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Abstract: Organic light emitting diode(OLED) has the characteristics of lightness, thinness, porta-
bility, self-luminescence, low energy consumption, higher brightness, and flexible display eic. ,
which can increase the added value of display products, so it has been widely concerned by scientif-
ic and industrial circles. However, the key organic materials in OLED devices are very sensitive to
water vapor and oxygen in the air. If the device is exposed to air for a long time without protection, it
will seriously affect the long-term performance of the device and shorten the life of the OLED. In ad-
dition to selecting appropriate transmission layer material and surface layer structure, and using in-
terface engineering to improve the water and oxygen tolerance of materials, reliable encapsulation of

the device is another effective means to isolate water vapor and oxygen corrosion in the air. Atomic
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layer deposition( ALD) is an effective film deposition and thin film encapsulation technology that has

been verified in the laboratory. Due to the self-limiting reaction characteristics of ALD, it can deposit

thin films with accurate and controllable thickness, uniform and dense at low temperature. The

films deposited by ALD always have good flexibility, ultra-high barrier performance and optical

transmittance. In this paper, we will review the principle of atomic layer deposition technology, ana-

lyze the water vapor transmission rate, compare the advantages of ALD in single-layer and organic-

inorganic laminated film encapsulation.
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BE & B R HL 17 b 1 2 AR A 485 T 1) A B
R JE R 8 R H AR . B,
A HL A 3 & Ot % 7F (Organic light emitting diode,
OLED) & 7 % 75 5t il 38 4505l 5 9 1 7=l Ak, 763
e FHLA A 3 ™, OLED i 2 30 T Pl & J 1y
Bk MiyBER M 50%", HiE, OLED #f &
3T AR Z2 B2 FN AR [) B0k £ figp o, 2= b A K
TR WA A AL R 4 Ja FL A, )™ 52 0
e PR TARRRE P . BB G 74 7 7T ABH 1k 7K
HAE R MB3E UE R S0 A fir o SR B e 4
R SRR X P B 2 AL M R S e B A A 1 D0 B At
XF AR AF B OR3P [R] I RE % 3 122 N AR AL L LR AT
e JAE I HA R — & By AL 1 B BEPE fiE

Ji ¥ )2 UL (Atomic layer deposition, ALD)
L o B R K 5 AR T TR A 4
JEJE 09 45 5, 7F W B 2 (Thin-film encapsulation,
TFE) 4k A R BT 7™ {5 ALD $ AR N
T OLED J TFE i ZL % J& LT = A& = (1) KR
poul % (Water vapor transmission rate, WVTR) .
H1 T OLED 89 AL 76 42 firk 3] 25 b i 2K R
If 23 A2 S, A R B B R By T 45 36
S35 vP ) AACVR S N DT Xof 5 2 3 R AR IR, 5 AR
LR AR O PRAIE AR F B A 10 4F (Y 4 11 73 i
— B TFE A K IR BB fE /1 /5 15 21 10° gem - d ™,
DL 2 %0 8% 1A 2 A Y. (2)e 2 & ad
T IUR % OLED &4, TFE B 1 & 21 B /%
KEAE e N B s i il . OtriE
i A W A BE R L, ALD 1l 5 Y v
HATRE NS 558 v B B e R I OB R Y AT
GERARE, Bl & 62 5 TFE [ 3T 5 K BL L B

OGHAAE | PR H A ey 8 v R 23 BRI Ol 24 08 5 8
A LASE 2ok 5 T S AR AT S 3R AR A A K
JZ S5 A8 B 07 95 4R i AR R ROL U MRS, (3L
WPERE . ALD 145 9 TFE HA 8K 38R 77,
B/ AW E . HI, 2RI 1 KR
REL o 4 B T 412 T e Jost 3 68 ) AL AP E L i 2 LAY
—E AL R . —Jr i, v] LUK B B ) 28 b
YERI B2 51 NG K B 2 454, 150 1507 77 AR 3 1]
EZKF LU, JCAL 3 43 25 0 1 A L g ml L ot 25
B 1) 1V 3 J2 R BETI, AE 21 e Jn A0 AR 3 i H T
g o7, B RIRE S IT R 5 —TJr i, Al
P 2 T RS 1) 26 )22 LA R RRAR AN AR L g o et
BLOG H i 4 2 22 S R B ol | X 3 2 P BB T RE 2%
AR 2 SR

ALD T2 H AR B A B AT 45 | 5 [ B o %6
o A5 R BT I 0 B A S A g R I i 3
S, 78 T L 3P IR R 2 L1 R P F TS T Ried] 45
WIR T ALD A= KA F5 Bk 8 K BH BE HL 1t (Perovskite
solar cell, PSC) TJ fig H, faf 1% i J22 (1) 9% o WL KR
W B B IR+ K% Hoex ZE¥ 40 T ALD # KR TE
i A i DK FH RE HL Mt A AL KR B BE H Tt (Organic
photovoltage, OPV) | 8 5 X PH fE HL b Al 1+ £ K
BH fiE Ha, vl 55 4501 AY 0 T . ALD 1l 4 19 4810 ) v
J3E T 22 B2 SR SR 1 O AR M R
1 A B 2 UL A R AR R o RO A I B
IR AR KA Jarvis R T R OPV AT OLED
HAT R 08 04 ] 75 i LA 2 sl b, B iR
T ALD BB TEHL L J2 TFE BEAR K VS 1 %
[] I 2 1 7 ALD 4 @ 48 Ak 40 AR & W 10 A2 8 B
P AT DUAE K IR8 & AR, NIRRT WVTR
B 3 [ BLH K 2% Park S5"EZE AR iR T TFE
5 G B3 B AN ) & IS 32 AL ALD TEAL &
J2 358 20 XE DL SRAS 5 K VR BH B A BL ARV BE L 3R B
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B ML-TCHL A A W . SCrp 322 AR Y TFE
(0 PN R 1 BE S K T T A B2 R
PUBCME BB 09 77 1 o 4B B K 2% Chen 551 [A] i
T ALD £ 3£ R7E OLED b (4 )% 1], % ALD 5 H:
KRGV T 24T T, N E T AR R
IR F 2 DR B LR HE ] T OLED 252 B
M R T T s B A B R L X 4% 28 ALD
A TFE Fll ALD 8 23 1 JIE 45 0 25 e 1 i i
AR SRR IR TR AR AR R X I AR
BEION A I ORI ESE R A LN W o RN e o]
55 B 2 3 T () BT T T . AT SR
& B OLED 1 %< £ R & = Fh #8844 (OLED.OPV
I PSC) R LAY, WHe T = A i & 19 24w &=
FLRACHLE] A8 T R R A BB AN IR R
DA R 3t 28 b LI AR RN ZLSK, I 20 BT T 45 Fh AR )
(255 T 2,

AR SN BT AR J T )2 OB B AR il 4 T
TR H AR LR A 2 58 4 i e A HL-TE L
YK EZ SR T AE. A48 ALD [ BR il it L
I TFE B #0F 5 KA S iR T2 1
B AT IRAR JFORL 4B 2% R DTRR BE L ALD
ik 3o i TR0 R W A B ] XoF 92 ST R B 1) 5 i) LA R
IR R B R R M O R o RS AN TR A AL
REW)Z TFE M E Bt . A 2R % i B3 2
W0 BB A BRI A R R S E R
J T —Br B OLED 4k TFE 48 I RF 24 Rk 5 .

2 EEammEAR

2.1 MATHEBRHEHBBRERZAR

H #i OLED B9 TFE 3 22 LA Ak % <A U0
(Chemical vapor deposition, CVD) N E,CVD i
AT A B 5 B 5 O B0 G [ I A fOK 9 1 Y
JE R8T T3 BE DR AIE — B A S 38 5 P 5 (H AR R A
CVD I, 5L B4 J5E AT 1] 25 &, 5 AT RE 25 A
HIKVRE FE W AR R F A5 B T AR s Ak o
KA PLFR (Plasma enhanced chemical vapor deposi-
tion, PECVD ) B AR il #% T 20 Tk B 2 — Bl A 80
%, 5 300~800 ‘CHY Ji #h #4 CVD M H , PECVD 1]
LAAE 250 “CLAR AR B2 A% B9 D0 B BE T 2E AT, I
HUTHBA R ERR, CL5H Tl M
Y OLED Jab 26 1 1™

5CVD 7 AR TA , ALD J2 K6 0 i 9% 4% LA fik
O A A BN g b X S S AR
J VL CVD AN ], fir L ALD 78 il 5 3 B8 14 35 %)

P PRI L R JRE R 4 1) 25 Oy TR B AT Y A O
oo 5 CVDZEL, ALD L AT LR 45 B 1 35 Oy
AREARTOBURLEE | 55 2 713 3 )5 1 2 DT (Plas-
ma enhanced atomic layer deposition, PEALD ) il 1+
LMol NS I d R Ate = w1
R A 55 2 1N AR ) £ 2 BN ML A RO T
TALRE (B3 5 T7E IR T SE47 IR 84 m 1 R mi
18 S 1oy R AN AR AR R DR 20 W AR
R AU He 50 Ar 1] D)L R 55 8 7~ IR F50E 1, T
DUAR ) B 2 2] i v 5" B PEALD 5 ] 19 & Fh
S B AU R A o X T R R R T A A I
Rl i J2 RS T BE 2 DR - i T AR
2.2 ALDREIE

