
Introduction
Traditional spherical optics become heavier 
and larger as lenses are combined to achieve 
an increase in functionality and precision, 
but in recent years modern optical designs 
have employed aspheric and diffractive optics 
to reduce the number of lenses needed: 
one aspheric or diffractive lens can replace 
several conventional spherical lenses and as a 
result  the weight, cost and space used are all 
reduced, achieving a more compact and better 
performing optical system. 

Diffractive lenses are normally used by optical 
designers to correct for ‘chromatic aberration’ 
and aspheric optics can be used to reduce or 
eliminate ‘spherical aberration’, thereby  improving 
focus quality. Diffractive optics provide new and 
powerful degrees of freedom for lens design and 
result in high quality data from optical systems. 

More recently, the use of asphero-diffractive 
lenses has significantly reduced the number of 

lenses required by an optical system and greatly 
minimised chromatic and spherical  aberration 
errors by means of compensation techniques: 
diffractive zones can be adopted to compensate 
for chromatic aberration arising from the 
refractive properties of the lens.

Key parameters – lens form  
and roughness
Lens form is one of the most important optical 
design parameters used to control the quality  of 
precision aspheric and asphero-diffractive optics, 
ensuring they perform as required. In addition, 
surface roughness affects performance. It is 
therefore essential to use the very best and most 
efficient measurement techniques.

In this application note we provide some 
examples of the measurement of aspheric and 
asphero-diffractive lenses using both contact 
(PGI) and non-contact (CCI) metrology and we 
proceed with an introduction to each technique.
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PGI and CCI – contact and non-contact techniques

Advanced contact and  
non-contact metrology for 
characterisation of optical lenses
Yang Yu, PhD; Richard Smith

Mobile phone cameras 
DVD read/write heads 
Bar-code scanners
High power LED optics 
Blu-Ray DVD optics 
Cameras 
Projectors 
Automotive and medical  
Head-up displays (HUD) 
Infra-red thermal imaging  
for rescue and security 
Astronomy 
Spectroscopy
Optical communications
Biomedics

Application note A140: Optical lenses

With the rapid evolution of optics, suitable advanced metrology tools are necessary 
for characterizing lenses with more complex shapes, of various sizes and made of 
different materials. A number of metrology tools have been employed to measure the 
aspheric and asphero-diffractive lenses. For instance, contact stylus profilometry and 
non-contact interferometry techniques. 

Phase Grating Interferometry (PGI) is a contact stylus profilometry, which can offer larger 
gauge range to resolution when compared with other tradional profilometers, such as 
inductive gauges and laser interferometers.  Coherence Correlation Interferometry (CCI) 
instruments provide advanced 3-dimensional non-contact surface characterization. The 
technique is fast and accurate and provides a high resolution 3D image together with 
analysis that includes 3D roughness, 3D form analysis and 2D profile measurements.

Typical applications

Advanced metrology for optics
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Phase Grating Interferometry (PGI)

Figure 1: insert text

Phase Grating Interferometry
The ‘Phase Grating Interferometry’ (PGI) gauge is Taylor Hobson’s state of the art gauge. 
This particular gauge employs a special grating. Laser photodiodes are used to detect 
interference signals resulting from the stylus movement.

Compared with traditional inductive gauge and laser interferometer gauge, this type 
of transducer offers an exceptionally large gauge range to resolution whilst giving a 
reduction in physical size. Typically, this metrological gauge with a respective range and 
resolution of 12.5 mm and resolution up to 0.2 nm, represents a distinct change in 
gauging technology.

•	 Extremely	high	accuracy	and	linearity

•	 Large	range	and	high	resolution

•	 Resolution	independent	of	gauge	range

•	 	Ratiometric	processing	of	signals	returned	
from the sensors

•	 	Changes	in	signal	level	or	laser	wavelength	
have no effect on results

‘‘
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PGI Dimension’s enhanced 
capabilities support IR Optics, 

projector lenses, digital 
camera lenses, high power 

LEDs, Blu-ray and standard 
DVD optics and cellphone 

camera lenses.

