0,-1) 60 234.74

P.F. is to visualize Reciprocal Lattice Space e R
One Crystal Plane in real lattice space is a Pole in (110 | 9 0 18

reciprocal space
X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012



Reciprocal Space Mapping (RSM)

RSM is a well established XRD technique.

% [001] RSM Experimental Results
A [l l?] Y*10000(rlu)
4260
X ® scan I
4240~ 7 4]
/ — 4220 ;W
g /8
w20 scan o / /
4200~ A113) /-]/
/
. /i
4180~ I~ \
. AL i
4160 / Al
k// J @j/
| 2 /' @
[110] 1980 ~ 2000 2020 2040 2060 2080 = 2100

k// [110] X*10000(rlu)

Fig. 1. Presentation of Ewald sphere and the scan directions of
the XRD mapping.

Ref. Ni et al “X-ray reciprocal space mapping studies of strain relaxaton
in thin SiGR.lAYRRSK onkinery Hhia bk temtbo226-228 (2001), 756-760.



Reciprocal Space Mapping
- XRD Experimental Setup

: 4 ™\
WORK STAGES: : —
1. Set w®, 26, 20 Sm_(‘ghkl) = icu
. Run 6/26 mode scan, AdNb(llO)_'1'871 Z"9N|o(110)

. Run 6/26 mode scan * 04 —QO0
. ...Plot diff(w) vs. diff(0) - Ad/dNb(llo) ‘100 %0 =8 /0/

2
3. Slightly change w® Set w',26,. For Ang(llO) = (0.10
4
n

X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012



XRD Bragg-Brentano Scan

Time/St P 0.20 sec; SteH size: 0.030

X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012



XRD RSM Experimental Data

Samples:
A High RRR Nb Film
CMP’ed Bulk Nb Coupons

22



Qutline

— RSM Experimental Data

Pro
Pro

Pro

ning a Nb Film
ning a Single Crystal Bulk Nb

ning a Polycrystalline Bulk Nb

X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012
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RSM Data |. Survey a Nb Film

AASC Nb Thin Films “CED-34", on MgO
crystal substrate. MgO(100) in-plane.

Thickness: ~ 1.6 um (3000 arc-pulse)
Epitaxial Relationship ("O," - type),
Nb(100)//MgO(100), Nb[100}]//MgO[110]
RRR =277, Tc=9.21-9.25K

Pre-coating Substrate Heat-Treatment
T=700°C

Substrate temperature in coating T=500°C

24
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Preparation Before RSM

Through Pole Figure Simulation and k-space Analysis,
Select Pole (231) for RMS

(hkl) pole in reciprocal lattice space

Nb (110) in-plane Nb (100) in-plane

ncident Angle

(hkl) planes in real space

Theta{123}=60.85"

Psi=74.54°
For incident Angle is -13°,
it is not observable

123

Psi=55.49°
Incident Angle is 5.4°

Psi=57.72°
Incident Angle is 3.13°

Psi=36.72"
Incident Angle is 29.13°

R0 X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2612



|Cont.] |.Probing Different Film Thickness
by Varying X-ray Incident Angle

 High Incident Angle (w = 60.99):
— Probing Depth (if for a bulk Nb, 3645 nm): entire
film (1.6 um)

* Low Incident Angle:(w = 3.099):
— Probing Depth: 430 nm
 Definition of penetration depth
t = sino/p
With o the incident angle and p = 1259 is the
absorption coefficient of Nb at 0.154 nm.

26
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RSM Probing Film’s Top-layer
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Sample: CED-34

RSM Survey
on Plane/Pole (231)

#1. High Incident Angle
RSM probes entire film
thickness (1.6 um)

(Probing Depth 3.6um if

bulk Nb)
Aw =~ 0.6°
AO=~0.20

#2. Low Incident Angle

RSM probes film top-layer_z_'o_
(Probing Depth 430nm )

Aw
AO

~0.1°
~0.1°

Omega 60.90360 Phi 27 .65 X0.00
2Theta 121.87455 Psi 58.32 Y0.00
26994
Omega
0.4-
0.3]
0.2
0.1-
-0.0-
0.1
-0.2-
0.3+
0.4
T T T
06 0.8
Omega/2Theta
Omega 3.09400 Phi 28.45 X0.00
2Theta 121.81835 Psi 0.61 Y0.00
26994
Omega
.
0.4
0.3+
0.2
-0.14
0.2
-0.3
-0.4-
it - = T T T
H.0 0.2 04 0.6 0.8
X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012 Omega/ZTheta
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Crystal Quality Evolution of Epitaxy Growth

Sample “CED-34"

RSM of Top-layer

Nb(100) Film RSM probing
Interface?

