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BX GIAO DecC VA CAO THO
C%N Vi: CHI HAC THAI NGUYEN

THONG TIN K %T QUM NGHIEN C3U
1. Théng tin chung:

- Tén dJ} tai: Thibt ki va ch tHo siéu yt liYu metamaterials condten sselam vide nkng n vung
séng Rada;

- Ma s&: B2015TN05-01

- Ché nhiYym df tai: TS. NguyHn Thl Hi/ln

- Cx quan ché tri d/ tai: Cxi Hic Thai Nguyén

- Th3i gian thiic hiyn: Ty thang 01/2015 dbn 12/2017.

2. Mec tiéu:

Thibt ki va chy tvo droc siéu yt liu metamaterials céydt¢cn sselam viyc nkng in ving séng Rada
3. Tinh m3i va sang to:

- L¢n dou tién ti Viyt Nam dad xay diing dwoc mit chi®ng trinh tinh toan céc tham saehiju deng
(b ty thtm p, & diyn thrm 1, chit swet n, ti khang z) da trén thyt toan d] xuat bidsi Chen.

- Tim ki¥m dwOc qu trdc siéu yt liYu metamaterials (Meta) dwn gimn va cé vungdn ssehait diing
rkng n vang GHz gop ptn s3m diwa vyt liYu Meta vading cbng thic t). Cac nyu nay da dwdc ch
tHo va Kt quy nghién &u cda chdng toi cho tty vang hat dikng rikng h®n mit seekht quy nghién
c3u g;n day céa cac nhom khac trénilgi3i ckng Vi ceu tric dsn ginn han.

4. KKt qum nghién cu:

C& hoan thanh 03 nxi dung nghién 8u d dira ra trong thuylt minh d/} tai

Nxi dung 1: CaXoy diing chiwsng trinh tinh toan cac tham sz hiyu deng
- Catim hiHu thuyt toan df] xuat bii Chen va cing s.

- Dda trén thuyt toan céa Chen da xay diing chw&ng trinh tinh toan cac tham ssehi4u deng
(b ty thtm p, dik diyn thtm 1, chibt suat n, trit khang z) (xay diing dwdc 01 bk code trén
chwzrng trinh matlab dY tinh toéan cac tham saehiYu deng)

- Cakifm tra d¥ chinh xac céa chiang trinh sau khi xay diing dwéc.

Nxi deng 2: Cajnghién c3u mnh hiwiing céa cau tric vOcéc tham s& ceu tric 1én tinh chat diyn
ty céa vyt liju

- Ca nghién c3u mnh hiiing céa cac dwng ceu tric khac nhau 1én tinh chet diyn ty céa vyt
liYu.

- Catim kikm vyt liyu MMs c¢6 ceu tric dgn ginn, daé x3ng cao.
- Canghién c3u pnh hiwing céa tham saecau tric I1én tinh chat céa vyt liyu.

Nxi dung 3: Cajtzi wu hoa ceu tric nhym min ring dmi tgn s& hoxt ding céa siéu vyt liyu
- Catim ki¥m cau tric c6 ving tgn saslam viYc ning (broadband).

- CA nghién c3u nnh hiwiing céa cac tham saeceu trdc dyn viYc mia rkng ving tgn seehowt
dikng céa MMs.



- Catakwmu hoa cac tham seeceu tric dy thu dwdc dui tgn howt dikng 1a rkng nhat.
5. Syn phTm:
5.1. Spn phtm khoa hac:
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 05bQ dang trén tHp chi trong nw3c:

1. NguyHn Thi Hifln, VN&inh Qui, Trinh Thl Giang, NguyHn Thanh Tang va VN&inh Lam
(2016), “Nghién c3u, thikt ki va chi tro siéu vyt liu khong phe thuskc vao phan ctic séng
diynty”, T. p chi Khoa h, ¢ Coéng ngh, 54 (02), tr. 258-265.

2. NguyHn Thl Hifln, NguyHn Thl Hg®ng Lién, NguyHn Thl Hii va VNLinh Ldm (2016),
“Nghién c3u mn rkng dni hep the hoan hno song diyn ty dda trén siéu vyt liYu”, T, p chi
Khoa h ¢ Cong ngki C i h ¢ Thai Nguyén (s d c bEit chao m ng 86 nam thanh L p h7i
lién hiip pht n Vit Nam), tr. 173-176.

3. NguyHn Thl Hi/ln, NguyHn Xuan Ca, Ph#m Minh Tan, NguyHn Trung Kién, NguyHn Thl
May, VNEinh L&m (2017), “Mi ring dni tgn ty thtm am ddia trén mo hinh lai héa byc hai
cho cau tric daé x3ng bung phwzng phap md phang”, T p chi Khoa h ¢ Cong ngfii C i
h ¢ Thai Nguyén 172 (s, d c bEit chao m ng 87 nam thanh L p h7i lién HEip pht n V@it
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”, T p chi nghién ¢ u Khoa h ¢ va
Cong ngh Quan s , 35 (02), tr. 106-111.

5. NguyHn Thl Hi/jn, NguyHn Xuan Ca, NguyHn Thl May, Phim Minh Tan, NguyHn Thanh
Tong va VN&inh Lam (2017), “Vai trd céa tan hao 13p diyn mdi 1én st mi ning ving ¢
chilt suet &m sy deng mé hinh lai héa byc hai”, Tup chi Khoa hac Trk3ng Cwi hic Sw
Phirm Ha Nxi 2, seeb1, tr. 40-50.

C6 01bQ dang trén keiyKu hxi nghl:
1. VN&inh Lam, NguyHn Thanh Tung, NguyHn Thi Hiln, €3 Thanh Viyt, Phwm Thl Trang
va Lé Van Héng (2015), “Mkt seekbt qum nghién c3u v/] siéu vyt liYu Metamaterial tHi
Viyn Khoa hac Vyt liyu”, Tuy n t p béo cdo — 40 ndm thanh L p Viiin &an 1am Khoa h ¢
va Cong ngh Vit Nam, tr. 195-214.
5.2.  Spnh phtm d@ tHo:

C6 01 luyn van thuce sf, 01 di tQ' sinh vién nghién c3u khoa hac, 02 khoa luyn tzt
nghiYyp dajbmo vy:
1. Phan Thl Duyén (2016), Study of the broadband metamaterial absorber based on ring
— structure Luyn van thie st Trik3ng Chi hdc Khoa hac va Cong nghy Ha Nixi (thanh
vién céa di tai).



2. NguyHn Thl Hmi (2015-2016),Nghién ¢ utinh ch t ¢ asiéu v t Eiu cé chi tsu t &am,
CJ} tai sinh vién nghién c3u Khoa hac tris3ng Cri hdc Khoa hdc Thai Nguyén.

3. NguyHn Thl H®gng Lién (2015-2016),T i _u héac u trdc v t Eiu Meta, Khéa luyn
taé nghiyp trw3ng Cri hac Khoa hac Thai Nguyén.

4. NguyHn Thl Hnji (2016-2017),Nghiénc unt rhgd it ns ho td hg ¢ asiéu vt
fiucod™t th mam, Khoa luyn taé nghiyp triezng Cri hic Khoa hac Thai Nguyén.

5.3.  Smn phtm khéc

1. 01 Ph¢n m/im (code) tinh todn ding cé&c tham seehiYu deng (dik ty thm p, dk diyn thtm
I, chit suat n, tri khang z).

2. Qui trinh céng nghY chi tHo siéu vyt liYu metamaterials i ving séng Rada.

3. 10 myu siéu vyt liYu metamaterials c6 kich thw3c 15cmx15cm.
6. Phr®ng th3c chuyyn giao, dla chi 3ng deng, tac dkng va I6i ich cda kbt qum nghién du:
- CI tai la mit phon kst qu quan téng trong lyyn an NCS éa ché nhiym ] tai

- KKt quy nghién &u oda d tai tro di/ju kiYn dy sinh vién va cac cankbginng diy trong khoa
VL&CN triszng CHi hac Khoa Kic Thai Nguyén dwdc oyp nhyt v3i cac wen d khoa Hic thgi st
hiYyn nay trén th gi3i.

