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Metal nanowire transparent conductive electrodes (TCE) are
promising candidates to replace traditional indium tin oxide in next-
generation flexible transparent electrodes. However, the performance
of these electrodes is limited by the high contact resistance between
the nanowires, which is still a challenge to improve these contact
points. Methods of reducing contact resistance require a high source
of energy, long periods of time or add chemicals, which can lead to
increased production costs and damage to the underlying substrate or
equipment. Here, we introduce the low energy consumption method
to improve the electrical properties between metal nanowires through
the impulse voltage source system. The contacts were melted and the
silver nanowires (AgNWs) were welded together through the effect of
heat. The resulting individual AgNWs turn into a well-conductive
AgNWs network. The sheet resistance decreased from 72.6 to 29.7
Q/sq while the transmission remained at 92% at the wavelength of
550nm. This shows that the farbricated AGNW TCEs have great
potential for applications in optoelectronic devices.
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Dién cuc trong sudt
DAy nano bac

Dién tro bé mat

Do truyén qua

Hé sb chat luong

Dién cyc trong sudt dan dién day nano kim loai la ung cir vién day
hira hen dé thay thé indi thiéc 6xit truyén thdng trong dién cuc trong
sudt linh hoat thé hé tiép theo. Tuy nhién, cac dic trung cua cac dién
cuc nay bi gi¢i han bai dién tro tiép xdc cao giita cac ddy nano, dé
cai thién cac diém tiép xdc nay van 1a mot thach thuc Ién. Cac
phuong phép giam dién tré tiép xdc yéu cau mot ngudn ning lugng
cao, thoi gian dai hoic thém cac chit hda hoc, c6 thé din dén tang chi
phi san xuit va lam hong chit nén phia dudi hoic thiét bi. O day,
ching tdi gidi thiéu phuong phéap tiéu thu ning lugng thap dé cai
thién tinh chat dién giira cac day nano kim loai théng qua hé thng
ngudn dién ap xung. Cac diém tiép xtc bi lam néng chay va céc day
nano bac (AgNWs) duoc han lai v6i nhau qua tic dong cua nhiét. Két
qua AgNWs riéng I¢ da thanh mot mang lusi AgNWs dan dién tot.
Dién tré ciia mang giam tir 72,6 xudng 29,7 Q/sq trong khi do truyén
qua van gitt & mirc 92% (550 nm). Didu nady cho thdy, cac dién cuc
trong subt trén co s& day nano bac dd ché tao duoc rat c6 tiém ning
g dung trong céc thiét bi quang dién tir.
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1. Gigi thiéu

Céc dién cyc dan dién trong sudt (Transparent conductive electrodes -TCEs) duoc quan tam
nhiéu trong nhimg nam gan day vi n6 la chia khoa trong cac thiét bi quang dién tur linh hoat thé
hé tiép theo chang han nhu d1ot phat quang hitu co (OLEDs) [1], pin mét troi hitu co (OSCs) [2],
man hinh cam @ng va cira s6 théng minh [3]- [5]. Indi thiéc oxit (ITO) dugc sir dung phd bién
nhét trong cac TCE thuong mai do kha ning dan dién va truyén qua cao. Tuy nhién, ITO c6
nhugc diém gion, dé nut gay khi bi uén cong nén khé wng dung trong thiét bi mém déo, linh hoat
[6]. Mit khéc, cac mang 1TO ché tao doi hoi méi trudng chan khdng va nhiét do cao, cing véi do
1a sy khan hiém indi dan dén chi phi san xuit I6n. Cac TCE hién nay dwoc nghién ctu thay thé
ITO truyén théng bao gom vat liéu nano cacbon (6ng nano cachon, graphen) [7], [8], polyme dan
[9], c4c cau tric nano kim loai (ludi, day) [10], [11]. Trong nhdém cac vat liéu nay, day nano bac
(AgNW) c6 tiém ning rat 1on do dién tré bé mat thap < 50 Q/sq va do truyén qua cao > 90%
cling Véi cac dic tinh co hoc linh hoat cao. Khdng gidng nhu cac dién cuc thong thuong duoc ché
tao bang cach bay hoi nhiét, AgNWs c6 thé phan tan trong cac dung méi hiru co va ché tao trén
cac chét nén tuy y bang phuong phap don gian nhu in, phun phi, quay phu [12], [13]. Bén canh
nhitg uu diém vuot troi cua AgNWs, dién cuc ché tao tur AgNWs van con nhuoc diém 1a dién
tro tlep xUc giira cac day nano van con kha cao 1am tang dién tré bé mat mang TCE. Khic phuc
van dé trén, trong nghién cau nay chung toi dé xuit giai phap han cac day AgNW véi nhau thdng
qua nguon dién ap xung. Phuong phéap nay kha don gian, tiéu thu ndng luong thap, tiét kiém chi
phi va d& dang thuc hién ché tao quy mé 16n.

