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IEC 60758 2016  Synthetic Quartz Crystal - Specifications 

and guidelines for use 
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lot inspection 

- -  

 

BS EN 62276:2016

http://www.cenelec.eu/advsearch.html
http://dx.doi.org/10.3403/03243495U
http://dx.doi.org/10.3403/03243495U
http://dx.doi.org/10.3403/00241260U


 – 2 – IEC 62276:2016  IEC 2016 

CONTENTS 

FOREWORD ........................................................................................................................... 5 
INTRODUCTION ..................................................................................................................... 7 
1 Scope .............................................................................................................................. 8 
2 Normative references ...................................................................................................... 8 
3 Terms and definitions ...................................................................................................... 8 

3.1 Single crystals for SAW wafer ................................................................................. 8 
3.2 Terms and definitions related to LN and LT crystals ................................................ 9 
3.3 Terms and definitions related to all crystals ............................................................ 9 
3.4 Flatness ................................................................................................................ 10 
3.5 Definitions of appearance defects ......................................................................... 12 
3.6 Other terms and definitions ................................................................................... 13 

4 Requirements ................................................................................................................ 14 
4.1 Material specification ............................................................................................ 14 

4.1.1 Synthetic quartz crystal ................................................................................. 14 
4.1.2 LN ................................................................................................................. 15 
4.1.3 LT .................................................................................................................. 15 
4.1.4 LBO, LGS ...................................................................................................... 15 

4.2 Wafer specifications .............................................................................................. 15 
4.2.1 General ......................................................................................................... 15 
4.2.2 Diameters and tolerances .............................................................................. 15 
4.2.3 Thickness and tolerance ................................................................................ 15 
4.2.4 Orientation flat ............................................................................................... 15 
4.2.5 Secondary flat ............................................................................................... 16 
4.2.6 Back surface roughness ................................................................................ 16 
4.2.7 Warp ............................................................................................................. 16 
4.2.8 TV5 or TTV .................................................................................................... 16 
4.2.9 Front (propagation) surface finish .................................................................. 17 
4.2.10 Front surface defects ..................................................................................... 17 
4.2.11 Surface orientation tolerance ......................................................................... 18 
4.2.12 Inclusions ...................................................................................................... 18 
4.2.13 Etch channel number and position of seed for quartz wafer ........................... 18 
4.2.14 Bevel ............................................................................................................. 18 
4.2.15 Curie temperature and tolerance.................................................................... 18 
4.2.16 Lattice constant ............................................................................................. 18 
4.2.17 Bulk resistivity (conductivity) for reduced LN and LT ...................................... 19 

5 Sampling plan ................................................................................................................ 19 
5.1 General ................................................................................................................. 19 
5.2 Sampling............................................................................................................... 19 
5.3 Sampling frequency .............................................................................................. 19 
5.4 Inspection of whole population .............................................................................. 19 

6 Test methods ................................................................................................................. 19 
6.1 Diameter ............................................................................................................... 19 
6.2 Thickness ............................................................................................................. 20 
6.3 Dimension of OF ................................................................................................... 20 
6.4 Orientation of OF .................................................................................................. 20 
6.5 TV5 ....................................................................................................................... 20 

BS EN 62276:2016



IEC 62276:2016  IEC 2016 – 3 – 

6.6 Warp ..................................................................................................................... 20 
6.7 TTV ...................................................................................................................... 20 
6.8 Front surface defects ............................................................................................ 20 
6.9 Inclusions ............................................................................................................. 20 
6.10 Back surface roughness ........................................................................................ 20 
6.11 Orientation ............................................................................................................ 20 
6.12 Curie temperature ................................................................................................. 20 
6.13 Lattice constant .................................................................................................... 20 
6.14 Bulk resistivity ....................................................................................................... 21 

7 Identification, labelling, packaging, delivery condition .................................................... 21 
7.1 Packaging ............................................................................................................. 21 
7.2 Labelling and identification .................................................................................... 21 
7.3 Delivery condition ................................................................................................. 21 

8 Measurement of Curie temperature ................................................................................ 21 
8.1 General ................................................................................................................. 21 
8.2 DTA method .......................................................................................................... 21 
8.3 Dielectric constant method .................................................................................... 22 

9 Measurement of lattice constant (Bond method) ............................................................ 23 
10 Measurement of face angle by X-ray.............................................................................. 24 

10.1 Measurement principle .......................................................................................... 24 
10.2 Measurement method ........................................................................................... 25 
10.3 Measuring surface orientation of wafer.................................................................. 25 
10.4 Measuring OF flat orientation ................................................................................ 25 
10.5 Typical wafer orientations and reference planes.................................................... 25 

11 Measurement of bulk resistivity ...................................................................................... 26 
11.1 Resistance measurement of a wafer ..................................................................... 26 
11.2 Electrode .............................................................................................................. 27 
11.3 Bulk resistivity ....................................................................................................... 27 

12 Visual inspections – Front surface inspection method .................................................... 27 
Annex A (normative)  Expression using Euler angle description for piezoelectric single 
crystals ................................................................................................................................. 29 

A.1 Wafer orientation using Euler angle description .................................................... 29 
Annex B (informative)  Manufacturing process for SAW wafers ............................................. 32 

B.1 Crystal growth methods ........................................................................................ 32 
B.1.1 Czochralski growth method ............................................................................ 32 
B.1.2 Vertical Bridgman method .............................................................................. 34 

B.2 Standard mechanical wafer manufacturing ............................................................ 35 
B.2.1 Process flow-chart ......................................................................................... 35 
B.2.2 Cutting both ends and cylindrical grinding ...................................................... 36 
B.2.3 Marking orientation ........................................................................................ 37 
B.2.4 Slicing ........................................................................................................... 37 
B.2.5 Double-sided lapping ..................................................................................... 37 
B.2.6 Bevelling (edge rounding) .............................................................................. 37 
B.2.7 Mirror polishing .............................................................................................. 37 

Bibliography .......................................................................................................................... 38 
 
Figure 1 – Wafer sketch and measurement points for TV5 determination .............................. 10 
Figure 2 – Schematic diagram of TTV ................................................................................... 11 

BS EN 62276:2016



 – 4 – IEC 62276:2016  IEC 2016 

Figure 3 – Schematic diagram of warp .................................................................................. 11 
Figure 4 – Schematic diagram of Sori ................................................................................... 11 
Figure 5 – Example of site distribution for LTV measurement ................................................ 12 
Figure 6 – LTV value of each site .......................................................................................... 12 
Figure 7 – Schematic of a DTA system ................................................................................. 22 
Figure 8 – Schematic of a dielectric constant measurement system ...................................... 22 
Figure 9 – The Bond method ................................................................................................. 24 
Figure 10 – Measurement method by X-ray ........................................................................... 24 
Figure 11 – Relationship between cut angle and lattice planes ............................................. 25 
Figure 12 – Measuring circuit ................................................................................................ 26 
Figure 13 – Resistance measuring equipment ....................................................................... 26 
Figure 14 – Shape of electrode ............................................................................................. 27 
Figure A.1 – Definition of Euler angles to rotate coordinate system (X, Y, Z) onto 
( 321 ,, xxx ) .............................................................................................................................. 29 

Figure A.2 – SAW wafer coordinate system .......................................................................... 30 
Figure A.3 – Relationship between the crystal axes, Euler angles, and SAW orientation 
for some wafer orientations ................................................................................................... 31 
Figure B.1 – Czochralski crystal growth method .................................................................... 32 
Figure B.2 – Example of non-uniformity in crystals grown from different starting melt 
compositions ......................................................................................................................... 34 
Figure B.3 – Schematic of a Vertical Bridgman furnace and example of temperature 
distribution ............................................................................................................................ 35 
Figure B.4 – Process flow-chart ............................................................................................ 36 
 
Table 1 – Description of wafer orientations ........................................................................... 14 
Table 2 – Roughness, warp, TV5 and TTV specification limits .............................................. 17 
Table 3 – Maximum number of etch channels in seed position .............................................. 18 
Table 4 – Crystal planes to determine surface and OF orientations ....................................... 25 
Table 5 – Electrode size ....................................................................................................... 27 
Table A.1 – Selected SAW substrate orientations and corresponding Euler angles ............... 30 

 

BS EN 62276:2016



IEC 62276:2016  IEC 2016 – 5 – 

INTERNATIONAL ELECTROTECHNICAL COMMISSION 

____________ 

 
SINGLE CRYSTAL WAFERS FOR SURFACE  

ACOUSTIC WAVE (SAW) DEVICE APPLICATIONS –  
SPECIFICATIONS AND MEASURING METHODS 

 
FOREWORD 

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising 
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote 
international co-operation on all questions concerning standardization in the electrical and electronic fields. To 
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications, 
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC 
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested 
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely 
with the International Organization for Standardization (ISO) in accordance with conditions determined by 
agreement between the two organizations. 

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international 
consensus of opinion on the relevant subjects since each technical committee has representation from all 
interested IEC National Committees.  

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National 
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC 
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any 
misinterpretation by any end user. 

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications 
transparently to the maximum extent possible in their national and regional publications. Any divergence 
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in 
the latter. 

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity 
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any 
services carried out by independent certification bodies. 

6) All users should ensure that they have the latest edition of this publication. 

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and 
members of its technical committees and IEC National Committees for any personal injury, property damage or 
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and 
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC 
Publications.  