- ViYc nghién &u va clf tvo siéu yt liYu Metamaterials inra mit hs3ng nghién du mikt loxi vyt
liYu m3i c6 nhyng 3ng bng c6 y nghfa ret quan téng trong d3i seag va dhc biyt trong quan $
nhik: tang hinh, mnh nhHt, siéu thw kinh, antennas, sensx...

Ngay thang nam 2017
To ch3c ché tri é@thiYym dJ tai
(ky, ha va tén, dong dau) (kyvh 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 3, I 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 (permeabiliy permittivity I, 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.,,CaN. X,, May N. T., TanP. 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 (permeabdjtyi 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.



GI31 THIHU

Siéu wt liYu (Metamaterials- Meta) chilt suat &m dwoc chl tho thanh céng Ign dgu tién
nam 2000 bii Smith, trong khitinh chet céa nd dwdc tién doan v/l mht Iy thuylt ty ndm 1968 bii
VeselagoVyt liYu Meta chilt suat &m la st kit hop hoan hno céa hai thanh phen diyn va ty tho nén
vyt liYu déng th3i co dik ty thtm am (3 < 0) va di diyn thtm am (i < 0) trén cOng mikt dni ton see
Ty do6 dyn din nhyng tinh chet diyn ty va quang hac bet th#3ng, trong dé co st nghlch dno céa
dinh luyt Snell, si nghlch dyo trong dich chuygn Doppler, va st nghlch dyo céa phéat xu
Cherenkowv....

Ngoai nhyng tinh chet dhc biyt ky trén, ret nhi/ju 3ng deng khéac nhau céa vyt liYu Meta da
diwoc dil xuet va kigm ch3ng bung thiic nghiym. Mkt trong nhyng 3ng deng nai byt nhet céa vyt
liYu nay la siéu theu kinh dmdc df xuet biri Pendry vao ndam 2000, sau dé da diwdc Zhang va céac
okng st kigm ch3ng byng thiic nghiYym vaonam 2005. Mt 3ng deng dkc dao khac nya la sy deng
vyt liYu Meta nhw la “4o choang” dy che chxn song diYn ty (electromagnetic cloaking), dwdc di
xuat va kigm ch3ng bii Schurig va ckng si ndm 2006. Ngoai nhyng 3ng deng ki trén, vyt liYu
Metacon ta ra ret ti/jm nang trong cac Ifnh viic khac nhi bk 1ac tgn sag cym bikn sinh hac, antenna
.. Ggn day, mit vai 3ng deng nai byt khac c6 thy ki d¥n nhi 1a vyt liYu hep the tuyyt da@ séng diyn
ty khéng phyn xH, lam chym anh sang. V3i cac tinh chat dhc biyt céa minh, vyt liYu Meta h3a hen
sk c6 thém nhiflu 3ng deng khéac nya trong thiic t§ nhis thikt bl khoa h&c, y t§, pin ning I®éng va
dhc biyt trong Itnh viic quén sd.

Vyt liYu Meta n6i chung va vyt liYu Meta c6 chit suat am nai riéng du howt ding dda trén
cac ckng hwing diYyn ty khi twsng tac v3i cac thanh phgn diyn E va thanh phen ty H céa séng diyn
ty chibu dyn. Chinh vi vyy, vung hont dkng c6 cac tinh chat dhc biYyt céa vyt liju nay thw3ng rat hep
va phe thuxc vao st phan ctic céa song diyn ty. Do do, trm3c khi dwa vyt liYu Meta vao 3ng deng
thdic t§ thi cen phmi nghién c3u gini quybt mt saeven d sau: tim kikm vyt liu c6 cau tric dsn gimn
dy dH dang trong viYc chl tHo, dhc biyt la vung tgn seeTHz hohc cao h&n vi kich thw3c céa 6 cx si
ceu thanh 1&n vyt liYu ret nha (cit vai trdm 3m d¥n vai nm), hay viYc tim ki¥m vyt liYu dyng hr3ng
khéng phe thuxc vao st phén clic céa séng diyn ty, vyt liYu cé ving tgn saelam viYc rkng. Ngoai ra,
viYc thibt ki va chi tho vyt liYu c6 tinh chet thay dai mykt cach linh howt brng cac tac dkng ngoHi vi,
hay tag ®mu héa ceu trac dy gimm dk tan hao diyn ty céa vyt liYu khi hoxt dkng cNiy dang dwdc quan
tamsau sxc.

V3i ly do d6, mec tiéu céa d ta IQ Thikt ki va chl tho dwdc siéu vyt liYu metamaterials
(ce thy Ia vyt liYu Meta co chibt suat &m) co di tgn saelam viYc nkng i vung séng Rada

Cei twéng nghién c3u: Nghién c3u siéu vyt liyu metamaterials c¢6 dni tgn saelam viYc ring
7 vung song Rada (ce thy la siéu vyt liYu co chikt suat am).

Nxi dung vOphirgng phap nghién c3u: CI tai dwdc thiic hiyn dia trén viyc kbt hop giya
xay ding mo hinh vyt ly, mé phang thikt k§ cau trdc, ch tHo myu va kigm ch3ng bung céc phép do
thic nghiym.

u nghfa khoa hac vOthiic tiHn céa df ta: CN tai 1a mit cong trinh nghién c3u c& byn .
Céc nghién c3u cho thay cdng nghy thibt ki chl tvo vyt liu Meta v3i tinh chat va t¢n saehont diing
theo yrmudn trong vupg song ra da da@#®e lam chuhoap toap . Cac kit qun chlf ra khm nang difju
khié¥ cag tiph chét cugrvatgiéwMeta motcagh hY thamg , khoa hog, thamg chigcaistién vad nhiéki ku
diéwh ndvirbirso v3i vyt liYu théng thw3ng nhix vatgiéwMeta b ién d6Vbahg cag twang tag ngoaigyi
hay m&omg vung ton saehowt diing. Cay lagtieR défcho nhisgy nghién cru tiép theo mwuRng tgn sae
caq tién twi lam chuhoap toap cong nghé ghiét kérchértagsiéu vatgiéwphoatriomg Rwupg hoAg
ngoHi va nhin thay, v&i nhiéli mng dumg thupvi gong thiwg tied®



CHR®NG I. TONG QUAN SIEU V¥T LIHU (METAMATERIAL 4 META)

1.1. Gi3i thiYu chung v/] vyt liYu Meta
1.1.1. CInh nghta, nguyén 1U c& bpn dY tro ra vyt liyu Meta

Vyt liYu Meta dmoc xay ding dda trén nhyng “gin nguyén ty”, 1a nhyng much cing hwinng
diYn ty nha h&n nhi/ju Igh br3c song ma tHi do cac tinh chet dhe biyt céa vyt liYu Metaxuat hiyn.
Bung cach thay dai tinh chat va myng tinh thy (quy luyt sxp xKp) céa cac “gin nguyén ty” nay mkt
cach déng th3i, cac nha khoa hac c6 thy thu dwdc nhyng tinh chet bet thk3zng khong tén tHi trong
vyt liYu t4 nhién. Hinh 1.1 dwa ra hinh mnh so sanh ceu tvo giya vyt liu truy/in thaag va vyt liju
Meta. 1 day, ta thay c6 st hoan toan tw®ng ti giva hai ceu trdc nay.

Vit liéu truyén thong Vitliéu Meta
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Hinh1.1: S t__ngt v. m tc ut ogi aw tiuMetavaw t Eiuthong th_i ngtrongt nhién.
1.1.3. Cac hi®3ng nghién c3u chinh céa vyt liju Meta
1.1.3.1.Vyt liYu Meta c6 chikt suat &m

Vyt liYu chilit suet &m la st kit hdp hoan hmo céa hai thanh phen diyn va ty, tHo nén vyt liyu
déng thzi co dk ty thym am va dk diYyn thtm am (3 < 0, 1 < 0) trén clng mit di tgn see Nh3 vao
cac tinh chaet bet thw3ng, vyt liYu Meta c6 chilit suat &m h3a hen ret nhifju ti/jm ndng 3ng deng nhi:
siéu theu kinh, antenna,sens, mit trong nhyng thanh phen chi tvo “4o khoéc tang hinh”...

