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TOM TAT

Gia cong siéu chinh xdc, cong nghé nano va bdan dan ¢6 nhu cau rt 16n véi phép do dich
chuyén nhé chinh xdac cao véi do phan gidi nm va dwdi nm. Bai bdo trinh bay phirong phdp ddanh
gid sai s6 phi tuyén chu ky ton tai trong giao thoa ké hai tan sé heterodyne do dich chuyén nho. Mot
ham gdn tuyén tinh dwoc sir dung dé so sanh két qua do. Mot cdu hinh Michelson sita d6i véi hai
nhanh tach biét dwoc dé xudt dé giam sai sé phi tuyén nham néng cao dg chinh xdc. Két qua do cho
biét sai s6 phi tuyén la ~20 nm trén ving do 2 um (1 %). Thanh phan phi tuyén J/2 va /4 1a 9.91 va
4.05 nm/Hz'? twong 1ng. P nhay hé do dat dudi mirc 0.01 nm/Hz'? trén 10 Hz.

Tir khéa: Giao thoa ké heterdodyne; Po dich chuyén nhé; Bé nhay do; Ham gdn tuyén tinh;
D6 phi tuyén theo chu ky.

ABSTRACT

Ultra-precision engineering, nanotechnology, and semiconductor applications require highly
accurate displacement measurements with nanometer and sub-nanometer resolution. This paper
evaluates periodic nonlinearity in heterodyne interferometers for nanometer-scale displacement
measurements. A modified Michelson interferometer with spatially separated arms is proposed to
reduce nonlinearity. A linear fitting method is used for error analysis. The results show a peak-to-
peak nonlinearity of ~20 nm over a 2 um range (1%), with 2/2 and /4 components of 9.91 and 4.05

nm/Hz'?, respectively. The system achieves a sensitivity below 0.01 nm/Hz"? above 10 Hz.

Keywords: Heterodyne interferometry; Displacement measurement;, Measurement

sensitivity, Linear fitting, Periodic nonlinearity.

ISSN 2615 - 9910 (ban in), ISSN 2815 - 5505 (online)
TAP CHI CO KHI VIET NAM, S6 329, thang 6 nim 2025 BREE
cokhivietnam.vn / tapchicokhi.com.vn



NGHIEN CUU - TRAO DOI

1. GIOI THIEU

Giao thoa ké laser [1-3] 1a hé thdng
do quang hoc khong tiép xtic, co do tin cay va
chinh xé&c cao, dua theo nguyén 1y giao thoa
dé phat hién dich chuyén. Ching rat phu hop
t6i cac phép do dich chuyén siéu nho co do
phan gidi nanomet hodc dudi nanomet, nho
kha ning do t6i dinh nghia chuan mét [4]. Do
d6, giao thoa ké 1a cong cu quan trong dé do
dich chuyén siéu nho va ngay cang duogc tich
hop trong san xudt cong nghé cao. Trong cic
giao thoa ké, giao thoa ké heterodyne hai tan
s6 dugc lwa chon trong nghién ctru nay nhd hai
vu diém chinh: (1) Giao thoa ké heterodyne do
duoc dich chuyén dudi nm, pham vi do rong va
chéng nhiéu tot [5]. (2) Hé giao thoa ndy ¢ cAu
trac gon nhe, c6 thé tich hop tir cac may CNC,
CMM dén méy quang khic [6] va kinh hién vi
luc nguyén to AFM [7].

Lbi phi tuyén chu ky trong giao thoa ké
cht yéu do nguon laser khong 1y tuong va phan
cuc khong hoan hao ciia cac thanh phan quang
[8, 9]. Nhitng sai 1éch nay gay ra tin hi¢u pha
tuan hoan, 1am giam do chinh xéc trong do dich
chuyén ¢ cip nanomet. Khi gia dinh di loai bo
sai s6 hinh hoc (cosin, Abbe), 18i phi tuyén chu
ky tré thanh ngudn sai s6 chinh. Ngoai ra, anh
hudng moéi truong duge xem 1 khong dang ké
nhd vén toc dich chuyén cao (~vai pm/s) hoic
trong chan khong.

Bai bao dé xuit mot giao thoa ké
Michelson sira d6i nham ting gap d6i do phan
giai va giam sai s phi tuyén chu ky xudng cap
nanomet. Thuat toan khuéch dai khoa tan (LIA)
duogc sir dung dé phat hién dich chuyén nho, két
hop v6i ham fitting dé khop két qua tuyén tinh.
Sai s6 duoc danh gia trén ca mién thoi gian va
tan s6 dé xac dinh thanh phan 15 phi tuyén. Két
qua cho thdy hé théng co6 thé do dich chuyén

micromet voi sai sO phi tuyén chi vai nanomet.

