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MO PAU
Tinh céap thiét cia dé tai luan an

Véi sy phét trién manh mé cua khoa hoc va céng nghé, dap ang nhu cau sir
dung dich vy vién thong, internet nhu hién nay, nhu truy nhap internet téc do cao,
truy nhap video c6 d6 phan giai cao hay cac dich vu dién toan dam may,... Do do,
y&u cau nang cap tdc do truyén dan trong cac mang thong tin cap soi quang la hét
sic can thiét. C6 mot s6 phuong phap dé nang cao dung lwong cua cac luu luong
séng mang trong cac mang thong tin cap soi quang boi cac cau tric ghép kénh,
chang han ghép kénh phan chia theo budc song (WDM) [1], diéu ché da muc [2],
ghép kénh phan chia theo phan cuc (PDM) [3]. Gan day, mot sb cach tiép can méi
da duoc dé xuat bang cac hé théng truyén dan da song mang dé nang cao toc do 1én
cd Terabit/s [4], [5]. Tuy vay, cong nghé WDM van dong vai trd quan trong dé
nang cao dung lwong truyén dan cac kénh quang. Céac luu luong séng mang trong
cac hé thong WDM can dugc phdi ghép va két cudi tai cac thiét bi dau cudi nhu cac
di 6t laser, cac bo tach séng quang hodc dwgc xir 1y tai cac thiét bi chuyén mach
(nhu bo ghép kénh xen ré quang va bd chuyén mach lya chon budc song). Mot sb
Cau trdc quang tu silic dugc s dung dé thiét ké cac bo ghép/phan kénh budc song
gom cac bo loc mang mong, cac bo cong hudng vong hay céac cach tir dng din song
dugc xép mang (AWG). Tuy nhién, nhiing thiét bi nhu vay khong hd trg hoat dong
tai c4c cau trdc ¢& nano, trong khi cac mach kich thuéc nano lai dang 1a mot khuynh
huéng day hira hen va s& buing no cho cac mach va cau kién quang tir tich hop trong
tuong lai [6]. Bé khiac phuc nhugc diém nay, mot trong nhimg phuong phép téi uu
va méi nhat hién nay 1a dya vao hiéu tng plasmonic dé tao ra cac ong dan séng
trong cu kién tach/ghép kénh quang toc do cao co kich c& dudi budc song dé bat
giir va dan cac mode plasmonic [7], [8]. Plasmonic hoc gio dang trd thanh mot cha
dé s6i dong cua cac nghién ciru lién nganh, tu hop vat ly, hda hoc, khoa hoc vat liéu,
khoa hoc ning luong va htra hen cho nhiéu tng dung trong twong lai gan [9].

Trai qua hang thap ky, quang tir hoc silic da dong vai tro chinh trong cac

thiét bi xur ly thdng tin va su phat trién cua cac ciu kién quan trong nham khai théc



tinh chat vat Iy doc dao cia nd. Ngoai ra, cu kién chinh trong dién tir hoc ban dan 6
xit kim loai bu (CMOS) ¢4 vai trd 16n trong cac cau kién quang tu silicon [10]. Tuy
nhién, kich thuéc téi thiéu cua thiét bi quang tir silicon bi han ché boi gidi han
nhiu xa s6ng anh sang 1a 16n khi so sanh véi cac thiét bi CMOS. Pé giam kich
thugc cua cac thiét bi quang tir, can quan tdm dén cac cau kién duya trén ciu tric
kim loai kich thudc nano c6 kha niang hd tro cac mode plasmonic [10, 11, 12]. Khi
thiét ké cac cau kién quang, cu thé ¢ ddy 1a éng dan séng quang c6 cau tric hinh
hoc va kich thudc nano thi c6 mot sy danh doi gitra viéc bat giir mode va chiéu dai
truyén. Luu ¥ rang, su phat trién caa nén tang plasmonic dya trén 16p dién mai silic
cho phép tich hop hiéu qua cong nghé CMOS véi céc cau kién plasmonic kich ¢&
nano. Nén tang nhu vay cho phép phét trién céc chip xa ly gom céc 6ng dan song
plasmonic c6 kha nang truyén dong thoi ca tin hiéu dién va quang. Hon thé nita, su
nang cao dang ké va dinh xt ciia cac trudng dién tir trong cac mode plasmonic cho
phép tich hop cuc cao cac mach plasmonic lai ghép CMOS. C&c mach di¢n tur va
quang tir silic dua trén céng nghé ché tao CMOS c¢6 thé dugc ché tao tai cac kich
thude dudi 100nm. Nguoc lai, budc song anh sang dugc sir dung trong cac mach
quang tir co kich thugc ¢ 500nm dén 1000nm, chang han nhu cac cira s6 budc
s6ng cua céac hé thong vién théng quang 1310nm, 1550nm hoic trong thdng tin anh
sang kha kién (VLC).

Khi kich thuéc cua mot thanh phan quang gan véi bude song anh sang, su
truyén anh sang bi che khuat boi hién twong nhidu xa séng anh sang [13], do d6 cac
cau tric quang gdom thau kinh, sgi quang, cac mach tich hop quang bi gigi han kich
thudc t6i thieu. Cac mode plasmon bé mat (SPs) cung cip kha niang bat giir anh
sang véi kich thudc rat nho va né duoc dan trong cau kién cd cau tric ¢& nano.
Tuong tac cong hudng gitra dién tir - dao dong dién tich gan bé mat cua kim loai va
truong dién tir ctia anh sang tao ra cac plasmon bé mat va két qua thanh cac thudc
tinh kha doc déo. Cac SP bi rang budc giira bé mat kim loai - dién mdi, ¢ d6 truong
dién tir bi suy giam theo ham mi trong ca méi trudng xung quanh. Chiéu dai suy

giam cua cac SP vao trong kim loai duoc xac dinh boéi d6 sau vo bé mat (skin



depth). Tinh chat ndy cua cac SP cung cip kha ning dinh x& va dan &nh sang trong
c4c cau tric kim loai dudi budc séng va né cé thé duogc sir dung dé tao ra cac mach
quang - dién tir thu nho vai céc cau kién duéi budc séng [14]. Nhitng mach quang -
dién tir nhu dng dan séng [15], cac bo chuyén mach [16], cac bo diéu ché [17], cac
bo phdi ghép [18] co thé truyén cac tin hiéu quang téi cac phan khac nhau cua
mach. Nhitng dic tinh dang quan tdm ndy 1am cho plasmonic c6 tiém ning tng
dung 16n trong cac mach tich hop quang tir kich ¢& nano ciing nhu céac thiét bi
quang - dién tar.

Qua nghién ctru, tong hop cac két qua nghién ciru vé cau kién quang ti xu ly
ghép/phan kénh budc séng dya trén 6ng dan séng sir dung hiéu ung plasmonic da
duoc chi ra & trén Van cOn mot sé van dé ton tai can khac phuc va cai thién. Do 1a:
c4c CAu triic da dé xuat chi dugc nghién cau Iy thuyét va mé phong sb voi 6ng dan
s6ng kim loai - dién méi - kim loai trong khong gian hai chiéu (2D) trong khi thuc
té cac cau trac d6 1a khong gian ba chiéu (3D), mot s6 cau tric sir dung bd cong
huong vong plasmonic lai chi hd trg s6 it cac budc song, kich thude cua cau kién
con tuong ddi 16n. Bén canh d6, mot s6 van dé cua dé tai nghién ciu xu Iy tin hiéu
tach ghép cac budc song sir dung 6ng dan song plasmonic hoic lai ghép plasmonic
da duoc nghién ciru gan day ciing khong giai quyét triét ¢& cac mit con han ché,
nhu van d& vé ghép ndi gitra 6ng dan song silic va éng dan song plasmonic; van dé
vé chuyén d6i trang thai phan cuc va van dé vé loc trang thai phan cuc. Piéu nay la
do chi mode tir ngang TM duoc bét gitt hiéu qua gan voi giao dién kim loai/dién
moi trong khi mode TE khéng duoc din trong co ché gia hat plasmon bé mat SPP.
Do d6, dé xuat nay duoc xay dung cac tiép can mai dé cai thién cac mat con han
ché néu trén.

Muc tiéu nghién ciru

Muc tiéu cua luan an 1a: Thiét ké cac cong logic quang c6 chirc niang ghép/tach
tin hiéu quang lua chon buéc song va cau kién cé kha ning quay phan cyc mode
s6ng dya trén éng dan song plasmonic kich thude nano; Thiét ké cdu kién ghép/tach
kénh phén chia theo budc séng dua trén dng din song plasmonic ¢ kich thudéc

nano mét vai cac budc séng trong cira sé6 budc séng vién thdng va trong thdng tin



anh sang kha kién. Céc cau kién dé& xuat c6 wu diém vé hiéu suat truyén cao, kich
thuéc nho gon, nhidu xuyén kénh nho, tim truyén dai, cho phép dung sai ché tao
cua bo loc budc soéng phi hop. Céc cau tric dé xuat c6 kha nang (ng dung cho hé
théng WDM.

Noi dung nghién ctru cia luan an

Nghién ciu mach quang ta duoc phdi ghép hiéu qua giira mét 6ng dan séng
silic va 6ng dan séng lai ghép plasmonic, bo phan cuc théng mode TM va chin
mode TE; nghién ciiu cac cong logic quang st dung dé tach/ghép budc séng trong
ki thuat WDM; nghién cttu cac cau tric mach plasmonic loc budc soéng & cira so
budc s6ng vién thong va thdng tin anh sang kha kién.

Pdi twong, pham vi nghién cieu

Nghién ctu bd quay phan cuc dua trén 6ng dan séng plasmonic; cac cong

logic quang XOR, OR, NOT va cong Feynman quang; cac bo loc buéc song & cua
s6 budc song vién thong va thong tin anh sang kha kién dua trén dng dan séng
plasmonic c6 kich thudc nano dugc ung dung trong ky thuat WDM.

Phwong phap nghién ciru

Nghién ciru céc cdng trinh khoa hoc c6 lién quan dén noi dung, ddi tuong
nghién ctu cua luan an da duoc cong b trén cac tap chi khoa hoc cé uy tin trong
nudc va trén thé gisi; s dung céc cong cu phan tich va md phong cé do chinh xéc
cao, dugc cong déng khoa hoc trén thé gidi st dung trong nghién ciru va da duoc
thuong mai hoa nhu FDTD, EME, FEM.

Y nghia khoa hoc va thuc tién

Céac dong gop cua luan an cd tiém nang @ng dung trong cac mach tich hop
quang ttr kich ¢& nano mét ciing nhu cac thiét bi quang - dién tir.

Bo cuc cia luin 4n

Noi dung ludn an dugc trinh bay trong 3 chuong. Cac kién thuc co so lién

quan dén nodi dung cua luan an dugc trinh bay trong Chuong 1. Cac déng gop khoa
hoc cua luan an dugc trinh bay trong Chuwong 2, Chuong 3. Cu thé:



Chuwong 1. Co s& ly thuyét vé dng din séng plasmonic va cong cu thiét ké,
moé phong dng dan song plasmonic. Chuong nay trinh bay va tong hop mot cach hé
théng, ngan gon vé ki thuat WDM, plasmonic va tng dung cua nd trong WDM.
CAc cAu tric cua 6ng dan song plasmonic va van dé truyén song trong 6ng dan song,
cac m6 hinh tinh toan tham sé cua song truyén lan trong éng dan séng. Céac cong cu
phan tich va mé phong 6ng din séng plasmonic dugc phan tich chi tiét.

Chuwong 2. Ong dan song lai ghép plasmonic - silic ¢6 chitc ning quay phan
cuc va cac cong logic toan quang kich thudc nano mét. Chuong nay dé xuat thiét ké
va mod phong 6ng dan séng lai ghép plasmonic va mot dng dan song silic bai pha
mét 16p kim loai bac 1&n trén 4ng dan song silic c6 chic ning quay phan cyc mode
plasmonic tai ctra s6 budc song 1550nm; céc cong logic plasmonic gém XOR, OR,
NOT, Feynman str dung phuong phap tinh toan trién khai mode riéng EME dé toi
vu tham s cau trGc ciing nhu viéc thuc hién cac chic ning logic voi hiéu suat
truyén mode plasmonic cao. Bang cach xép tang va két hop cac cong logic co ban
nay, bat ky ham logic phirc tap nao ciing co thé dat dugce dé cung cap cho cac mach
logic quang cé mat do tich hop cao.

Chuwong 3. Thiét ké cac bo loc budc séng sir dung dng dan song plasmonic
kich thudc nano mét. Chuong nay dé xuat cac bo loc budc séng dya trén 6ng dan
song plasmonic kich thudc nano mét theo cau trac MIM dé tao ra cac bo loc bang
thong quang c6 do rong bang thong 16n, kich thudc nho gon. Bao gom: bo loc 2
bang 1310nm va 1550nm véi chit lwong cao, kich thudc nho gon; bo loc 3 bing
1310nm, 1430nm va 1550nm sir dung 6ng dan séng nanoplasmonic theo cau tric
MIM véi chit luong cao nho b tri them mot mang chin dé nang cao hiéu suat
truyén, kich thuéc nhé gon va cho phép dung sai ché tao phu hop; va bo loc RGB
V6i ba bing budc song trong thdng tin anh sang kha kién, ang dung cho xu Iy anh,

tron mau truyén hinh, thong tin VLC.



CHUONG 1. CO SO LY THUYET VE ONG DAN SONG PLASMONIC
1.1. Ky thuat ghép kénh theo buwéc song
Ghép kénh theo budc song (WDM) 1a cong nghé truyén dan nhiéu budc song
anh sang trén cing mot soi quang. O dau phat, nhiéu tin hiéu quang c6 budc song
anh sang khac nhau dugc t6 hop lai (ghép kénh) dé truyén di trén mot soi quang. O
dau thu, tin hiéu t6 hop d6 dugc phan giai ra (tach kénh), khoi phuc lai tin hiéu gbc

ro1 dua vao cac thiét bi dau cudi.
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Hinh 1. 1. So d6 truyén dan quang

Dic diém nodi bat cta hé thng WDM 13 tan dung hitu hiéu ngudn tai nguyén
bang rong trong khu vuc ton hao thip cia soi quang don mode, nang cao 1 rét
dung lugng truyén din cta hé thong dong thoi ha gia thanh cua kénh dich vu xudng
mirc thap nhat. O day viéc thuc hién ghép kénh s& khong c6 qué trinh bién doi dién
nao. Muc tiéu cua ghép kénh quang 1a nhim dé ting dung luong truyén dan. Ngoai
y nghia d6 viéc ghép kénh quang con tao ra kha ning xay dung cac tuyén thong tin
quang co tdc do rat cao. Khi tde do dat téi hang tram Gbit/s, ban than cac mach dién
tir s& khong thé dam bao dap ung duoc xung tin hiéu cuc ky hep; thém vao do, chi
phi cho cac giai phap tré nén ton kém va co cdu hoat dong qua phirc tap doi hoi
cOng nghé rat cao. Ky thuat ghép kénh quang theo budc song ra doi da khic phuc

dugc nhitng han ché nay. Cong nghé WDM phat trién theo xu huéng ma sy riéng ré



budc séng cua kénh cé thé 14 mot phan rat nhé cua Inm, diéu nay dan dén cac hé
théng ghép kénh theo budc song mat do cao (DWDM). Céac thanh phan thiét bi
trude day chi ¢ kha ning xir 1y tir 4 dén 16 kénh, mdi kénh hd tro ludng dit liéu
dong bo tdc d6 2,5 Gbit/s cho tin hiéu mang quang phan cip s6 dong bd
(SDH/SONET). Céng nghé DWDM d3 sém phat trién trong cac thiét bi nham hd
trg cho viéc truyén nhiéu hon céc kénh quang. Céc hé théng véi hang trim kénh gioy
day di sin sang duoc dua vao sir dung, cung cdp mot téc do dir liéu két hop hang
tram Gbit/s va tién téi dat toc do Tbit/s truyén trén mot soi don. Nguyén 1y truyén
dan tin hiéu quang dugc mo ta trong hinh 1.1.

1.1.1. M@t sé cau kién ghép/tach kénh quang trong hé théng WDM

Cac cau kién ghép/tach kénh quang trong hé théng WDM (thé hién trong
hinh 1.1) duoc ché tao duya trén hai phuong phap cong nghé khac nhau 1a: cac thiét

bi 6 b loc va cac thiét bi phan tan goc.
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Hinh 1. 2. Bo tach bugc song dung bo loc mang mong (a); B tach budc song 2
kénh str dung bo loc giao thoa (b); B tach nhiéu budc song (c, d)

Thiét bi phan tan goc dong thoi dua ra tat ca cac budc song.
Thiét bi loc chi hoat dong m& cho mot bude séng (hoic mot nhom cac budc

s6ng) tai mot thoi diém, nham dé tach ra mot budc song trong nhidu budc song. Dé



thue hién thiét bi hoan chinh, ta phai tao ra ciu trdc loc theo tang. Trong gigi han
cua luan an, thuc hién nghién ctru, dé xuat mot sé cau kién loc budc song cé kich
thudc nano mét dya trén hiéu ung plasmonic dé tng dung trong trong ki thuat
WDM. Mt sé cau kién tach/ghép kénh budc song dugc mé ta trong cac hinh1.2.

Khi thuc hién tach kénh can phai cach ly kénh quang that tét véi cac budc
s6ng khac bang céach thiét ké cac bo tach kénh that chinh xac, cac bo loc quang néu
duoc sir dung phai co budc song cat chinh xac, dai 1am viéc 6n dinh; dam bao yéu
cau vé cong suat truyén, do rong kénh, nhidu xuyén kénh va kich thudc cuc ky nho
gon dé tich hop trong cac mach quang tt c¢6 kich thudc nho gon.

1.1.2. Uu diém ciia WDM

Trai qua qué trinh nghién cau va trién khai trong thyuc té, mang théng tin
quang ciing nhu mang quang si dung cong nghé WDM di cho thay nhimng uu diém:

- Dung lugng truyén dan I6n: St dung cong nghé WDM c6 nghia 1a trong
mét soi quang cd thé ghép rat nhiéu kénh quang (c6 budc song khac nhau) dé
truyén di, mdi kénh quang lai ang véi mot toc do bit nao d6 (TDM). Hién nay da
thir nghiém thanh cong hé thong WDM 80 budc song véi mdi bude séng mang tin
hiéu TDM téc do 2,5Gbit/s, tong dung luong hé thong 1a 200Gbit/s. Trong khi d6
vé6i hé théng TDM, tdc d6 bit mai chi dat toi STM-256 (dung lugng 40 Gbit/s).

- Tinh trong sudt caa mang WDM: Do céng nghé WDM thugc kién tric 16p
mang vat Iy nén c6 thé hd trg cac dinh dang sé liéu va thu thoai chuyén mach kénh,
ATM, Gigabit Ethernet, ESCON, IP... Trong mét dai bang thong xac dinh, mang
c6 thé truyén cac dich vu vai bat ki téc 6 nao va vai bat ky giao thirc nao. Nhu vay
nha cung cap dich vu c6 thé dap tng nhiéu dich vu khac nhau bang cach sir dung
mot co s& ha tang duy nhat. Nhu vay s& rat ¢d loi vé mat kinh té va van co thé trién
khai c&c dich vu mai mét cach hiéu qua, nhanh chdng ma khéng lam anh huong gi
dén cac dich vu trude do.

- Viéc nang cip dung luong hé thdng thuc hién dé dang, linh hoat: K§ thuat
WDM cho phép ting dung lwgng mang hién cé 1én dén hang Tbps, c6 thé dap tng
nhu cau mo rong & nhiéu cap do khac nhau. Bén canh d6 no ciing mé ra mot thi

treong mai, d6 1a thué kénh quang (hay budc song quang) ngoai viéc soi hay cap



quang, viéc nang cap hé théng don gian boi cim thém cac card mai trong khi hé
théng van hoat dong (Plug and Play).

- Quan 1y bang tan hiéu qua va cdu hinh hé thdng mém déo: Bang céch thay
d6i phuong thirc dinh tuyén va phan bd budc séng trong mang WDM, c6 thé dé
dang quan ly va cau hinh lai hé théng mot cach linh hoat. Hién nay, WDM Ia cong
nghé duy nhét cho phép xay dung mé hinh mang truyén tai quang OTN (Optical
Transport Network) cho phép xay dung mang quang trong suét.

Véi wu diém vuot troi cia WDM nhu vay, né dong vai tro hét sic quan trong
trong cac mang truyén thdng quang toc do cao dé dap tng yéu cau ngay cang cao vé
téc do, dung lugng cua hé théng thong tin. Dé dap ung duoc yéu cau nay, doi hoi
phai ung dung nhirng cdng nghé mai, cé kha nang thu nho céac linh kién quang dién
tir nham tdng kha niang tich hop mach dién tir, ma xu thé mai dugc cac nha khoa
hoc quan tdm hién nay d6 13 wng dung hiéu tng plasmonic dé ché tao dng dan séng
cho hé théng WDM.

1.2. Ly thuyét vé plasmonic

1.2.1. Giéi thigu

Chuong nay trinh bay va tong hop mét cach hé théng vé plasmonic va tng
dung cta né trong ghép kénh phan chia theo budc song, nham cung cap kién thic
nén tang cho nhirng dé xuat nghién ctu sau nay cua luan an. Trong d6 tap trung
trinh bay cac cau tric cia dng dan séng plasmonic va van dé truyén séng trong ong
dan séng; cac md hinh tinh toan tham sb caa song truyén lan trong 6ng dan song;
trinh bay cac phuong phap phan tich va mo phong éng dan song.

1.2.2. Plasmonic

C6 nhiéu ciu tric ¢& nano mét, trong d6 co cac cau truc kim loai c& nano
mét, nd biéu thi rat nhiéu dic tinh quang tir hap dan va phac tap. Mot trong nhiing
dac tinh hap dian va mang lai nhiéu hira hen trong cac cau trdc nay la cong husng
dién tir do su dao dong tap thé cua céc electron dan, gei la plasmon.

Cac mode plasmon ton tai & cac cau tric hinh hoc va trong cac kim loai khéac

nhau, nhu trong cac kim loai quy vang va bac. Trong truong hop cu thé, plasmon
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dugc kich thich boi anh sang, diéu nay dan dén su hap thu va tan xa anh sang manh
1én va lam gia tang truong dién tir trong mot viang xac dinh.

Plasmon d3 bit dau duoc quan tdm nghién cau tir thé ky 20, dau tién 1a cac
nha khoa hoc Zenneck (1907), Mie (1908), Sommerfeld (1909) va cac nha khoa hoc
khac. Plasmonic hoc gid dang trg thanh mot cha dé s6i dong cua cac nghién cau
lién nganh, tu hop vat ly, héa hoc, khoa hoc vit liéu, khoa hoc nang lugng va hia
hen cho nhiéu @ng dung trong twong lai gan [9].

Ngay nay, nhu cau ngay cang tang vé téc do truyén tai va xir ly thong tin, do
vy da thic day nhiing tién bo to 16n nganh cdng nghiép dién tu Silic. D6 1a su ra
doi nhirng thiét bi dién tir c6 tdc do xir Iy nhanh hon, hiéu suat cao hon va nhé gon
hon. Hién nay, c6 2 vin dé nan giai nhat can trg dang ké viéc tang toc do bo xu Iy 1a
sinh nhiét va thoi gian tré RC lién quan dén lién két dién tir [19, 20]. Mat khéc, két
ndi quang hoc ¢ kha ning truyén tai mot lugng dir liéu Ién va cung cap giai phap
méi hap din dé tranh van dé vé sinh nhiét va thoi gian tré RC. Lya chon quang c6
thé dac biét hdp dan cho cac chip trong tuong lai véi nhiéu kién triic phan tan hon
trong don vi tinh toan dién tur tbc do cao két ndi véi cac duong truyén dan tc do
cao. Tuy nhién, vai lya chon nay la khéng kha thi do kich thuéc 16n, khéng phu hop
gitta cac phan tir dién tir va quang tir dién mdi. Cac thiét bi quang tur dién moi bi
gidi han vé kich thudc do cac dinh luat co ban caa nhiu xa dbi véi nira budc song
anh sang va c¢6 xu hudong bac 1 hoac bac 2 cia cuong do 16n hon ban sao dién ti
kich thuéc nano cua chinh né. Diéu nay rd rang 1a kich thudc khdng phu hop gitra
c4c phan tir dién tir va quang tir dién mai, day Ia thach thirc chinh ma cdng nghé gap
phai. Tién bo cua khoa hoc s& phat trién ky thuat tao ra thiét bi mach dién tir nho
gon hoan toan mai, c6 thé dé dang truyén tai thong tin giita cac thiét bi cd kich
thudc nano tai tan s quang hoc va thu hep khoang céch giira thé gigi dién tir kich
thudc nano va quang tir kich thudc micromet. Gan day, cong nghé plasmonic noi
1én dé giai quyét yéu cau nay. Cong nghé thiét bi plasmonic tan dung duoc dic tinh
quang hoc duy nhét caa cau tric kim loai ¢& nano (céng hucng dién tir do s dao

déng tdp thé cua cac electron ddn, 1am tdp trung anh sang cé cdu triic dudi buéc
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séng dé tang cuong tinh truyén dan théng qua chudi chu ky cia budc séng con
trong cac mang méng kim logi) dé dinh tuyén va diéu khién &nh sang tai bugc séng
CcO hanomet.

1.2.3. Phan cuc plasmon bé mit

Phén cuc plasmon bé mit (SPPs) 1a cac kich thich dién tir (EM) két hop véi
cac dao dong tap trung cua cac electron ty do ¢ bé mat kim loai, duoc rang budc va
truyén di doc theo giao dién kim loai - dién moi. Céau trac lién két cua bé mat kim
loai va dién moi xac dinh cac dac tinh truyén dan cac mode SPP tai cac bé mat
phéng, cong, bé mat don va da bé mat, bao gém ca cac mode SPP cua cac chudi hat
phtrc tap va cac ciu trac kim loai kich thudc nano. Cac mode SPP ¢6 kha ning tap
trung cac truong dién tir vuot qua giéi han nhifu xa (trén pham vi nano) dong thoi
tang cuong trudng cuc bo.

Pi¢u kién dé xay ra plasmon bé mit: xem xét mot mo hinh c6 dién gom hai
moi truong khong tur tinh ban vo han cé héng s6 dién moi &; VA &,, hai moi truong
nay phan cach nhau bai mat phan giéi gitta hai mat phang tai z = 0 (Hinh 1.3).
Phuong trinh Maxwell ddy du trong trudng hop khdng c6 ngudn ngoai duoc viét
nhu sau [21]:

vxH sa%gEi (1.1)
VXEiZ—%gHi (1.2)
v.(gE)=0 (1.3)
v.agH =0 (1.4)

Véi i 1a chi s6 méi truong, i = 1 khi z < 0; i =2 khi z > 0.