1.1.3.2.Vyt liYu Meta hep the tuyyt dad song diyn ty

Vyt liYu Meta hap the tuyyt dad song diyn ty (metamaterial perfect absorber - MPA) la vyt
liYu c6 khn nang haep the hoan toan nang Irdng céa song diyn ty chibu t3i tHi tgn saehont ding. Do
MPA dwdc tHo bii cac cau tric ckng hwiing diyn ty nén nguyén i hoxt dkng céa MPA Ila hep the
ckng hriang. THi tgn seecikng hikiing, cac dii Iwdng truy/in qua, phipn xi du bl triyt tiéu.

1.2. Tang quan v/} vyt liYu Meta c6 chilit suat om

Hinh 1.14 trinh bay mst ginn dé dwn ginn cho phép ta phan loxi cac vyt liYu theo tham see
v md i va3. Heu hKt cac lowi vyt liu trong tdi nhién thi du co ¢y hai thanh phgn di ty thm va dik
diyn thtm dwwng (I > 0,3 > 0) va sag diyn ty cé thy lan truy/in disoc trong lowi vyt liYu nay. Goc
phgn tw th3 hai céa ginn d& (I < 0,3 > 0) thy hiyn tinh chat céa moi trw3ng cé dk diyn thtm am,
tinh chat nay xuet hiyn trong kim lowi dw3i tgn saeplasma. Géc phen tw th3 tw (I > 0,3 < 0) thy hiyn
tinh chat céa méi trm3ng cd di ty thtm &m, tinh chet nay tén twi trong mxt saeloni vyt liYu ty tHi tgn
seethep (cit MHz). Tris3ng hop dnc biyt, dk diyn thtm va dk ty thtm diu co6 gia trl am (i < 0,3 < 0),
moi trw3ng dwdc gai la mbi trw3zng chilit suat &m kép (double-negatiyenhi biju diHn trén géc
phegn tiw th3 ba. Cac tinh chet vyt ly dkc dao céa loni vyt liYu chilit suet &m kép cho dbn nay vyn



chika dwoc tim thay trong td nhién. Tuy
nhién, vyt liyu Meta da droc df] xuet va K

kigm ch3ng tén tvi tinh chat nay. Mht ) ‘ 0 E
khac, khi mit trong hai gid trl céa i (R WU%“S}" k
diyn thtm hohc di ty thtm c6 gia trl am, . - u=0.e>0 H

chit suat &m vyn c6 thy dit dwéc trong ~ Ton fai trong kim loai Ton tai trong hau hét
mikt seetrik3ng hop, moi trikzng sk thy ~ duoi tn so plasma cac loai vat lidu

hiyn tinh chilt suat &m dsn (single - >

negative). Tuy nhién, vyt liYu cé chibt g k E e>0,p<0 3
suet am dsn khong dwdc quan tim va VY VUV <7 | k
khong cé tinh khn thi trong cac 3ng u<0.e<0 *“H

deng thiic t§ vi dk ten hao céa no la ret | FHERE il s Ton tai trong mot s6
13n. Hiyn nay, vyt liYyu Meta da va dang niuen nhung ton tal vat liéu tir tai tan s thap
dwoc thikt ki va chf tvo dy dit dwoc trong Meta

nhyng tinh chat trén dhc biyt Ia tinh

- SR Hinh 1.14.Ai.nd bif udinm iliéenfigi aivas.
chilit suat am kép.

CHR®NG I1. PHR®&NG PHAP NGHIEN C3U
2.2. Phigr®ng phéap nghién c3u

C/ tai dwoc thiic hiyn da trén viyc kit hop giya xay diing md hinh vyt ly, md phang thikt ki
cau truc, chi tho myu, va kigm ch3ng btng cac phép do thic nghiym.

- M& hinh wyt ly dwdc xay diing dda trén mé hinh much diyn LC, 3ng v3i mai cau trdc sk
tw®ng 3ng v3i mit much diyn LC. Dda theo md hinh nay, céc tcn saecikng hwiang diyn va
ckng hwiang ty co thy tinh toan dwdc theo cac tham saecau tric.

- CH md phang thikt ki ceu tric céa vyt 1iYu, df] tai sy deng phgn m/im md phang thikang mi
CST Microwave Studio (Computer Simulation Technology) vi tinh hiYu qury va dk chinh
xac da droc ch3ng minh bii nhi/ju kit qun dwdc céng bae

- Trongdi tai, df ch thvo myu howt dkng i dmi tgn seeséng microwave, chang téi sy deng
phiwxng phap quang khxc.

- CH do dic cac tinh chat céa vyt 1iyu nhik pha truy/in qua, pha phmn xi hay hep the d7] tai sy
deng hY thikt bl Vector Network Anbyzer dsoc naé v3i hai ang ten.

CHR&NG I11. KXT QUM VA THHO LU¥N

PHCN 1. CAC KXT QUM NGHIEN C3U TAI U Hi A CQU TRUC V¥T LIHU META Cii
CHIXT SUQT EM

Trong chi&ng 111-Phgn 1, d/ tai sk trinh bay qua trinh taé wu héa ceu trdc dy tim dwdc ceu
trac Meta dwn ginn co chikt suet &m, dhc biyt 1a thu dwdc vyt liYu Meta co chikt suet &m khoéng phe
thuke vao phan ciic céa song diyn ty. Trir3c tién a1 tai sk trinh bay nghién c3u st tw&ng tac céa
séng diyn ty v3i vyt liyu Meta c6 ceu triic CWP. Cay la mikt trong nhyng cau triic dgn ginn dwdc sy
deng dY diflu khifn céc tinh chat ty () trong vyt liu chilt suet &m (n < 0). Cau tric CWP ¢0 vai
tro rat quan trang va la thanh phgn quykt dinh din tinh chat chilit suet &m céa vyt liYu. Tibp theo, dJ]
tai sk nghién c3u tinh chat chikt suat am céa vyt liu Meta dia trén cikng hwiing ty byc cao céa cau
trac CWP. Tikp d¥n 1a ceu trac kit hop (combined structure — CB), caeu tric diwdc tHo nén ty viyc
kbt hop giya ceu trac CWP sinh ra di ty thtm am (u < 0) va céc day lién tec sinh ra dk diYyn thtm
am ( <0). Cau tric kit hop 1a mit ceu trdc kha dsn ginn (xem hinh 3.1(b)) va dhc biyt dk ty thtm
va dk diYyn thtm cé thy diflu khign dmoc myt cach dic lyp nén dH dang dY two ra vyt liYu Meta cé
chilit suet &m. Bén cinh do, viYc diflu chlinh myt cach dic lyp nay con tho diflu kiyn thuyn I6i trong
cac nghién c3u c& byn vi ¢é thy dH dang tim hiju va nxm diréc cac cx chl vyt Iy bén trong céa vyt



liYu. Cua cung, cac nghién c3u tinh chat céa vyt liju Meta ¢ chibt suet &m dda trén cau tric ding
Iw3i (fishnet - FN) - mikt ceu trdc bikn dai va cé nhi/Ju wu digm hxn cau trac kit hdp dwdc trinh bay.
Ngoai ra mnh hiiing céa cac tham saeceu trdc d¥n tinh chat chilit suat &m céa hai cau tric CB va FN
cNiy dwée nghién c3u va trinh bay chi tikt trong bao cao dJ} tai. Tuy nhién, v3i cac ceu trac CWP,
CB va FN c6 thy tro ra chibt suat &am nhikng diu ghp hin chl la ving chibt suet &m nay phe thuskc
vao st phan ciic céa song diyn ty nén kho khan trong viyc disa vao cac 3ng deng thiic t§. CH khxc
phec hun chi nay, cau trac chp dfa (dish pair — DP) va Ix3i dfa (dishnet — DN) diwoc d/] xuet. Céc
cau trdc taé wu DP va DN khéong phe thuskc phan ciic 1a nh3 vao tinh dagé x3ng cao. Cau tric nay sk
dwoc dJ tai dung trong nghién c3u sy deng tac ding ngowi vi (ce thy in day sy deng nhiyt) dy difu
khijn cac tinh chat diyn ty céa vyt liYu Meta va trinh bay trong chi®ng V. Qua trinh taé wu hoa ceu
trac vyt liYu Meta c6 chilit suet &m dwdc thic hiyn theo cac bw3c nhw trinh bay trong hinh 3.1.
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Hinh 3.1.Quatrinht i _uhdaw t Eiu Metacochi tsu tam: a) C utric CWP, b) c utrick t
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3.2. Sy deng cxng hiiing byc cao df tvo ra chikt suat om trong ceu trac CWP

