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TOM TAT

Trong nghién cizu nay, ching tdi da thiét ké hai cau trac vi linh kién pha xody
gradient c6 cau trdc nano bé mat phang nhé gon, nham tgo ra chum tia xody quang hoc
béng théng réng trong vang buéc song kha kién. Ching tdi nghién cizu s6 vé chirc ning
quang hoc ching trong mdi zrwong khong khi va chat léng (ethanol). Két qua cho thdy cac
thiét ké vi linh kién pha xody véi dg day 7 wm va 8.5 um c6 thé chuyén doi cac chum tia
Gauss thanh cac cham xody quang hoc bdc co bdn trong nhiing ddi buéc séng kha kién
nhat dinh. Hon nira, céc tinh chat cua nhiing xody quang nay duroc duy tri khi nhang logi
vi linh kién nay trong ethanol. Piéu nay cho thdy cac tiém ndng g dung cua ching trong
chat léng nhuw vi chdt luu.

Tir khoa: Xody quang hoc, vi linh kién cdu tric nano, quang hoc ky di, bang thong réng.

DOI: https://doi.org/10.70117/hdujs.72.03.2025.646

1. PAT VAN BE

Xoay quang hoc (optical vortex - OV) ¢6 mat pha xoan ¢ véi mot diém ky di o tam
lam cho cudng d6 mat cit cua nd cd dang vong sang phan bé xung quanh diém cuong do
bang khong gidng nhu hinh banh donut [1], [2]. Nhimng dic diém doc dédo nay da gop phan
phét trién cac linh vuc nghién ciru tich cuc mai vé quang hoc ky di va nhiéu tng dung thyc
té tién tién [3], chiang han nhu kinh hién vi suy giam phat xa kich thich [4], nhip quang hoc
[5], vi co laze [6], thong tin quang [7]. Viéc van hanh hiéu qua cac ing dung d6 trong thuc
tidn doi hoi phai tao ra va diéu khién chim tia OV mét cach hiéu qua.

Hién nay dd c6 mot sé ki thuat pho bién va dua vao thi trudng dé ché tao cham tia
xody quang hoc (OV) [3]. Cac phuong phap nay chi yéu dya vao viéc ap dat su dich pha
phuong vi Ién cac mat phang song toi thong qua linh kién chuyén doi. Didu nay c6 thé thuc
hién bang cach sir dung cac tim pha xoan [8], [9] hoic hé gwong xoan [10]. Mot k§ thuat
théng dung khac Ia sir dung anh ba chiéu do may tinh tao ra [11], [12] hoic bo diéu bién
anh sang khong gian dé diéu khién pha caa chim tia [13]. Mac d chdng linh hoat trong
didu ché pha & thoi gian thuc, nhung yéu cau ngudn dién bén ngoai, hiéu suat han ché va
chi phi cao Ia nhitng nhuoc diém dang ké.
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Nhitng nghién ciu vé viéc tao ra va kiém soat OV dugc thic ddy bai sy phét trién
cuia cac ung dung cua xody quang trong thuc tién. Dac biét, viéc tao cac chim xody quang
v6i kich thuée vi md dang nhan duoc nhiéu sy quan tam cho sir dung va cai tién qua trinh
van hanh bay va thao tc quang hoc. Mot 50 phuong phap tiép can dé tao ra cac vi xody
nhu vy di dugc cong bd trong thoi gian gan ddy nhu st dung mit na pha xody kich thuéc
vi md dugc ché tao truc tlep trén dau soi quang bang ky thuat tién tién vai chi phi cao nhu
cong nghé xu ly vat li¢u laser théng qua trung hop hai photon [14], chum ion hoi tu [15]
hoac in 3D vai xung femto-giay [16]. Tuy nhién, cac loai linh kién nay thuorng bi gidi han
khi str dung trong moi truong long do cau hinh bé mat cua nd va cong suat chum tia dau
vao bi han ché cho truong hop linh kién 1am tir polyme. Géan ddy, nhom nghién ciru cua
GS. Buczynski da gisi thiéu phuong phap tiép can doc dao dé tao chum tia OV kich thudc
vi md thdng qua viéc su dung vi linh kién pha xody c6 ciu trdc nano chiét suit bién ddi
(nanostructured gradient index vortex phase mask - nVPM) [17], [18]. Vi linh kién nay con
c6 thé dé dang tich hop tryc tiép vao dau soi quang tao thanh hé théng quang soi chic chan
va nho gon lam nguoén phat dé nghién ctu qua trinh lan truyén cua xody quang [19]. Véi
cung ky thuat, nhom da thiét ké va ché tao cac vi linh kién nVPM bang thong rong hoat
dong trong viing hdng ngoai gan [20] va cho tao vi xody quang béc cao [21].

