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PON VI: PAI HQC THAI NGUYEN

THONG TIN K ET QUA NGHIEN CUU
1. Théng tin chung:

- Tén dé tai: Thiét ké va cle tao siéu \t liéu metamaterials céadltin s lam viéc rong & ving
séng Rada;

- M4 sb: B2015TN05-01

- Chii nhiém @@ tai: TS. Nguyén Thi Hién

- Co quan chii tri dé tai: Pai Hoc Thai Nguyén

- Thai gian thyc hién: Tir thang 01/2015 d&én 12/2017.

2. Muc tiéu:

Thiét ké va ck tao duoc siéu it liéu metamaterials cédtan 5 [am viéc rong & viing séng Rada
3. Tinh méi va sang to:

- Lan dau tién ki Viét Nam di xay dung duoc mot chuong trinh tinh toan cac tham sb hiéu dung
(d6 tir thim p, 46 dién thim e, chiét suit n, ty khang z) ¢a trén thét toan dé xuét bai Chen.

- Tim kiém dwoc ciu tric siéu gt liéu metamaterials (Meta) don gian va c¢6 vangan s haat dong
rong & ving GHz gop pdn sym dwa vat liéu Meta vaaing ding thyc . Cac ndu nay di duoc ché
tao va Kt qua nghién @u cia chdng téi cho #y ving hat dong ong hon mot sb két qua nghién
clru gAn ddy cua cac nhdm khéac trénélyiéi cong Wi ciu trac don gian hon.
4. Két qua nghién aru:
D3 hoan thanh 03 ndi dung nghién €u di dua ra trong thuyét minh dé tai
Noi dung 1: Pi X4y dung chwong trinh tinh toan cic tham sé hiéu dung

- D3 tim hiéu thuét toan dé xuit bdi Chen va cong su.

- Dua trén thuit toan cua Chen di x4y dung chuong trinh tinh toan cac tham sé hiéu dung
(d6 tir tham i, d6 dién tham g, chiét suat n, tré khang z) (xay dung dugc 01 bd code trén
chuong trinh matlab dé tinh toan cc tham sé hiéu dung)

- Pikiém tra d chinh xac cua chuong trinh sau khi xay dung duoc.

Noi dung 2: Pa nghién ciru anh hwéng ciia ciu tric va ciac tham so cau tric l1én tinh chat dién
tir cha vit liéu

- Di nghién ctru anh huéng cta cac dang ciu trac khac nhau 1én tinh chat dién tir ctia vat
liéu.
- Da tim kiém vat liéu MMs c6 céu trac don gian, dbi xtng cao.
- i nghién ctru anh hudng ciia tham s cau tric 1én tinh chat cua vat liéu.
Noi dung 3: P toi wu héa ciu tric nhim mé rong dai tin sé hoat dong cia siéu vit lidu
- Pi tim kiém cu tric co ving tan s6 lam viéc rong (broadband).

- Pa nghién ctiu anh hudng cia cac tham so cau tric dén viéc md rong vung tan so hoat
dong ciia MMs.



- Daitdi vu hoa cac tham sb ciu tric dé thu duge dai tan hoat dong la rong nhét.
5. Sin pham:
5.1 . San phim khoa hoc:
C6 02 bai ISI:

1.Hien N. T., Tung B. S., Sen Y., Guy A. E.V., Peter L., Lam V. D., and Ewald J. (2016),
“Broadband negative refractive index obtained by plasmonic hybridization in
metamaterials”, Applied Physics Letters, 109, pp. 2219021-2219025.

2.Hien N. T., Le L. N,, Trang P. T., Tung B. S., Viet N. D, Duyen P. T., Thang N. M., Viet
D. T, Lee Y. P., Lam V. D, Tung N. T. (2015), “Characterizations of a thermo-tunable
broadband fishnet metamaterial at THz frequencies”, Computational Materials Science,
103, pp. 189-193.

C6 05bai dang trén tap chi trong nwérc:

1. Nguyén Thi Hién, Vi Dinh Qui, Trinh Thi Giang, Nguyén Thanh Tung va Vii Dinh Lam
(2016), “Nghién cuu, thiét ké va ché tao siéu vat liéu khong phu thudc vao phan cuc song
dién tr”, Tap chi Khoa hoc Cong nghé, 54 (02), tr. 258-265.

2. Nguyén Thi Hién, Nguyén Thi Huwong Lién, Nguyén Thi Hai va Vii Dinh Lam (2016),
“Nghién clru mo rong dai hép thu hoan hao séng dién tur dua trén siéu vat liéu”, Tap chi
Khoa hoc Cong nghé Pai hoc Thai Nguyén (Sé dac biét chao mung 86 nam thanh lap hoi
lién hi¢p phu nit Viét Nam), tr. 173-176.

3. Nguyén Thi Hién, Nguyén Xuan Ca, Pham Minh Tén, Nguyén Trung Kién, Nguyén Thi
May, Vii Dinh Lam (2017), “M& rong dai tan tir thim am dya trén md hinh lai héa bac hai
cho céu tric dbi xtng bang phwong phap mé phong”, Tap chi Khoa hoc Cong nghé Pai
hoc Thdi Nguyén 172 (sé déic biét chao mirng 87 nam thanh ldp hoi lién hiép phu ni Viét
Nam), tr. 3-8.

4. Duyen P. T.Hien N. T., Viet N. D, Tung N. T., and Lam V. D. (2015), “Decisive role of
the dielectric spacer on metamatetigbridization”, Tap chi nghién citu Khoa hoc va
Cong nghé Qudn su, 35 (02), tr. 106-111.

5. Nguyén Thi Hién, Nguyén Xuan Ca, Nguyén Thi May, Pham Minh Tan, Nguyén Thanh
Tung va Vil Dinh Lam (2017), “Vai trd ctia ton hao 16p dién méi 1én sy mo rong ving c6
chiét suat am st dung md hinh lai hoa bac hai”, Tap chi Khoa hoc Truong Pai hoc Su
Pham Ha Noi 2, s6 51, tr. 40-50.

C6 01bai ding trén ky yéu hdi nghi:
1. Vii Dinh Lam, Nguyén Thanh Tung, Nguyén Thi Hién, D5 Thanh Viét, Pham Thi Trang

va Lé Van Héng (2015), “Mot sb két qua nghién curu vé siéu vat libu Metamaterial tai

Vién Khoa hoc Vit liéu”, T uyén tdp bao cao — 40 nam thanh Idp Vién Han lam Khoa hoc

va Cong nghé Viét Nam, tr. 195-214.
5.2.  San phim dao tao:

C6 01 luén vin thac si, 01 d¢ tai sinh vién nghién ciru khoa hoc, 02 khéa luin tot
nghiép da bao vé:

1. Phan Thi Duyén (2016), Study of the broadband metamaterial absorber based on ring

— structure Luan vian thac si Truong Pai hoc Khoa hoc va Cong nghé Ha Noi (thanh
vién cua dé tai).



2. Nguyén Thi Hai (2015-2016),Nghién citu tinh chdt cia siéu vt liéu c6 chiét sudt am,
Pé tai sinh vién nghién ctru Khoa hoc truong Pai hoc Khoa hoc Thai Nguyén.

3. Nguyén Thi Huong Lién (2015-2016), 76i wu héa cdu triic vt liéu Meta, Khoa luan
t6t nghiép truong Pai hoc Khoa hoc Thai Nguyén.

4. Nguyén Thi Hai (2016-2017),Nghién ciru mé réng ddi tan sé hoat dong ciia siéu vit
liéu c6 dp tir tham dm, Khoa luan t6t nghiép truong Pai hoc Khoa hoc Thai Nguyén.

5.3.  San phim khac

1. 01 Phan mém (code) tinh toan dung cac tham sé hiéu dung (d6 tir tham p, d6 dién tham
g, chiét suat n, tro khang z).

2. Qui trinh céng nghé ché tao siéu vat liéu metamaterials & viing song Rada.

3. 10 mAu siéu vat liéu metamaterials c6 kich thudc 15cmx15cm.
6. Phuong thiec chuyén giao, dia chi tng dung, tac ddng va lpi ich cia két qua nghién airu:
- Dé tai 1a not phin két qua quan tong trong lin an NCS aa chi nhiém dé tai

- Két qua nghién ¢u cia dé tai to didu kién dé sinh vién va cac candtgiang cy trong khoa
VL&CN trudng Pai hoc Khoa he Thai Nguyén duoc cip nhit véi cac vin dé khoa hc thoi su

hién nay trén t gioi.