ALD 0 AR B A G 72 43 S G Al s (1) A 2 108 Ff
FIBR i) dk A —— 1 S AT SRR A B i A R R
TET , 755 T KA A 52 4 VR R AR T e o 3 AP PR A
HEAT R AATE Uk ¥ 22 A AT 3K AR A W Bk o8 B2
J& L TR AT AR AR B 5 TSR A BEAT Ak A S AR
RN B ER — b BN R A I R AR T A B e A
BHERTA S |, 38 2 BT SR (8] Ak 27 S, 27 I B 7 )
AR, A& 1 Ca) Bt s o (2) IR B 1 FBR 1 5
i ——5fc o1 1% Ak 500 0 A e IS R R T, R A AT
B A A 5 Al IS A L 2 T AR 2 IR B ] A, 2 S
JIG 2% THT 14 23 B 1 ik AT 39 6 52 I, i B4R A 55 40 R
AR SRS IE 5 2 )5 PR IE A HT IR A B, i 9K A4
B i 2% Fll o (0] 4K S T8 0 B RS, 2 R T AN
7 AE AT BEE AL B 3k 380 46 R o 3R 4% AR A AR IR
B, i 1(h) Fin . AT RN, Za
55 0, RIVATBKAK A 55 I AF S A 7 AR R
Wy, DR T SRS R ) s A B HE
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Fig.1 (a) Chemisorption self-limiting process. (b) Sequen-

tial reaction self-limiting process.
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P A TT R KA AR TR RE S A 1 Ak 1 AT I B4 R
I PR T BSR4 A 2 W R )22 O i 52 B I T
TR A 0 BE A

ALD J& Fif 9% 04 52 5 38 A SR AR S, 78 IR
A P 35 108 3 Al 2 ORI R — = 2 B .
BEAT UL, 52 0 ALD 3B A B R PR 3 32 R AR
PR AT AR FIAS I

3 AA ALD 3 K4 & A A b 5 & R
SR LR

3.1 ALDEREELHEEHE

ALD B2 B8 25 g f7 20 00 ARG R AR T
T AR 3 ARG 7 88 19 TFE, {H 52
S Ak BB 1 7K L R P R R BIL A P R A 2%, T
RS E AT
30101 RE M0 S E AL I3 R

ALD 7 UL iy v B 4 B A ALO, ., TiO,, MgO .
Si0, %5 , H i ALO, i1 T AR 57 119 7K 7 B B 4 g
KA 1 62838 1 R TR S 2 1 MR . i
B R A T 5 A5 2R BE Lee™$5 1, 24
ALO,YE R TFE )2 i}, 78 ] UL O X 5 B A AR 25 19 35

50 nm
—

50 nm S nm
T et Total 100 nm

Substrate

Al,05;100 nm

Substrate

Al,05 25 nm/Zr0,25 nm

B £, 50 nm JE ¥ 1Y TFE i 53 R >98% ., 1 [E I FH
K2 Jeon 25" o J7F ) B3B8 (Atomic force mi-
croscope, AFM) 23 7 & B, ALO, JZ 19 2 10 AE # 6
1, ¥ 77 #2 (Root mean square, RMS) # K& & N
0. 34 nm, 1fij Zr0,JZ It ALO,JZ &R H 8 K ) RMS
(1.09 nm) ML KE & . EHRZMHE T, ALOJZ BIR
thHE Zr0, )2 T 4 1 7K VR BE B Pk RE L Ca il 38 D 75
100 nm ALO, 2 ) WVTR & 9.5x107 g-m™-d",
100 nm Zr0,)Z2 A WVTR K 1. 6x107 gem~-d", 4K
B 16 B ALO, Rl ZrO, ) 2 )22 B55 25 K A7 45 58 48 1Y
KB PERE , 24 ALO,F 20O, 28 B LA — > ALD
JE IR, WYTR & % 9.9x10™ g-m™2-d™'. flfiT4
g%ﬂ%m*ﬁﬁ%%ﬁm(f’olyether sulfone , PES) j8 It
AT WVTRAE , [F) B SO p 2 k4 Ui I
AT o, K2(a)~(d)ERT 2nm/2
nm 22 JZ B AE AR 20 98 RN 5 43 HE SRR B35 B LT
1 f4U5% (Transmission electron microscopy, TEM) [¥]
%A LALD 16 34 J& $99/1 ALD 11 36 J 30 F £ )2 B 1
I 53 B R A 47 HE R T 19 TEM BHER . B 2(e) ~
()43 3R ALO, ZrO, F1 AL,0,/Zr0, % J2 5 (25 nm/
25 nm .10 nm/10 nm .2 nm/2 nm ., 1 {53 J& B /1 16 3R
JEI) B e A R A
(f (g)

70,100 nm ALO; 1 cycle/ZrO, 1 cycle
Total 100 nm
(i) (j)
AL, 0; 10 nm/Zr0, 10 nm ALO; 2 nm/Zr0,2 nm
Total 100 nm Total 100 nm

E 2 (a)~(b)2 nm/2 nm £ 2 50 BIAEAR 53 BT Fm 40 3R T B9 TEM BI& 5 (¢) ~(d) TALD 95 88 193/1 ALD 4 25 Ji 1 )
£ 2 MY BIAEAR 23 BE SR R MBS 20 BE R N 89 TEM 14 5 (e) ~ () BB JE N 100 nm f9 ALO, . ZrO, Fl ALO,/Zr0, % 2 I
(25 nm/25 nm .10 nm/10 nm .2 nm/2 nm . 1 {& 3 J& A /1 78 6 J8 0 ) Faf 2k 28 g R 2 w17

Fig.2 Cross-sectional transmission electron microscopic images of 2 nm/2 nm multi-layer at low resolution(a) and high-resolu-

tion(b). 1 cycle/1 cycle multi-layer: (¢)low resolution, (d)high resolution. (e)-(j)ALO,, ZrO, and AL,0,/Zr0O, multi-lay-

er(25 nm/25 nm, 10 nm/10 nm, 2 nm/2 nm, 1 cycle/1 cycle) films deposited with a total thickness of 100 nm'"’.

Si0, K 275 Fa e (1) 4 B R b 24 v 5 8k FH 1 6
ML TFE, 5 [ 4 i K 2% Kim 2525 1 PEALD(75 °C
AR R ) 7E R 28 = W R & — B I (Polyethylene
naphtha late, PEN)f )i EULFR T 5102%}1% 730
TR FH AR R 2ok A v R A T A4 B T AR Ad

PR 7 ¥ L1833 T 70 nm i PEALD-SiO, 3 5 &
37.8 CHI1 100% #H X} ¥ &£ (Relative humidity , RH)
BN A WVTR (N 7. 73%107° gem2-d”'. B4
38 i AE Si0, TR (B #E 4T 0,55 85 F IR Ab 3L, I3
oI 5 %8 R T B il BT A B B AR 5 A AR DR
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Si0, Z B X} PEN HEA7 O, %5 B 7 1A &b 3, DL 34 i
PEN FI Si0, 2 [] (1% ¥ B B % 77, 45 31 i) WVTR {H
H7.73x107 gem”-d, A BEAT O, 55 B F R Ak B
I WVTR 4 6. 05107 g-m2-d”. 4 0,4 & 11k
TE S A A BB [E) 1 s BRF 30045 L B 5 R0 38 JE 2% 5 )
R 0.79% 2. 24 g-em ™, R FEAT 0,5 8 T 1A 4b
BEEE 43 50 4.91% F12. 14 g-em™,  Hi 0] ffi 45
A5 A A 3 Y R PR O A B AR T R
FE 1A AF B U A HAT Bl T 10 SR A 9070 G R B A
7 4 1o T8 SR G b DG B RS B L A B T 30
T 1 T B o

TiO, /& 55 — i H B9 JCHL TFE A1k wi E1Y
FH K 2% Park™"'7F 90 "CHARIR T L & PEALD 7£
PES 34l b BT Tio, M A 7 90 h & k)5 , OLED
S REAR TR TE W BRI A4 52. 5%, ik [ Bl 45 R 2%
Bt Choi %' B TiO, B EL A O 5 19 7K P BH B 1
fiE , 75 7F 38 “C 1 100% RH ¥£55 F 100 nm TiO,
f) WVTR {5 4 5. 0x107 g-m2-d™", iX I [7] 3 45 T
ALO, 1) WVTR B JL P35 8 1 [F] — g5 5 {5 5 )2
Ti0, A 27 375 i AR, BT L AT KR ALO, FI TiO,
il B 2 IR B R AR R S E O iE A R X
DK S 4 RE AT 5 238 501 27 38 3 R R 3l it A
TiO, (P55 A0 8L hidi A ALO, B3 4 /s TiO,
Ve (1% JEE R LA 9 /) Y R A 1 T 5 58, AT B )
PETH T TFE B 4O 235 5 5%
3.1.2 FIIRAK RAM A A R T AR R