Trong nghién cau ndy, chung t6i da thiét ké hai cau tric vi linh kién pha xody
gradient c6 cau tric nano bé mat phing (Broadband- nVPM) nham tao ra chum tia xoay
quang hoc bang thong rong trong dai budc song kha kién. Hai vi linh kién nay c6 ciing cau
trac nano va duong kinh mat cit nhung c6 d6 day khac nhau: d; = 7 pm va d; = 8.5 pm.
Péng thoi, chirc ning tao xody quang hoc biang thong rong cua hai vi linh kién nay trong
cac méi trudng khdng khi va long (ethanol) duoc danh gia bang cac chudi mé phong sir
dung phwong phap lan truyén séng dua trén bién doi Fourier (Fourier transform beam
propagation method).

2. THIET KE VI LINH KIEN VA PHUONG PHAP NGHIEN CUU

Nguyén ly cua vi linh kién pha xody quang hoc céu triic nano 1y tuéng dya trén viéc
giit nguyén d6 day cuaa vi linh kién do, trong khi chiét suat trén mit cit caa n6 n(6) thay doi
tuyén tinh theo goc phuong vi 6 (Hinh 1). Diéu ndy tao ra sy diéu bién pha phuong vi cia
cham anh sang truyén qua, dan dén su hinh thanh cia xody quang hoc véi dién tich t6 po |
(1 nhan céc gia tri nguyén va la sé 1an xoan cua anh sang tai mot bude song doc theo truc
lan truyén chim xody).

Hinh 1. Thiét ké céu triic ciia vi linh kién xody quang ciu triic nano véi sw phan b chiét suat
hig¢u dung bién ddi tuyén tinh theo géc phwong vi
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D6 bién d6i pha tai mot budc song xac dinh A s& dya trén do léch chiét suat (An = Mhigh = Niow,)
gitra viing cao nhat Nyign (tai goc O = 2m) va thap nhat nye, (tai @ = 0):
Ap =2 An = 2ml . 1)
Tinh chat bang thong rong (cho phép vi linh kién hoat dong trong mat dai song nhat
dinh) yéu cau vi linh kién pha xody Broadband-nVPM phai c6 d6 nhay thap véi budc séng
trong mot pham vi nhit dinh. Diéu nay c6 nghia la sy bién ddi pha theo budc song

28p _ dAn(A)
oA = 2md, or ' (2)

phai cang gan véi gia tri 0 cang tot. Nhu vay, viéc ché tao vi linh kién pha xody bing
thdng rong doi hoi phai tim ra cap vat liéu c6 do léch tan sic khong doi theo budc song A.
Vi diéu kién nay thuong la khong thé, nguoi ta c6 thé don gian hoa phuong trinh (2) bang
céch 1am cho linh kién xody mong nhit c6 thé. Tir phuong trinh (1), ta thdy do = IA/An,
nghia 1a chiing ta nén hudng toi cac cap vat liéu c6 do léch chiét suat rat cao.

