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TOM TAT
Ky thudt Holography c6 vai tro quan trong trong linh vire do hwong 3D bé mdt nho vao kha

nang cung cap dong thoi thong tin vé cuong do va pha ciia bé mat dwge do véi mot anh chup duy
nhat. Trong bai bdo nay, phwong phap tinh todn va thuc nghiém tdi tao be mat 3D cua mau nham
su dung ky thudt Holography dwoc dé xuat. So véi giao thoa anh sang trang, phwong phdp dwoc
dé xudt cé tinh 6 on dinh cao do khéng sir dung vi dich chuyén, toc dg do nhanh va thong tin bé mat
dwoc trich xudt bang mot khung hinh duy nhdt va dé phén gidi doc truc dat cap do nanomet. Bién
doi Fourier két hop voi cdc kj thudt loc nhiéu dwoc sir dung dé nang cao do chinh xdc ciia phép
do 3D bé mat. Bé mdt nham Ra = 0,2943 um dwoc xdy dung thanh céng bdang phirong phdp dae
xudt véi sai léch + 8 nm véi hé sé phii bang 3 50 véi phép do trén thiét bi giao thoa dnh sdng trang.
Nghién ciru ndy c6 thé ing dung do kiém 3D bé mdt c6 dg chinh xdc cao, cdc linh kién quang hoc,
cdc céu tric vi co dién tir.
Tir khoa: Do luong 3D; K§ thuat Holography; Bién déi Fourier.

1. MO PAU

Do ludng 3D bé mit cap dd nanomet o vai tro quan trong trong linh vuc ban dan, quang dién
tir, gia cong siéu chinh xac, vi co dién tir [1-3]. Nhleu phuong phap do luong 3D duoc dé xuat dé
nang cao do chinh xac ciing nhu pham vi do bao gom: kinh hién vi lyc nguyén tir, kinh hién vi
ddng tiéu, kinh hién vi k¥ thuat sb, giao thoa anh sang trang va holography [4, 5]. Kinh hién vi luc
nguyén tir (AFM) c6 thé d6 phén giai dudi 1 nanomet cho céc loai vat liéu, tuy nhién, gia thanh
cao, pham vi do 3 chiéu nho va doi hoi diéu kién lam viéc nghiém ngit [6, 7]. Kinh hién vi dong
tiéu duoc Gmg dung pho bién trong linh vurc vi co dién tir do ¢6 do phan giai cao (dén 1 nm), tdc
d6 do nhanh. Tuy nhién, d chinh xac phép do phu thudc vao chét lugng hé quang, bé mit va tinh
chét quang cua vat liéu mau do [8-10]. Giao thoa 4nh sang tring c6 dd phan giai cao, tuy nhién,
chiu anh hudng 16n clia méi truong va can hé siéu dich chuyén va xu 1y dir liéu 16n [11, 12]. So
sanh voi cac ky thuat trén, k¥ thuat duoc dé xuét ¢ wu diém 1a khong tiép xuc, khong pha hiy
mau do, khong str dung hé siéu dich chuyén ma thong tin cua déi tugng do duoc thu nhan day du
v6i chi mét anh chup duy nhét cho d6 phén giai do dén cip nanomet theo chidu doc truc.

Anh hologram khong chi mang thong tin vé cuong do sang cia vat thé (anh 2D) ma con mang
thong tin vé pha cua vt thé (chiéu cao d6i twong do) trong mot anh duy nhét [13, 14]. Dua trén
bién ddi Fourier ¢6 thé khoi phuc duoc anh cuong do va pha cua ddi twong do tir 46 xdy dung bién
dang 3D cua bé mit vat thé. Trong phan 2, chiing t6i dua ra co so 1y thuyét, so d6 do va cac tinh
toan can thiét dé xay dung h¢ do bién dang 3D clia vét thé. Trong phan 3, chiing t6i tién hanh do
bé mat guong c6 do phing t6t hon A/10 va mau nham c¢6 d6 nham nho hon A/2. Két qua do dugc
so sanh v6i két qua do trén thiét bi do bé mat ba chiéu ZeGage™ Pro dé danh gia kha nang do cua
hé do. Trong phan cudi, chiing t6i dwa ra cic nhan dinh vé két qua, dé xuat huéng nghién ciru méi
dé nang cao do phan giai, pham vi do va dg chinh xdc ciia phép do cling nhu kha nang tmg dung
ctia k¥ thuét nay trong thuc té do ludng 3D.
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2.CO SO LY THUYET CUA PO LUONG 3D BANG KY THUAT HOLOGRAM

