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Improving the Electrical Properties of Zinc-Tin Oxide Thin-Film Transistors by

Additive using FElectrohydrodynamic Jet Technology

Woon-Seop Choi*, Young Jik Lee, and Yong Jae Kim
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Abstract: Oxide thin-film transistors (TFTs) are important semiconductor materials for display backplanes.
To fabricate flexible displays, not only display modes but also TFTs are important. Flexible TFTs are
especially needed for flexible displays, and related processes need to be developed. Printing is a good choice
for the new fabrication of oxide TFTs. Electrohydrodynamic (EHD) jet printing is an excellent alternative for
making flexible TFTs. To improve the electrical properties of oxide TFTs using EHD jet printing, propylene
monomethyl ether acetate (PGMEA) was added to a zinc-tin oxide (ZTO) formulation. EHD jet printing was
performed by Taylor cone jet mode with parameters of 2.4 kV and 0.064 pl/s to obtain uniform thin films
at a substrate temperature of 50°C. Much improved TFT properties were obtained, including a mobility of 7.11
cm?/V s, on-to-off current ratio of 2.8 x 10 and subthreshold slope of 1.44 V/dec for ZTO TFT with 5 wt% of
PGMEA, and a mobility of 1.43 cm?V s, on-to-off current ratio of 2.7 x 10° and subthreshold slope of 1.32
V/dec for the ZTO TFT. Almost no hysteresis behavior was observed in the oxide TFTs with added PGMEA.
We report a new way to improve the electrical properties of oxide TFTs, by the simple addition of PGMEA.
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HaEg o] A AHY2FH o] (liquid crystal display,
LCD)lA f71dgtie] 2= t]2~E°] (organic light emitting
diodes, OLED)Z22] H%to] FA3}A o] FA L lrt. OLED=
FAYPAE AR P TVA] 2 F9L &star ot 4t
SEWEAE LCDE EE°|32 OLEDIME AMEE dl4le] ut
A 2A g2=Zgo]9] backplaneoA 2FslE EMA|H (thin-
film transistor, TFT)E ©|F3 Ut} [1]. 4% OLEDO| ARE-
ske A2 o4 AElE (low temperature polysilicon, LTPS)
o} g vaZolol ARgsk= AFskEnteA] (oxide TFT)E 3
7| AME8k= low temperature polysilicon oxide (LTPO):= 7i'&
Ho] Aol A=

- A 94 T, 0194 - WA A7l
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ASEMEA 9 LTPSE] A2 2HH (sputter)-t PECVD
(plasma enhanced chemical vapor deposition)2] ¥4 AM&-3to
Azt=ls AFFAeltt 2] ey ol IFFS vte] A
9} lithography &7g°] k=l A7k v83 thike] slshHEad 9
ARg-o] FRbE T g FHIZole 94 t&Ze o] (flexible
display)s RFE7] 913 vt 71e] Wlo] o]RofR|=t], 1 F
oA FI4 TFTE AZFshs 7124 Al (printing)’]&©] 7t
HI itk o= &xE Mg AT P oR A Fo] st
Ao R £ o HAFAR FAolt). o9 LEERIEAE
o]&3 TFTE AFste 72 printing 2}
electrohydrodynamic printing (EHD jet printingys-°] 1t} [3-5].

EHD jet printinge inkjet printingZ= tF2 WHAUZ <3}
o] & He ZoR 89 jettings &l =Fo GAT 4
< 7hh ANl w2 U A =53 713 Aol 7late
A7t Y= e 7ol o9k e inkjet ©]ut EHD jet
printing> Z83F ot sy | upakg Meldgom A=e
= drop-on-demand (DOD) 7]%°|t}. EHD jet 1354 o
=313, 715 ¥4 parameter®] ZEZE PEEE (macro)ollA W=

inkjet
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(nanoyZFA| 9] theket SRR} $A| IEd=e]
T Aot [6]. H2o] 2 ATFE2 AT <
TFTE A&sks d+& st ok ArsE8
inkjet printingZ} EHD jet printingS ©]-&3sfy F44k8E TFTs
£ AFSIAY [4,5]. $HH, EHD jet printingZ |0l F714]2]
line printingZ]€3} sprayZ]&©] Uch £ AF”HolAM= EHD jet
sprayS |3l ZTO TFTE Ryl [7]. HAolE EHD
jet spray (atomization) 7]&S ©]-83t] quantum dotsS HA
g3l QD-LEDE Al&ske A= Barsksith [8,9].

