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SUMMARY

RESEARCH AND FABRICATION OF AN ELECTROMAGNETIC WAVE ABSORPTION
CIRCUIT BASED ON GRAPHENE CONDUCTIVE INK ON PAPER SUBSTRATE

In this study, we proposed a graphene-based metamaterial absorber printed on a paper substrate. The
absorber, fabricated on Kodak paper using a two-axis CNC machine with graphene ink, maintains an
absorption rate above 90% across a wide bandwidth of 2 GHz, from approximately 5.3 GHz to 7.3 GHz,
even under bending conditions. Notably, the graphene-based metamaterial absorber (GMA) still maintains
an absorption rate greater than 70% within the frequency range of 5.67 GHz to 5.78 GHz at an incident
angle of 80° The absorber's flexibility was clearly demonstrated under various bending radii while
maintaining high absorption performance, making it suitable for flexible metamaterial absorption
applications.

Keywords: graphene conductive ink, electromagnetic wave absorption, graphene-based absorber,
paper substrate

1 MO PAU phap l}'/’ tué’ng dé cach 1}‘/ séng;dién AtL‘t

) trong cadc phong nhu phong tham van.
Siéu vat litu hap phu (Metamaterial Bing cach phu gidy MA 1én cira s6 hodc
absorbers - MAs) thuong dugc st dung dé tuong, nd khong chi dong vai tro trang tri
lam cho mot vat thé tr6 nén v6 hinh trong ma con dam bao an toan thong tin, khién
cac ung dung radar hodc quan su. Cac ngudi ngodi kho phat hién. Cic nghién
MAs truyén thong sir dung cac chat nén ctru trude ddy vé MAs sir dung chat nén
cimg nhu FR4 [1, 2], Roger [3] va Duroid gidy da st dung myc bac [5-7], cho thiy
[4]. Nhimg vat liéu nay mang lai kha nang kha ning hip thy gan nhu hoan hao ¢ cac
hép thu cao cho MAs nhung lai ¢6 d¢ linh goc phan cuc truc dién trong mot dai tan
hoat han ché do khé uon cong theo cac bé rong. Tuy nhién, kha ning hdp thu giam
mat. Hon nita, cac vat li¢u nay khong than dang ké khi goc t6i vuot qua 60°. o dan
thién v6i moi truong vi kho phan huy, dién cao ctia muc bac khong cé loi cho
diéu nay co thé han ché ng dung cua cac tmg dung hap thu song do dién tré ton
ching trong twong lai. Gidy lam chat nén hao ohmic thap. Thém vao d6, myc nano
da ndi 1én nhu mot giai phap thay thé day bac rat dit va yéu cdu cac quy trinh nung
hira hen cho cac (mg dung MA linh hoat tdn kém nhu laser, dén nhdy tia cyc tim,
nho kha nang phu 1én cac bé mat cong va nung vi song [8]. Gan déy, graphene da
hodc 16m va tinh phan huy sinh hoc cua duoc gi6i thiéu nhu mot lya chon thay thé
no. Vi du, caic MA lam tur gidy la giai chi phi thap véi dién tré tim cao hon muc
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nano bac va c6 thé diéu chinh duoc [9,
10]. Pién trd tAm cao cua graphene khién
n6 phi hop cho cac tmg dung hép thy vi
gitp ti€u tdn nang luong song tod1 dudi
dang ton hao ohmic. Tuy nhién, graphene
chu yéu dugc st dung cho cac MAs cb
kha niang diéu chinh trong dai tin THz
[11, 12].

Duya trén y tudng do, nghién ciru nay e
xuat siéu vat litu st dung graphene
(GMA) hap thu hoat dong trong dai tan
5,7-5,8 GHz cho cac ing dung khong day
chuan 5G, dugc in trén chat nén giay bang
cong ngh¢ in phun muyc didu khién sb
(CNC). Cau trac hinh chir thép, két hop
v6i hé sd ton hao cao cua giay Kodak va
dién tré tim cao cua muc graphene, cho
phép GMA duy tri kha niang hap thu cao
trén 70% & goc t6i 1én dén 80°. M6 phong
cho théy kha nang hap thy gan nhu hoan
hao van duoc gilr nguyén ngay ca khi bo

hap thy linh hoat bi udn cong theo cic ban
kinh khac nhau.