2.1. Nguyén ly do lwong 3D sir dung k¥ thuit Hologram

Trong nghién ciru nay, k¥ thuat Hologram ngoai tryc (Off-axis Hologram) duoc st dung dé
khic phyc hién twong anh d6i dugc tao ra trong qua trinh tai tao anh hologram [15]. So dd cua
nguyén 1y ciia hé Hologram ngoai truc dugc thé hién trén hinh 1. Ngudn 4nh sang két hop Laser
dugc tach thanh séng tham chiéu va song vat bang bo tach chum tia BS. Mot phan Laser dugc
truyén thang qua hé chuin truc C tao thanh song tham chiéu R va di ¢én diu thu CCD. Mot phan
Laser dugc phan xa tai bé mit cia BS dén guong M1, qua hé mo rdng chum tia E, duoc guong M2
phan xa va chiéu vao ddi tuong do S. Song tan xa O tr ddi tugng do duoc b tri 16ch mot goc 050
v6i song tham chiéu R. Trén dau thu CCD, thu dugc hinh 4nh giao thoa tao boi song tham chiéu R
va song tan xa O tu bé mit cua d6i tuong do. Pau thu ky thuat s6 duge két ndi vai may tinh su
dung phin mém dé tai tao anh bién d6 va pha cua ddi twong do.

BS C CCD

}

Laser

Hinh 1. So' 6 nguyén ly Holography kj thugt s6 ngoai truc.
BS: B¢ tach chum tia; C: Hé chudn’truc; M1, M2: Guong phan Xa;
E: Hé mo rgng chum tia; S: Poi twong do;, CCD: Pau thu.
2.2. Phuong phap tai tao 3D bé mit doi twong do

DPéi tuong do Anh Hologram Anh tai tao
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Hinh 2. H¢ truc toa do tai tao anh Hologram.
Anh Hologram thu dugc trén CCD c6 thé duoc biéu thi bang phuong trinh (1) [16]:

rxy) = |po(x,y) + prelkosindx|” o - (1)
= 1o, V)2 + |@r? + @o (x, y)pre ~TkosinOx 4 i gikosinbx

hodc

rCey) = lpo(e WI? + lor1? + 2195 (x, ¥)@rlcos [2nfex + ¢ (x, y)] )
Trong d6, ¢y (x,y) va @€’ kosin6X 14n luot 1a bién d6 phirc ctia song vat O va séng tham chleu
R. Anh Hologram thu dugc c6 ¢(x, y) 1a géc pha cia @ (x, ¥) @, va f, = sin 6/ A dugc goi 1 tin s6
song mang khong gian cua anh hologram véi 4 1a bude song tao anh Hologram. ¢, (x, Y% +
|qor|2 thé hién chum sang bac 0, o (x, ) @;e 7kosm0% thé hién chum sang bac 1 va ¢@fe/kosinox
thé hién chum sang bac -1.
Pho géc cua I'(x, y) ¢6 thé duoc viét boi bién doi Fourier 1a [17]:
F(kx ky) = FFTII (x,)] (3)
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Trong d6, Ky va ky 12 tin s6 khong gian theo phuong Ox va Oy twong ung, FFT 14 phép bién
ddi Fourier.

Thuc hién bién doi Fourier nguoc thanh phan phé bac 1 hoic -1 caa phd thu duogc s& tai tao
duoc trudng phirc ban dau:

F(X,Y) = FFTYFilt|F (ks ky )]} 4

Trong d6, Filt 12 ham loc 1y pho bac 1 hogc -1 va FFT la phép bién doi Fourier ngugc.