Cau trac CWP v3i céc tham seecau tric céa 6 c& si la dwdc trinh bay chi tikt trong bao cao
dn tai.

Pha truy/ln qua md phang céa vyt liYu Meta c6 ceu
tric CWP va nag txt céa n6 droc trinh bay trén hinh 3.4. 1.0 ==
Céc Kt qun nghién c3u cho thay, ckng hiiing th3 nhat tHi ] -
ten sael04 GHz va cing hiiang th3 ba thi tcn sae300 GHz
14 ckng hwiang ty, con cing hiking th3 hai la ckng hwing
diyn. Che biyt han, cing tinh chat 12 cing hiiing ty nhing
thay vi vang khodng truy/in qua nhw i ckng hwiang th3 nhat
thi xuat hiYn mykt vung truy/jn qua céa CWP i ckng hwiing : : : : :
th3 ba. Céc nghién c3u tikp theo (trinh bay chi tikt trong P “nsscHny "
] tai) chil ra viing nay sk dimdc ch3ng minh 13 viing chikt  Hinh 3.4 Ph~truy nquac ac utric CWP van, it tCWP.
suet am do chéng chyp céa mode ckng hiwiang ty c& byn v3i mode ckng hiking ty byc ba.
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3.3.Vyt liYu Meta c6 chilt suat om ddatrén ceu trac kit hop

Trong phgn nay, d} tai trinh bay mxt seekit qum nghién c3u tinh chet céa vyt liYu Meta co
ceu tric dung kit hop (CB) dy tro ra chilit suat am (n < 0)cNy nhw pnh hiwiing céa cac tham saecau
trac d¥n tinh chat nay. Nhi d& gi3i thiYu i trén ceu trdc kit hop la ceu trac dwdc tho ra ty hai thanh
phgn, cac day kim loi lién tec ding dy cung cep di diyn thtm am (I < 0) va CWP cung cep di ty
thtm am (u < 0).

Hinh 3.7(a) va (b) trinhdy 6 c* sin va myu da ch tHo céa vyt liYu Meta chikt suat &m
dda trén cau tric kit hop. Céc tham seeceu tric dwoc trinh bay chi tikt trong bao cdo dJj tai.. Hinh



3.8(a) va (b) trinh bay pha truy/jn qua théc nghiym va mé phang céa ceu trdc CWP, thanh kim loHi
lién tec va cau tric kit hop tewng 3ng v3i cac tham ssediwa ra trong hinh 3.8. KKt qun, tinh toan dk
ty thm, dk diyn thTm va chibt suet twwng 3ng droc trinh bay trong hinh 3.8 (c). Ty pha truy/n qua
ta thay, dinh truy/jn qua dgu tién céa caeu tric CB xap Xl 13.8 GHz num trong vung khodng truy/n
gua céa CWP. KKt qun, tinh toan cho thay diinh nay thy hiyn vyt liYu c6 chibt suet am.
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Hinh 3.8. (@) Ph~truy. n qua th c nghiim va (b) mé ph' ng ¢t ac_u trdc CWP, CB va cac day kim
lo iliént c. (c) Tinhtoan d diinth m,d t th mvachitsu tt d Hiumoph ngc ac utrlc
CBt__ng ng.

3.4. Vyt liYu Meta chilt suat om c6 ceu trac dung Iw3i (fishnet-FN).

Hinh 3.9(a) va (b) I¢n Iw6t trinh bay st bikn dai céa ceu tric CB thanh ceu trdc FN va myu
vyt liYu Meta c6 ceu trdc FN chi tHo dwdc. Hinh 3.10 trinh bay kit qun md phang va thic nghiYym
so sanh pha truy/jn qua céa cau trac kit hdp va ceu tric ding Is3i. CO thy quan quan sat trong hinh
3.10(a) vyn tén tHi hai vung truy/ln qua trong pha truy/ln qua céa cau tric ding IR3i twxng ti nhix
trw3ng hop céa ceu tric kit hop i cn kit qury mé phang va thic nghiym. Hai vung truy/ln qua cach
nhau bii myt dni tgn saehep, i d6 vang truy/in qua th3 nhet c6 dinh 4 15.9 GHz bibu thl tinh chibt



suet am, trong khi ving th3 hai dinh khompng 18 GHz la vang truy/jn qua céa vyt liYu théng thr3ng.
KKt qun, mé phéng trang kh3p v3i kit qun théc nghiym.

(b)

Hinh3.9.(@)S bindiic utrick tihpthanhc utricd ngl2i, (b)) M uch t ow tEiu
Metacé ¢ utric aN
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Hinh 3.10. @ Ph™truy, n quath c nghiimvaméph ng ¢ ac utrdc CBvaaN, K tqu, tinh toan
ph nth cexa(b)d diinth m,(c)d t th m(d)chi tsu tva(e)iiis ph mch taOM

CH so sénh va khyng dinh nhyng ku digm h&n céa cau tric drng Iw3i so v3i cau tric kit hop,
cac kit qun, tinh toan phen thiic céa dk diYn thTm, ty thTm, chikt suet va hY seephtm chat (Figure of
Merit — FOM) 3ng v3i vung ten seeco chilt suet am céa hai vyt liYu nay dwoc dwa ra trén hinh
3.10(b)- (e). KKt qun th3 nhat trén hinh 3.10(b) cho thay t¢n seeplasma céa ceu trdc FN 13n hxn
CB. Ci/lu quan trang i day rd rang la dk dae céa dw3ng dk diyn thtm am phe thukc vao ton saecéa
ceu tric FN nha hxn so v3i ceu tric CB (xem hinh 3.10(b)), vi vyy v3i cau trac FN dH dang xmy ra
phag hop trin khang trong mikt vang ten saenkng han. Ngoai di/ju kiyn tan hao thap thi diflu kiYyn phae
hop trin khang dy khy phmn x# 1a hai diflu kiYn quybt dinh cho truy/ln qua cao. Th3 hai cw3ng di
tm&ng tac ty v3i cau trac FN mynh h®n va cho vung ty thtm am nikng h&n so v3i cau trdc CB nhw
quan sat trén hinh 3.10(c) va (d). Chinh vi hai yKu teenay nén tHi ving c6 chilit suet am céa mai cau
trac, hY saephtm chat céa ceu trdc FN dit dwdc co gia trl cao han (FOM = 10) so v3i céa cau trdc
kit hép (FOM = 5.5). Céng th3i, viing tgn seecho hY saephTm chat cao céa cau trdc FN tén tHi rkng
hxn (% béan rkng 0.4 GHz) so v3i cau tric CB (dk ban rkng 0.2 GHz). Cillu nay ret quan trang dae
v3i mec tiéu chf tho vyt liYu chilt suat &m cé cau trdc dwn ginn, howt dkng trong dmi tgn seening va



€O dk tan hao thep. Chinh vi vyy,ceu tric nay dwoc di tai sy deng trong nghién c3u mia rkng dni
ten ¢6 chilit suat &m trong chiwwng 1V nhik [& myt caeu trac tad wu h#n so v3i ceu trac CB d xuat ban
deu.