¥h

AN TR) AU ) T IR AR A A 3 BB A (] 18 7K PR
B Pk BE o % E NaMLabgGmbH 44 K #1 Bl 52 36 %
Singh % 7 UG FE R 50 °C 48 AR 70 AT 9K 44 Y ik
FA 1] Ay ik b s (] — 2 BF g K A5 1 R L A3 T
ETFOMALD T THOME ., XERN
O, 1 MR BEAR T H,O0, I bl 1 i R 9 O AR 1 32
[ O, % T #E @I ™ 9 W 3, s 1 TFE /Y B 7K
.ri ﬁlé [23-24] o

MK % Duan %38 i AFM W %2 i O,
ALD il £ 1) AL, ¥ 5 (v RS B2 IK F H,0 3% ALD
il £ 19 ALO, W . A A Ca Uil 3%, 7E 25 "C AN
80%RH A5 T 45 0,3 ALD il % B ALO, i
WVTR H 8. 70x10° g-m™-d™", H,0 £ ALD il £ 19
ALO, B WVTR 4 2. 10107 gem?-d™'. H 1L AT
B MR S F T, 0,38 ALD il # 19 ALO,
FECH A B G 1) B0 P R SR I AT L i T B F

B3 ORI 200, 9 TFE 7% 2

Fig.3 Schematic diagram of ZrO,thin film encapsulation of

different oxygen sources

8T AR AR X TRE (9 52 0, 38 T 4 20 °C Al
60%RH ¥ 55 T, H,0 £ ALD JZ & & 80 nm 1Y ZrO,
M WVTRAE M 3. 74x107 g-m™-d™", 7 [ FE 3R 55
T4 0,3 ALD JEJE 4 80 nm ) ZrO, # X WVTR
B} 6.09%x10™* gem?+d'. AR, LLO, IR
TR i S O A ) 350 MR 1R 3 O ] AL TR
ZrO, 1 TFE /R E A .

B B TR 2% Peng % H,0., 0,20 BIE Hy
HR, = F 4R (Trimethylaluminum ,TMAE A
ML4 Ja Fr Ok A A, 76 ALD LA A& rh 4 0 32 #5388
ALLTMA+0, . TMA+H,0 . TMA+H,0+0, Jy fif 4R 14
WA T =M 7E 25 CHI 80% AH KT IR B Y BR
B, XS4 x %T%%(X—ray reflectometry, XRR)
5 TMA+H,0+0, 1 i 3K A i ALO, ¥ 5 H A5 55 &
[ R %% BE (3.00 geem™) , WVTR 2 5.43%107 ¢+
m-d”; 1 TMA+H,0 F1 TMA+0, J BT 3K {4 5, ALO,
B JEE % B 43 0 A 2.95 grem” 1 2,80 grem™,
WVTR {8 2+ %} 9.64x107° g-m?-d" Hl 4. 15%
10" g-m™-d's

H b A B mT N, ALLO, JHERRRE X s A B
PERDG 2B W A F T )2 MR B 4 . Choi 55
KB4 R (U0 Ag AL Mg) 52 JIE Ay i
ol A T A A ) B )2 B 4 G Zin O PR R
1B 2% 4 8 2% 0T, DK 4 ) —OH 2 A1V o 1k
2 W% B Ao 4 A 3 K 3 8 4 i 2% T AT AR Zn B
3 ZnO MO &5 5 AT 2 B0, 40 RE R CBE i L B
il BB 48 BE = oo & & ¥ JE (Zn0 | ALO, . MgO,
ZAM) Mz B4 5, ZAM 5 3% 2 445 4 11 G5l I fidk 6 255 17
ok 75 9B 1 S 7 A ME A S A L R
THUIE ek o S5 Ko 2 Y R R v —
FBCHE B B A 15 4%, P 4 S FLBH B LB & . 5
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B2 BOR BE Choi 55 1E HEAT 45 il 52 40 1), 2 T 94
Kk & )2 45 (ZnO . ALO,. MgO . Nano laminate,
ZAM NL) Y Z 2 EAE 0. 63% 19725 fi 28 N WVTR
EHM T — A E 9, 5 H T 30 nm ) ZAM NL
I EE A R] RS B2 1Y) ALLO, B 2 58 HL A T 4 11 /K YR B
PR RE I ZEIE . i ERGSRAT L, Ak B R A5
B 05 BB K R 1l PE B A0 45 L Be ) R
FRTEE L T A TR ALO, A B4
(1% e M AN ML % 1 o

Substrate
,Zn0
*ALO,
_____ MgO
: Moisture
) o | o
— ! Zn0O
* ALO,
e MgO
®
—

FJ

P4 BEERBE =00 A 4 PEJR BH R 2 BELFR PLEE

Fig.4 Barrier mechanism of ZAM structure

kT E B B T A ML P 1 R
] B 35 4 R 2 Chae S HEAT T K [R]85 Bk 1 4 2%
fift A1 AL PR 2R T R 3 1T R B G Y At AT A N
Ivi] 5 B e ) 3k B AT R AR TMA TURL A ALO, 8 i 1F
RO, A 25 nm JE (4 ALO, ¥ BE 19 W VTR {H B
& S B I REAR . 22 E A B (ALO, flE
ik ALO, R B UL RO LT, A7 & i k42 k1.5
em 1 000 R B M LEWE, B 2)=2E 5K
W VTR {E 3 1 93% , 11 5 J2 A0 sk JI55 00) 34 i 367%
AL ZE R IR SR BRI 2R E A L
AL O, BRLJ5E IREAT B A 1) 7K 9 LRl 1 g R ATL A 2 1

DI g5 BT, 0,58 ALD 45 19 ALO, T 4
A TAF BRI T S0 25T A BRI S
B A5 TR T 0,89 ALD T 2548 T4 T H,0 Y ALD
TARZEE, A8 A O, F1 H,0 X W FhAS [7] 2 IR
PSR B M e = S, LAk B2 A T 2
TFE A& B4 r 7K IR PERE e T S AU RE .
3.1.3 BEMNIFEARG YA

TR ) JEE B 5 e 2 B 2k Y M, An AR YRR AR
A BHL B 1 RE O 2% 0 A R FHL AR R e

R R RE B L K VR B 35 (R 1Y
HUAR P B (5% 4% I T3 30 RO 238 5 R 25 32 $1)5%
Wi 5 I PH K 2% Sung %R A TMA #1076
RUSRAA , 7 80 “CRYFREE R ULRLE I 43514 15,20,
25,50, 100 nm [ ALO, B, M3 X OLED B fif
CH1 T ALFIALO, B ik R 5000 22 7, i IR 1Y ALO,
IR AT 3 ALO, DA K R T A 2 A 2 e,
0T B PBE B R BE R R A T i 3 ke S Y
OLED fl # iR 1k ) # 5% i #1 W VTR {H # 17 % &t .
P T IV I S R DX A 2 28T M e 1) 3R T e
FREAE , 30K 5 30U B R A KRR AT S 4 25
P B K PR R . 283k 5L 86 Xt H A5 ) 25 nm &
ALO, T A 25 $5cAE ) 7K 7 BHLBRS 1 A

8 6] 4 0 07 0 Tl K Meskamp 5558 T
WVTR X ALD-ALO, J& & i ii# . LA TMA il O,
h R IRAR 7 38 °C I 15%~20% i %t 18 B R ) 45
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o IR A BT AL O, TR JEE JEE (14 38 i, 3 A dle
W4 %% B B AIG , ff 15 WVTR #1 OLED R4 fi % P& A% .
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T PR IR AU B ) FL 15 nm B M B

38 ‘C/15%~20% RH Contact
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T_? E Ceo( 100 nm)
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Fig.5 Correlation function of WVTR values of ALD-ALO,

film and film thickness measured by Ca tests"™"’

S L5 iR A ARAC I R — ol i R S ) SR
e MK F B F AR LS i R 2 4R B
Choi 5558 i[5 7 S BH P4 )2 4 30 nm B 4% 7 2%
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E6 ATHEZHIEEMAMIL. (o) TR 58 1.25,2.1,3,5 nm # ALO/TiO, 44 K & 2 45 M (FEH KB Z 40 ) 1)
TEM E4FI WVTR, F B K 10 nms (b) WVTR FI AT 44 K 2B J2 45 440 0 JIE 57 7 15 907 1 s JEE 3 1) e 5058 R B AV

Fig.6 Optimization of the encapsulation barrier structure. (a) TEM images and WVTRs of the A1,0,/TiO, nanolaminate layer

(AT nanolaminate layer) with sub-layer thicknesses of 1.25, 2.1, 3, 5 nm, respectively. Scale bar: 10 nm. (b) WVTR

and membrane force of the AT nanolaminate barrier as a function of the total barrier thickness (with error bars that indi-

cate standard deviation) ™.
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(2 0 S0 . 38 R R DOBUIR BE AE ALD I8 B
1P, 4% R AR K S 80 (A ALD 416 36 J8 390k 9 st
] TR BR 8 A5 ) JLF- AN 2 S B A 4K o B A
M) 5 {EL 25 0B I B Y4 78 7 1 AN, S 28 [ 26 4 5
M) R 1 A B A B v P ORI B B AR T LA
ITAR B e H A, ] B G RO g A 4405 5 i B AI
(4 TR B2 P 1 oA 38 31 RN T T 1 T AR AR L DT AR
HH R 1 2 T S 4 A AR S R BB R