ASLEREEA| 24 ofAFA] 48l (zine-tin oxide, ZTO)°| 2t
g e, ole AUk QIES ARSI @A, A7F] Al =St
ol FAHoRE AVHEALS FHE F 7] wEelth &
AFEL old FEsle] ZTOE JUMFTAHOE AZshs A+E
=202 &l $ith Inkjet printingS ©]-8-¢F AbslE wheA|
T2A 58 o]FEE LU, EHD jetS o838 ATEA]
s 4718 58S %‘ﬁ 3Tk [4,5]. 4, HieA|e] 54
5

i g0 ofs stel g =
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o o

>~ ﬂllo mlo
29
b D
ol ot

P
mlﬁ

=Sy
vacancies)O-2 H7|1HEAS 7K A e 7497t k. wEbA
b FEE A flste 043%7}11 oleg Y= ATE
Ga, Zr, Al, Hf5°] AM&-%|3L [10-12]. 3},
Zrg =338 Hfol= ZTO TFTs4 AN B4E 9 e 4%
 [13], Zre] =g uAsH 288 e 238
714 EAo] e Ao B Hr|e

g 2 A7AAE T8 ZTO TFTOl UFS =33 74
cm’V s2] olF%=e} 1.87 x 10°2] AFEAHZS A} F3h

AFAEES o}1S =sled 1.8 em¥V s9] olFE9}t 149 x
1079] Z7H1e] 548 BT [15,16].

olelof| =, Hof] & ATEE AEA Ho|ZEE AetHA
propylene monomethyl ether acetate (PGMEA)| F%&-3}1th.
3 AR 2(Ag)H TEl (Cups ARSI HEd =4S A%
3l7] Yste] EHD jet®E line patterns T-AJ8ke] 2 EAS o
AT} [17,18]. 2L H=2] HO|AEE IE jet printing & 7%

ol k= lines B4 5 §iUTh 22y PGMEAS H71e
739-=, PGMEAC] &Jgt §32 jetting5/do] 7HA=o] 100 pm

olate] HEHS AN, 2 M7|HEAC] A FHES d& F
AATE.

el B A3des I Fre Ho|2Ee AR
PGMEA7} A A=) Akl &doye 745 7 4 U=A
of disl 28& BFA = A F=e) ZTO &9 Hrlste
EHD jet printing®] EA30= 7§Xo] 7Fsd Z<17}, EHD jet
print® &2 AZFE ZTO TFT B4 kol e 714L + e
A& AFale] 2 H71HEA tiste] Bal st f&E}.
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ZTO N 03M2] zinc acetate dihydrate (Zn(CH;COO),.
2H,0, 99.999%), 2} 0.3 M| tin chloride (SnCl,, 98%)S -&ul
FA)= 2-methoxyethanol (CH;0CH,CH,OH, 99.8%), QFdAI =4
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Fig. 1. EHD jet printing mode with applied various voltages
between steel-type syringe nozzle (I.D. 100 pm) and substrate.

£ acetylacetoneS 37F51] 60°C ollA] 8A|7F wwt &lod A Z319dt).
olu o]5 &llo)| H7HIEA PGMEA (CH3C02CH(CH3)CH70CH3,
99.5%)E 0.5, 1, 3, 5, 10 wt%7FA 75l PGMEA7} 3%
ZTO&& Alzslsi.