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is 
indispensable for the correct application of this publication. 

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of 
patent rights. IEC shall not be held responsible for identifying any or all such patent rights. 

International Standard IEC 62276 has been prepared by IEC technical committee 49: 
Piezoelectric, dielectric and electrostatic devices and associated materials for frequency 
control, selection and detection. 

This third edition cancels and replaces the second edition of IEC 62276 published in 2012. It 
constitutes a technical revision. 

This edition includes the following significant technical changes with respect to the previous 
edition: 

– Corrections of Euler angle indications in Table 1 and axis directions in Figure 3. 
– Definition of “twin“ is not explained clearly enough in 3.3.3. Therefore it is revised by a 

more detailed definition. 
– Etch channels maximum number at quartz wafer of seed which do not pass through from 

surface to back surface are classified for three grades in 4.2.13 a). Users use seed 
portions of quartz wafers for devices. They request quartz wafers with less etch channels 
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in seeds to reduce defects of devices. The classification of etch channels in seed may 
prompt a rise in quartz wafer quality.  

The text of this standard is based on the following documents: 

CDV Report on voting 

49/1144/CDV 49/1170/RVC 

 
Full information on the voting for the approval of this standard can be found in the report on 
voting indicated in the above table. 

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2. 

The committee has decided that the contents of this publication will remain unchanged until 
the stability date indicated on the IEC website under "http://webstore.iec.ch" in the data 
related to the specific publication. At this date, the publication will be  

• reconfirmed, 

• withdrawn, 

• replaced by a revised edition, or 

• amended. 

A bilingual version of this publication may be issued at a later date. 
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INTRODUCTION 

A variety of piezoelectric materials are used for surface acoustic wave (SAW) filter and 
resonator applications. Prior to an IEC meeting in 1996 in Rotterdam, wafer specifications 
were typically negotiated between users and suppliers. During this meeting, a proposal was 
announced to address wafer standardization. This standard has been prepared in order to 
provide industry standard technical specifications for manufacturing piezoelectric single 
crystal wafers to be used in surface acoustic wave devices. 
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SINGLE CRYSTAL WAFERS FOR SURFACE  
ACOUSTIC WAVE (SAW) DEVICE APPLICATIONS –  

SPECIFICATIONS AND MEASURING METHODS 
 
 
 

1 Scope 

This document applies to the manufacture of synthetic quartz, lithium niobate (LN), lithium 
tantalate (LT), lithium tetraborate (LBO), and lanthanum gallium silicate (LGS) single crystal 
wafers intended for use as substrates in the manufacture of surface acoustic wave (SAW) 
filters and resonators. 

2 Normative references 

The following documents are referred to in the text in such a way that some or all of their 
content constitutes requirements of this document. For dated references, only the edition 
cited applies. For undated references, the latest edition of the referenced document (including 
any amendments) applies. 

IEC 60758:2016, Synthetic quartz crystal – Specifications and guidelines for use 

ISO 2859-1: 1999, Sampling procedures for inspection by attributes – Part 1: Sampling 
schemes indexed by acceptance quality limit (AQL) for lot-by-lot inspection 

3 Terms and definitions 

For the purposes of this document, the following terms and definitions apply. 

ISO and IEC maintain terminological databases for use in standardization at the following 
addresses: 

• IEC Electropedia: available at http://www.electropedia.org/ 

• ISO Online browsing platform: available at http://www.iso.org/obp 

3.1 Single crystals for SAW wafer 

3.1.1  
as-grown synthetic quartz crystal 
right-handed or left-handed single crystal quartz grown hydrothermally 

Note 1 to entry: The term “as-grown” indicates a state prior to mechanical fabrication. 

Note 2 to entry:  See IEC 60758 for further information concerning crystalline quartz. 

3.1.2  
lithium niobate 
LN 
single crystals approximately described by chemical formula LiNbO3, grown by Czochralski 
(crystal pulling from melt) or other growing methods 

3.1.3  
lithium tantalate 
LT 
single crystals approximately described by chemical formula LiTaO3, grown by Czochralski 
(crystal pulling from melt) or other growing methods 

BS EN 62276:2016

http://www.iso.org/obp
http://dx.doi.org/10.3403/00241260U
http://dx.doi.org/10.3403/03243495U


IEC 62276:2016  IEC 2016 – 9 – 

3.1.4  
lithium tetraborate 
LBO 
single crystals described by the chemical formula to Li2B4O7, grown by Czochralski (crystal 
pulling from melt), vertical Bridgman, or other growing methods 

3.1.5  
lanthanum gallium silicate 
LGS 
single crystals described by the chemical formula to La3Ga5SiO14, grown by Czochralski 
(crystal pulling from melt) or other growing methods 

3.2 Terms and definitions related to LN and LT crystals 

3.2.1  
Curie temperature 
Tc 
phase transition temperature between ferroelectric and paraelectric phases measured by 
differential thermal analysis (DTA) or dielectric measurement 

3.2.2  
single domain 
ferroelectric crystal with uniform electrical polarization throughout (for LN and LT) 

3.2.3  
polarization process 
electrical process used to establish a single domain crystal 

Note 1 to entry: The polarization process is also referred to as “poling”. 

3.2.4  
reduction process 
REDOX reaction to increase conductivity to reduce the harmful effects of pyroelectricity  

3.2.5  
reduced LN 
LN treated with a reduction process 

Note 1 to entry: Reduced LN is sometimes referred to as “black LN”. 

3.2.6  
reduced LT 
LT treated with a reduction process 

Note 1 to entry: Reduced LT is sometimes referred to as “black LT”. 

3.3 Terms and definitions related to all crystals 

3.3.1  
lattice constant 
length of unit cell along a major crystallographic axis measured by X-ray using the Bond 
method 

3.3.2  
congruent composition 
chemical composition of a single crystal in a thermodynamic equilibrium with a molten solution 
of the same composition during the growth process 
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3.3.3  
twin 
two or more same single crystals which are combined together by the law of symmetrical 
plane or axis 

Note 1 to entry: Twins exhibit symmetry that may be classified as reflection across a mirror plane (twin plane), 
rotation around an axis (twin axis), or inversion through a point (twin center).  

Note 2 to entry: Optical twins（growth twins） and electrical twins（transformation twins） are the most relevant 
to SAW wafers. Optical twins arise from defects related to growth. Electrical twins may result from extreme 
conditions (temperature and pressure, for example) during processing. 

3.4 Flatness 

3.4.1  
fixed quality area 
FQA 
central area of a wafer surface, defined by a nominal edge exclusion, X, over which the 
specified values of a parameter apply 

Note 1 to entry: The boundary of the FQA is at all points (e.g. along wafer flats) the distance X away from the 
perimeter of the wafer of nominal dimensions. 

3.4.2  
reference plane 
plane depending on the flatness measurement and which can be any of the following: 

a) for clamped measurements, the flat chuck surface that contacts the back surface of the 
wafer; 

b) for without clamped measurememts, three points at specified locations on the front 
surface within the FQA; 
for without clamped measurememts, the least-squares fit to the front surface using all 
measured points within the FQA; 

3.4.3  
site 
square area on the front surface of the wafer with one side parallel to the OF 

Note 1 to entry: Flatness parameters are assessed either globally for the FQA, or for each site individually. 

3.4.4  
thickness variation for five points 
TV5  
measure of wafer thickness variation defined as the maximum difference between five 
thickness measurements 

 

Figure 1 – Wafer sketch and measurement points for TV5 determination 

IEC 

Index flat 

5 mm 

Orientation flat 

1 

2 4 5 
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Note 1 to entry: Thickness is measured at the centre of the wafer and at four peripheral points shown in Figure 1. 

3.4.5  
total thickness variation 
TTV 
difference between the maximum thickness and the minimum thickness  

 

Figure 2 – Schematic diagram of TTV 

Note 1 to entry: The maximum thickness is represented by the letter A and the minimum thickness is represented 
by the letter B in Figure 2. 

Note 2 to entry: Measurement of TTV is performed under clamped conditions with the reference plane as defined 
in 3.4.2 a). 

3.4.6  
warp 
maximum difference between a point on the front surface and a reference plane 

 

Figure 3 – Schematic diagram of warp 

Note 1 to entry: Warp (shown in Figure 3) describes the deformation of an unclamped wafer. 

Note 2 to entry: The reference plane is defined by 3-points as described in 3.4.2 b). Warp is a bulk property of a 
wafer and not of the exposed surface alone. 

3.4.7  
Sori 
maximum difference between a point on the front surface and a reference plane 

 

Figure 4 – Schematic diagram of Sori 

Note 1 to entry: Sori describes the deformation of an unclamped wafer, as shown in Figure 4. 

Note 2 to entry: In contrast to warp, in this case the reference plane is defined by a least-squares fit to the front 
surface (3.4.2 c)). 

3.4.8  
local thickness variation 
LTV 
variation determined by a measurement of a matrix of sites with defined edge dimensions  

A 

B A least squares fit 
reference plane 

Sori = |A| + |B| 

Reference  
point IEC 

A 

B 3 point  
reference plane 

Warp = |A| + |B| 

Reference  
point 

IEC 

A 

B 

TTV = |A| – |B| 

Front surface 

Reference plane || back surface 
IEC 
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Note 1 to entry: All sites have their centres within the FQA. 