Dr Daniel Mansfield,  
Research Manager and 

Company Physicist,  
Taylor Hobson

PGI Dimension  
PGI Dimension is based on two 
technologies – Aspheric profilometry 
and high accuracy roundness. 

•	 Slope	angles	up	to	85	deg

•	 Up	to	300	mm	diameter

•	 Sags	of	up	to	50	mm

•	 	High	accurate	alignment	of	the	
rotate part axis

•	 Patented	proven	fusion	method

•	 Patented	calibrations	

•	 Gauge	noise	<1nm	RMS
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A schematic of a scanning interferometer system 
is shown in Figure 1. Light from the light source is 
directed towards the objective lens by the upper 
beam splitter and the light is then split into two 
separate beams by the lower beam splitter.

One beam is directed towards the sample 
and the other is directed towards an internal 
reference mirror. The two beams recombine 
and are sent to the detector. As the 
interferometric objective is scanned in the z 
direction, interference occurs when the path 
lengths of the two beams are the same. The 
detector measures the intensity, taking a series 
of snapshots as the sample is measured. 

This creates an intensity map of the light being 
reflected from the surface, which is then used 
to create a 3D image of the surface being 
measured. Different techniques are used to 
control the movement of the interferometer 
and also to calculate the surface parameters. 
The accuracy and repeatability of the scanning 
white-light measurement are dependent on 
the control of the scanning mechanism and the 
calculation of the surface properties from the 
interference data.

Coherence Correlation Interferometry1 
is becoming increasingly important for 
measurements in many applications, providing:

•	 	Fully	automatic	non-destructive	
measurements

•	 	Accurate	and	quantitative	characterization	 
of surfaces

•	 	Sub-angstrom	resolution	regardless	of	the	
scanning range used

•	 Fast	and	convenient	sample	loading	and	set-up

•	 	Capability	of	measuring	a	wide	range	of	
materials

•	 Highly	repeatable	measurements

•	 	Roughness	and	step-height	analysis	in	one	
measurement

•	 	Film	thickness	and	interfacial	surface	
measurement capability 

Coherence Correlation Interferometry (CCI)

Figure 1: Schematic of a scanning 
interferometer system

‘‘
’’

The wide variety of 
industrial applications 
mean that Coherence 

Correlation Interferometry 
is increasingly important

Dr Mike Conroy, Business 
Development Manager,  

Taylor Hobson Ltd.  
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White light 
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Object to be measured
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Measurement of a large and shallow asphero-diffractive concave lens 
using PGI Dimension

c) Asphero-diffractive residual form 
error

b) Diffractive Zones: Aspheric form 
profile 

a) Profile of Asphero-diffractive lens

Profile of Asphero-diffractive lens showing  
the location of diffractive zones

Case 1 – Optical lens measurement using Phase Grating Interferometry
A large and shallow asphero-diffractive concave lens with a 75 mm diameter and sag of 0.5 mm was tested using PGI 
Dimension. The ratio of the sag against the diameter is less than 0.01, making the centring and levelling of the measurement 
very challenging for most of the instruments.

Figure 2: Analysis process of an Asphero-diffractive lens

The PGI Dimension employs a patented sample alignment feature, which utilises the principal of symmetry to align the 
sample to the instrument’s rotational axis, thereby ensuring that profiles are traced over the sample’s true aspheric axis. 
This is essential when measuring small or steep-sided optics where off-axis measurements can introduce significant form 
errors. This feature also makes the precise measurement of a large and shallow lens possible.
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Case 2 – Optical lens measurement using Phase Grating Interferometry
An asphero-diffractive convex lens with a 60 mm diameter and a 3 µm step height was measured before and after the 
compensation of the lens form during the manufacturing process using PGI Dimension. The test results are shown as in 
Figure 3.

The results show how the PGI Dimension gives manufacturers precision control of key parameters during and  
after the manufacturing process, cutting production costs and ensuring lens quality and correct performance.

