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Single point diamond turning (SPDT) is one of the nanometer machining methods. We deal with the 
nanometer characterization of diamond-turned mirrors on the micrometer and submicrometer scale 
with our three-dimensional roughness measuring system based on scanning tunneling microscopy. 
We have studied the results of amplitude spectral density functions for these surfaces. Finally, we 
have calculated the total integrated scattering as a function of incident light wavelength" and root 
mean square surface roughness a and the diffracted angle Od as a function of the" and the surface 
spatial wavelength "sp' All these measurement results are the basis for improving the SPDT surface 
quality. 

I. INTRODUCTION 

Single point diamond turning (SPDT) was used during the 
1960s at government laboratories in the United States to fab
ricate ultraprecise machined parts and high-energy laser mir
rors, but it was not until the mid-1970s that industry became 
involved. 1

-
4 At. present, the surface quality is limited by the 

faint residual machining marks, which cause scatter that is 
generally unacceptable at short wavelengths, but is usually 
no problem in the infrared. Diamond turning of suitable ma
terials (copper, electroless nickel, and aluminum) can gener
ate high accuracy mirrors and aspheric optics rapidly and 
repeatedly at a cost significantly below that of conventional 
lapping and polishing methods.3•5-

7 The most important 
thing is how to reduce the periodic marks formed by tool 
feed and other roughness components formed by the ma
chine tool vibration, unsteadiness of chip forming, and ma
terial impurity to reduce the large or small-angle scattering. 
The roughness structure of SPDT surfaces above the ten mi
crometers scale may be detected by the stylus profilers and 
noncontact optical profilers; but for the fine roughness struc
ture on the micrometer and submicrometer scale we must 
have the aid of scanning tunneling microscopy (STM)8.9 and 
atomic force microscopy,1O·11 which extend the lateral reso
lution to atomic dimensions and are nondamaging. It is the 
fine roughness structure (several nanometers in height) that 
affects the SPDT technology applied in short wavelength op
tics. The ultimate aim of developing SPDT technology is to 
reduce the fine roughness structure. Dragaset et at. 12.13 have 
done some earlier work on STM measurements of a 

diamond-turned surface. These measurements yielded infor
mation necessary for gaining a complete understanding of 
the diamond-turnmg process. In this paper, we use our three
dimensional (3D) roughness measuring systeml4,15 based on 
STM to analyze the nanometer characterization of SPDT 
mirrors on the micrometer and submicrometer scale, and we 
study the results of amplitude spectral density (ASD) func
tions for these surfaces. Finally, we calculate the total inte
grated scattering (TIS) as a function of the incident light 
wavelength" and root mean square (rms) surface roughness 
a and the diffracted angle Od as a function of the incident 
light wavelength" and the surface spatial wavelength "sp' 

II. SAMPLE PREPARATION AND EXPERIMENTAL 
PROCEDURE 

The sample material is oxygen-free high-conductivity 
copper (OFHC), 99% copper. The diamond-turned specimen 
was fabricated in a MSG-325 two axis diamond tool lathe 
made by Pneumo Precision, Inc. 16 Perhaps one of the most 
important parts of a diamond machine system is the diamond 
tool used for cutting. The cutting tool used for the test is 
made of a single-crystal diamond with a nose radius R of 
1.524 mm, an edge radius p of 0.1 ,urn, a rake angle of 0°, 
and a clearance angle of 6°. The cutting conditions are taken 
as in Table I. Let the feed rate Ie be 0.6 and 1 p,mJrev, 
respectively. We study the characterization of the roughness 
structure on the micrometer and submicrometer scale with 
our 3D roughness measuring system based on STM devel
oped in the Beijing Laboratory of Electron Microscopy. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 