Figure 5 – Example of site distribution for LTV measurement 

 

Figure 6 – LTV value of each site 

Note 2 to entry: Measurement is performed on a clamped wafer with the reference plane as defined in 3.4.2 a). A 
site map example is shown in Figure 5. The value is always a positive number and is defined for each site as the 
difference between the highest and lowest points within each site, as shown in Figure 6. For a wafer to meet an 
LTV specification, all sites shall have LTV values less than the specified value. 

3.4.9  
percent local thickness variation 
PLTV 
percentage of sites that fall within the specified values for LTV 

Note 1 to entry: As with the LTV measurement, this is a clamped measurement. 

3.4.10  
focal plane deviation 
FPD 
deviation measured relative to the 3-point reference plane 

Note 1 to entry: The 3-point reference plane is defined in 3.4.2 b). 

Note 2 to entry: The value obtained indicates the maximum distance between a point on the wafer surface (within 
the FQA) and the focal plane. If that point is above the reference, the FPD is positive. If that point is below the 
reference plane, the FPD is negative. 

3.5 Definitions of appearance defects 

3.5.1  
contamination 
foreign matter on a surface of wafer which cannot be removed after cleaning 

IEC 

LTV 

Site 1 Site n Site 3  Site 2 

Back surface 

..... 

IEC 

1 

n 

2 3 ….. 

….. ….. 

Site 1 
Site 2 Site 3 

Site n 
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3.5.2  
crack 
fracture that extends to the surface and may or may not penetrate the entire thickness of the 
wafer 

3.5.3  
scratch 
shallow groove or cut below the established plane of the surface, with a length to width ratio 
greater than 5:1 

3.5.4  
chip 
region where material has been removed from the surface or edge of the wafer 

Note 1 to entry: The size can be expressed by its maximum radial depth and peripheral chord length. 

3.5.5  
dimple 
smooth surface depression larger than 3 mm diameter 

3.5.6  
pit 
non-removable surface anomaly 

EXAMPLE A hollow, typically resulting from a bulk defect or faulty manufacturing process. 

3.5.7  
orange peel 
large featured, roughened surface visible to the unaided eye under diffuse illumination  

Note 1 to entry: This is also called pear skin.  

3.6 Other terms and definitions 

3.6.1  
manufacturing lot 
lot established by agreement between the customer and the supplier 

3.6.2  
orientation flat 
OF 
flat portion of wafer perimeter indicating the crystal orientation 

Note 1 to entry: Generally, the orientation flat corresponds to the SAW propagation direction.  

Note 2 to entry: Orientation flat is also referred to as the “primary flat” (see Figure 1). 

3.6.3  
secondary flat 
SF 
flat portion of wafer perimeter shorter than the OF 

Note 1 to entry: When present, the SF indicates wafer polarity and can serve to distinguish different wafer cuts. 

Note 2 to entry: Secondary flat is also referred to as the “suborientation flat” (see Figure 1). 

3.6.4  
back surface roughness 
roughness which scatters and suppresses bulk wave spurious at back surface 
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3.6.5  
surface orientation 
crystallographic orientation of the axis perpendicular to the polished surface of wafer 

3.6.6  
description of orientation and SAW propagation 
indication of the surface orientation and the SAW propagation direction, separated by the 
symbol “-“ 

Note 1 to entry: Specification of a 0° orientation is normally omitted. 

Note 2 to entry: Typical examples for these expressions are shown in Table 1. 

Note 3 to entry: Description of wafer orientation rule is shown at Annex A. 

Table 1 – Description of wafer orientations 

Material LT 
Quartz 

LN LT Quartz crystal LBO LGS 

Expression 128° Y-X 

Y-Z 

64° Y-X 

X-112° Y 

36° Y-X 

ST-X 45° X-Z yxlt/48,5°/26,6° 

 

3.6.7  
ST-cut 
cut direction of quartz to achieve zero temperature coefficient 

3.6.8  
tolerance of surface orientation 
acceptable difference between specified surface orientation and measured orientation, 
measured by X-ray diffraction 

3.6.9  
bevel 
slope or rounding of the wafer perimeter 

Note 1 to entry: Bevel is also referred to as “edge profile”. 

Note 2 to entry: The process of creating a bevel is called “bevelling” or “edge rounding”. 

Note 3 to entry: The profile and its tolerances should be specified by the supplier. 

3.6.10  
diameter of wafer 
diameter of circular portion of wafer excluding the OF and SF regions 

3.6.11  
wafer thickness 
thickness measured at the centre of the wafer 

4 Requirements 

4.1 Material specification 

4.1.1 Synthetic quartz crystal 

A synthetic quartz crystal grown from Z-cut seed shall have an orientation within +5° of arc, 
and the wafer should consist of Z,+X,s growth region and seed (excepting –X growth region). 
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The quality of a synthetic quartz crystal conforms to or exceeds the following grades in 
accordance with IEC 60758. 

– Infrared absorption coefficient α value  Grade D 
– Inclusion density (pieces/cm3)  Grade II 
– Etch channel density (pieces/cm2)  Grade 2 

4.1.2 LN 

LN is a single domain material having a Curie temperature within the specified range. 

4.1.3 LT 

LT is a single domain material having a Curie temperature or lattice constant within the 
specified range. 

4.1.4 LBO, LGS 

Material not including twins. 

4.2 Wafer specifications 

4.2.1 General 

The specifications listed in 4.2 apply in the absence of superseding agreements between user 
and supplier. These specifications are expected to evolve and change as existing processes 
are refined and new ones are developed. For wafers that are typically used in conjunction with 
a photolithographic stepper equipment, LTV is typically specified as one of the flatness 
criteria. When using projection lithography for full wafer exposure, FPD is often more relevant 
than TTV, as the system will perform a tilt correction referenced off the front surface. Sori is 
often more meaningful than warp since the least-squares derived reference plane used in that 
measurement typically provides a more accurate representation of the wafer surface. 

4.2.2 Diameters and tolerances 
– 76,2 mm ± 0,25 mm (Henceforth referred to as 76,2 mm wafer,commonly referred to as a 

“3 inch” wafer) 

– 100,0 mm ± 0,5 mm (Henceforth referred to as 100 mm wafer) 

– 125,0 mm ± 0,5 mm (Henceforth referred to as 125 mm wafer) 

– 150,0 mm ± 0,5 mm (Henceforth referred to as 150 mm wafer) 

4.2.3 Thickness and tolerance 

Thickness is 0,18 mm to 0,80 mm. Tolerance for diameter of up to 100 mm is ± 0,03 mm. For 
diameter greater than 100 mm, thickness tolerance is to be agreed between the buyer and the 
manufacturer. 

4.2.4 Orientation flat 
a) Dimensions of OF and tolerances 

22,0 mm ± 3,0 mm (for a 76,2 mm wafer) 

32,5 mm ± 3,0 mm (for a 100 mm wafer) 

42,5 mm ± 3,0 mm (for a 125 mm wafer) 

47,5 mm ± 3,0 mm (for a 150 mm wafer) 

57,5 mm ± 3,0 mm (for a 150 mm wafer) 
b) Orientation tolerance 
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Orientation tolerance: ± 30’ 
Orientation of the OF shall be perpendicular to SAW propagation unless otherwise agreed 
upon by the user and the supplier. Orientation of the OF for quartz crystal wafers is X-
plane (1 1-2 1) and an arrow pointing from the wafer centre to the OF is in the –X direction. 

4.2.5 Secondary flat 

The dimensions and tolerances are as listed below: 

a) Dimensions of SF and tolerances 
Dimensions and these tolerances of the SF are specified as reference values. 

11,2 mm ± 4 mm unless otherwise agreed upon (for 76,2 mm wafer) 

18,0 mm ± 4 mm unless otherwise agreed upon (for 100 mm wafer) 

27,5 mm ± 4 mm unless otherwise agreed upon (for 125 mm wafer) 

37,5 mm ± 4,5 mm unless otherwise agreed upon (for 150 mm wafer) 
b) Orientation tolerance of SF 

Orientation tolerances of the SF are measured with respect to the OF and are agreed on 
by the user and the supplier with a typical value being ± 1,0°. 

Laser marking can be used as an alternative method to indicate the front surface. 

4.2.6 Back surface roughness 

As agreed upon by the user and the supplier (see Table 2). 

4.2.7 Warp 

As specified in Table 2. 

4.2.8 TV5 or TTV 

As specified in Table 2. 
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Table 2 – Roughness, warp, TV5 and TTV specification limits 

Material Diameter of wafer Roughness of 
back surface  

 
(Ra) 

Warp 
specified 

value 
µm 

TV5 
specified 

value 
µm 

TTV 
specified 

value 
µm 

Quartz crystal 

76,2 mm (3 inch) 
0,5 µm or greater 30 10 10 

Less than 0,5 µm 20 10 10 

100 mm 
0,5 µm or greater 40 10 10 

Less than 0,5 µm 30 10 10 

LN, LT  

76,2 mm (3 inch) 

2,0 µm or greater 50 15 15 

2,0 µm to 0,5 µm 40 15 15 

Less than 0,5 µm 40 10 10 

100 mm 

2,0 µm or greater 50 20 20 

2,0 µm to 0,5 µm 40 15 15 

Less than 0,5 µm 40 10 10 

125 mm 

2,0 µm or greater 60 20 20 

2,0 µm to 0,5 µm 50 15 15 

Less than 0,5 µm 40 10 10 

150 mm 

2,0 µm or greater 60 20 20 

2,0 µm to 0,5 µm 50 15 15 

Less than 0,5 µm 40 10 10 

LBO  

76,2 mm (3 inch) 
0,5 µm or greater 40 15 15 

Less than 0,5 µm 40 10 15 

100 mm 
0,5 µm or greater 40 10 10 

Less than 0,5 µm 40 10 10 

LGS  

76,2 mm (3 inch) 
0,5 µm or greater 40 15 15 

Less than 0,5 µm 40 10 10 

100 mm 
0,5 µm or greater 40 20 20 

Less than 0,5 µm 40 10 10 

 

4.2.9 Front (propagation) surface finish 

The front surface shall be mirror polished. Surface finishing details are subject to agreement 
between the user and the supplier. 