 Test of process improvement on an asphero-diffractive convex lens 
using PGI Dimension 

Figure 3: Test results of process improvement  
on an Asphero-diffractive convex lens  

c)  Residual error comparison with  
Asphero-diffractive form removed error

b) Post-compensation with aspheric 
form removed profile 

a) Pre-compensation with aspheric 
form removed 

8x improvement

•	60	mm	convex	radius							•	K=	-1
Design data of the axisymmetric diffractive lens

     Pre-compensation                     Post-compensation 

1

2

21
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Case 3 – Optical lens measurement using Coherence Correlation 
Lens form is one of the most important optical design parameters to control the quality of the precision aspheric and 

asphero-diffractive optics.

Notes: 15 seconds was only taken for the CCI measurements 
CCI provides rapid and accurate 3D morphological measurements. It can provide both 3D roughness results  
and form error in one measurement to completely suit the requirements from the optical manufacturers.

A 0.4 mm diameter aspheric concave glass lens was tested using CCI instrument 

Optical lens measurement  
using Coherence Correlation Interferometry 

Figure 4: Measurement of a miniature aspheric lens using CCI

a) Aspheric form removed 3D 
topographyprofile form removed 

b) Extracted profile from 90º- 
270ºtopographyprofile form removed 

Base Radius Optimised

High quality 3D data in 

15 seconds using CCI
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Conclusions
The modern metrologist now has both contact and non-contact measurement 
solutions available and a combination of these techniques now provides a more detailed 
understanding of optical components. Phase Grating Interferometry (PGI) with sub-
nanometre vertical resolution and sub-micron lateral resolution can provide detailed 
characterization of a wide range of components including shallow and steep-sided optics. 
PGI dimension is becoming ideal metrology tool for precision form measurement of a 
comprehensive range of lenses, moulds and other spherical or aspheric products.

PGI Dimension is also designed for the measurement of diffractive lenses. It allows 
manufacturers to precisely control key parameters such as underlying form error, step 
height and zone position during and after the manufacturing process. This allows the 
instrument to measure optics used in a wide range of applications 

Non-contact Coherence Correlation Interferometry with sub-angstrom vertical resolution 
provides rapid and accurate 3D morphological measurements which can fill up the gap of 
PGI measurements, including fragile surfaces, structured surfaces and the miniature optical 
lens.  
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Coherence Correlation Interferometry (CCI)

Accurate measurement  
of optical coating thickness
Yang Yu PhD, Mike Conroy PhD

It is essential to accurately 
control both thickness and 
uniformity for most optical 

coatings to ensure the 
quality, efficiency and 

function of optical devices. 
Coherence Correlation 

Interferometry (CCI) 
provides exceptional 
accuracy over a wide 

range of film thicknesses.

Dr Yang Yu, Applications 
Scientist, Taylor Hobson Ltd.

Applications
Optical coatings are significant in wide 
range of technologies. Typical applications 
include LCD screens, camera lenses, 
coated spectacles, mobile phones and 
astronomical telescopes.

Application note A130: Optical coating measurement

Introduction
Most optical coatings are used to enhance 
reflection or transmission properties of a 
substrate material within an optical system.  
They usually consist of one or more thin layers 
of various materials in order to achieve the 
desired reflection/transmission ratio. These 
layers are deposited on an optical component 
such as a lens or mirror. The performance of 
an optical coating is dependent on the number 
of layers, the thickness of the individual layers 
and the refractive index difference at the layer 
interfaces. The optical coatings used on precision 
optics fall into a number of categories such as 
anti-reflection coatings, high-reflection coatings,  
beamsplitter coatings, filter coatings, extreme 
ultraviolet coatings and transparent coatings.

Optical coatings are used widely in numerous 
technologies and the list of applications is 
growing all the time. Typical applications include 
coated spectacles, camera lenses, LCD screens, 
mobile phones and astronomical telescopes. For 
example, most flat panel displays including LCD, 
OLED, and many other display technologies 
employ transparent conductive oxides (TCOs)  
to transport current. It is very important to 
measure the thickness of liquid crystal layers and 
for OLED displays the layers such as emissive, 
injection, buffer, and the encapsulation layer. 