5 [ KL IR A 5T % Carcia ZHE AT T 6 BE X
B S5 B A 5T, A AT] & BT R IR EE SA 50 CCRN TS °C
i 45 JE 9 AL O, v 5 0 BRI BE A 100 °C IR 45
f ALO, TS AT AR ] A PR B . X 5 AL B 58 A B2
(18 5 TE A A A, BIVAE ARG v 3 ) OBURL T, 3
3t 26 R P 25 1 DA SRS o 1 PR BB K 4% Kim 551
TE PESHTIK 1 50 CAMA4 & TR A 15 nm 1Y
ALO, T JI5% iy 7K 75 B B 1 B, H: WVTR 2 3. 5%10™
gom” e d™ B OB BE TR #) 120 "CER 150 CHY,
WVTR [ 2 4x107° g-m”-d™'o flLfiTIA N 75 & i

TR TLRBE B8 AT A 2 S R R, AT B
Th T R A BB

MK 2% Duan 54 R B, 76 ALD i f AP, 72
A2 ) CH, A Rl 7 ) 2 R 250 BHL ™ A= 1 B 22 L 22
o T A 2R T D — 2 Y W ) DL ZE SR 2 AR T
IR T T ) TR WA O 45 5 R 22 R IDK e Y
T3 8 T SR R AT RS 2 (8] B B S S (]
BLBE TR T 38 0 PR 5 R BEL 26 L DRIE T 00 1
[F1) F W B, DA A 381 T S0 i AR A AT I K

(a) 2138 o (b)

X:500 nm

El7  ALO, ¥ B A/E R [ UL AR 4 1 T 19 AFM B 1% . (2)
80 °C,PGT=305;(h)200 C,PGT=10s, J:4H AFM
B R 1.0 pmx1.0 p,m‘mO

Fig.7 AFM images of AlL,O, film at different deposition con-
ditions. (a)80 °C, PGT=30s. (b)200 C, PGT=10s.
The scan area in AFM experiment was 1.0 pm X 1.0
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BRI R [V Xof 868 B T O 28 1 5% i), 43 ) A DR
16 80 °C AT I [R] Sy 30 s of AR TT0 AR 2 Ry
200 °C . WKH BT R R 10 s B, i %5 T 80 nm J& ALD-
ALO RS . Fh 7 AT LU H 9 g BEE ) 2 1 R RS
JEE AR AL, 33 2 B A AU I T i A %) T B RT3 g
W B [ ifF 38 3% 1 34 ST TR

B8 Jok i e () TR UE SR 7 4 AT, B RE B
5 HL CSIR [ K W) #5050 % Singh 5878 UUFA R BE
50 CHYSAET ik 2 i 5L 4 Tk w1 4 22 i
f], I XRR M4k ALO, By 2& PE ik, 2 3124 B4Rk

MR R GR 2 15 s DL BB 4R A5 59 ALO, 3 I 41 A B
T B4 50 P TR X A I ) B

TR B N V% E ALD IR, ROl 8
e BTG Y TI0 AR IR S T 3k s 2 7 A O
SC o D3 Ah 38k BEnwe EE E]K e e a]
12 ALD &k o i) J5 % n] fif o B B A R4
OB E

T ATAR Y 80 2 JCHL TFE B4R A7 B 1A Fil JS 32
AN [) DA B 2 B SR BE 1 25 5 e R 1 gl
T4 Fh B2 JCHL TFE (9 WVTR {H .

®1 BEXLHITFEH WVTR %Kit

Tab. 1  Single-layer barrier films WVTR sheet
TARERIR
e () e - WVTR/ n
R O5 %) J&BE Inm (i B2 /°C AR i (eomed) GIENEEN Ref.
- gem?
BE1%)

1 SiN,(PECVD) 100 80/100 5%107° SiH,/N,/NH,/H, [15]
2 AL,O,(PEALD) 150 60/90 7.83%107 TMA [43]
3 ALO,(ALD) 50 37.7/100 <3.0x107° TMA [44]
4 ALO,(ALD) 100 37.7/100 5.3x107° TMA [45]
5 A10,(ALD) 30 25/80 0.0615 TMA [46]
6 ALO,(ALD) 30 38/90 0.013 TMA [47]
7 ALO,(ALD) 30 85/85 3.2x10™* TMA [48]
8 SiN,(PECVD) 100 38/85 7x10°7° TMA/SiH, [49]
9 ALO,(ALD) 10 38/85 <5x107° TMA/SiH, [49]
10 SiN,(PECVD) 300 25/50 4.0x10° SiH,, N,, NH, [50]
11 ALO,(ALD) 60 20/60 4.9x107 TMA, H,0 [51]
12 ALO,(ALD) 50 25/50 4.0x107° TMA, H,0 [52]
13 AL0,(ALD) 50 38/100 1.0x10™ TMA, H,0 [53]
14 A1L,0,(ALD) 100 25/80 4.0x107 TMA, H,0 [54]
15 ALO,(ALD) 81 25/80 8.7x10°° TMA, 0, [55]
16 ALO,(ALD) 60 20/60 8.7x10°° TMA, 0, [51]
17 ALO,(ALD) 50 25/50 4.0x10°° TMA, 0, [52]
18 ALO,(ALD) 47 40/100 5.43x107° TMA, H,0, 0, [27]
19 AL,O,(PEALD) 100 60/60 5.0x107° TMA, 0, plasma [56]
20 ALO,(PEALD) 50 25/50 6.0x107 TMA , 0, plasma [52]
21 ALO,(PEALD) 50 60/90 3.8x107 TMA , O, plasma [57]
22 210, 80 20/60 3.74x107 TDMAZr, H,0 [26]
23 210, 80 20/60 6.09x107* TDMAZr, O, [26]
24 710, 100 50/50 3.87x107 TDMAZr, O, [58]
25 Ti0, 50 60/90 6.32x10™ TDMAT, 0, plasma [57]
26 MgO 60 30/90 5.83x107 Mg(CpEV),, H,0 [59]

3.2 AN-ZMEEHERIE

3.2.1 AMLE N EeG NI WVTR AL 69 % v
AEXS T LB, A HL-TCHLZE S )2 DU

fIE 278 B TCHILZ B L A5 2 T R T SR YK A

BB AR UE IR KRR B 8, o Rk

AR Bt Choi &5 “"HI S-H 44K &2 5 B BHE A HLZ |
ALOAME R EHLZ K —FH IR B RN R RO
i g (Po]yethylene terephthalate, PET) #f i |
IR A Si0, 1R A S-H 1K 25 Mk, s 7 S A7
BLJZ BURLEY S10, 409 K JURE BE I 91 K & JZ 45/ 9 97
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[ R Z % S T iR AS B E T RE 2 ER L
EJEA KA . BRILZ AN 48 M K F Zhou FE B 5T
T i A 9 F 2 UL (Molecular layer deposition,
MLD) 7] DURE i TE AL )2 i 1 g, Al AR 15/
2.5 nm AL,O,/alucone K& )72, WFH 45 R E W] &
M EFE Y alucone JZ A LA TE ALD % 5 I 24 )5 2k K
B 15 AR LA KR AR BRI DX 1098 35, I AR
BN 7, G 8 fras o ALO,/alucone(15/2. 5 nm ) 44
KF R TR A KRS IS R 1R 25 CHAR
T LYKk E R 5.5 TFE ) WVTR 6 4
1. 44><10'4g'm_2°d'1c & MK 2% Duan & @ o
MLD il #3 alucone ¥ I /£ 24 TFE 9 22 vl )22, 3F 1
alucone H7 (1% T 6 1 #4055 B8 10K (R 0 T 8 1 f2
% PEALD ) 52 Wi . 3 i MLD/PEALD J5 2 45 %]
1E 30 ‘CH180% RH N R AKX WVTR K 1. 3x107 g-
med” [A I 7RI PR BT 8RB 2 000 h s A 1R AT
TREF 96% WAL

(a) : ALD
s e TR MLD

v
(b) ALD
MLD

8 (a) ALD i f5 J¥ 24 it MLD JZ RE W% 4E K K 739 HU
25 (b) AT MLD B A 4 700 R0, 080 7K 128 3o 3

HER 4
Fig.8 (a)The MLD layer can prolong the moisture diffusion
pathways when the ALD film is cracked. (b) Slowing
down the water transmission through the cracks based

on the desiccant effect of the MLD films.