- Viéc nghién @u va cit tao siéu \t liéu Metamaterials tra mdt huéng nghién ¢u mot loai vat

liéu m6i c6 nHing ung ding c6 ¥ nghia rat quan tong trong doi song va dic biét trong quan s

nhu: tang hinh, anh nhit, siéu thu kinh, antennas, senso...

Ngay thang nam 2017
Té chirc chi tri i0fhiém dé tai
(ky, ho va tén, dong diu) (kyyvh tén)
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INFORMATION ON RESEARCH RESULTS

1. General information:

Project title: Design and fabricate of broadband metamaterials operating in Rada frequency
Code number: B2015N05-01

Coordinator: DrNguyen Thi Hien

Implementing institution: Thai Nguyen University

Duration: from 01/2015 to 12/2017

2. Objective(s):

- Design and fabricate of broadband metamaterials operating in Rada frequency

3. Creativeness and innovativeness:

- This is the first time in Vietham, We has built a program calculates thetiwedfgrarameters
(permeability p, € evaluation of power, refractive index n, impedance z) based on the algorithm
proposed by Chen.

- We have found simple structure base on metamaterials and they can activity inadheGidgi
frequency. Our contributions brings metamaterials closer practical application.

4. Research results:

Completed 03 research contents:

Content 1 Developed a program for calculating effective parameters
- Research the algorithms proposed by Chen et al.

- Based on the algorithm of Chen, We has built a program to calculate the iveffect
parameters (permeability permittivity €, refractive index n, impedance z)

- Checked the accuracy of the program after the construction

Content 2 The effect of structure and structural parameters on the electromagnetidi@sopier
materials was investigated

- The effect of different types of structures on the electromagnetic properties of matevrials ha
been studied.

- Simple, highly symmetrical metamaterials were found.

- The influence of structural parameters on the properties of materials has been studied.
Content 3 Optimized structure to broadband metamaterials

- The structural broadband metamaterials were found.

- The influence of structural parameters on the expansion of the operating frequency range of
Metamaterials has been investigated.

- Optimized structural parameters to achieve the widest operating band.
5. Products:
5.1. Scientific publications:

There are 02 articles published in international journal (I1SI):
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.Hien N. T., Tung B. S., Sen Y., Guy A. E.V., Peter L., Lam V. D., and Ewald J. (2016),

“Broadband negative refractive index obtained by plasmonic hybridization in
metamaterials”, Applied Physics Letters, 109, pp. 2219021-2219025.

.Hien N. T., Le L. N., Trang P. T., Tung B. S., Viet N. D, Duyen P. T., Thang N. M., Viet

D. T., Lee Y. P,, Lam V. D, Tung N. T. (2015), “Characterizations of a thermo-tunable
broadband fishnet metamaterial at THz frequencies”, Computational Materials Science,
103, pp. 189-193.

There are 05 articles published in national journal:

1. Hien N. T., Qui V. D, Giang T. T., Tung N. T. and Lam V. D., “Study, design and

fabricate metamaterials independent on the polarization of electromagnetic waves, Journal
of Science and Technology, 54 (02), pp. 258-265.

. Hien N. T., Lien N. T. H., Hai N. T. and Lam V. D. (2016), “Study of broadband perfect

absorber base ometamaterials”, Journal of Science and Technology of Thai Nguyen
University (Special number to celebrate the 86th anniversary of the foumdithe
Vietnam Women's Union), pp. 173-176.

. Hien N. T,, Ca N. X,, Tan P. M., Kien N. T., May N. T. and Lam V. D. (2017),

“Broadband Negative Permeability by Hybridized symmetric structure Metamataeals u

to simulated methdd Journal of Science and Technology of Thai Nguyen University 172
(Special number to celebrate the 87th anniversary of the founding of the Vietham Women's
Union), tr. 3-8.

. Duyen P. T.Hien N. T., Viet N. D, Tung N. T., and Lam V. D. (2015), “Decisive role of

the dielectric spacer on metamaterial hybridization”, Journal Science Research and
Military Technology, 35 (02), pp. 106-111.

. Hien N. T, Ca N. X,, May N. T., Tan P. M., Tung N. T. and Lam V. D (2017), “Role of

the dielectric loss on broadband negative refraction metamaterial hybridization”, Journal
of Science , HaNoi Pedagogical University 2 , 51, pp. 40-50.

There are 01 articles published in proceedingonference
1. Lam V. D., Tung N. T.Hien N. T, Viet D. T., Trang P. T. and Hong L. V. (2015), “Some

results of research on metamaterials at the Institute of Materials Science”, Proceedings
Report - 40th Vietnam Academy of Science and Technology, pp 195-214.

5.2. Training results:

There are 01 Master Thesis, 01 topic research and 02 Bachelor Thesis:

5.4.

1. Phan Thi Duyen (2016)Study of the broadband metamaterial absorber based on ring
structure, Master Thesis, University of Science and Technology of Ha Noi.

2. Nguyen Thi Hai (2015-2016)Study negative refractive metamaterials, Student topic
research, Thainguyen University of Science.

3. Nguyen Thi Huong Lien (2015-2016)Optimize structure of Metamaterial, Bachelor
Thesis, Thainguyen University of Science.

4. Nguyen Thi Hai (2016-2017)Study broadband negative permeability of metamaterials
Bachelor Thesis, Thainguyen University of Science.

Other results:
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1. 01 code for extract effective parameters (permeabhiljty: evaluation of power,
refractive index n, impedance z).

2. Process technology for fabricate metamaterials in Rada frequency.

3. 10 sample of metamaterials with size 15cmx15cm.
6. Transfer alternatives, application institutions, impacts and benefits of reserach results:
- It is a important part of coordinator’s my doctoral thesis.

- The results of there search subject help students and teachers of the physics atahyechno
faculty are up dated with the currents cientific issues in the world today.

- The study of materials and fabrication metamaterials are search study of nevialshater
applications extremely exciting and magical as "invisibility cloak" superl@iter frequency,
sensobiology....There is a very important meaning in life and especially inmilitary.



GIOI THIEU

Siéu \at liéu (Metamaterials- Meta) chiét suat am duoc ché tao thanh cong lan dau tién
nam 2000 boi Smith, trong khitinh chét cta né duoc tién doan vé mat 1y thuyét tir nim 1968 boi
VeselagoVat liéu Meta chiét suat 4m 1a sy két hop hoan hao cua hai thanh phan dién va tir tao nén
vat liéu dong thoi co do tir tham am (u < 0) va do dién tham am (e < 0) trén cting mot dai tan so.
Tir @6 din dén nhitng tinh chit dién tir va quang hoc bat thuong, trong d6 ¢ su nghich dao cua
dinh luat Snell, su nghich dao trong dich chuyén Doppler, va su nghich dio ciia phat xa
Cherenkowv....

Ngoai nhitng tinh chét dic biét ké trén, rat nhidu ung dung khac nhau cia vat liéu Meta da
dugc dé xuat va kiém chimg bang thyc nghiém. Mot trong nhiing (mg dung ndi bat nhat ciia vat
liéu nay la siéu thau kinh dugc dé xuit boi Pendry vao nam 2000, sau d6 da dugc Zhang va cac
cong su kiém ching bang thuc nghiém vaoniam 2005. Mot tng dung doc déo khac nita 13 st dung
vat lidu Meta nhu 13 “4o choang” dé che chin soéng dién tir (electromagnetic cloaking) dugc dé
xuit va kiém chung bdi Schurig va cong sy nam 2006. Ngoai nhu’ng ung dung ké trén, vat liéu
Metacon to ra rat tiém ning trong cac linh vuc khac nhu bd loc tin s, cam bién sinh hoc, antenna

. Gan day, mét vai irng dung ndi bat khac co thé ké dén nhu 1a vat liéu hap thu tuyét ddi song dién
tir khong phan xa, lam cham anh sang. Vi cac tinh chét dic biét cia minh, vat liéu Meta haa hen
s& c6 thém nhiéu tmg dung khac nira trong thuc té nhu thiét bi khoa hoc, y té, pin ning luong va
dac biét trong linh vuc quan su.