Giai phuong trinh tir (1.1) dén (1.4) c6 thé phan loai dugc hai mode dién tir
phan cuc s (mode TE) va phan cuc p (mode TM), dién truong E va tir truong H 1an
luot song song véi mat phang truyén séng. Trong truong hop bé mat 1y tuong, néu
song duoc hinh thanh va lan truyén doc theo mit phan gidi, diéu nay c6 nghia 1a can
phai c6 mot thanh phan dién trudng trén bé mat. Do d6, dao dong bé mat phan cuc s

(dién trudng TE song song véi mat phan gisi) khong ton tai.
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z=10

Hinh 1. 3. Hai moi truong ban vo han véi ham dién moi g, va g, phan cach nhau tai
giao dién gitra hai mat phangz =0

Céc diéu kién song di chuyén véi tir truong H song song mat phan gigi (song
phan cuc p) c6 thé lan truyén doc theo bé mit (z = 0), khi z > 0 thi truong giam dan
theo chiéu dwong va khi z < 0 thi trudong giam theo chiéu &m. Chon truc x doc theo
hudng truyén séng, c6 thé viét cac phuong trinh dién truong va tir truong nhu sau:

E, =(E_,0,E, e i~ (1.5)
Va E, = (0,E, ,0)e g%~ (1.6)
Véi g 13 d6 16n cua vector song song song voi bé mat. Két hop cac phuong

trinh (1.5) - (1.6) vé6i (1.1) - (1.4), tim duogc:

ik H, = +%51E1X (L.7)

ik,H, =+2¢,E, (L.8)
y C X

2
Va k, = ,,qiz — & Cg—z (1.9)

Diéu kién bod cua thanh phan dién truong va tir truong song song v6i bé mit

phai lién tuc. Tl phurong trinh (1.7) va (1.8) c6 thé viét thanh:

k
ﬁH1y+—2H2y =0 (1.10)
‘91 82
Va H, -H, =0 (1.11)

Tur phuong trinh (1.10) va (1.11) suy ra:
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£+£:O

& &

(1.12)

Trong d6, E va H 1an luot 1a cudng do dién trudng va cudng do tir truong; K
la s6 séng trong khong gian tu do; o, ¢ lan luot 13 tan sé goc va van toc anh sang
trong chan khong; € 1a do tham dién.

Nhuw vay, phuwong trinh (1.12) 1a diéu kién dé c6 plasmon bé mit.

Trong trudng hop cac véc to song o, = g, = 0, tir cac diéu kién bo lién tuc
cia véc to song 2D (2 chiéu), phuong trinh (1.9) c6 thé biéu dién diéu kién

plasmon bé mit nhu sau [22]:

Qo) =2 [A%2 (1.13)
CV%+%

- a) -/’: ': ~ 14 r r r /4
Voi < biéu dién do l6n véc to song anh sang.

Pic tinh co ban caa phan cuc plasmon bé mat (SPP) 1a cac mode song lan
truyén doc theo giao dién giita kim loai - dién mdi, cac mode séng anh sang nay c6
d6 sau tham nhap (depth skin) t&i giao dién kim loai - dién mdi la khoang 10nm dbi
vé6i kim loai, va hon 100nm di voi dién méi (phu thudc vao bude song). Do sau bé

mat duoc tinh theo céng thuc (1.14).

Hinh 1. 4. Nguyén Iy két hop dién tir truong véi phan cuc plasmon bé mat lan
truyén doc theo giao dién kim loai - dién méi. Pién truong E; suy giam theo ham
mil voi khoang cach |z| tir bé mat. Dau + va - lan luot biéu dién mat d6 electron murc
cao va mirc thap

Tir phuong trinh (1.13) va phuong trinh (1.9) Véi q; = gy, ¢6 thé biéu dién

hang s6 suy hao plasmon bé mit k; truc giao véi giao dién:
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k=2 i (1.14)
c\eg+e,

Chiéu dai suy hao I; = 1/k; tai dién tir trudng suy giam 1/e. Truong hop bé
mat giao dién 1a khéng khi (& =1), chiéu dai suy hao vuot qua budc song (I, > 1/q),
trai lai chiéu dai suy hao & phan kim loai phu thudc vao chiéu dai budc séng (q — 0)
va duoc goi 1a d6 sau bé mat (Hinh 1.4). Khi q 16n, d6 sau bé mat 1a | =1/q do d¢
dan dén sy tap trung manh mé dién tr truong plasmon bé mat gan vai giao dién.

1.2.4. Cong hwéng plasmon bé mit

Hién twong cong huang plasmon bé mit 14 sy kich thich cac electron tu do
bén trong ving dan, dan t&i sy hinh thanh cac dao dong dong pha. Khi kich thudc
ctia mot tinh thé nano kim loai nho hon budc song cua bic Xa téi, hién tuong cong
huong plasmon bé mat xuat hién.

1.3. Ong dan so6ng plasmonic

Van téc pha cua phan cuc plasmon bé mat SPPs lan truyén trong khe ho kim
loai kich thudc nano phu thuéc manh vao do rong cua khe ho. Piéu d6 co nghia 1a
c6 thé diéu khién dugc van téc pha cia SPPs bang cach thay d6i do rong caa khe
ho. Nhd vao dic diém nay ma cé thé thyuc hién dugc cac mach va cac thiét bi dng
dan song quang kich thudc nano. Nhiing 6ng dan séng quang kich thuéc c¢& nano
mét nay duoc goi 1a dng din séng khe ha plasmon bé mat (SPGWSs) [23]. Cac dic
trung co ban cia SPGWs duoc 1am rd boi mé phong sé khdng gian 3 chiéu dwa vao
phuong phap “phuong trinh tich phan thé tich” (volume integral equetion method).
SPGWs c6 thé dugc ung dung trong cac mach quang phang kich thudéc nano va cac
dau do quang cho kinh hién vi quang quét truong gan (NSOMSs) bai n6 ¢6 mot sé
dac diém tha vi sau:

- Giam gitr (Confinement): truong quang bi giam git trong vung khe ho kich
thude nano. Kich thuéc phan bé truong quang giam giit ¢ thé giam xudng nho hon
nhiéu kich thuéc cua budc song.

- Tinh dan (Guidance): trudong quang cé thé dugc dan doc theo ving khe ha
kich thudc nano cua SPGW.
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- Tang cuong (Enhancement): trudng quang dugc tang cuong trong vung khe
ho kich thudc nano cia SPGW.

Khi sir dung céc 6ng dan song quang dién méi théng thudng, kich thudc va
mat do tich hop bi gigi han bai gigi han nhiéu xa cua anh sang. Tuy nhién, ng dan
s6ng quang dwa trén SPP cé thé vuot qua dwoc gigi han nay. Cac mach quang st
dung SPPs mang lai tiém ning cho mach dién kich thuéc nano trong tuong lai.

1.3.1. So' @0 nguyén ly 6ng dan song khe hé

x‘ " "
Kim loai

W i >

o
-

Kim loai
Hinh 1. 5. So d6 nguyén ly ong dan séng khe ho

Ong dan song khe ho kim loai (MGW) ¢ hinh 1.5 bao gém 2 tam kim loai
song song. Khi chiéu rong khe he cia MGW nho hon gigi han nhiéu xa, cac mode
s6ng cua anh sang tgi phan cuc TM (truong tir song song véi huéng y) trong dng
dan séng bién ddi thanh cac mode phan cuc plasmon bé mat trén bé mat kim loai.
Phuong trinh tan sac ciia cac mode phan cuc plasmon bé mat trong 6ng dan séng c6
thé biéu dién nhu sau [23]:

gp l-expko)
ek 1+exp(kw)

2 2
Vai k =Kk, /’8—2—51; p=k, ﬂ—z—gm (1.15)
k0 kO

Trong d6, k 12 hang sé song ctia SPPs trong dién moi caa ving dan; p 1a hang

s6 song cta SPPs trong kim loai. g =g, + jg & hing s6 lan truyén cua SPPs, va

k, = i (véi A 1a budc sdng cua anh sang téi) la so song cuaa anh sang trong khéng
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khi; &,&,1an luot la cac ham dién moi cua chat dién moi trong ving dan va ban kim

loai. &, duoc tinh theo céng thac Drude [24]:

Vé6i ,, va y lan luot 12 tan s6 plasma va thanh phan suy hao cua kim loai;
@, = ck, (clavan téc anh sang) la tan sb cua anh sang téi. Chi s chiét suat

hiéu dung cua sy khic xa 6ng dan song dbi vai cac mode plasmon bé mit duoc dinh

nghia nhu sau:

neff -

- =Ny + jNg (1.16)
kO

B _B+ib
kO

Tir phuong trinh (1.15) va (1.16) thay rang Ny duoc quyét dinh dong thoi
béi do rong khe hé w, hang sé dién moi &, caa kim loai va hang sb dién moi &

cua chat dién méi trong vung dan.

6 10°
ch :
3 1 1073
Q. 3 5
2
: | Al
1 T T T T T T T 10° ! ' ' v T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

w(nm) w(nm)

Hinh 1. 6. Sy phu thugc cua (a) thanh phan thyc va (b) thanh phan ao cia B cua
SPPs vao chiéu rong khe ho w va chi s6 khic xa ng (= 1.0; 1.5; 1.8) cta dién moi
trong vung dan

Hinh 1.6 biéu dién sy phu thudc cua caa SPPs trong 6ng dan séng khe ho
kim loai 1a nhém Al va bac Ag, véi chiéu rong w cua khe hé dan séng 1a mot ham

cua chi s6 khic xa ctia chat dién mai trong viing dan. Két qua md phong trong hinh
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1.6 sir dung cac tham sé dé tinh todn mé phoéng nhu sau: A=539.91nm |,
g, =—42.13+ j11.96 va & =—10.55+ j0.84

1.3.2. Ong din séng khe hé plasmonic 3D dwéi bwéc séng

Trong dai budc song anh sang nhin thiy, cach thong thuong dé tao ra dng
dan song dudi budc song la dya vao SPPs. SPPs bi rang budc boi cac mode lan
truyén tai bé mit giao dién kim loai - dién méi véi cac thanh phan treong suy giam
ham mii theo khoang céch [25]. Chiéu dai suy giam cuaa truong c6 thé nho hon
nhiéu so véi budc séng can tan sé plasmon bé mat. Pa c6 mot sé cau trdc 6ng dan
song plasmon khac nhau duoc dé xuat, vi du nhu 6ng dan séng day nano kim loai
[26], 6ng dan s6ng mang hat kim loai nano [13], 6ng dan séng xé ranh hinh chit V.
Tuy nhién, tit ca cac cau truc dng dan séng nay déu co gidi han 1a chi giam gitt
manh c4c mode s6ng can tan s plasmon bé mat, lGc nay, cac mode quang théng
thuong c6 van tc nhom thap va chiéu dai truyén ngan.

Tai tan s6 cuc cao, kim loai khdng c6 dap ung plasmon, éng dan song 2 day
dan (two - conductor waveguides) duoc sir dung dé din cac mode dudi budc song.
Cau tric 6ng dan song nhu vay ludn hd trg cac mode séng co ban TEM hoic can
TEM (12 mode dudi budc song va cé bing thong dan rong) va hd tro dan cac mode
s6ng dai hong ngoai va dai anh sang nhin thay. Trong tat ca cac loai dng dan song 2
day dan, 6ng dan s6ng plasmonic 3 chiéu (3D) dua trén mot khe hé kich thude dudi
buéc song trong mot mang kim loai mong dé dan mode song dudi bude song da
duoc nghién ciu gan day [27] va c6 cdu trac nhu hinh 1.5a. N6 bao gdm mot khe
ho trong mot mang kim loai mong, mang kim loai mong nay dugc nhing trong mot
chat dién mdi. Cau tric dng dan song 3D nay c6 kha niang dinh x& cao cac mode
s6ng &nh sang trong khe ho va dinh huéng cac mode song anh sang truyén di song
song véi khe ha. Hinh 1.5b biéu dién mit cat ngang caa cau trac hinh hoc dng dn
song. Ong dan song khe hg plasmon nhu vay hd trg cac mode séng riéng ré co dai
tan sé rong. Kich thudc caa cac mode nay hoan toan bi chi phéi bai trudng gan cua
khe h& va c6 thé nho hon nhiéu so véi buéc séng ngay ca khi chi sé chiét suat hiéu

dung ctia mode s6ng gan véi chi sb chiét suat hiéu dung caa chat nén. Hon nita, van
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tbc nhdm cuia cAc mode sdng gan vai van téc cua anh sang trong chat nén, va chiéu

dai truyén cta nd la 10um tai buéc song 4 =1550nm. Do do, éng dan song khe hé

plasmon ¢ tiém ning cho céc thiét bi quang thong thudng va cac thiét bi quang dién tir

¢o kich thudc dudi budc song.

/ (2)
Kim Joai Kim loai
® I
Kim loai - h Kz loz: h
=
Din mdi Dign méi
" (d) (e
- Kimlti | /s
2 & 2 v
Bien moi

Hinh 1. 7. (a) Dang hinh hoc cua dng dan séng khe ha plasmonic 3D, miii tén chi
huéng 1an truyén cia mode séng anh sang; (b) mat cat ngang cia 6ng dan séng khe
ho plasmonic 3D; (C) - (e) twong wng la cac cau trac IMI, MIM va mang kim loai
cat ngan cua 6ng dan séng khe ha plasmonic 3D trong hinh (b)

Pé hiéu duoc mo hinh cau trdc caa éng dan song khe hé thé hién trong hinh

1.7(a) va (b), trudc hét nghién ctu cac dang hinh hoc don gian cua éng dan song

plasmonic 2D bao gom: chat cach dién - kim loai - chat cach dién (IMI) tai hinh

1.7(c); kim loai - chat cach dién - kim loai (MIM) tai hinh 1.7(d), cling nhu canh

trén mang kim loai duoc cat ngan tai hinh 1.7(e). Cac thudc tinh cua dng dan séng

khe hé plasmonic 3D c6 thé dugc giai thich duwa trén cac dic tinh cua cac cau tric

plasmon don gian nay.
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1.3.3. CAu tric 6ng din séng plasmon IMI

a
s102
e 135 Kim logi I;,
= s102
1.5
Sk s i v R R R e e e
0 100 200 300 400
h (nm)
18 (c)
i _Kmlosi[i]
= s102
= 1.6
1.5
14 =
0 100 200 300 400 0 20 40 60 80 100

w(nm)
Hinh 1. 8. (a) Chi s6 chiét suat hiéu dung nes; cua SR-SPP ciia cau triic 6ng dan song
IMI (silic dioxit - bac - silic dioxit) la mot ham cua chiéu rong h caa ving bac &
gitta (duong nét lién), dudng nét dat biéu dién chi sé khic xa caa silic dioxit. (b)
Chi s chiét suat hiéu dung nes ctia G-SPP cua cau tric 6ng dan séng MIM (bac -
silic dioxit - bac) 1a mot ham cua chiéu rong w ctia ving bac & giita (duong nét
lien), duong nét dat biéu dién chi s6 khic xa cua silic dioxit. (¢) Chi s6 chiét suat
hiéu dung nes cia mode canh co sé cua mang kim loai bac ¢t ngan duoc nhiing vao
silic dioxit 1a mot ham caa chiéu day h caa mang kim loai (duong nét lién), dudng
nét dut biéu dién chi sé khic xa cua silic dioxit

Cau trac 6ng dan séng IMI tai hinh 1.7(c) c6 mang kim loai mong giong véi
mang kim loai trong 6ng dan séng khe ha ¢ hinh 1.7(b), cau tric nay hd tro hai
mode song dudi tan s6 plasmon bé mit, d6 1a mode bac cao con duoc goi la SPP
tam ngan (SR-SPP) c6 sy phan bd dién tich dbi xtng. Trong hinh 1.8(a) biéu dién
chi s6 chiét suat hiéu dung nes cua SR-SPP trong cau triic ong dan song IMI (silic
dioxit - bac - silic dioxit) 12 mot ham cuia chiéu rong h cua ving bac & gitta (duong
nét lién). Khi h giam, mot phan nho cong sut trong kim loai ting 1én do d6 Neg
cling tang 1én. Nguoc lai, khi h — o, lién két giita cac ché do plasmon bé mit cua
hai giao dién kim loai - dién mdi bién mat, do d6 ne tién gan véi chi sb chiét suat

hiéu dung cta ché do plasmon bé mit ciia don giao dién kim loai - dién moi.



20

1.3.4. CAu tric 6ng din séng plasmon MIM
Cau tric 6ng dan séng MIM trong hinh 1.7(d) c6 chiéu day mang dién moi
bang vai chiéu rong caa khe dng dan song trong hinh 1.7(b). Cau tric ng din song
nhu vay dugc goi 12 G-SPP (Gap-SPP), hd tro mot mode s6ng co ban dudi tan sé
plasmon bé mit, va c6 su phan b dién tich khéng d6i xiing. Trong hinh 1.8(b) biéu
dién chi sb chiét suat hiéu dung nes cia G-SPP trong cau tric éng dan séng MIM
bac - silic dioxit - bac 1a ham caa chiéu rong w cua lép silic dioxit & ving trung
tam. Truong hop w giam, phan nhé cong suét trong kim loai ting 1én do d6 e ting
Ién. Trong truong hop nguoc lai, khi w — oo, ne tién gan vai chi s chiét suat hiéu
dung cua ché do plasmon bé mit cua don giao dién kim loai - dién méi, gidng véi
cau truc caa IMI. Cha y rang, dbi véi mot do rong nhat dinh caa ving trung tam, su
ghép ndi cua cac mode plasmon bé mit don giao dién manh hon dang ké trong
treong hop MIM so véi truong hop IMI, béi véi cau tric MIM, su ghép ndi dién ra
théng qua chat dién mai, trong khi cau trac IMI, sy ghép ndi dién ra théng qua kim loai.
Cau tric mang kim loai cit ngan trong hinh 1.7(e) c6 chiéu day giong voi
mang kim loai trong 6ng dan song khe h hinh 1.7(b). Cau tric nay hd trg ca mode
CO sO.
1.4. Sw hinh thanh va truyén lan séng plasmonic
Nhu d3 dé cap ¢ trén, phan cyc plasmon bé mat (SPPs) 1a su kich thich dién tur
(EM) két hop véi cac dao dong tap trung cua céac electron t do ¢ bé mat kim loai,
dugc rang budc va truyén di doc theo giao dién kim loai - dién méi. Cau trac lién
két cua bé mat kim loai va dién mdi xac dinh cac dic tinh truyén dan cic mode SPP
tai cac bé mat phang, cong, bé mit don va da bé mat, bao gdm ca cac mode SPP cia
cac mang hat phtc tap va cac ciu trac kim loai kich ¢& nano. Cac mode SPP c6 kha
ning tap trung cic truong dién tir vrot qua gidi han nhiéu xa (trén pham vi nano)
ddng thoi ting cuong truong dién tir cuc bo.
Tuong tac vat chat 4nh sang trong vat liéu cau tric nano dan dén ting cuodng
truong quang cdu trac nano, diéu d6 co nghia 1a cac trudng EM cua cac mode SPP

duoc hd tro boi cac cau tric nano kim loai dudi budce séng. Cac mode SPP truyén
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lan bi giam giit trong mit phing vudéng goc voi hudng truyén séng bao gém ca cac
truong dugc hinh thanh. Do do, c6 thé xem xét ngén gon cac dac tinh chinh cta qua
trinh hinh thanh va truyén lan séng tai giao dién gita cdc méi trudng khac nhau
[28]. Pau tién, xem xét phuong trinh song EM truyén trong mot moi truong khong
tir tinh (U = 1) ding hudng va mdi trudng dong nhat dugce dic trung béi hing sb

dién moi (o). Theo d6, phuong trinh séng ddi véi trudng dién E(r; t) 1a:

e(w) 0°E
AE — =0 1.17
¢ o0t (17
Trong d6: ¢ 1a van toc anh sang; vecto truyén song k(o) cho boi:
a)2
k(@) =K} +k} +K = () = = k; (1.18)
c

Xem xét md hinh hai chiéu (2D) thé hién su bét bién doc theo truc y, tic 1a
huéng truyén séng duoc gidi han & mat phang x-z (k, = 0). M6 hinh 2D cho phép
biéu din dién truong cua séng phang lan truyén téi nira mat phang z voi z > 0 nhu
phuong trinh dudi day:

E(r.t)=Ee " exp[i(k,x+k,z] (1.19)
V6i K, (o0, +00); K, =k —K? (1.20)

Trong mdi truong dién moi khong ton hao véi ¢ = &, >0, tht ca cac song
phing c6 thé duoc chia thanh cac song truyén (dong nhat) véi k, <<k, va song
dugc ting cuong (khong dong nhét) véi k> ek, . SONg truyén lan duogc dic trung

boi hudng truyén xac dinh thong qua véc to song thuc Ky va k, trong phuong trinh

2
(1.19), va budc soéng duoc xac dinh boi A = ?77 = % V6l A, = i—” va n’=g. Céac
0

2z
[kl

truc z véi hing sb suy hao |k,| " = (k? —sk2)™°. Chu ky ciia song hinh thanh c6 thé

s6ng truyén doc theo truc x véi budc séng A, = va suy hao ham mi doc theo

rat nho twong ang Vai tan sé rat Ién diéu ndy mé ra rat nhiéu @ng dung cho viéc tng

dung trong cac mach nano va cac bo thu quang co kich thudc nano.
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‘ﬂ .‘:-ﬂ”.! £ hmﬂ”. = ||

(a) (b)

Hinh 1. 9. Nguyén ly tao ra song tang cuong kich thich (a) trong dién moéi do sy
phan xa toan phan cta dnh sang (b) trong kim loai khi anh sang toi véi goc bat ky

Song hinh thanh co thé duoc tao ra trong ntra mit phang z >0, vi du trong
qua trinh phan xa toan phan (TIR), khi song lan truyén trong nira mit phang z <0
(c6 hing sb dién moi & L >1) tiép xuc v6i giao dién tai z = 0 gitra chat dién moi va
khong khi (&, =1) dud6i mét goc téi 8 16n hon goc t6i han g, dugc xac dinh boi

g, sin@, =1. Cac diéu kién bién yéu cau két hop pha cta dién truong tong trén
ca hai mat cia giao dién ctia 6ng din séng, nghia la bao toan k_, din dén sy hinh

thanh song (trong nira khong gian khong khi) véi k, > &

air

k, = k, (Hinh 1.9a):
K, =/e,k,SINO — E = E g/ (gt sin 01 (1.21)
Trai véi trudong hop trén, trong cac kim loai khong c6 tén hao véi ¢ — £, <0
khong c6 song lan truyén vi véc to séng k 1a thuan 4o (phuong trinh (1.18)). Vi du,
coi ntra mat phang z > 0 str dung bai kim loai ¢6 giao dién tai z = 0 véi khdng khi,
bat ky song lan truyén trong khong khi (huéng toi kim loai) déu cé sy hinh thanh
song trong kim loai (Hinh 1.9b):
K2+ k2 =& kZ <0 —> E = E e/x g o' 0-en (1.22)
Dbi voi 1 sb kim loai dién hinh ¢6 hing sé dién moi rat 16n |&,|>>1, didu do
din dén sy tham nhap trwong trong kim loai, [k, [*~ 4, /(27| ¢, [*°) 14 rit nho, tham

chi chi ¢& nano.
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Mic du cac biéu thirc truong tir (1.19) dén (1.22) 1a ding cho tit ca cac thanh
phan dién trudng nhung ban than cic thanh phan khong doc 1ap vi chiing phai thoa
mén cac phuong trinh ciia Maxwell. Cu thé hon, trong méi trudng dong nhat (khéng
suy hao), dién trudng phai thoa man dinh luat Coulomb V.E =0. Vi du, c6 thé thay
rang trai nguoc vai séng lan truyén thi séng hinh thanh (trong phuong trinh (1.21))
phan cyc trong mat phang lan truyén (p-polarized) dic trung cho thanh phan khéc 0
trong huéng lan truyén, nghia 13 E, =O0.

1.5. Cac phwong phap phén tich va md phéng sir dung trong luan éan

Qua trinh thuc hién thiét ké, md phong cac linh kién dé& xuat, nghién ciu sinh
sir dung céng cu mé phong da duoc thwong mai hda cua hang Synopsys la hdng
cung cap cac phan mém mo phong vé thiét ké vi mach dién tir, quang tir va vat lidu
tién tién. Cac phuong phap mé phong sé dya trén viéc nghién ciu vé truong dién
tir, cach thizc phan bé truong dién tir va cac hanh vi ciia quang song dugc dan trong
c4c cau tric dan séng. Cac cdng cu d6 bao gom:

1.5.1. Phwong phap EME

K thuat EME da duoc thanh lap trong linh vuc nghién ciu vé cac cau tric
quang tir & mé phong hanh vi hoat dong cua phan bé truong dién tir. V& ban chit,
no 1a mot ki thuat tinh toan s6 dé mo phong truong dién tir. Chlng ta phai bat dau
V6i dinh nghia vé “mode” hoic “eigenmode” (tic mode riéng) cua truong dién tir
t6n tai trong ong dan soéng. Trong mot cau tric ma chiét suat quang hoc khéng thay
d6i theo hudng truyén z va truong dién tir dao dong diéu hoa theo thoi gian mot
cach doc lap véi khong gian voi tan sd goc theo biéu dién exp(iot), ching ta gia
thiét tim thay cac nghiém caa phuong trinh Maxwell ¢6 dang:

E(x,y,2)=¢e_ (X y)e" (1.23)

V& mat toan hoc, € . (X,Y) va fi, 14 cac mode riéng (eigenmode) va cac
nghiém riéng (eigenvalue) trong 1di giai cua phuong trinh dai s6. Do vay, mot mode
c6 mot dang diéu hoa theo truc z (phwong truyén song) 1a chia khéa chinh dé cho
phép EME giai c4c cau trdc bién dbi cham cua dién truong mot cach nhanh chéng
va hiéu qua.
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Trong mot 6ng dan song dién hinh, c6 moét s6 mode dan dugc (guided
modes) ton tai va truyén theo chiéu doc ctia 6ng dan song nhung ciing ton tai mot sb
mode phat xa (radiation modes) khong xac dinh mang cong suat quang phat xa ra
khoi 6ng dan séng. Cac mode dan duoc va cac mode phat xa tao nén mot tap co ban
day du, ndi cach khéac ching ta c6 thé bicu dién bat ky loi giai nao caa hé phuong
trinh Maxwell trong ving cua 6ng dan séng vé phuong dién cia su siéu xép chong
truong dién tir cia cac mode truyén theo hudng thuan (forward direction) va hudng
nghich (backward direction), véi dang toan hoc biéu dién nhu sau:

M . .
E(x.y,2) =) (ae”+be™)E(x,y) cho dién truong (1.24)
k=1
M . -
Hx,y,2) = (a,e”"+be™)H,(x,y) cho tir truong (1.25)
k=1

O day, a, va by lan luot 12 cac thanh phan bién do theo hudng thuan va nghich,
Ex(xy) va H(x,y) goi 1a hd so mode (mode profile) cua truong dién va tir mot cach
lan luot, +5, va —B1a hang sé truyén (propagation constant) hay chinh 1a dic trung
cho sb song riéng theo cac hudng thuan va nghich caa ham séng. Chl y tai tinh ty
nhién theo hai hudng (bidirectional) cia phuong trinh nay. Phuong trinh nay 1a mot
loi giai chinh xac cua hé phuong trinh Maxwell trong méi truong tuyén tinh.

Cho dén nay ching ta c6 mot ky thuat chi dé phan tich cac cau tric bat bién
z. Tiép theo, chung t6i gigi thiéu mot khap ndi gitta hai 6ng dan song - xem Hinh
1.10. Phuong trinh Maxwell cung cap cho chung ta cac diéu kién lién tuc cho cac truong,

Vi du: cac dién treong tiép tuyén phai bang nhau trén mdi mat caa mat phan cach:

\ i j : ] ) A—iBz
> (ae —al e PER) (x,y) = Y (b e —b e )EL) (x, ) (1.26)
k=1 k=1
am(+) ’
e — bm(+)
am(.) — bm(-)
+—

Hinh 1. 10. Céc hé s mode tai khap néi
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Ap dung céc diéu kién nay, cling nhu cac diéu kién vé dién truong doc va cac

truong, va luu ¥ rang céc ché do 1a truc chuan:

J.(Ex,j'Hy,k _Ey,j'Hx,k)dszéjk (1.27)

. A e e O a e N

O day, dS la vi phan cua dién tich, “*la phan dién tich tich Iy trong toan bd
cau tric dan song.