3.5.Vyt liYu Meta cé chilt suet om khéng phe thuxc v phon ctic

Co6 hai cau trdc rat quen thuke dwdc sy deng dy tHo ra dik ty thTm am, d6 la ceu trdc SRR
va cau tric CWP. Tuy nhién, vung cé ty thtm am do céc cau tric nay two ra phe thukc munh vao sd
phan clic céa séng diyn ty chiku dyn. CH khxc phec nhiwdc dim nay, dia trén ceu trdc CWP, Vi
bikn dai nh&, ceu trdc chp dfa (dish pair — DP) dwdc thilit k. Mec dich cni tikn céa ceu tric DP la
sy deng tinh da@ x3ng céa hinh tron dY two ra st dyng hw3ng (khéng phe thukc vao phén ctic) daé
v3i song diyn ty chibu dyn. Che biyt hxn, trong nghién c3u nay, sy deng nhyng wu digm v/ tinh daé
x3ng céa cau tric DP, kit hop v3i cac day lién tec droc tHo ra dwn gimn bryng cach mia rkng ban
kinh hinh tron cho dyn khi céc hinh tron lién tikp chim vao nhau, dj tvo ra ceu tric I®3i dfa
(dishnet— DN) c0 chibt suat am.

(b) (c) (d)

(a)
Hinh 3.12(a) O c_¢ &ac utricc pdfa(DP),(b) M uch t ocodc utricc p dfa,

(c)Oc_ ¢ xac utriclaidta(DN), (d)M uch t ococ utricla i dfa.
3.5.2. Vyt liYu Meta c6 chilt suet om dda trén ceu tric Iw3i dfa
KKt gun mb phang va thdc nghiym céa cau tric Iw3i dfa DN dwdc trinh bay trén hinh
3.15(a). Quan sét hinh vk ta thay kit qur, thiic nghiym kha tring v3i kit qun, thu dikdc ty mé phang.
Céac kbt guny nghién c3u khac tinh toan dk ty thtm, diyn thtm va chilit suat trén hinh 3.15 chi| ra
rung cau tric DN c6 thy tvo ra ving cé chikt suat am.
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Hinh 3.15.(a) Ph™truy, nquath c nghiZimvamoéph ngva(b)Ph nth cad diinth m,d t
th mvachi tsu ttinhtoanquas Hiumdph ngccac utrdcDNcoa, =11 mm,a= 8 mm,R=
4.05 mm.

Tuy nhién, ceu trdc DN dwdc trinh bay va khno sat i trén chira taé mu dy dit diwde chikt suat am v3i
mai goc phan ctic céa séng diyn ty. Cac kit qumn nghién c3u tikp theo cho thay ceu trdc DN cé a=
a, = 8 mm tvo ra vung co chikt suat am khong phe thukc vao phan ctic céa song diyn ty (xem hinh
3.16).
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Hinh 3.16. (@) O ¢, ¢ & ac utrdc DN a = a vagdc quay phan ¢ c.(b) Ph~truy, n quaméph' ng
*ac utric DN a,= a=8mmph thu ¢t vao géc phanc c.

PHCN I1. CAC KXT QUM NGHIEN C3U MU RXNG TCN SE LAM VIHC CEA V¥T
LIHU META Ci CHIXT SUQT EM

Nhin chung, dni tgn thy hiYn chikt suet &m céa vyt liju Meta thw3ng rat hep vi dda trén tinh
chat cikng hiwing céa vyt 1iyu. CH co6 thy 3ng deng vyt liYu Meta c6 chilit suat Am mit cach rikng rai
trong thic t¥, viYc nghién c3u mi rkng ving tgn seehokt ding dong vai trod rat quan trang. CH min
nkng dmi ton saelam viYc céa vyt liu, myt trong nhyng cach hiYu qum do la kit hdp vang ty thtm am
rkng v3i vang diYn thtm am rkng trén cang mikt dni tgn sae Vung diyn thTm am ring dH dang dkt
droc bung cach sy deng ten seeplasma thep céa mdi trw3zng gém cac Ik3i day kim lowi. Trong khi
d6 vung ty thtm am nkng dwoc xay dding ché yKu bing cach tich hép céc cau trlc ckng hwiing dsn
le trong mit & c& si, ty d6 sk thu disdc ving ckng hiiing ty riéng KK tikp nhau. Hin ch 13n nhat
céa phwzng phap nay 1a pha vii tinh dag x3ng trong cau trdc, si twkng tdc mrnh mK giya cac ckng
hwiang lifin kf va doi hai st diflu chiinh kha khxt khe v/l cdc tham saecau trdc nén ret khé chi tho
myu howt dkng 1 vang tgn seecao. H&N nya, do st tich hdp céa nhiflu yKu teeckng hikiaing trén mikt 6
c® s nén kich thw3c 13n, cac diflu kiyn dy dym bro Iy thuybt méi trs3ng hiYu deng cé thy bl vi
ph#m va cac hiYu 3ng nay sk ret kho dy danh gia, kijm nghiym tinh xac thiic céa né. Ggn day, mikt
hiYu 3ng tha vl dwéc cac nha nghién c3u tim thay trong vyt liju Meta la st lai héa plasmon. Sd lai
héa plasmon cé thy &p deng dY thikt k§ va chl tho Meta c6 tgn seelam viYc rkng va c6 thy khxc
phec c&c hun chl vya néu. Trong cac kit qum nghién c3u céa chwsng Ill-phen 11, gimn dé lai hda
byc mikt, byc hai 4p deng cho ceu trdc CWP mikt 13p, hai 13p d§ mi rkng vung cing hwiang ty cho
vung c6 dk ty thtm am rkng dwoc nghién c3u. Sau do, kit hop kit quy mia nkng vung ty thtm am
v3i vung diYn thtm &m nym dw3i tgn saeplasma céa I®3i day kim loxi d mi nkng vang chibt suet
am.

4.1. Min rkng vang di ty thtm om sy deng ceu tric CWP hai 13p dda trén moé hinh lai hoa
byc hai

Trong cac nghién tikp theo, df} tai d/j xuat md hinh lai héa d4 mia rkng dni tgn seecéa vyt
liYyu MM c6 dk ty thtm &m sy deng ceu trac da@ x3ng hai chiflu - ceu trdc chp day bl cxt
(CWPs) hal3p. Cx sin vyt ly cho phwxng phép nay la sy deng twwng tdc munh giya hai 13p
CWPs lifn k/} theo phw&ng truy/jn séng k tho ra hiyn twéng hd cym dy tach vich cing hwiing,
kit quny Ia mi rkng vang ten saehont dikng.

Ta xét mikt hy vyt liYu Meta g&m 2 tem CWP dac theo phwgng truy/n séng k. O c& si mht
cxt theo phwrng truy/n séng k céa hy va ginn dé lai héa byc 2 dwdc biju diHn nhw trén hinh 4.1(a),
4.1(b) va (c). Ta c6 thy hinh dung rung, ngoai ts®ng tac giya cac diln tich bén trong mai CWP, hai
CWP cNi sk twzng tac lyn nhau in khomng céch thich hép.



Dda vao ginn dé lai hda byc hai ta ¢6 thy they rung khi hai chp CWP (baa CW) dht g¢n nhau,
cac mode cing hwiang diYyn [w,> va mode cing hwing ty |w.> c& bmyn trong ginn dé lai hda byc mikt
céa tyng CWP sk bl suy bin va mai mode nay tach thanh hai mode m3i riéng biyt. Tuy nhién, v3i
mec dich mi nkng vung ¢6 dk ty thtm am phec ve cho c&c nghién c3u mi nkng vang chilit suat &m
nén trong nghién c3u nay chi| quan tm d¥n s4 tach céa mode cxng hwiing ty |w.> cx bpn. Mode ckng
hiwiing ty c& bmn |w.> dwoc tach thanh hai mode m3i |w.>va |w.> nhw trén hinh 4.1(c).
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d= 31& d= 21& d= i
Hinh 4.2: Ph™truy. nqua, ph. nx vad h ptht pht thu ¢t vao khqg, ng cach gi a2 CWPs.