1600 nm _

MgO (100)
crystal substrate 30
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RSM Data |l. Survey a Nb Single
Crystal Bulk Material

* A Single Crystal Bulk Nb Coupon Sample

* Chemical-Mechanical Polished (CMP’ed)
by ATI Wah Chang™, then Buffered
Chemical Polished (BCP’ed) ~2micron.
Mirror Finished (R, ~40nm)

* Orientation: Nb(110) in-plane.

31
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Pole Figure of the Single Crystal Nb

Nb {110}
Pole Fig

32

X Zhaa et alFatk on 5th SRF Thin Film Workshop, JLab. 2012




T T T T T T
0% zhao 8'al, Talk'an 5th SRFThin Filti WorkshGp, JLal 2032 1rera

Omega 20.53010 Phi 0.00 X 0.00
2Theta 38.55100 Psi-8.12 Zgggg .—Reciprocal Batch 1 0.xrdml
[}
-«  RSM Probing a Bulk Nb from = ..
B 2.4
[ 4.0
B 6.6
B 10.8
| 17.7
B 29.1
B 47.9
B 78.7
129.3
212.5
349.3
574.0
1 2 943.4
S ‘ 1550.3
g{i“, LN 2547.9
o5 i
&Y < — .
. 0o
¢ ; \$.9< ) B 11308.7
9 L *0 'V
%@033 ) B 1s584.8
' %q% § °°ﬂw° B z0542.4
p \ 0.&% ®
RN °§ N TR
2 &_ avo g D%°§<
) 005 0 -
XA
~ K ‘V' Q@ L4 4
QFA B4
. 9
Ny
q
x
NaZ2)) £330 A
20 @@%g o %)
BPGNG pfes
33
-0.3



Omega—
0.5

04

0.3

0.2

0.1

Omega 19.27550 Phi 69.34 X 0.00
2Theta 38.55100 Psi 83.02 Y 0.00

Z4.686

4 ,;», S
&.é%

% ©ELTD
© N () ’(‘4)‘ =~/ "\x{‘;‘;
SN\ oA A
4R (5'3}[4:’ 2
2= o
2y -Vy‘ rK.\ 70

)

- SR
) \“T
28
DK 2 ;‘\"s
A

. ®

X.Zh'a(l)ézet al, Talk on 5th %P%F Thin Film Workos'ﬁop, JLab. 2012

Omega/2Theta

.—Recip

rocal Spa

11.

atill ]

15.
21.
28.
39.
54.
74.
102.
139.

B o1
B 262.
B zs0.
B :os.
B s

34

N W

NN O

o~



0 Omega 20.53010 Phi 0.00 X000

2Theta 38 55100 Psi 812 voon W —reciprocal Saten Lt

Sample: CMP’ed Nb — } | o -

Single Crystal Bulk .

Material =

RSM Survey -

on Plane/Pole {110} o

Probing Top&Deep Layer = o

(High Incident Angle, ~20°) | Cp
Aw =~0.1° B
AB=~0.1° 1 s

T
: . 08
0 Omega 19.27550 Phi 69.34 X 0.00 Ormega2Theta

24686 Reciprocal Space Map

-

B s

a B s

0.4 | .

| =

0.3 B 1.2

| o

0.2 28.9

39.6

54.3

Probing Top-Layer only il

(Low Incident Angle, ~8°) .

Aw =~ 0.6° Cap
AB=~0.20
-0.37
-0.47
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Crystal Quality Evolution of
a Bulk Nb sample

CMP’ed Bulk Nb
Sample

!