Sau d6, qua cac budc bién d6i vé mat toan hoc, ching ta c6 thé suy ra méi

quan hé giita cac hé sb c6 dang:

a(*) a(+)
)2 wm

O day, S; 1a ma tran tan xa cho khop ndi. Vi vay, ching ta da thé hién cac
truong song truyén di khoi khp ndi voi cac truong song téi khap ndi. Ma tran tan

xa SWG cho mét phan thang chi don gian 1a:

e’ 0... 0
0 e 0 (1.29)
0 0. e

Diéu nay rd rang 1a khong dang dé tinh toan mot khi cac mode riéng da duoc
tim thay.

Trong tinh todn md phong s6, ching ta tim mode riéng va cac hang s riéng
cua cau trdc bai tim cac hé s tir quan hé ma tran tan xa. Tinh toan xap xi cho ciu
tric plasmonics bang cach ludi hda cac toa do trong khong gian ba chiéu va giam sat
c4c gia trj riéng cua cac thanh phan truong nhu Ex, Ey, Ez, Hx, Hy va Hz. Hé toa do

Cta vung tinh toan duoc lua chon trong vung cua ba truc cuc bo X, Y°, Z’ nhu sau:

X'e[‘—w W} Y'e[_—h E}va Z'el:_—l l} (1.30)
2’2 2'2 2'2 '

Trong d6, w, h va | lan luot 1 chiéu rong, chiéu cao va chiéu dai cua khong
gian tinh todn ba chiéu cua ciu tric dng dan séng quang ti. Hé toa do tai chd nay co
lién quan dén hé toa do Decartes toan cuc (X,Y,Z) béi ma tran quay (hé quy chiéu

tuong d6i):
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X' 1 0 0 cosp 0 -—sing)( X=X,
Y'|=/0 cos® -sind| 0 1 0 Y-Y, (1.31)
Z' 0 sing cosd J\sing O cosp \Z-2,

O day, Xo, Yo va Zg lan luot 1a do léch tuong ddi (tuyén tinh) cua géc toa do
cuc bd so voi géc toa do toan cuc, va lan luot la g6c phuong vi (nﬁm trong mat
phiang Oxy) va goc ta (1éch so v6i mit phang Oxy).

Trong khong gian hai chiéu, quan hé truong chi con mat phang OXZ va gia
tri duoc gia thiét 1a =0.

Véi diéu kién bién thich hop boi mot 16p hap thu hoan hao PML (perfect
matched layer) chung ta tim dugc cac gia tri riéng giai gan dung bang phuong phap
s6 (goi 1a eigenvalue) tir d6 tinh ra dugc chiét suat hiéu dung:

Nerr= Re(Nefr) +1M(Nerr) (1.32)

Cong sut trudng tai ving giam sat duoc tinh boi tich phan cuia tich véc to:

S:iReD[ExH*]dK} (1.33)
SO A

Trong d6, Sy 12 cong suét tai dau vao, H* biéu thi lién hop phirc cta truong

tu, A la dién tich vung tinh toan.

Mat @6 dién truong duogc tinh toan boi cong thire:
1 )
U, :EIRe[g(r )]|E|2dV (1.34)
\%

O day, E la truong dién, ¢ 1a hang s6 dién moi riéng va V la thé tich vung tinh
toan bdi cac gi6i han vé chiéu rong, chiéu cao va chiéu dai 6ng dan song, »’ 1a ban
kinh hé toa do tru tai diém giam sat.

Tuong tu, mat do tir truong dugc tinh toan boi hé thuc:
1
U, :EMHF dv (1.35)
Y

O day p 1a do tir tham (khong c6 thanh phan o, chi 1a s6 thuc)
Thanh phﬁn hép thu ctia song dién tir vao trong cac vat liéu dugc xac dinh

bdi cong thirc:



27

U, =of Im[e(w)]|E]" dV (1.36)

Vi w=2nv=c/A 1a tan s6 goc cua truong song, v va A la tan so6 va budc song
cua truong song quang.

Véc to Poynting tai dau ra duogc tinh boi tich véc to:

S(r)=E(r)xH"(r") = \/ Re[S,] + Re[sy]2 +Re[S,] (1.37)

Néu biéu dién béng quan hé ma tran tan xa thi thanh phén phan xa doi lai
cong dau vao duoc tinh boi:

Ugn = Sz (1.38)

O day, Spm 1a h¢ $6 phan xa tai céng vao thor m.

Véi mot ng dan song plasmonics, cong suat trudng dau vao duoc phan chia
thanh cac thanh phan: thanh phan chinh 13 thanh phan truyén di, mot phan thanh
phan s& bi hap thy trong cac 16p vat liéu cta éng dan song va mot phan nho 1a cac
thanh phan phan xa tai cac cong dau vao.

Trong gidi han luan an nay, qué trinh st dung EME d¢é tinh toan t6i uu cac
thong sb cho cau tric mach nanoplasmonics nhu sau:

a) Vé kich thudc chia ving tinh toan trong thuit toan truy hdi cia céc
phuong trinh vi phan dao ham riéng:

Vung tinh toan phai chira toan bd pham vi cia vi mach.

W . ) :
——< X< > vo1 W la chi€u rong ctia vi mach.

2
0<z<L véiL lachiéu dai cta vi mach.
0<y<H véiH la chiéu cao cia vi mach.
Trong do, W> bé rong that cia vi mach; L> chiéu dai that cua vi mach; H>
chiéu cao that ctia vi mach.
b) Po phan giai mode va phan giai chiét suat (Mode resolution va Index
resolution) déu chon 1a 0,005 14 rat nhé so véi gia tri Delta 1a hiéu chiét suét cua vt

liéu so véi background (khéng khi hoac SiO2).



28

c) Sai s6 mdi tinh toan khi giai gi4 tri riéng 1a khong vuot qua 107 .

d) Do rong 16p hap thu hoan hao (PML width) trong cac phép tinh toan la
0.08 (gia thiét trudng giam nhanh ngoai pham vi tinh toan dé dam bao cac mode
phan b chu yéu trong phan tinh toan).

e) Cong suit ddu vao chuan hoa 1a 1 don vi cong suét (1 uW)

Giai thuat dya trén bién doi Fourier véi viéc chia ludi thanh 8 ludi con nho
hon va bac FEM 12 1 (xap xi tuyén tinh) va do rong lép hap thy hoan hao PML ciing
giong nhu EME. Pay 1a cac thong s6 md phong duoc khuyén nghi bai nhom phét
trién san pham phan mém cua Rsoft - Synopsys cho két qua gitta mé phong va thuc
nghiém rat sat nhau.

1.5.2. Phwong phap FDTD

Phuong phap mién thoi gian chénh léch hitu han (FDTD) duoc phat trién bai
nha khoa hoc Yee, duoc sir dung dé giai cac phuong trinh Maxwell phu thuoc vao
thoi gian. FDTD ban dau duoc dé xuat cho song dién tir véi cac budc song dai boi
Vi Yéu cau roi rac hda khdng gian ciia n6 1a nho (1/10 — 1/20 caa budc séng). FDTD
la mot thiét ké hoan hao, buéc thoi gian trong tinh toan duge dinh nghia boi do rong
roi rac hda khong gian. Vi vay, budc thoi gian trong phan tich dng dan séng quang
la cuc ky ngan khi budc séng c& um. Yéu cau dung luong bo nhé 1a khong 16 doi
Vvéi cau truc khong gian ba chiéu (3D), nhung FDTD lai tng dung dugc cho ciu
tric khong gian hai chiéu (2D). Phuong phap FDTD phu hop dé ung dung phan
tich, md phong cho budc séng cuc ngin nhu budc séng quang.

Sy roi rac hoa song dién tir dugc thuc hién theo md hinh 3D bai nod day du
hon 2D va tir 3D ¢6 thé dé dang suy ra md hinh 2D.

Phuong trinh Maxwell phu thudc thoi gian nhu sau:

—,uoaa—:l:VxE, (1.26)

ok
—&yE, E:VX H, (1.27)
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Ap dung cac phuong trinh Maxwell day du, c6 thé biéu dién lai cac thanh

phan dién truong va tir trudng nhu sau:

H O, O,
- L=—2L— , 1.28
Hy o &y o ( )
oH, ©OE, ¢E
— Y x_ 2 1.29
T T a o (1.29)
oH, OE, OE
—py— =, (1.30)
ot ox oy
oH
—&,8, B, _oH, T : (1.31)
a oy @
ok
—g)6, —L = oH, N, : (1.32)
ot 0z oX
oH
pp B T M (1.33)
ot ox oy

Gia sir Ax,Ay,Az 13 cac tuy bién khong gian v&i budc thoi gian At, ham
F(x,y,z,t) duoc bién doi nhu sau:

F'(i, j,k) = F(iAx, jAy,kAz,nAt) = F(x,y,2,t) (1.34)

Hinh 1. 11. Cira s6 mét céo Yee

Hinh 1.8 dugc goi la cra s6 mat cao Yee, st dung & dé biéu dién toa do

khong gian chang han nhu X, Y, z, ta Xéc dinh nhu sau:
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E, = Khong gian khac: s6 nguyén, (1.35)

Quy dao khong gian a: ntva s6 nguyén,
Thoi gian: s6 nguyén,

{Qu}”/ dao khéng gian a: s6 nguyén,
H, =< Khong gian khac: nlra s6 nguyén, (1.36)
Thoi gian: nlra s6 nguyén,

Do chénh 1éch phan khong gian trung tim déng vai trd quan trong khi phwong
trinh (1.28) dén (1.33) duoc bién d6i, vi du & day ta bién doi mot phuong trinh
(1.28) nhu sau: D6 chénh 1éch phan khong gian trung tim cua vé trai phuong trinh
(1.28) gibéng véi Hy, d6 chénh 1éch phan khong gian trung tdm theo hudng x, y, z tim
duogc lan lugt 13 x=iAx,y =(j+1/2)Ay VA z =(k+1/2)Az. Khi d6 chénh léch thoi
gian trung tim cua vé phai phuong trinh (1.28) gidng véi dién trudong E,, E;, ta co
thé viét t=nAt. O day, i, j, k va n 1 cac s6 nguyén. Theo cach twong tu, ta co thé
nhan duoc chénh léch trung tim quy dao khong gian va thoi gian cta cac biéu thic

tir (1.29) dén (1.33) nhu sau:
Phuong trinh (1.28): X=IAX, y=(j+1/2)Ay, z=(k+1/2)Az, t =nAt (1.37)

Phuong trinh (1.29): x=(i+1/2)Ax,y=jAy,z=(k+1/2)Az, t =nAt (1.38)

Phuong trinh (1.30);  x=(i+1/2)Ax, y=(j+1/2)Ay, Z=KAz, t =nAt (1.39)

Phuong trinh (1.31):  x=(i+1/2)Ax, y=jAy, Z=KAZ, t =(n+1/2)At (1.40)
Phuong trinh (1.32):  X=IAX, y=(j+1/2)Ay, 2=KAZ, t =(n+1/2)At (1.42)
Phuong trinh (1.33):  X=IAX, y=jAy, z=(k+1/2)Az, t=(n+1/2)At (1.42)

Biéu dién 3D FDTD cho cac biéu thuc tir (1.28) dén (1.33) c6 thé nhan duoc
bang cach bién ddi chung dua vao chénh léch trung tim biéu thirc (1.37) dén (1.42).
tr¢ lai voi vi du khao sat biéu thirc (1.28), chénh léch trung tdm X va t 1a cac sd
nguyén, chénh léch trung tdm y va z 1a cac nta sd nguyén, vi vay vé trai phuong
trinh (1.28) nhan dugc:
_Z_E[HX””’Z(L J#L2k+112)=H," (i, j+1/ 2,k +1/2) | (1.43)
Vé phai phuong trinh (1.28) nhan dugc:
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Aiy[Ez“(i,j+1,k+1/2)—EZ”(i, jk+1/2) ]
. N N (1.44)
—E[Ey"(u,J+1/2,k+1)—Ey“(|,J+1/2,k)}
St dung biéu thirc (1.43) va (1.44), ta nhan duoc biéu thirc mién thoi gian
chénh léch hitu han cho phuong trinh (1.28)
H"™2 3, j+1/2,k+1/2)=H "(i, j+1/2,k +1/2)

Ai[|gj(i,j+1,k+1/2)— ElG jk+1/2)]
At | A,

Hy 1 "Gi i "G, j
_A—Z[Ey(l, j+12k+)-E (G, J+1/2,k)}

(1.45)

Bang cach xir Iy tuong ty, ta ¢ thé thu dugc biéu thirc mién thoi gian chénh
1éch hiru han cho thanh phan y va z cta tir truong nhu sau:

Hy“”’z(i +1/2,j,k+1/2) = Hy”’l’z(i +1/2, J,k+1/2)

1 n ; (i i
u A_Z[Ex(l +1, j,k+1) - (i+1/2, Lk)} (1.46)

Hy 1 (i i "G, j
—A—X[EZ(I+1, i k+1/2)-Ei, j.k+1/2)|

H "2 +1/2, j+1/2,K)=H," (i +1/2, j+1/2,k)

1 . . ns- =«
Va At AX[Ey(l+l,J+1/2,k)_Ey(l’J+1/2’k)} (1.47)
Hy 1 n. ; (i j
_A_y[EX(H-l/Z, J+Lk)-E,(i+1/2, J’k)}

Tiép theo, ta bién ddi biéu thirc (1.31). Theo phuong trinh (1.40), trung tam
chénh léch ctia X, t déu 1a nira s6 nguyén va cia y, z déu 1a s6 nguyén. Vi vay, vé trai
ctia biéu thuc (1.31) nhan duoc:

&€

2 [E"(i+1/2,),k)-E,"(i+1/2,j,K) | (1.48)

Va vé phai cta (1.31) nhan duoc:
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Ai[Hzm”Z(iJrl/Z,j+1/2,k)—Hz”*l’2(i+1/2,j—1/2, k)]
y1 (1.49)
—A—[Hy"“’z(i +1/2,j,k+1/2)—H " (i+1/2, j,k =1/2)]
VA

Bién doi biéu thic (1.48) va (1.49) ta nhan dugc biéu thirc mién thoi gian
chénh 1éch hitu han cho biéu thtrc (1.31) nhu sau:

E"(i+1/2, j,k)=E,"(i+1/2, j,k)

1 n+1/2 ,. . n+1/2 ,. .
— . (+1/2,j+1/2,k)-H, (i+1/2,j-1/2,k)
LA A, [H H J (1.50)
Eobr —Ai[H "Hi+12, k12 - H T+ 2, j,k—l/Z)}

Bang cach xir Iy tuong ty, ta ¢6 thé thu dugc biéu thic mién thoi gian chénh
1éch hiru han cho thanh phan y va z cia dién truong nhu sau:

E,"(i, j+1/2,k) =E,"(i, j+1/2,k)

1 n+1/2,. . n+1/2,. .

= Lj+12,k+1/2)- j+1/2,k-1/2
o 3 HE 2k 2) - H -
o _AL[H i+1/2, j 412,00 - H 11 =172, j+1/2,0) |

X

E,"(i, j,k+1/2) =E,"(i, j,k +1/2)

1 n+1/2 ,. . n+1/2 ,. .
— i+1/2,j,k+1/2)- i-1/2,j,k+1/2
Va At AX[HV (+1/2] )=H, (-1/2.] ) (1.52)
G0 —Ai[H G, j+1 2,k +1/2) - H G, j—1/2,k+1/2)}
y

Tu truong H 2+1/2 v6i bude thoi gian nira sé nguyén (n+1/2)At duoc tinh
toan dau tién tir cac biéu thirc (1.35) dén (1.47) bang cach sir dung dién truong voi
budc thoi gian s6 nguyén nAt. Do d6, nhitng trudng nay duoc st dung dé tinh toan
dién truong E"* véi bude thoi gian s6 nguyén (n+1)At bang cach sir dung céc biéu
thire tir (1.50) dén (1.52). Liap lai hai budc nay, ta c6 thé tinh toan dugc sy phat trién

theo thoi gian cua dién trudng va tir truong.
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Chu ¥ rang hing s6 dién mdi twong ddi tai giao dién giira hai méi trudng khi
su dung (Erl + Srz) /2 cho két qua tinh toan t5t hon 1a chi st dung &, hoac &,.

Két luan chuong 1

Chuong md dau cua luan an da gidi thiéu co so ly thuyét cua hién tuong
plasmon bé mit, sy cong huéng séng anh sang plasmon bé mit va ciu tric, qua
trinh truyén lan va ting cudng séng plasmon trong 6ng dan séng dudi budc song,
dic diém cua dng dan song plasmon dudi budc song 1a ddi twong chinh duoc &p
dung dé thiét ké cac cau tric 6ng dan song plasmon kich thugc nano mét trong
nhitng dong gop cua luan an nay. Sau do, luan an gigi thiéu cac phuong phap phan
tich ma mo phong sé phuc vu cho qua trinh thiét ké va téi uu cac tham sé cua céc
6ng dan song plasmon dudi budc soéng duoc dé xuat. Trong d6, phuong phap md
phong truyén mode riéng EME 1a phuong phap duoc sir dung rong réi va hiéu qua
trong toan bo cac két qua nghién ciru, cac dé xuat thiét ké mai cua luan an.

Nhu d3 phan tich, danh gia cac cong trinh nghién ctru da dugc cdng bd trén
cac ky yéu hoi nghi, tap chi khoa hoc uy tin trén thé gioi vé 6ng dan séng plasmonic
van con mot s mat han ché can phai cai thién nhu: kich thudc cau kién, cong suat
suy hao hap thy, cong suat suy hao phan xa, suy hao chén con tuong d6i lon [31, 36,
92, 94], bang thong hoat dong con twong ddi thap [52, 97], [122-123]. Do vay, trong
chuong 2 va chuong 3, NCS dé xuat, thiét ké cau kién c6 chic nang quay phan cuc,
cac cong logic toan quang, mot sé bo loc budc séng dwa trén éng dan song
plasmonic cai thién duoc cac mat han ché nay dé ¢ng dung trong hé théng WDM.

Qua trinh thuc hién tinh toan thiét ké ong dan séng plasmonic trong hai
chuong tiép theo duoc két hop gitta cac phwong phap mé phong c6 do tin cay cao,
dang duoc cong doéng plasmonic circuits sir dung hién nay nhuw EIM, EME, FDTD,
FEM. Quy trinh thiét ké, mé phong duoc thuc hién qua ba budc chinh sau:

1. Dya vao viéc giai mode dé chon chiéu rong 6ng dan séng (Wi,) hop Iy
trén co s 6 mode dau vao yéu cau.

2. Tinh toan cac thdng sé kich thudc cua dng dan song theo cac cong thic
toan hoc néu co.
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3. M6 phoéng sé thong qua cac phuong phap mé phong sé nhu EME, FEM,
FDTD théng qua c6ng cu t6i wu bang quét cac tham sb trong mot dai khao sat phi
hop va giam sat dac tinh quang va hanh vi biéu dién trudong dién tir bang cong cu
moé phong thuong mai hda Rsoft. Tién trinh khao sét theo cac tham so 1a ham da
bién. Tuy nhién, trong mot s trudng hop, viéc téi wu da bién dan dén sé budc chay
I6n va dix liéu 16n ma tai nguyén tinh todn cd han. Do vay, chay tién trinh don trong
cac khoang xac dinh cua tirng tham sé dé tim gid tri ti wu cuc bd cua tham sé.
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CHUONG 2. ONG DAN SONG LAI GHEP PLASMONIC - SILIC CO CHUC
NANG QUAY PHAN CUC VA CAC CONG LOGIC TOAN QUANG KIiCH
THUGC NANO MET

Céc cau kién dng din song cd chirc nang quay phan cuc mode séng va cac
cong logic quang c6 vi tri can thiét cho mot sé yéu cau trong ky thuat WDM. Nhu
viéc phai quay cac phan cuc, hay viéc chuyén ddi cac muc logic cac mode song trudc
khi dua vao thiét bi ghép kénh theo budc séng trong cac hé théng thong tin quang.

Pé dat dugc cac mach tich hop cuc ky nho gon can thiét phai dua cac cau
kién vé kich thuéc dudi budc song, muén vay viéc ché tao cac cau kién can phai
tng dung cac céng nghé méi, ma hién nay xu huéng chi yéu 1a dwa trén hiéu tng
plasmonic. Trong trudong hop ndy, mode plasmonic phan cuc TE khéng thé dan ma
chi mode TM duogc dan trong co ché plasmonic. Do vay, can phai c6 mot cau kién
dé quay phan cuc mode TE sang mode TM, tir ddy cac mode TM dugc dua vao b
ghép kénh budc song dé thuc hién ghép kénh.

Bén canh do, viéc chuyén doi twong tu - s6 hay lua chon tin hiéu dau ra theo
C4c trang thai dau vao dé tir d6 co thé thuc hién ghép kénh dé truyén dong thoi
nhiéu tin hiéu trén mot duong truyén dan thi can cd cac cong logic dé thuc hién cac
yéu cau cuy thé trong cac hé théng ghép kénh WDM thyc té.

Do d6, Chuong nay d& xuat thiét k& hai ciu kién 1a ®éng dan séng lai ghép
plasmonic - silic ¢ chte ning quay phéan cuc va @cac cdng logic toan quang OR, XOR,
NOT, Feynman quang kich thuéc nano mét dé tng dung trong cac hé thdng WDM.

2.1. Ong dan séng lai ghép plasmonic - silic c6 chic ning quay phéan cwc
kich thwéc nano met

Phan nay nghién ctu ly thuyét va méd phong dang ng dan song lai ghép
plasmonic va mot 6ng dan song silic bai pha mot 16p kim loai bac 1&n trén 6ng dan
song silic. Dac tinh truyén va hé s mode hiéu dung dugc nghién ciu béi sir dung
ki thuat md phong phan ta hitu han FEM (finite element method) va dic tinh quay
trang thai phan cuc cua ciu trdc nip kim loai bac dit léch truc dé tao ra su bat ddi
xang. Ky thuat md phong trién khai mode riéng EME duoc sir dung bén canh md

phong FEM dé md phong su truyén truong va dac tinh quang hoc cua thiét bi bién
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d6i phan cuc. Céc két qua md phong cho thiy céu tric quay phan cuc c6 chiéu dai
truyén 16n, suy hao, hap thu thap trong khoang bang rong 100nm cua ctra s6 thdng
tin quang tht ba. Hon thé, cu tric dé& xuat c6 kich thuéc nho va kha ning bt git
anh sang kich thuéc nano mét, nén thich hop dé xay dung cac mach quang tich hop
kich thudc nano trong tuong lai.

Téi thiéu hoa kich thudc cua cac thiét bi quang tir dé dan va giam gitt ning
luong song dién tir dé co gidn kich thudc tuwong thich véi cac mach dién tir tich hop
cao hién nay dang 1a mét trong nhiing thach thuc 16n nhat. Trong linh vuc mach
dién tir va xu ly théng tin, chuyén mach dién tur tir cac mach tich hop kich thuéc
micro téi nano dang dugc tién hanh: cac thanh phan mach logic theo cong nghé ché
tao CMOS bit dau kich thudc ¢ 100nm [8] va céac hiéu tng luong tr (quantum
effects) bat dau chi phdi chirc nang dién tr caa thiét bi trong ca linh vuc dién tu
nano va phan tir nano dua trén vat liéu ban dan. Mot phan thach thirc dang quan tam
la giam kich ¢& hon ciia cac mach dién tir s& bi chi phdi bai nhitng khé khan khi
chuyén mach sang xir 1y thong tin lwong tir va két thic bai cac gisi han tinh toan vat
ly bi ap dit boi sy quan tdim dén ning luong va entropy (nhitng dai luong nhiét
dong cua tinh khong san sang caa hé thong).

Tuy nhién, sy tbi thiéu hoa cua céc thiét bi quang tr chang han nhu 6ng dan
s6ng va cac budng cong hudong dé dan va bit gilr niang luong séng dién tir (anh
sang) tai cac budc song trong ving nhin thay va gan hong ngoai hudéng téi kich
thuéc nho hon 100nm bi gisi han bai mot giéi han nhiéu xa (diffraction limit) cua
anh sang. Rao can co ban dé két qua tryc tiép caa tinh ty nhién trong khdng gian ba
chiéu (3D) cua cac song truyén trong vat liéu dién méi (hoic ban dan trong cong
nghé quang tir silic) thuong dwoc xay dung cac khdi mach tich hop quang. Két qua
nay nhan duoc tir mot nguyén 1y so cip nhu sau: véi mot 16i dng dan séng vat liéu
phi dién tir (nhu tinh thé silic hay germani, vat liéu thuy tinh silic...) véi hang sé
dién mdi &, >0 cua dng din song dién mdi (1a mot sé thuc duong, khéng c6 phan

40), quan hé tan sic lién quan dén hang sé truyén theo phuong truyén song z la
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B =K, va cac hang s pha ngang k,.k, cua véc to séng cua chim truyén véi tan sb

c6 thé duoc viét lai 1a:

2
K24 k2 4 k2 =K = [ZT”J (2.1)
2
Hay Ia LK +KE =g, (%) (2.2)

Trong d6, , 4 lan luot 1a budc song va tan sé anh sang trong khdng gian tu
do va c 12 van téc anh sang trong chan khong.

Vi mot song anh sang trong khong gian 3D, ca K,,k, déu la cac sb thuc, do
vay (2.2) ngu y mot gii han trén caa cac hang sé pha ngang théng qua bat dang

thac k,,k <§ fore = 27Ny | A VG Ny =1/E0re 12 h& s chiét suat cua I8i 6ng dan

X1y =
song dién mdi. Thong qua su bién d6i Fourier (bién d6i twong hd hai chiéu), gioi
han trén cho céc hing s6 pha ngang dan dén mét gisi han bén dudi cua kich thudc

cac mode ngang trong khdng gian truyén séng ba chiéu trong dng dan séng 1a [6]:

Ao
d,.d, > o (2.3)

Pay 1a gidi han co s cho kich thudc caa truyén mode quang trong céc dng
dan séng khoang nira buéc séng khdng chi trong méi trudng ddng nhat ma con voi
truyén chum trong cac ng dan séng truyén thing trong céc tinh thé quang tu.

Tuong tu nhu kich thuéc mode ngang trong cac 6ng dan séng, thé tich mode
hiéu dung cua cac khoang cong hudng quang ciing bi giéi han béi cac nhiéu xa, va
do @6, nhitng nd lyc dang ké & hién tai trong cac nguyén ly thiét ké dé tao ra cac
thiét bi quang ter véi thé tich mode dat duoc tiép can rdo can co sd nhu sau:

v 2(2j° j 2.4)

core

Pé pha va gigi han nhidu xa, rd rang 1a mot tiép can khac tir viéc giam kich
c& don gian cua dng dan séng va budng cong hudng quang tir kich thuéc micro vat

liu dién mdi 1a can thiét. Biéu cbt yéu trong viéc giam kich thudc véi cac mode
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quang véi kich thudce ngang trong co ché dudi budc séng, cac song quang chiéu
thap hon ma & d6 cac hang s6 pha ngang ca k,,k, 1a cac s6 4o phai dugc thuc hién.
Nhu d3 phan tich, nhitng song bac thap cé thé dat dwgc voi vat lidu 16i ma & do
Exre <0, vi du nhu 15i vat liéu kim loai phia trén tin sé cuc tim. Trong truong hop
nay thi gisi han trén (2.3) khéng duoc ap dung, cac 6ng dan song ciing nhu budng
cong huong véi dién tich va thé tich mode hiéu dung trén mét kich ¢& dudi budc
song dé pha v gidi han nhiéu xa co thé duoc nhan ra. Cac mode tuong (ing xay ra
tai giao dién gitra kim loai va mot dién moi duoc goi 1a cac gia hat plasmon bé mat
SPPs hoic cac plasmon bé mat trong nhitng nim gan day dang duoc nghién ctu
rong rai.