Dua trén nhiing diéu kién d6, ching toi thiét ké vi linh kién Broadband-nVPM st
dung cap vat liéu thay tinh pha tap cac thanh phan chi-bismuth-gallium duoc dan nhan
CS740 va CS1030 [22]. Céc vat ligu nay duoc tong hop bang phuong phép néng chay-lam
nguoi tai Vién vi dién tir va quang tir, Ba Lan (IMiF). Vit liéu CS1030 va vat liéu CS740
¢ do léch chiét suat cao An = 0.078 + 0.089 (gan gap 3 lan so vai cap vat liéu NC d4 bao
céo trong [17]). Céc vat liéu nay c6 do truyén quang cao cho ving anh sang kha kién. Cac
thdng tin vé do tan sac cua cac vat lidu nay duoc mé ta chi tiét trong cac cong trinh [20],
[22]. CAu trdc vi linh kién Broadband-nVPM c6 tong cong 17557 cau tir, bao gom 8907
CAu tir vat liéu CS1030 va 8650 cau tir vat liéu CS740. Cac cau tir duoc sap xép theo thiét
ké dé phan bé chiét suat hiéu dung trén mat cat cua nd, theo thuyét méi truong hiéu dung,
thay d6i tuyén tinh theo goc phuong vi va khong ddi trén cac duong bén kinh. Céc ciu tir
riéng 1é co kich thudc khoang 200 nm, thap hon nhiéu so véi gia tri ngudng cho ving budc
s6ng kha kién dé ap dung ly thuyét méi truong hiéu dung dé dam bao cac tinh ning quang
hoc caa vi linh kién nay trong vuing anh sang kha kién.

Trong nghién ciru ndy, chung tdi sir dung phuong phap nghién ciru s6 dé md phong
su hinh thanh xody quang hoc va kiém tra tinh chat bang thong rong cua hai Broadband-
nVPM c6 ciing cAu tric nhu trén hinh 1 véi dudng kinh 12 29 pm va d6 day lan luot 1a d; =
7 um va d, = 8.5 um. Pong thoi, chung toi ciing kiém tra sy anh hudong cua chat long
(chang han ethanol) 1én tinh chat cua xody quang bang thong rong duogc tao ra boi loai vi
linh kién pha xoay nay.

Céac md phong duoc thuc hién bang phuong phép lan truyén anh sang dua trén bién
d6i Fourier trén nén Matlab. Gia sir rang tat ca cac md phong déu sir dung chum Gauss lam
nguon dau vao. Chum tia téi c6 duong kinh 25 pm 1a kich thude phi hop dé cac thiét ké
cau trac vi linh kién xody c6 thé hoat dong hiéu qua nhét tai cac bude séng da chon. Ving
m6 phong c6 bé rong va cao déu 1a 200 pum, con chiéu dai doc theo truc quang hoc 1a 2000
um. Tuc 12 céc két qua md phong déu thu ¢ khoang cach 2000 pm tinh tir mat sau cua vi
linh kién pha xo4y. D6 phan giai ngang duoc ¢d dinh & muc 0,1 um. Do phan giai doc theo
truc quang hoc thay déi trong khoang tir 0,05 pum dén 0,5 pm, @ng véi su lan truyén bén
trong vi linh kién va trong moi trurong ngoai.
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3. KET QUA VA THAO LUAN

Dé kiém tra sy hinh thanh xoéy quang hoc biang thong rong bai thiét ké vi linh kién
pha xody Broadband-nVPM véi d6 day d; = 7 um trong khdng khi (n = 1), mot nhom cac md
phong dugc thuc hién cho cac truong hop budc song A = 550; 575; 600; 635 nm. Cac thdng
sb dau vao cho hai vi linh kién pha xody bang thong rong Broadband-nVPM dugc md ta nhu
phan trén. Két qua md phong vé cuong d6 mat cit cia chum tia dau ra va cau tric pha thu
dugc ¢ khoang cach 2000 pum tir mat sau cua vi linh kién duoc biéu dién trén hinh 2.

(a) (b) () (d) (e)
A =532 nm A =550 nm A=575nm A =600 nm A =635 nm

max
mm

Hinh 2. Mé phéng cwong dd mit cit (hang trén) va ciu tric pha (hang dwéi) cia Xody
quang hoc tao béi Broadband-nVPM c6 dd day d; = 7 pm trong dai song tir 532 nm dén
635 nm trong khong khi. Kich thuwéc cac hinh con la 125 pm x 125 pm