2. Thuc nghiém
2.1. Tong hep day nano bac

Day nano bac duoc tong hop bang phuong phap polyol. Hoa chat duoc sir dung cho viéc tong
hop AgNW bao gdm: ethylene glycol (EG, Sigma-Aldrich), polyvinylpyrrolidone (PVP,K 88-96,
Maclin), bac nitrat (AgNOs, Prolabo-Phap), mubi NaCl (Xilong-China), mudi KBr (Xilong-
China), a-xé-tén (Xilong-China), con (Xilong- China), isopropanol (Xilong-China). Trudc tién
0,6g polyvinylpyrrolidone (PVP) dugc phan tan déu trong 10 ml ethylene glycol (EG) tai nhiét
do phong. Tiép theo, thém ddng thai 200 pl KBr (1M) va 400 pl NaCl (1M) cung vé6i 10 ml dung
dich chira 0,2 g AgNOs. Nang nhiét do Ién 165°C va gitr phan tng tai nhiét do nay trong 30 phut
dé khir Ag® thanh Ag. Toan bo qué trinh tong hop déu tién hanh trong méi truong khi N, Qua
trinh phan &ng va san pham thu dwgc mé ta nhu sau:

20HCH,—CH,0H — 2CH3CHO + H,0
2Ag" + 2CH3;CHO — 2Ag + 2H" +CH3;CO-COCH
Ag’ + CI" « AgCl
Ag" +Br < AgBr

San pham sau phan g duoc loc rira bang cac dung méi a-xé-ton va isopropanol (IPA) két hop
quay ly tdm 3000 vong/phut. Lap lai qua trinh ndy 3-4 lan thu dwoc AgNWs. Cudi cling AgNWs
duoc phan tan trong dung méi IPA vai ndng do 3 mg/ml dé thuc hién thi nghiém tiép theo.

2.2. Ché tgo di¢n cuc trong suét ddn dién

Pé lam kinh kich thuéc 2,5 cm x 2,5 cm dwoc 1am sach bang dung dich a-xé-tén va nude khir
ion. Sau d6 40 pl myuc in AgNW (ndng d6 3 mg/ml) duoc phu trén bé mat dé kinh bang phuong
phap in gat dé tao TCE. Pé cai thién d6 dan dién cua cac TCE lam tir AgNW, ching tdi sir dung

nguon dién dp xung dé han cac diém tlep xUc gitra cac day AgNWs. Diéu kién khao sat tai dién
&p 30V, thoi gian dong/mé xung thay doi tir 1/2s dén 2,5/0,5s trong 100 chu ki dong mo.

2.3. Cdac phwong phdp phdén tich
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Kich thudc cia AQNW duoc xac dinh bang kinh hién vi dién tir quét (FESEM) (JSM-7600F,
Jeol). Cau trlc pha cia day nano duoc xac dinh bang phé nhidu xa tia x (D8 Advance, Bruker).
Do truyén qua cua TCEs dugc do bang may UV/Vis (Cary 5000 UV-Vis—NIR). Dién tr& bé mat
dugc do bang may do 4 miii do (Jandel RM3 Test Unit). Anh nhiét dugc do bang camera hong
ngoai (Ti300+, Fluke).