4.2.10 Front surface defects 
a) Scratches 

No scratches on visual inspection 
b) Chips 

1) Edge chips: 
Radial depth:  less than 0,5 mm 
Peripheral chord length:  less than 1,0 mm 

2) Surface: 
No chips on visual inspection 

c) Cracks 
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No cracks on visual inspection 
d) Contamination 

No contamination on visual inspection 
e) Others 

Other defects such as dimples, pits, and orange peel: no such defects on visual inspection 

4.2.11 Surface orientation tolerance 

Surface orientation shall be specified by the user and the supplier. 

Quartz crystal:  ± 10’ 

LN, LT, LBO:  ± 20’ 

LGS crystal:  ± 10’ 

4.2.12 Inclusions 

LN/LT/LBO/LGS: No visible inclusions on naked eye inspection. 

Synthetic quartz: material satisfies the specification Grade II of IEC 60758:2016, 4.1.3. 

4.2.13 Etch channel number and position of seed for quartz wafer 

The etch channel number and the position of the seed are described below: 

a) Etch channel within seed portion for a quartz crystal wafer 
The number of the etch channel in a seed of not passing through from front surface to 
back surface is as shown in Table 3.  

Table 3 – Maximum number of etch channels in seed position 

Grade 76,2 mm wafer 100 mm wafer 

1 6 8 

2 12 16 

3 36 47 

 

b) Position of seed 

The seed shall be included within ± 3,5 mm centre width of the Z’ direction and parallel to 
the X-direction of the centre of the wafer. 

4.2.14 Bevel 

The bevel shall be as agreed upon by the user and the supplier. 

4.2.15 Curie temperature and tolerance 

NOTE Only applies to LN/LT. The centre value for the specification is as agreed upon by the user and the 
supplier. Alternatively, the lattice constant can be specified. 

LN: centre value within 1 133 °C and 1 145 °C. Tolerance ± 3 °C. 

LT: centre value within 598 °C and 608 °C. Tolerance ± 3 °C. 

4.2.16 Lattice constant 

NOTE Alternatively, the Curie temperature can be specified. 

LT:  0,515 40 nm ± 0,000 02 nm for an axis measured at 25 °C. 
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4.2.17 Bulk resistivity (conductivity) for reduced LN and LT 
LN:  1,0 x 108 Ω·cm < BR< 1,0 x 1012 Ω·cm  (1,0 x 10-12 Ω/cm <BC<1,0 x 10-8 Ω/cm). 

LT:  1,0 x 1010 Ω·cm < BR< 1,0 x 1013 Ω·cm (1,0 x 10-13 Ω/cm <BC<1,0 x 10-10 Ω/cm). 

5 Sampling plan  

5.1 General 

A statistically significant sampling plan shall be agreed upon by the user and the supplier. 
Sampled wafers shall be randomly selected and representative of the production population, 
and shall satisfy the quality assurance criteria using the prescribed test methods. 

5.2 Sampling 

Unless otherwise specified, sampling shall be in accordance with AQL 2,5 %, single sampling 
as defined in ISO 2859-1. The specified AQL applies to the listed groups of defects 
considered collectively. 

5.3 Sampling frequency 

Appropriate statistical methods shall be applied to determine adequate sample size and 
acceptance criteria for the considered lot size. In the absence of more detailed statistical 
analysis, the following sampling plan can be employed: 

a) Dimensions 
Diameter  2 wafers/manufacturing lot 
Thickness  2 wafers/manufacturing lot 
Length of OF  2 wafers/manufacturing lot 

b) Surface orientation  2 wafers/manufacturing lot 
c) Orientation of OF  2 wafers/manufacturing lot 
d) Back surface finishing  2 wafers/manufacturing lot 
e) TV5  2 wafers/manufacturing lot 
f) Warp  2 wafers/manufacturing lot 
g) TTV  2 wafers/manufacturing lot 

5.4 Inspection of whole population 

The following items shall be inspected for all wafers: 

a) Existence and position of OF and SF 
b) Surface finish 
c) Wafer defects 
d) Inclusions 
e) Bevelling 

6 Test methods 

6.1 Diameter 

Measurement of the wafer diameter (excluding OF and SF portions) using callipers of 
sufficient accuracy. 
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6.2 Thickness 

Thickness at the centre of the wafer as measured by a sufficiently accurate (typically 1 µm) 
thickness meter, in accordance with ASTM test method F533. 

6.3 Dimension of OF 

Measurement of the OF length as a straight cut line of the intersection with the circle using 
callipers of sufficient accuracy. 

6.4 Orientation of OF 

Deviation of the geometrical orientation flat from the reference orientation of the lattice plane 
as measured with an X-ray diffractometer. The method is explained in detail in 10.4 and 
Figure 10. 

6.5 TV5 

TV5 is measured at the centre and at the four points located 6 mm from the edge of the wafer 
using callipers of sufficient accuracy (typically 1 µm) in accordance with ASTM test method 
F533.  

6.6 Warp 

Warp and other flatness parameters are measured using optical flatness equipment. 

6.7 TTV 

TTV is measured on clamped wafers using optical flatness equipment. 

6.8 Front surface defects 

Surface defects on the wafer shall be inspected using the method explained in Clause 11. 

6.9 Inclusions 

Inspection for inclusions shall be performed using light reflected from the polished wafer 
surface. Inspection should be carried out in a clean environment using a high intensity 
optically condensed light against a dark background to prevent interference from diffuse light 
reflections. 

6.10 Back surface roughness 

Surface roughness may be measured by either the contact or optical method. The average 
roughness (Ra) values listed in Table 2 were determined by contact profilometry. Measured 
values for a given wafer generally depend on the method (stylus radius, sampling interval, 
optical parameters). 

6.11 Orientation 

Crystallographic orientation is determined by X-ray diffraction (see 10.1 and Figure 10). 

6.12 Curie temperature 

The Curie temperature of a ferroelectric material may be determined by either calorimetric or 
dielectric measurement methods (see 8.1). 

6.13 Lattice constant 

The crystal lattice constant may be determined by XRD (see Clause 9). 
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6.14 Bulk resistivity 

The bulk resistivity is determined by applying a voltage of 500 V across the wafer at room 
temperature and measuring the current one minute after the voltage has been applied. The 
inner-electrode shall have a diameter between 30 mm and 70 mm (see Clause 11). 

7 Identification, labelling, packaging, delivery condition 

7.1 Packaging 

Wafers shall be packaged so as to avoid contamination or damage during shipping or storage.  

Special packaging requirements shall be subject to agreement between the user and the 
supplier.  

7.2 Labelling and identification 

All wafer containers shall include labels with the following information: 

a) supplier’s name or trade mark; 
b) material type; 
c) wafer orientation; 
d) manufacturing lot number; 
e) quantity. 

7.3 Delivery condition 

Additional documentation or shipping requirements are to be negotiated between each user 
and supplier. 

8 Measurement of Curie temperature 

8.1 General 

Curie temperature (Tc) determinations are performed on single crystal lithium tantalate (LT) 
and lithium niobate (LN). Both the DTA (differential thermal analysis) and dielectric constant 
methods used to determine Tc are destructive tests.  Which measuring method should be used 
depens on the agreement between a user and a supplier. 

8.2 DTA method 

The DTA (differential thermal analysis) method is based on the endothermic or exothermic 
reaction observed when a single crystal transitions from the ferroelectric to paraelectric states. 
Typically, the sample and a reference material are symmetrically positioned in an oven (see 
Figure 7) and heated at a constant rate, while recording the temperature difference between 
the materials. Alumina (α-Al2O3) is often used as the reference when running DTA 
experiments on LN or LT. Heat is released at the LN or LT sample passes upward through the 
phase transition temperature, and the temperature profile relative to the alumina reference is 
recorded. The Curie temperature Tc is defined as the temperature at which the temperature 
difference arises. 
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Figure 7 – Schematic of a DTA system 

8.3 Dielectric constant method 

The dielectric constant method relies upon observing the dielectric constant along the polar 
Z-axis of a ferroelectric crystal. The dielectric constant maximum is found to occur at the 
phase transition temperature. Since the dielectric constant, and thus the capacitance, for a 
given sample are a function of temperature only, the heating or cooling rates can be chosen 
to be small enough so as to minimize thermal hysteresis. In Figure 8, the electrode of Pt or 
Ag-Pd is placed on the sample so that the electric field runs along the polar Z axis. While 
scanning the temperature across the phase transition, the capacitance of the sample is 
measured by the LCR-meter. The temperature at which the peak capacitance is observed 
corresponds to the Curie temperature Tc. 