Vit liéu Meta ndi chung va vt liéu Meta co chiét suat am noi riéng déu hoat dong dya trén
cac cong huong dién tir khi twong tac voi cac thanh phan dién E va thanh phan tir H cua song dién
ttr chiéu dén. Chinh vi vay, vung hoat dong c6 cac tinh chét dic biét cua vat liéu nay thuong rat hep
va phu thudc vao sy phan cuc cua song dién tir. Do do, trude khi dua vat liéu Meta vao ung dung
thue té thi can phai nghién ctru giai quyét mot s6 van dé sau: tim kiém vat liéu c6 cAu truc don gian
dé dé dang trong viéc ché tao, dic biét 1a ving tan s6 THz hodc cao hon vi kich thuéc cua 6 co s
cAu thanh 1én vt liéu rat nho (c¢& vai trim um dén vai nm), hay viéc tim kiém vat liéu déng hudng
khong phu thudce vao sy phan cuc cia song dién tir, vat liéu c6 ving tan s6 lam viée rong. Ngoai ra,
viéc thiét ké va ché tao vat liéu co tinh chat thay ddi mot cach linh hoat béng cac tac dong ngoai vi,
hay t6i wu hoa cu trac dé giam do tén hao dién tir ctia vat liéu khi hoat dong ciing dang dugc quan
tamsau sic.

Vi ly do d6, muc tiéu cta dé tai la: Thiet ke va ché tao dugc siéu vat liéu metamaterials
(cu thé 1a vat liéu Meta co chi€t suat &m) c6 dai tan so lam viéc rong & vung song Rada

Doi twgng nghién ctru: Nghién ciru si€u vat li¢u metamaterials c6 dai tan s6 lam viéc rong
o vung song Rada (cu thé 1a siéu vat li€u c6 chiét suat am).

Noi dung va phwong phap nghién ciru: Dé tai duoc thyc hién dua trén viéc két hop giira
xay dung mo hinh vat 1y, mo phong thiét ké cau triic, ché tao mau va kiém chimg bing cac phép do
thuc nghiém.

Y nghia khoa hoc va thue tién ciia dé tai: Dé tai [ mot cong trinh nghién ciru co ban

Céc nghién ctru cho théy cong nghé¢ thiét ké ché tao vat liéu Meta voi tinh chat va tan s hoat dong
theo y mu6n trong ving séng ra da di dwoc lam chii hoan toan . Cac két qua chi ra kha nang diéu
khién céc tinh chat cta vat liéu Meta mot cach hé théng , khoa hoc tham chi cai tién véi nhiéu uu
diém ndi troi so voi vat heu thong thuong nhu vat liéu Meta b ién doi bing cac tuong tac ngoal V1
hay mé rong ving tan sd hoat dong. Pay 1a tién dé cho nhiing nghién ciru tiép theo & ving tan sd
caq tién t6i lam chu hoan toan cong nghé thiét ké ché tao siéu vat liéu hoat dong o vung hong
ngoai va nhin thiy, v&i nhiéu tng dung tha vi trong thuc tién.



CHUONG I. TONG QUAN SIEU VAT LIEU (METAMATERIAL - META)
1.1. Gi6i thiéu chung vé vit liéu Meta
1.1.1. Pinh nghia, nguyén 1y co bin dé tao ra vat li¢u Meta

Vit liéu Meta dugc xdy dung dua trén nhiing “gid nguyén ti”, 1a nhitng mach cong hudng
dién tir nho hon nhiéu 1an bude séng ma tai d6 cac tinh chat ddc biét cia vat ligu Metaxuat hién.
Béng cach thay doi tinh chét va mang tinh thé (quy lut sap xép) clia cic “gia nguyén ti” niy mot
cach dong thoi, cac nha khoa hoc c6 thé thu duoc nhiing tinh chat bat thudng khong ton tai trong
vat liéu ty nhién. Hinh 1.1 dwa ra hinh anh so sanh cu tao giita vét lidu truyén thong va vat liéu
Meta. O day, ta thiy c6 su hoan toan twong tu giita hai ciu tric nay.

Vit liéu truyén théng Vit liéu Meta
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Hinh 1.1 Sw tuwong ti vé mdt cdu tao gitta vt liéu Meta va vit liéu thong thuong trongt nhién.
1.1.3. Cac huwéng nghién ciru chinh ctia vat liéu Meta

1.1.3.1.Vat liéu Meta c6 chiét sudt 4m

Vit liéu chiét suit am 1a su két hop hoan hao cta hai thanh phﬁn dién va tur, tao nén vat liéu
ddng thoi co d6 tir thim 4m va do dién thim am (u < 0, < 0) trén cung mot dai tan sb. Nho vao
cac tinh chét bat thuong, vat liéu Meta co chiét sudt Am hira hen rit nhiéu tiém nang Ung dung nhu:
siéu thau kinh, antenna,senso, mét trong nhimg thanh phan ché tao “4o khoéc tang hinh”. ..

1.1.3.2.Vit liéu Meta hap thu tuyét ddi song dién tir

Vit liéu Meta héap thu tuyét déi song dién tir (metamaterial perfect absorber - MPA) 1a vét
liéu c6 kha nang hép thu hoan toan nang lugng ctia song dién tir chiéu t&i tai tan s6 hoat dong. Do
MPA dugc tao béi cac cdu triic cong hudng dién tir nén nguyén 1i hoat dong cuia MPA 14 hép thu
cong hudng. Tai tan sd cong hudng, cac dai lugng truyén qua, phan xa déu bi triét tieu.

1.2. Tong quan ve vat liéu Meta c6 chiét suat Am

Hinh 1.14 trinh bay mot gian dd don gian cho phép ta phan loai cac vat liéu theo tham s6
vimo ¢ vapu. Hau hét cac loai vat liéu trong tu nhién thi déu ¢6 ca hai thanh phﬁn dd tr thAm va do
dién thim duong (¢ > 0, > 0) va sag dién tir c6 thé lan truyén dugc trong loai vat lidu nay. Goc
phan tu thir hai caa gian dd (¢ < 0, > 0) thé hién tinh chit ciia méi truong c6 do dién thim am,
tinh chat nay xuét hién trong kim loai dudi tan s plasma. Goc phan tu thir tu (¢ > 0, < 0) thé hién
tinh chit ciia méi truong co do tu tham am, tinh chat nay ton tai trong mot s6 loai vat liéu tir tai tin
s6 thap (c& MHz). Truong hop dic biét, do dién tham va do tir tham déu c6 gia tri am (e < 0, < 0),
mdi truong dugc goi 1a moi truong chiét suat am kép (double-negatiyenhu biéu dién trén goc
ph?m tu thir ba. Cac tinh chét vat ly ddc dao cua loai vat li€u chiét suat 4m kép cho dén nay van



chua duoc tim thy trong tu nhién. Tuy

nhién, vat liéu Meta da duoc dé xuét va M

kiém chung ton tai tinh chat nay. Mat ‘ 1 2
khéc, khi mot trong hai gié tri cia do | = WU%‘*)—’ k
dién thdm hodc do tir thdm c6 gié tri am, , — u=>0.e>0 H

chiét suat am vin c6 thé dat duoc trong ~ Ton fai frong kim loai Ton tai trong hau hét
mot sd truong hop, mdi trudng s& thé duot tan so plasma cac loai vat liéu
hién tinh chiét suat am don (single - >
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negative). Tuy nhién, vét liéu cd chict g k e>0,p<0 3
suat am don khong duoc quan tam va VU VUV <2 | K
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16n. Hign nay, vat li¢u Meta da va dang nhien nhung ton tat vat liéu tir tai tan s thap
dugc thiét ké va ché tao dé dat duoc trong Meta

nhimg tinh chat trén dac biét Ia tinh Hinh 1.14.Gian dd biéu dién méi lién hé giita & va .
chiét suat am kép.

CHUONG II. PHUONG PHAP NGHIEN CUU
2.2. Phuwong phap nghién ciru

Dé tai dugc thuc hién dua trén viée két hop giita xay dung mé hinh vat 1y, mo phong thiét ké
cau tric, ché tao mau, va kiém chimg bang cc phép do thuc nghiém.

- MO hinh vat Iy duoc xay dung dua trén md hinh mach dién LC, ung v6i mdi cau triic s&
tuong tng véi mot mach dién LC. Dya theo md hinh nay, cac tan s6 cong hudng dién va
cOng hudng tir ¢6 thé tinh toan dugce theo cac tham so cau tric.