Nhitng nim gan day, nghién ctru vé cac mach quang tir tich hop kich thudc
nano ang dung dé tao ra cac vi mach quang xir Iy tin hiéu dugc phét trién nhanh
chong [29]. Pac biét nghién ciau cac mach lai ghép gitra quang tu silic (silicon
photonics) va nano-plasmonics dé tao ra cac ong dan soéng lai ghép plasmonic -
HPW (hybrid plasmonic waveguide) véi bang rong, cu ly truyén 1én (long range
propagation) [15] térc 1a suy hao nho dé bt giir cac mode anh sang kich thuéc nano
tai mot 16p giao dién dién moi vai chuc nano (thuong la lop thuay tinh oxit silic-
Si02) nam gitra I6p 18i silic (Si) va 16p kim loai mong (thin film metal) hozc 1a 6ng
dan séng kim loai - dién mdi - kim loai MIM (metal - insulator - metal) [30] [31]
Véi céc ki thuat mo phong sé [32].

Pau tién, NCS dé xuat cac cau trdc 6ng dan song lai ghép plasmonic HPWSs
(hybrid plasmonic waveguides) dé bat giit anh sang trong maot 16p giao dién dién
moi ¢& vai chuc nano mét va moét ing dung xu ly quay trang thai mode phéan cuc
(polarization rotator). C&c cau trdc nay dya trén kich thich anh sang ban dau tai I3i
dng dan sdng hinh chir nhat vat liéu silic, su bat giit sau d6 duoc xay ra tai 16p gitra
16i silic va mot 16p kim loai st dung vat liéu bac (Ag). Viéc nghién ctu su truyén
mode sir dung k¥ thuat md phong sb bang cac phuong phap phan tir hitu han FEM

va m¢é rong mode riéng EME.
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2.1.1. Thiét ké cau trdc va phan tich hoat déng
Hinh 2.1(a) va hinh 2.1(b) phan tich mot cau tric dng dan séng dé xuat.

Wig= 280 nm

tg,‘oz =40 nm

SiIiC, ns,‘=3.47
w =400 nm

Hinh 2. 1. Cac cau tric dng dan song lai ghép plasmonic HPW: a) 6ng dan song
HPW véi nap kim loai dat dbi xang truc va b) éng dan séng véi nap kim loai léch
=120 nm ¢6 tac dung bién ddi va quay mode phan cuc

Budc s6ng hoat dong cho cau trac nay duoc thiét ké tai budc séng trong cia
s0 thdng tin quang tha ba 4 —1550nm. Qua cac budc khao sat dé Iya chon duoc cac
tham s6 t6i wu cho cdu trac dé xuat, cau tric gdm c6 maot 18i silic c6 chiéu dai L =
4.1um, chiéu rong w=400nm va 16p trén 1a mot 16p thay tinh silic (SiO,) day
t,, =40nm va phia trén 16p SiO, nay pha mot 16p kim loai bac (Ag) méng cé chiéu
day t, =70nm. Chiéu day 16p Silic duoc thiét ké la t; =350nm & téi thiéu hoa suy hao
do chuyén d6i mode phan cyc riéng trude diém cudi caa dng dan séng (giam suy
hao hap thu vao 16p kim loai ciing nhu tan xa ra bén ngoai vo). Thiét ké kich thudc
nhu vay dam bao dugc su kich thich don mode trong 15i Si nho st dung cdng cu
giai mode bang ky thuat FEM. Do rong op nip bac duoc thiét lap ban dau la
W,,, = 280nm . Chiét suét cho I6i Si va 16p vo thiy tinh Silic (SiO2) lan luot 12 3.47
va 1.444 tai budc song 1550nm. Trong khi d6, hé sé chiét suat cua kim loai bac &
budc séng nay duge xac dinh bai: n,, =0.1453+11.3587i [33]. Tat ca cAc cau tric

duoc phu boi 16p vo thuy tinh silic SiO2.
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Véi dng dan song lai ghép plasmonic nhu Hinh 2.1, mode kich thich ban dau
vao 18i Silic 1a mode can TE (quasi TE). Khi truyén séng trong dng din song, dé ti
thiéu héa suy hao truyén thi ta can phai: ““téi thiéu hoa duoc sai khac cua phan thuc
gifra cac hé s& mode & dau vao va dau ra va @lam mode can TE s& bién mat hay gan
diéu kién “cutoff” khi truyén qua ong dan song lai ghép plasmonic HPW, do d6 tdi

da héa sy ludng chiét mode cua né.

a M :
- T o—6—o__ o [
24 I
_ ) A _—-U.UUZ-U
i iy - >
2.2 — - L w5
_ e 8
] /‘A‘ Re[neff], Mode 0 I 8°
5 o o7 o=
@_‘ 2.0+ % < Refneff], Mods 1 L i
N ’;_\T Relneff], Mode 2 _'0003
S 2 i
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-IE _ - P L
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Hinh 2. 2. Hé s6 chiét suat hiéu dung N.; ciia mode lai ghép plasmonic tai 16p thuy
tinh silic nam & giita giao dién kim loai va 16i silic

Tinh chit dic trung cho viéc nghién ctu nhitng 6ng dan séng lai ghép

plasmonic néi riéng va cac 6ng dan séng néi chung 1a phai tim hiéu duoc sy phan

bd ning lwong cua trudng dién tir, cu thé 1a cac thanh phan dién truong va tir truong

phan bé trong ciu tric éng dan séng vai tinh chit riéng doc 1ap véi su truyén song.

Dic trung 4y duoc biéu dién thong qua hé sé mode hiéu dung N, (effective index).

Str dung ky thuat md phong sé FEM giai mode dé tim cac hé sé hiéu dung. Hinh 2.2
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thé hién su phu thusc caa hé sé hiéu dung vao do day cua Iép dién méi thuy tinh
silic (Si02) gitta 16p 18i silic va nap kim loai bac.

Cot bén trai thé hién phan thuc ky hiéu 1a Re(n, ) va cot bén phai thé hién
phan 4o ky hiéu Im(n, ) caa cac mode. Cong cu md phong FEM gidp tim tat ca cac
mode dugc dan trong dng dan song véi cac mode co ban (mode 0) va cac mode bac
1 (mode 1) va mode bac 2 (mode 2). Trong qué trinh thuc hién, sir dung ky thuat mé
phong FEM va ky thuat mé phong EME trong mét khdng gian 3D véi viéc phan
chia luédi c6 kich thudc Ax = Ay = Az = 5nm va do phén giai lnm trong cac ludi
theo céc truc x, y va z (chiéu rong, chiéu cao cua dng din séng va phuong truyén).
Bén canh d6, phuong phap mé phong sir dung diéu kién bién caa ving tinh toan Ia
I6p hap thu hoan hao PML (perfectly matched layer) dai 3um theo truc x va 2pum
theo truc y dé ngan can cac thanh phan xuat hién do moé phong sé [32]. Heé so chiét
suit cua kim loai bac duoc tuan theo md hinh Lorentz - Drude [34]. Mot trudng
phan cuc TE duoc tao ra boi sit dung mot ludng cuc theo thanh phan truong H,
theo mot xung dang Gaussian & dau vao dé kich thich cau trac lai ghép. Do su
truyén caa truong quang trong ong dan séng, truong quang nay sé tao ra phan cuc
gitra I6p giao dién cua kim loai bac véi lop 6 xit silic (SiO2) va 16p 6 xit silic vai
16p 16i silic. Két qua 1a c6 s xuat hién mot thanh phan trudng lan truyén giira 16p
thiy tinh silic, d6 chinh 1a thanh phan mode lai ghép plasmonic (SPP). Chiing ta
biét rang: do thudc tinh tu nhién caa plasmonic, cac séng phan cuc TE (s-polarized
wave) s& bién mat tai giao dién kim loai - dién m6i ma chi c6 séng phan cuc TM (p-
polarized wave) mai lan truyén theo bé mit giao dién kim loai - dién méi. Do do,
song lai ghép goi 1a can TM (quasi TM) mai ton tai va bi bét giir giira 16p giao dién
dién mai kich thudc nano. Su bat gitr nay dat hiéu suat téi da khi ma c6 sy cong
huong, theo d6, hiang sb truyén cua mode can TM phai bing véi sé song cua dao
dong plasmon bé mat (surface plasmon) noi tai & 16p 6 xit silic gitra kim loai bac va
16p 151 silic. Véc to Poiting ciing cho thay do 16n cua truong anh sang dugc giam

giit (confinement of light) tai khe kich thudc nano 1a 16p 6 xit gitra lop nap kim loai



bac va I8i silic. Két qua mé phong hé sb chiét suat hiéu dung tir Hinh 2.2 cho thiy
phan 4o cua hé s chiét suat hieu dung Im(n ) nay 1a rat nho, do vay khoang cach
truyén cua 6ng dan song nay lén. Diéu nay la do chiéu dai truyén dugc xac dinh
theo dinh nghia la [35]:

A
Foroo = 4zt m(ny ) (2:5)

2.1.2. Két qua mé phéng va nhan xét

Hinh 2.3 thé hién két qua mé phong FEM vai 6ng dan séng HPW véi nip kim
loai bac dat ¢ chinh giira truc doi xang cua ong dan song. Cac thanh phan truong
cua truong dién (E-field) va truong tir (H-field) cung véc to Poiting S = ExH tai toa
d6 theo phuong truyén caa dng dan séng 1a z = 1um (tai vi tri ang voi mat cat co
nap kim loai bac). Cac thanh phan E, Va H, lién h¢ béi quan hé trong cac phuong
trinh caa hé Maxwell, cac thanh phan truong nay thé hién phan bé mode cua céc
mode lai ghép plasmonic. Bang cach khao sat bé day Iop 6 xit silic SiO2 bang sir
dung md phong FEM ta thay tai chiéu day t.., = 4onm thi phan b6 mode cia cac

mode HP (hybrid plasmonic mode) nam tron trong mot khe voi kich thuéc nano véi

dién tich mode hiéu dung 1a Ax = tsior ¥ .

HSPP mode
“°‘1 &
) -

HSPP mode

Hinh 2. 3. M6 phong FEM céac thanh phan cua trudng dién tir caa dng dan song lai
ghép plasmonic véi nap kim loai bac nam do6i xing trén truc trung tdm cua ong dan
song tai vi tri truyen z = 1um &ng vai vi tri bat dau caa nap kim loai bac
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Tiép theo, nghién ctu tinh chat cua cac éng dan song plasmonic khi “dich
chuyén” nap kim loai Iéch khoi truc déi xitng mét khoang cach nhé & , nhu vay cau
trdc khdng con déi xang. Véi nhitng cau tric khong ddi ximg, véc to cua cac thanh
phan trudng s& bién ddi dan theo phuong truyén séng z. Diéu nay Ia do mit cit hinh
chéo 6ng dan song co su bién doi cua phan b chiét suat (hay hang sé dién méi) cua
dng dan séng thay ddi. Két hop véi véc to song bién doi, sy phdi ghép (coupling)
giita cac thanh phan dién va tir s& lam cho dién trudng hoic tir truong s& duoc ting
cudng hay giam di tai cac vi tri trén hudng truyén. Do vay, can ¢ co ché thay doi
mat cit dang hinh hoc cta éng dan song dé sao cho thay doi phan bé cua hang sb
dién moi va thay doi su phan bé mode cua céc thanh phan truong dién tir. Khi sy
phdi ghép chéo giira cac truong dugc thuc hién téi thiéu, cac thanh phan cua trudng
dién va truong tir bién d6i cho nhau, d6 1a liic quay cua trang thai phan cuc [36].
Trong thiét ké caa cau trdc quay phan cuc, 6ng dan song silic nhu dugc thé hién
trén Hinh 2.1(b) voi chiéu dai 16p 18i silic dugc chon 1a L = 4.1um, nap bac day
(theo phuong d6 cao y) l1a 70nm. Khi mé phong hai bién theo chiéu dai tim kim loai
bac nay va khoang cach dich &, chiing ta khao sat sy bién doi cua truong g, E,
theo phuong phap FEM, két qua tai vi tri léch 6 =120nm, chiéu dai np kim loai bac

L., =3.2nm bat dau tai vi tri trén phuong z =0.64m thi su ghép phan chéo

cua cac truong E, ,E, 13 toi thicu hoa.

3

b

a)

c)
00

-

Hinh 2. 4. M phong FEM céc thanh phan cua trudng dién tir ciia ong dan song lai
ghép plasmonic véi nip kim loai bac nam dich phai 6=120nm trén truc trung tam
cua ong dan song tai vi tri truyen dau vao
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Hinh 2.4 thé hién két qua md phong FEM cua cac thanh phan truong tai dau
Vvao cau trdc quay mode phan cyc khi nap kim loai bac léch 6 =120nm . Truong dau
vao do kich thich cua xung quang dang Gaussian & mode phan cuc can TE. Tiép
dén Hinh 2.5 Ia két qua md phong cho chi cac thanh phan g, g, cua trudng dién tai
cac vi tri truyén lan luot ung véi z=0, z=L/2 va z=L (diém cudi 6ng dan song) thi c6
su bién doi dan va quay cua cac thanh phan nay. Két qua c su quay goc 90° giita
E,.E, khitruyén tir dau dén cudi cta 16i silic boi sy kich thich cac mode lai ghép
plasmonic.

Budc tiép theo, bang viéc sir dung mé phong bang phuong phap mo rong
mode riéng EME dé khao sat sy truyén cia truong trong 6ng dan song va khao sat
dic tinh truyén, phan xa, hap thu cua truong quang khi truyén qua 6ng dan séng

HPW va dé so sanh véi md phong st dung ki thuat FEM.

Hinh 2. 5. M6 phong FEM céc thanh phan cua truong dién E,, E, cuia 6ng dan séng
lai ghép plasmonic véi nap kim loai bac nam dich phai & = 120nm tren truc trung tam
ctia 6ng dan séng tai vi tri truyén dau vao, giira va cubi 6ng din song silic

Hinh 2.6 thé hién két qua mo phong st dung ky thuat EME voéi céc thanh
phan truong dién E, ,E, va cac thanh phan truong tir H,,H, . Két qua md phéng
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cho thdy bién do truong e (H,) giam dan dén gan gia tri 0 theo phuong truyén,
trong khi bién d¢ truong g, (H,)ting dan tir gia tri 0 dén gid tri cuc dai tai dau ra
6ng din song, hon nita dang phan bd truong cua cac thanh phan nay 13 trai ngugc
nhau. Nhu vay, cau tric cho phép quay cac thanh phan truong moét goc quay 90°,
do d6 cau trac 1a mot thiét bi bién d6i va quay trang thai phan cuc: dau vao mode
TE s& duoc bién dbi thanh mode TM & dau ra va nguoc lai. Cau tric nay cé nhiéu
tng dung trong cac mach xu ly tin hiéu quang va cac thiét bi quang, vi du nhu:
mach bién d6i phan cuc cho xir Iy diéu ché dich pha hai trang thai phan cuc DP-

QPSK (dual polariziation - quadrature phase shift keying).

E,- tai Y=0

P

X (nm)

Hinh 2. 6. M6 phong EME sy truyén cua cac thanh phan truong dién tir trong cau
trdc bién ddi trang thai phan cuc vai dich chuyén nap mot khoang & =120nm trén
truc trung tdm cua dng dan séng va tai toa d6 giira chiéu cao cua éng dan séng Y =
0 (theo truc chiéu cao y): a) Ey, b) Ey, ¢) Hyvad) Hy
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Cudi cung, khao sat dic tuyén phd budc séng (wavelength dependency) cua
thiét bi thiét ké bién ddi trang thai phan cuc. Bang viéc sir dung md phong EME dé
do luong cac thanh phan dic trung cua truyén séng trong moét éng dan séng HPW
la: hap thy, phan xa va truyén dan. Phan hap thu do thanh phan 4o cua hé sé mode
(b&i hap thyu vao I16p kim loai bac) va hap thu tinh thé silic két hop véi tan s song
anh sang. Phan phan xa do dic tinh phan xa caa séng khi truyén trong méi trudng
va phan xa tai vo. Phan truyén qua thé hién dac tinh truyén dan (guiding) cua séng
anh sang qua ong dan song HPW, d6 1a dic tinh quan trong. Coi nhu 16p hap thu la
hoan hao cua ving tinh toan md phong 1a 1y tudng thi dic tinh truyén qua dwoc coi
nhu 14 suy hao chén I.L (insertion loss) cua cau tric dugc thiét ké, dic tinh nay
duoc xac dinh bai biéu thirc sau:

Pout) 26
s (2.6)

n
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Bwd&c séng, A (um)
Hinh 2. 7. Pac tinh truyén phu thudc budc séng trong dai 100nm cua thiét bi quay
phan cuc
Suy hao chén duoc tinh todn nho quan hé giira biéu thirc ning luong cua

truong dién tir tai dau ra cua thiét bi so véi nang lugng cia truong dau vao thiét bi,
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tinh theo cbng thurc tich phén cua dién truong va tr truong trong khdng gian dién
tich mat cit phan chéo caa dng dan séng HPW. Hinh 2.7 1a két qua mé phong EME
cua cac thanh phan hap thu, phan xa va truyén dan cua thiét bi theo dap tng phd
buéc song trong dai cira s6 tht ba, tir 1500nm dén 1600nm. Cac két qua cho thay
rang phan cdng suat hap thu va phan xa cua thiét bi nho (hip thu dudi -7dB va phan
xa dudi -10dB) va suy hao truyén thap, nho hon -1.5dB trong dai 100nm & buéc
séng tir 1500nm dén 1600nm. Thém vao d6, ta thay rang kich thuéc thiét bi chi dai
¢ 4.1um va rong 400nm Ia rat nho, mat do tich hop rat cao. Hon thé, suy hao do
hap thu kim loai cua cau trdc 12 nho boi phan 40 nho nén mach hd trg cu ly truyén
truong xa LRHPICs (long range hybrid plasmonic integrated circuits). Két qua cua
dé xuat nay ciing duoc so sanh véi mot sé két qua cua cac cong bd twong tu theo
bang 2.1 dudi day.

Bang 2. 1. So sanh 6ng dan song HPW vai cac cong trinh da duoc cong b trén cac
tap chi chuyén nganh

” < CAu tric dé xuat Tai liéu tham Tai liéu tham
Tiéu chuan N N
[C1] khao [31] khao [36]
Chikc nang ciaa | Quay mode TE sang | Quay mode TE Quay mode TE
ciu kién mode TM sang mode HP sang mode TM
Buéc song 1550nm 1550nm 1550nm
Bang thong 100nm 200nm 104-108nm
Vit liéu Ag, S10,, silicon Ag, SIO,, silicon | Ag, SIO,, silicon
Suy hao hip thu <-7dB Khong nhic dén | Khéng nhic dén
Suy hao phan xa <-10dB Khong nhic dén | Khéng nhic dén
Suy hIaE chen <-1.508B Khéng nhéc dén 0.5139dB
Kich tkl:‘f’:c “U T 41umx400nm | 4.5umx380nm | 7um x 400nm
€
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Tir bang 2.1 c6 thé nhan thiy rang, cdu tric dé& xuit c6 vu diém vuot troi vé
mat kich thudc nho gon, suy hao thap so véi cac dé xuat da dugc cong bo. Tuy
nhién, vé bing thong hoat dong cua ciu trac dé xuat nhod hon cau kién cé chirc ning
quay mode TE sang mode HP (Hybrid Plasmonic) va tuong duong véi cau kién co
cung chirc nang quay mode TE sang mode TM.

2.2. Céc cdng logic toan quang dwa trén éng dan séng plasmonic MIM

Phan nay dé xuat va khao sat chi tiét mot sé thiét ké cong logic plasmonic co
ban trong dng dan séng nano plasmonic hai chiéu theo cau trdc MIM bang viéc sir
dung phuong phap tinh toadn trién khai mode riéng. Nhitng cong logic bao gom
XOR, OR, NOT va coéng Feynman c6 thé duoc thuc hién bing cach thay do6i cac
théng sé cau tric hinh hoc mot cach hop ly. Ngoai ra, bang cach xép tang va két
hop cac cong logic co ban nay, bat ky ham logic phtc tap ndo ciing c6 thé dat duoc
dé cung cap cho cac mach logic quang c6 mat do tich hop cao. Cac cong logic dugc
dé xuit c6 bang thoéng rong trén 300nm trong khi kich thuéc nhé gon, c&
2pmx1.2um Do do, cac thiét bi co thé duoc tng dung rong rii va co y nghia
I6n trong cac thiét bi xur 1y va tinh toan quang hoc.

Trién vong cua cac bo xir Iy quang hoc di thiic day trong céc hoat dong nghién
ctru gan day dé khac phuc nhitng han ché vé hiéu suat tit yéu cua cac thiét bi dién
tir ban dan bi gigi han va cham tré vdn c6 va sinh nhiét cao [37]. Céc thiét bi quang
dién sir dung cac photon &nh sang lam vat mang thong tin c6 thé cung cap toc do
truyén théng cao, cdng suat cao va ton that thap. Tuy nhién, gidi han nhidu xa cua
anh sang la mot tro ngai co ban dé giam kich thude cua céc thanh phan logic quang
hoc xudng thang do cua cac thiét bi dién tir trong cac mach tich hop [38].

Song dién tir bi mic ket trén cac giao dién dién mdi kim loai va két hop voi
viéc truyén dao dong dién tir tw do trén bé mat kim loai duoc goi 1a cac phan cuc
plasmon bé mit [39], duoc coi la cd tiém ning nhat dé thyc hién cac mach quang
kich thuéc nano mét [40]. Cac mach va thiét bi quang hiéu suat cao dua vao SPPs
hién nay c6 kich thudc cuc ky nho gon dé tich hop do dic tinh truyén dan cua &nh

séng trong mién nano va vuot qua gidi han nhidu xa ¢ dién. Mot luong 16n cac
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thiét bi dya trén SPPs, chiang han nhu chiang han nhu bé diéu ché dua trén giao thoa
ké Mach Zehnder [41], chuyén mach toan quang [42], bo chia cong suat [43], cam
bién, b quay phan cuc [44], siéu vat liéu [45], bo tach budc séng [46], thong tin
plasmonic [47], bd dém quang [48], va bd phan xa Bragg [49] da dugc chirng minh
bang thuc nghiém va md phong bang s6 da néu trong mot s6 bao céo khoa hoc.

Cac mach logic s da duoc thiét ké va tng dung trong thuc té tir 1au dya vao
nén tang cong nghé dién tir, dic biét 1a trong sy phét trién cua céng nghé vi dién tir
VLSI hién dai ngay nay nhung bi giéi han vé toc do va kich thuéc micromet do dic
tinh tat yéu cua dién tur 12 gan bang voi gisi han buéc song hoat dong. Cong logic
quang hoc duoc coi 1a nén tang dé tao ra cac mach tich hop quang tur trong nganh
cong nghiép dién tir thé hé méi, dac biét cac cong logic quang thuan nghich hién
dang tré nén rat quan trong trong linh vyc tinh toan lugng tar [50, 51]. Mot s6 cong
logic va mach tich hop quang dua trén cdng nghé quang t silicon (SiP) [52, 53] va
hiéu tng plasmonics [54] str dung ong din song dang dugc nghién ctiu va cong b
trong thoi gian gan ddy. Tuy nhién, kich thudc tich hop van con Ién, mach tich hop
chua dat duogc kich thudc dudi budc song hoac vai tram nano mét. Vi du nhu mot
s6 cong logic khac nhau duya trén cac bo cong huong vong silicon siéu nho, diéu ché
pha chéo va bo khuéch dai quang ban din don da duoc nghién ciu [55, 56]. Mot sb
thiét bi quang hoc khac sir dung hiéu tmg quang dién hoac tir trudng bang cach ap
dung dién truong hoic tir truong twong tng c6 nhuoc diém 1a thoi gian chuyén doi
cao, suy hao cao va cau trlc phuc tap [57].

Trong phan nay dé xuat mot sé cong logic plasmonic thuan nghich XOR,
OR, NOT, Feynman trong c4u tric 6ng dan song plasmonic MIM don gian véi bo
cong huong dugc hinh thanh tir cac khoang Fabry-Perot bang céch st dung cac
phan tich ly thuyét théng qua thuyét ghép mode theo thoi gian va mé phong sb
thdng qua phuong phap khai trién mode riéng EME [58]. Phuong phap EME c6 thé
t6i wu hoa cac tham sb cau tric va hiéu suat quang dic trung cia cac cong logic
dugc dé xuat. Nhirng cong logic bao gdm XOR, OR, NOT va cong Feynman c6 thé
dugc thuc hién bang cach thay doi céc thong sé cau tric hinh hoc mét cach hop 1y.
Ngoai ra, bang cach xép tang va két hop cac cong logic co ban nay, bat ky ham
logic phtc tap nao ciing c6 thé dat duoc dé cung cap cho cac mach logic quang c6
mat d6 tich hop cao. Céc cong logic dugc dé& xuét c6 bang thong rong trén 300nm
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trong khi kich thuéc nho gon, ¢& 24mx=1.24m . Do do6, cac thiét bi cd thé duoc
ting dung rong rai va c6 y nghia 16n trong céac thiét bi xur ly va tinh toan quang hoc.
Cac thiét bi duoc thiét ké va ché tao véi kich ¢& 1a 10nm véi cdng nghé ché tao
CMOS hién dai nhat nhu khic chum electron [59] hoic khic chim ion hoi tu [60].
2.2.1. Nguyén ly thiét ké cac céng logic plasmonic

Céu truc duoc dé& xuat dya trén cac ong dan song kim loai-dién mdi-kim loai
(MIM), trong d6 chat cach dién trong cac khe va 16 kim loai ban dau la cac 16p
khong khi. Cac 1op kim loai duoc s dung dé thiét ké va xay dung thiét bi dudi
dang kim loai bac Ag, c6 do tham tuwong ddi dugc mé ta bang cach st dung md hinh
Drude:

2
w

&, =&, —————— (2.7)
o(w+ jy)

Trong d6 &, 1a hang s6 dién moi tai tan s6 t6i han cua Ag, @, Ia tan s6 plasma
I6n, @ 14 tan s6 goc cua anh sang toi trong chan khong va » 1a tan s va cham cua
electron. Cac tham s6 mic dinh dugc cho nhu sau: &,=37,0,=91eV , va
» =0.018eV [61]. Kim loai bac Ag duoc chon dé thiét ké trong mach nay la do
phan 4o cua no rat nho trong dai budc song cua cira so Vién thong, do do, ton hao do
hap thu d6 sau bé mat thip nén cho phép truyén séng SPP véi tam truyén dai. Chiét
Xuat cua vat lidu thuy tinh dioxit nong chay duwoc mé ta bang phuwong trinh
Sellmeier [62] la gia tri ciia n6 trong dai budc song cira s6 vién thdng cua thong tin
quang thay déi trong pham vi ngén tir 1.44 dén 1.46 tai nhiét do phong 300°K [63].

