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Abstract 
Recently, optical elements with a free-form surface have been required in various fields. To manufacture such optical elements, a 
measurement method is required that can measure the absolute three-dimensional surface profile of such optical elements within 
nanometer precision. Therefore, we are developing non-contact three dimensional nano-profiler using normal vector tracing method. 
In this study, we measured an aspheric mirror surface by this method and estimated the uncertainty of measurement result. 
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1. Introduction 

Recently, optical elements having a free-form surface has been 
required in various fields such as semiconductor production 
technology, etc[1]. To produce such optical elements, a 
measurement method is required that can measure the absolute 
three-dimensional surface profile of such optical elements 
within nanometer precision. As conventional method for the 
surface form measurement, coordinate-measuring-machine 
(CMM)  and phase shift interferometer are mainly used. 
However, it is difficult to measure the absolute three-
dimensional surface form of free-form optical elements by 
phase shift interferometer because it requires a reference 
surface[2]. Also, high precision CMM needs metrology frames[3]. 
This means that it is difficult to measure such optical element 
surfaces within nanometer precision, without contact, and with 
traceability.  

Therefore, we are developing the non-contact three 
dimensional nano-profiler using normal vector tracing method. 
This method can measure the absolute three-dimensional 
surface profile without any reference surfaces or metrology 
frames. In this study, we measured aspheric mirror by this 
method and estimated the uncertainty under several 
assumption. 

2. Measurement principle      

In this method, the sample surface normal vector is detected 
based on using the straightness of the laser and the highly 
accurate angle detection of the goniometer [4, 5]. The normal 
vector is equivalent to the slope of the sample surface. So, the 
three- dimensional surface form  of the sample surface can be 
obtained by integrating the slope  of the sample surface. Fig. 1 
shows the schematic diagram of the non-contact three 
dimensional nano-profiler which we have developed. The non-
contact three dimensional nano-profiler consists of an optical 
unit and a sample unit. The optical unit has two rotation stages, 
one linear stage, and an optical head. On the optical head, a laser 
light source and a quadrant photodiode (QPD) estimated 
detector, are mounted with a polarizing beam splitter (PBS). On 

the other hand, the sample unit has two rotation stages and two 
linear stages and a sample holder. When measuring a sample, 
the laser is projected on each point of the sample surface. At 
that time, assuming that the sample has the designed form, the 
five axes are numerically controlled so that the incident beam is 
normal to sample surface, and optical pass length is constant. If 
the sample has designed form, the reflected light will return to 
the center of the QPD. However, the actual reflected light 
deviates from the center of the QPD because the sample has 
different surface from designed form due to the form error. So, 
this deviation is detected as a QPD signal. The normal vector and 
coordinates at each point on the sample surface can be obtained 
from QPD signals and the outputs of the encoder for each axis. 
The normal vector is equivalent to slope  of sample surface. So, 
we obtained sample form by integrating slope  of each point. In 
this way, it is possible to measure the absolute three-
dimensional surface profile without a reference surface [6]. 

 

 
Figure. 1 The non-contact three dimensional nano-profiler 
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3. Measurement of aspheric mirror     

In this study, we measured an aspheric mirror ten times by 
raster-scanning the laser horizontally in a range of 20.1 mm x 
20.1 mm with a scan pitch of 0.1 mm. Fig. 2 shows the average 
of form error for ten measurements. Concentric form error is 
found from Fig. 2. This form error is considered to be caused by 
the cutting process during manufacturing sample. The form 
error is 29.8 nm PV, and 5.0 nm RMS. Next, we evaluated the 
repeatability of the form measurements, as shown in Fig. 3 The 
repeatability (standard deviation) is 0.271 nm(σaverage), and we 
achieved the goal of less than 1 nm. 
 

 
Figure. 2 Form error (average of ten measurements) 
 

 
Figure.3 Repeatability of the form error 
 

4. Estimating uncertainty 

Finally, we estimated the uncertainty of this measurement. In 
this method, we can calculate the uncertainty of measurement 
by simulating the influence of all error factors on the 
measurement result and measuring the amount of error. Table. 
1 shows the error budget table which shows uncertainty due to 
each error factor and combined uncertainty. In this report, the 
value 2σ when coverage factor  k=2 is defined the measurement 
uncertainty. Repeatability is evaluated by experiments (see 
Figure 3). Systematic error factors include assembly error, 
motion error, and encoder reading error. The assembly error 
was estimated from the results of previous experiments and goal 
value of uncertainty of optical lengh measurement. The motion 
error was estimated from the measured values. Encoder reading 
error was calculated from the measurement value[7]. As a result, 

the uncertainty of this measurement was estimated to be 4.8 nm, 
and we may achieve the goal of less than 10 nm. 
 
Table 1 The error budget table 

 

5. Conclusion   

In this study, we measured aspheric mirror, and estimated 
uncertainty of this measurement. The form error is 29.8 nm PV, 
and 5.0 nm RMS. The repeatability (standard deviation) is 0.271 
nm(σaverage), and we achieved the goal of less than 1 nm. Also, 
the uncertainty of this measurement was estimated to be 4.8 nm, 
and it was shown that we may achieve the goal of less than 10 
nm. 
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Error factor Std. Uncertainty 

Repeatability 0.271 nm 

Systematic error  

 

Assembly error 1.22 nm 

Motion error 2.03 nm 

Encoder reading error 0.415 nm 

Combined Uncertainty (2σ) 4.8 nm 