- Pé mo phong thiét ké ciu tric cua vat liéu, dé tai sir dung phdn mém mo phong thuong mai
CST Microwave Studio (Computer Simulation Technology) vi tinh hiéu qua va d¢ chinh
xac da dugc chirng minh béi nhiéu két qua dugc cong bo.

- Trongdé tai, dé ché tao mau hoat dong ¢ dai tin s song microwave, chiing t6i st dung
phuong phap quang khic.

- Pé do dac céc tinh chat cta vat liéu nhu phd truyén qua, phd phan xa hay hap thu dé tai st
dung hé thiét bi Vector Network Andyzer duoc ndi v6i hai dng ten.

CHUONG III. KET QUA VA THAO LUAN

PHAN I. CAC KET QUA NGHIEN CUU TOI UU HOA CAU TRUC VAT LIEU META CO
CHIET SUAT AM

Trong chuong I11-Phan I, dé tai s& trinh bay qua trinh t6i uu hoa cau triic dé tim dugc cu
truc Meta don gian co chiét suit am, dic biét 1a thu dugc vat liéu Meta c6 chiét suat 4m khong phu
thudc vao phan cuc cua song dién tir. Trudce tién dé tai sé trinh bay nghién ctru su twong tic cta
song dién tir v6i vat liéu Meta c6 cau trac CWP. Day 1a mot trong nhitng cau trac don gian dugc st
dung dé diéu khién céc tinh chit tir (W) trong vat lidu chiét suat am (n < 0). Céu trac CWP ¢6 vai
tro rat quan trong va la thanh phan quyét dinh dén tinh chat chiét suat am cta vat liéu. Tiép theo, dé
tai s€ nghién clru tinh chét chiét suat am cua vt liéu Meta dua trén cong huong tir bac cao cua cau
trac CWP. Tiép dén 1a ciu trac két hop (combined structure — CB), céu triic dugc tao nén tir viée
két hop giira cdu trac CWP sinh ra d tir thim am ([ < 0) va cac ddy lién tuc sinh ra d¢ dién thim
am ¢ < 0). Cau tric két hop 1a mot cau trac kha don gian (xem hinh 3.1(b)) va dic biét do tir tham
va d6 dién thdm c6 thé diéu khién dugc mot cach doc lap nén dé dang dé tao ra vat liéu Meta co
chiét suit Am. Bén canh d6, viéc diéu chinh mot cach doc lap nay con tao diéu kién thuén loi trong
cac nghién ctru co ban vi ¢ thé d& dang tim hidu va ndm duoc cic co ché vat Iy bén trong cia vat



liéu. Cubi cung, cac nghién ctru tinh chét cua vat liéu Meta c6 chiét suat 4m dua trén ciu trac dang
luéi (fishnet - FN) -mot cdu tric bién d6i va co nhiéu wu diém hon ciu tric két hop duoc trinh bay.
Ngoai ra anh hudng ciia cac tham sb ciu triic dén tinh chét chiét suat 4m cua hai cau trac CB va FN
cling dugc nghién ciru va trinh bay chi tiét trong bao céo dé tai. Tuy nhién, v6i cac ciu tric CWP,
CB va FN c6 thé tao ra chiét suit 4m nhung déu gdp han ché 1a vung chiét suat am nay phu thudc
vao sy phan cyc cua sc')ng dién tir nén kho khin trong viéc dua vao cac ing dung thyc té. Dé khic
phuc han ché nay, cdu tric cap dia (dish pair — DP) va luéi dia (dlshnet — DN) duoc dé xuat. Cac
ciu tric t6i vu DP va DN khong phu thudc phéan cuc 13 nhd vao tinh dbi xtmg cao. Ciu trac nay s€
dugc dé tai dung trong nghién ciru sir dung tac dong ngoai vi (cu thé & ddy sir dung nhiét) dé diéu
khién cac tinh chét dién tir ctia vét liéu Meta va trinh bay trong chwong V. Qué trinh téi uvu héa cdu
tric vat liéu Meta c6 chiét sudt 4m dugc thuc hién theo cac bude nhu trinh bay trong hinh 3.1.

>ty

a) b) c) d)

Hinh 3.1. Qud trinh t6i wu héa vit liéu Meta c6 chiét sudat am: a) Cau triic CWP, b) cdu triic két
hop, ¢) cau truc dang ludi, d) cau truc dang lwoi dia

3.2. Sir dung cong huwéng bic cao dé tao ra chiét suit Am trong ciu trac CWP

Céu tric CWP v&i cac tham sb céu tric cua 6 co sé 1a duoc trinh bay chi tiét trong bao cdo
dé tai.

Phé truyén qua mo phong cua vét lidu Meta co cau
tric CWP va ndi tat clia n6 dugc trinh bay trén hinh’3.4. 10] —
Cac Kt qua nghién ctiru cho thay, cong hudng thir nhat tai o~
tan s6 104 GHz va cong huong thir ba tai tin s6 300 GHz
la cong huong tir, con cong huong thir hai la cong hudng
dién. Pic biét hon, clng tinh chat 1 cong hudng tir nhung
thay vi viing khong truyén qua nhu & cong huong thir nhat
thi xuat hién mot ving truyén qua ciia CWP & cong hudng : , : : ,
thir ba. Céc nghién ctru tiép theo (trinh bay chi tiét trong Y Tnsom T
dé tai) chi ra ving nay s& duoc chimg minh 13 ving chiét  Hinh 3.4 Phé iruyén qua cia cdu tric CWP va noi tat CWP.
suat am do chdng chap cua mode cong hudng tir co ban véi mode cong hudng tir bac ba.
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3.3.Vit liéu Meta c6 chiét suat am dua trén cu tric két hop

Trong phan nay, dé tai trinh bay mot s6 két qua nghién ctru tinh chat cia vat liéu Meta c6
céu trac dang két hop (CB) dé tao ra chiét suat 4m (n < 0)ciing nhu anh hudng ciia cac tham s cdu
trac dén tinh chat nay. Nhu da gioi thidu & trén cdu trac két hop 14 cau trac dugce tao ra tir hai thanh
phan, cac day kim loai lién tuc dung dé cung cap do dién tham am (s < 0) va CWP cung cap do tir
tham 4m (1 < 0).

Hinh 3.7(a) va (b) trinhdy 6 co s& va mau di ché tao cua vat liéu Meta chiét suat am
dua trén cau tric két hop. Cac tham s6 ciu triic dugc trinh bay chi tiét trong bao co dé tai.. Hinh



3.8(a) va (b) trinh bay phd truyén qua thuc nghiém va mé phong cia cdu traic CWP, thanh kim loai
lién tuc va cdu tric két hop tuong {mg v6i cac tham sb dua ra trong hinh 3.8. Két qua tinh toan do
tir thim, d6 dién thdm va chiét suét tuong ung duoc tr1nh bay trong hmh 3.8 (c). Tir phd truyén qua
ta thay, dinh truyen qua dau tién cia cdu truc CB xap xi 13.8 GHz ndm trong ving khong truyén
qua cua CWP. Két qua tinh toan cho thdy dinh nay thé hién vat liéu c6 chiét suat am.
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Hinh 3.8. (a) Phé truyén qua thuwc nghiém va (b) mé phong cia cau triic CWP, CB va cdc diy kim
logi lién tuc. (c) Tinh toan do dién tham, do tir tham va chiét suat tw dir liéu mo phong cua cdu truc
CB tuong ung.

3.4. Vit liéu Meta chiét suit Am c6 cAu tric dang lwéi (fishnet-FN).

Hinh 3.9(a) va (b) lan luot trinh bay sy bién di cua céu trac CB thanh ciu trac FN va mau
vat liéu Meta c6 cAu triic FN ché tao duoc. Hinh 3.10 trinh bay Kkét qua mo phong va thuc nghiém
so sanh phd truyén qua cua cau triic két hop va cu trac dang ludi. C6 thé quan quan sat trong hinh
3.10(a) van ton tai hai ving truyén qua trong phd truyén qua ciia cau trac dang ludi tuong ty nhu
trudng hop cta ciu trac két hop o ca két qua mo phong va thyc nghiém. Hai ving truyén qua cach
nhau béi mot dai tin sé hep, & d6 ving truyén qua thir nhét c6 dinh & 15.9 GHz biéu thi tinh chiét



sut 4m, trong khi ving thtr hai dinh khoang 18 GHz la ving truyén qua ctia vt liéu thong thudng.
Két qua mé phong tring khop voi két qua thuc nghiém.