Figure I shows the measuring results of the SPOT surface 
with the feed rate of 0.6 /-tm/rev. The mark spacing corre
sponding to 0.6 /-tm/rev is the primary form of the surface 
TOughness structure. However. there are also roughness com
ponents between the two marks which may be caused by the 
machine tool vibration. umteadiness of the cutting chip. and 
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1'1(;. 2. Surfa.:e profile Ilf the SPDT sample. j, =0.0 flm/rev, obtained with 
Talystcp profiler hee Ref. 171. measured by L. Sh. Xue. The .surface is 
similar to that shown in Fig. I. 

imperfection of the diamond tool [see the aITOW in Fig. l(a)]. 
Its horizontal scale is less than 0.6 /-till. It is difficult to detect 
the submicrometer roughness structure with the present mea
suring methods. Figure 2 shows the profile of the same sur
face U·,=0.6 /-till/rev) with a 12.5 /-till radius stylus profiler l7 

and a lateral resolution much larger than 0.6 ,uill. So the 
surface features of 0.6 /-till and less can not be obtained with 
the stylus of radius 12.5 /-till. But the fine structure can be 
seen between the two marks in the STM image, shown in 
Fig. I (a), and its 3D roughness evaluating parameters are as 
shown in Fig. I(b). Machined or etched Pt-Ir tips used in the 
STM are characterized to an apex diameter of ~ I /-tm. t4 

Consider a profile signal 2(.1') with a Fourier transform: IX 
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FI(; . .>. Surface profile and its ASD function. The surface is similar to that 
shown in Fig. I. (al Surfa.:e profile: (bl ASD fundion. 
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FIG. 4. Surface measurement results obtained with our 3D roughness measurement system based on STM. Scanned area is 3494.4 nmx3494.4 nm. tip bias 
is 50 mY, and tunnel current is 2.06 nAt (a) image of the 3D surface; (b) 3D roughness results of the surface; (c) surface profile; (d) ASD function of the (e) 
profile. 

where F(Jsp) is band limited with spatial frequency fsp ' 

11 pm, According to Parseval equation,19 then consider 

foX Z2(x)dx= foOO

I F(JspW dfsp (2) 

where !F(JspW is the power density function and IF(Jsp)I is 
the ASD function. The ASD function is of particular interest 
in the study of periodic surfaces, such as those produced by 
single point diamond turning. It can give valuable informa
tion about the tool feed rate, depth of cut, and most impor
tantly, vibrations or other imperfections in the diamond
turning machine. The ASD function shown in Fig. 3(b) was 
calculated from surface-profile data [Fig. 3(a)] taken with 
our 3D roughness measuring system based on STM. There is 
a peak value at spatial frequency f,pl of 1.70 pm-I, which 
corresponds to a rms roughness 0"1 of 8.09 nm. The spatial 
wavelength Asp2 is 0.59 nm, Asp2= lIfspl' which is equal to 
the tool feed rate fe of 0.6 J-tmJrev approximately, implying 
that the 0.6 J-tm roughness structure was caused by the tool 
feed rate fe and is the most important roughness component, 

JVST B - Microelectronics and Nanometer Structures 

or the so-called chief frequency roughness. The other peak 
values are as follows: f,p~ =4.77 J-tm -I (Asp2=0.2 ,urn). 
0"2=2.73 nm;f~~3=7.84 ,um- I (Asp3=O.J ,um), 0"3=2.94 nm; 
fsp4=9.89,um (/'·sp4=O.l ,um), 0"4=2.94 nm; f,p5= 16.03 
,um- I (Asp5=O.06 ,um), 0"5=2.52 nm, and 
(tTf+~+~+~+ifs)1/2=9.83 nm, approximately being 
equal to the total rms roughness Be of 10.43 nm shown in 
Fig. 3(a), implying that these five peak values represent the 
important components of the surface roughness. As for 
which factors caused these roughness components, we have 
to check the machine tool and the diamond tool in detail. For 
example, we may diagnose the frequency of the machine tool 
chatter by means of frequency spectrum analyzing, and 
check whether the chatter frequency corresponds to the 
roughness components that appeared in the ASD function 
profile. Therefore, the ASD function of SPDT surfaces pre
sented by us is the basis for improving the surface quality. 