DH dang nhyn thay hai mode nay Ia hai mode cxng hwiing ty c6 thy tHo ra dk ty thtm am vi n6 dwdc
tach ra ty mode ty c& byn jw.>. Lic Coulomb sinh ra giyia cac CWP sk gdp phgn vao viyc xac dinh
cac m3c nang Iwdng teng cikng céa ginn dé lai hda byc hai. Mode |w_> ¢6 ndng Iroéng thep han vi st
dao diing céa céac diyn tich bén trong mdi CW trong trw3ng hop nay la ngwoc pha tinh v3i tat cn cac
CWs lifin k7 nhau va do dé céc ldc héi phec giya cac CW lifin kil dfu Ia Idc hap dyn. VJ} mht bpn
chat, khonng cach giya hai CW tg (hay chiflu day 13p diyn méi) trong miit 13p CWP sk dhc triwng cho
tw&Ng tac ki trong mdi CWP. Trong khi d6, khomng cach giya hai chp CWP d sk chi phag tw&ng tac
bén ngoai giya chdng. Dda vao phan tich trén, cac kit qun khno sat st phe thuskc céa pha truy/in qua,
phin xH va dk hep the céa hY CWP hai 13p diwdc thic hiln. Trong nghién c3u nay, cac hing seemung




10

theo céc trec taa dk x (phwwng ty trrzng H) la a = 3.5 mm va theo trec y (ph®#ng céa diyn trs3ng
E) la a = 7.0 mm. Céc 13p diYyn moi dwdc lam bung FR4 v3i hung saediyn méi la 4.3. Chifju dai | va
chiflu rkng céa cac CWs Ign w6t 1a 5.5 va 1,0 mm. Ck day I3p diyn madi gifa hai CWs céa CWPs va
khomng cach giya hai 13p CWP Ign Ix6t 1a ty va d KBt quyy mé phang st phe thuske céa pha truy/n
qua, phyn xi va dk hep the céa hy 2 CWP biHu diHn trén hinh 4.2 cho thay, khi d ginm ty 6ty xuaag tq,
céac pha nay thay dai mit cach dang ki. Khi khomng céch d I3n, twsng tac nxi thi chibm wu thl. Do do,
pha truy/in qua chif quan sat they 1 dinh cng hwing tw&ng 3ng v3i mode ty thong thw3ng i 13.8
GHz. Khi khomng cach d gimm dgn, tw®ng tdc ngoai munh dgn 1én va mode cing hiking ty ban dgu
dgn dgn nkng ra va cuaé cung bl tach thanh 2 m3c riéng biyt khi d = 5. Cac kit qum tinh toén tikp theo
(trinh bay chi tikt trong dJ] tai) cho thay s4 min rkng vung ckng hiking ty nay chinh la si mia nikng
vung ty thtm &m. Ngoai ra, kbt qun nghién c3u céa dJ tai con cho thay s4 mi rkng vung ty thtm
am dda theo mo hinh lai héa con phe thuskc vao dk tan hao céa vyt liYu.

4.4. M rkng vung chibt suaet om
4.4.1.Mn rkng vung chibt suet om sy deng caeu truc kit hop hai 13p

Trong céc nghién c3u tikp theo, phat trign y twiing mi rkng vung ty thtm am i trén dy mi
nkng dmi ton chilit suat &m brng cach sy deng ceu trdc kit hdp hai 13p, dda trén cau trdc CWP hai
I13p dy mn ning vung ty thtm am va cac day kim lowi lién tec tho ra dhc treng plasma nhan two.

Hinh 4.7.0c¢c_¢ ¢ ac utric CWP hai B p

W icacthams c utrica,= 4 mmva a= 8

mm, b day, chi, u dai vachi_ur hg & aCW

I nImtlaty= 0.04 mm, | = 5.5 mm va,w

w, = 1.0 mm va céch phan ¢ ¢ ¢ asong diin
t.

Nhw @& df] cyp 7 trén, theo mo hinh lai hda byc hai st mi rkng dmi ten cé dk ty thtm am phe
thukc ret nhiflu vao khomng cach d giya hai 13p CWPs. Vi thl, trong phen nghién c3u nay ching toi
typ trung khmo sat pnh hiriing céa tham saed d¥n viYyc min nkng dmi tgn co chibt suet am (n<0). Hinh
4.81a pha truy/n qua (a) m6 phéng va (b) thiic nghiYm phe thukc vao khomng cach hai 13p cau tric
d v3i dk day 13p diYyn moi dwoc caedinh ty = 0.8 mm. KKt qun cho they khi d gizm ty 3.2 mm v/] 0.8
mm, ving truy/jn qua quanh t¢n seel5.4 GHz dgn dgn dikdc min rikng. CH tim hiju rd nguyén nhan
céa viYyc mi rikng nay, phen thiic céa cac tham saehiYu deng: dk diyn thym I va di ty thtm p dwoc
tinh toan va dwa ra trén hinh 4.8(c). KKt qum trén hinh 4.8(c) chl| rd rung, vung c6 dk ty thtm am
dgn dgn mia rkng va tach ra thanh hai diinh tHi tgn seel5.27 va 15.58 GHz khi d = 0.8 mmnhr la
mt hY qum céa md hinh lai hda. Thyt vyy, khi khoyng cach d gimm, tw#ng tdc ngoai menh dgn 1én,
mode ckng hikiing ty ban dgu nkng ra va sau doé bl tach thanh hai m3c riéng biYyt. Tuy nhién, c¢n Iwu
y rung khéng chlf d ty thtm a&m ma dk diYn thtm am cNiy la difju kiYn cen thikt dy tvo ra vyt liYu
co chilit suet am. Vi thl, chung téi tikp tec khmo sat st dich chuyhn céa t¢n seeplasma sinh ra bii
ceu truc day lién tec theo khomng cach d. V3i cac tham saeceu trdc da dmoc tag wu, trén hinh 4.8(c)
chli r6 t¢n saeplasma f hgu nhix khong bl mnh hiwiing theo khomng cach d va diju 13n han dni ty thtm
am. Nhw vyy, dmi ten seedéng thzi cé dik diyn thtm am va ty thtm dm (vung chibt suet &m kép) ring
dmoc tvo ra bung cach khai thac mé hinh lai héa byc hai théng qua viYc difju chiinh khomng céch hai
I3p d. CH khyng dinh thém nhyn dinh nay, cac kKt qun, tinh toan phgn thiic céa chilit suat phe thuskc
vao khomng cach d dwdc dira ra trén hinh 4.9 cho thay vung cé chilt suat &m dwéc mi rkng v/ phia
bén phni (vang c6 déng th3i di ty thtm va diYn thtm am) khi ginm khomng céach d.
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S4 tach dinh lai hda céa vyt liYu Meta ngoai viYc phe thuke vao khomng céach hai 13p d
hay chiflu day céa mit 13p, kit qum nghién c3u con chli ra rung né rat nhiy v3i hY seetan hao diyn
mdi céa 13p diYn mbi trong ceu tric CWP. S4 pnh hiwiing céa hY saeten hao diYn mbi 1€n hiYu qun,
mn nikng dwdc thdc hiyn bung moé phang va dwa ra trén hinh 4.10 (khomng céch giya hai 13p dwsoc
giy ceedinh d = 0.8 mm). KKt qun cho thay khi tan hao diYyn méi thep hiYu 3ng tach vhch tri1 nén
cang roryt va dik truy/in qua tang 1én. KBt qury nay cho thay viYc sy deng vyt liu diYyn méi ret quan
trang trong viYc min ning vang co chibt suet &m i dii ton GHz. Céac vyt liYu lda chan cang co dik
tan hao thep cang tat cho hiYu qun céa viyc mi niing dba trén md hinh lai héa. V3i cac vyt liYu cé
hY saeten hao diYyn mai 13n hxn 0.05 hiYu 3ng ggn nhis bl dyp txt.