(b)

Hinh 3.9. (a) Su bién déi cdu tric két hop thanh cau triic dang hedi, (b) Mdu ché tao vit liéu
Meta c¢6 cdu triic FN
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Hinh 3.10. @) Phé truyén qua thuwc nghiém va mé phong ciia cau triic CB va FN, Két qua tinh todn
phan thiee ciia (b) dg dién tham, (c) dg tir tham (d) chiét sudt va (e)hé so pham chat FOM

Dé so sanh va khing dinh nhitng vu diém hon cia ciu trac dang ludi so voi ciu trac két hop,
cac két qua tinh toan phﬁn thuc ctia 46 dién thAm, tr thAm, chiét sudt va hé sb phém chét (Figure of
Merit — FOM) ung véi vung tan s6 c6 chiét sudt Am cua hai vat liéu nay dugc dua ra trén hinh
3.10(b)— (e). Két qua thir nhét trén hinh 3.10(b) cho thiy tin s6 plasma ciia cau trac FN 16n hon
CB. Piéu quan trong ¢ day rd rang 1a d¢ dbc cua duong d6 dién thAm am phu thudc vao tan sb cua
céu trac FN nho hon so véi cdu trac CB (xem hinh 3.10(b)), vi vay voi cdu triic FN d& dang xay ra
phdi hop tré khang trong mot ving tan sb rong hon. Ngoai didu kién ton hao thap thi didu kién phdi
hop tré khang dé khir phan xa 1a hai diéu kién quyét dinh cho truyén qua cao. Thi hai cuong do
tuong tac tir v6i cau trac FN manh hon va cho ving tir thim 4m rong hon so v&i cau trac CB nhu
quan sat trén hinh 3.10(c) va (d). Chinh vi hai yéu t6 nay nén tai ving co chiét suat 4m ciia mdi cdu
trac, hé sb phém chét cta ciu truc FN dat duoc ¢o gia tri cao hon (FOM = 10) so vdi cua cAu truc
két hop (FOM = 5.5). Pong thoi, ving tan s6 cho hé sb pham chét cao cua cu triic FN ton tai rong
hon (d6 ban rong 0.4 GHz) so v&i cdu triic CB (d6 ban rong 0.2 GHz). Diéu nay rat quan trong ddi
v6i muc tiéu ché tao vat liéu chiét sudt Am c6 cAu tric don gian, hoat dong trong dai tan sb rong va



c6 do ton hao thap. Chinh vi vay,cau tric nay duoc dé tai st dung trong nghién ctru mé rong dai
tan co chiét suat am trong chuong IV nhu 14 mét cau tric toi wu hon so véi cau truc CB d¢ xuat ban
dau.

3.5.Vit liéu Meta c6 chiét suat Am khong phu thudc vao phén cue

Co6 hai cAu tric rat quen thudc dugc st dung d8é tao ra do tir thAm am, do 1a cAu trac SRR
va ciu trac CWP. Tuy nhién, ving co tr thdm 4m do céc ciu trac nay tao ra phy thudc manh vao sy
phan cyc cia song dién tu chiéu dén. Bé khic phuc nhugc diém nay, dua trén cAu trac CWP, véi
bién d6i nho, cau trac cip dia (dish pair — DP) dugc thiét ké. Muyc dich cai tién cua céu trac DP 1a
sir dung tinh d6i xtmg cua hinh tron dé tao ra sy dang hudng (khéng phu thudc vao phan cuc) dbi
véi song dién tu chiéu dén. Pac biét hon, trong nghién ciru nay, st dung nhiing uu diém vé tinh dbi
xtng cua cu trac DP, két hop voi cac ddy lién tuc dugc tao ra don gian bang cach mé rong ban
kinh hinh tron cho dén khi cac hinh tron lién tiép cham vao nhau, dé tao ra ciu truc luéi dia
(dishnet- DN) ¢6 chiét suat am.

(b) (c) (d)

Hinh 3.12(a) O co s6 ciia cdu triic cap dia (DP), (b) Mau ché tao cé cdu tric cdp dia,
(¢) Oco 56 ciia cdu triic luéi dia (DN), (d) Mau ché tao c¢é cdu tric ludi dia.
3.5.2. Vit liéu Meta c6 chiét suat Am dwa trén ciu triic lwéi dia

Két qua md phong va thuc nghiém cta cdu trac ludi dia DN duge trinh bay trén hinh
3.15(a). Quan sat hinh vé ta thay két qua thuc nghiém kha tring véi két qua thu dugc tir mo phong.
Céc két qua nghién ctru khéc tinh toan do tir thim, dién tham va chiét suét trén hinh 3.15 chi ra
rang cau triic DN c6 thé tao ra viing c6 chiét suat am.
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Hinh 3.15.(a) Phé truyén qua thuwc nghiém va mé phong va (b) Phan thue ciia dg dién tham, do tir
tham va chiét sudt tinh todn qua 56 ligu mé phong ciia cau tric DN cé a=11mm,a=8mm, R=
4.05 mm.

Tuy nhién, cAu trac DN duoc trinh bay va khao sat ¢ trén chua tdi wu dé dat dugc chiét sut Am voi
moi goc phan cuc cua song dién tir. Cac két qua nghién ciru tiép theo cho thay cau tric DN c6 a=
a, = 8 mm tao ra vung co chiét suat &m khong phu thudc vao phan cyc cia soéng dién tir (xem hinh
3.16).
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Hinh 3.16. (a) O co s¢ ciia cdu triic DN &, = ay va goc quay phdn cuc.(b) Phé truyén qua mé phong
ctia céu triic DN ay = a, = 8 mm phu thuoc vao goc phan cuec.

PHAN II. CAC KET QUA NGHIEN CUU MO RONG TAN SO LAM VIEC CUA VAT
LIEU META CO CHIET SUAT AM

Nhin chung, dai tan thé hién chiét suat Am cua vat liéu Meta thuong rat hep vi dya trén tinh
chét cdng hudng cua vat ligu. bé co thé ung dung vat liéu Meta co chiét suat 4m mot cach rong rai
trong thuc té, viéc nghién ctru mé rong vung tan sb hoat dong dong vai tro rat quan trong. bé mo
rong dai tan s lam viéc cua vat lidu, mot trong nhitng cach hiéu qua do6 la két hop vung tur thAm 4m
rong v6i ving dién thim am rong trén ciing mot dai tin s6. Ving dién tham am rong dé dang dat
dugc bang cach sir dung tan sd plasma thip ctia méi truong gom céc ludi day kim loai. Trong khi
d6 ving tir tham am rong duoc xay dung chi yéu bang cach tich hop cac ciu triic cong huong don
1¢ trong mot 6 co s, tir d6 s& thu dugc ving cong hudong tir riéng ké tiép nhau. Han ché 16n nhat
clia phuong phap nay 1a pha v tinh d6i ximg trong céu triic, su twong tac manh mé giita cac cong
hudng lién ké va doi hoi su diéu chinh kha khét khe vé cac tham s ciu tric nén rat kho ché tao
mAu hoat dong & viing tan sd cao. Hon nita, do sy tich hop cta nhiéu yéu t6 cong huong trén mot 6
co s& nén kich thudc 16n, cac didu kién dé dam bao 1y thuyét méi truong hiéu dung cé thé bi vi
pham va cac hiéu (mg nay s& rat kho dé danh gia, kiém nghiém tinh xac thuc ctia n6. Gan day, mot
hiéu ung thii vi dugc cdc nha nghién ciru tim thay trong vat liéu Meta 1a sy lai hoa plasmon. Sy lai
hoa plasmon c6 thé ap dung dé thiét ké va ché tao Meta c6 tan sb lam viéc rong va c6 thé khic
phuc cac han ché vira néu. Trong cac két qua nghién ctru ctia chuong Ill-phan II, gian do lai hoa
bac mot, bac hai 4p dung cho cu trac CWP mdt 16p, hai 16p dé mé rong ving cong huong tir cho
ving ¢6 do tir thAm am rong dugc nghién ciru. Sau d6, két hop két qua mé rong ving tir thaim am
v6i viing dién tham am ndm dudi tin sd plasma ciia ludi day kim loai dé mo rong ving chiét suat
am.
4.1.M#é rong vang d9 tir thAm am sir dung ciu tric CWP hai 16p dwa trén mé hinh lai héa
béc hai

Trong cac nghién tiép theo, dé tai d& xuat mo hinh lai hoa dé mé rong dai tan sé cua vat
lieu MM c6 do tir thim 4m sir dung ciu triic ddi xtng hai chiéu - cdu tric cip day bi cét
(CWPs) halép. Co s¢ vat Iy cho phuong phap nay 1a st dung twong tic manh gitra hai 16p
CWPs lién ké theo phuong truyén séng k tao ra hién twong hd cam dé tach vach cong hudng,
két qua 1a mé rong vang tan sb hoat dong.