2. THU'C NGHIEM
2.1. Nguyén vat liéu

Céc tdm nano graphene dugc mua tir
Cong ty Co6 phan VNgraphene. Acid
oleic, ethanol, cellulose acetate butyrate
(CAB), va ethyl acetate (EA) duogc cung
cap boi hing Sigma Aldrich. Gidy anh
dugc 1ay tir cong ty Kodak tai Viét Nam.
Tat ca cac hoa chat va vat liéu déu duoc
su dung nguyén trang, khong qua bat ky
qué trinh tinh ché b6 sung nao.

22. Ché tao muc din dién trén co sé
graphene

a. Bién tinh nano graphene

Dé tao ra bot graphene ta xuét phat tir
dung dich graphene phan tan cho bién
tinh voi acid oleic bang cach cho dung
dich graphene vao may high shear mixer
khudy cit ¢ toc do 5000 vong/phut dong
thoi gia nhiét bang phuong phap cach
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thuy. Khi dung dich ph&n tan graphene
dat nhiét do trong khoang tir 70 dén 80°C
thi dirng cap nhiét, cho acid oleic véi ham
luong 2,5% vao va tiép tuc khudy cat
trong 1 tiéng. Luc ndy cac phan tir acid
oleic s& bam dinh 1én bé mat graphene
dong thoi viéc khudy cat s& gitp giam
kich c& hat graphene. Sau khi bién tinh,
dung dich duoc dua vao ti siy & nhiét do
140°C va sdy dén khi nudc bay hoi hoan
toan va ta thu dugc bdt graphene.

b. Che tao muc in dan dién

Thém 93,25 g dung mdi ethylacetate va
0,75 chét két dinh CAB vao may khudy
cit toc do cao va khuéy & tde do 4000-
5000 rpm cho dén khi chat két dinh hoa
tan hoan toan. Sau d6, thém 6 g nano
graphene di duoc bién tinh vao dung dich
va tiép tuc khudy véi cing téc do trong 20
phut. Sau khi trn, ddm bao khong cé céac
hat 16n & day coc va nano graphene da
dugc phan tan hoan toan. Dung que thuy
tinh dé 1y mau muyc va v& 1én glay, néu
muyc ¢6 vé min mang va tinh te, thi muc
dan dién dua trén vat liéu nano graphene
da dugce ché tao thanh cong.

2.3. Phuwong phap do dién tré suit 4
mili do

Bdn miii do 1a thiét bi dung dé do dién tro
suit cua vat liéu, béng cach cho 4 miii do
tiép xtc voi bé mat vat lidu trén 1 duong
thang,

Cong thirc tinh dién trd suat khi d6 sé& 1a:
U
=2nl—
P I

Trong do:

1 1a khoang cach gitra hai miii do,

U 14 hiéu dién thé gitra hai mitii do trong,
113 dong di qua mau tir hai mili do ngoai.

2.4. M6 phéng dién tir cAu tric hip thu
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GMA

Muc tiéu cua viéc m6 phong la nham xac
dinh tin sé cong hudng tbi uu cua céu
trac hap thu, danh giad hiéu suét hap thu
song di¢én tur trong dai tdn muc tiéu, va
kiém tra kha ning duy tri hiéu suit hap
thu dudi cac goc tdi khac nhau cling nhu
trong diéu kién ubn cong. Pong thoi, md
phong con giup xac minh co ché cong
huong dién cta cdu trac va tac dong cia
cac thong s6 hinh hoc dén hiéu suit hép
thu, tir d6 hd tro qué trinh thiét ké t6i vu
trude khi ché tao thyc nghiém.

GMA dugc thiét ké nham hap thy hiéu
qua séng dién tir trong dai tan 5,8 GHz,
tuong thich véi cac rng dung khong day
chuan 5G, 1a mot ddy lap lai cua cac cell
don hinh chit thap gidng hét nhau nhu
dugc minh hoa trong Hinh 1(a). Cell don
gdm ba 16p: Lép dudi cung 1a mot 16p
mong lam tir tAm nhom, dong vai tro lam
|6p nén. Lép giira 1a gidy anh Kodak (er =
2,85, tand = 0,05), lam chat nén linh hoat
v6i do day 1a w2 va chiéu dai 11. L6p trén
cung dugc tao thanh tor myuc graphene véi
cau triic hinh chir thap c6 kich thude wl va
12. M6 phong duoc thyc hién trong phan
mém CST Studio Suite 2021, sir dung mé
phong toan séng mién tan sb6 (3D full-
wave frequency domain solver) véi diéu
kién bién tun hoan theo hai truc x, y, va
mat song tdi theo truc z. Bai bao nghién
ctru tham sb voi sy thay do6i goc toi tir 0°
dén 80° dé kiém tra kha nang chdng chiu
ctia bd hip thy dé xuét ddi véi bire xa dién
tr. BO hép thu dé& xuét co thé hoat dong
trong mot dai goc toi rong, nhu thé hién
trong Hinh 1c, noi ma muc do hap thu cao
trén 85% duoc duy tri ddi véi bl xa dién
tir voi cac goc t6i tir 0° dén 60°.