 

Figure 8 – Schematic of a dielectric constant measurement system 
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9 Measurement of lattice constant (Bond method) 

As the chemical composition of a crystal changes, so do the SAW velocities and lattice 
constants. In order to control the SAW velocity to within one part per ten thousand (10–4), the 
lattice constants shall be controlled within 10–5. The measurement method in turn shall 
achieve part per million (10–6) resolution.  

X-ray diffraction is used to measure lattice constants. The method is based on Bragg’s law as 
follows: 

λθ nd =sin2  

where  
d is the lattice spacing,  

θ   is the Bragg angle,  

λ    is the X-ray wavelength, and  

n  is the integer diffraction order. 

If λ is given, d and lattice constants are determined by measuring θ . A sensitivity analysis 
yields 

θθ ∆×−=
∆ cot
d
d

 

where θ∆  shall be measured correctly to within an arc second in order to measure ∆ d/d on a 
scale of 10–6 to 10–7. In 1960, Dr. Bond developed a method to measure the value of the 
lattice constants precisely. 

In the Bond method, two measurements are made, (i.e. the ‘plus-side’ and ‘minus-side’), 
located symmetrically around the same lattice face. The values 1ω and 2ω  from the peaks of 
rocking curve are determined as Figure 9 shows and θ  is calculated as: 

( )212
1 ωωπθ −−=  

This method eliminates off-centre error plus absorption and zero error is theoretically 
eliminated as well. Note that temperature, refraction, divergence and Lorentz-polarization 
corrections should be taken into account.  

For the case of LiTaO3, the Miller index (60-60) was evaluated by the Bond method. The a-
axis lattice constant is calculated as follows: 

0,666da =  

After applying various corrections, the lattice constant of LiTaO3 is determined to an accuracy 
of 10–6 to 10–7. 
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Figure 9 – The Bond method 

10 Measurement of face angle by X-ray 

10.1 Measurement principle 

If the distance between each lattice face is d, the X-ray wavelength is λ  and the diffraction 
order is n, the X-ray beam diffracts when the Bragg angle θ  condition is satisfied as follows:  

λθ nd =sin2  

The X-ray source consists of a collimated beam and an optional reflecting crystal plate. An X-
ray detector is positioned at an angle relative to the source. As the crystal is rotated, the 
detector will register signal maxima at the Bragg angle, and the goniometer will indicate the 
angle θ between the crystal plate surface and the crystal lattice planes, as illustrated below in 
Figure 10. 

 

Figure 10 – Measurement method by X-ray 
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Figure 11 – Relationship between cut angle and lattice planes 

10.2 Measurement method 

Before measuring the face angle of the sample under test, the goniometer may need to be 
calibrated using a reference sample. The face angle deviations of the sample under test are 
then calculated based on comparison of the diffraction data obtained from the sample with 
data from the reference crystal. 

10.3 Measuring surface orientation of wafer 

The angles should be measured in two directions as follows:  

• parallel to the OF: α  (positive direction as shown in Figure 11 when looking at the OF);  

• perpendicular to the OF: β  (positive direction as shown in Figure 11). 

NOTE Counter clockwise rotation of the angle α  is positive,.measuring OF flat orientation. 

10.4 Measuring OF flat orientation 

The angle γ  should be measured (positive direction as shown in Figure 11). 

10.5 Typical wafer orientations and reference planes 

Typical wafer orientations and reference planes are shown in Table 4. 

Table 4 – Crystal planes to determine surface and OF orientations 

Materials Wafer 
description 

Reference for 
cutting face 

Face 
 

(α) 

Cutting 
face 
(β) 

OF reference 
face 

OF face 
 

(γ) 

LN 128° Y-X (0 –1 1 4) hex 0 0 (2 –1 –1 0) hex 0 

LN Y-Z (0 3 –3 0) hex 0 0 (0 0 0 6) hex 0 

LN 64° Y-X (0 1 –1 8) hex +4°46’ 0 (2 –1 –1 0) hex 0 

LT X-112° Y (2 –1 –1 0) hex 0 0 (0 1 –1 2) hex –79°16’ 

LT X-112° Y (2 – 1 – 1 0) hex 0 0 (0 –1 1 10) hex –5°02’ 

LT X-112° Y (2 –1 –1 0) hex 0 0 (0 0 0 6) hex –22°12’ 

LT 36° Y-X (0 1 –1 2) hex –3°04’ 0 (2 –1 –1 0) hex 0 

LT 42° Y-X (0 1 –1 2) hex –9°04’ 0 (2 –1 –1 0) hex 0 

LBO 45° X-Z (1 1 0) tetra 0 0 (0 0 1) tetra 0 

IEC 
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γ 
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Front surface 

OF 
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Materials Wafer 
description 

Reference for 
cutting face 

Face 
 

(α) 

Cutting 
face 
(β) 

OF reference 
face 

OF face 
 

(γ) 

Quartz ST-X (0 1 –1 1) hex +4°32′ 0 (2 –1 –1 0) hex 0 

LGS yxlt/48,5°/26,6° (0 1 –1 1) hex –5°45′ 0 (1 1 –2 0) hex –26°36’ 

 

11 Measurement of bulk resistivity  

11.1 Resistance measurement of a wafer 

Resistance measurement equipment with insulation resistance 1,0 × 108 – 1014 Ω and a 
circular electrode is used for measuring resistance of wafer. When a wafer is measured it is 
put between electrodes of the equipment. A voltage of 500 V is applied while the current 
through the wafer is measured and the reading is taken one minute after the voltage is 
applied. Measuring circuits and equipment are shown in Figure 12 and Figure 13.  

 

Figure 12 – Measuring circuit 

 

Figure 13 – Resistance measuring equipment  
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11.2 Electrode 

A shape and size example of electrode is shown in Table 5 and Figure 14. 

Table 5 – Electrode size  

− electrode diameter  

mm 

+ electrode diameter  

mm 

D1 D2 d D3 

80 ± 0,5 70 ± 0,5 50 ± 0,5 100 ± 0,5 

 

 

Figure 14 – Shape of electrode 

11.3 Bulk resistivity 

After measuring resistance of a wafer, bulk resistivity is calculated as follows. 

ρv = R (πd2/4t) ρv: Bulk resistivity (Ω・cm) 

d: Diameter of inner –face electrode 
t:  Thickness of substrate 

R = V/I R: Bulk resistance (Ω) 
V:  DC voltage (V) 
I: Electric current (A) 

12 Visual inspections – Front surface inspection method 

A mirror polished wafer surface is required for fabrication of reliable SAW transducers. 
Routine wafer inspection should include visually checking for the following defects: 

– scratches 
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– chips 
– cracks 
– contamination 
– dimples, pits, orange peel, etc. 

Visual inspection pass/fail criteria may be based on: 

a) quantitative measurements; 
b) qualitative descriptions; 
c) visual documentation (e.g. illustrations, photographs), or 
d) representative samples. 

Inspection records shall clearly indicate whether the product has passed or failed the 
inspection based on the established acceptance criteria. 

Wafers are typically sampled using the unaided eye, with a high intensity white light lamp 
providing illumination. Select wafers may also be examined under a microscope to better 
characterize small defects. Depending on the circumstances, different microscopy methods 
may be used (e.g. brightfield, darkfield, Nomarski). Unaided visual inspection is carried out in 
a clean environment, with the wafer suspended over a dark surface. The inspection area 
should be darkened so as to prevent stray ambient light from interfering with the inspector’s 
ability to clearly see the surface. 

In order to avoid bias and accurately gauge the number of defects present in a given sample 
population, wafers to be inspected should be chosen at random and, in the case of a 
production stream, with consistent sampling frequency. Variables such as the wafer surface 
area to be inspected, or details of the inspection light source (e.g. intensity, type or 
illumination angle) shall be negotiated between the user and the supplier. Quantitative defect 
criteria should be used when practicable. 
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Annex A 
(normative) 

 
Expression using Euler angle description 

for piezoelectric single crystals 

A.1 Wafer orientation using Euler angle description 

Material tensor properties of piezoelectric single crystals such as piezoelectric constants 
( 11d ), elastic constants ( 11c ), and dielectric constants ( 11ε ) are generally described in a 
rectangular coordinate system (X, Y, Z) related to the crystal axes. Wafer cuts used for SAW 
device fabrication generally use rotated cuts. The Euler angle description gives a way to 
describe the crystallographic orientation of the wafer surface normal direction and the 
orientation flat direction which typically coincides with SAW wave propagation. 