Ta xét mot hé vat liéu Meta gém 2 tim CWP doc theo phuong truyén song k. O co s¢ mat
cét theo phuong truyén séng k cua hé va gian dd lai hoa bac 2 duoc biéu dién nhu trén hinh 4.1(a),
4.1(b) va (c). Ta c6 thé hinh dung ring, ngoai twong tac giita cac dién tich bén trong mdi CWP, hai
CWPciing sé& tuong tac 1n nhau ¢ khoang cach thich hop.



Duya vao gian do lai hoa bac hai ta c6 thé thay rang khi hai cip CWP (bén CW) dat gan nhau,
cac mode cong hudng dién [w,> va mode cong hudng tir W> co ban trong gian d6 lai hoa bac mot
ctia tmg CWP s& bi suy bién va mdi mode nay tach thanh hai mode mdi riéng biét. Tuy nhién, véi
muc dich m¢ rong viung c6 do tir thdm am phuc vu cho céc nghién ctru mé rong ving chiét sudt Aam
nén trong nghién ctru ndy chi quan tdm dén su tich ciia mode cong hudng tir [W.> co ban. Mode cong
huong tir co ban |w> dugc tach thanh hai mode méi [w.> va  |w,> nhu trén hinh 4.1(c).

w_.>
-
[+ -
-
Bl w=> |w.>
E
1 !
E—
E—H
«—> [w_ >
(2) (b ©

Hinh 4.1. (a) O co 56 ciia cau tric CWP hai 16p (b) mdt cdt ciia cau triic CWP hai I6p va (€) md
hinh lai héa bdc hai dé xudt véi cau triic nay
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Hinh 4.2: Phé truyén qua, phan xa va dé hdp thu phu thudc vao khodang cdch giita 2 CWPs.

Dé dang nhan thiy hai mode nay 1a hai mode cong huong tir c¢6 thé tao ra do tir tham am vi n6 duoc
tach ra tir mode tir co ban |w>>. Luc Coulomb sinh ra giita cac CWP s& gop phan vao viéc xac dinh
cac mirc ning lugng tong cong clia gian do lai hoa bac hai. Mode |w_> c6 ning lugng thap hon vi su
dao dong cia cac dién tich bén trong mdi CW trong truong hop nay 1a ngugc pha tinh véi tit ca cac
CWs lién ké nhau va do d6 cac luc hdi phuc giita cac CW lién ké déu 1a lyc hap din. V& mit ban
chat, khoang cach gitra hai CW tg (hay chiéu day 16p dién méi) trong mot 16p CWP s& dic trung cho
tuong tac noi trong méi CWP. Trong khi do, khoéng cach gitra hai cap CWP d sé€ chi phéi tuong tac
bén ngoai gilra chung Dua vao phén tich trén, cac két qua khao sat sy phu thudc caa pho truyen qua,
phan xa va do hap thu ciia hé CWP hai 16p duoc thue hién. Trong nghién ctru ndy, cac hing sb mang
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theo cac tryc toa do x (phuong tir truong H) la g = 3.5 mm va theo truc y (phuong cta dién truong
E) 1a g = 7.0 mm. Cac 16p dién moi duoc lam bang FR4 véi hang sb dién méi 1a 4.3. Chiéu dai | va
chiéu rong cua cac CWs 1an luot 14 5.5 va 1,0 mm. Do day 16p dién méi gitra hai CWs cia CWPs va
khoang cach gitra hai 16p CWP lan luot 1a tg va d Két qua mo phong su phu thudce cia phd truyén
qua, phan xa va do hap thu ctia hé 2 CWP biéu dién trén hinh 4.2 cho théy, khi d giam tir 6ty xudng tq,
c4c phd nay thay d6i mot cach dang ké. Khi khoang cach d 16n, twong tac ni tai chiém wu thé. Do do,
phd truyén qua chi quan sat thdy 1 dinh cong hudng tuong tng véi mode tir thong thuong & 13.8
GHz. Khi khoang cach d giam dan, tuong tac ngoai manh dan 1én va mode cong hudng tir ban dau
dan dan rong ra va cudi cing bi tach thanh 2 mirc riéng biét khi d = t. Cac két qua tinh toan tiép theo
(trinh bay chi tiét trong dé tai) cho thdy sy mé rong ving cong hudng tir nay chinh 1a sy mo rong
ving tir thAm 4m. Ngoai ra, két qua nghién ciru ciia dé tai con cho thdy su md rong ving tir thim
am dya theo mo hinh lai héa con phu thudc vao do tdn hao cua vat liéu.

4.4.M6 rong vung chiét suit Am
4.4.1.Mé6 rong vung chiét suat Am sir dung céu tric két hop hai 16p

Trong cac nghién ciru tiép theo, phat trién ¥ tuong mé rong ving tir thAm 4m & trén dé mo
rong dai tan chiét suat am bang cach st dung cau trac két hop hai 16p, dua trén cau traic CWP hai
16p d€ md rong vung tir tham am va cac day kim loai li€n tuc tao ra déc trung plasma nhan tao.

Hinh 4.7.0 co s¢ cia cdu triic CWP hai lép

Voi cdc tham s6 cdu triic ax= 4 mmva a= 8

mm, bé day, chiéu dai va chiéu rong cia CW

lan luot la ty = 0.04 mm, | = 5.5 mm vaw

W, = 1.0 mm va cdach phan cuc cia song dién
tr.

Nhu da dé cdp & trén, theo mo hinh lai hoa bac hai sy mo rong dai tan c¢6 do tir thAm am phu
thudc rat nhiéu vao khoang cach d giira hai 16p CWPs. Vi thé, trong phan nghién ctru nay ching toi
tap trung khao sat anh huong ctia tham sé d dén viéc mé rong dai tan co chiét suat am (n<0). Hinh
4.81a phd truyén qua (a) md phong va (b) thuc nghiém phu thudc vao khoang cach hai 16p cau trac
d voi do day 16p dién méi duoe cb dinh tg= 0.8 mm. Két qua cho thdy khi d giam tir 3.2 mm vé 0.8
mm, ving truyén qua quanh tan s6 15.4 GHz dan dan duoc mé rong. Dé tim hiéu rd nguyén nhan
cua viéc mé rong nay, phﬁn thuc cua cac tham s hiéu dung: 36 dién tham € va do tir thAm p duoc
tinh toan va dua ra trén hinh 4.8(c). Két qua trén hinh 4.8(c) chi 15 rang, ving c6 do tir tham am
dan dan mo rong va tach ra thanh hai dinh tai tan s6 15.27 va 15.58 GHz khi d = 0.8 mmnhu 1a
mot hé qua ciia mo hinh lai hoa. That vay, khi khoang cach d giam, twong tic ngoai manh dan lén,
mode cong hudng tir ban dau rong ra va sau do bi tach thanh hai murc riéng biét. Tuy nhién, can luu
¥ rang khong chi d6 tir thim 4m ma d6 dién thim 4m ciing 1a diéu kién cin thiét dé tao ra vat liéu
c6 chiét sudt am. Vi thé, chung t6i tiép tuc khao sat su dich chuyén cta tan s plasma sinh ra boi
cAu tric day lién tuc theo khoang cach d. Véi cac tham sb cdu trac da duoc toi wu, trén hinh 4.8(c)
chi 5 tan sb plasma § hau nhu khong bi anh huéng theo khoang cach d va déu 16n hon dai tir tham
am. Nhu vy, dai tin sé ddng thoi c6 do dién thAm Am va tir thAm 4m (ving chiét suat 4m kép) rong
dugc tao ra bang cach khai thac md hinh lai hoa bac hai thong qua viée didu chinh khoang cach hai
16p d. pé khéng dinh thém nhan dinh nay, cac Kkét qua tinh toan ph?m thuc cta chiét suét phu thude
vao khoang cach d dugc dua ra trén hinh 4.9 cho thay ving c¢6 chiét sudt am duoc mé rong vé phia
bén phai (ving c6 dong thoi do tir thAm va dién thdm am) khi giam khoang cach d.
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Su tach dinh lai hoa cua vat liéu Meta ngoai viéc phu thudc vao khoang cach hai 16p d
hay chiéu day ctia mot 16p, két qua nghién ctru con chi ra rang no rat nhay véi hé s6 ton hao dién
mdi cua 16p dién moi trong cau traic CWP. Sy anh hudng cta hé s6 tén hao dién méi 1én hiéu qua
mé rong duge thyc hién bang md phong va dua ra trén hinh 4.10 (khoang cach giita hai 16p duoc
giit ¢d dinh d = 0.8 mm). Két qua cho thay khi t6n hao dién méi thap hiéu ung tach vach trd nén
cang rorét va do truyén qua tang 1én. Két qua nay cho thiy viéc sir dung vat liéu dién méi rat quan
trong trong viéc mo rong vung co chiét sudt am & dai tin GHz. Cac vt liéu lua chon cang co do
ton hao th'flp cang t5t cho hiéu qua cua viéc mé rong dya trén mo hinh lai hoa. Vai cac vat li€u co
hé sb tén hao dién moi 16n hon 0.05 hiéu tmg gan nhu bi dap tat.
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Hinh 4.8. Anh huéng ciia khodng cdch hai 16p CB 1én (a) Phé truyén qua mé phong, (b) Pho
lruyén qua thuc nghiém va (c) Phan thue ciia 6 tir tham va do dién tham
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Hinh 4.9. Phan thiee ciia chiét sudt phu thudc vao khodng d giita hai I6p ciia cdu triic CB hai l6p
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Hinh 4.10.Su phu thuéc phé truyén qua vao cac vat liéu lam dién moi co 16n hao khac nhau
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4.4.2. Mé rpng ving chiét sudt am sir dung cdu triic dang lwdi hai l6p

