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1 � Introduction

� � T he authors have been working on a new sur�
face encoder for detecting mult i�degree�of�freedom
( MDOF) translat ional and t ilt mot ions of precision

stag es
[ 1]

. The surface encoder consists of tw o fun�
damental elements: a sinusoidal microst ructured

metrology surface, w hich is referred to as the ang le

g rid, and a tw o�dimensional ( 2D) slope sensor
[ 2�3]

.

T he angle grid has a 3D m icrost ructured sur�
face, w hich is a superposit ion of sinusoidal w aves in

the X� and Y�directions. Since the angle g rid sur�
face is used as the reference of position measure�
ment , it is necessary to fabricate the sinuso idal sur�
face in nanometer�order accuracy over a larg e area.

Considering the specificat ions of the surface encod�
er, a nanofabricat ion system based on the single�
point diamond turning w ith fast tool servo

[ 4�8]
was

const ructed to fabricate the angle grid surface. In

the w aveleng th range of tens of microns to hundr�
eds of m icrons, diamond turning, w hich has the

advantage of producing dif ficult geometries w ith

high form accuracy and good surface f inish, is

superior to the elect ronic and opt ical methods, es�
pecially for fabricat ion of precision microst ructured

metrology surfaces over a large areas.

In this paper, the constructed nanofabricat ion

system together w ith an eff icient precision nanome�
t rology technique for improving the fabricat iion ac�
curacy is presented.

2 � Nanofabrication system for the

microstructured metrology sur�
face

� � Figure 1 shows a schemat ic of the microstruc�
tured metrolog y surface( angle g rid) for surface en�
coder consist ing of the ang le grid and a two�dimen�
sional angle sensor. The height prof ile of the me�
t rology surface at point P , w hich is a superposit ion

of sinusoidal waves in the X and Y direct ions, can

be expressed as:

Fig . 1 � Schematic of the sinuso idal metrology surface
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f ( x , y ) = A x sin (
2�
�X
x ) + A Y sin (

2�
�Y
y ) ,

( 1)

w here, A X and A Y are the amplitudes of the sine

funct ions in the X and Y direct ions, respect ively.

�X and �Y are the corresponding spat ial w ave�

lengths. These values are designed to be A X , A Y

= 100 nm and �X , �Y = 100  m based on the speci�
f icat ions of the slope sensor. T he fabricat ion area is

determined to be 150 mm in diameter.

Fig . 2 � Principles of the nanofabrication method

� � Figure 2 presents the principles of the nano�
fabricat ion method. T he workpiece is mounted on

the spindle w ith it s ax is along Z� direct ion, and the

single point diamond tool is mounted on the X�
slide of a diamond turning machine. T he displace�
ment of the tool along Z� direct ion ( the depth of

cut ) is cont rolled by a fast tool servo. Assume that

the rotat ion of the spindle and the feed of the X�
slide are synchronized, the polar coordinates of the

posit ion of the tool t ip in the X Y plane can be ex�
pressed by

( r i , !i ) = ( r 0 � Fi
PT

, 2� i
P

) � i = 0, 1, N - 1 ,

( 2)

w here, F, P , T and i are the feed rate of the X�
slide, pulse number of the rotary encoder of the

spindle in each rotat ion, rotational speed of the

spindle, and i�th totary encoder pulse, respect ive�
ly. To generate the sinusoidal grid surface show n in

Eq. ( 1) , the depth of cut at each point is calculated

as follows and stored in a personal computer before

the fabricat ion.

F ig. 3 � Frequency response of t he fast tool servo

z ( i ) = f ( r i cos!i , r i sin !i ) � � � � � � � � �

= f ( ( r 0 -
Fi
PT

) cos( 2�
i
P

) ,

� � ( r 0 -
Fi
PT

) sin( 2�
i
P

) ) , ( 3)

� � The nanofabrication system is composed of a

commerically available CNC ultra�precision dia�
mond turning machine, a personal computer in

which the data of depth of cut are stored, and fast

tool servo for fast and accurate tool posit ioning.

T he data show n in Eq. ( 3) are stored in the

hard disk of the personal computer as a data file be�
fore fabricat ion. When the fabricat ion starts, the

data are then output to the controller of the fast

tool seevo one by one responding to the trigger sig�
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nals f rom the toraty encoder of the spindle. By us�
ing the technique of DMA ring buf fer

[ 5]
, data ex�

ceeding the memory capacity can also be output

cont inuously.

In the designed and const ructured fast tool

servo, a piezoelect ric tube actuator( PZT ) is used to

control the depth of cut. A round�shape tool cap

flexure is employed to t ransm it only the PZT dis�
placement along Z� direct ions to the diamond tool.

A capacitance probe is installed inside the PZT tube

to monitor the displacement of the PZT . An analog

PID controller is constrcuted to feedback control

the PZT displacement . F igure 3 show s the fre�
quency response of the FTS. The bandw idth is ap�
prox imately 2. 5 kHz.

In the fabrication experiments, an alum inium

alloy workpiece was used as the w orkpiece. T he

rotat ion speed of the spindle and the feed rate of

the X� slide w ere set to be 20 rpm and 5  m�rev.

3 � Results of nanofabrication and

nanometrology of the micro�
structured surface

� � A great challenge in the fabrication experi�
ment w as the precision nanometroloyg of the prof ile

errors of the fabricated sinusoidal microst ructured

metrology surface. Considering the specif icat ions of

the surface, a Zygo interference microscope was

chosen as the instrument for precision surface nano�
metrolog y. How ever, as show n in Figure 4, it is

necessary to take more than 20 000 images to eval�
uate the ent ire grid surface. For this purpose, we

selected several parts along the radial direct ion of

the w orkpiece as representat ive parts for evaluat ion

of prof ile errors.

F igure 4 shows the fabricat ion and measure�
ment results. The spat ial spect rum of each part is

evaluated by the spect rum analysis through the

tw o�dimensional discrete Fourier t ransform ( DFT)

technique. Here, the f X and f Y axes show the X�

direct ional and Y� direct iioanl spat ial frequencies,

respectively; X� and Y� direct ions correspond to

cross�feed direct ionl of the X� slide and cut t ing di�
rect ion of the workpiced, respect ively. The vert ical

ax is shows the amplitude of the spectrum. The

four largest components at w avelengths of 100  m

show those of desired sinusoidal surface prof ile.

Other components are error�components. The large

error�components at w avelength of 50  m in the f X

ax is, w hich w as caused by the round nose geome�
t ry of the diamond tool, w as successfully reduced

to several nanometers through the compensat ion

using the local radius of the diamond tool.

Fig. 4 � Nanometro logy of the microstructured surface
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Fig . 5 � Results of nanofabrication and nanometrolog y of the sinuso idal microstructured metrology surface

4 � Conclusions

� � ( 1) A precision nanofabricat ion system consist�
ing of an ult ra�precision diamond turning machine

and a fast tool servo has been constructed for a mi�
crost ructured metrology surface over a larg e area up

to 150 mm in diameter. The sinusoidal waves have

been successfully fabricated on the entire g rid sur�
face.

( 2) An eff icient precision nanometrology tech�
nique based on the tw o�dimensional DFT of the in�

terference microscopy has been developed for the

fabricated surfaces. The error�component caused by

the round nose geometry of the diamond tool has

been ident if ied and the error has also been reduced

to several nanometers through a comensation proce�
dure.
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