2.GIAO THOA KE HAITAN SO SUAPOI VA
PHAN TICH SAI SO PHI TUYEN CHU KY

Hinh 1 mo6 t4 nguyén 1y hoat dong cua
giao thoa ké hai tan s6 heterodyne do dich
chuyén nho. Ngudn sang 1 dau laser He-Ne c6
hai th:émh phén song anh sang voi f, va f, va
hi¢u tan so Afz f,—f =2.7 MHz v6i (f, > ).
Hai thanh phan nay c6 phuong phéan cyc vuong
gbc nhau.
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Hinh 1. So' d6 nguyén 1y giao thoa hai tan sé
(heterodyne): BS - B tach chiim; P - Tam phdn
cuce;, G - Guong, GG - Guong goc; MM - Guong
dich chuyén; APD - Cam bién; HPF - B loc thong
cao; LPF - B loc thong thap.

Tia laser tir ngudn dugc chia lam hai
nhanh boi b tach chum BS1. Nhénh thtr nhét
cho phép thanh phan f, qua nho xoay tam phan
cuc P1 theo phuong phan cuc doc (gia su tia
f, phan cuc doc); nhanh thl'){ hai phan xa qua
guong G1 cho phép thanh phén f, qua nho xoay
tam phan cuc P2 theo phuong phéan cuc ngang
(f, phan cuc ngang).ﬁ Hai chum séng sau q{) phéan
xa qua G2 va G3 d¢ di vao giao thoa ké.Trong
giao thoa k&, tia f, dén BS3 duoc chia thanh hai
nhanh: mdt di téi guong co dinh GG, mot dén
guong di chuyén MM, sau d6 déu phan xa vé
BS2. Tia f, cling duoc tach twong tu. Tai BS3,
hai vi tri giao thoa doc lap dugc tao ra va thu
nhan nho hai cam bién quang APD1 va APD2.
Qua cac bo loc thong cao (HPF), cac tin hi¢u
1(t) va L(t) 1an luot 1 [9]:
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I ()= Acos(Aax — 1), 1)
I,()=BcodAax+ar), (2

Trong d('? DC, 1, A, Ao (= 0, — ) lan
luot 1a thanh phan DC (offset), thoi gian tre do
MM di chuyén quing duong AL, bién do tin
hiéu, tan sd goc chap do giao thoa ciia hai tia
fva f,. O day, thoi gian tré la:

2nAL

c

T =

)

Trong d6, n va c 1an luot 1a chiét suat va
van toc anh ’séng trong chén khong. I (t) va L(t)
duogc gui dén {Iléy do pha LIA. L(t) dugc tao
thém thanh phéan vuong pha: L,’(t) = Bsin(Awt
+ o,7) nho ham Hilbert (dich pha 90 d¢). Nhan
I (t) voica L(t) va I’2(t)’ duoc cac tich. Cac tich
qua cac bo loc thong thap (LPF). Tin hi¢u ra la:

X:A—ZBCOS((CO1+Q)2)T), (5)
Y=%sin((a)l+a)2)r). (6)

Duong tron Lissajous va thudt toan tan™
(Y/X) s€ dugc thuc hién trong PC ¢ toc do 1
kS/s dé tim A®.

sin((m1 + wz)r)

cos ((ml + ml)r)

A@:tan_ll }:(wﬁmz)r. (7)

Thé (3) vao (7) s& dugc AD:

2nAL  8mnAL
c R

O day dat 0, +0,=20,c6 0, la tan sb
goc trung tam, trong d6 A (= 633 nm) la budc
song trung tdm ciia anh sang tir nguén He — Ne
trong chan khong.

(8)

AD :(ml +m3)

Trong thuc té, tia f, va f, khong phéan
cuc hoan toan va céc chi tiét quang khong thé
tach f, va f, riéng biét trong khong gian, dan dén
c4c tia phan cuc bi 1an véi nhau. Ldi phi tuyén
chu ky sé ton tai trong phép do dich chuyén va
c6 mat trong tin hi¢u giao thoa. Hai tin hi¢u
I,(t) va L(t) voi 161 phi tuy€n duge mo ta [10]:
I,(t) = Acos (Aot — o, )+ acos(Awt — &)

)
I,(t)=Bcos(Aax +myr)

Trong do, a va & lan luot 12 bién do va
d6 léch pha giira hai tin hiéu do 16i chu ky phi
tuyén sinh ra. Khi d0, tin hiéu ra cua cac LPF
duoc viét lai 1a:

X =%cos((a)1 +a)2)r)+%cos(a)lr+§),(10)

Y :%sin((a)1 +a)2)z')+?sin(a)lr+§). (11)

Nho thuat toan tinh tan' (Y/X), pha
A® dugc tinh:

AB . ab )
B Tsm((cq +a)l)r)+7cos(cqr+§)
AG; =t Z (12)

B . ]
Tcos((q +a)2)r)+75m(cqr+§)

Ldi pha a ¢ thé duoc tinh:

AB . .\ aB .
1 Tsm({_a}l+wlf]r/)+?cos[mlr+g’]

a = tan”

) | aB R
Tcos({_m1+mlJ]r,J+Ts1n[_m1r+gJ]

. gsin ([wl + wl:]r]
—tan y (13)

‘Tcos([ml +m3:]r:]

-

x=AD -AD,.
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O day, A®, va A® 14 gia tri ly tudng va
gia trj thyc véi 16i phi tuyén chu ky.