Nham tdi wu hoa cdu tric cho vc mo rong vang cé chit stat am dra trén md hinh lai
héa kic hai. Cac nghiéniw cho véc mo rong nay duoc thuc hién véi ciu tric ding ludi (fishnet-
FN). Hai 16p cAu tric duge cach nhau mot khoang d, cac 6 co s& dugc sép xép tuan hoan theo truc
X(H) va truc y(E) véi cac hang s6 mang a, = 7 mm va @= 9.5 mm. Lép dién moi FR-4 c6 hang s6
dién moi 13 4.3 va hé sb ton hao tangent bang 0.02. Cac thanh slab va cac ddy lién tuc dugc lam
béng déng v6i d6 dan dién o = 5.88x107 Snit. Chiéu rong, chiéu dai cua thanh slab va chiéu rong
clia phan niit ¢6 chai lan lugt 1a We = a = 7 mm, w = 1.5 mm, { = 7 mm. Hinh 4.14a ph6 truyén
qua (a) md phong va (b) thyc nghiém phu thudc vao khoang cach hai 16p cu trac d véi do day 16p
dién moi dugc cb dinh tg=0.8mm. Két qua mo phong tring khdp véi cac két qua thuc nghiém. Két
qua cho thay khi d giam tir 3.2 mm vé 0.8 mm, ving truyén qua quanh tan sé 12 GHz dan dan duoc
m¢ rong. Cac két qua tinh toan phén thuc cta cac tham sb hiéu dung: d6 dién thdm & va do tir thAm
U duoc dua ra trén hinh 4.14(c). Céc két qua cho thiy c6 mét sy tuong tu so voi cdu trac CB, ving
¢6 d6 tir thAm am dan dan mé rong va tach ra thanh hai dinh 10 rét va cling dugc giai thich do hé
quéa ctia mo hinh lai hoa bac hai. Bén canh do, tan sb plasma fo hau nhu khong bi anh huong theo
khoang cach hai 16p d va déu 16n hon dai tir thim 4m. Nhu viy, viéc mé rong Vung truyen qua
trong két qua mo phong va thuc nghiém ciing dugc giai thich do sy mé rong dai tin ddng thoi co
d6 dién tham 4m va tir thAm am (ving chiét suat 4m kép) khi giam khoang cach hai 16p d. Dic biét
trong két qua nghién ciru dbi voi cdu triic FN, tan so plasma f, cach kha xa ving chiét suat am nén
khoang céach giita dinh ving chiét suat am va dinh viing chiét suat duong xa nhau hon so vdi cau
trdc CB.
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Hinh 4.14.Anh hu’o"‘ng cua khoang cach hai lop dgiﬁ"a hai I6p cau triic dang ludi ﬁ‘shnet structure
— FN) |1én @) Phé truyén qua mé phong, (b) Phé truyén qua thuwe nghiém va (c¢) Phan thiee ciia d¢
tir tham va dé dién tham

Diéu nay tao diéu kién thuan lgi trong viéc diéu chinh cac tham sb cu triic dé thu duoc
hiéu tmg m& rong ving chiét suat am do it c6 kha ning bi ving chiét suat duong 1an at. Hon thé,
khi so sanh duong biéu dién d6 dién tham vio tan sb ciia cau traic CB va FN (hinh 4.8(c) va hinh
4.14(c)), tmg véi cau trac CB ¢6 do doc 16n hon rat nhiéu. Két qua nghién ctru nay hoan toan phu
hop véi cac cong trinh nghién ciru trude day va cac két qua & muc 3.4 ciia dé tai. Didu nay ciing 1y
giai cho két qua nghién ctru v6i ciing do ton hao va chiéu day 16p dién moéi, nhung do truyén qua



13

trong cau triic FN (hinh 4.14(a) va (b)) thu duoc cao hon so véi ciu trac CB (hinh 4.8(a) va (b)). Nhu
vay, ¢6 thé khing dinh viéc str dung ciu triic FN hai 16p dé mé rong ving chiét suat 4m dua trén mo
hinh lai héa bac hai t6 ra uu thé hon cau trac CB.

Ngoai ra dé tai con nghién ciru sy mo rong ving chiét suat am véi cau trac da 16p (6 10p) hoat dong
& cac ving tan sd khac nhau Pho truyén qua md phong ctia ciu tric FN séu 16p va FN dugc nbi tit
cab 10’p theo céac Vung tan s6 khac nhau duoc trinh bay trong hinh 4.15. Két qua cho thdy ving
chiét suat 4m véi ciu trac FN 6 16p cho d9 rong 16n hon 2 16p (ving chiét suat am kép tang tir 10% lén
15%) va hiéu tmg lai hoa duoc quan sat & cac ving tin s6 khac nhau: 1.1 GHz 1.6 GHz, 11 GHz 16
GHz, 110 GHz- 160 GHz, 1.1 GHz 1.6 THz.Day 1a mét budc quan trong dé tién gin dén cac tng
dung dai tan chiét suit Am rong.

PHAN III. CAC KET QUA NGHIEN CUU PIEU KHIEN TAN SO CUA VAT LIEU META
BANG NHIET PO

K& tir thi nghiém dau tién kiém chung ton tai vat liéu Meta c6 chiét sudt am, dén nay dai tan
hoat dong di dwgc mé rong tir ving GHz dén viing hong ngoai va tham chi dén ving anh sang nhin
thdy. Tuy nhién, cc ciu triic Meta truyén théng (mg véi cac tham sé xac dinh chi c6 thé hoat dong
& mdt vung tan s nhat dinh nén han ché rat nhidu trong tmg dung thuc té. Vi vdy, mot trong cac
huéng thu hit rat nhiéu sy quan tdm nghién ctru 13 ding cac tic dong ngoai vi (nhu nhiét, dién,
quang, tir..) dé diéu khién cac tinh chat dién tir ciia vat liéu Meta, do d6 c6 thé didu khién duoc
ving tan s6 hoat dong theo mong mudn.