Do truyén qua
o
341 w
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o o
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4.42. W rhgvungchitsu tams_d ngc utrdcd ngl2ihaikp

Nhgm taé wu hda ceu tric cho Wc mi nkng vang co chift stet &m dia trén mé hinh lai
hda lyc hai. Cac nghién3u cho vlic mi nikng nay dwdc thic hiyn v3i cau tric ding Is3i (fishnet-
FN). Hai I3p cau tric dwdc cach nhau mxt khomng d, cac 6 c& s drdc sxp xbp tugn hoan theo trec
X(H) va trec y(E) v3i cac hung seeming a, = 7 mm va @= 9.5 mm. L3p di4yn mdi FR-4 c6 hung sae
diyn mai la 4.3 va hy saeten hao tangent bung 0.02. Cac thanh slab va céac day lién tec dwdc lam
byng d&ng v3i dk dyn diYn 1 = 5.88x107 Snit. Chiflu rkng, chiflu dai céa thanh slab va chiflu ring
céa phen nat ca chai Ign Iwot 1a we = a, =7 mm, w= 1.5 mm, {= 7 mm. Hinh 4.14a pha truy/n
qua (a) mo phang va (b) thiic nghiym phe thuxc vao khomng cach hai 13p ceu tric d v3i dk day 13p
diyn mdi dwoc caedinh ty = 0.8mm. KBt qury md phéng trang kh3p v3i c&c kit qum thic nghiYym. KKt
qum, cho thay khi d gizm ty 3.2 mm v/} 0.8 mm, ving truy/in qua quanh t¢n sael2 GHz dgn dgn dmoc
mii nkng. Cac kit qun tinh toan phen thiic céa cac tham saehiYu deng: di diyn thtm 1 va di ty thm
W diwdc diwa ra trén hinh 4.14(c). Cac kbt qum cho thay c6 mikt si tw&ng td so v3i ceu trdc CB, ving
cO dk ty thtm &m dgn dgn mia nkng va tach ra thanh hai diinh ré r4t va cNiy droc gini thich do hy
qum ca mo hinh lai hda byc hai. Bén ctnh do, tgn saeplasma f, hgu nhix khong bl mnh higiing theo
khomng céch hai 13p d va du I3n hxn dii ty thtm am. Nhi vyy, viyc mi nkng vung truy/in qua
trong kit qury mé phéng va thic nghiYm cNy dwdc gini thich do si min rkng dii tcn déng th3i co
ik diyn thtm am va ty thtm am (viing chikt suet &m kép) khi gimm khomng cach hai 13p d. Chc biyt
trong kKt qun nghién c3u dag v3i ceu trdc FN, tgn saeplasma f, cach kha xa vung chilit suet &m nén
khomng céach giya dinh vang chibt suet &m va diinh vang chikt suet dm®ng xa nhau h&n so v3i cau
trac CB.

— d=0.8 mm -
= +d=1.6mm

= d=24mm
== d=32mm
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—FN) Ién @) Ph™truy, n quamd ph' ng, (b) Ph™truy, nquath cnghiimva(c) Ph nth cxad
t th mvad diinth m

CiNlu nay two diflu kiyn thuyn 16i trong viYc diflu chiinh cac tham saeceu trdc dY thu diwdc
hiYu 3ng mn rkng vang chikt suat &m do it cé khyy nang bl vung chikt suat dw#ng len at. H&n thy,
khi so s&nh dw3ng biju diHn dk diYn thTm vao t¢n seecéa cau tric CB va FN (hinh 4.8(c) va hinh
4.14(c)), 3ng v3i ceu truc CB c6 dk dae 13n hxn rat nhiu. KKt quny nghién c3u nay hoan toan phu
hop v3i cac cong trinh nghién c3u trr3c day va cac kit qun i mec 3.4 céa a1 tai. Cifju nay cNap ly
gini cho kit qum nghién c3u v3i cung dk tan hao va chifju day I3p diYyn méi, nhiwng dk truy/in qua
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trong ceu tric FN (hinh 4.14(a) va (b)) thu dwdc cao h&n so v3i cau trac CB (hinh 4.8(a) va (b)). Nhi
wyy, co thy khyng dinh viYc sy deng caeu tric FN hai 13p dj mi rkng vung chikt suet am dda trén mo
hinh lai hda byc hai ta ra ®u thi h&n cau trdc CB.

Ngoai ra d/} tai con nghién c3u se mi rikng vung chilt suat &m v3i cau trdc da 13p (6 13p) howt dkng
i cac vung ten saekhac nhau. Pha truy/in qua mé phéng céa cau tric FN sau 13p va FN diwdc na txt
ch 6 13p theo cac vang ten seekhédc nhau dwoc trinh bay trong hinh 4.15. KKt qun cho they ving
chit suet &m v3i ceu tric FN 6 13p cho dik nkng 13n h&n 2 13p (vang chikt suet &m kép tang ty 10% Ién
15%) va hiYu 3ng lai héa diwroc quan sat i cac vung tgn saekhdc nhau: 1.1 GHz 1.6 GHz, 11 GHz 16
GHz, 110 GHz 160 GHz, 1.1 GHz 1.6 THz.Cay la mit bi3c quan trang dy tin gen dbn cac 3ng
deng dni tcn chikt suet &m ning.

PHCN I11. CAC KXT QUM NGHIEN C3U CIkU KHIAN TCN SE COA V¥T LIHU META
BTING NHIHT X

KH ty thi nghiym dcu tién kigm ch3ng tén ti vyt liYu Meta cé chilt suat &m, dn nay dmi tgn
howt dkng da dmdc mia rkng ty vang GHz din vang héng ngoni va thym chi din vung &nh sdng nhin
thay. Tuy nhién, cac cau tric Meta truy/ln thaag 3ng v3i cac tham saexéc dinh chi| ¢6 thy hont dkng
i mxt vung ten seenhat dinh nén hin chl rat nhifju trong 3ng deng thiic th. Vi vyy, mikt trong cac
hw3ng thu hudt ret nhifju st quan tdm nghién c3u la dung cac tac dkng ngowi vi (nhw nhiyt, diyn,
quang, ty..) dy di/ju khign cac tinh chat diyn ty céa vyt liYu Meta, do do cé thy diflu khign dmoc
vung ten saehokt dikng theo mong muaa.

(a) (b)
T == Tt
t
J | Tty

(c)

Hinh 5.1.C utricc_h nc aw t EiuMetad ngc p dfaph, ng: (&) hinh 3D iphanc c
song diint trong do mau xanh th™ hiin ph nkim lo, i, mau xam th" hiin ph n diin méi, (b) hinh
chi_um tph ng (E,&) va(c) hinh chi_um tph ng (kE). Cac thams dmcs_ d ngtrong md
ph' ng laa=0.062 mm, r = 0.025 mm, ts= 0.01 mm, va,t= 0.002 mm

Trong nghién c3u céa dI tai, tac deng nhiYt dwoc sy deng dy di/ju bikn vyt liju Meta co di ty
thtm @m va chikt suet &m hont diing i vang ten seeTHz. ViYce difju bikn droc thic hiyn théng qua
vyt liyu bén dyn Indium antimonide (InSb) thay thi cho thanh ph¢n kim lowi trong cau tric chp dfa
(dish pair— DP) tho ra vung c06 dk ty thtm &m va ceu tric dung I®3i dfa (dishnet - DN) tho ra vang
O chilit suat am.