Figure A.1 shows the three rotations and their respective angles that transform the 
crystallographic axes (X, Y, Z) to the wafer coordinate system ( 1x , 2x , 3x ) as shown in 

Figure A.2. The SAW wave propagation direction typically is in the 1x direction. The surface 
normal points are in the 3x  direction. The top surface is the polished surface on which the 
electrode patterning is done. 2x  is defined by forming an orthogonal, right-handed coordinate 
system with the other two vectors. To visualize the Euler angle rotations, start with a crystal 
having axes (X, Y, Z). The first rotation is around Z by the angle ϕ  in the direction indicated 
in Figure A.1. The values of ϕ can range from 0° to 360°. This rotation maps the old X-axis 
onto rotx . The next rotation is around this newly defined axis rotx by the angle θ  . This angle 
is restricted to values ranging from 0° to 180°. The rotation maps the Z-axis onto 3x , the 
wafer surface normal. The last rotation is around 3x by angle ψ . The range for this angle can 
range from 0° to 360° and it will map 3x  onto 1x , the direction that coincides with the 
orientation flat. Using the angles within the range given here provides a way to completely 
describe any wafer orientation. It also allows to specify which wafer side is to be polished. In 
lithium niobate for example, the Y-face is polar and wet etching in hydrofluoric acid will have a 
different rate on the two opposite sides of the wafer. The angles (0°, 90°, 90°) designate a 
wafer with the –Y face polished and a flat on the +Z end of the wafer. The angles (180°, 90°, 
90°) designate a wafer with the +Y face polished and the flat also at the +Z end of the wafer. 
While the SAW properties commonly do not depend on which face of the wafer is polished, 
other characteristics such as pyroelectric charging or etching often do and thus it is important 
to specify which surface to polish. 

 

Figure A.1 – Definition of Euler angles to rotate coordinate 
system (X, Y, Z) onto ( 321 ,, xxx ) 
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Figure A.2 – SAW wafer coordinate system 

The Euler angle definition specified here applies only to crystals using right-handed crystal 
coordinate systems. In other cases, such as left-handed quartz, the nomenclature needs to be 
agreed on between users and suppliers.  

Table A.1 lists typical SAW substrate orientations and Euler angles. The same substrate cuts 
are shown in Figure A.3. 

Table A.1 – Selected SAW substrate orientations 
and corresponding Euler angles 

Abbreviated 
terms 

Cut angle and propagation Chemical formula and Euler 
angle 

128° Y-X 

LN 

127,8° rotated Y cut X SAW propagation 

Lithium niobate substrate 

LiNbO3 

(0°, 37,86°, 0°) 

Y-Z 

LN 

Y cut Z SAW propagation 

Lithium niobate substrate 

LiNbO3 

(180°, 90°, 90°) 

64° Y-X 

LN 

64° rotated Y cut X SAW propagation 

Lithium niobate substrate 

LiNbO3 

(0°, 154°, 0°) 

X-112° Y 

LT 

X cut 112,2° rotated Y SAW propagation 

Lithium tantalate substrate 

LiTaO3 

(90°, 90°, 112,2°) 

36° Y-X 

LT 

36° rotated Y cut X SAW propagation 

Lithium tantalate substrate 

LiTaO3 

(0°,126°, 0°) 

42° Y-X 

LT 

42° rotated Y cut X SAW propagation 

Lithium tantalate substrate 

LiTaO3 

(0°, 132°, 0°) 

45° X-Z 

LBO 

45° rotated X cut Z SAW propagation 

Lithium tetraborate substrate 

Li2B4O7 

(45°, 90°, 90°) 

ST-X 

α- Quartz 

ST cut X SAW propagation 

α- quartz crystal 

SiO2 (〈-Quartz) 

(0°, 132,75°, 0°) 

yxlt/48,5°/26,6° 

LGS 

48,5° rotated Y cut 26,6° rotated X SAW propagation 

Lanthanum gallium silicate substrate 

La3Ga5SiO14 

(0°, 138,5°, 26,6°) 
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Polished wafer 
surface 

OF 

x2 

x3 

x1 
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a) 128°Y-X LiNbO3 

(0° ，37,86° ，0°) 
b) Y-Z LiNbO3 
(180° ，90°，90°) 

  
c) 64°Y-X LiNbO3 

(0° ，154°，0°) 
d) X －112°Y LiTaO3 

(90° ，90°，112,2°) 

  
e) 36°Y-X LiTaO3 

(0° ，126°，0°) 
f) 42°Y-X LiTaO3 

(0° ，132°，0°) 

  
g) 45°X-Z Li2B4O7 

(45° ，90°，90°) 
h) ST-X α- Quartz 

(0° ，132,75° ，0°) 

 
i) yxlt/48,5°/26,6° La3Ga5SiO14 

(0° ，138,5° ，26,6°) 
Figure A.3 – Relationship between the crystal axes, Euler angles, 

and SAW orientation for some wafer orientations 
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Annex B 
(informative) 

 
Manufacturing process for SAW wafers 

B.1 Crystal growth methods 

B.1.1 Czochralski growth method 

B.1.1.1 General 

A single crystal boule is grown by dipping a seed crystal into a melt contained within a 
crucible. The seed and/or the crucible is rotated while slowly pulling the seed upward, thus 
drawing a boule from the melt as it cools and solidifies. This technique is named after Polish 
scientist Jan Czochralski who first used it in 1916 to grow single crystals of metals. Industrial 
volume production using this method started with germanium (Ge) and silicon (Si). The first 
crystals of LN and LT were manufactured in 1965 at Bell Labs and at a lab located in the 
former Soviet Union.  

While heating can be applied either by RF induction or resistive heating, LN, LT and LGS 
single crystals are generally grown using RF induction heating. Figure B.1 shows a simplified 
sketch of an apparatus using RF heating. 

The starting material is typically prepared as follows: Powders of Li2CO3 and Nb2O5 (Ta2O5) 
with a Li/Nb (Li/Ta) mole ratio between 0,93 and 0,95 are mixed and calcinated after press 
forming. The resulting polycrystalline ceramic of LN (LT) is placed into the crucible and melted 
by heating the crucible. 

For LGS, initial starting material is obtained by mixing La2O3, Ga2O3 and SiO2 in 
stoichiometric proportions. The mixture is pressed into pellets and annealed at temperatures 
higher than 1 200 °C for a few hours. The resultant polycrystalline LGS is used in the same 
way as for LN or LT. 

The end of a seed crystal cut with the desired crystal orientation is carefully lowered to just 
make contact with the melt. This seed crystal is rotated to induce a controlled convection 
pattern in the melt, and a slow pull rate is initiated that withdraws the seed (and growing 
crystal) from the melt. The melt temperature needs to be carefully controlled near the melting 
point of the material so that the growing crystal displays the desired necking (narrowing of 
diameter at the top of the boule) during the early stages of growth. 

 

Figure B.1 – Czochralski crystal growth method 
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Once a proper neck is formed, the melt is next gradually cooled until a shoulder is formed and 
constant crystal growth diameter is achieved. The weight of the growing crystal is tracked with 
a load cell as shown in Figure B.1, and the present diameter is inferred from the time 
derivative of that signal. The automatic diameter control (ADC) electronics adjusts the RF 
power dynamically in order to maintain the proper diameter. When the desired crystal length 
has been achieved, the crystal is quickly pulled from the melt to stop growth and carefully 
cooled to room temperature. 

B.1.1.2 Domain structure 

LN and LT are ferroelectric crystals and exist in the non-polar paraelectric phase when grown. 
As they are cooled below the transition temperature, the Curie temperature, the structure 
changes from the ferroelectric phase to the paraelectric phase and a spontaneous polarization 
develops along the Z-axis. When this happens during cool-down after growth, the crystal 
typically forms many different regions, called domains, with opposite polarity in neighbouring 
domains. This multi-domain structure is undesirable, and a single domain crystal is obtained 
by applying an external d.c. voltage while the crystal cools through the transition. This 
operation is termed “poling”. 

Because the spontaneous polarization aligns along the Z-axis in LN and LT, poling is done by 
forming an electrode pair on the faces perpendicular to the Z axis, heating up crystals above 
the Curie temperature, and then cooling down the crystals while applying a d.c. voltage. To 
remove thermal stress from LN and LT grown by the crystal pulling method, an annealing 
process is typically carried out before poling at a temperature below the melting point. For LT, 
the annealing operation is carried out around 1 300 °C, the crystal is then cooled down to 
room temperature to apply the electrodes by conductive metal paste. Then, the temperature is 
raised to about 650 °C, a d.c. voltage of some mV/cm of crystal length is applied, and the 
crystal is cooled through the phase-transition temperature of about 600 °C. As the Curie 
temperature for LN is around 1 140 °C, it is customary to conduct both the annealing (at about 
1 200 °C) and poling processing at the same time. 

B.1.1.3 Compositional uniformity 

Crystals do not always grow with their constituents in stoichiometric elemental ratios as their 
formulae suggest, but instead may crystallize within a compositional solid solution range. For 
such a material, the composition of the growing crystal is determined by the composition of 
the melt. Generally, the composition of the solidified single crystal changes during growth. 
Some material systems have a certain composition, referred to as “congruent composition”, 
where the solid and the melt are in thermodynamic equilibrium. If absent, any constituent 
volatility (e.g. Li2O or Ga2O3), a melt of congruent composition will produce a uniform single 
crystal of the same composition. 

Crystals of uniform composition can be grown from melts with Li/Nb mole ratio (Li/Ta mole 
ratio) in the range from 0,93 to 0,95 in the case of LN (LT). When an LN (LT) crystal is grown 
from a composition different from the ideal composition, the composition changes in the 
crystals and Curie temperature, lattice constants, and refractive index, etc. change similarly, 
and wave velocity which is important in SAW devices also changes with the change of the 
composition. Figure B.2 shows some examples of LN growths. Consider for example case 
No. 4 where the starting composition was Li rich. As the growing crystal rejects some of the 
excess Li, the remaining melt Li/Nb ratio increases, and the crystal incorporates more Li as 
the growth proceeds. Consequently, the wave velocity quickens along the growth axis as the 
Li/Nb ratio increases. Only for crystals grown from the ideal composition will the wave velocity 
stay the same along the crystal axis.  