Céc cong logic plasmonic dugc dé xuat bao gom éng dan song theo ciu tric
MIM duoc dit theo huéng thang ding va mot khoang hep kich thuéce nano mét hinh
chir nhat dugc dat theo huéng nam ngang nhu trong hinh 2.8. Trong d6, Lc va We
lan luot 1a chiéu dai va chiéu rong cia 6ng din song khoang hep nam ngang; Di,, W;
lan Twot Ia chiéu dai va rong cua hai céng vao ghép néi vai khoang hep nam ngang
cua ong dan song; g:, g, la chiéu rong caa khoang ghép ndi giita cac cong va
khoang hep nam ngang; Al;, Al, va Al 1a khoang céch caa cac cong vao dng dan
s6ng so voi dudng truc trung tdm cua khoang hep (duong nét dat); da, dg 1an luot 12

chiéu dai cua cong vao A va B; Do 1a chiéu dai caa cong ra ng dan séng
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Khong

Hinh 2. 8. So d6 nguyén ly cia cong logic plasmon dugce dé xuat

Theo Iy thuyét vé phan cuc plasmon bé mat, séng phan cuc s (phan cuc TE)
khong ton tai trong co ché cua mode séng SPP va chi ¢6 thé ton tai song phan cuc p
(s6ng phan cuc TM) va duoc dan trong mode song SPP, hién tuong nay duoc tao
nén tir nhiéu phuong phap khéc nhau, nhu cdu hinh Otto [64], c4u hinh
Kretschmann [65], ché d6 éng din song plasmonic lai ghép silicon. Do do, trong
thiét ké nay, song anh sang phan cuc TM duoc phét ra tir hai cong dau vao va lan
truyén trong 6ng dan séng MIM, hang sé lan truyén phic B c6 thé nhan duoc bang
cach giai phuong trinh phan tan nhu sau [66]:
g4k

-z (2.8)

md

k
tanh(—+w) = -
(Fw)

Véi & va &, la hang s6 dién moi cua Iop cach dién (khdng khi) va kim loai
bac Ag; K, va k. 1a sé song trong I16p dién moi va 16p kim loai dugc x4c dinh boi
ks =B -k va k, = -,k . O day, k, =27/ 4 1a sb séng cia song lan truyén
trong chan khéng. Quan hé giira chiét xuat hiéu dung cua 6ng dan séng MIM va
hing sé lan truyén duoc dinh nghia la Ng = A1k, .

Trong cau tric plasmonic giéng voi 6ng dan séng MIM dé xuat, do 16n cua

s6ng téi va éng dan séng phu thudc vao thoi gian duoc md ta bang sy giao thoa

giita s6ng ti va séng phan xa lién quan dén hé sé pham chét cua khoang bai suy
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hao ti nhién cua sy giao thoa 4nh sang khi truyén xung quanh khoang. D¢ dich pha
tong A¢ giira hai mat phang giao dién trong su giao thoa anh sang phai théa man

méi quan hé vé diéu kién cong hudng cua séng ding sau day:
Ap= B 2L, +@ =2zm (2.9)

Vi L 1a chiéu dai cua khoang hep, @, 1a do dich pha do séng lan truyén &
ranh gigi bén trai va bén phai cua 6ng dan song khe hep, m 1a s6 nguyén xac dinh
bac cua mode séng cong hudng duoc kich thich trong khe hep, f, 13 hang sé lan

truyén cua mode song bac thir m. Thong thuong, @, 1a rat nho, c6 thé bo qua né

trong cac két qua phan tich. Do d6, budc song cong huang cd thé duoc viét nhu sau:

A, =20 L. /m (2.10)

Véi Ny 1 chi sb chiét xuat hiéu dung cua dng dan séng khe hep nanno mét.

2.2.2. Két qua mo phéng cac cong logic va nhan xét

Gia st rang trudng dién tir tir c4c ngudn dau vao A, B lan truyén theo hudng
Z tai cac vi tri Al theo hudng x. Cac dac tinh mode song cua truong dién tir nay
dugc tinh toan bang cach sir dung giai mode theo phuong phap md phong EME thé

hién trong hinh 2.9 véi bé rong mode 1a w; = 50nm.

1.0
0.9
0.8 -
0.7 -
0.6 -
0.5 -
0.4—:
0.3
0.2 -
0.1 -
00---------~| |- ~N

08 06 04 02 00 02 04 06 08
X (um)
Hinh 2. 9. Phan phdi mau tir treong caa cac mode SPP trong ché @6 phan cuc TM
tai hai cong vao A va B duoc giai theo phurong phap mé phong EME
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Biéu thirc truong tir cua séng phan cuc TM c6 thé dugc viét nhu sau:

HA =a,aexp(jk,0) =a, 3 a’'J, (k,0)exp(ing) (2.11)

n=—o

HE =282 exp(k ) =2, 3" afj”%(kmp)exp[jn(co—g)} (2.12)

Véi ar va o 1a bién do song dau vao cong A va B; p va ¢ tuong ung la
khoang cach xuyén tim va goc phuong vi; @, 1a bién do tai diém z va J,(k,p) la biéu
dién cua ham Bessel véi bac thir n. Trong qué trinh thiét ké coi hai dau vao A va B
c6 cung bién d6 va goc pha.

Bén trong cac 6ng din song kich thudc nano mét, sy két hop cua cac trudng
quang tir cac cong dau vao co cung budc song sé& tao ra hiéu tng giao thoa véi nhau
dé tao thanh song ding béi cac gia tri ndt séng va dinh séng, ¢ do6 truong dién tir bi
triét tiéu hoic 1a cuc dai, cac truong cuc dai nay tir cac cong dau vao di vao khe ho
hep gitra 6ng dan song va chiéu rong caa 6ng dan song kich thudc nano mét. Bang
cach thay ddi thong sé hinh hoc cua cac khoang, cé thé dat duoc mac hiéu suat
truyén dé thuc hién dugc mot sé chirc nang khac nhau ciia cong logic toan quang.
Mot sb tham s6 cau trdc hinh hoc ban dau 1a g, =g, =0nm; g, =3nm; W, =W, =50nm;
A=Al =Al=L, /2.

A) Cong XOR

Thong qua cong cu md phong, cd thé giam sat hiéu suat truyén tai cac cong
ra dé cau kién hoat dong dung theo bang chan ly cua cong logic XOR bang céch
thay do6i théng sé kich thuéc da, dg, Le, Din. Qua do, chon duge cac kich thudc
d, =d, =240nm, Al =Al, =Al, =Al =L /2=170nmva D, =780nm dé nhan dwoc dang

phan bd cuong do tir trudng H| tai cong logic ra X. Hinh 2.10 mé ta thanh phan
truong [H, | tai cong ra X trong tat ca cac trudng hop hai cong vao c6 cac mic 0

hodc 1. Tai cbng ra X, ta phan biét duoc cac muc cong suit dé xac dinh trang thai
logic 1& mic 0 hay mirc 1. Theo d6, trang thai logic duoc xac dinh 1a mac 1 néu

cong suat dau ra 16n hon cong suit dau vao 10%, nguoc lai trang thai logic dugc
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xéc dinh 12 0 néu cong suat dau ra nho hon cong suit dau vao 10%. Cha y rang, khi
hai mtrc dau vao tai ca hai cong déu la mtc 0 thi dau ra c6 muc logic 1a 0. Bang
chan ly caa céng XOR thé hién tat ca cac trang thai cua dau ra theo dau vao tuong
ung tai hinh 2.10(d).

L M N
=Y
IS 1

Hinh 2. 10. Cong logic XOR vé&i mot sb trang thai dau vao (a) A=0, B=1; (b) A=1,
B=0; (c) A=B=1 va (d) bang chan ly

B) Cong NOT

C6 thé thay rang, trong hinh 2.10 néu ta c6 dinh dau vao A la mét cong diéu
khién luén gii trang thai & muc 1, khi dau vao B = 1 ta nhan dugc daura X = 0, va
nguoc lai khi ¢au vao B = 0 thi ta nhan duoc ddu ra X = 1. Do d6, cip B va X hoat
dong nhu mot cong NOT logic.

C) Cong OR

OR gate0 - l

(d) Inputs p::t
A B X
0 0 O
011
1. 813 -

Hinh 2. 11. Cong logic OR cho cac trang thai dau vao (a) A=0, B=1; (b) A=1, B=0;
(c) A=B=1 va (d) bang chén ly
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Thuce hién tuong ty nhu d6i voi cong logic XOR, c6 thé chon dugc céc thdng
s6 kich thusc d, =d, =240nm, Al =Al, =Al =L /2=170nm,Al =Onmva D, =780nm dé
nhan dugc dang phan bo cudng do tir truong |H, | tai cong logic ra X 1a mot cong

logic OR boi tat ca c4c trang thai dau ra 1a dung véi bang chan ly caa cong OR.
Trong truong hop nay, viéc xac dinh cac mac 0 hoac 1 tuong ty nhu truong hop
cong XOR & trén. Hinh 2.11 mé ta bién d6 cta cong vao va ra khi bién do duoc
chuan hoa theo dau vao tuong ng véi cac mic logic 0 hozc 1.

D) Céng thuan nghich Feynman

Logic thuan nghich da duoc chd y rat nhiéu trong nhimg nim gin day va né
la mot giai phap dang tin cay trong tinh toan quang hoc, CMOS cong suat thap, dién
toan luong tir va cong nghé nano [67]. Bi véi logic thuan nghich, viéc anh xa 1-1
gitta ddu vao va dau ra co thé gay ra su mat mat théng tin téi thiéu. Trong thuc té,
mot trong nhiéu loai cong logic thuan nghich thi céng Feynman quang 1a mot loai

c6 tiém nang cho viéc hién thuc hoa cac mach tinh toan quang cong suat thap [53].

Feynman logic gate
(d) Inputs Outputs

X=

A | B [vsa] 0
10101010 |
0/1/0]1 ~
1101 1| 1E6
FUEMENE R

Hinh 2. 12. Cong logic thuan nghich Feynman véi cac trang thai dau vao (a) A=0,
B=1; (b) A=1, B=0; (c) A=1, B=1 va (d) bang chan ly

Trong phan nay, ta diéu chinh mét s thdng sb hinh hoc dé thuc hién chic
nang ctia mot cong thuan nghich Feynman. Théng qua cong cu méd phong, c6 thé
giam sat hiéu suat truyén tai cac cong ra dé cu kién hoat dong ding theo bang chan
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ly cua cong logic Feynman bang cach thay ddi théng sb kich thuéc dp, dg, Lc, Din
thi chon dugc cac thdng sb kich thuéc d, =d, =180nm,va D, =780nm dé nhan duoc

dang phan bd cuong do tir truong ‘Hy‘ tai cong logic dau ra X. O day, Aly la

khoang cach bén trai tir cong ra phu Y (1a mot trong hai cong ra cia cong Feynman)
so voi dudng truc trung tdm cua ciu tric dé xuat. Hinh 2.12(a, b, ¢) cho thiy céc

phan tu cua [H, | tai cac cong ra X, Y trong moi truong hop dau vao khi hai bién do

tai hai cong dau vao twong ung véi cac muic logic “0,17, “1, 0” va “1, 1. Chi y
rang khi cac céng dau vao co trang thai muac 0 thi duong nhién cac cong ra X, Y
cling c6 trang théi 1a mac 0. Hinh 2.12(d) biéu dién bang chan Iy cua céng Feynman
(FG). C6 thé thay ring, két qua mo phong tir sy phan bd tir trudng tai hai cong dau
ra tuan theo bang chan ly cua FG, va do d6 ta da hoan thanh thiét ké FG trong d¢
Xuat nay.

C6 thé thay rang, dbi véi truong hop cac cong XOR, OR, NOT duoc thé hién
trong Hinh 2.10 va Hinh 2.11, cac thanh mau biéu thi sy khac biét giira cac muc
logic “0” va “1” 1a 16n hon trong Hinh 2.12. Do d6, v6i dé xuat trong chuong nay,
ta coi dap ung budc s6ng cia cong Feynman nhu mot hiéu suat dic trung cho cac

cong logic dugc dé xuat.

Dap tmg budc séng cua cong Feynman

0.5 ]
——X"0,1"
- - 'Y IIG-1H Ml’l,c “1”
04 ——X"1,0" ”
~Y "1,0"
X", 1"
0.3 Y 4,1

bac tinh truyén dau ra
theo cong suat dau vao chuan hoa (1 don vi)

1.3 1.35 1.4 1.45 1.5 1.55 1.6 1.62
Bude song, A(um)

Hinh 2. 13. Phd buéc séng cua qua trinh truyén cong suat dau ra chuan hoa tai hai
cong ra X, Y cua cong logic Feynman dugc d¢ xuat trong cira so6 budc séng vien
thdng véi moi trang thai logic dau vao
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Hinh 2.13 cho thay két qua md phong phd budc song cua qua trinh truyén
cong suat dau ra tai hai cong ra X, Y cua cong logic Feynman vaoi moi trang théi
logic dau vao trong cira s6 budc song vién thong. O day, ta gia dinh rang mac cong
suat dau ra cta cac bit 0 nho hon 10% mirc cdng suat chuan héa dau vao va ngugc
lai d&i vai bit 1, mic cong suat dau ra Ién hon 10% mirc cdng suit chuan hoa dau
vao. Dir liéu md phong cho thiy bang théng bude séng twong ddi 16n tir 1300nm
dén 1620nm dé ciu trac da dé xuat hoat dong chinh xac nhu bang chan ly caa céng
Feynman. Do d6, dé khong lam mat tinh tong quat, ta c6 thé rat ra mot két luan
chung rang tat ca cac cong logic plasmonic duoc dé xuat co dai budc song rong.

Bén canh d6, viéc thiét ké va thuc hién cac cong logic phuc tap hon hoan toan
c6 thé duoc thuc hién bang cach két hop va xép tang cac cong logic nay mot cach
hop ly. Hiéu suat cia chdng cé thé duoc diéu chinh bang cach thay d6i cac thong sb
cau triic dé dat duoc hoat dong mong mudn. Cong logic plasmonic c6 thé giam dang
ké kich thudc va do d6 giam tan xa, giam ngudng tin hiéu cho céc hoat dong logic
va c0 thé cung cap céc thiét bi quang chuyén mach toc do cao. Uu diém ciing nhu
han ché cua dé& xuat nay so véi mot s cong trinh di duoc cong bd trén tap chi
chuyén nganh theo bang 2.2 dudi day.

Bang 2. 2. So sanh cé4c cong logic dé xuat voi cac cong trinh da duoc cdng bé trén
cac tap chi chuyén nganh

. 2 Cau tric dé¢ | Tai ligu tham | Tai ligu tham | Tai ligu tham
Tiéu chuan P . . .
xuat [J1] khao [52] khao [53] khao [54]
. B6 con Ong dan séng | Ong dan son
AL Ong dan song WQ ° \g g_ a. J gda . 9
Cau truc lasmonic MIM hudng vong Lithium plasmonic
P Niobate MIM
Ag, SIO,, - .
Vit liéu g o Silic, SIO, LiNbO; Ag, GaAsInP
U silicon
Lo o OR, XOR,
Cauxtlftn de NOT, N?A:I'I\,“(D)R, FEVYNMAN ANND(,)_(I_)R,
2 FEYNMAN
340nm X > 10
Kich thuéc . “H,l 23,8mm X 38,4um x
cAu kien 1,073um (OR, | (duwong kinh 0.63mm 0.66
, ,00 pm
au e XOR,NOT | vong cong H
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GATE);1,25um huong)
X 963nm
(Feynman Gate)

Buroc song 1550nm 1550nm 1550nm 632,8nm
lam viéc

Khéng nhic | Khong nhac
Béng thong >300nm 35nm o o

dén dén

Tur bang 2.2 ¢6 thé nhan thay rang, cau trac dé xuit c6 wu diém vuot troi vé
kich thudc cuc ky nho gon, bang thong hoat dong I6n hon so véi Cac cau trac da
duogc cong bo.

2.3. Két luan Chuong 2

Nhu vay, trong Chuong 2 da trinh bay hai dé xuat, bao gém:

Mot 1a dé& xuat thiét ké dng dan séng lai ghép plasmonic HPW vi 6ng dan
song silic bang cach phu mét nap kim loai (metal cap) mong 1én mét dng dan séng
SOl (silicon on insulator) truyén thong. Phuong phap mé phong FEM duoc st dung
dé nghién cau sy bat gitt mode lai ghép cia mot song kich thich dang xung
Gaussian dau vao trong mot kich thuéc ¢d nano mét. Khi dich chuyén nap kim loai
bac ra khoi vi tri tAm dé tao ra cau tric bat dbi xang mot cach thich hop thi cau tric
dng dan song 1a mot thiét bi quay va bién dbi trang thai phan cuc. Phuong phap mo
phong FEM nghién ctru dac tinh quay cua truong va phuong phap mé phong EME
khao sét su truyén truong va cac dac tinh quang hoc theo budc séng trong mot dai
100nm & ving cira s6 théng tin quang thtr ba cho thy cau trdc quay phan cuc cd
suy hao nho, chiéu dai truyén dai trong bang thong rong va kich thuéc thiét bi la rat
nho. Céc ciu trac HPW dé xuat cd thé str dung trong cac mach tich hop quang téc
dd cao véi kich thudc ¢d nano mét.

Két qua nay duoc cong bd trén ky yéu cua Hoi nghi REV-ECIT 2017: “Cdc
cau tric éng dan song lai ghép Plasmonic - Silic siz dung nap kim logi bac va quay
phén cuc cho mach quang tw kich thudéc nano™

Hai 1a d& xuét thiét ké cac cong logic XOR, OR, NOT, céng Feynman quang
thuan nghich dugc dé xuat va nghién cau ti mi bang viéc st dung phuong phap mo
phong s6 EME. Bang viéc lya chon cac tham sb cau trdc phi hop, céc cong logic c6
chtc nang khac nhau di duoc thiét ké thanh cong trong ché do plasmonic. Cac cong
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logic plasmonic dwa trén éng dan séng MIM kich thuéc nano mét cé cau trac don
gian, kich thuéc nho gon va bing thong rong dé xay dung cac mach tich hop quang
tir & kich thudc nano mét va cac hé thdng théng tin quang.

Két qua nay duoc cong bd trén Tap chi Khoa hoc va Cong nghé - Pai hoc Pa
Nang: “All Optical logic gates base on nanoplasmonic MIM waveguides”, The
University of Danang, Journal of Science and Technology: Issue on Information
and Communications Technology, Vol.18, No.12.2, 2020.
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CHUONG 3. THIET KE CAC BQ LQOC BUOC SONG SU DUNG ONG DAN
SONG PLASMONIC KiCH THUOC NANO MET

Cac mode séng sau khi duoc quay phan cuc ciing nhu chuyén do6i trang thai
cac muc logic nhd vao cac cau kién da duoc dé xuét & Chuong 2, s€ dugc dua vao
cac cau kién tach/ghép kénh dé thu dugc tin hiéu mong mudn. Cac cdu kién
tach/ghép kénh s& duoc dé xuat dé ung dung trong k¥ thuat WDM cho mang toan
quang toc d6 cao. Do vdy, Chuong nay trinh bay vé cac dé xuit tao ra cac bo loc
budc song trong ctra s6 budc song vién thong va thong tin anh sang kha kién, st
dung 6ng dan song plasmonic kich thuéc nano mét theo cau trdc MIM c6 do rong
bang thong 16n, hiéu suat truyén cao va dung sai ché tao 16n. Bao gom:

a) Tao ra mot bd loc 2 bang 1310nm va 1550nm;

b) Tao ra bo loc 3 bang 1310nm, 1430nm va 1550nm;

¢) Tao ra mdt bd loc bude sdng RGB cho thong tin anh sang kha kién.

3.1. Thiét ké bd loc 2 bing song 1310nm va 1550nm dwa trén ong dan

song nano plasmonic

Phan nay dé xuit thiét ké bo loc buéc séng photonic nhé gon dua trén cau tric
nanoplasmonic kim loai-dién mai-kim loai. Cac két qua nghién cau 1a chinh xac bai
viéc sir dung thuyét ghép mode theo thoi gian. Phuong phap mo phong sé6 mé
phong truyén mode riéng ciing duoc sir dung cho qua trinh thiét ké tong thé. Céc két
qua md phong cho thy hiéu qua truyén caa b loc tach song c6 hiéu qua dang ké
boi viéc lya chon chiéu dai téi wu cua cac khoang phan xa hinh chit nhat. CAu tric
da dé xuit cd tiém nang 1on trong viéc thiét ké cac mach tich hop cuc ky nho gon va
c6 hiéu qua hoat dong cao trong cac hé théng thdng tin quang.

Nhu da dé cap, song dién tir bi giam giir trong giao dién gitra 16p kim loai -
dién mdi va két hop dé truyén dién tich ¢ giao dong tu do trong kim loai, dwoc goi
la cac phan cuc plasmon bé mat SPPs, duge xem la phuong phap tién tién nhat dé
thuc hién cac mach quang tir tich hop cao bai ching c6 thé vuot qua déng ké gioi
han nhidu xa c6 hiru cua anh sang va xtr 1y anh sang kich thudc budc séng con.
Chang han, két qua nghién ciru thuc nghiém cua Miyazaki va cong su [68] cho thay



61

anh sang co thé bi mac ket trong mot thé tich c¢6 kich thudc ¢& 107323 (trong do, A
la budc song cua anh sang trong chan khéng) véi mot plasmonic kich thudc nano
day 3nm. Mot s cau tric cho céc 6ng dan song plasmonic di duoc dé xuat nhu cac
day kim loai kich thudc nano [69] ciing nhu cac ranh hinh chit V trong cac dé kim
loai [70], cac 6ng dan séng tron plasmonic [71] va cac bd cong hudng hinh dia [72]
va ném kim loai [97]. Trong cé4c cau tric ndy, anh sang duoc tap trung & 18i trong
cau trdc dng dan séng kim loai - dién mdi - kim loai cho phép xtr ly va truyén tin
hiéu & kich thudc nano. Do d6, cac 6ng dan song khe hep plasmon dua trén cau tric
MIM di duoc str dung dé truyén dan tin hiéu tim xa va giam gitr cac mode séng
dudi budc séng cho cac mach tich hop quang tir. Ngoai ra, cac éng dan séng MIM
c6 tiém nang dé thiét ké cac thiét bi quang hoc ¢& nano vi kha nang dinh xt cao va
t6n that uén cong bang khong vai viéc ché tao twong ddi dé& dang theo cac cong
nghé san xuat hién dai. CAc cdu trac nano plasmon nay duoc &p dung dé thiét ké
nhiéu thiét bi, vi du nhu thiét bj chuyén mach, cac hé théng hinh anh buéc dudi
buéc séng, cac cam bién sinh hoc. Hon nita, cac 6ng dan song MIM bing thong
rong vai cac thiy bén thap duoc dé xuat nhu 1a mot giai phép thay thé dé tao ra cac
cach tir Bragg cho viéc ghép ndi vai cac hé théng vién théng cép quang [73]. Cac
khe kim loai plasmonic dugc sir dung dé thiét ké cac thiét bi Terahertz voi cac ung
dung cho trueong gan [74]. Vé6i su phat trién cua viéc ché tao hién dai, cac thiét bi
nay c6 thé dugc ché tao va ung dung trong cac mach quang tich hop va thong tin
quang trong tuong lai. Vi 6ng dan séng MIM c6 kha niang giam giit 4nh sang manh
mé& véi chiéu dai truyén plasmon bé mat SPP chap nhan duoc [75]. Dya trén 4ng
dan séng MIM, gan day, mot sé ciu truc chon loc budc song don gian di duoc
nghién ctru va dé xuat, chang han nhu cac b loc hinh ring plasmonic [76] vai budc
s6ng hoat dong khdng phé bién trong cira s6 budc song vién thdng. Pong vai tro
quan trong trong céc thiét bi nay, cac b cong huong quang hoc sir dung céc 6ng
nano sé& la cac phan tir quan trong ciu thanh cac cau trac ghép kénh budc song
plasmon do tinh ddi xung, don gian va ché tao d& dang. Cac bo phan tach budc song
plasmonic cd thé loc ra timg budc séng trong cac kénh khac nhau, né giir vi tri rat

quan trong trong cac mach xur Iy budc song anh sang kich thudc nano.
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Phan nay dé xuat thiét ké va md phong téi wu bd loc budc song nano
plasmonic cho hai dai buéc séng 1310nm va 1550nm dya trén ciu tric ré kénh
trong ng dan séng MIM sir dung cac khoang phan xa kich thuéc nano mét, cau
kién d& xuat c6 mot sé wu diém ndi tréi hon so vai [76, 77] . Phuong phap md
phong trién khai mode riéng (EME) dua trén thuyét duong truyén cé 6n dinh cao
[78] da chuing minh rang hiéu suat truyén va suy hao ciia 6ng din song ré kénh dam
bao khi thiét 1ap khoang céch thich hop gitra cac khoang phan xa va diém ré&. Cac
két qua dugc phan tich chinh xac bang thuyét ghép mode theo thoi gian va duoc toi
wu hoa dang ké bang phuong phap mé phong EME. Bo tach kénh hai budc song
plasmonic kich thudc nano véi hiéu suat tach/ghép cao da cai tién déang ké dé ung
dung trong cac thiét bi WDM.

3.1.1. M6 hinh va nguyén ly thiét ké

3.1.1.1. Nguyén Iy hoat dgng va thiét ké cdu tric hinh hec

&
3

§
=
1
s
=

Hinh 3. 1 So db b tach bude song plasmonic kich thude nano hai budc séng dwa
trén cau truic MIM

Hinh 3.1 biéu dién mot bo loc budc séng plasmonic hai cong bao gom mot
nanobus, hai ng dan song r& kénh kich thuéc nano goi la khoang a, khoang b va
hai 6ng hinh chir nhat kich thudc nano 1a cac khoang kich thugc ¢& nano.

Céu trac duoc dé xuét dua trén cac dng dan song MIM, trong d6 cac chat cach

dién trong khe kim loai va cac khoang duoc thiét 1ap ban dau la cac 1op khong khi.
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Cac 16p kim loai dugc sir dung dé thiét ké va ché tao thiét bi 1a kim loai bac, c6
hang sé dién méi twong ddi dua trén md hinh Drude theo cdng thic (2.7).

Véi &, 1a hang sb dién mai tai tan s6 v6 han cua bac, @, 1a tan sé plasma; @
va » lan luot 12 tan s6 goc cia anh sang téi trong chan khdng va tan s dao dong
cua electron. Cac thdong sé nay dugc tham khao ti [79, 80] nhu sau:
¢,=3.7,0,=9.1eV,y=0.018eV . Theo thuyét phan cyc plasmon bé mat SPP, song
phan cuc s (song phan cuc TE) khong ton tai dugc trong co ché phan cuc plasmon
bé mat ma chi c6 séng phan cuc p (séng phan cuc TM) cd thé ton tai va “dan” trong
co ché phan cyuc plasmon bé mat. Do d6, trong thiét ké nay séng anh sang phan cuc
TM duoc dua tdi cong vao va dugc truyén dén hai cong dau ra mong mudn ¢ hai
dai budc song la 1310nm va 1550nm. Gia st rang | va D biéu thi cong dau vao va
cong ré, P, va Pp lan luot 1a cong suat tai cong vao va cong ré. Su truyén ré nhanh

duoc dic trung bai théng sé truyén Ty duoc xac dinh:

Sy thay d6i vé thoi gian cua bién do song vao va song ra trong ong dan song
duoc mo ta boi nhidu giao thoa gitra s6ng t6i va song phan xa, yéu t nay lién quan

t6i hé sb pham chat Q, va Q, cua khoang a va khoang b béi suy hao dic trung cua
anh sang khi lan truyén qua cac khoang [81]. Gia st ring 6, va 6, 1a cac pha lién két
tir khoang a va khoang b téi duong dan éng dan séng, va 6 1a pha lién két gita

khoang a toi dng dan song ré kénh, va d 1a khoang céch tham chiéu giita khoang a va

khoang b (trong hinh 4.1). Si don pha gitra hai mat phang tham chiéu duoc biéu dién:
gp:dﬂspp :dneﬁ kO (31)
Véi Ny 1a chi sé khiic xa anh huéng cua truyén mode SPP toi dudng dan dng

dan song (N phu thude vao budc sdng A va do rong caa duong dan ng dan
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s6ng), ko 1a s6 song cua anh sang tGi trong chan khéng, S biéu dién hang sb lan
truyén ciia mode SPP trong 6ng dan séng MIM.
Biéu thirc (3.1) chi ra diéu kién pha can bang cua tan sic tuong ddi trong dng

dan s6ng plasmonic tuan theo biéu thic sau:

Wk, n% —¢
P tanh[”’f“"}gd n2 —¢, =0 (3.2)

Véi €, va g4 12 hing sb dién mdi cua l6p ma bac va 16p cach dién khong khi.
Hiéu suat truyén cua cong ré duoc biéu dién theo ly thuyét:
. [1— r exp’“"’}2 1(2QQ,)
" ol @, -1+rsin2/(2Q)] +[1/Q, +1/(2Q,)+(1-rcos20)/ (2Q,) |

(3.3)

Véi Q; va Q; lan luot 1a hé sé pham chat caa khoang a, khoang b do giam
cdng suat téi duong dan dng dan séng, Q, la hé sé pham chat do sy sut giam cong
suat vao 6ng dan song ré kénh; w, va w, tuong ang véi tan sd cong huong cua
khoang a cling nhu khoang b; r=[1/2Q3]/[j(a)/a)a —1)+l/(2Q2)+1/Qa] la hé s6
suy giam.