Viéc loc phé nay sé loai bo dugc nhidu nén hoac nhidu két hop khong mong muén khi tai tao
anh Hologram [18, 19]. Khi keva k, nho thi nhidu dugc loc tét hon nhung néu nho qué s& lam mét
thdng tin ciia dbi tuong.

Anh cudng do sau khi tai tao thu duoc [20]:

~ 2
I=|FX V) )
Ban d pha cua ddi twong duoc sau tai tao 1a [20]:

Im|T]
@(x,y) = arctan —= (6)
Re|T]
Trong d6, Im[.] va Re[.] 1a phan 4o va phan thuc cua I’ (X, Y).
Chiéu cao cua bé mat ddi twong do theo Oz duoc tinh theo cong thirc [21]:
o, y)
d =77 7

Trong d6, A 12 budc song, n la chiét suat cua ddi tuong va no 1a chiét suat ciia moi truong.

Gid tri pha thu dugc |@(x, ¥)| < m nén |d,(x, y)| < A/2. Dé do dugc cac bé mat ¢d chiéu cao
I6n hon 1/2 can tién hanh mé khoéa pha ¢ (x, v) [22].

Tir cdng thire 5 va cong thirc 7 thay rang viéc tai tao anh Hologram trén co s& sir dung bién doi
Fourier sé tai tao dugc anh cuong do va anh pha cta doi tugng. Tur anh cuong d6 sé xac dinh dugc
vi tri cta doi tugng trong mat phang OXY va tur anh pha tinh dugc chiéu cao cua doi tugng (theo
chiéu Oz), do @6, bé mat déi twgng do sé duoc tai tao trong khdng gian 3D.

Do phan giai ngang (theo phuong OX va OY) phu thudc vao do phan gii cia dau thu duoc tinh
theo cong thirc Ax = Ad/N, va Ay = Ad/N,, [23]. Trong d6, Nx va Ny 1a kich thuéc theo phuong
Ox va Oy cua dau thu, d 1a khoang cach tir vat dén dau thu hoic tir dau thu dén anh tai tao duoc
d' = d x M trong truong hop sir dung kinh hién vi c6 do phong dai 1a M. Do d6, khoang céch d
can dap ung d > max %,%} [23]. Trong do, px va py 14 kich thudc pixel theo hai chiéu Ox,
Oy cua dau thu. Pham vi do phu thudc vao kich thuéc cua dau thu va hé sé phong dai M cua vat
kinh hién vi sir dung.

Do phan giai theo chiéu cao (Oz) c6 thé 1én dén hang nanomet va phu thuc vao mét sb thong
sO ket cau cua céc linh kién quang hoc duoc st dung va cd thé kiém soat dugc [24] nhu: Kich
thudc nguon sang (16 chiéu sang-der) & quyét dinh dén tan s6 khong gian va goc chiéu sang cua
nguon sang; Khau do so (NA) dugc xac dinh bang kich thudc va vi tri cua phuong tién ghi (CCD,
CMOS); B phén giai ciia phwong tién ghi s€ quyét dinh dén d6 phan giai khi ghi lai van giao thoa;
Budc song tao giao thoa.

Go6c I16n nhat giira chum séng tham chiéu va song tan xa tir d6i twong quan sat dugc xac dinh
theo cong thiic 6,4, = 2arcsin (1/(4 x max [py, py])) [25]. Nhu vay, goc Ion nhat gitra séng
tham chiéu va chim séng vat phu thudc vao d6 phan giai cua dau thu.
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3. THUC NGHIEM VA KET QUA

3.1. Xay dung thi nghiém

Bang viéc st dung ngudn sang la Led chiéu sang (ngudn sang c6 chiéu dai két hop nho) nhidu
két hop trong kinh hién vi ba chleu k¥ thuat s6 s& dugc giam xuong [26]. Tuy nhién, trong h¢ thong
dugc dé xuat, viéc sir dung ngudn sang la Led khong dua lai ket qua cao do chiéu dai két hop nho
dan den kho hiéu chinh d6i v6i mau str dung c6 chidu cao mau 16n va bé mat co tinh phan xa. Do
do, nguon sang chuan duoc lya chon 1a laser He-Ne (A=632,8 nm) c6 d6 dai két hop vao khoang
30 cm [27]. D6 dai két hop nay dam bao cho qua trinh bd tri, hiéu chinh hé théng nhung nhuoc
diém sé tao ra cac van giao thoa khong mong mudn khi thu nhan anh.