This ideal composition may slightly deviate from the congruent compositions depending on 
crystallization speed, volatilization, etc. For the growth configuration considered here, the 
ideal composition is shown for case No. 2. Because of high volatility of Ga2O3 during LGS 
growth, these crystals tend to show some compositional nonuniformity, and growing crystals 
with good uniformity remains a challenge. 
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Figure B.2 – Example of non-uniformity in crystals grown from 
different starting melt compositions 

B.1.2 Vertical Bridgman method 

Lithium tetraborate (Li2B4O7: LBO) is a stoichiometric composite. It melts congruently, and 
can be crystallized from the melt due to the fact that no phase transition exists below its 
melting point. LBO is not a ferroelectric and thus no poling is required. 

The Czochralski method was initially used for LBO growth; however, it was difficult to obtain 
large, industrially useful crystals in this manner. More recently, the Vertical Bridgman method 
was introduced and has since been refined to provide the large crystals required for 
commercial SAW wafer production. 

In the Vertical Bridgman method, a crystal is grown by unidirectional solidification. This is 
achieved by moving the crucible filled with melted raw material through the furnace having a 
vertical temperature distribution. The method is simple and low in cost compared to other 
growth methods. Constant operator attention is not required since crystal diameter control is 
not necessary. Flaws such as twinning, cracking or polycrystallinity do occasionally occur 
during growth, most likely triggered by viscous flow in the melt, or by thermally-induced strain 
resulting from a temperature difference between the crystal and crucible. 
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Figure B.3 provides a schematic showing the furnace temperature distribution during LBO 
crystal growth. At 917 °C, the LBO melting point is relatively low; consequently it is possible 
to use resistively heated furnaces for crystal growth. Cylindrical thin plate platinum crucibles 
are generally used to allow for relaxing strains caused by anisotropic thermal expansion. 
Stoichiometric polycrystalline blocks or powder are used as nutrient material. 

It has been reported that 50,4 mm to 100,8 mm diameter single crystals with 
<001>,<100>,<110> and <011> orientations can be obtained at growth rates of 0,2 mm/h to 
0,3 mm/h, with melt temperatures not exceeding 950 °C to 1 100 °C and temperature 
gradients of 10 °C/cm to 20 °C/cm at the solid-liquid interface. 

 

Figure B.3 – Schematic of a Vertical Bridgman furnace 
and example of temperature distribution 

B.2 Standard mechanical wafer manufacturing 

B.2.1 Process flow-chart 

Starting with an as-grown crystal, wafer processing is generally performed in the order shown 
in Figure B.4. 
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Czochralski or Bridgman grown crystal Quartz crystal (hydrothermal growth 
method) 

Cutting of both ends and 
cylindrical grinding 

  

 
  

Marking orientation 

  

 
  

Slicing 

  

 
  

Rounding of rectangular 
disks (for quartz only) 

  

                                               

Double-sided lapping 

 

 
 

Bevelling (edge rounding) 

    
Cross-sectional view of wafer 

 
 

Mirror polishing 
 

IEC 

Figure B.4 – Process flow-chart 

B.2.2 Cutting both ends and cylindrical grinding 

Both ends of the grown crystal are cut at the angle required to define a particular surface 
orientation (the surface orientation of one or both ends is measured as described in 10.3). 
The lengthwise surface of the crystal is next uniformly ground so as to provide a cylinder with 
a diameter equal to or slightly greater than the diameter of finished wafers.  

By taking the measured orientation of the ends into account when positioning the shaped 
crystal, any angular deviation from the desired orientation of the main wafer surface is 
compensated for in the slicing process. 
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B.2.3 Marking orientation 

In order to indicate the SAW propagation direction, a plane is defined on the surface of the 
crystal. This plane dictates the position of orientation flat (OF) to be produced in a later 
process. The SAW propagation direction is determined relative to the orientation flat. 

B.2.4 Slicing 

Any of the following methods may be used to slice wafers from the crystal: 

a) OD (outer diameter saw) slicing: cutting with a saw blade having a diamond containing 
layer on the outside perimeter; 

b) ID slicing: cutting with a thin, stretched saw blade having a diamond containing layer on 
the inside in a centrally located round opening in the blade; 

c) slurry or wire slicing: cutting using reciprocating blades or looped wire with simultaneous 
application of abrasive powder (typically SiC or diamond) dispersed in a liquid slurry. 

As-cut wafer thickness variation and warp as well as the depth of sub-surface damage may 
affect the results of the following processes. 

B.2.5 Double-sided lapping 

As-sliced wafers often do not meet specifications for flatness, warp or thickness uniformity. 
Lapping is performed as an additional process prior to mirror surface polishing in order to 
improve flatness. The lapping process usually involves use of an abrasive grit suspension 
applied between the lap machine plates and wafer surfaces. Increasing either the grit size or 
the lap removal rate will result in a deeper sub-surface damage layer and a rougher surface 
texture. The lapping process is often divided into several steps using appropriate grit sizes at 
each step. 

B.2.6 Bevelling (edge rounding) 

One purpose to rounding the circumference of the wafer is to prevent chipping at the edge 
and scratching of the front surface by broken off fragments during manufacturing processes. A 
rounded edge will also decrease the likelihood of cracking during consecutive thermal cycling 
and handling. 

B.2.7 Mirror polishing 

Once lapped, the wafers are mirror polished in order to provide a flat surface free of 
mechanical stress and scratches. The polished wafer surface of the wafer should preserve the 
properties of the original single crystal (i.e. single-domain, twin-free). SAW device 
performance may suffer if crystalline flaws and process-induced defects such as sub-surface 
damage are not completely removed during the polishing process. 

 

BS EN 62276:2016



 – 38 – IEC 62276:2016  IEC 2016 

Bibliography 

IEC 60862-1, Surface acoustic wave (SAW) filters of assessed quality – Part 1: Generic 
specification 

IEC 60862-2, Surface acoustic wave (SAW) filters of assessed quality – Part 2: Guidelines for 
the use 

IEC 60862-3, Surface acoustic wave (SAW) filters of assessed quality – Part 3: Standard 
outlines 

IEC 61019-1, Surface acoustic wave (SAW) resonators – Part 1: Generic specification 

IEC 61019-2, Surface acoustic wave (SAW) resonators – Part 2: Guide to the use 

IEC 61019-3, Surface acoustic wave (SAW) resonators – Part 3: Standard outlines and lead 
connections 

ISO 4287:1997, Geometrical Product Specifications (GPS) – Surface texture: Profile method –
Terms, definitions and surface texture parameters 

BALLMAN, AA., EVINSTEIN, HJ., CAPIO, CD and BROWN, H. J. Am. Ceram. Soc., 50, 657 
(1967)  

BOND, WL. Acta. Cryst;13, pp 814 – 818, (1960) 

IEEE Standard on Piezoelectricity, ANSI/IEEE Std 176-1987, New York; IEEE, Jan. 1988 

WARNER, AW., ONOE, M. and COQUIN, G. A. J. Acous. Soc. Amer. Vol. 42 pp 1223 – 1231 
(1967) 

ASTM F533 Standard Test Method for Thickness and Thickness Variation of Silicon Wafers 

SEMI M1-1296 Polished wafer defects limits 

CZOCHRALSKI, J. Z.Phys.Chem.,92, p.219 (1918) 

BALLMAN, AA. J. Am. Ceram. Soc. ,48, p.112 (1965) 

FEDULOVETAL, SA. Sov. Phy. Crystallogr., 10, p.218 (1968) 

Ferroelectrics and Related Substances, Landort-Bornstein III/16a (1981) 

CARRUTHERS, JR., et al. J. Appl. Phys. 42, p.1846 (1971) 

MIYAZAWA, S and IWASAKI, H. J. Cryst. Growth, 10, p.276 (1971) 

BARNS, RL. and CARRUTHERS, JR. J. Appl. Cryst., 3, p.395 (1970) 

BYER, R. L., et al. J. Appl. Phys., 41, p.2320 (1970) 

REISMAN, A., et al. J. Amer. Ceram. Soc., 80, p.6503 (1958) 

LERNER, P., et al. J. Crystal Growth, 3, 4, p.231 (1968) 

BS EN 62276:2016

http://dx.doi.org/10.3403/02899283U
http://dx.doi.org/10.3403/02719788U
http://dx.doi.org/10.3403/02986190U
http://dx.doi.org/10.3403/03234388U
http://dx.doi.org/10.3403/01149057U
http://dx.doi.org/10.3403/02031657


IEC 62276:2016  IEC 2016 – 39 – 

FAN, S-J., SHEN, G-S., WANG, W., LI, J-L. and LE. X-H. J. Crystal Growth, vol.99 pp. 811 – 
814 (1990) 

TSUTSUI, N., INO, Y. and ISHII, M. Proc. 43rd Symp. on Synthetic Crystals, pp. 95 – 96 
(1998) 

FAN, S-J., XU, J-Y., SUN, R-Y. and ZHANG, G-Y. Proc. IEEE International Frequency Control 
Symp. pp.118 – 120 (1996) 

FAN, S-J. Proc. IEEE International Frequency Control Symp. pp. 353 – 358 (1993) 

Testing methods for thermosetting plastics  JIS K6911-1995 pp. 27-30 

 

___________ 
 

BS EN 62276:2016





This page deliberately left blank



BSI is the national body responsible for preparing British Standards and other 
standards-related publications, information and services.