Két qua md phong cho thay phan b cuong d6 trén mat cat cia chum sang dau ra,
trong tat ca cac trudng hop budc song khao sat, déu cd dang vong sang véi cudng do bang
0 tai tAm. Cac chum tia c6 cuong d6 phan bd dong déu hon han truong hop sir dung vi linh
kién 1am tir vat liéu thiy tinh mém borosilicate [17]. Diéu nay la do anh huéng cua hiéu
tng dan song duoc gidm thiéu khi chim tia chi lan truyén mot quéng ngan trong moi
truong khong dong nhat (7um). Hinh 2 cting cho thay pha cta cac chum sang déau ra déu
c6 cau tric xoan d¢ don voi diém ky di pha nam chinh xéc tai thm cua cac céu trac. Diéu
nay chung té cac chum sang thu dugc la cac vi xody quang hoc vai dién tich t6 pd bac co
ban. Nghia 13 vi linh kién Broadband-nVPM cé d6 day d; = 7 um cho phép chuyén d6i
chum Gauss thanh chum vi xody quang bac co ban trong khong khi cho dai song rong 85
nm tir 550 nm dén 633 nm.

Nhom cac mé phong tiép theo duoc thuc hién dé kiém tra tinh chat bang thong rong
cua thiét ké vi linh kién pha xody Broadband-nVPM véi d6 day d; = 8.5 um trong khdng
khi (n = 1). Budc song dau vao theo tinh toan Iy thuyét nam trong dai song tir 633 nm dén
745 nm. Két qua md phong phan bd cuong do va cau tric pha cta chum tia dau ra sau khi
lan truyén trong khong khi mot quang 2000 um duoc biéu dién trén Hinh 3. Két qua mo
phong thu dugc cho thay, & tat ca cac budc song, chum tia dau ra co cudng d6 phan bd
twong dbi dong déu theo hinh dang banh donut va c6 cau tric pha xoin don vai diém ky di
pha nam chinh x4c tai tim. Nghia 1a chiing t6i thu dwoc x0dy quang hoc bac mét tai tat ca
cac truong hop budc song dang khao sat. Cac két qua ndy xac nhan rang vi linh kién
Broadband-nVPM dugc thiét ké hoat dong tot trong khong khi cho dai séng rong 112 nm
tir 633 nm dén 745 nm.
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(@) (b) (©) (d) (e)
A=633 nm A =655 nm A =685 nm A=710 nm A =745 nm

Hinh 3. M6 phéng cwong dd mit cit (hang trén) va ciu tric pha (hang dwéi) cia Xody
quang hoc tao béi Broadband-nVPM c6 d$ day d; = 8.5 pm trong dai séng tir 633 nm dén
745 nm trong khong khi. Kich thwéc cac hinh con la 125 pm X 125 pm

Trong nghién clru nay, chung t6i ciing danh gia sy anh hudng ctia moi trudng ngoai
Ién chirc niang quang hoc cua céc thiét ké vi linh kién pha xody céu truc nano bing thong
rong. O phan cudi cua b4o céo, ching toi phan tich cho mot trudong hop dai dién 1a vi linh
kién pha xoay Broadband-nVPM véi d¢6 day d; = 8.5 um dat trong dung dich ethanol.
Chung tdi thuc hién cac phép do dé kiém tra chiét suat thuc cua ethanol tai cac budc song
khao st tir 633 nm dén 745 nm. Trong nhém mé phong nay, chung t6i da st dung thiét ké
vi linh kién pha xody cau tr(ic nano & phan trén, tuy nhién thay d6i méi trudng ngoai tir
khong khi thanh ethanol. Céac két qua md phong dugc biéu dién trén hinh 4.

Hinh 4 cho thiy két qua md phong chum tia dau ra trong trudng hop méi trudng
ngoai 1 ethanol twong ty nhu trong truong hop khdng khi. Ching t6i van thu dugc xoay
quang hoc bac 1 twong tu cho cic budc song khao sét trong dai budc séng tir 633 nm dén
745 nm khi nhang loai linh kién nay trong dung dich ethanol. Nhu vay, cac thiét ké vi linh
kién pha xody bang thong rong, ciu triic nano giir nguyén cac dic tinh quang hoc trong
moi trudng NQoai.