Puong kinh cua 16 chiéu sang khi s dung nguon chiéu sang laser thuong co6 kich thudc c&
bude song dé dam béo tinh két hop va mit song cau. Puong kinh nay tang s€ lam giam tinh két
hop cua song anh sang va giam goc chiéu sang cta bac 0 dugc sir dung dé tao sy két hop trong qua
trinh giao thoa. D¢ tang dugc do phan giai can giam dudng kinh 16 chiéu sang. L chiéu sang co
nhiém vy gii lai bic 0 ciia chum Gaussian dé dam bao cho chiim tia tao ra khong bi thay doi cudong
d6 khong gian. Tai 18 chiéu sang chi c¢6 bac 0 clia chum Gausian dugc truyén qua. Kich thudc ciia
_ Mmo

16 chiéu sang hay ngudn diém dugc xac dinh theo cong thirc [28]:dpy = . Trong do: A1a bude

song nguon sang; fwo 1a tiéu cu cua vat kinh hoi tu (thuong 1a vat kinh hién vi) dung dé hoi tu
chtm sang; ri1a ban kinh chum tia vao duoc x4c dinh tai diém 1/6%. Vat kinh hién vi dugc sir dung
c6 d6 phong dai 60x va tiéu cu fwo=2,8 mm. Ngudn laser He-Ne ¢6 bude song A1=632,8 nm ¢
duong kinh chum tia d=0,46 mm tai diém 1/e%. Pudng kinh 18 dugc xac dinh 1a dpy ~ 7,7 pm.
Thong thuong, dudng kinh ciia 16 dugc chon 16n hon khoang 30% gia tri tinh dugc tic 14 dpy = 10
pm [29]. Lic ndy, ban kinh chum tia sau khi chuan truc 1 ro= 8,2 mm véi vt kinh chuan tryc c6
tiéu cu fe.=100 mm. Loai dau thu dugc str dung c6 kich thudc du thu 1a 1/3 inches (dudng chéo
|4 ®6 mm) nén cac thong s trén dap tmg duoc yéu cau sir dung.

So do thi nghiém dugc xay dung nhur trén hinh 3 theo nguyén 1y cua ki thuat Off-axis Hologram
dugc ap dung cho dbi twong do c6 bé mat phan xa. Nguon sang tham chiéu duoc tao ra tir laser
He-Ne két hop véi vét kinh hién vi (MO2) dugc hoi tu vao soi quang (FO). FO c6 duong kinh 10
pm doéng vai tro nhu 15 chiéu sang, c6 mot dau dat tai tiéu diém cia MO2, mot dau dat tai tiéu diém
ctia vat kinh chuan truc (L). Anh sang phat ra tir FO dugc L tao ra chim song anh sang chuan.
Chum sang nay dugc lang kinh chia (BS) chia thanh hai chum: mdt chum phan xa vudng goc di
dén vat kinh hién vi (MO1), hoi tu va tan xa trén bé mat d6i tugng do (S) duogc dat tai tidu dién cua
MO1 sau d6 di tro lai BS duoc goi 1a chum séng vat (Obj); mot chum di qua BS dén gip guong
chuin (M) thi phan xa lai BS duoc goi 1a chim song tham chiéu (Ref). Goc nghiéng cua M tao ra
goc léch @ giita chim séng vat va chum tham chiéu. Chum séng vat va séng tham chiéu giao thoa
v6i nhau tao thanh anh Hologram va dugc dau thu (CCD) thu nhan. Pau thu dugc két ndi voi may
tinh dé tai tao va xir 1y hinh anh Hologram thu dugc. Céc thanh phan nay dugc bd tri cu thé trén
ban quang hoc chdng rung LTB4-1208 nhu hinh 4 véi bo ga va b dich chuyén ba chiéu phu hop
v6i yéu cau hidu chinh timg thanh phan trong qua trinh thi nghiém.