BSI is incorporated by Royal Charter. British Standards and other standardization 
products are published by BSI Standards Limited.

British Standards Institution (BSI)

About us
We bring together business, industry, government, consumers, innovators 
and others to shape their combined experience and expertise into standards 
-based solutions.

The knowledge embodied in our standards has been carefully assembled in 
a dependable format and refined through our open consultation process. 
Organizations of all sizes and across all sectors choose standards to help 
them achieve their goals.

Information on standards
We can provide you with the knowledge that your organization needs 
to succeed. Find out more about British Standards by visiting our website at 
bsigroup.com/standards or contacting our Customer Services team or 
Knowledge Centre.

Buying standards
You can buy and download PDF versions of BSI publications, including British 
and adopted European and international standards, through our website at 
bsigroup.com/shop, where hard copies can also be purchased. 

If you need international and foreign standards from other Standards Development 
Organizations, hard copies can be ordered from our Customer Services team.

Copyright in BSI publications
All the content in BSI publications, including British Standards, is the property 
of and copyrighted by BSI or some person or entity that owns copyright in the 
information used (such as the international standardization bodies) and has 
formally licensed such information to BSI for commercial publication and use.

Save for the provisions below, you may not transfer, share or disseminate any 
portion of the standard to any other person. You may not adapt, distribute, 
commercially exploit, or publicly display the standard or any portion thereof in any 
manner whatsoever without BSI’s prior written consent.

Storing and using standards
Standards purchased in soft copy format:

•  A British Standard purchased in soft copy format is licensed to a sole named 
user for personal or internal company use only.

•  The standard may be stored on more than 1 device provided that it is accessible 
by the sole named user only and that only 1 copy is accessed at any one time.

•  A single paper copy may be printed for personal or internal company use only.

Standards purchased in hard copy format:

•  A British Standard purchased in hard copy format is for personal or internal 
company use only.

•  It may not be further reproduced – in any format – to create an additional copy. 
This includes scanning of the document.

If you need more than 1 copy of the document, or if you wish to share the 
document on an internal network, you can save money by choosing a subscription 
product (see ‘Subscriptions’).

Reproducing extracts
For permission to reproduce content from BSI publications contact the BSI 
Copyright & Licensing team.

Subscriptions
Our range of subscription services are designed to make using standards 
easier for you. For further information on our subscription products go to 
bsigroup.com/subscriptions.

With British Standards Online (BSOL) you’ll have instant access to over 55,000 
British and adopted European and international standards from your desktop. 
It’s available 24/7 and is refreshed daily so you’ll always be up to date. 

You can keep in touch with standards developments and receive substantial 
discounts on the purchase price of standards, both in single copy and subscription 
format, by becoming a BSI Subscribing Member. 

PLUS is an updating service exclusive to BSI Subscribing Members. You will 
automatically receive the latest hard copy of your standards when they’re 
revised or replaced. 

To find out more about becoming a BSI Subscribing Member and the benefits 
of membership, please visit bsigroup.com/shop.

With a Multi-User Network Licence (MUNL) you are able to host standards 
publications on your intranet. Licences can cover as few or as many users as you 
wish. With updates supplied as soon as they’re available, you can be sure your 
documentation is current. For further information, email subscriptions@bsigroup.com.

Revisions
Our British Standards and other publications are updated by amendment or revision. 

We continually improve the quality of our products and services to benefit your 
business. If you find an inaccuracy or ambiguity within a British Standard or other 
BSI publication please inform the Knowledge Centre.

Useful Contacts
Customer Services
Tel: +44 345 086 9001
Email (orders): orders@bsigroup.com
Email (enquiries): cservices@bsigroup.com

Subscriptions
Tel: +44 345 086 9001
Email: subscriptions@bsigroup.com

Knowledge Centre
Tel: +44 20 8996 7004
Email: knowledgecentre@bsigroup.com

Copyright & Licensing
Tel: +44 20 8996 7070
Email: copyright@bsigroup.com

NO COPYING WITHOUT BSI PERMISSION EXCEPT AS PERMITTED BY COPYRIGHT LAW

BSI Group Headquarters

389 Chiswick High Road London W4 4AL UK

BSI Back Cover.indd   1 27/01/2016   14:20


	30318554-VOR.pdf
	CONTENTS
	FOREWORD
	INTRODUCTION
	1 Scope
	2 Normative references
	3 Terms and definitions
	3.1 Single crystals for SAW wafer
	3.2 Terms and definitions related to LN and LT crystals
	3.3 Terms and definitions related to all crystals
	3.4 Flatness
	3.5 Definitions of appearance defects
	3.6 Other terms and definitions

	4 Requirements
	4.1 Material specification
	4.1.1 Synthetic quartz crystal
	4.1.2 LN
	4.1.3 LT
	4.1.4 LBO, LGS

	4.2 Wafer specifications
	4.2.1 General
	4.2.2 Diameters and tolerances
	4.2.3 Thickness and tolerance
	4.2.4 Orientation flat
	4.2.5 Secondary flat
	4.2.6 Back surface roughness
	4.2.7 Warp
	4.2.8 TV5 or TTV
	4.2.9 Front (propagation) surface finish
	4.2.10 Front surface defects
	4.2.11 Surface orientation tolerance
	4.2.12 Inclusions
	4.2.13 Etch channel number and position of seed for quartz wafer
	4.2.14 Bevel
	4.2.15 Curie temperature and tolerance
	4.2.16 Lattice constant
	4.2.17 Bulk resistivity (conductivity) for reduced LN and LT


	5 Sampling plan
	5.1 General
	5.2 Sampling
	5.3 Sampling frequency
	5.4 Inspection of whole population

	6 Test methods
	6.1 Diameter
	6.2 Thickness
	6.3 Dimension of OF
	6.4 Orientation of OF
	6.5 TV5
	6.6 Warp
	6.7 TTV
	6.8 Front surface defects
	6.9 Inclusions
	6.10 Back surface roughness
	6.11 Orientation
	6.12 Curie temperature
	6.13 Lattice constant
	6.14 Bulk resistivity

	7 Identification, labelling, packaging, delivery condition
	7.1 Packaging
	7.2 Labelling and identification
	7.3 Delivery condition

	8 Measurement of Curie temperature
	8.1 General
	8.2 DTA method
	8.3 Dielectric constant method

	9 Measurement of lattice constant (Bond method)
	10 Measurement of face angle by X-ray
	10.1 Measurement principle
	10.2 Measurement method
	10.3 Measuring surface orientation of wafer
	10.4 Measuring OF flat orientation
	10.5 Typical wafer orientations and reference planes

	11 Measurement of bulk resistivity
	11.1 Resistance measurement of a wafer
	11.2 Electrode
	11.3 Bulk resistivity

	12 Visual inspections – Front surface inspection method
	Annex A  (normative)  Expression using Euler angle description for piezoelectric single crystals
	A.1 Wafer orientation using Euler angle description

	Annex B  (informative)  Manufacturing process for SAW wafers
	B.1 Crystal growth methods
	B.1.1 Czochralski growth method
	B.1.1.1 General
	B.1.1.2 Domain structure
	B.1.1.3 Compositional uniformity

	B.1.2 Vertical Bridgman method

	B.2 Standard mechanical wafer manufacturing
	B.2.1 Process flow-chart
	B.2.2 Cutting both ends and cylindrical grinding
	B.2.3 Marking orientation
	B.2.4 Slicing
	B.2.5 Double-sided lapping
	B.2.6 Bevelling (edge rounding)
	B.2.7 Mirror polishing


	Bibliography
	Figures 
	Figure 1 – Wafer sketch and measurement points for TV5 determination
	Figure 2 – Schematic diagram of TTV
	Figure 3 – Schematic diagram of warp
	Figure 4 – Schematic diagram of Sori
	Figure 5 – Example of site distribution for LTV measurement
	Figure 6 – LTV value of each site
	Figure 7 – Schematic of a DTA system
	Figure 8 – Schematic of a dielectric constant measurement system
	Figure 9 – The Bond method
	Figure 10 – Measurement method by X-ray
	Figure 11 – Relationship between cut angle and lattice planes
	Figure 12 – Measuring circuit
	Figure 13 – Resistance measuring equipment 
	Figure 14 – Shape of electrode
	Figure A.1 – Definition of Euler angles to rotate coordinate system (X, Y, Z) onto (x1,x2,x3)
	Figure A.2 – SAW wafer coordinate system
	Figure A.3 – Relationship between the crystal axes, Euler angles,and SAW orientation for some wafer orientations
	Figure B.1 – Czochralski crystal growth method
	Figure B.2 – Example of non-uniformity in crystals grown from different starting melt compositions
	Figure B.3 – Schematic of a Vertical Bridgman furnace and example of temperature distribution
	Figure B.4 – Process flow-chart

	Tables
	Table 1 – Description of wafer orientations
	Table 2 – Roughness, warp, TV5 and TTV specification limits
	Table 3 – Maximum number of etch channels in seed position
	Table 4 – Crystal planes to determine surface and OF orientations
	Table 5 – Electrode size 
	Table A.1 – Selected SAW substrate orientations and corresponding Euler angles




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