(a) (b) (d) (e)
A=633 nm A=655nm A=710nm  A=745nm

Hinh 4. M6 phéng cwomg d§ miit cat (hang trén) va cau triic pha (hang dwéi) clia xody quang
hoc tao béi thiét ké vi linh ki¢n Broadband-nVPM cé dé day d; = 8.5 pm trong dai buéc song
tir 633 nm dén 745 nm trong ethanol. Kich thwéc cac hinh con la 125 pm x 125 pm
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Luu y rang, & tit ca cac trudng hop déd phan tich, chat luong cia chum tia xody duoc
tao ra boi vi linh kién voi d6 day nhat dinh cao hon (cudng d6 phan bé ddng déu hon) dbi
V6i cac budc song ngin hon. Diéu ndy rat cd thé 1a do pha xody du ra 16n hon 2 mot chit
dbi véi cac budc song ngan hon. DI vai cac bude song dai hon, trén thuc té, diém ky di pha
khong hoan chinh nén chim tia bi bién dang manh hon khi lan truyén boi hiéu tng dan song.

4. KET LUAN

Trong nghién ctru ndy, hai vi linh kién pha xody chiét suit bién déi c6 cau trdc nano
da duoc dé xuat dé tao ra chum xody quang hoc bing thong rong trong ving budc song
kha kién. Hai vi linh kién duoc thiét ké bang k§ thuat cau tric nano hoa st dung cap vat
liéu thay tinh mém c6 do léch chiét suét cao. Diéu nay cho phép cac vi linh kién c6 do day
nho dé tao ra tong bién doi pha xody 27 véi d6 phan bd cuong do ddng déu hon.

Céac két qua mo phong va tinh toan Iy thuyét da chang to vi linh kién Broadband-
nVPM c6 d6 day d; = 7 um cho phép chuyén d6i chum Gauss ¢ dau vao thanh chum vi
x04y quang bac co ban trong khong khi cho dai séng rong 85 nm tir 550 nm dén 633 nm.
Mt khac, vi linh kién Broadband-nVPM bac 1 ¢6 ciing cau trac nhung véi do day d; = 8.5 um
hoat dong tot trong khong khi cho dai séng rong 112 nm tir 633 nm dén 745 nm. Dong
thoi, chung toi ciing chitng to dwgc céc tinh chat cua vi linh kién nay duoc bao toan trong
moi truong ngoai 1a chat long (ethanol 1a mot vi du). Diéu nay huéng ti cac tiém ning
ing dung caa xody quang hoc & mirc d6 vi md nhu thao tac diéu khién vi hat hoic vi co
laser vi mé trong cac moi truong ngoai.

Nhitng két qua trén da xac nhan tinh linh hoat cia phuong phap nano héa ciu tric
chung toi da dé xuat, cho phép thiét ké cac vi linh kién pha xoéy hoat dong trong cac dai
budc séng khac nhau tly thudc vao dic tinh tan sic cac loai vat liéu thay tinh. Dong thoi,
céc thiét ké c6 thé duoc ché tao bang phuong phap ghép-kéo soi cai tién véi chi phi thap.
Day 1a phuong phap cho phép tao ra céc vi linh kién quang hoc vi mé véi cau hinh chiét
suat bat ky chiang han nhu: xody, thau kinh sic thuc, axicon. Diéu ndy hira hen cho viéc tao
ra nhitng mau linh kién pha xody véi cac dic tinh dac biét dé tao ra cac chum tia xody
quang hoc doc dao nhu xoay sac thuc va xody tring.
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NUMERICAL STUDY ON BROADBAND OPTICAL VORTEX BEAM
IN THE VISIBLE RANGE USING NANOSTRUCTURED VORTEX
PHASE COMPONENTS

Nguyen Thi Hue, Nguyen Thanh Tung, Nguyen Thuy Linh, Cao Minh Khai,
Tran Thi Hai, Le Van Hieu

ABSTRACT

In this study, we designed two compact flat-surface nanostructured gradient phase
components to generate broadband optical vortex beams in the visible wavelength range.
We numerically evaluated the optical performance of these components in air and liquid
environments (ethanol). The results show that the proposed vortex phase components with
thicknesses of 7 um and 8.5 um can convert Gaussian beams into fundamental optical
vortices within certain visible wavelength ranges. These optical vortex properties are
preserved when the components are immersed in ethanol, suggesting potential
applications in liquid environments such as microfluidics.

Keywords: Optical vortices, nanostructured micro-optical component, singular
optics, broadband.
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