Camera dugc st dung la CS165MUI1 co s6 diém anh 1440 x 1080, kich thudc diém anh 1a 3,45 um
x 3,45 um. Tir d6, d6 phan giai ngang t6i da dat dugc tuong (g theo hai chiéu Ox, Oy véi d =100 mm,
vat kinh hién vi c6 d6 phong dai M = 40" ¢c6 NA = 0,65 lan lugt 13 0,22 um va 0,3 um. D¢ phén giai
nay nho hon d6 phéan giai ciia vat kinh hién vi nén do phan giai ngang ctia hé 1a d¢ phén giai ciia vat
kinh hién vi theo Rayleigh 14 0,6 pm. Pham vi do theo truc Ox va Oy lan lugt 1a 85 um va 64 pm.

Qua4 trinh xr 1y hinh anh dugc moé ta tom tit nhu sau: anh thu duge tir CCD dugc bién dbi
Fourier theo cong thirc (3), chon thanh phan phd béc 1 (hoic -1) va dich chuyén vao tim va bién
ddi ngugc ving nay theo cong thirc (4), anh tai tao cudng d6 dugc tinh theo cong thirc (5) va ban
dd pha theo cong thuc (6), chidu cao bé mit dugc tinh theo cong thirc (7).
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Mot s6 ngudn giy ra do khong dam bao do cia hé thdng c6 thé ké dén nhu: Chit lwong chum
tia laser duogc tao ra; Do phéng va do déng nhét cua chim song anh sang chuén truc dugce tao boi
soi quang va thau kinh chuén truc; Anh hudng cia tic dong bén ngoai nhu nhiét do, do am, do
rung; Sai song gay ra boi cac linh kién quang hoc (guong, lang kinh chia, vat kinh h1en vi). Ngoai
ra, con c6 nhiéu giao thoa khéng mong mudn dugc tao ra do do dai két hop ciia ngudn laser He-
Ne 16n hon khoang cach giita cac thanh phan dugc bb tri.

Chat lugng cua chim sang (nguyén nhan 1 va 2) duoc kiém tra bang thiét bi do bé mat song
WFS31-5C - Shack-Hartmann WFS dam bao cho cham séng ludn 1a phang. Thi nghiém duoc b
tri trén ban quang hoc chdng rung LTB4-1208 va trong diéu kién 6n dinh vé nhiét do, do am cua
phong nén phan nao khic phuc dwoc nguyén nhan thir 3. Anh huéng cua nhidu nén trong do6 c6
nhiéu két hop dugc khic phuc bang cach loc phé theo cong thic 4.

Réf+Ohj

—
Hinh 3. So do thi nghiém. Hinh 4. Bé tri thi nghiém.
MO1, MO2: Vit kinh hién vi; FO: Spi quang; 1. Laser He-Ne; 2. Vt kinh hién vi 60x; 3.
L: Vat kinh chudn true; BS: Lang Kinh chia Soi quang; 4. Vdt kinh; 5. Lang kinh BS; 6.
chum tia; M: Guong; S: Déi twong do; Guong; 7. Vat kinh hién vi 40x; 8. Mdu do;
CCD: Pau thu. 9. Pau thu
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Hinh 5. Két qud do guong phdng.

Guong phang duoc thay vao vi tri cua dbi twong can do dé hiéu chuan hé thong dé khic phuc
nguyén nhan sai séng va cac yéu té khong dam bao do khac. Ban do pha thu dugc tir guong phang
dugc bu vao két qua thu duoc khi do. Hinh 5 thé hién ket qua do 3D bé mit guong phing c6 do
nham Sa = 2,92 nm va Sq = 3,64 nm. Cac gia tri nay opap d6 nanomet nén c6 thg duoc coi la chap
nhan dugc. Pay la gia tri cta hai guong dugc bo tri giong nhau nén thyc té sai so khi st dung moét
guong s€ nho hon gia trj trén.