In addition, it is very important to minimise the 
coating thickness so as to reduce mechanical 

 

stresses that might distort the optical surfaces 
or cause detrimental polarization effects for 
optimizing the optical design. For anti-reflection 
coatings, the layer thickness must be an odd 
number of quarter wavelengths in order to 
eliminate the reflections at a specific wavelength.

Ever-increasing demands are leading to advances in 
optical coating techniques. It is essential to control 
both thickness and uniformity for most optical 
coatings in order to ensure the quality, efficiency 
and function of optical devices. An accurate and 
fast metrology tool is therefore essential. 

A number of metrology tools have been 
employed to measure film thickness. 
These include conventional methods of 
spectrophotometry, ellipsometry, and physical 
step measurement1. Coherence Scanning 
Interferometry (CSI) is becoming a popular 
technique because of its high lateral resolution 
and speed. However, one of the limitations of 
traditional interferometry is the thickness of the 
coating that can be measured. Typically it needs 
to be larger than 1.5 µm to obtain accurate data. 
It is now possible to measure thicknesses down 
to 50 nm or less using Coherence Correlation 
Interferometry (CCI)1 together with HCF 
(Helical Complex Field)3 techniques. Other 
methods have also been used to investigate 
film thickness, for example wavelength scanning 
interferometry, prism coupler and thermal wave 
detection with a laser beam1.

‘‘
’’
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Coherence Correlation Interferometry (CCI)

Advanced metrology for 
anti-reflection coatings used 
in photovoltaics devices
Yang Yu, PhD

The speed and extraordinary 
sensitivity makes the CCI 
SunStar an ideal tool for 

R&D and quality assurance.  

Prof. Michael Walls,  
Professor of Photovoltaics  

at CREST, UK

Application note A131: Anti-Reflection (AR) coatings on solar cells

Introduction
With the increasing demand for energy and 
global environmental concerns, solar energy 
has been considered as the most abundant, 
inexhaustible and clean of all the renewable 
energy resources to date.

The performance of a solar cell is measured in 
terms of its efficiency at turning sunlight into 
electricity. High efficiency and low cost in PV 
solar cells are the biggest concerns for most 
solar designers and manufacturers. 

In order to maximise efficiency, solar panels 
need to absorb as high a percentage of incident 
light as possible. Standard solar panels normally 
reflect away more than a third of the light 
energy to which they are exposed. This means 
that over 30% of the light – and potential 
electricity – is thrown away and lost. 

In order to increase solar panel efficiency, anti-
reflection coatings are applied to the surface 
of the panels so as to cancel out this reflection. 
This technique brings great benefits to the solar 
industry through its ease of application and low 
cost.

Anti-reflection coatings on solar cells are similar 
to those used on other optical equipment 
such as camera lenses. They consist of a thin 
layer of dielectric material, with a specially 
chosen thickness of an odd number of quarter 
wavelengths. This means that the wave reflected 
from the anti-reflection coating top surface is 
out of phase with the wave reflected from the 
semiconductor surfaces. As the phase difference 
between the reflected waves is 180 degrees, 
they destructively interfere with one another 
to cancel out the reflections, thereby greatly 
increasing the  efficiency of the solar panel.

Figure 1: Close-up of a 
photo-voltaic solar cell

‘‘

’’

Introduction
Steep-sided miniature aspheres are found in many 
applications such as blu-ray and standard DVD 
optics, cell phone camera lenses, digital camera 
lenses, high power LEDs and fibre coupling 
optics. Obtaining highly accurate and repeatable 
measurements of the molds that produce these 
steep-sided miniature aspheres is critical for both 
design improvement and manufacturing process 
control.  

In this application note we identify some of 
the measurement challenges faced by profile 
measuring instruments and explain how Taylor 
Hobson’s PGI Dimension addresses these by 
providing high quality multi-profile data and 3D 
astigmatism analysis. 

Figure 1: Measuring a steep-sided miniature asphere

Figure 2:  Common applications of steep-sided 
miniature aspheres

Challenges
Steep-sided aspheric molds for small optics are 
among the most demanding of today’s ultra-high 
precision form measurement applications and 
present a number of challenges in obtaining highly 
accurate and repeatable data.