Mo phong khao sat hé s6 phan xa (S11) dé
xac dinh d6 hép thy A = 1 —|S11]3, véi gia
thiét 16p nén kim loai ngin truyén (S21 =
0). Goc toi duoc thay doi tir 0° dén 80° dé
danh gia do 6n dinh goc cua thiét ké.
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Nguyén 1y hoat dong cia GMA c¢6 thé
dugc giai thich bang mach RLC twong
duong va di duoc giai thich chi tiét trong
[4], nhu thé hién trong Hinh 1(b). Luu y
rang myc graphene c6 dién trg ton hao R-
loss cao hon, diéu nady c6 hai cho céc
mach vi song khac nhung lai hitu ich cho
cac tng dung bo hap thu vi séng. Cac gia
tri LC c6 thé duoc diéu chinh béng cach
thay d6i wl va I12. Tan sd cong huong
duoc kiém soat bai L va C cua bd cong
huong dién trén l6p graphene. Khi 12
giam, C ciing giam, dan dén tan sé cong
hudng tdng 1én. Trong bai bdo nay, cac
tham sd kich thuéc 1a wi=9,5 mm, w2
=1,3 mm, 11=18 mm, 12=14 mm d¢ hoat
dong o tan sb 5,8 GHz.

(I”()n Q

le ==
Incident |
waves |
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Hinh 1. Cell don bé hdp thu siéu vt liéu

(@) M6 hinh 3D, (b) Mach tuong duong, va (c) h¢
thiét bj do.

2.5 Ché tao siéu vt liéu hap phu dwa
trén graphene

Phan mém Axidraw va may CNC 2 truc
dugc sir dung trong qua trinh ché tao
GMA. Ma Iénh s€ dugc tai vao may CNC
sau khi hinh dang 6 don vi da dugc vé
trén may tinh bang phan mém. May CNC
s& in muc graphene 1én gidy anh theo hinh
anh da ve€. Bg phan gidi cua duong in s&
duogc didu chinh sao cho phu hop véi kich
thuoc cia dong muyc graphene. Muc



Tap chi phan tich Héa, Ly va Sinh hoc - Tdp 31, S6 3A/ 2025

graphene c6 d6 dan dién thap ngay sau khi
in do tap chét; do do, can phai c6 quy trinh
thiéu két dé dbt chay dung moéi va tap chit.
Ngoai viéc tang cuong lién két gitra muc
graphene va chat nén, qua trinh thiéu két
con 1am noéng chay muc dé tao ra 16p din
dién. Dé loai bo tap chat, thiét ké yéu cau
duoc nung ¢ 120°C trong mot gio.

2.6 Cai dat do lwong

Nguyén mau di ché tao duoc do bing
phép do mit cit radar ludng tinh (RCS) dé
x4c nhén hiéu suét hép thu cuia GMA, nhu
dugc thé hién trong Hinh 1c. Hai dng-ten
hinh phéu duoc dit trén gid d& cao bang
nhya, caich GMA 0,5 m va dugc dung
xung quanh né dé dap mg yéu cau trudng
xa cho phép do. St dung May phan tich
mang (Vector Network Analyzer) dé do tin
hiéu phan xa tir mau. Dé do do hap thy &
cac goc toi khac nhau 0°, ang ten phat
dugc quay 6° va ang ten thu duoc dat dbi
xung vdi ang ten phat qua mat phang t6i
chira miu vat liéu hap thy.

3. KET QUA VA THAO LUAN

Hinh thai cuia cac 16p nano graphene
(GNPs) va GNPs bién tinh boi acid oleic
duoc quan sat bang kinh hién vi dién tur
quét (SEM), duoc thé hién ¢ Hinh 2 duéi
day. C6 thé thdy rang cac tém nano
graphene (GNPs) co hinh thai cau tric
nép nhin va cudn (Hinh 2a). Sau khi bién
tinh bang acid oleic, ci&c GNPs c6 xu
huéng ting su xép chong 1én nhau cta cac
16p (Hmh 2b).