3.2. Két qua thwe nghiém

Hinh 6 thé hién két qua do mAu nham la Sa = 0,2943 Hm; Sq = 0,3473 um. Két qua dugc so sanh
v6i thiét bi do be mit ba chiéu ZeGage™ Pro ' (Zygo) cho két qua la Sa = 0,2864 um va Sq = 0,3608
um (hinh 7). Két qua do tuong duong voi két qua do bang thiét bi ZeGage™ Pro c6 d0 phén giai
doc tryc 0,15 nm, do ,phan giai ngang 0,52 pm sir dung dau thu 1 tridu diém anh,dl_ra trén k¥ thuat
giao thoa anh sang trang. Lap lai phép do xac dinh dugc sai 1éch + 8 nm véi hé so phu bang 3.
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3D Surface
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Hinh 6. Két qud do nhdm. Hinh 7. Két qud do mau nhém bang thiét bi do
bé mat ba chiéu ZeGage™ Pro.
C6 sy sai khac nay 1a do vi tri, kich thudc ving do c¢6 thé khac nhau gitra cac 1an do ciing va
coOn ton tai mot sO nguyén nhan nhu: Ton tai nhiéu ma qua trinh loc phd khong loc triét dé dugc

va viéc chon ving p‘hc;) 1a khong gidng nhau gitra cac 1an do; Bu pha bing ban db pha cia guong
phéang chi 1a mdt phan ctia cac bién phap bu pha trong k¥ thuat Hologram.

4. KET LUAN

Do luong 3D bé mit 4p dung k¥ thuét Holography va phuong phap bién d6i Fourier dd duoc
xac minh bang thuc nghiém vdi sai khac dat cap do nanomet so voi phuong phap do bang giao
thoa anh sang trang. Phuong phap dugc dé xuit c6 két ciu hé don gian, dé dang trién khai ¢ cac
phong thi nghiém thong thuong. Két qua dat dugc ctia nghién ciru da chimg minh cho nhing uu
diém vuot troi cua ky thuat Hologram 1a mot k§ thuét do toan truong, khong tiép xuc, khong pha
hily mau va khong can dén su dich chuyén vi co khi. Tuy nhién, két qua nghién ctru chua tot nhur
ky vong do con ton tai nhidu nguyén nhan dugc xac dinh 1a ban chat ctia hé thong nhu nhiéu két
hop, sai song cling nhu anh huéng cua cac yéu t6 tac dong cua moi trudng. Diéu nay thuc day
nghién clru tlep theo dé giam thiéu cac anh hudng nay, mot két ciu don gian dugc dé xuét 1a h¢ do
¢6 chum chiéu dén va phan xa tir d6i tuong do 1a chum song song dé khic phuc céc sai song tong
hop trong cac nghién ctru tiép theo. Ngoai ra, thuat toan mé khoa pha dé do chiéu cao doc truc 16n
hon A/2 va danh gia vé khong dam bao do 13 mot van dé khong thé thiéu trong cac nghién ctru tiép
theo nay. Két qua ctia nghién ctru di dit nén mong cho cac hudng nghién ctru méi c6 thé danh gia
dugc chét lugng bé mit cta cac linh kién quang hoc sau gia cong, chiéu day 16p ma.

Loi cam on: Nghién ciru ndy duoc tai tro boi Dai hoc Bach khoa Ha Néi trong @é tai ma sé T2023-PC-009.
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ABSTRACT
3D measurement of surface profile using Holography technique and Fourier transform method

Holography has an important role in the field of 3D surface measurement due to its
ability to simultaneously provide intensity and phase information of the measured surface
with a single image. In this article, a computational and experimental method for 3D surface
reconstruction of rough samples using Holography technique is proposed. Compared with
white light interferometry, the proposed method has high stability due to no micro-
displacement, fast measurement speed, and surface information extracted by a single frame
and axial resolution reaching nanometer level. Fourier transform combined with noise
filtering techniques is used to improve the accuracy of 3D surface measurement. The rough
surface Ra =0.2943 um is successfully constructed by the proposed method with a deviation
of £ 8 nm with a coverage factor of 3 compared with the measurement on white light
interferometry. This study can be applied to high-precision 3D surface measurement,
optical components, and micro-electromechanical structures.

Keywords: 3D Measurement; Holography; Fourier transform.
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