UK 2% Zhang SF AR Y T BT TMA 1 &
AR M RTIR AR, MLD 7E 85 “CF UL 30 nm JE Y
alucone fE N A HLJZ , i@ & # ALD 43 5] 7£ 85 CF
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[l A ALZ 36 A BE 3 TFE 162538 1
R E R K2R Ahn 5 NE 2 01 GO M IARBUE 4
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T B UERELEL , FO 205 1) 0] URAFAE 94. 9%,

AL (Ultraviolet, UV) [E 4L 45 HLIA E A S AY
8 N AR LA W25 4 o b [ 5 75 K2 Tsai
SEUR H ALO/HEO, 40 K S )2 45 4, LR i il % 1
ALO, LR S5 REAR T 2 4% s H ALO/HIO, 76 35§ %< 2%
PE B2 UV B AR R AE 55 )2, B R
ALOHEO, i 5 0 J5E 2 58/ 0N | 8 v A1 e AE A 4k 3 3ok
P 25 5 22 B B AMBUIR I e UV & 6 3 S A i
J2 R i R AL T LA R4 . 25 B AT 352\ F] Ghosh
SR AT T DGR SE L TR ALO, E VR B PET
PP LSR5 UV K 45 338 X OLED #4734 4%
16 85 ‘CHI85% RH 411 F 47 T 1 000 Z/NEt i
W5, & 3 OLED Mg I %A W1 8 F B, 13
OLED A B i 52 8 UV 3R & W A5 ry 42 il o R IE, 36
SRR AE R 47 2, I A X 25 1 AR B i A AR
Pt s AR A2 4 AR TFE 32488 T — 5 B9 HL W5
P, I OLED 2% 140 78 25 /< b 1) B M 1 R 5 i A7
P TC A ORK IR B8 Tl T — B

285 3 A A HLHTIK A BE 0% 2% fif TFE 3% 1H 6t
B, B v HL K 7B B M BE R BILAR 1 BB 7 AR OK
2 Duan 5558 3o Ji - J2 21 RO il 45 T R H RN
¥ TR @E‘(Poly methyl methacrylate, PMMA )/TMA
W, OLED S 2% 3% 3o 28 7] LLIA 8] 75. 72% , 55 5
L E T 2 000 S S #E PMMA | Au 2
BH (Sheet resistance, Rs) {H 5 35 38 0 i) 1 O 5 i 38
I 22 AR OKAKR TMA , PMMA/TMA 7 324 3T
R 4 525 il )5 A 52 0 Re B4 o 3¢ 2 R kR
FH 22 B2 A 0K & TMA fifi 5 PMMA fof JiS 5 35 18 1) Fk
SE Ak Ay v O R L DT 3 A G A R [ E T
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OLED display
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Fig.9 (a)Schematic of Al,0,/Ag/A1,0,/S-H nanocomposite/Al,0, barrier structure ™. (b) Schematics of layer-by-layer process-

ing scheme ™. Selective Pt growth by ALD on one-dimensional defect sites of polycrystalline CVD graphene : (¢)schemat-

ic of selective Pt growth on 1D defects in CVD graphene; (d)SEM images of CVD graphene on a glass substrate after 500

ALD cycles of Pt deposition, scale bar, 2 mm; (e)SEM images of CVD graphene with Pt deposition after 1 000 ALD cy-

cles, scale bar, 2 mm"™. () A1,0,/graphene composite barrier layer'”.
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fift TFE 7 4= 2420, 5/ & 10 (a) it 7R o H &
10(h) AT DL H R A W )25 280k TFA7 B Fn 24 800K
B L WA AR BT 7, 46 A SIN 25 BEIR T
ALD 52 J2 B 3T (S35 10 75, ] B AR T 2
DL TP 240K 5 o AT 8 2k 4 A SIN 2R i Bh R
LT ALOL/HEO, 44 K & 2 () N 1, A L F 4488 K
KBFEAK . 7E Vitex system $# H! B Barix T, B &
W) FH 5 Bh 43 2 B FLRVRE OB g, A HL- T AL 2%
Ak TFE 1 BE B 1 8 55 3% 38 25 AH 24 .
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Crack ¢ R
0 SiN, B)
. —_— —
Polymer Polymer
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Fig.10  (a)Structures of ALD layer deposited on SiN, layer on CYTOP. (b)Schematic diagram of the comparison of tensile stress

acting on channel cracks before and after introducing a 100 nm thick SiN_film.
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Fig.11

Schematic diagram and cross section image of the hybrid nano-stratified moisture barrier: (a)2.5 nm dyads stack with

nano-stratified structure, (b)total stack image of the hybrid nano-stratified moisture barrier, (c¢)enlarged view of 1 nm

dyad (nano-stratified stack and S-H nanocomposite). Flexibility test: (d)normalized conductance vs time graph after

bending test with increasing dyads, (e)comparison of the WVTR values before and after the bending test™".
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Tab.2 Organic-inorganic multilayer barrier films WVTR sheet
) TAEREE X WVTR/
TCHL L EEplRp e e SRR . i
() JZ )% mm (k) 2 /mm (HRLBEE/°CFn (g'm™+ Ref
AR B /% ) d™)
ALO,(ALD) 15 Alucone(MLD) 2.5 25/60 67.5  1.44x10" [62]
S-H nano composite
2 MgO(ALD) 40 200 30/90 1000  4.33x10° [59]
(PECVD)
3 AlZOJ(ALD) 60 Silamer( spin-coated ) 2 000 30/90 6 180 1.11x10°% [84]
4 AL,0,(ALD) 30 Parylene(CVD) 500 30/90 1590 <107 [85]
5 A1203(ALD) 7 cycles Alucone(MLD) 1 cycle 20/60 75 8.68x107° [86]
6 ALO,(ALD) 9 Alucone(MLD) 1 20/60 50 9.94x107 [87]
7 ALO,(ALD) 10. 4 SAOLs(MLD) 20. 1 85/85 152.5  1.58x107 [88]
8 AIZOK(AL[) 22 P1(spin-coated ) 20 000 85/85 10 022 <107’ [89]
9 7r0,(PEALD) 4 Zircone(MLD) 1 20/60 60 3.08x107 [90]
10 Ti0,(ALD) 9.6 SAM(MLD) 80 60/85 448 7.0x10™*  [91]
ALO,(ALD)/
11 ) 50/100 Parylene(CVD) 1 000 20/50 1150 2.4x107°  [92]
Si0,(PECVD)
ALO,(ALD)/ 100 cyclic/
12 ’ CYOTP(spin-coated) 2 000 60/90 2100  1.05x10°° [93]
Si0,(PECVD) ration: 50/10
100 cyclic/
13 AL0,/MgO PDMS(spin-coated) 24 000 60/90 24100 1.23x10° [93]
ration: 50/10
100 cyclie/
14 ALO,/MgO SU-8(spin-coated) 2000 60/90 2100 7.94x10™ [93]
’ ration: 50/10
S-H composite
15 A1,0,/Zn0 30(3 nm/3 nm) 100 30/90 420 7.87x10°° [94]
) (spin coated)
50 cyclic/ S-H composite
16 A1,0,/Zn0/MgO 140 30/90 240 2.06x10° [28]
; ration: 2 012/10 (spin coated)
*3 ALD#ARNHA
Tab.3  Application of ALD technology
e pi=o G e EUPN itk
I SRAF A F I B WO Az PR HL A S Py R AP RS UKL 5 TR T L S5
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BEHLAT if 2 Je B YA TERR ot HL Ak 5 A K il % 18 45 a1 F A A Al )
BELAE 77 fif 4% HA A= 5 A= Y15 A FKHHL AR ARl
FET 2§14 e F AL
HLPT)2 Al
HF A2 WRRLH Tt




1294 K b/

¥R 543 &

5 Z5EA

Z M OLED %75 #4514 1 b i 2 i x4 4 R
P T TR ARG w5 AR T S & T
TR FTF ALD W2 A HL-THLGNK S 24
¥R T OLED 9 TFE £ A 7T LA 75 52 8 52 1 4 2%
(1) ] IS, 3550080 /0 B8 358 v KR B SRSU%E OLED 1)
P B 5 M I 2 K LA . R A HL-TE LS
JE WSS A BN TFE i iR ARz —. B
HHL-TCHLE 2 S50 0 K 8, AT Tt DA WF 9 7
0] BE AP EAL S« (1) PR . 25 % PR
T2 VORI 25 19 TFE SR BAT R I 0 8058 1 5
S5 BB BE R b 45 O S B L (H R ORI
S E ) Pl AL, T A AR 22 1) A e R L 5 A
DUBLIR BE B 18 e R W R A AT, S5 T
588 1235 8] R 22 TR 12 A gt ek 4 [ 412 {1

Z F X #:

[ 1] Fxx.

Nshzj. 2022. 001350.

T AT B RO S AR EIRA . (2) =
UE B RELEH . AE TFE 549 J7 10, H Al & 2 % H
TRV T AE A o E TR S TR AT S SR
¥ TFE $OAR 9 BT 22 32 BRI, Al KUA]
JE 5 JZ DR PR IE 1 DURURE 5, T i = 4 3 45
oy Al 25 1 O B K R B 1 R Y [R] 1, AT B S
4 BIL B 1R BE DL B 55 T i B4 ek TE] A R F) DT fE
1o OMRMARRYIESE . HATE N W B2 T
ALD £EAR U TRE LU AL BR AR D 3 {5 4k
BRI 2 AR R BL A S BR IR A 2
T AE B B A RE R ok AT DL 22 Ml o6 T A AL 1A
ENURIE-R iRl = N

AR 30T G T UL S AR A A AR S
http://cjl. lightpublishing. cn/thesisDetails#10.37188/
CJL. 20220159.