1. Steep sides – There are two fundamental 
issues here, the first is to avoid any stylus flanking 
at all as this totally invalidates the data set (see 
Figure 3a).  Secondly, even if flanking is overcome 
by a special stylus, many measurement systems 
will show a progressive deterioration in data 
quality as the slope gets steeper.

2. Alignment – The measuring instrument needs 
an alignment capability that ensures that each 
measurement is taken right over the aspheric 
axis.  Simply measuring over an ill-defined turning 
point on an asphere will yield poor results.  The 
sample’s aspheric axis must be truly aligned with 
the instrument’s rotational axis.  This is particularly 
important if profiles are taken at different angular 
positions.  A measurement taken even a few 
microns off axis, or where the sample is tilted 
even slightly, can result in significant measurement 
errors.  It is therefore critical that the instrument 
alignment process is repeatable and well defined 
and that the instrument has high inherent 
accuracy and stability.  The smaller the sample 
and the steeper the sides the more critical this 
becomes.  

3. Measurement repeatability – As discussed, 
reliable sample alignment is necessary before 
repeatable measurements can be made.  As we 
are dealing with such small samples and low 
tolerances this presents a significant challenge 
and requires the measurement system to be 
highly capable and highly stable. Instrument set-up, 
environment and alignment are very important 
factors.
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PGI Dimension – aspheres

High precision measurement of 
steep-sided miniature aspheres
Lucy Cooper,  Applications Engineer

A manufacturer of steep-
sided molded lenses had 

serious yield problems with 
lenses and molds, which 

were difficult to manufacture 
due to the steep slopes and 

tight tolerances involved.  
PGI Dimension helped to 

improve their process control 
and manufacture, increasing 

yields by over 10%.
Erik Stover, Business 

Development Manager,  
Taylor Hobson

Application note A139: Steep-sided miniature aspheres

Introduction
In order to have confidence in a measurement 
process, it is essential to achieve results which 
are highly repeatable and also traceable to 
international standards. 

In this Application Note, a traceable calibrated 
standard is measured on Taylor Hobson’s PGI 
Dimension in order to demonstrate system 
accuracy, repeatability and the capability of 
measuring up to 85 degrees slope.  

We also identify some of the measurement 
challenges faced when measuring steep sided 
samples on a profilometer and explain how 
Taylor Hobson’s PGI Dimension addresses these 
and provides high quality multi-profile data.  

Challenges
Small diameter optics are amongst the most 
demanding of today’s ultra-high precision form 
and radius measurement applications. They 
present a number of challenges in obtaining 
highly accurate and repeatable data. A traceable 
hemispherical standard is an excellent way of 
proving the process capability.

The main challenges are:

Sample has steep sides – There are two 
fundamental issues here, the first is to avoid any 
stylus flanking at all as this totally invalidates the 
data set.

Secondly, even if flanking is overcome by a 
special stylus, many measurement systems will 
show a progressive deterioration in data quality 
as the slope gets steeper.

Alignment – The measuring instrument needs 
an alignment capability that ensures that each 
measurement is taken right over the sample 
centre. Simply measuring over an ill-defined 
turning point may yield poor results. The 
sample must be well aligned to the instrument’s 
rotational axis. This is particularly important if 
profiles are taken at different angular positions 
are taken. A measurement taken off axis may 
result in significant measurement errors.  It is 
therefore critical that the instrument alignment 
process is repeatable and well defined and 
that the instrument has high inherent accuracy 
and stability. The smaller the sample and 
the steeper the sides the more critical this 
becomes.  

Measurement repeatability – As discussed, 
reliable sample alignment is necessary before 
repeatable measurements can be made. As 
we are dealing with small samples and low 
tolerances this presents a significant challenge 
and requires the measurement system be highly 
capable and highly stable.  Instrument set up, 
environment and alignment are very important 
factors. 
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PGI Dimension – Hemispheres

Unique measurement 
capability for steep-sided 
small hemispheres 
Lucy Cooper, Applications Engineer

Application note A142: Steep-sided small hemispheres

Figure 1: METAS Certificate of Calibration No 115-
01452. Mean Diameter – 9.525453 mm

‘‘
’’

Taylor Hobson has designed 
the PGI Dimension to meet 

the ever-increasing demands 
of modern optics applications. 