Biéu thirc (3.3) biéu dién qua trinh lan truyén cua cong ré dau ra phu thudc hé
sé pha ¢ .

Pé tach thanh cong hai budc séng 1310nm va 1550nm, can phai thiét ké
khoang a va khoang b sao cho khoang a cong hudng vai budc song 1310nm nhung
khong cong huong vai budc song 1550nm va nguoc lai, khoang b cong hudng vai
buéc s6ng 1550nm nhung khong cong hudng véi budc séng 1310nm. Khdng ton tai
mot phuong phap tudng minh dé nghién cau cac hiéu ung cong huong trong céc
6ng dan séng plasmonic bang phuong phap phan tich ly thuyét ma can phai sir dung
phuong phap mé phong sb dé nghién cau. Phuong phap EME duoc sir dung dé
nghién ciu va toi uu hoa quy trinh thiét ké. Trong phuong phap md phong EME,
ché d6 phan giai duoc thiét 1ap 13 Ax=Az =5nm trong khdng gian hai chiéu. Chiéu

rong khe kim loai trong duong dan dng dan séng dugc thiét 1ap 14 w, =50nm; Chiéu
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rong cua khoang a va khoang b duoc thiét 1ap ban dau lan luot 12 w, = 60nm va w,
= 100nm. Khoang cach tham chiéu giita khoang a va 6ng din song ré kénh ciing
nhu duong dan ng dan séng duoc thiét 1ap 1a t = 10nm, khoang céch giita khoang b
va duong din 6ng dan song duoc thiét 1ap 14 g = 20nm va khoang cach tham chiéu
d = 490nm. Su ton tai ciia séng phan cuc TM theo sy phan bé cua mode plasmonic
tai cong dau vao cua dudng dan dng dan séng duoc 1am rd bing phuong phap mo
phong EME nhu trong Hinh 3.2 dudi day.

10 oY
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Hinh 3. 2. Phan bé mode plasmonic tai cong vao dugc thuc hién bang mé phong sb
3.1.1.2. Téi wu héa cdc tham sé cdu tric

Qua trinh thiét ké duoc thuc hién mot cach chon loc dé thay rd duoc hiéu suat
truyén cao tai cac khoang kich thudc nano théng qua md phong sb. Budc dau tién,
thiét ké khoang b theo chiéu doc véi chiéu dai d, sao cho budc séng 1550nm cong
hudng con budc séng 1310nm khéng cong huong. Qua trinh nay dugc thuc hién
bang cach diéu chinh hiéu suit truyén dan sao cho pha thoa man diéu kién
o=@m+1)/2 ddi voi bude séng 1550nm ciing nhu ¢ = zn dbi véi budc séng
1310nm, véi m, n 1a céc s6 nguyen.

Hinh 3.3 biéu dién sy phu thudc cua hiéu suat truyén dan tai cong ra cua

duong dan dng dan séng (cong P1) trén khoang b c6 chiéu dai d, bang mé phong sé
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khi thay dbi d, tir 0.6,.m dén 0.9,m. Tir hinh 3.3 thiy ring, tai chiéu dai khoang
0.68um, hiéu suat truyén tai cong ra P1 dat duoc gia tri 16n nhat (khoang -5dB) &
budc song 1550nm va dat gia tri nho nhat (khoang -27dB) ¢ budc song 1310nm
(diéu nay thé hién khoang b khong cong huong véi budc song 1310nm). Do do,

trong thiét ké nay ta chon d, =0.68um.
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0.6 0.65 0.7 0.75 0.8 0.85 0.9
Chiéu dai khoang dtmng, d2(um)

Hinh 3. 3. M6 phong EME V& hiéu suit truyén phu thudc chiéu dai cua khoang b
Trong budc tiép theo, bang cich hoan toan tuwong tu, ta khao sat sy thay doi
hiéu suat truyén tai cong ra caa 6ng dan séng ré kénh (cong P2) béi su phu thudc
chiéu dai d, cua khoang a. Hinh 3.4 biéu dién hiéu suat truyén tai hai cong ra khi d,
thay doi tir 0.6,.m dén 0.9,.m bang cach st dung md phong sb. Tir két qua mo
phong trong hinh 3.4 cho thiy, dé dat duoc gié tri tdi vu cho ca suy hao thap va
nhiu xuyén am thap tai bugc séng 1310nm va 1550nm, ta chon gia tri pht hop cho
d, =0.82um (tai diém danh d4u trong hinh 3.4). Trong hinh 3.4 thé hién truc quan

truong dién thay d6i cho ca hai bang song tai chiéu dai d chon d; cua khoang a.
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bac tinh truyén (dB)
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Chiéu dai khoang nam ngang, di(um)
Hinh 3. 4. Md phong EME vé hiéu suat truyén phu thudc chiéu dai cua khoang a

3.1.2. Md phéng s6 va phan tich dic tinh

Dé 1am rd chirc ning tach kénh budc séng cho hai bang tan cling nhu mo ta
hiéu suat quang hoc cua thiét bi dugc dé xuat, ta str dung phuong phap mé phong s6
theo phuong phap EME. Hinh 3.5 cho thay sy phan bé dién truong cua cac mode
plasmon & hai budc séng riéng biét. Hinh anh quan sat tryc quan vé su bién doi
mode & hai buéc séng chung to chitc ning tach kénh rd rang cua thiét bi duoc dé
Xuat dat hiéu suat cao vi 6 rat it nang lugng nhidu xuyén am giira hai budc song.

Bing thong budc song dong mot vai trd dic biét quan trong dbi véi hoat
dong cua mot thiét bi quang tir, chang han nhu bd loc budc sdng plasmonic. Trong
thiét ké nay da nghién ctru ddp ing budc song cho ca bang tan 1310nm va bang tan
1550nm bang cach quét phd buéc song tir 1200nm dén 1800nm thdéng qua mo
phong sb. Hinh 3.6 md ta cac tinh ning truyén cua hai cong dau ra & dai bude song
dugc xem xét. Két qua do dugc bang dir liéu md phong cho thay, khi nhidu xuyén
am duoc giit dudi -20dB, bang thong khoang 80nm trong cira s6 bang tan 1310nm
(1290nm dén 1370nm) va bang théng bao phu toan bo dai C + L (1525nm dén
1625nm) trong ctra s6 bang tin 1550nm. Do d6, bd tach kénh plasmonic duoc dé

XUAt c¢6 bang thong 16n cho ca hai bang séng 1310nm va 1550nm.
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Cudi cung, NCS nghién ciu vé dic tinh hip thy, day 1a mot trong nhirng dic

diém quan trong nhat cua thiét bi quang tir trong dai budc song duoc xem Xét.

1.5 TS ETTETIIIEESTIEETETEE T ICETETIESIETERCTETETE oy
M =&
5 il
~
(Q
rg 3
=
o 35} 1
=N
Q
- r 2
A
-1-:5 " PEPR P ]
1.2 1.3 1.4 1.5 1.6 1.7 1.8

Budc song, A(um)
Hinh 3. 7. Hé s6 hap thu phu thudc vao buéc séng
Hinh 3.7 biéu dién hé s6 hap thu A vao khoang -1.8dB ¢ budc séng 1310nm
trong khi d6 hé sé hap thu A nhé hon -3,7dB trong toan bo dai C + L. Ly do nay c6
thé duoc giai thich 1a do kim loai bac Ag c6 thanh phan ao thap trong cira s6 buéc
song 1550nm.

Nhu vay, bo loc hai budc séng 1310nm va 1550nm dya trén cau trdc dng dan
s6ng plasmonic MIM c6 kich thudc nhé gon, bang thong rong, nhidu xuyén am thap
d3 duoc dé xuat. Cac wu va nhuoc diém cua cdu kién nay duoc so sanh véi mot sé
két qua da duoc cdng bé trén cac tap chi theo bang 3.1 dudi day.

Bang 3. 1. So sanh b tach kénh hai budc song Véi cac cong trinh da dugc cong bd
trén cac tap chi chuyén nganh

Tiéu chuan

Céu tric dé xuat

Tai ligu tham

Tai liéu tham

[C2] khao [76] khao [77]

Chu tric Ong dan s6ng Ong dinséng | Ong dan séng
! plasmonic MIM plasmonic MIM | lai ghép silicon
Vit ligu Ag, khéng kh Ag, khong khi S"'COEhFhO“G

Cau kién dé xuat

Bo tach kénh hai
budc song

Bo tach kénh hai
budc song

Tach kénh hai
budc séng
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. R n 1310nm,
Bwéc song lam viéc | 1310nm, 1550nm 700nm, 1800nm 1550nm
< A A Y Khéng nhdc
Bang thong 80nm - 100nm Khong nhdc den an
Kich Ll:gr?’c cau 1,7um x 3,4um 0,6um x 1,6um 6um x 100um
Higu suat truyeén 5dB (31,6%) > 90% Khonq nhac
tai cong ra den
% R Lz Khong nhac
Suy hao hap thu -1,8dB, -3,7dB Khéng nhac dén 42n
Nhiéu xuyén am < -20dB Khéng nhic dén -18dB

T Bang 3.1 ¢6 thé thay rang cau tric dé xuat khi so sanh vai két qua cong
bd & tai lieu tham khao [77] ¢6 ciing budc séng hoat dong 1a 1310nm va 1550nm thi
cau tric dé xut c¢6 wu diém vuot troi vé kich thuéc cuc ky nho gon ciing nhu nhiéu
xuyén am thap hon. Tuy nhién, két qua cong bd & tai liéu tham khao [76] c6 kich
thudc nho gon hon, hiéu suat truyén cao hon cau trdc 1a do dng dan song duoc thiét
ké cho dai song hoat dong tai 700nm va 1800nm. Diéu nay hoan toan dé hiéu bai vi
hai dai budc song nay cach xa nhau, do d6 viéc tach 2 dai nay hoan toan khong bi
anh huong boi nhidu xuyén am, chong lan pha,...Bén canh d6, hai dai budc séng
nay hoan toan khong sir dung phd bién trong thng tin quang hién nay.

3.2. B loc 3 biing 1310nm, 1430nm va 1550nm dua trén 6ng din song
nano plasmonic MIM

Phan nay dé xuét thiét ké mot bo loc budc song quang nhod gon va thiét bi
chia budc song 3dB dya trén ciu tric 6ng dan séng plasmonic MIM kich thuéc
nano mét. Hiéu suat 1am viéc caa thiét bi duoc md phong chinh xéac bang viéc sir
dung thuyét ghép mode theo thoi gian. Phuong phap mé phong sé dua vao khai
trién mode riéng cho toan bo qua trinh xir ly thiét ké. Két qua chi ra duoc hiéu suat
truyén cia bo tach kénh duoc nang cao dang ké bang cach t6i wu hoa cac tham sé
dic biét cua 6ng dan séng plasmonic MIM kich thudc nano mét. Cau tric dugc dé
Xuit c6 tiém ning (ng dung cao trong cac mach tich hop siéu nho gon vai hiéu suat

cao ciing nhu trong cac hé thong thdng tin quang & kich thudc nano.
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Gan day, phan cuc plasmon bé mit (SPPs) da chung to rang kha ning giam
giit &nh sang & budc song kich thudc nano hay con goi la giéi han nhidu xa, diéu
nay c6 nghia 1 anh sang khong c6 kha ning vuot qua dng dan séng anh séang bang
vat lidu silicon. SPPs di va dang duoc quan tdm bai n6 htra hen giai phap cho ciu
trdc cac mach quang tich hop cao [38, 25], hon nita phan cuc plasmon bé mit tim
xa (LR-SPPs) c6 thé duoc trién khai cho 6ng dan song lai ghép plasmonic - silicon
[82, 83]. Trong cé4c cau trdc SPP, 6ng dan séng dua trén plasmon sir dung cau tric
MIM dugc trién khai trong ca truyén dan véi khoang cach dai va bat gitt mode SPP
dudi budc séng cho cac mach tich hop quang [84]. Hon nita, 6ng dan séng MIM
dugc ung dung rong réi trong viéc thiét ké cac thiét bi tich hop kich thudc nano boi
no co tinh dinh x& cao va suy hao udn cong thap vai viéc dé dang san xuit nhd vao
cac cong nghé ché tao tién tién hién nay. Nhing cau tric plasmonic nano mét nay
da duoc tng dung dé thiét ké cac thiét bi khac nhau nhu thiét bi chuyén mach, hé
théng anh dudi budc song [85], biosensor [86, 87]. Hon nira, cac dng dan séng
MIM thiy bén thap da duoc dé xuat 1a mot giai phap thay thé viéc tao ra cach tir
Bragg dé ghép ndi cac soi quang trong cac hé thdng thong tin vién théng [88]. Cac
khe ho plasmonic kim loai dugc sir dung dé thiét ké cac thiét bi kich thudc nano
mét véi cac tng dung trudong gan da duoc chi ra trong thuc té [89] boi vi éng dan
s6ng MIM c6 kha ning bay anh sang véi chiéu dai chap nhan dugc cho truyén séng
phan cuc plasmon bé mat [90]. Dua vao cau trdc ng dan séng MIM, gan day co
mét sb thiét bi lra chon budc song di duoc quan tm va dé xuat, vi du nhu céc bo
loc plasmonic hinh rang va cac by cong huong hinh dia kich thuéc nanomet [91].
Trong céc loai 4ng dan song MIM, bd cong hudng quang dugc sir dung dng nano la
yéu t6 quan trong ciia CAC cau triic ghép budc song plasmonic do chung co tinh ddi
xing, don gian va dé ché tao [71].

B6 tach buac sdng plasmonic cho phép loc cac budc song riéng biét trong
cac kénh dong vai tro quan trong trong cac mach xt 1y budc song toan quang kich
thudc nano mét. Tac gia Noual va cong su [92] da dé xuat b ghép kénh plasmonic

st dung 6ng dan séng plasmonic kiéu chix Y. Tuy nhién, bo ghép kénh nay cd
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khoang céch gitra cac khoang cong huéng toi dau ndi chir Y toi thiéu 1a 1.5pum dé
dam bao hiéu suat truyén téi thiéu caa cau kién, voi kich thudce nay 1a khéng phu
hop dbi véi céc thiét bi co kich thudc nhé gon ¢& nano mét. Bén canh do, bo ghép
kénh nay ciing chi duoc thiét ké dé tach/ghép cho 2 budc séng. Bo tach kénh
plasmonic twong tu khac dwa trén luéi kim loai trong khong gian 3 chiéu ciing da
dugc dé xuat [93] nhung kich thudc cua nd khéng phu hop cho cac thiét bi tich hop
va kich thudc cuc nho gon bai vi cau trdc cia nd & dang mang tuan hoan va 3D. Dé
cac bo tach/ghép buadc song plasmonic nho gon hon, Hua Lu va cong su [94, 95] da
gidi thiéu bo tach 3 budc song plasmonic tai cac budc song khéng pho bién trong
dai ctra s6 budc song vién thong. Mot vai dé xuat vé bo tach budc song da duoc dua
ra truéc d6 dua trén cac khoang kich thugc nanomet (nanocavities) hoic két hop
cac b cong huong [96]. Ngoai ra, co cac dé xuat vé bo tach kénh 3 budc song s
dung khoang cong huodng hinh dia tron [97] nhung bang thong hep va kich thudc
toan cau kién lon.

Phan nay dé xuat thiét ké bo loc budc song nano plasmonic cho 3 dai buéc
s6ng pho bién trong caa so vién théng 1a 1310nm, 1430nm va 1550nm dura trén cac
cau tric tach kénh trong 6ng dan séng MIM sir dung cac bo cong huong Fabry-
Perot hinh chix nhat va cip 6ng dan song (double stub waveguide). Ky thuat mé
phong EME dya trén mé hinh ly thuyét duong truyén do on dinh cao di ching minh
kha nang truyén dan hiéu qua va suy hao tuong doi thap cia dng dan song ré nhanh
khi dua vao 6ng dan séng ludng nhanh kich thudc nano mét. Két qua di ching
minh rang bo loc ba budc song plasmonic kich thudc nano mét va bo tach budc
song 3dB nay da thuc hién hiéu qua cac chic nang thém/bat/tach budc song trong
cac tng dung cua thiét bi WDM, chang han nhu cho cac mang truy nhap quang hay
cac hé thng tinh toan quang c6 do tin cdy cao & ché do vién thong nhu mang truy
nhap quang va hé thong tinh toan quang.

3.2.1. M6 hinh va nguyén ly thiét ké

So d6 nguyén ly caa bo loc 3 bude song dé xuit dugc md ta trong hinh 3.8.

Cau kién bao gdm mét 6ng dan séng chinh SiO, dit theo phuong thang dung, mot



73

cip 6ng dan song kich thude nano mét dbi xing duge dat theo phuong nam ngang
va ba 6ng dan song SiO, hinh chit nhat kich thudc nano mét dat theo phuong nam
ngang duoc thiét ké dé ghép ndi ¢ chon loc véi tirng dai budc séng nham thuc hién

chirc nang tach kénh.

B — R
Ls
t; Cavityl

_ SPP wave SiO
- Silver (AQ) b nolarized (TM mode) 2

Hinh 3. 8. So d6 nguyén ly b loc 3 budc séng dya trén cau tric ng dan séng
MIM. T4t ca dng dan song déu cd chiéu rong w. Cap 6ng dan séng nano cé chiéu
dai L cho mdi nhanh. Ba khoang c6 tén la Cavityl, Cavity2, Cavity3 va 3 cong ra

cé tén la portl, port2, port3

Muc dich cua viéc bd tri cap dng dan séng kich thude nano mét ddi xang 1a
tao ra kha nang chan dai buéc song cho ba dai 1310nm, 1430nm va 1550nm.
Nguyén ly 1am viéc cua 6ng dan séng chinh dua trén nguyén ly cua thuyét ghép
mode theo thoi gian. Trong khi dé, cac 6ng dan séng plasmonic hinh chix nhat kich
thudc nano meét thuc hién chirc nang cua cac khoang Fabry-Perot kich thudc nano
va ciling hoat dong theo nguyén ly cua thuyét ghép mode theo thoi gian [98], dé
ghép cac dai budc séng mot cach ¢ chon loc tly thudc vao chiéu dai phu hop cua
khoang. Nhu biéu dién & so dd nguyén Iy hinh 3.8, ba khoang c6 tén la Cavityl,
Cavity2, Cavity3 tuong @ng Vi ba cong ra Portl vai bugc song 1310nm, Port2 voéi
buéc séng 1430nm va Port3 véi bude song 1550nm. Cau tric dé xuat dya trén dng

dan séng MIM, trong d6 vat liéu cach dién trong cac khe kim loai va cac khoang la
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silica SiO,. L6p kim loai trong thiét bi nay 1a bac Ag ¢6 hang sb dién méi dugc xac
dinh theo mé hinh Drude [24]:

(02

n :gm_a)(a)-pl—i)/) (34)

Vi &, I hang sb dién moi tai tan s6 vO han cia bac, w, 13 tan s6 plasma; w
va y lan luot 12 tan s6 goc caa anh sang téi trong chan khdng va tan sé dao dong cua
electron. Céac théng sb nay co gié tri nhu sau: . ~3.7,0, =9.1eV,y =0.018ev . Kim loai
bac dugc sir dung trong thiét bi nay 1a do thanh phan 4o caa né rat nho trong dai
budc s6ng cira s6 Vién thong, do d6 suy hao do hap thu do sau bé mat thap cho phép
séng SPP lan truyén dugc khoang cach dai. Chiét suat caa vat liéu thay tinh silica
nung chay duoc md ta bang phuong trinh Sellmeier [99] trong d6 gia tri cia no
trong dai budc séng cira so vién thong thay d6i trong pham vi nho tir 1.44 dén 1.46
tai nhiét o phong 300°K [100]. Trong thiét ké nay, vat liéu cach dién dugc st dung
la SiO, thay vi khéng khi vi chi s khiic xa cao cua SiO, cho phép 6ng din séng
MIM giam giir song anh sang & kich thuéc nano dé dang hon khong khi.

Nhu di biét, theo thuyét phan cuc plasmon bé mit SPP, sng phan cuc s (song
phan cuc TE) khong ton tai duoc trong co ché phan cuc plasmon bé mat ma chi co
s6ng phan cuc p (s6ng phan cuc TM) c6 thé ton tai va “dan” trong co ché phan cuc
plasmon bé mat. Do d6, trong thiét ké nay song anh sang phan cuc TM duogc dua t6i
cong vao va lan truyén dén ba céng ra mong mudn & ba dai buéc song la 1310nm,
1430nm va 1550nm.

Pic tinh truyén caa 6ng dan song chinh kich thudc nano mét dugc phan tich
dwa trén qué trinh sir dung thuyét ghép mode theo thoi gian két hop véi céc song
plasmon d3 truyén qua va quay trg lai dng din séng chinh (nhd vao cap 6ng dan
song ddi xing), cac séng truyén qua va quay tré lai nay 13 dong pha. Trong truong
hop d6, biéu thirc truyén cua 6ng dan séng don d6i xang (Ts) va cap 6ng dan song
dbi xang (Ty) c6 thé duoc biéu thi bang [101]:

1+tan2£2”l‘} (3.9)
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4

4+tan? (27["] (3.6)
A

Ty =

gp
Véi 4 1a budce song cia séng plasmon truyén trong éng dan song MIM, L 1a

chiéu dai cua 6ng dan séng chinh.
Pic tinh quang hoc duoc chi ra bang céch st dung mé phong EME véi kich
thude ludi trong khong gian hai chiéu 1a Ax=Az=5nm &p dung cho tong dién tich
cua thiét bi dé& xuat. Trong thiét ké nay, tat ca dng dan song déu co chiéu rong bang

nhau va bang w.

1

bdc tinh truyén (dB)

AN
(@]
|

-18F w=100 nm 1
20’ —¥—w=200 nm | ’ ’ ’ ’ ]
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Chiéu dai ong dan séng chinh, L(um)

Hinh 3. 9. B3c tinh truyén cuia ong dan song chinh dugc mo ta boi mo phong so
EME doi vai cac chieu rong khac nhau cta ong dan song tai bugc séng 1550nm

Hinh 3.9 biéu dién biéu do truyén cua dng din séng chinh tai cong ra
phu thudc vao chiéu dai L cua 6ng din song don chinh theo cac kich thudc
chiéu rong cua éng dan séng w =25nm, 50nm, 100nm, 200nm va budc song
hoat dong trong ong dan song 1a 1550nm. Trong trudng hop nay, éng din

song chinh dugc dat cach dau vao 1.9um.
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Quan sét trong két qua md phong trong hinh 3.9 c6 thé thiy ring, chiéu rong
cua ng dan song chinh cang ting 1én thi hiéu suat truyén cua ong dan song ciing
tang 1én. Ngoai ra, dé dat duoc sy cong hudng cao nhat khi chiéu rong cua dng dan
s6ng chinh tang thi chiéu dai cua no cling phai ting 1én. Do vay, dé thuc hién duoc
mach tich hop & kich thuéc nano mét trong thiét ké nay, ta chon chiéu rong caa ong

dan séng chinh 13 w = 50nm.
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Hinh 3. 10. Dic tinh truyén cua dng dan séng chinh théng qua mé phong sé
EME d6i véi ba bang séng khi chiéu rong 6ng dan séng chinh w = 50nm va phu
thudc vao chiéu dai cua dng dan séng chinh: (a) ng dan séng chinh; (b) cap 6ng
dan séng. Bén trong hinh (b) 1a phan bd trudng dién tir ca ba bang song

Trong hinh 3.10, dic tinh phé truyén duoc minh hoa 1a mot ham phu thuoc
chiéu dai L cua 6ng dan song trong khoang tir oum dén 0.4.m d6i v6i ba bang song
1310nm (xanh lam), 1430nm (d6) va 1550nm (xanh lyc) trong dng dan séng don (a)
va cip 6ng dan séng (b) cé chiéu rong w = 50nm. Ca hai mat cua cip 6ng din séng
c6 cing chiéu dai 1a L = 160nm. Binh cong huong cua ca ba bang song nay la khi
chiéu dai cua ca 6ng dan song don va cap 6ng dan song la 140nm, 160nm va
170nm. Hon nita, hiéu suat truyén cuc dai dat dugc khi chiéu dai dng dan séng vao
khoang 330nm véi suy hao -1.5dB. Tuy nhién, cac dinh cong hudng trong toan bo
chiéu rong & phan nira cuc dai (full width at half maximum FWHM) caa cap 6ng
dan s6ng Ién hon cua dng dan séng don cho mdi budce song twong tng. Hon nita, do

sau cua cac dinh cong hudng tuong wng véi muc truyén téi thiéu trong trudng hop
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cua cap dng dan séng lén hon dang ké so véi cua dng dan séng don. Cac két qua md
phong 1a hoan toan phd hop véi cac dic diém phan tich da duoc chi ra tai cac
phuong trinh (3.5) va (3.6). Hinh anh trong hinh 3.10(b) md ta su phan bé truong
dién tir duoc thuc hién theo phuong phap mé phong truyén mode riéng cho ca ba
bang song. N6 cho thiy rang cip ong dan séng dong vai tro bét gitr ca ba bang song,
diéu nay gop phan nang cao hiéu qua tach budc séng trong cac khoang kich thudc
nano met.