Figure 4 shows some measuring results for a diamond
turned OFHC surface with the feed rate of J ,urn/rev. There is 
a roughness structure on the surface not only on the submi-
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TABLE II. Calculated TIS as a function of the wavelength A and nns surface 
roughness (J and calculated OJ as a function of the wavelength A and the 
surface spatial wavelength A,p . 

A- Light A,p (J °d 
(/-lm) ~ourL'e tum) (nm) TIS (deg) 

10.6 CO, 0.6 8.09 9.2x 10- 5 

laser 
(infrared) 8.47 l.OX 10- 4 

0.6328 He-Ne 0.6 8.09 2.SX 10- 2 

laser 
(visible) 8.47 2.8x 10- 2 39.2 

0.160 Duterium 0.6 8.09 3.32x 10- 1 15.5 
arc 

8.47 3.58x 10- 1 9.2 
(EUV) 

crometer scale,jsp2=2.19 /-Lm -I, Asp2=0.5 /-Lm, 0"2=5.46 nm, 
but also on the micrometer scale, ispl =0.9 /-Lm -I, Aspl = I 
!-tm, 0"1 =8.47 nm. 

In addition, the so-called "scalar scattering theory" 20,2 I 

relates the specular reflectance R s of a surface and total re
flectance Ro (which includes the diffuse reflectance Rd ) to 
the rms surface roughness 0" and incident wavelength A:21 

RJRo=exp[ -(41HT cos OO/A)2] (3) 

where eo is the angle of incidence of light on the surface. If 
we use the TIS instrument,22 the rms roughness is then cal
culated from the TIS using a rewritten form of Eq. (3): 

TIS= Rd/ Ro= (R o - R ,.)/ Ro= I - exp[ - (47T0"/A)2] (4) 

assuming the light to be normally incident on the surface. If 
TIS measurements are used to obtain a value for the effective 
rms roughness, the surface spatial wavelength range included 
in the measurement depends on the wavelength of the inci
dent light, the angle of incidence, and the minimum and 
maximum collection angles of the instrument.23 It can be 
calculated from the diffraction grating equation,22 where 
only the first diffracted order needs to be considered if the 
roughness amplitude is much less than the light wavelength 
A: 

(5) 

where hsp is the groove spacing (surface spatial wavelength), 
00 the angle of incidence, and OJ the angle of diffraction. If 
the incident light and diffracted light are on one side, we 
select" +" in Eq. (5). As an example, we calculated the TIS 
and diffracted angle (}d for normally incident light with dif
ferent wavelengths, as shown in Table II. Analyzing the cal
culated results, we know that the micrometer and submi
crometer roughness structure on the SPOT surface is one of 
the most important factors affecting the SPOT mirror applied 
in visible, extreme ultraviolet (EUV), and soft x-ray regions. 
The roughness components in different spatial frequencies 
produce the different scattering, which is determined by the 
incident light wavelength, spatial frequency of surface 
roughness, and the amplitude of surface roughness. For ex-
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ample, when A =0.16 /-Lm, the I and 0.6 /-Lm scale roughness 
will produce the large scatter of 9.2° and 15.5°, respectively, 
corresponding to the TIS of 3.32xlO- I and 3.58xlO- I . 

IV. CONCLUSIONS 

We have dealt with the nanometer characterization of 
diamond-turned mirrors on the micrometer and submicrome
ter scale in our 30 roughness measuring system based on 
STM. We have demonstrated the existence of the surface 
roughness structure on the micrometer and submicrometer 
scale, which can not be obtained with a conventional stylus 
instrument. This finer structure is one of the most important 
factors affecting the SPOT mirror applied in visible, EUV, 
and soft x-ray regions according to the calculated results of 
TIS and (}d' In addition, the ASO function profile of SPOT 
surfaces presented by us is the basis for improving the 
diamond-turned surface quality. 
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