3. THUC NGHIEM VA KET QUA PO
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Hinh 2. Két qua do ciia giao thoa ké: (a) Dich

chuyén 2 um & tan s6 ldp 0.05 Hz va sai léch so

Vv6i ham gdn tuyén tinh, (b) va (c) mdt do cong

sudt phé cia sai léch tir (a) voi cdc truc do thi
tuyén tinh va logarit tiwong irng.

Trong thyc nghiém, mot dau laze He-
Ne (Agilent 5517C) dugc sir dung nhu ngudn
sang. Guong MM gan trén ban dich chuyén

ap dién PZT (Chuo Precision Industrial). Ban
PZT duoc cip voi cac tin hiéu song tam giac &
tan s6 1ap 0.05 Hz véi bién d6 2 V tir mot may
phat song dé tao chuyén dong tuyén tinh. Bién
d6 dich chuyén 1a 2 pm véi do nhay 1 pm/1
V. Mot cam bién dién dung véi bo diéu khién
(Microsense 4830) duoc st dung dé tham
chiéu. Hai tin hiéu giao thoa duogc giri toi LIA
(NF Corporation, LI-5660). Két qua duoc xtr ly
trén may tinh.

Hinh 2 1a két qua do cta giao thoa ké.
Mot ham géan voi phuong trinh y = 0.1974x +
0.4451 duoc sir dung dé khop két qua do. Sai
1éch cua két qua do so v6i ham gan c6 bién do
~20 nm va sai léch chuan ~5.6 nm c6 trong
hinh 4(a). Sai 1éch dugc phan tich boi bién ddi
nhanh Fourier (FFT) cho thidy mot d6 phd cong
sudt trén mién tan s6 [0.01 Hz, 100 Hz]. Tu
hinh 4(b), cac dinh & cac tan s6 0.02 Hz va 0.08
Hz duoc tim thiy c6 bién do lan luot 13 9.91 va
21.2 nm/Hz"2. Mirc nhiéu nén duéi 10 nm/Hz'?
& trén tan s6 0.1 Hz va giam xubng c6 thé dat
dudi mirc 0.01 nm/Hz'? trén 10 Hz. Diédu nay
cho thay cac nhiéu tan s6 10 Hz va cao hon it
anh huong hé do. Tuy nhién, cac tan sé dudi
1 Hz anh huong dén mirc nm/Hz'2. Cac sai s6
phi tuyén chu ky da duoc tim thay, c6 thé ké
dén tai 0.02 Hz va 0.08 Hz. Véi céc sai sb phi
tuyén chu ky lién quan dén sy phan cuc anh
sang khong dtng 13 cac thanh phan A/2 va /4.
Véi dich chuyén 2 pm theo mot hudng & tan s6
0.05 Hz, cac thanh phan M2 va M4 dugc xac
dinh & tan s6 ~0.16 Hz va ~0.08 Hz tuong tng.
Tir hinh 4(b), cac thanh phan A/2 va A/4 14 9.91
va 4.05 nm/Hz'? tuong ung. Cac thanh phan
0.02 Hz va khéc ciing gbp phan tao nén 13i phi
tuyén chu ky ciia két qua do. Day c6 thé do sai
s6 tré (hysteresis) ctia ban PZT.
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4. KET LUAN

Trong bai bao nay, mot giao thoa ké
Michelson véi cdu hinh sira doi dé nang cao do
phan giai dugc dé xuat. Céc tia sang phan cuc
vuong goc duoc tach theo hai nhanh riéng trong
khong gian dé tranh xay ra hién tuong 1an giy
ra 18i phi tuyén theo chu ky. Phuong phap ham
gan tuyén tinh danh gia phép do dich chuyén
ctia giao thoa ké. Két qua do cho thay cac thanh
phan 151 /4 va M2 dugc tim thay tuy nhién gia
tri chi vai nm/Hz'"2 trén ving 2 pm. Céc sai s6
phi tuyén 1dn do chuyén dong ciing dugc tim
thdy. P9 chinh xac phép do giao thoa ké dugc
cai thién. Nho tiy bién cdu hinh phu hop dé
giam sai s6 phi tuyén, giao thoa ké heterodyne
phu hop cho cac Gmg dung can kiém tra d6 dich
chuyén nho t6i nanomet véi d6 chinh xac cao
trong tuong lai.
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