(c)

Hinh 5.1. Cdu triic co ban ciia vit liéu Meta dang cdp dia phang: (a) hinh 3D véi phdn cuc
song dién twr trong do mau xanh thé hién phdn kim logi, mau xdm thé hién phd;n dién moi, (b) hinh
chiéu mat phang (E.H) va (c) hinh chiéu mdt phang (k,E). Céc tham sé dwoc sir dung trong mé
phong la a = 0.062 mm, r = 0.025 mm, ts= 0.01 mm, va,f= 0.002 mm

Trong nghién clru cta dé tai, tac dung nhiét dugc sir dung dé diéu bién vat liéu Meta co do tir
thadm am va chiét sudt am hoat dong & vung tan sé THz. Viéc diéu bién duoc thuc hién thong qua
vat liéu ban dan Indium antimonide (InSb) thay thé cho thanh phan kim loai trong cau truc cap dia
(dish pair— DP) tao ra ving c¢6 do tir thAm am va cau trac dang ludi dia (dishnet - DN) tao ra ving
¢6 chiét suat am.

Dé kiém ching anh huéng cua nhiét do 18n tinh chét dién tir cua vat liéu Meta cip dia phing,
phé truyén qua cua ciu triic cip dia phing dugc mo phong véi cac nhiét do khac nhau cia 16p InSb
va biéu dién lai trén Hinh 5.6(a). Két qua cho thay, khi nhiét d6 cua 16p InSb ting tir 300 K 1én 350
K, tin sb cong hudng tir ting tir 600 GHz 1én 820 GHz. Dé kiém chung su ton tai cua do tir thim
am, gia tri cua do tu thAm phu thudc vao nhiét 36 da duogc tinh toan va biéu dién trén Hinh 5 .6(b).
Quan sat hinh cho the‘iy dd tr thAm Am khong chi dat dugc trong khoang nhiét d6 va tan s6 da khao
sat ma ving tan s6 c6 do tir thAm 4m con cé xu hudng rong ra khi nhiét d6 ting thém. Diéu nay
duoc giai thich do sy tang n(‘Sng d6 hat tai khi nhiét d6 tang. Khi do, néng d6 hat tai tang trong khi
cAu trtic hinh hoc cua vat liéu Meta 1a khong dbi, cuong d6 dong dbi song trén bé mit s& cang 16n.
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Vi thé, cong hudng tir s€ cang manh va dan dén bién dd cua p tai vi tri cdng hudng s€ cang 16n.
Nho d6, viing ¢6 do tir tham am s€ mé rong ra.
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Hinh 5.6. (a) M6 phong phé truyén qua va (b) phan thiec ciia dg tir tham cua cdu tric vt liéu Meta
cap dia phang voi nhiét do cua lop dién méi InSb twong tng

Sau khi thu duoc céc két qua diéu khién do tir thAm am béng nhiét do cta ciu trac dang cap
dia phang, cac két qua nay duogc sir dung dé diéu khién ving chiét suit 4m cho céu truc dang luéi
dia. Hinh 5.9(a) md ta co ban vé céu tric dang ludi dia cing cac thong sd hinh hoc. Céu truc dang
ludi dia gém hai thanh phf?m: mot cdp dia tao ra do tur thdm Am va céc thanh lién tuc tao ra d6 dién
thAm 4m, cac thanh phan nay déu sir dung chét ban dan InSb.
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Hinh 5.9. (a) O co cé cia aiu trac ding ludi dia (b) PR truyén qua va (c) clét suit cia aiu
tric dung ludi dia InSh theo nhiét @6 (d) tinh toan viing c6 chii suit am khi nhét dg tang

Hinh 5.9 (b) va (c) 1a phd truyén qua mo phong va phan thuc chiét suat ciia cdu triic dang luéi dia
InSb thay ddi theo nhiét do. Co thé thay rang ¢ nhiét d6 phong c6 hai dinh truyén quan sat duogc:
moét 6 0.8 THz voi mét dai thong hep va mot rong hon ¢ 1.1 THz. Khi ting nhiét do 1én dén 350 K,
hai dinh nay dich vé phia tan sd cao, dinh c6 tan s thap hon dich tir 0.8 THz dén 1.1 THz trong khi
dinh kia dich tir 1.1 THz dén 1.5 THz [khong quan sat thdy trong hinh 5.9(b) vi ndm ngoai khoang
khao sat trén hinh]. Vi hinh anh quan sat dugc nay, dinh truyén qua thtr nhat c6 thé 1a do tinh chat
chiét suat am, trong khi dinh truyén qua thtr hai 1a do tinh chiét suat dwong di dugc biét dén cua
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céc cau tric vat lieu Meta dang ludi. Mot minh ching 16 rang cho 10i giai thich nay dugc dua ra
trén hinh 5.9(c), noi ma chiét suat duoc tinh toan tir cac tham sb tan xa dugc dua ra. Két qua cho
thdy ving truyén qua thir nhat do chiét suat am va viing truyén qua thir hai bat nguon tir chiét suat
duong. Pic biét, dai tan co chiét suat &m mé rong dang ké khi nhiét do tang 1én. Pac biét, no di tir
14% dén 22% khi nhiét d6 ting tir 300 K dén 350 K nhu trong hinh 5.9(d). Nhimng két qua nay
hoan tan phu hop véi viée ting 1én ctia cong hudng tir trong cdu truc dang cip dia phang.

Trong nghién ctru ndy, chung toi da thiét ké va nghién ctru vat liéu Meta c6 ciu trac dang cip dia
va ludi dia co thé diéu chinh bang nhiét hoat dong & tan sé THz dya trén chat ban dan InSb. Cac
két qua tinh toan phu hop véi cac két qua nghién ctru biang moé phong. Viéc didu bién ving c6 do tir
thAm am va chiét suat am duoc thé hién béng cach dung nhiét dé thay ddi mat do hat tai cia InSb.
Két qua cho thy rang, khong chi tan s6 ving chiét suat am dugc diéu chinh ma con duge mé rong
dang ké khi nhiét do tang. Két qua nay s& mé duong cho viée trién khai ap dung chat ban dan trong
viéc diéu bién vat liéu Meta & ving THz.
KET LUAN CHUNG

Qua cic két qua nghién ctru cua dé tai dugc trinh bay & trén, d& tai da dong gop duogc nhitng két
qua nghién ctru moi, ¢o6 thé tdm lugc trong mot so ket luan sau day:

1. ba xay dung dugc qui trinh cong nghé ché tao siéu vat liéu Meta c6 ciu trac khac nhau hoat
dong ¢ ving tan s6 GHz.
2. Nghién ctru cac cAu trac khac nhau cho chiét sudt 4m khi tuong tac voi song dién tir. Dac biét da
tim anh hudng ctia cac tham s cau trac va tir d6 tim ra ciu tric wu viét nhat: don gian, khong phu
thudc phan cyc
3. Dya trén md hinh lai hoa bac hai, da thiét ké va ché tao vat li¢u Meta c6 do tir thim am va chiét
sudt am c6 dai tan s6 lam viéc rong. M6 hinh nay khong nhitng dang cho vat liéu Meta hoat dong &
ving tan s6 GHz ma con c6 thé 4p dung tot cho vung tdn sé THz hodc cao hon va c6 thé mé rong
ap dung cho vit liéu Meta nhiéu 16p.
4. D3 @& xuat va thiét ké vat liéu Meta c6 do tir tham 4m va chiét sudt am phu thudc vao nhiét do
hoat dong & tan s6 THz dua trén vat liéu ban dan InSb. Két qua cho théy khi nhiét d6 tang tir 300K
dén 350K, tan sé cong hudng tir ciia ciu trac cip dia tang tir 0.6 THz dén 0.85 THz, trong khi d6
tan s6 cong hudng tir cua cau trac ludi dia ting tir 0.8THz dén 1.1 THz va d6 rong cua dai tan sb co
chiét suat 4m ting gap gan 2 lan. Két qua mo phong phu hop voi két qua thu duoc tir tinh toan. Két
qua nay goi ¥ tot cho viée str dung vat lidu ban dan dé diéu khién céac tinh chit cta vat liéu Meta
bang cac tac dong ngoai vi nhu nhiét, dién, quang & ving tan s cao.
Kién nghi:

Dugc tidp tuc hé tro kinh phi @é thue hién cdc hwdng nghién ciru tiép theo nhu:

1. Tiép tuc nghién ctru dé tim ra cdu tréc t6i wu ap dung dé ché tao vat lidu Meta c6 cau

trac 2D, 3D.
2. Nghién ctru cong ngh¢ ché tao vat liéu Meta hoat dong 6 vung tan s THz va cao hon.
3. Nghién clru cong nghé ché tao mot sb loai vat lidu Meta c6 thé diéu khién duoc tinh
chat bang cac tac dong ngoai vi nhur nhiét, dién, quang hoat dong & ving tan s6 THz.