3. Két qua va thao luan

Dién cuc dan trong sudt hiéu suat cao ddng nghia do truyén qua cao cling voi do dan dién cao
va linh hoat v& mit co hoc. Nhiing tinh chét nay c6 thé dat dwoc bang cach didu chinh chiéu dai,
duong kinh va ti 18 cia day trong mang dién cuc nano kim loai. Anh FESEM hinh théai bé mat
ciia AgNWs thé hién trong Hinh 1, cac AgNWSs c6 chiéu dai va duong kinh phan bd lan luot
trong cac khoang 5-35 pum va 25-55 nm. Thong thuong dung dich thu dugc sau phan ang 1a hén
hop cua cac AgNWs va hat nano bac. Trén anh FESEM khéng quan sat thay cac hat nano bac ma
chi co6 AgNWs. Diéu nay cho thiy rang, cac hat nano bac da dugc loc bo hoan toan tir hdn hop
thu sau khi phan tng. Két qua do trén phd UV/Vis ciing chi 1 diéu nay (Hinh 3), phd UV/Vis ¢6
thé phan anh dugc cac hinh dang va kich thudc cua cac hat nano kim loai boi su thay déi cong
hudng plasmon bé mat véi cac budc song khac nhau. Dua trén cac tai liéu di duoc cong bd, dinh
hap thu cua day nano bac nim quanh ving budc séng 350-380 nm con d6i voi cac hat nano bac
thi dinh hap thu quanh vi tri 420 nm [14].

(111)

Cuwong do (d.v.ty)

26 (°)
Hinh 2. Gidn do nhiéu xa tia x ciia AgNWs diroc

Hinh 1. 4Anh FESEM AgNWs téng hop bang

phirong phép polyol tong hop ¢ 165°C trong thoi gian 30 phat
EE
© =
S| 83
+ | X0
>,
=
b
=
Q
(O
I
1 l 1 l 1 I 1 I 1
400 500 600 700 800

== 100nNM

Bwéc song (nm)

Hinh 4. Anh FESEM AgNWSs véi diéu kién ap xung
khéc nhau: (a) 30V-mg 1s-dong 2s, (b) 30V-mo
1,5s-déng 1,5s, (c) 30V-mé 2s-dong Is, (d) 30V-mo
2,5s-dong 0,5s

Hinh 3. Phé hdp thu UV-VIS day nano bac
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Phd XRD dugc minh hoa trong Hinh 2, cac dinh nhidu xa tai cac vi tri goc 26=38,3° (111) va
20=44,9° (200) cho thay mau ché tao hoan toan don pha tinh thé bac, ¢6 ciu trdc lap phuong tim
mat va dugc xac dinh théng qua thé chuan (JCPDS-01-087-0717). Theo sé liéu thuc nghiém va
tinh toan duoc hiang sé mang cua vat lidu 4,067 A. Két qua nay pht hop véi hiang s6 mang tinh
toan ly thuyét 4,086 A.

D6 din dién tét 1a mot loi thé dbi voi cac dién cuc trong sudt tir day nano kim loai. AGQNWSs
sap xép chong chéo nhau mot cach ngau nhién, trong &6 NWs (nanowires) chi gac 1én nhau chir
khang lien khéi. Ving tiép xtc nho giira cac day nano bac 6 dién tré Ion hon nhiéu so Véi dién
tro tung day thong thudng. Diéu nay lam cho dién tro toan mang AgNWs van tuong dbi cao. Bé
giam dién tro tiép xtc, ching toi dua ra y twong han AgNWs lai voi nhau bang phuong phap
nguon dién ap xung. Phuong phap nay hoat dong dua trén co s¢ dinh luat Joule-Lenz. C4c vi tri
tiép xtic co dién tré cao nén nhiét lwong toa ra lon. Khi dén nhiét do néng chay cua vat liéu, vi tri
tiép xuc tir hai day khac nhau dwoc han lai nhu mét khdi thong nhat. Quan sét trén anh FESEM
Hinh 4(c), vi tri tiép xdc cua hai day nano bac di dwoc han lai véi nhau. Hai mau (a),(b) trén
Hinh 4 cho thay hinh thai bé mat khdng c6 sy thay dbi do chwa toi nhiét d6 néng chay cia AgNWs.
Tuy nhién, ddi véi mau 4(d) thi khac han véi cac mau con lai, AQNWSs ndng chay va dat gdy hoan
toan tai vi tri tiép xuc. Diéu nay ciing duoc thé hién cu thé trén anh nhiét (Hinh 5(a)).
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Hinh 5. 4nh nhiét mau AgNWs tai cac khodng thoi gian déng mé xung khac nhau