SEHREH E W B . OLED P2k 46 A B 4 [N]. L if4E £ 4R, 2022-03-18(006) , doi: 10.28719/n. cnki.

LI X C. Wang Ya Long of Wright Photoelectric technology: OLED industry enters a golden period [N]. Shanghai Securi-
ties News, 2022-03-18(006), doi:10.28719/n. enki. nshzj. 2022. 001350. (in Chinese)

[ 2] ik, fshsh, mAz, &.
238-256.

F VA B e T A SR M e B R R R TR LD, KR F AR, 2019, 40(2)

YANG Z L, FEI C C, CHENG C, et al. Review of flexible electrode film for flexible organic light-emitting diodes [J].

Chin. J. Lumin. , 2019, 40(2): 238-256. (in Chinese)
J MR, FRARAE, AN, S ALO/PMMA 58 & W I 55 & OLED $2ePERE [J]. A b5 4k, 2021, 42(1): 118-125.

[

[ 3

ZHOU X T, CHEN G X, SUN F, et al. Fabrication of Al,O,/PMMA laminates and its barrier performance in OLED en-
capsulation [ J]. Chin. J. Lumin. , 2021, 42(1): 118-125. (in Chinese)
[ 4 )55, 2%, k&, F. T ALO BB WA OLED /K I55E i R b ik R ZRGEW 58 [J]. Ak 54|, 2016, 37

(1): 88-93.

DUAN W, LIS, ZHANG H, et al. Test method and system of water vapor transmission rate based on Al,O, encapsulated
thin-film for OLEDs [J]. Chin. J. Lumin. , 2016, 37(1): 88-93. (in Chinese)

[ 5 ] SHINS U, RYU S O. Optical transmittance improvements of Al,0,/TiO, multilayer OLED encapsulation films processed
by atomic layer deposition [J]. J. Electron. Mater. , 2021, 50(4): 2015-2020.

[ 6 ]CHENYT, YANG Y, YUAN P, et al. Flexible Hf, Zr,

0, ferroelectric thin films on polyimide with improved ferroelec-

tricity and high flexibility [J]. Nano Res. , 2022, 15(4): 2913-2918.
[ 7 ] BRINKMANN K O, GAHLMANN T, RIEDL T. Atomic layer deposition of functional layers in planar perovskite solar

cells [J]. Sol. RRL, 2020, 4(1): 1900332-1-21.

[ 8 ] HOSSAIN M A, KHOO K T, CUI X, et al. Atomic layer deposition enabling higher efficiency solar cells: a review [J].

Nano Mater. Sci. , 2020, 2(3): 204-226.

[ 9 ] JARVIS K L, EVANS P J. Growth of thin barrier films on flexible polymer substrates by atomic layer deposition [Jl.

Thin Solid Films, 2017, 624: 111-135.

[ 10 ] LEE S, HAN J H, LEE S H, et al. Review of organic/inorganic thin film encapsulation by atomic layer deposition for a

flexible OLED display [J]. JOM, 2019, 71(1): 197-211.



%5 8 XA, A R T2 DUBEOAR 52 BUA L AL BOR G & 8 (9 0 R 3 1295

[11] A#F%, mE@, 2RI, F. RRETFZTOREREEORTE OLED b0y I A 45 A B85 Sk K BH B L v 3t 266 1 J 7
[J]. fe3 248, 2022, 80(3): 395-422.

ZHOU J, TIAN X Y, WANG B K, et al. Application of low temperature atomic layer deposition packaging technology in
OLED and its implications for organic and perovskite solar cell packaging [J]. Acta Chim. Sinica, 2022, 80(3): 395-
422. (in Chinese)

[12] LU Q, YANG Z C, MENG X, et al. A review on encapsulation technology from organic light emitting diodes to organic
and perovskite solar cells [ J]. Adv. Funct. Mater. , 2021, 31(23): 2100151-1-41.

[ 13 ] MIIKKULAINEN V, LESKELA M, RITALA M, et al. Crystallinity of inorganic films grown by atomic layer deposition :
overview and general trends [ J]. J. Appl. Phys. , 2013, 113(2): 021301-1-101.

[14] WAN Z X, ZHANG T F, LEE H B R, et al. Improved corrosion resistance and mechanical properties of CrN hard coat-
ings with an atomic layer deposited Al,0, interlayer [J]. ACS Appl. Mater. Interfaces, 2015, 7(48): 26716-26725.

[15] KIM J, HWANG J H, KWON Y W, et al. Hydrogen-assisted low-temperature plasma-enhanced chemical vapor deposi-
tion of thin film encapsulation layers for top-emission organic light-emitting diodes [J]. Org. Electron. , 2021, 97:
106261-1-6.

[16] XU L G, ZHANG Z B, YANG L, et al. Comparison of thermal, plasma-enhanced and layer by layer Ar plasma treatment
atomic layer deposition of Tin oxide thin films [J]. J. Cryst. Growth, 2021, 572: 126264.

[17] HUR M, LEE J Y, KANG W S, et al. Working gas effect on properties of Al,0, film in plasma-enhanced atomic layer de-
position [ J]. Thin Solid Films, 2016, 619: 342-346.

[ 18 ] CHOLS, KANG C M, BYUN C W, et al. Thin-film transistor-driven vertically stacked full-color organic light-emitting di-
odes for high-resolution active-matrix displays [J]. Nat. Commun. , 2020, 11(1): 2732-1-9.

[ 19 ] LEE S, CHOI H, SHIN S, et al. Permeation barrier properties of an Al,0,/Zr0O, multilayer deposited by remote plasma
atomic layer deposition [J]. Curr. Appl. Phys. , 2014, 14(4): 552-557.

[20] LEE Y, SEO S, OH I K, et al. Effects of O, plasma treatment on moisture barrier properties of SiO, grown by plasma-en-
hanced atomic layer deposition [J]. Ceram. Int. , 2019, 45(14): 17662-17668.

[21] KIM WS, KOMG, KIMTS, et al. Titanium dioxide thin films deposited by plasma enhanced atomic layer deposition
for OLED passivation [J]. J. Nanosci. Nanotechnol. , 2008, 8(9): 4726-4729.

[22 ] HANDS, CHOID K, PARK J W. Al,0,/TiO, multilayer thin films grown by plasma enhanced atomic layer deposition for
organic light-emitting diode passivation [J]. Thin Solid Films, 2014, 552: 155-158.

[ 23 ] SINGH A, KLUMBIES H, SCHRODER U, et al. Barrier performance optimization of atomic layer deposited diffusion
barriers for organic light emitting diodes using X-ray reflectivity investigations [ J]. Appl. Phys. Lett. , 2013, 103(23):
233302-1-4.

[24] SINGH A, NEHM F, MULLER-MESKAMP L, et al. OLED compatible water-based nanolaminate encapsulation systems
using ozone based starting layer [ J]. Org. Electron. , 2014, 15(10): 2587-2592.

[25] YANG Y Q, DUAN Y, DUAN Y H, et al. High barrier properties of transparent thin-film encapsulations for top emission
organic light-emitting diodes [J]. Org. Electron. , 2014, 15(6): 1120-1125.

[26] DUANY, SUNF B, YANG Y Q, et al. Thin-film barrier performance of zirconium oxide using the low-temperature atomic
layer deposition method [J]. ACS Appl. Mater. Interfaces, 2014, 6(6): 3799-3804.

[27] LIM, GAOD Y, LIS, et al. Realization of highly-dense Al,0, gas barrier for top-emitting organic light-emitting diodes
by atomic layer deposition [J]. RSC Adv. , 2015, 5(127): 104613-104620.

[28 ] KWON J H, JEON Y, CHOI S, et al. Functional design of highly robust and flexible thin-film encapsulation composed of
quasi-perfect sublayers for transparent, flexible displays [J]. ACS Appl. Mater. Interfaces, 2017, 9(50): 43983-43992.

[29 ] KWON J H, JEON Y, CHOIS, et al. Synergistic gas diffusion multilayer architecture based on the nanolaminate and in-
organic-organic hybrid organic layer [J1. J. Inf. Disp. , 2018, 19(3): 135-142.

[30] YONG S H, KIM S J, PARK J S, et al. Flexible carbon-rich Al,0, interlayers for moisture barrier films by a spatially-re-
solved atomic layer deposition process [J]. J. Korean Phys. Soc. , 2018, 73(1): 40-44.

[31] sRomte, rstm, 4%, . B 200 ALO, I X BAL o ik K PH Al Al b Bl AR BL R sl (0], & 56 % 3k, 2016, 37
(2): 192-196.