B AGoA A8 EHD jet printer= printing £S5 Y&
FAPO| =5g Bola, vAZAo] 71t nlolaR HEE }f
g JletiA =& Z1EAbeld w2 AYS AUkeit) old
HAehE MR Qs =& oA &9 EE (jetting)
2k(spray)e] douAl Hoh % %Ur el w2 g9 EF
L & FgtE AEEY Ak BEER 20E gRI
fdo] BEZ FHE 7B 7530 ke 2§ (x-, y-axis)2t

A3t (z-axis)29] olFe] 7Fedta, EEEe A 82 AFH
2 Aort 7hsslth. 3RUTERE =57 7)Ao M=t 7F
A, aEze] &5 Td BEEEHE AR 79 RS £
A F AUt

nlo]l32 HEE o]83le] 0.0032 pL/min®] FEZ A8 &
Hef| 4 7tk FAl =53 719 Aleld] AUE Q17
719, 2" 18} o] 7RiA= Aol 2 kv o] HwA] &
o] 7kzo] A7) AlFstal FEARl AH ] EFo] AlAbEnt A
%ol oF 2.4 kv W2 F7I=RA dFe] EZo] YA o]F
o]X|=H] o] A$E Taylor cone jet modeg} 3hH YA EE
24 EHELQ B3 A7t 7Rl

12O A0

. =52 =9 syringe=

A W73 100 pme]aL, 712k iE—‘;— Akeol| A Z8E T,
TFT—IJ]"— Azetz] flsted, @ e Aste dede] A
Z el 718 IPAEST xﬂﬂoxgo JASE o] Ak =

g=ulZ 150 WollA 3087k xirﬂo}al EHES e =E si4
319 th. PGMEAZHTE ZTO89S EHD jet printingdl?] 915}
o] 71E€ 713l EHD jet S /\}—&0}04 EZ (jetting)3IA
o} ojuje] FFRAL 7= 50°C, 71&4 o]F&E 4000
um/min, ¥R &% 0,064 pl/s, 2L 7P 2.3 oA
2.5 kVo|th. EHD jete2 EZ ¥ wute Adx g (soft
baking, 100°C, 3¥)2 |ulE 7|3, FEAZZ 400°ColA
1A17F hard bakingS @33 TE TFT] source-drain (S/D) =
S A9l dFRFeE d TEAVIE o83k 10° Torr
oA Z2sle] bottom-gate?} top-contact TFTS #2515 T). ©]

o] Ade] ZAole 100 pmelx ANDe] Zolet Eeo] HlgL
1:150]t},
PGMEA7} 3718 ZTO H“ﬂbl EA%7IE $Isted, DSC/TGA

EXL 10°C/ming] & £5E2 thermograme 74311, vt



o] AL FAstr] ¥k Xeray diffractometry (XRD,
Rigaku)g& S4sIA5L, Az HE&S Rlstr] flste] Xeray
photoelectron spectroscopy (XPS, Thermo VG ESCA Sigma
Probe) 41 15 kV, 100 WollA] 2185ttt olnf HAjz] =4
sputterings SIS, Al Ko T3PS ARSI, B3t C s
(285 eV)Z A (calibration) 33tk A12FE PGMEA 371l
ogt ZTO TFTY 54 ¥ 7l= parameter analyzer (Kiethley

1200)8 Algalo] AeRHIN A7 ke AR
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EHD jet printingS $13t] FH]¥ PGMEAZR7FE ZTO&-<o
Al Bl E SEAAN GREAOZA TGDSC AEE FHISHAT
a3 28 9F 10°C/mine 2 522171 TG/DSC thermogram<
Rl vk DSCO] A 227} °F 100-150°CH-20l4 |
S BEIIaE vEd o W2 AIEEHE 2-
methoxyethanol®] ol 2J5le] Yehe o2 TGAAM =
T At Al BAskE AL g1 & F ik @
PGMEAE 150°C HFol| drdo] ZPs|wr FE3A Uepdt)
ol TGA “ollxe grle] S} Zo] Yehir] Hukzoz
FHFo] Ashs S YERITE o] Fdll= ¢F 300°C F2ellA]
FsA AT (exothermic peak)’} YER=H], o= f71E%
o] Bal= <lsle] Yehte Ao F54I8HE (metal-oxide)©]
networking®| LAY3}7] Al&sle AL, SRR E AL o] 2=
7} ZTO w59 A$Htes Yol Fojth ojRe
dehydroxylation®l] o3&t} F<&3 2lslE Ale]e] ZHgto] o]Fofx
™ ZTO "iete] = vhete] Wrw Frleitt. gk o] 739-
= 7129 In,0; T 274 (self-combustion)el] 2] &k
A2 gl Hkee dojupx] ZAo = wekE)