Top-layer
~400 nm

RSM of Top-layer

Bulk Nb(110}
~4000 nm %

RSM of bulk

36
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RSM Data lll. Survey a Nb
Polycrystalline Bulk Material

A Fine-grain Polycrystal Nb

Grain size ~50 microns

CMP’ed , then BCP’ed ~2micron.
No preferred Orientations

X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012
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Nb {110} Pole Figure

1k Material
O
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Summary

1. Crystal quality of epitaxy film progressively
evolves on Growth Thickness (Verified by EBSD
and XRD-RSM).

2. Reciprocal Space Mapping (RSM) is an non-
destructive technique to probe crystal quality of
film or bulk Nb, via 2-D mapping of crystal mis-

orientation angle (w) & crystal plane distance

(i)

Besides w, RSM discerns d,

4. Top-layer and deep-layer Nb film/bulk have
obvious crystal quality difference.
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Implication to Structure Zone Model
- microstructure evolution along thickness

Grayscale mask renders Anders’ SZM to visualize crystal
guality

zone T
fine-grained,
region not At zone 1 . & ) nanocrystalline,
accessible ; with preferred

orientation

0.1

~

porous,

tapered crystallites

separated by voids,
tensile stress

densely packed1
fibrous grains

transition from tensile (low E*) to

5 S line separating
compressive stress (high E¥)

net deposition
and net etching

region not
accessible
E*

region of possible region of
low-temperature max. compressive stress  reduction of deposition
low-energy ion-assisted by sputtering, dense film,
epitaxial growth amorphous for some materials
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“lop-aown" vs Bottom-up"
- Crystal Etching vs Growth
- Bulk vs Film

CMP’ed Bulk Nb

Sample Sample “CED-34"

—

Top-layer
~400 nm

Top-layer
~400 nm

Bulk Nb(110) |
~4000 nm Nb(100) Film

1600 nm

MgO (100)
crystal substrate
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Questions to You

. Why crystal quality progressively evolves on
growth thickness (for Epitaxy Energetic
Condensation Film) ? strain/stress relaxation,
“Subplantation” outward growth...”?

. WIll crystal quality of Fiber-Columnar Film also
evolves along growth thickness?

. What Is the optimal thickness for Fiber Growth
Film?

. Besides Crystal Quality, Is a way to measure
“Grain Boundary Quality”?
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Energetic Condensation — Deposition of
“Hyperthermal lons”™

1eV Nb ions into bulk Nb
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SRIM simulation shows penetration depth:A@ - 0.2
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Three-dimensional epitaxy
relationship of Nb/MgO(100)* Orientation: O,

TasLE I. Tabulation of the lattice misfit parameters for the ob-
served orientation (0), (001)x1,//(001) mzo with [010]x//[010 Ju o,
a more favored orientation (F), (101)x1//(001) seo with [011 xw//
[100]Jme0, and a second possible orientation O, (001)y.0 with

[Ilﬂ:lma"f[{]m]m{go

Orientation Parallel directions %% misfit " e 0 “?O)HE‘M
O lm%ﬁh;fElm}HEﬂ 194 [o10} {001} [010]
"0107x1,//[010 T80 19.4 @ 0" 8y
Oy [100 Jnn//[010]x¢0 8.0
F100 Twe//[ 110 Trceo 56.5
F Euiqm;n‘;lﬂo;lmg 8.0
010 Jxi/ /1010 Jago 19.4

* lllustration of three types
Nb/MgO(100) epitaxial relationship,
as proposed by Hutchinson et al *.
*I;IEp.itI;)L(Jitac:Ih’i\lnscl):?l r:;r;d 5 :p ;l)ls;;yss?tjgs‘tlr;;g %%réd?e;ﬁsate Chemical Interaction and the Vapor Deposition of C r 0 S S_ S e Ct i OIl Vi W
J. E. Mattson, Eric E. Fullerton, C. H. Sowers, and S. D. Bader, “Epitaxial growth of body-centered-cubic 4

transition metal films and superlattices onto MgO (111), (011), and (001) substrates”, J. Vac. Sci. Technol.
A 13, 276 (1995). X.Zhao et al, Talk on 5th SRF Thin Film Workshop, JLab. 2012