Hinh 2. Hinh anh (SEM) cua mdu nano graphene
(a) va nano graphene bién tinh véi acid oleic (b)
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Hinh thai hoc ciia muc dan dién dua trén
GNPs duoc bién tinh bang acid oleic trén
chat nén gidy di duoc kiém tra bang kinh
hién vi dién tir quét (SEM), nhu thé hién
trong Hinh 3. Hinh 3a trinh bay hinh anh
SEM ctia muc graphene in trén chit nén
gidy trude khi ép, hinh 3b trinh bay hinh
anh SEM cua muc graphene sau khi ép
bang may hai con lin. Cac 16p vay cua
GNP trong cong thirc muc co thé duge
quan sat rd rang. Bé mit ciia muyc sau khi
quét 1én chit nén co vé kha thd rap; tuy
nhién, sau khi ép, bé mat tré nén tuong
d6i min mang. Viéc lam min nay giup
tang cuong dang ké tinh dan dién cta muyc
nho vao su gia tang tlep xuc gilta cac tam
graphene dudi tac dung cua luc ép.

Két qua do d6 dan dién ctia muc sau khi
ép duoc cai thién dang ké so véi trang
thai chua ép. Cu thé, dién tré cua muc dan
dién trén co s& GNP bién tinh bang acid
oleic dugc do vao khoang 74 Q trudce khi
ép. Sau khi ép bang mdy hai con lan, dién
tro giam dang ké, chi con khoang 22 Q.
Do do, ky thuat ép dugc ap dung hiéu qua
dé cai thién d6 dan dién cua muc nén
GNP trong cac ung dung thuc tién.

Hinh 3. Hinh anh SEM ciia myc dan dién
graphene in trén giday trueoc (a), sau (b) khi ép, va
(c) hinh dnh cia bo hap phu song dién tir trén giay

Dién tré suit tAm cua muc dan dién trén
co s& GNP bién tinh bang acid oleic dugc
xac dinh bang phuong phap do di¢n tro
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bdn diém trén mang méng. Muc dan dién
dua trén GNP dugc in 1én nén c6 kich
thude 2 x 2 cm, lam kho ¢ nhiét do phong
va sau d6 ép bang may hai con lan. Gia tri
dién tro suat trung binh do dugc 1a 7,56
Q-cm™2, cho théy muc dan dién trén co s
GNP di duoc bién tinh thé hién kha nang
dan dién dang ké, phu hop cho cac tng
dung dién tr va cam bién.

Dién tré tAim cua muc graphene st dung
1a 74 Q/sq [13]. Hang 80 dién moi va h¢
sd ton hao cua chat nén gidy day 0,254
mm duge bao cdo trong [14] lan luot 1a
2,85 va 0,05. Nam to gidy Kodak dugc
dan chong 1én nhau dé tao thanh chat nén
v6i tong do day 1a 1,3 mm. Mot cdu trac
GMA gom 4 x 4 6 don vi da dugc ché tao
voi kich thudc 72 x 72 mm2, nhu trinh
bay trong hinh 3c.

bo hép thu cuoa vat liéu duva trén
graphene dugc tinh tir hé sO truyén va
phan xa theo cong thuc:

A=1-R)-T(w) 1)

Trong d6 A 1a do hap thuy, R(w) =
1S1112 va T(w) = |S,1|? lan luot 1a 6
phan xa va do truyén qua véi S11, S12 1a
hé s6 phan xa va hé sb truyén qua twong
tmg. Do 16p dudi cung cia GMA 1a tim
kim loai nhém nén hé sb truyén qua bang
khong nén do hip thu s& duoc tinh theo

cong thuc:
A=1-R(w) (2)

Thi nghiém do phan xa va hép thu tai
goc t6i vudng goc duge so sanh véi két
qua mo phong nhu thé hién trong Hinh
4a. Két qua hap thu do duoc c6 su sai 1éch
so voi mO phdéng. Trong mo phdéng, do
hap thy vuot qua 80% trong dai tan tir 5,5
GHz dén 6,3 GHz, trong khi két qua do
thyc nghiém cho thdy dai tin nay nam
trong khoang tr 5,8 GHz dén 5,95 GHz.
Su sai khac nho vé tan sb va bién do giita
hai ket qua co thé dugc giai thich boi mot
5O yeu tb:
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- Trong mo phong, diéu kién Iy tuong hoa
(vat liéu ddng nhat, kich thudc lap vo
han) duoc st dung, trong khi mau thuc té
chi c6 4 x 46 don vi.