Trong phan nay, ta thiét ké cac kénh ré bang viéc st dung cac éng nano hoat
dong gidng nhu cac khoang Fabry-Perot dé ghép ndi ¢6 chon loc cac dai budc song
thich hop. Pau tién, gia s cac song phan cuc TM dugc dua vao thiét bi tir dau vao
dng dan séng chinh véi cong suat téi 1a Py. Oy, O,, O5 la cac ky hiéu cho cac cong ré
VGi cOng suat ra tuong Gng 1a p,,,p,,,p,,. Pac tinh truyén cua cac kénh ré duogc dinh

nghia 1a lez%,szz%,TM:%. Déi vé6i cau trdc plasmonic trong 6ng dan song

MIM duoc dé xuat, sy bién doi theo thoi gian ciia bién do soéng vao va ra duoc mo ta
bang su giao thoa giira song t6i va séng phan xa. Nhitng séng nay phu thudc vao hé
s6 pham chat cua ba khoang kich thudc nano mét duoc xac dinh béi suy hao nguyén
thity cua anh sang truyén qua cac khoang. Pha chong chat giira hai mat phang tham

chiéu thoa man diéu kién dong pha duoc biéu dién boi phuong trinh sau:
@ =d s = dnyk, (37)
V6i n, 1 chi s6 khic xa hiéu dung ciia mode SPP truyén téi 6ng dan song
chinh, n, phu thudc vao budc séng va chiéu rong w caa éng dan song chinh; k, la
s6 s6ng cua anh sang toi trong chan khong; va ... biéu dién hang s lan truyén cua
mode SPP trong 6ng dan séng MIM. Phuong trinh (3.7) thé hién diéu kién dong pha
cta quan hé tan sic trong dng dan séng plasmonic dugc chi phéi bai [102]:

2 —
&N — &4 tanh(wlko— ‘nzeﬁng+gd«’nezﬁ -g,=0 (38)

Véi , va &, la hang sé dién moi caa I6p ma bac va 16p cach dién silica. Ba

thong sb truyén cuc dai Tar, Tqp, Tgs Ciia ba cong ré duoc biéu didn nhu sau [103]:
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| Q) |

T, .. =
" ‘[1/ Q +1/(2Q,) +(+ rl)/(szl]Z‘ (3.9)
=| [1+ rz]zl(szzQz) | (3 10)
" ‘[UQz +1/(2de)+(1+rz)/(Zde]z‘ .
| | [1+ r3]2 /(2Qd3Q3) | (311)

:\[1/Q3+1/(2Qd3)+(1+r3)/(2Qd3]2\

Véi Qq, Q,, Qs 12 hé s6 pham chat caa khoang 1, 2, 3; Qg1, Quz, Qus 12 hé sd
pham chat bi suy giam do suy giam cong suit di vao cac 6ng dan rg;
f=1/[1+2Q, /QLr, =1/[+2Q,,/Q,] V& r, =1/[1+2Q,, /Q,] 1an luot 1a hé sé pham chat suy

giam tir 6ng dan séng chinh téi ba cong ré do sy hap thu Ohmic ciia song truyen.
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Budc séng, A(pm)

Hinh 3. 11. Md phong EME ciia pho cong suat truyen tai cong ra Port2. Qua trinh
truyen dugc chuan hda tir cong suat vao. Hinh anh long ghép trong hinh la truong
dién tir ¢ kich thudc nano 50nm x 210nm & dau ra Port2

Hinh 3.11 biéu dién dic tinh truyén din bién d6 tir truong |H,| cua mode SPP
phan cuc TM duoc md phong bang phuong phap mé phong 2D-EME tai cong ra
Port2 trong truong hop khong co khoang 1 va khoang 3 ciing nhu cap 6ng dan song.
Hinh anh long ghép trong hinh Ia phan bé trudng dién tir cia mode TM tai budc
séng 4=1430nm co kich thudc nano 50nm x 210nm & dau ra Port2.

Pé tach ba dai bude song di tdi cac cong ra mong mudn, ta can phai thiét ké

cac khoang 1, 2, 3 mét cach hop ly sao cho khoang 1 c6 tinh cong hudng cao vai
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budc séng 1310nm nhung khéng cong huong véi cac bude song khac va nguoc lai.
Theo cach tuong tu, khoang 2 va khoang 3 dugc thiét ké dé chi cong huong lan luot
cho cac buéc song 1430nm va 1550nm. Luu y rang khong ton tai giai phap phan
tich nao dé mé ta hiéu ung cong huong cua song lan truyén trong 6ng dan séng
plasmonic. Vi vay, trong d& xuit nay s& ap dung phuong phap mé phong s dé
ching minh, danh gia. Mic du ca hai phwong phap md phong EME va FDTD (mién
thoi gian chénh léch hitu han) déu la nhitng giai phap nghiém ngat dé¢ mé phong
mach plasmonic d dwgc chirng minh 13 hiéu qua trong nhiéu cong trinh lién quan
trudc day [104], tuy nhién phuong phap FDTD tiéu tén nhiéu thoi gian vao viéc md
phong va mé ta dac tinh ctaa mach khi so sanh véi phuong phap EME. Vi vay, trong
dé xuat nay sir dung phuong phap EME dé mo phong va ti wu hoa cac quy trinh
thiét ké, két qua thu duoc 1a chinh xac.

Trong md phong, dat d6 day vach ngin ban dau gitra cac khoang hinh chir
nhat va cac 6ng dan song ré tuong tng la t, = t, = t; = t = 10nm, khoang céach giira
cac khoang va éng dan song chinh ciing dugc dat cing mét gia tri 1a g = Onm. Qué
trinh thiét ké duoc thuc hién mot cach chon loc dé dat duoc hiéu qua truyén cao tai
cac khoang kich thuéc nano mét thong qua md phong sé. Qua trinh dugc thuc hién
bang cach tim kiém hiéu suét truyén cao nhat ¢ diéu kién chong chat pha cua
khoang 1 ¢, = 2m+1)z/2 ddi véi budc séng 1310nm bang cach thay d6i ca khoang
cach D, va chiéu dai L cua khoang 1. O day D, 1a khoang cach tir khoang 1 t6i cong
vao ma ban dau duoc dit 12 455nm, m 1a s6 nguyén véi mong mudn xac dinh duoc
gia tri nho nhat. Cac budc tuong tu ciing dugc thuc hién can than trong cac truong
hop cua khoang 2 va khoang 3. Két qua xac dinh duoc do dai cua khoang 1, khoang
2 va khoang 3 lan lwot 12 400nm, 640nm va 575nm. Khoang cach tham chiéu Dy,
D,, Ds tir cAc khoang tuong tmg dén cong dau vao duoc tim ra la 455nm, 1305nm
va 860nm dé thu duoc hiéu suit truyén cao nhét.

Hinh 3.12 m6 ta hiéu suat truyén cua bo tach kénh dé xuét tai ba cong ra mong
muébn véi ba dai budc song 1310nm, 1430nm va 1550nm bing cach st dung mo
phong s6 cho ca hai truong hop ¢ va khong cé sy dong gop cua cap 6ng dan song.

O day cong sudt dau vao chuan héa cho céc cong Portl, Port2 va Port3 duoc biéu
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thi 12 Py, P, P5 trong trudng hop ¢ su déng goép cua cap ong dan song; cong suat
dau vao chuan hoa cho cac cong Portl, Port2 va Port3 duoc biéu thi 1a P/, P;, P;
trong truong hop khdng c6 sy dong gop ctia cap 6ng dan song. Két qua md phong
cho thay hiéu qua truyén cua cac mode SPP tai cac cong ra dugc ning cao dang ké
d6i véi ca ba dai budc song khi dua vao cip dng dan séng. Dya trén nguyén ly lam
viéc cua b loc, ta cd thé thiét ké bo chia ba bang song 3dB bang cach phan chiéu
cac dau ra qua ong dan soéng chinh thang. Pac diém chi tiét caa bo chia nay duogc

trinh bay trong phan tiép theo.
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Pic tinh truyén (1 don vi)

Budc song, A(um)

Hinh 3. 12. Md phong EME ciia céc duong truyén chuan héa la mot ham cua buée
song doi voi ba cong ra c6 sy dong gop (P1, Py, Ps) va khdng c6 su dong gop
(P/, P,, P3) cua cap ong dan

3.2.3. Hiéu suit va dic diém cia b chia ba bing séng 3dB
Trudc tién, ta sir dung md phong sé dé danh gia cac chirc nang ciia bo loc ba
bang song va bo chia ba bing song 3dB ciing nhu mé ta hiéu suat quang hoc cua
thiét bi dé xuat bang phuong phap moé phong EME.
Hinh 3.13 (a), (b), (c) va hinh 3.14 (a), (b), (c) lan luot biéu dién sy phan bd tir
trrong cua cdc mode plasmonic tai tirng dai budc séng riéng ré cho bo loc budc
s6ng va bo chia budc séng. Biéu d6 2D cua phan bd trudong d6i voi cac mode tai ba

bang song chi rd chirc ning cta b chia 3dB cd hiéu suat cao va nhidu xuyén am



khong déng ké gitra cac trudong quang tai mdi cong ra. Ngoai ra, biéu do 2D tuong
tng voi cac hinh 3.13 (d), (e), (f) cling thé hién su giam giit anh sang trong céc

khoang 1, khoang 2, khoang 3 di véi cac budc song 1200nm, 1650nm va 1800nm.

Hinh 3. 13. Phan b bién db tir trudng |Hy| cta cac mode plasmonic dugc md phong

cho ba bang song (a) 1310nm, (b) 1430nm, (c) 1550nm ddi vai bo loc dng dan song
plasmonic dé xuat. Hinh (d), (e), (f) biéu dién su giam giit 4nh séng tai khoang 1,
khoang 2, khoang 3 tuwong rng Vi cac budc séng 1200nm, 1650nm va 1800nm.
Thang chia cac truc don vi #m

1430 nm

1310 nm

Hinh 3. 14. Phan b bién do tir truong |H | cta cac mode plasmonic dugc mé phong

cho ba bang song (a) 1310nm, (b) 1430nm, (c) 1550nm va (d) so dd cau tric caa bo
chia budc song 3dB d& xuat. Thang chia cac truc don vi #m
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Bai vi bo chia cong suat ba budc song 3dB duoc thiét ké theo ciu trac ddi
xang vai thiét ké cua bo loc ba budc song, do dé & day chi xem xét cac dic tinh cua
thiét bi dé xuat trong vai trd 12 bd loc budc song. Ta khao sat hiéu suat cua thiét bi
nay trong mién budc song bang cach quét bude song tir 1200nm dén 1700nm thdng
qua mo phong EME.

Hinh 3.15 minh hoa cac dic tinh truyén cua ba céng dau ra phu thugc vao
budc song, co thé thay rang cong suat truyén tai cac cong ra nhan duge cac dinh
cong hudng cao nhat tai cac bang song 1310nm, 1430nm va 1550nm véi cac muic
cong suat twong tng la -5.37dB, -6.19dB va -5.68dB.
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Budc song, A(um)
Hinh 3. 15. Dap tng budc séng cua ba cbng ra dbi véi bo loc plasmonic dé xut

Bén canh do, bang thong 3dB (a4, ) Cua ba bing tan nhan duoc tir mo

phong thé hién cac d6 rong bang théng 1a 90nm, 80nm va 100nm dwoc biéu dién
boi cac miii tén hai dau lan luot 12 mau xanh lam, mau d6 va mau xanh luc. Tuy
nhién, d&& dam bao muc chénh léch giita cdng suat mong mudn va cong suat khong
mong mudn, hoic céng suat xuyén am khong nhé hon 10dB, bing théng cho céac
cong dau ra Portl, Port2 va Port3 trong trudng hop nay lan Iuot 14 90nm, 40nm,

100nm. Cac bang thong cua cac phd truyén dan nay duoc tinh toan twong di rong,
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va do d6, bo loc da dé xuat thich hop dé tng dung trong cac mang quang truy nhap
bang thong rong. Pé tao ra bang théng hep hon va ting kha ning chuyén ddi budc
s6ng cho cac bo loc chon loc budc séng tng dung trong ki thuat WDM, ta c6 thé
diéu chinh dic tinh cong hudong cua bo cong huong FP thanh bd cong huong Fano
dang duong thang (Fano-line) bang cach diéu chinh do day, vi tri cua cac vach ngin

bac va khoang cach, chiéu dai caa bo cong hueng FP [105].
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Hinh 3. 16. ic tinh truyén quang phu thudc vao dung sai chiéu rong bén cong ra
(a) Portl tai budc song 1310nm, Port2 tai busc song 1430nm, Port3 tai budc song
1550nm, va (d) hap thu va phan xa toan phan tai ba bang séng doi véi ba cong ra

Dé ché tao 6ng dan song MIM c6 kich thuéc nano mét, ky thuat khac hinh c6
d6 phan giai cao nhu k¥ thuat khic chum ion hoi tu (FIB), dua trén cac hat niang
hon dé tao tao van trén bé mat nham tao ra cau trdc rat nho thay vi sir dung k§ thuat
quang khac tia cuc tim hay tia X. Mac di ky thuat FIB c6 do chinh x4c cao nhung
nd van ton tai dung sai hitu han vi nhitng hat ning hon nay c6 nhiéu dong luong
hon dé khic cac mau. Do dé, diéu quan trong la phai khao sat sy anh huéng cua

dung sai ché tao cau tric hinh hoc lién quan dén chiéu rong caa cac khoang va ong



84

dan song chinh ddi véi hiéu suat cua bo loc dé xuat. Hinh 3.16 minh hoa sy thay doi
cOng suat truyén tai ba cong ra twong wng Vi cac dai budc séng 1310nm (a),
1430nm (b), 1550nm (c) va hap thu va phan xa toan phan caa b loc budc song (d).
Véi dung sai Aw=+2nm thi cdng suat truyén la khoéng nho hon -7dB, cong suat

xuyén am dudi -15dB, hap thu khong vuot qué -1dB va phan xa dudi -10dB.
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Hinh 3. 17. Céc dic tinh truyén quang phu thudc vao cac chi sé khac nhau caa vat
liéu cach dién tai ba cong ra: (a) budc song 1310nm, (b) budc séng 1430nm, (c)
buéc song 1550nm va (d) hap thu toan phan va cong suat toan phan tai ba bang

song d6i véi ba cong ra. An=0twong tng vdi silica
Cudi cung, NCS nghién ciru sy anh huéng cua vat lidu cach dién dén cac dac
tinh caa bo loc chon lwa budce song duge dé xuit. Bé lam didu ndy, ta s& khao sat
hiéu suat cua thiét bi bang viéc thay ddi chiét suat an cua cac vat liéu khac nhau so

véi tinh thé silica da duoc sir dung cho thiét bi dé xuét & trén thong qua st dung md
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hinh Sellmeier [99]. Hinh 3.17 biéu dién cong suit truyén tai cac cong ra Portl,

Port2, Port3 va cong ra Port0 caa 6ng dan séng chinh twong Gng Voi cac bing song
1310nm (a), 1430nm (b), 1550nm (c), hinh 4.17(d) biéu dién hip thu toan phan va

cdng sut truyén toan phan cua tirng budc song tai ba cong ra. Ta cé thé thay sy phu

thudc manh cuaa cac dic tinh quang tai cac cong ra ddi véi cac chi sb chiét xuat khéc

nhau cua vat liéu cach dién. Tuy nhién, khong c6 hudng xir Iy nao rd rang dé quan

sat chinh xé&c su bién thién caa cong suat truyén theo cac chi sé chiét xuat khac nhau

cua vat liéu cach dién. Ca cong suat truyén va cong suat hap thu déu dat mac cao

nhat d6i voi vat liéu silica, cong suat truyén khoang tir -5dB dén -6dB, cong suit

hap thu khoang -1dB. Két qua cia dé xuat nay dugc so sanh véi mot sé két qua

tuong tw da duoc cdng bd trén cac tap chi qudc té uy tin theo bang 3.2 dudi day.

Bang 3. 2. So sanh bo tach kénh ba budc song véi cac cong trinh da duoc cong bd
trén cac tap chi chuyén nganh

Tiau chuin Céu triic dé | Tai liéu tham khao | Tai liéu tham | Tai liéu tham
xuét [J2] [92] khao [94] khao [97]
CAU tric Ong dan song Ong dan s6ng Onlga;j;r:;?cng Ong dan song
a4 plasmonic MIM plasmonic MIM P MIM plasmonic MIM
Vat ligu Ag, S102 Ag, S102 Ag, khéng khi | Ag, khdng khi
B¢ tach kénh ba
Cau kién | buwscsongvabg | Bo tach kénh hai Bo tach kénh | Bo tach kénh ba
dé xuat | chia buéc song budc séng ba budc séng budc séng
3dB
. 1310nm, 712nm,
Blg;)n'c\fiqr;g 1430nm va 1340nm, 1550nm 820nm va 128 11n2rior1]:r3né9nm
¢ 1550nm 928nm !

5 ) 90nm, 80nm, . Lo Khong nhac 54nm, 46nm,
Bang thong 100nm Khoéng nhac dén dén 53nm
Kich thudc 1,77um x Chl?lj da,l cua cal 0,5um x >3um x

N kién I6n hon
toan cau 1,72pum S n 0,9um 1,072pm
Kian 2,25um, chiéu rong
¢ khong nhéc dén
Hiéu suat | -5.37dB (29%)
truydntai | (13lonm), | ~4dB(1340nm)- 70% 26%, 25%, 31%

cac cong ra

-6.19dB (24%)

5dB (1550nm)
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(1430nm) va
-5.680B (27%)
(1550nm)
Suy hao . L Khoéng nhic
. <- ,
hip thu 1dB Khong nhac deén dén
Suy hao <-10dB Khong nhic aén | <Nong nhac
phan xa den
Nt"elf <-15dB Khoéng nhic dén Kho”? nhac
XUyén am den
Dur:g >al Aw=+2nm Khong nhac dén Kho”? nhdc Khong nhac dén
che tao den

T Bang 3.2 cho thay, ciu trac dé xuét c6 uu diém vuot troi vé kich thude
nhé gon, hiéu suat truyén dat cao, suy hao do hap thy, phan xa va nhiéu xuyén am
thap. Dac biét 1a cau triic dé xuat co xem xét dén dung sai ché tao cho phép, day la
yéu to rat quan trong trong qué trinh ché tao thuc té caa cau kién. Tuy nhién, khi so
sanh vai két qua & tai liéu tham khao [94] thi ciu kién dé xuét co kich thudc Ion
hon, hiéu suat truyén dat thap hon. Piéu nay la do ong dan song o tai liéu tham
khao [94] dugc thiét ké hoat dong cho cac dai budc song khong duoc sir dung phd
bién trong ctra s6 budc song vién théng hién nay, trong khi cau trac dé xuit duoc
thiét ké hoat dong cho céc dai budc song sir dung phé bién trong cira s6 budc song
vién thong hién nay.

3.3. Thiét ké bd loc bwéc song RGB d@é vng dung cho xir ly anh, trén mau
truyén hinh, théng tin VLC

Trong phan ndy, mot dé xuit vé bo loc budc séng RGB nho gon va thiét bi
tach budc song plasmonic c6 kich thuéc nano mét dya trén cau trac MIM. Céc két
qua da duoc nghién ciru chinh xéac bang cach sir dung thuyét ghép mode theo thoi
gian. Phuong phap mo phong s6 khai trién mode riéng EME ciing di duoc sir dung
cho qué trinh thiét ké tong thé. Két qua md phong cho thay hiéu suat truyén caa bo
loc r& kénh RGB c6 thé dat hiéu qua dang ké bang cach &p dung ng dan song
khoang cong huong Fabry-Perot kich thudc nano duoc t6i uu héa. Hiéu ning quang

hoc 1a twong d6i tét véi suy hao truyén < -8dB, muc tin hiéu trén nhiéu quang 16n
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hon -10dB trong 30nm bing thong cho ba dai RGB. Cau trac duoc dé xuat c6 tiém
nang manh mé cho viéc thiét ké cac mach tich hop siéu nhé gon hiéu qua cao ciing
nhu cac hé thdng thdng tin quang & kich thudc nano.

Théng tin anh sang kha kién VLC (Visible Light Communication) la céng
nghé truyén théng tin khéng day bing cach sir dung séng mang la anh sang nhin
thiy phét ra tir cac béong dén LED. Dit liéu duoc truyén trong hé théng VLC bang
cach diéu bién &nh sang. O tdc d6 cham &nh sang s& nhap nhay lién tuc, chia nho di
liu thanh mot hé théng cac mic 1 va muac 0 s& dugc chuyén d6i thanh dir liéu tiéu
thu thong qua mot bo thu phat. Tuy nhién, toc do truyén dix liéu phu thuéc nhiéu
vao toc do nhap nhay. Vi 1y do nay, diode phat quang (LED) duoc sir dung lam
ngudn sang chinh trong hé thong VLC. LED la chat ban dan do d6 c6 kha ning xir
1y diéu bién &nh sang cuc nhanh xay ra voi tbc do6 mat nguoi khong thé phat hién
dugc. LED duoc sir dung pho bién trong cac hé thong VLC 1a LED RGB béi n6 c6
vu diém 14 c6 thé tao ra bing thong cao, cho phép toc d6 dit liéu cao hon. Tuy
nhién, no rat phic tap va khé diéu chinh. Cac phuong phap khac dé tao ra anh sang
trang 1a ludng sac (xanh lam va vang) va tir sac (lam, luc lam, luc va do).

Mot hé théng VCL gom cé hai phan phat va thu duoc mé ta nhu trong hinh
3.18 va hinh 3.19.

D liéu vio Mach diu Di liéu ra
khién LED |——» LED ——
(Difu ché)
Diéu chinh
d0 sang

Hinh 3. 18. So d6 nguyén ly phia phat caa hé thong VCL

Di Bo » X . Bo

ke —» tip | ]13° Ch;‘;?".m Bo giai |, Do

vao trung % ™ u:; — ld:mach —* dicu ligu
quang quane qdiéng da ché ra

Hinh 3. 19. So @6 nguyén ly phia thu caa hé théng VCL
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Thong thuong, di 6t phéat quang LED trong pham vi nhin thdy va di 6t tach
song quang dugc st dung 1am bo phat va bo thu twong ¢ng trong hé théng VLC.
VLC dang duoc phat trién nhanh chdng ngay nay do sy phat trién cua dén LED
trang hiéu suat cao méi dé giam tic nghén trong bang tan 2,4 GHz [106]. K¥ thuat
VLC dugc tng dung trong nhiéu hé thdng thong tin va cac tng dung nhu: tich hop
trong cac phuong tién di chuyén hién dai véi nhiéu cam bién dién tir dé theo dbi toc
do, vi tri, hudng di, gia tc ngang va doc cua xe [107]; truyén dix liéu am thanh,
hinh anh [108, 109, 110]; cac hé thong truy nhap internet duwa trén cong nghé Lifi
[111]. So véi thdng tin lién lac bang tan s vé tuyén, VLC c¢6 nhiéu vu diém va dic
tinh hitu ich, trong d6 bao gdm: bang thong khong bi diéu chinh, kha nang truyén
dan cao véi téc do buc xa thap [112], khong bi anh hudéng bai nhidu dién tir, cho
phép thiét 1ap cac hé thdng théng tin lién lac an toan [113].

Pé tang hon nita tbc do bit truyén trong hé théng VLC, ki thuat ghép kénh
phan chia theo budc séng (WDM) cd thé duoc si dung. K§ thuat WDM cho phép
két hop mat s tin hiéu vaéi nhau va truyén chiing dong thoi trong khi mdi tin hiéu
dugc mang béi mot bude song khac nhau. Theo cac nghién cau cong bd gan day, hé
thng s& c6 thé hd tro toc do truyén bitrate 1én dén 8 Gb/s [114, 115] va co thé dat
duogc tdc do cao hon [116, 117]. Bo tach/ghép kénh RGB Ia mot phan quan trong
cot yéu cua hé théng WDM/VLC cho phép tach cic budc song tir mot dau vao
thanh nhiéu dau ra nhung can yéu cau c6 do tré lan truyén thap, toc do truyén di
liéu cao va ty 1& 16i bit thap [118]. M6t hé théng LED é&nh sang trang cua hé thong
VLC c6 thé dugc tong hop tir cac LED pho hep cua anh sang d6 Red, xanh 14 cay
Green va xanh lam Blue.

C6 nhiéu cach dé tong hop nén céc anh sang phd hep & cac mau riéng ré nhu
vay. Chang han, cd thé s dung mach dién tir dé diéu khién thu chon loc cac tan sé
quang cua ving nhin thay tuong (ng c4c mau R, G, B riéng théng qua cac mach lai
diéu khién bang dién ap [119] hoac théng qua cac mach logic c6 thé dao ngugc
(reversible logic gates) [120]. Tuy nhién, nhirng kién tric s dung mach diéu khién

dién tir tuy linh hoat nhung can phdi ghép véi vi mach dién tir nén toc d6 hoat dong
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bi gi6i han boi dap tmg dién tir thap ciing nhu khong thuan lgi cho tich hop trén
mién quang. Mat khéc, bo ghép kénh RGB nhé gon danh cho didt laser rat hap dan
dé sir dung trong cac man hinh bang kinh, man hinh gin trén dau va cac thiét bi thu
nho gon. Cac ng dung hinh anh laser nhu vay st dung nhiéu ngudn laser va ghép
ching thanh mot chim tia duy nhat, sau dé dwgc quét 18n man hinh bing may quét
cham chiang han nhu guong hé théng vi co dién tir. Bd ghép kénh RGB thuong
dugc xay dung bing cach sir dung ling kinh guong [121], dua trén ciu tric sgi tinh
thé quang tr da 15i polycarbonate C;sHgO1, hay silicon nitride SizN, [122, 123]
nhung kich thudc 12 kha 16n va khong thé tich hop don khéi va nho gon vai céc
thanh phan quang khac dugc. Bo ghép kénh RGB dua trén mach quang tir phang
PLC (planar lightwave circuit) htra hen s& giam kich thudc xuéng mét chip duy nhat
tich hop cac chuc nang dugc sir dung trong bo ghép kénh RGB thong thuong [124].
Tuy vay, cong nghé PLC duya trén hién tugng phan xa toan phan quang hoc hién nay
d3 dat dén gisi han nhidu xa nén kich thuéc khong thé vuot qua kich thudc dan
s6ng téi thiéu & €& vai trim nm dén vai pm. Do d6, bd tach kénh RGB can dat dugc
c4c yéu cau vé kha ning tich hop don khdi, xt 1y toan quang va dic biét 1a kich
thugc phai rat nho (& nano) va hiéu suat twong ddi cao nham dap tng nhitng yéu
cau toc do thdng tin cao [125]. Cac phan cuc plasmonic bé mit SPP (surface
plasmon polariton) 1a song dién tur bi gitr lai trén cac mat phan cach kim loai-dién
mdi va két hop véi su lan truyén dao dong cua dién tir ty do trong kim loai. SPP
duoc coi 1a cach hira hen nhat dé hién thuc héa cac mach quang tich hop cao vi
ching c6 thé vuot qua dang ké gisi han nhiéu xa ¢ dién ciia anh sang va diéu khién
anh sang trén thang budc song.

Vi sy phat trién cua cac cong nghé ché tao ki thuat cao hién dai, c4c thiét bi
nay c6 thé dugc ché tao va ang dung trong truyén thdng toan quang va mach quang
tich hop trong twong lai [6]. LA mot 6ng din séng plasmonic quan trong, cau tric
kim loai-dién méi-kim loai MIM c6 kha ning han ché anh sang manh véi do dai
chap nhan duogc dé truyén SPP. Ong dan séng MIM hira hen cho viéc thiét ké cac
thiét bi toan quang nho gon do ché tao twong ddi dé dang di va dang dugc nghién
ctru phét trién manh mé cho nhiéu thanh phan quang khac nhau nhu cac bo diéu ché
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tbc do cao [126, 127], céc thiét bi chuyén mach plasmonic [128], dic biét 1a céc
thiét bi ghép/tach kénh phan chia theo budc song [103, 129]. Tuy nhién, cac nghién
ctu st dung dng dan séng plasmonic chu yéu 1a wng dung cho cac bo ghép kénh
phd hdng ngoai va phéd telecom va khéng nhiéu céng bd cho cac b ghép kénh
RGB. M6t vai nghién ctu vé loc mau RGB cho anh sang trang st dung céch tir
nhiéu xa (gratings) [130] sir dung vat liéu Si3N4 va dng dan séng MIM dung héc
cong huong hinh luc giac déu [131] va vat liéu Ag/LiNbO3 hay c6 hiéu suat truyén
dat khéng cao, hoic cach tir dua trén MIM vaéi vat ligu Al c6 biang thong bo loc moi
mau tuong doi thap (chi cd 12nm) [132, 133].