Bob Bennett, Technical 
Director, Taylor Hobson Ltd.
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Introduction
Diamond turning is often used to manufacture 
high quality aspheric elements used in 
optical assemblies in telescopes, lasers, video 
projectors and numerous other systems and 
devices. Diamond turning is a multi-stage 
process. In the final stages of the manufacturing 
process, a diamond tipped lathe tool is used to 
achieve sub-nanometre level surface finishes 
and sub-micron form accuracies.

Figure 1: Diamond turning machine

Recent developments at Taylor Hobson have led 
to the availability of a new Aspheric Analysis Utility 
(AAU) software package. This not only provides 
the form error of aspheres and diffractives, but 
also calculates the X-offset and tool radius error 
which are common and frequent problems in the 
diamond turning process.

In addition to this X-offset analysis feature, Taylor 
Hobson and Precitech have developed software 
that enables the machine and metrology to 
communicate with each other.  This enables 
automatic correction of the X-offset and tool 
radius errors, providing a significant reduction in 
set-up time and improved process performance. 

Survey
Ten diamond turning customers in America 
were approached with a survey to determine 
the effect of Taylor Hobson’s X-offset and radius 
error compensation capabilities. The average 
savings on set-up time are 330 hours per year.  
The larger benefit will be the scrap / rework 
reduction due to the X-offset compensation 
for the effects of the temperature drift in the 
diamond turning process. 

Figure 2: The fast tool Servo system enables 
the diamond turning of surface structures such 
as micro prisms, lens arrays, torics and off-axis 
aspheres with departures up to 1000 microns

 

www.taylor-hobson.com © Taylor Hobson 2013

PGI – X offset compensation

New software to reduce 
set-up time for grinding  
and diamond turning 
Lucy Cooper,  Applications Engineer

The new AAU software 
from Taylor Hobson has 

increased our capability to 
manufacture high accuracy 

Infrared optics with 
enhanced diffractive 
analysis capabilities.

Tim Olsen (Dir. Of 
Engineering) Janos 

Technology

Application note A143: New software to reduce set-up time for grinding and diamond turning 
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Introduction
Ultra-high precision optical systems and 
components require measurement of sub-
micron form accuracy and nanometric surface 
finish in order to meet the stringent demands of 
modern optical technology.  

By use of a high precision Calibration Reference 
Standard, this application note shows how Taylor 
Hobson’s PGI Dimension provides definitive 
assessment of radius accuracy and form error.

Validation and traceability
To help validate the PGI Dimension absolute 
accuracy, Taylor Hobson use leading class 
accuracy R22.5 mm and R12.5 mm calibration 
balls (Figure 2) provided by the Swiss Federal 
Institute of Metrology (METAS).  Radius 
uncertainty of these calibration balls is within 
50 nm and calibration is carried out by a micro 
CMM.
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PGI Dimension – traceability

Definitive assessment of 
radius accuracy and form 
error for steep moulds
Junji Kumasa, Asia Applications Manager

The PGI Dimension has 
given us much improved 

capability to measure a very 
large range of optics from 

small steep spheres to large 
diameter diffractives and  

gull wing aspheres. The 
Dimension also has a very 
impressive  accuracy and 

robust performance, giving 
us results we can trust  
and reliability we can  

count on day after day.

Yann Guimond 
General  Manager 

UMICORE IR GLASS

Fig. 2: R22.5 mm and R12.5 mm 
calibration balls

Application note A144: Camera lenses and moulds

Fig. 1: METAS certificate of calibration ball

A130  Accurate measurement of optical coating 
thickness

A131  Advanced metrology for anti-reflection 
coatings used in photovoltaics devices 

A139  High precision measurement of steep-
sided miniature aspheres

A142  Unique	measurement	capability	for	steep-
sded small hemispheres

A143  New software to reduce set-up time for 
grinding and diamond turning

A144  Definitive assessment of radius accuracy 
and form error

Some other relevant application notes