ZHANG B Y, XIE H L, FANG X, et al. Passivation mechanism of AlO_ thin film fabricated on C-Si by atomic layer



1296 % Jt 2% Eivd %4385

deposition [J]. Chin. J. Lumin. , 2016, 37(2): 192-196. (in Chinese)

[32] sk wa4f, 4553, HEF, F . 99K RE HIO, WA 7] 5 X2 B 2 mn [)]. &8 53k, 2018, 39(3):
375-382.
ZHANG Y H, REN L L, GAO H F, et al. Optical properties research of nanoscale HfO, thin films with different thick-
nesses [J]. Chin. J. Lumin. , 2018, 39(3): 375-382. (in Chinese)

[33] YOON K H, KIM H, LEE YE K, et al. UV-enhanced atomic layer deposition of AL,O, thin films at low temperature for
gas-diffusion barriers [ J]. RSC Adv. , 2017, 7(10) : 5601-5609.

[ 34 ] KLUMBIES H, SCHMIDT P, HAHNEL M, et al. Thickness dependent barrier performance of permeation barriers made
from atomic layer deposited alumina for organic devices [J]. Org. Electron. , 2015, 17 138-143.

[35] JEONG S Y, SHIM H R, NA Y H, et al. Foldable and washable textile-based OLEDs with a multi-functional near-room-
temperature encapsulation layer for smart e-textiles [ J]. npjFlex. Electron. , 2021, 5(1): 5-1-9.

[36] LEE K K, LEE K S, KIM T W. Determination of the mechanism based deposition processes of thin film in OLED [J].
Key Eng. Mater. , 2006, 321-323: 1431-1434.

[37] Fwede, 3%, F 4, F. RUERIE L ALD KRR 61 4 19 Zn0 WA 622 ML ARk (1], KR 5 4R, 2012, 33
(11): 1232-1235.
LI X N, FANG F, FANG X, et al. The optical and electrical properties of ZnO films grown on flexible substrate at low
temperature by ALD [J]. Chin. J. Lumin. , 2012, 33(11): 1232-1235. English

[38] #paksk, &R, K-F, F. MEEFZICBAFRERGH BB ROCH MR [J]. LR 5], 2014, 35
(9): 1087-1092.
YANG Y Q, DUAN Y, CHEN P, et al. Deposition of ALO, film using atomic layer deposition method at low temperature
as encapsulation layer for OLEDs [J]. Chin. J. Lumin. , 2014, 35(9): 1087-1092. (in Chinese)

[39 ] CARCIA PF, MCLEAN R S, REILLY M H. Permeation measurements and modeling of highly defective Al,0, thin films
grown by atomic layer deposition on polymers [J]. Appl. Phys. Lett. , 2010, 97(22): 221901-1-3.

[40 ] KIM H G, KIM S S. Aluminum oxide barrier coating on polyethersulfone substrate by atomic layer deposition for barrier
property enhancement [ J]. Thin Solid Films, 2011, 520(1): 481-485.

[41]LIHY, LIUY F, DUAN Y, et al. Method for aluminum oxide thin films prepared through low temperature atomic layer
deposition for encapsulating organic electroluminescent devices [J]. Materials, 2015, 8(2): 600-610.

[ 42 ] BATRA N, GOPE J, VANDAN A, et al. Influence of deposition temperature of thermal ALD deposited AL O films on sil-
icon surface passivation [J]. AIP Adv. , 2015, 5(6): 067113-1-10.

[43 ] JANG J H, KIM N, LI X L, et al. Advanced thin gas barriers film incorporating alternating structure of PEALD-based
ALO,/organic-inorganic nanohybrid layers [J]. Appl. Surf. Sci. , 2019, 475: 926-933.

[ 44 ] CHOI H, SHIN S, JEON H, et al. Fast spatial atomic layer deposition of Al,0, at low temperature (<100 C) as a gas per-
meation barrier for flexible organic light-emitting diode displays [J]. J. Vac. Sci. Technol. A, 2016, 34(1): 01A121-
1-7.

[ 45 ] PARK H, SHIN S, CHOI H, et al. Thin-film encapsulation of Al,0; multidensity layer structure prepared by spatial atomic
layer deposition [J]. J. Vac. Sci. Technol. A, 2020, 38(6): 062403-1-7.

[46 ] PARK SH K, OH J, HWANG C S, et al. Ultrathin film encapsulation of an OLED by ALD [J]. Electrochem. Solid-
State Lett. , 2005, 8(2): H21-1-3.

[47 ] KIM E, KWON J, KIM C, et al. Design of ultrathin OLEDs having oxide-based transparent electrodes and encapsulation
with sub-mm bending radius [J]. Org. Electron. , 2020, 82: 105704-1-8.

[48 ] YONG SH, KIMSJ, CHO SM, et al. Spatially-resolved remote plasma atomic layer deposition process for moisture bar-
rier ALO, films [J]. J. Korean Phys. Soc. , 2018, 73(1): 45-52.

[ 49 ] CARCIA PF, MCLEAN R S, GRONER M D, et al. Gas diffusion ultrabarriers on polymer substrates using Al,0, atomic
layer deposition and SiN plasma-enhanced chemical vapor deposition [J1. J. Appl. Phys. , 2009, 106(2): 023533-1-6.

[ 50 ] KEUNING W, VAN DE WEIJER P, LIFKA H, et al. Cathode encapsulation of organic light emitting diodes by atomic
layer deposited ALO, films and Al,0,/a-SiN_: H stacks [J]. J. Vac. Sci. Technol. A, 2012, 30(1): 01A131-1-6.

[51] YANG Y Q, DUAN Y, CHEN P, et al. Realization of thin film encapsulation by atomic layer deposition of ALO, at low
temperature [J]. J. Phys. Chem. C, 2013, 117(39): 20308-20312.



%5 8 XA, A R T2 DUBEOAR 52 BUA L AL BOR G & 8 (9 0 R 3 1297

[ 52] FRANKE S, BAUMKOTTER M, MONKA C, et al. Alumina films as gas barrier layers grown by spatial atomic layer de-
position with trimethylaluminum and different oxygen sources [J]. J. Vae. Sei. Technol. A, 2017, 35(1): 01B117-1-8.

[ 53 ] HOSSAIN M T Z. Electrical Characteristics of Gallium Nitride and Silicon Based Metal-Oxide—Semiconductor (MOS) Ca-
pacitors [D]. Manhattan: Kansas State University, 2013.

[54] YANG Y Q, DUAN Y. Optimization of AL O, films deposited by ALD at low temperatures for OLED encapsulation [J].
J. Phys. Chem. C, 2014, 118(32): 18783-18787.

[55] LIH Y, DUAN Y. High barrier properties of transparent thin-film encapsulations for top-emission organic light-emitting
diodes [C]. Proceedings of SPIE 9183, Organic Light Emitting Materials and Devices XX, San Diego, 2014: 918325-
1-10.

[ 56 ] HOFFMANN L, THEIRICH D, PACK S, ef al. Gas diffusion barriers prepared by spatial atmospheric pressure plasma
enhanced ALD [J]. ACS Appl. Mater. Interfaces, 2017, 9(4): 4171-4176.

[57 ] KIM L H, KIM K, PARK S, et al. AlL,0,/TiO, nanolaminate thin film encapsulation for organic thin film transistors via
plasma-enhanced atomic layer deposition [ J]. ACS Appl. Mater. Interfaces, 2014, 6(9): 6731-6738.

[ 58 ] OH J, SHIN S, PARK J, et al. Characteristics of Al,0,/Zr0O, laminated films deposited by ozone-based atomic layer depo-
sition for organic device encapsulation [J]. Thin Solid Films, 2016, 599: 119-124.

[59] KIM E, HAN Y, KIM W, et al. Thin film encapsulation for organic light emitting diodes using a multi-barrier composed
of MgO prepared by atomic layer deposition and hybrid materials [J]. Org. Electron. , 2013, 14(7): 1737-1743.

[60] HAN Y C, KIM E, KIM W, et al. A flexible moisture barrier comprised of a Si0,-embedded organic-inorganic hybrid
nanocomposite and AL,O, for thin-film encapsulation of OLEDs [J]. Org. Electron. , 2013, 14(6): 1435-1440.

[ 61 ] GRAFF G L, WILLIFORD R E, BURROWS P E. Mechanisms of vapor permeation through multilayer barrier films: Lag
time versus equilibrium permeation [J]. J. Appl. Phys. , 2004, 96(4): 1840-1849.

[62] CHEN G X, WENG Y L, ZHANG Y A, et al. P-13.8: Fabrication of Al,0,/alucone nanolaminates using ALD/MLD and
its application to OLED encapsulation [J]. SID Symp. Digest Tech. Papers, 2021, 52(S1): 649-651.

[63] WANG H R, ZHAO Y P, WANG Z Y, et al. Hermetic seal for perovskite solar cells: an improved plasma enhanced
atomic layer deposition encapsulation [J]. Nano Energy, 2020, 69: 104375-1-8.

[ 64 ] ZHANG H, DING H, WEI M J, et al. Thin film encapsulation for organic light-emitting diodes using inorganic/organic
hybrid layers by atomic layer deposition [J]. Nanoscale Res. Lett. , 2015, 10: 169-1-5.

[65] KOO B R, BAE J] W, AHN H J. Percolation effect of V,0, nanorod/graphene oxide nanocomposite films for stable fast-
switching electrochromic performances [J]. Ceram. Int. , 2019, 45(9): 12325-12330.