CH kigm ch3ng nnh hiiang céa nhiyt dk 1&n tinh chat diyn ty céa vyt liYyu Meta chp dfa phung,
pha truy/ln qua céa cau trdc chp dfa phyng dmdc mé phang v3i cac nhiyt dk khac nhau céa 13p InSb
va bifu diHn Ixi trén Hinh 5.6(a). KKt qun cho thay, khi nhiyt di céa 13p InSb tang ty 300 K 1én 350
K, ton saeckng hiing ty ting ty 600 GHz 1én 820 GHz. CH kijm ch3ng st tén twi céa dk ty thtm
am, gia trl céa dk ty thtm phe thuxc vao nhiYt dk da dwoéc tinh toan va biju diHn trén Hinh 5.6(b).
Quan sat hinh cho thay i ty thtm am khong chl| dxt diwdc trong khomng nhidt dik va ten seedd khno
sat ma vlng tgn saeco dik ty thtm am con ¢6 xu hiw3ng rikng ra khi nhiyt dk tang thém. Cifu nay
dwmoc gini thich do st tdng néng dk hwt ti khi nhiyt dk tang. Khi do, néng di hut ti tang trong khi
cau tric hinh hac céa vyt liYu Meta 1a khéng dai, cw3ng di dong daé song trén b/l mht sk cang 13n.
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Vi thl, ckng hiiing ty sk cang mrnh va dyn d¥n bién dk céa p tri vl tri cing hwiing sk cang 13n.
Nh3 d6, viing c6 dk ty thtm am sk mii ring ra.
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¢ pdfaph ngw inhiitd ¢ abk pdiin méiInSt__ng ng

Sau khi thu dmdc cac kbt qum diflu khign di ty thtm am byng nhiYt dk céa ceu tric ding chp
dfa phyng, cac kit qum nay dmoc sy deng dy di/ju khign vung chilit suat &m cho ceu trac dung IR3i
dfa. Hinh 5.9(a) md tn, c& bpn v/} cau trdc ding I®3i dfa cung cac théng seehinh hac. Cau tric ding
I®3i dfa gém hai thanh ph¢n: mykt chp dfa tho ra di ty thTm am va céc thanh lién tec tHo ra dk diyn
thtm &m, cac thanh phgn nay du sy deng chat ban dyn InSb.

10
Do ruyén qua
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Hinh5.9.(a)Oc_ ¢ ¢acutricdnglaidfa(b) PR truy nquava (c) chisuteacu
trac d ng | 2 i dfa InSb theo nhiit d (d) tinh toan ving cé chi sy t am khi nit d tang

Hinh 5.9 (b) va (c) la pha truy/in qua mé phéng va phgn thic chibt suet céa ceu tric ding I%3i dfa
InSb thay dai theo nhiyt dk. Cé thy thay rung n nhibyt dk phong c6 hai dinh truy/ln quan st dwoc:
myt 4 0.8 THz v3i mikt di thong hep va mikt ning hxn i 1.1 THz. Khi tdng nhiyt dk Ién d¥n 350 K,
hai dinh nay dlch v/] phia tgn seecao, dinh c6 ten seethep h&n dich ty 0.8 THz dyn 1.1 THz trong khi
dinh kia dlch ty 1.1 THz dbn 1.5 THz [khéng quan sat thay trong hinh 5.9(b) vi num ngoai khomnng
khmo sat trén hinh]. V3i hinh pnh quan sat dwoc nay, dinh truy/n qua th3 nhat co thy Ia do tinh chat
chikt suat am, trong khi dinh truy/n qua th3 hai la do tinh chilt suet dwsng da dwoc bikt din céa
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cac ceu trdc vyt liYu Meta ding I®3i. Mt minh ch3ng rd rang cho 13i gini thich nay dwdc dira ra
trén hinh 5.9(c), n®i ma chibt suat dwdc tinh todn ty cac tham seetdn xi dwdc diwa ra. KKt qun cho
they vung truy/in qua th3 nhat do chilit suet &m va vang truy/in qua th3 hai bxt nguén ty chibt suat
dwmng. Che biyt, dui tgn o chibt suet &m mit nikng dang ki khi nhiyt di tang 1én. Che biyt, né di ty
14% d¥n 22% khi nhiyt di tang ty 300 K d¥n 350 K nhi trong hinh 5.9(d). Nhyng kit qum nay
hoan t@an phu hdp v3i viYc tang 1én céa cing hwing ty trong caeu tric ding chp dfa phyng.

Trong nghién c3u nay, chdng toi da thikt ki va nghién c3u vyt liYu Meta c6 ceu tric ding chp dfa
va Iw3i dfa cé thy diflu chiinh bung nhiYyt hoxt ding i t¢n seeTHz dda trén chat ban dyn InSh. Céac
kit qun tinh toan phu hop v3i cac kit qun nghién c3u bung mo phéng. ViYc diju bikn vang cé di ty
thtm &m va chilit suat &m droc thy hiYn bung cach dung nhiYt dy thay dai myt dk hut thi céa InSb.
KWKt qum cho thay rung, khdng chil tgn saevang chibt suet &m dwoc diflu chiinh ma con dwdc mia rkng
dang ki khi nhiyt dk tang. Kkt qun nay sk mia diw3ng cho viYc trign khai 4p deng chat ban dyn trong
viYc diflu bin vyt liYu Meta i vung THz.
KXT LU¥N CHUNG

Qua céac kKt qum nghién c3u céa df] tai dwoc trinh bay i trén, d tai da déng gop diwdc nhyng kit
qun, nghién c3u m3i, cé thy tom Iwdc trong mykt saekit luyn sau day:

1. C& xay diing dwoc qui trinh cong nghy chl two siéu vyt liyu Meta c6 ceu tric khac nhau howt
d¥ng 1 vung tgn seeGHz.
2. Nghién c3u céc cau tric khac nhau cho chilt suat am khi twsng tac v3i song diyn ty. Che biyt da
tim pnh hwiing céa cac tham saeceu tric va ty do tim ra ceu trdc wu viyt nhet: dwn ginpn, khdng phe
thuskc phén ctic
3. Dda trén mé hinh lai héa byc hai, da thibt ki va chi tvo vyt liYu Meta c6 dk ty thtm am va chikt
suat am cé dnji t¢n seelam viYye ning. Mo hinh nay khdng nh{ng ddng cho vyt liYu Meta hont ding i
vung ten seeGHz ma con c6 thy ap deng tat cho vung t¢cn seeTHz hohc cao han va c6 thy mia ring
ap deng cho vyt liYu Meta nhi/ju 13p.
4. C& dI xuet va thikt kK vyt 1iyu Meta c6 dk ty thtm am va chikt suet am phe thuske vao nhiyt dk
hont d%ng 1 tgn seeTHz dda trén vyt liYu ban dyn InSbh. KKt qum cho thay khi nhiyt dk tang ty 300K
d¥n 350K, tcn seeckng hwiang ty céa cau tric chp dfa tang ty 0.6 THz d¥n 0.85 THz, trong khi dé
ten seecing hiring ty céa cau tric Iw3i dfa tang ty 0.8THz d¥n 1.1 THz va dk rkng céa dnji tgn saecd
chilit suat am tang gep gen 2 Ign. KKt qun, mé phang phu hop v3i kit qun thu droc ty tinh toan. KKt
gum nay goi y tae cho viYc sy deng vyt liu ban dyn dj diflu khijn cac tinh chat céa vyt liYu Meta
btung céc tac dkng ngoHi vi nhik nhiYt, diYn, quang 1 vang t¢n saecao.

Ki#n nghl:

Chctipt ch_tm kinhphid th chiincac h_2 ngnghiénc uti ptheonh_:

1. TiKp tec nghién c3u dYy tim ra cau trac taé wu ap deng dy ch tho vyt liju Meta ¢ cau
trac 2D, 3D.

2. Nghién c3u cong nghy chl tho vyt liYu Meta hont dkng 7 vung tgn seeTHz va cao hxn.

3. Nghién c3u cbng nghy chl thvo mikt seeloni vyt liYu Meta cé thy diflu khign diwdc tinh
chat bung céc tac ding ngowi vi nhiw nhiyt, diYyn, quang howt ding n vang tgn seeTHz.