- B§ chinh xac cua quy trinh in (CNC),
qua trinh €p, va mic do phén tan cia muc
graphene ¢ thé anh hudng dén dién tro
tAm thuc t& va hinh hoc vi mo, tir d6 lam
1éch tan sé cong hudng nhe.

- Chét_nén gidy that co thé hat am hoic
thay do6i dic tinh dién moi nhe so vdi gia
dinh trong mo phong.

Tin s (GHy)

Hinh 4. (a) Két qua mo phong va do luong tai goc
toi 0°va (b) Két qua mé phong va do luong tai cdc
goc t6i khdc nhau.

Hinh 4b thé hién anh hudng cua goc t6i
dén hiéu suét hap thy. Cau trac van duy tri
d6 hap thy cao trén 70% ngay ca khi goc
t6i ting 1én t6i 80°, ching to tinh 6n dinh

goc t6t cia GMA. Piéu nay 1a do:

- Méu in bang myc graphene tao ra cong
huong dién da chiéu, it bi anh huong boi
hudng phéan cyc va goc téi.

- Sur két hop giita cau trac cong hudng va
dién tré tdm cao cua 16p graphene giup
tiéu tan nang luong song toi hiéu qua
trong nhiéu diéu kién chiéu xa.

O goc t6i 45°, do hap thy giam xudng
con 81% Khi goc t6i tang 1én 80°, do hap
thu tiép tuc giam xudng 70% trong dai tan
tir 5,67 GHz dén 5,78 GHz. Su chénh léch
gitta két qua mo phong va thuc nghiém
xuat phat tir viéc mo phong gia dinh mot
s6 luong phan tir cau tric 1a vo han, trong
khi miu ché tao thyc té chi c6 sb lugng
hitu han. Bén canh d6, cac sai sb trong
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ché tao va diéu kién do ludng ciing co thé
gay ra su khac biét trong két qua.

0.9+
=
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=
=1
L7
20 :
0.6
—R=80 mm
= R=100 mm
057 —R =120 mm
4 5 6 7 8 9 10
Frequency(GHz)

Hinh 5. Bé hdp thu trong diéu kién uong cong

Dé quan sat do hap thu ddi véi cac didu
kién uén khac nhau, GMA dugc phu trén
bé mit cong polyetylen terephthalate
(PET) véi ban kinh 1an lugt 1a 80, 100 va
120 mm. Nhu c6 thé thay trong Hinh 5,
ngay ca khi bi uén cong, GMA van duy tri
mirc hdp thu hon 90% trén bang thong 2
GHz tir khoang 5,3 GHz dén 7,3 GHz.
Diéu nay chung t6 tinh kha thi cua viéc sir
dung céc vat liéu ré tién va linh hoat nhu
gidy v6i graphene dé mang lai két qua
tuong tu nhu cac chat nén dit tién khac.

- Cau trac hap thu dua trén cong huong
dién tai tung 6 don vi (local resonance),
nén khong phu thudc qua nhiéu vao mit
phang phang.

- Viée sir dung nén gidy linh hoat va muc
GNPs ¢6 d6 bam dinh cao giup ciu trac
khong bi ran nit hay suy giam tinh dan
khi uén cong.

- Ngoai ra, cac cong hudng khong bi pha
v& khi cong do mdi 6 don vi hoat dong
doc 1ap, nho @6 gitr duoc hiéu suit hip
thu tot.

4. KET LUAN

Trong cong trinh nay, ching t6i da dé
xuat siéu vat ligu hap thu dua trén
graphene in trén chat nén gidy. Bo hap
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thu, dugc ché tao trén giéy Kodak bﬁng
may CNC 2 truc voi muc graphene, duy
tri do hap thy trén 90% trong bang tan 2
GHz, tir khoang 5,3 GHz dén 7,3 GHz,
ngay ca khi bi udn cong. Dic bi¢t, GMA
duy tri do hap thu trén 70% trong dai tan
tir 5,67 GHz dén 5,78 GHz tai goc t6i 80°.
Tinh linh hoat cua bo hép thu dé xuét
cling dugc minh hoa dudi cac ban kinh
ubn cong khac nhau, duy tri d6 hép thu
cao, diéu nay khién né tré thanh mot lya
chon phu hop cho cac ing dung si€u vat
liéu hap thu linh hoat.

Loi cam on: Nghién clru nay dugc tai trg
boi BO Gido duc va Dao tao trong dé tai
ma s6 B2024.BKA.16.

Cam két: Toi xin cam doan day la cong
trinh cua tap thé nghién clru va chua gui
dang ndi dung nay ¢ bat ky tap chi nao.
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