A O = sol-gel T4 o]t A F&4tsEe] upeke
amorphous®] 548 H<SIt}. PGMEA7} 71 ZTO&o 2 A
Z2¥ 9 XRD 492 AlERth 28 39A19} Z¢] XRD
peak’dollAl AxAdo] vehA] ¢ As E9l sk ZTo &
T oahate] A= 34 279 wEbA mAlgk 2720 e
e A% AR gAH R FAFe|th, PGMEAE f71&
ZA FEHASEY 24P WellE £ 4 A7ldl XRD £4]
of W} FAHY FRE e AL o=0] 75E Aol

PGMEA7} 3718 S48 ZTO whate] 9474S Bkls)
7] $18te] 29 43 Fo] XPS

22812 v}
9] XPS¥#4 spectra®lA] O Is core shell2 Gaussian

R
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L= = RN
Rt |

deconvolution WHO 2 fittingoll 2|3l M7)<e] sub peaksZE
fitting® A& 29 4% F 154 2ol AUt [45]. ol
PGMEA2] &2 0% ol 10 wi%ZHA wslsideh. 7 vhe
A% peaks 529.7 eV FEOE o]y F&ElEe] 491
Zn9} Snefke] A% #AEE 0y ol2MO)Y 98t Yehe=
Zoltt, the-9] e Ad peak £ 530.8 eV FZol| YERbET
O|AL kAol FHAY (oxygen-deficient region)? A#E Oy
o] (VAC)N oJste] yUehtes Zolar, mpAwo R =2 A
peaki= 531.6 eV FZoll YEH, ol F5tskEe] wHd
ZHg oy Akage] A% dEE 44 (OHyl 34

!I[olv

4 28 591
7 110
6 - —— TGA 100
—— DSC
51 L 90
4
5 - 80
3 —~
321 E
o - 60 2
1 — g
£ 0l A,/' . - 50
4] - 40
24 - 30
34— . . . . . . . . 20
0 100 200 300 400 500 600 700 800 900
Temperature T (°C)
Fig. 2. DSC/TGA thermogram of PGMEA added ZTO solution.
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Fig. 3. XRD spectrum of ZTO thin film after hard baking at 400°C

H ot} o] FXE Al ® 194 a54%s #HE
O Is core shell> Z} H&2] H]-&3 MO/(MO+VAC+OH)E A
AFgE 4= Qltk. FH|E$ 21 PGMEAS] H7iel mEbx MO 2
ool Hlgo] F7IES ¢ F Itk & PGMEA FH7Mol=
MO Agte] Hlgo] 69%l4 PGMEA7} H7tsle] ghgo] Z7t
ol webs 75%7HA B4 AbsEe] HEo] ks Egt
FE ez OH Aol &g HIE-& 8.25%NAM 7.65%= 78t
Atk ©]= PGMEAS] F7tel mhe S44Q a3z & o B2
FEASES AR PYE AH EAAE 7 ¢ Uk
Sk O 2 f71EES XPS B4oA UERA] gstt o= F
NebE AT ] AAENE AL ofn]git
AEE TFTY A2 218k EHD jet printing®l 448
o] AlZ &2¢} =9l A= (source and drain electrodes)y=
FAABTE BAEE ZTO wee] F7= °F 14 nmol, olw 3
A" Ade Z3 Zole 150 umet 100 pm= FCIHAT}. o]
E9 TFTEAES 9ol 29 60l transfer curve (2 5a, d)<}
output curve (I8 5c, N 542 YUERATE. PGMEATL 3
7VEA] @82 ZTO TFTAAM+= ol5=E 143 em¥/V s, wHAY
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Fig. 4. XPS spectra O 1s core shell spectra after Gaussian deconvolution from ZTO thin films (a) without and (b) with 5 wt% of PGMEA.