Khi duge dat nguén dién &p xung 30V vai 100 chu ki déng/md, mau ma/dong 2,5/0,5s sau 10
chu ki da c6 hién tuwgng dat gay. Nhiét do do dugc théng qua anh nhiét luc nay la 246°C. Cac
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mau con lai voi thoi gian mo/déng lan lugt: 2/1s; 1,5/1,5s; 1/2s qua 100 chu ki déu khéng bi dut
gdy, nhiét do do dugc twong wng 212, 152, 135°C. Qua ddy chung ta co thé thay, giéi han chiu
nhiét ctia mau da ché tao dugc 1a ~ 246°C.

Hai thong s6 quan trong nhat di vai TCEs 1a d6 truyén qua (T) va dién tro bé mat (Rs). Hinh
6 la gia tri R va T ung vai didu kién xung khac nhau. Khi thay doi diéu kién dong/mé xung, Rs
thay d6i manh trong khi d¢ truyén qua (tai 550 nm - 92%) khdng c6 su thay ddi so véi mau ban
dau khi chua dat dién ap. Khi thoi gian ma xung tir 0-2s trong mbi chu ki, dién tré giam mot cach
rd rét tir 72,6 xudng 29,7 €/sq. Tuy nhién, khi ting thoi gian xung 1én 2,5s thi dién tro lai ting
manh 1én 102 Q/sq. Pidu nay c6 thé dugc giai thich do sy dut gdy AgNWs tai cac vi tri tiép xdc.
Khi AgNWs bi néng chay va dut gdy, cac day nano khong con su két néi véi nhau. Sé lwong
kénh dan dién tir giam khién dién tré TCE tang. Nguoc lai, khi AgNWs duoc han véi nhau nhu
mot khéi thdng nhat. Rao thé tai bién caa day bi loai bo, dién tir ¢6 thé di chuyén linh hoat tir cuc
am sang cuc dwong dan dén dién trg TCE thap.

150 |-

- —100 R
=T - &
é:\n 100 | | & B

| S !
g N—N—N—N—% © b
(O - ~
E ™ = 90 O 8
o [W—n R
e} n > 2
'9 50 - 2 ®)
-— - - L
@. - —180
@ [

0Q 1 ] I I
0.0 1.0 15 2.0 25

Thoi gian mé xung (s)
Hinh 6. Gié trj dién tré-bé mar, dé truyén qua va hé so FOM véi céc khodng thoi gian déng mé xung khéac nhau

Panh gia twong quan gitra tinh chat dién va quang cua TCE, chlng t6i sir dung hé sb chat
luong (FOM) dé danh gia. Hé s6 nay duoc tinh toan theo cong thuc sau [15]:

FOM= 9pc _ 188,15
0P Rs(T"z-1)

Trong d6, cop()) 12 do dan quang (tai 550 nm) va opc 1a d6 dan dién mot chiéu cia mang
moéng. Trong cac trudng hop trén, do truyén qua (T) khong thay doi nén hé s FOM chi con phu
thuoc vao gid tri dién tro (Rs). Gia tri FOM 16n nhit dong nghia voi chit lvong TCE 13 tt nhat.
Tir Hinh 6 6 thé thay gi4 tri FOM tét nhat 1a 151,4 Q™ twong ng véi do truyén qua va dién tro
bé mat 14 92% va 29,7 Q/sq. Cac théng sé nay cho thay TCE phl hop lam dién cyc trong subt.

4. Két luan

Chung t6i da téng hop thanh cong AgNWs v6i dudng kinh 25-55 va chiéu dai 5-35 pm. Bang
viéc str dung phuong phap ngudn dién p xung, AgNWs dugc han lai véi nhau cho két qua TCE
t6t voi dién tro 29,7 Q/sq va do truyén qua 92% tuong ung hé sé chat lugng FOM= 151,4 Q™.
Két qua cho thiy, TCE tir AQNWSs rét c6 tiém ning ang dung trong cac linh kién quang dién ti.
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