[66] CHANG C Y, CHOU C T, LEE Y J, et al. Thin-film encapsulation of polymer-based bulk-heterojunction photovoltaic
cells by atomic layer deposition [J]. Org. Electron. , 2009, 10(7): 1300-1306.

[67] GHOSH A P, GERENSER L J, JARMAN C M, et al. Thin-film encapsulation of organic light-emitting devices [J]. Ap-
pl. Phys. Lett. , 2005, 86(22): 223503-1-3.

[ 68 ] GAKIS G P, VERGNES H, SCHEID E, et al. Detailed investigation of the surface mechanisms and their interplay with
transport phenomena in alumina atomic layer deposition from TMA and water [J]. Chem. Eng. Sci., 2019, 195:
399-412.

[69] ZHAO W Z, WANG Z Y, LI Z, et al. Fabrication of nucleation induction layer of self-encapsulated metal anode by an
atomic layer half-reaction for enhanced flexible OLEDs [J]. Appl. Phys. Lett. , 2021, 118(21): 213301-1-7.

[70 ] KWON J H, CHOL S, JEON Y, et al. Functional design of dielectric-metal-dielectric-based thin-film encapsulation with
heat transfer and flexibility for flexible displays [J]. ACS Appl. Mater. Interfaces, 2017, 9(32): 27062-27072.

[70] kA, @, Fik, . B EEMRM LA SR0E R0 £ 5800 1o 4 T 58l BRI PR g [J/OL]. (2022-04-
14). Zh#e & o+ F ik, 2022: 1-11. https://doi. org/10. 14133/j. cnki. 1008-9357. 20211025001.

SHEN X B, BAIT, CHE Q, et al. Preparation and broadband optical limiting performance of reduced graphene oxide co-
valently functionalized with poly(N-vinylcarbazole) [J/OL]. (2022-04-14). J. Funct. Polym. , 2022:1-11. https://doi.
org/10. 14133/j. enki. 1008-9357. 20211025001. (in Chinese)

[72] Fm, T4, £, F. FLEWHBKT KHERWEEEZ SBRIZIRER (1], 25k, 2022, 43(3):
404-420.

LIP, YU C, JIANG W L, et al. Research progress of active layer and electrode layer of translucent perovskite solar cell



1298 % Jt 2% Eivd %4385

[J]. Chin. J. Lumin. , 2022, 43(3): 404-420. (in Chinese)

(73] Bk, ke BT FRRES R BRASE H S5 B0 A A0 6 W sl [J]. R 341, 2022, 43(1): 119-128.

YILJ, LI C H. Light enhanced absorption of graphene based on parity-time symmetry structure [J]. Chin. J. Lumin. ,
2022, 43(1): 119-128. (in English)

[74] JEON J N, LEE H W, YANG H J, et al. Ultra-thin flexible encapsulation layer for OLED displays using graphene oxide
nanocomposite [ J]. Dig. Tech. Papers-SID Int. Symp. , 2013, 44(1): 1449-1452.

[75] KIM K, LEE H B R, JOHNSON R W, et al. Selective metal deposition at graphene line defects by atomic layer deposi-
tion [J]. Nat. Commun. , 2014, 5: 4781-1-9.

[76 ] SEO H K, PARK M H, KIM Y H, et al. Laminated graphene films for flexible transparent thin film encapsulation [J].
ACS Appl. Mater. Interfaces, 2016, 8(23): 14725-14731.

[77 1 NAM T, PARK Y J, LEE H, et al. A composite layer of atomic-layer-deposited Al,0, and graphene for flexible moisture
barrier [J]. Carbon, 2017, 116: 553-561.

[ 78 ] LEE C, WEI X D, KYSAR J W, et al. Measurement of the elastic properties and intrinsic strength of monolayer graphene
[J]. Science, 2008, 321(5887): 385-388.

[79] LIX S, ZHU Y W, CAI W W, et al. Transfer of large-area graphene films for high-performance transparent conductive
electrodes [ J]. Nano Lett. , 2009, 9(12): 4359-4363.

[ 80 ] BULUSU A, SINGH A, WANG C Y, et al. Engineering the mechanical properties of ultrabarrier films grown by atomic
layer deposition for the encapsulation of printed electronics [J]. J. Appl. Phys. , 2015, 118(8): 085501-1-9.

[81] PARK YT, KIM S, HAM S B, e al. Folding-stability criteria of thin-film encapsulation layers for foldable organic light-
emitting diodes [J]. Thin Solid Films, 2020, 710: 138277-1-10.

[82] SEO S W, CHUNG H K, CHAE H, et al. Flexible organic/inorganic moisture barrier using plasma-polymerized layer
[J]. Nano, 2013, 8(4): 1350041-1-6.

[ 83 ] JEONG E G, HAN Y C, IM H G, et al. Highly reliable hybrid Nano-stratified moisture barrier for encapsulating flexible
OLEDs [J]. Org. Electron. , 2016, 33: 150-155.

[84 ] KWON ] H, JEONG E G, JEON Y, et al. Design of highly water resistant, impermeable, and flexible thin-film encapsu-
lation based on inorganic/organic hybrid layers [ J1. ACS Appl. Mater. Interfaces, 2019, 11(3): 3251-3261.

[85] WU J, FEIF, WEIC T, et al. Efficient multi-barrier thin film encapsulation of OLED using alternating A1,0, and poly-
mer layers [J]. RSC Adv. , 2018, 8(11): 5721-5727.

[ 86 ] SUNF B, DUAN Y, YANG Y Q, et al. Fabrication of tunable [ A1,0,: Alucone] thin-film encapsulations for top-emitting
organic light-emitting diodes with high performance optical and barrier properties [J]. Org. Electron. , 2014, 15(10) :
2546-2552.

[ 87 ] XIAO W, HUID Y, ZHENG C, et al. A flexible transparent gas barrier film employing the method of mixing ALD/MLD-
grown ALO, and alucone layers [ J]. Nanoscale Res. Lett. , 2015, 10: 130-1-7.

[88] YOON K H, KIM H S, HAN K S, et al. Extremely high barrier performance of organic -inorganic nanolaminated thin
films for organic light-emitting diodes [ J]. ACS Appl. Mater. Interfaces, 2017, 9(6) : 5399-5408.

[89] LEE L, YOON K H, JUNG J W, et al. Ultra gas-proof polymer hybrid thin layer [J]. Nano Lewt. , 2018, 18(9): 5461-
5466.

[90] CHEN Z, WANG H R, WANG X, et al. Low-temperature remote plasma enhanced atomic layer deposition of ZrO,/zir-
cone nanolaminate film for efficient encapsulation of flexible organic light-emitting diodes [J]. Sci. Rep. , 2017, 7(1):
40061-1-9.

[91] SEO S W, JUNG E, LIM C, et al. Water permeation through organic-inorganic multilayer thin films [J]. Thin Solid
Films, 2012, 520(21): 6690-6694.

[92 ] KIM N, GRAHAM S. Development of highly flexible and ultra-low permeation rate thin-film barrier structure for organic
electronics [ J1. Thin Solid Films, 2013, 547: 57-62.

[ 93] WANG L, RUAN C P, LIM, et al. Enhanced moisture barrier performance for ALD-encapsulated OLEDs by introducing
an organic protective layer [J]. J. Mater. Chem. C, 2017, 5(16): 4017-4024.

[94 ] JEONG E G, KWON S, HAN J H, et al. A mechanically enhanced hybrid nano-stratified barrier with a defect suppres-
sion mechanism for highly reliable flexible OLEDs [J]. Nanoscale, 2017, 9(19): 6370-6379.



%5 8 XU, 55 FUTR T2 DU EOR 52 A DL L SOR D' & 7 00 IR e e 1299

[95] 245 . 2022—2026 E N JFFZUUBI(ALD) B4 i (7 IR B0 S AT I AR B e o34 [R). TR E R, 2022.
Viewpoint of Huajing. 2022—2026 domestic atomic layer deposition (ALD) equipment market supply and demand situa-
tion and industry investment strategy analysis [ R]. CNSCDC, 2022. (in Chinese)

(96 ] 1a 1 ¥4 . 2021-2027 2 BRI IR DU & (ALD) i 8 0 W S K R S it s i i (R 3% A & M, 2021,
QYResearch. 2021-2027 global atomic layer deposition equipment (ALD) market analysis and development strategy re-
search forecast report [R]. CNSCDC, 2021. (in Chinese)

B(1978-) 5 kK HE AN A,
HAZ L2006 4 T ROK 2 3115 1 12 2
B, FENFE LBV SRR DGR
TR AR B kA L SR
e SR AR B BRBE DL KK IR
B R 4 A T IR

E-mail: duanyu@jlu.edu.cn

X FH#(1981-), L0, NG AR Al
o B 2R, 2009 4F T NS Tk R
EARAG WA L, FENF T
A2 2 07 T A F

E-mail: 349328793@qq.com

EX R (1963- ), 5 A FIE A,
A 42,2005 4 T 3% MR 2 3545
R VANE S S TR o
GRISET

E-mail: jiang_wl@163.com