Phan nay trinh bay giai phap thiét ké va toi wu héa dua trén phuong phap mo
phong sb khai trién mode riéng EME dé thiét ké mot bo loc ba phé kénh quang
RGB cua anh sang kha kién véi kich thudc cuc nho va hiéu nang quang hoc twong
d6i cao. Cau tric cong huong st dung la cac buong cong huong Fabry-Perot hinh
chir nhat don gian.

Hinh 3.20 cho thay ciu trdc bo loc ré kénh plasmonic ba cong bao gom 6ng
dan so6ng chinh va dng dan séng ciing nhu hai khoang nano hinh chir nhat trong 16p
phu kim loai bac. Chat cach dién trong céc khe va khoang kim loai la khdng khi.
Kim loai duoc gia dinh 1a bac, c¢6 hang sé dién méi twong dbi cd thé dugc mo ta
theo md hinh Lorentz - Drude:

wZ

tn(0) =6, ——— (3.12)

o(w+1iy)

Trong d6 &, dai dién cho hing s6 dién mdi & tan s6 v han, 7 va », lan luot 13
hé sb va cham electron va tan sé plasma ma rong, w 1a tan sé géc cua anh sang toi
trong chan khéng. Trong hau hét cac nghién ctiu vé dng dan séng MIM & phd tan sé
viing ctra s6 1550nm thi kim loai dwgc chon 1a kim loai bac (Ag). Boi vi kim loai
nay c6 thanh phan 4o caa hang sé dién moéi nho khong dang ké ¢ dai tan cta so
telecom thtr ba nén suy hao do hap thu hat dan ddi véi séng quang 1a rat nho.

3.3.1. M6 hinh va nguyén ly thiét ké
Véi kim loai bac, cac théng sé tir (3.12) cho bac cé thé duoc dat la

¢,=31,0,=9.1eV,y=0.018¢V . S¢ng phan cuc TM duoc phét ra tir P va truyén dén Q.
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Su truyén qua khoang ré (drop cavity) & dau ra dwoc dinh nghia 1a Pp/Pq, & day Pp
va Pg lan luot 12 viét tat cua dong cong suat téi va cong suit ré ra cong ra. C6 hai
loai mode SPP trong 6ng dan séng MIM. Mot 13 mode dbi xang, va mode kia la
mode phan d6i xang. Thuat ngit ndy dua trén dién trudong doc. Do d6, ca thanh phan
trudmg dién ngang (TE) (E,) va trudng tir trudng ngang (TM) (H,) déu thé hién phan
bd phan déi xang ¢ mode d6i xtirng va phan bé déi xing & mode phan dbi xing.
Ché @6 d6i xang thuc hién mot diém cit khi w giam xuéng dudi d6 rong khoang

hang tram nanomet [134].

—TT-7Q
E S, S,
y HZ -~
U Khoang cong hudng b
¢ Ex ds (Cavityb) Ong dan séng
% l Ve
O | S+l g1 S’+1 S’+3 { Chlnh
ISpp ' S, W
:mod :
: S S S’-302
Ag ) Khoang cong hwédng a
(Cavitya) /) d
Air Céc méat phang
tham chiéu

D
Hinh 3. 20. So d6 ciia bo loc plasmonic dya trén higu ing dao ham cong huong cua
khoang nano trong o6ng dan song MIM
Vi chiéu rong cua dng dan song trong cu trac dé& xuit thip hon chiéu rong
ngudng, nén chi c6 mode phan ddi xtmg dugc xem xét ¢ day. Khi mot song phang
phan cuc TM can trd dén cau tric MIM, song téi duoc ghép vao dng dan song va
song SPP hinh thanh trén cac giao dién kim loai. Cong suat tGi mot phan duoc két
hop vao trong luc nano gan dng dan séng chinh (6ng din séng ngang chinh trong
Hinh 3.20). Khoang nano hoat dong nhu mét chiic ning cta bd cong huong cé thé
dirng tin hiéu anh sang c6 budc song cong hudng. Dé kham pha su truyén cua cau
trac, bién do cua soéng dén va song di trong dng dan séng dugc md ta bang cac tham
s6 tan xa S4i, S’4i va S, S’ (i = 1,2,3) theo ly thuyét ghép mode theo thoi gian boi

cac quan hé sau:
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da/dt=[j-1/Q, -1/ (2Q)|m,a+ o, / (2Q,)e"™S., (3.13)

db/dt =[j-1/Q, -1/ (2Q,) -1/ (2Q)]x @b +Je, / (2Q )™ (S,, +S.,) (3.14)
S, =S,/ (2Q)e *a (3.15)

S, =—Ja, 1@ a (3.16)

S, =S e (3.17)

S, =S e P (3.18)

S, =S, —Jao, 1 2Q)e b (3.19)

S, =S, @, [(2Q)e b (3.20)

S, = Jay 1 Qe b (3.21)

Trong d6 Qo VA Qg dai dién cho cac hé sb chat luong cua cac khoang cong
hudng Cavitya va Cavityb do mat mat noi tai, @,, va o,, lan luot 12 tan sé cong husng
cua Cavitya va Cavityb. Q, 1a hé s chét Iuong cua khoang cong hudng ré do sy phan
ra cong suat vao éng dan song ré. Q; va Qs lan Iuot 13 hé sb chat lwong cua Cavityb va
Cavitya do sy phan ra thanh dng dan séng chinh. 6, va 0; 1an luot 1a céc pha ghép tur
Cavityb va Cavitya dén 6ng dan song chinh, @, 1a pha ghép gitra Cavityb va éng dan
sONg I8, Bee dai dién cho hang so truyén cia séng SPP trong 6ng dan séng MIM. D 1a
khoang céch gitra cac mat phang tham chiéu cua hai khoang. Pha ¢ giira hai mat phang
tham chiéu c6 thé dugc biéu thi bang:

¢ =D/spp =Dt kg (3.22)

V6i n, biéu thi chi s6 khlic xa hiéu dung ERI (effective refractive index) cua

mode SPP. Chi $6 n, c6 lién quan dén budc séng A va chiéu rong w; ctia ong dan

s6ng chinh. Méi quan hé tan sic cia ching duoc chi phéi bai phuong trinh tan sic
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(4.8) V3i &, va €4 1a hing sé dién mdi cua dng dan song chinh va 16p kim loai,
k, =27/ 4 1a vecto séng cua anh sang tsi trong chan khéng, biéu thi cho md men
cua song. Hiéu suit truyén cua tach kénh dwoc biéu thi theo cong thirc (3.3) véi
r=[1/ 21/ [i(@/ @, —~1)+1/(2Q,) +1/Q,,] 1a hé s suy giam.

3.3.2. Thiét ké t6i wu va mé phéng

Phuong phap EME duoc sir dung 1a phuong phap mé phong hiéu qua va
chinh xac cao ddi vai c4c cau tric 6ng dan song plasmonic dé khao sat cac dic tinh

truyén dan ciia 6ng dan séng plasmonic MIM két hop véi cac khoang [135].

-2 | T T T T T T T T T T T T T T T T T T T
5 4 1
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— |
c -6 1
% L
©
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—d=180 nm
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Buwdc séng, A (nm)

Hinh 3. 21. Phé truyén qua cta cau triic ng dan séng MIM cho céc chiéu dai
khoang d khac nhau véi g = 10nm va w = 50nm

Nhu trong Hinh 3.21, khi ta chon cac gia tri ban dau cua g;=g,=g =10nm, w
= w;= 50nm ng dan séng MIM két hop véi mot khoang cé thé hoat dong nhu mot
bo loc dirng bang tan quang hoc. Bang cach thay ddi tham sé hinh hoc d, dai dién
cho chiéu dai cua khoang, buéc song hoat dong (cong huong) cd thé duoc diéu
khién mot cach hiéu qua. Tai cac khoang cach hinh hoc khac nhau cho vai gia tri
cua d tir 120nm dén 180nm, cac dinh cong hudng nam trong dai phd anh sang nhin
thy tir 500nm dén 700nm.
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Déi voi hé thdng ng dan séng ghép hai khoang, phd truyén qua vai khoang
cach D phan tach khoang - khoang duoc tinh toan va thé hién trong Hinh 3.22(a). O
day, chiéu dai cia hai khoang dugc ¢b dinh la d, = d,= 180nm. Céc anh sang téi &
budc s6ng cong huong cua cac 16 sdu s& bi phan xa va dan huéng trong cuc hap
dan, nhu thé hién trong Hinh 3.22(a).
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Hinh 3. 22. (a) Quang phd truyén qua véi su phan tach khoang-khoang khac nhau
trong hé théng dng dan song ghép doi khoang v¢i d; = d, = 180 nm, g = 10 nm vaw
=50 nm. (b) Hinh anh mo phong su phan bd trudng cua budce song dinh trong subt
trong 6ng dan séng ghép khoang kép véi D = 110 nm

Ta ciing c6 thé thay rd ring c6 mot dinh truyén gitra cac diém 16m truyén qua, diéu
nay 1a twong ddi véi sy phan tach D. Khi cong huong Fabry-Perot (FP) hinh thanh trong
6ng dan song chinh gitta hai khoang, dac tinh pho truyén theo budc song thé hién tinh
chit cua hiéu tng cam tng dién tr trong sudt EIT (electromagenically induced
transparency). Su tach biét duoc t6i uu héa gitra hai khoang c6 thé duoc biéu thi nhur sau:

A

" 2Re(n, (1) (3.23)
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Hiéu qua truyén caa bo loc r& kénh (drop channel) c6 thé dugc nang cao bing
cach thiét 1ap pha gitra hai mat phang tham chiéu 1a Ap=(2m+1)z/2. Bé thyc hién
dugc bo tach RGB kich thudc siéu nho gon, ta chon m = 0. Bé thiét ké cau trac bo
loc RGB bang céch sir dung tach kénh hiéu qua cao, ta chon bo phan kénh ba budc
s6ng véi ba bo loc r& kénh dé khao sét phan wng truyén, thé hién trong Hinh 3.23(a).

B R
Céng ral Céng ra3

(@ As Ar
Ey H
z
T Khoang Khoang Khoang
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o | hwéongl hwéng2 hwéng3
AB,G : :
“D; D> y Ds
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I:l Air hwéng4 hwéngs hwéng6

0.695962

o o

Hy
“ %W Ar=640 nm

ﬁrr-a:-ﬁc-;t-:

Codng ra3

z-(m)

-
)

Dé‘c tinh
truyén dan, T(dB)

——Blue, Cdngral
—Red, Cbdngra3
——Greer ,Cbng ra2

,

-1

] ) 400 450 500 550 600 650 700 750
X-(um) Budc séng 'gth, A (nm)

Hinh 3. 23. (a) So d6 nguyén ly cia mot bo tach kénh ba budc séng plasmonic, cac
tham s6 duoc t6i wu Dy = 209 nm, D, = 241 nm va D5 = 304 nm. (b,c,d) Phan b
truong cua | Hy | twong (tng Vi cac budc song 465 nm, 520 nm va 640 nm. (e) DBac
tinh truyén dan cua quang phé truyén qua caa dng dan séng tach ba kénh

Budc song lan luot 1a 465nm, 520nm, 640nm cua cac anh sang do, luc, lam.

Két qua co thé duoc mé rong cho cac ciu tric ghép kénh da budc séng khéc.
Chiéu rong cua 6ng dan song va cac khoang duoc cb dinh 13 50nm. Chiéu dai cua
cap khoang 1-4, 2-5 va 3-6 lan lugt duoc dit 1a 245nm, 291nm va 162nm. Khoang
cach ghép ndi gitra tat ca cac khoang va 6ng dan séng la 10nm. Do do, trong dng
dan séng chinh, céng suat truyén & cac budc song hoat dong dugc phan xa mot cach
hiéu qua bai cac khoang tach doi nay. Khoang céach ti wu Dy, D, va Dg dé truyén
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cuc dai & budc song 465nm, 520nm, 640nm lan luot 12 209nm, 241nm va 304nm.
Hinh 3.23(b,c,d) mé ta cac phan bd truong cua |H,| véi viéc phong song lién tyc ¢
budc soéng 465nm, 520nm, 640nm tuong ung théng qua mé phong EME. Cac phan
bé truong phi hop tét vai phd truyén qua trong Hinh 3.23(b,c,d). Hinh 3.23(e) cho
thiy dic tinh truyén qua cua dap ung phd quang ddi véi ba cong ra cua ba dng dan
s6ng ré kénh twong (ng véi ba cong ra Ouputl, Output2, Output3 cho lan luot ba
phé mau R, G, B la 465nm, 520nm va 640nm. Hiéu qua duoc cai thién hon 50% khi
so sanh véi treong hop khéng cé khoang nano phan xa ghép doi. Bén canh d6, hinh
anh mod phong & Hinh 3.23(e) cho thay phd 3dB cho mdi kénh Ia kha rong, hon
30nm cho mdi tin hiéu R, G, B véi suy hao khoang 8dB tai dinh cua ba budc song
RGB va chénh léch giira tin hiéu trén nhiéu quang trong dai 3dB biang thong luon
I6n hon 10dB. Pay la cac két qua hiéu niang quang hoc tuong doi tét. Mac du suy
hao 8dB la kha 16n so véi suy hao cia cdc mach quang tir dua trén dng dan séng
phan xa toan phan chang han nhu dua trén cong nghé quang tir silic (khoang 2dB)
[124] tuy nhién diéu nay la dé hiéu vi mach quang tir plasmonic bi suy hao do hap
thu caa kim loai 1a khéng thé tranh khoi ma lgi thé cua cac mach plasmonic duwa
trén ong dan song MIM 14 cac mode quang dugc bat gitr trong kich thuéc chi vai
chuc nano mét va kich thudéc todn mach chi vai pm?. Kich thuéc nhé gon va dién
tich mode cuc nho cho phép vi mach tich hop véi mat do rat cao véi dap ang xung
quang cuc nhanh va htra hen cho cac vi mach xu ly tin hiéu toan quang tich hgp trén
chip trong céc hé thong thong tin quang thé hé méi. Cac uu diém cua cau kién dé
xuat duoc so sanh véi mot sé két qua da duoc cdng bd trén cac tap chi uy tin thoi
gian gan day duoc thé hién trong bang 3.3 dudi day.

Bang 3. 3. So sanh bo loc budc sng RGB Vi cac cong trinh dd duoc cong bé trén
cac tap chi chuyén nganh

i 2 z R Tai liéu tham Tai liéu tham
Tiéu chuan | Cau truc de xuat [J3] khiio [122] khiio [123]
L Ong dan séng Ong dan séng Soi tinh thé
Cau truc . ,
plasmonic MIM polycarbonate quang tu PCF
i Polycarbonate, silicon-nitride
at lie Ag, khdng khi . ) .
Vatligu g, knong kht khong khi (Si3N4)




Cau kién dé | Bo tachkénhbabusc | Bo tach kénhba | B tach kénh ba
Xuat song RGB buéc song RGB | budc séng RGB
Kich thwéc
toan ciu 2,2um X 3,2um 4um X 4pum 3um X 3um
kién
Buéc song 465nm, 520nm va 450nm, 530nm, 450nm, 550nm,
lam viéc 640nm 600nm 650nm
Bing thong 30nm ch(? ca 3 budc 11.3nm, 8.2nm, 16.3nm, 6.1nm,
song 5.6nm 5.9nm
Suy h‘ao 4B 0.901dB, 0.828dB, | 1.675dB, 1.7dB,
truyen 1.246dB 2.26dB
TAy >0 t_T >10dB Khong nhic dén | Khong nhic dén
hiéu/nhieu

T Bang 3.3 ¢6 thé thay rang, cau trac dé xuat c6 uu diém vuot troi vé kich
thudc cuc Ky nho gon, bing thong hoat dong 16n, suy hao truyén dan thip hon nhiéu
S0 V&i cac két qua da duoc cong bd tai cac tai liéu tham khao [122] va [123].

3.4. Két luan Chuong 3

Nhu vay, trong Chuong 3 da trinh bay ba dé xuat, bao gom:

Mot 13, d& xuat cau tric bo loc hai bude song plasmonic trén co sd cac bo loc
ré kénh trong cac 6ng dan séng plasmonic MIM véi sy c6 mit cua cac khoang phan
xa ghép ndi bé mat. M6 phong EME cho thay hiéu suat truyén cua bo tach kénh hai
buéc song 1310nm va 1550nm c6 thé dat duoc hiéu qua tét bang cach chon do dai
t6i wu dac biét cua cac khoang phan xa. Céc két qua da dugc phan tich chinh xéc
bang thuyét ghép mde theo thoi gian va duoc tdi wu hoa bang phuong phap mo
phong sb. Cau trac dé xuat co tiém ning quan trong cho viéc thiét ké cac mach tich
hop cuc nhé gon hiéu suat cao va cac hé théng thong tin quang.

Két qua nay duoc ding trén ky yéu Hoi nghi quéc té ATC’2018:
“Dualband-wavelength demultiplexer based on the nanoplasmonic MIM

waveguides”, 2018 International Conference On Advanced Technologies For

Communications, 2018, Ho Chi Minh City, Vietnam.
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Hai 13, d& xuat mét bd loc ba budc song st dung éng dan song MIM véi cac
véch ngin mong va mot cap dng kich thude nano mét da thyuc hién trong phan nay
gidng nhu mét bo cong huong FP va bd lra chon budc song. Dwa trén hiéu tng
ghép ndi manh mé cua bo cong huong FP khac nhau va sy ting cudng cia 6ng dan
song kich thuéc nano mét, mot bo loc bude song co bing thong rong va hiéu suét
cao, kich thudc nho gon cd nano mét va bo chia bude song 3dB bang rong da duoc
chang minh chi tiét thong qua phuong phap mé phong EME. Cau trac da dé xuét
thé hién kha nang truyén dan cao, d6 hap thu thap, dung sai twong ddi 16n va biang
théng rong cho cac tng dung trong mang truy nhap quang tai cira s6 buéc séng vién
thong. Ngoai ra, dé thiét bi da dé xuat co bang thong hep hon va kha nang chuyén
d6i budc song cao thi dya vao co ché cong huong Fano dang duong thang - day l1a
phuong phap méi dé thiét ké cac phan tir co kich thuéc ¢d nano mét va kha ning
chuyén doi budc song cao trong thong tin quang va may tinh, dac biét 1a trong cac
hé thdng ghép kénh phan chia theo budc séng va céc hé théng chuyén mach.

Két qua nay dugc cdng bd trong bai béo qubc té ISI: “Triple-wavelength
filter based on the nanoplasmonic metal-insulator-metal waveguides ”, Optical and
Quantum Electronics, Vol.53, No.223, 2021.

Ba I3, d& xuat bo loc budc song RGB duya trén éng dan séng plasmonic MIM
¢6 kich thudc nano mét, bao gom mot ong dan song chinh dugc ghép ndi voi cac
khoang hep cho truyén théng anh sang kha kién VLC ciing nhu cac wng dung hién
thi. Két qua md phong cho thiy budc séng cong huong cua khoang hep c6 thé duoc
diéu khién bang cach diéu chinh chiéu dai cia khoang. R& rang do trong sudt do
plasmon gay ra s& xuat hién khi éng dan séng plasmonic giita cac khoang lién ké
thoa min diéu kién cong hudng. Do trong sudt cam mg da diém co thé duoc thuc
hién bang cach xép tang nhiéu khoang c6 do dai va do phan tach khac nhau. Hé
théng 6ng dan song plasmonic duge dé xuat sé c6 nhitng tng dung tiém ning trong
c4c thiét bi quang tich hop cao, chang han nhu bo loc RGB, trong ki thuat WDM

plasmonic da kénh kich thuéc nano va trong hé théng chuyén mach quang.
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Két qua nay duoc cong bd trén tap chi khoa hoc, Hoc vién Cong nghé Buu
chinh Vién thong nam 2020: “Bé tach ghép kénh RGB quang kich thuéc nano dua
trén cac ong ddn song MIM-Plasmonic”, Tap chi Khoa hoc Céng nghé thong tin va
Truyén thdng, Hoc vién Cong nghé Bueu chinh Vién thong, Sé 4A.2020.

KET LUAN VA HUONG PHAT TRIEN

Ong dan séng Plamonic kich thudc nano mét c6 kha ning truyén dan anh
sang dudi bude song co bang thong rong, hiéu suat truyén cao, suy hao thap va kich
thudc cyc ky nho gon da dugc cac nghién ciru khoa hoc chung té 1a mot trong
nhimg tmg vién tbt cho viéc thiét ké cac vi mach tich hop trong cac hé thdng ghép
kénh phan chia theo budc song va trong mot sd hé thong tinh toan téc do cao.

Nghién ctru cac phuong phap thiét ké dua trén ky thuat FDTD, thuyét ghép
mode theo thoi gian két hop véi phuong phap mo phong EME dé t6i wu cac tham sd
ciu trac cia cau kién va phan tich, ddnh gid cac dac tinh ctua cau kién dé xuat nhu
dic tinh truyén, hap thu, dung sai ché tao cho phép,...

Luan 4n da trinh bay céc thiét ké dng din séng nano plsamonic theo ciu tric
MIM c6 chtic nang quay phan cuc, tinh toan logic, thém/bdt/chia cac budc song
trong cira s6 budc song vién thong dé ung dung k¥ thuat ghép kénh phan chia theo
budc song ciing nhu cac thanh phan chic nang xur 1y tin hiéu trong mang thong tin
toan quang.

PONG GOP KHOA HQC CUA LUAN AN

Cac nodi dung nghién ciru duoc chi ra sau day 1an dau tién duoc dé& xuit va
thuc hién trong luan an nay. Pay ciing chinh 1a hai dong gop khoa hoc cua luan an:

1) Pé xudt thiét ké ong dan song lai ghép plasmonic HPW c6 chizc ning quay
phan cuc va cac céng logic XOR, OR, NOT, céng Feynman quang thugn nghich
dera trén éng ddn séng plasmonic kich thwéc nano mét theo cau trac MIM.

Ong dan séng HPW c6 cdng suat hap thu va phan xa nho (hap thu dudi -7dB
va phan xa duéi -10dB), suy hao truyén thap (nhé hon -1.5dB) trong dai bang thong
100nm & bude song 1500nm dén 1600nm. Kich thudc cua cau kién chi dai c&

4.1um va rong 400nm 1a rat nho. Két qua nay duoc cong bd trong ky yéu Hoi nghi
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Quéc gia 2017 v& Bién tir, Truyén thdng va Cong nghé thong tin: “Cdc cdu tric
ong ddn séng lai ghép Plasmonic - Silic si dung nap kim logi bac va quay phan cuc
cho mach quang ti kich thudc nano”, REV-ECIT 2017.

Cac cong logic plasmonic di dé xuat c6 thé giam dang ké kich thuéc do d6
giam tan xa, giam ngudng tin hiéu cho cac hoat dong logic va c6 bang thong rong
trén 300nm trong khi kich thuéc nhé gon, kich thuée cac cong OR, XOR, NOT la
340nm x 1,073um; cong Feynman 1a 1,25um x 963nm. Két qua nay duoc cong b
trong tap chi Khoa hoc va Cong ngh¢, Pai hoc Pa Ning nam 2020: “4ll Optical
logic gates base on nanoplasmonic MIM waveguides”, The University of Danang,
Journal of Science and Technology: Issue on Information and Communications
Technology, Vol.18, No.12.2, 2020.

2) Pé xudt thiét ké cac ong déin séng plasmonic kich thuwéc nano mét theo
cdu triic MIM dé tao ra cdc bé loc buwdc séng quang cé dé rong bang thong lon,
hiéu sudt truyén cao va cho phép dung sai ché tao phit hop.

WTao ra mot bd tach kénh plasmonic hai bang séng 1310nm va 1550nm c6
dic diém: kich thudc toan cdu kién 14 1,7um x 3,4um; khi nhidu xuyén am dudi -
20dB, bing thong 80nm trong ctra s6 bing tan 1310nm (1290nm dén 1370nm) va
bang thong bao phi toan bo dai C + L (1525nm dén 1625nm) trong cira s6 bang tan
1550nm; hé s6 hap thu A 1a -1.8dB ¢ budc soéng 1310nm va hé s6 hap thu A nho
hon -3,7dB trong toan bo dai C + L. Két qua nay duoc ding trén ky yéu Hoi nghi
quc t& ATC’2018: “Dualband-wavelength demultiplexer based on the
nanoplasmonic MIM waveguides”, 2018 International Conference On Advanced
Technologies For Communications, 2018, Ho Chi Minh City, Vietnam.

@Tao ra bd loc budc song quang ba bang 1310nm, 1430nm va 1550nm va
thiét bi chia budc séng 3dB dua trén cau tric éng dan song plasmonic MIM kich
thudc nano mét c6 dic diém: cong suét truyén tai cac cong ra caa bo loc ba bing
song 1310nm, 1430nm va 1550nm twong Gng la -5.37dB, -6.19dB va -5.68dB; bang
thong 3dB cua ba bang tan 1310nm, 1430nm va 1550nm 1a twong ddi rong,lan luot
1a 90nm, 80nm va 100nm; véi dung sai ché tao cho phép l1a Aw==+2nm thi céng suat
truyén 1a khdng nhé hon -7dB, cong suat xuyén am dudi -15dB, hap thy dudi -1dB
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va phan xa duéi -10dB. Két qua nay duoc cdng bd trong bai bao qubc té
ISI: “Triple-wavelength filter based on the nanoplasmonic metal-insulator-metal
waveguides ”, Optical and Quantum Electronics, Vol.53, No.223, 2021.
®)Bo loc budc séng plasmonic RGB kich thuéc nano mét dya trén ciu trdc
MIM cé dic diém: mac chénh léch giita tin hiéu trén nhidu quang trong dai 3dB
bang thong ludn 16n hon -10dB va suy hao truyén < -8dB trong 30nm bing thong
tai ba phé mau RGB 1a 465nm, 520nm va 640nm; bat giit ca&c mode quang c6 kich
thudc vai chuc nano mét, kich thudc toan mach 1a 2,2um x 3,2um. Két qua nay
duoc cdng bd trén tap chi khoa hoc, Hoc vién Cong nghé Buu chinh Vién thdng
nam 2020: “Bé tach ghép kénh RGB quang kich thwéc nano dya trén cac ong dan
séng MIM-Plasmonic”, Tap chi Khoa hoc Cong ngh¢é thong tin va Truyén thong,
Hoc vién Cong nghé Bueu chinh Vién thong, Sé 4A.2020.
HUONG PHAT TRIEN TRONG THOI GIAN TOI
Toan bo noi dung va cac két qua dat dugc cua luan &n chi ra rang huéng
nghién ctu ting dung 6ng dan séng nano plasmonic trong ghép kénh phan chia theo
buéc song 1a kha thi va co tiém niang cao. Hudng phét trién trong thoi gian tai la
trién khai thuc hién thir nghiém cac phuong phap dé xuat trén cac mach phan cing,
tir d6 c6 duoc cac két qua do thyc té vé hiéu suat lam viéc, ty 1é suy hao do hap thu,
do nhidu xuyén am ciing nhu kich thuéc thuc té cua cac mach. So sanh gitra cac két
qua do dac thyc té voi két qua ly thuyét va md phong sé ta s& c6 mot danh gia chinh
x&c vé cac noi dung khoa hoc da dé xuat ciing nhu kha ning ap dung cua cac thiét bi

d6 vao cac thiét bi hoic cac hé théng thong tin lién lac thuc té.
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