Table 1. XPS spectra o the O 1s core shell of ZTO thin films with
PGMEA addition.

PGMEA, wt%  Onmo (%) Ovac (%) Oon (%)
0 69.27 2248 8.25
3 69.90 22.02 8.08
5 72.04 19.10 8.86
10 75.59 16.76 7.65

Table 2. Electrical properties of ZTO TFTs with addition of
PGMEA using EHD jet printing.

PGMEA,  Mobili . S-S
W% (cmz/VtZ) OnOffratio - Va (V) (yy/geqy
0 143 2706405 072 132
05 399 639E+05  3.06 0.92

508 LO2EH06 347 0.50
3 509  175E+406 440 1.03
711 2856406 512 0.82
10 495 128406 840 1.44

£ 0.72 V, AFH] (on-to-off current ratioy= 2.7 x 10°, Z&|3L
sub-threshold slope= 1.32 V/deco]t}. L&{u} PGMEA7} 7}
HA TFT] A7185A40] F7Fet7] AlZHEtt. PGMEA7F 5wt%
A7MEDE 9ol ol5EE 7.11 em¥V s, FEHAYL 512 V,

7 ¥ (on-to-off current ratio)% 2.86 x 105, Z12]3L sub-
threshold slope= 1.44 V/decelth. 3 29} 7Fo] PGMEAS| 3
72 gk o]Fe] A, AFH|Y o] FreAle T A
71HEAL] o] mig- Hojte & F At

ShA ©]&9] transfer curveE forwardQ} backwardZ =73l
hysteresis 532 A RUTE (ZF 5b, e). ZTO BFo = WHE
ASole o= HE9| hysteresis’} EA514, PGMEAS] H712

slo] 717 7)E hysteresis®] S0 dof HS &
o} gdatdoZ UEF TFTOA12] hysteresis 549 o=
NAMEES 7 UoJul= hysteresise REEA|9 Alo|E AAA|
19] Ao 2 B2ellA BAskE Axke] E(trap)elt B
= AlE WA ] Aid Wil AEE HAte] Efe)] <%
Zoltt, oleh= tE A= AlOlE A WREe] o] (Yol
ol gol)o] olEdh= ?‘i*&(migration)ﬂ] o5k Bk WA
Ul M2 AANEEe R dojube hysteresis7l ATt [1].
SH|EAIE PGMEAS] 7t oste] £ EAo] Mdxe AL
BT} 5738 metal-oxide (F5AE)Y] FAHOE g Aoz
Ats s, 22 l8te] AFe] Aot Bl AR ARER
o] IS A5 WEoFE AlE ¥t

548 2% 5c¢h SPlA AFEW, 55
338k 23} (saturation)5/go] 2 YeRdT) o=
odstA gk
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9tk PGMEA7} 5wt% 3718 ZTO TFTE ©1%% 7.11 cm?V s,
4] (on-to-off current ratio) 2.86 x 10°, ZZZ]3. sub-
threshold slope 1.44 V/dec®] EA%S UERNITE PGMEAZ2]
F7E= 18t ZTO TFTe] A71854e] ni¢- Fdgs elst
Stk gk PGMEA #H7FE 13k transfer curve®] hysteresis
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Fig. g Transfer curves, hysteresis curve, and output curves of EHD jet printed ZTO TFT without (a, b, and ¢) and PGMEA (5 wt%) (d, e,
and f).
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