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ABSTRACT

Atomic layer deposition (ALD) is gaining traction in the semiconductor industry due to its ability to meet the demands of high
aspect ratios and densities. This is attributed to its excellent step coverage and uniformity, which are based on the self-limiting
deposition process. Its applications have expanded to include various components such as memory device capacitors, gate oxides,
metal barriers, and charge transport channels. Moreover, ALD is being explored for diverse purposes not only within the
semiconductor field but also in displays and optoelectronics. This review aims to explore the versatility of ALD deposition
methods, widely utilized in the semiconductor industry, and their potential applications in the display and optoelectronics sectors.
Additionally, we present future prospects for ALD applications in display based on current approaches.
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Fig. 1. (a) Schematic of OLED device setup with ALD
encapsulation, (b) Cross sectional TEM images
of NL structure grown of a Si/SiO, substrate at
80°C, (c) Voltage-time and, (d) luminance-time
characteristics of AL Os, NL encapsulated OLED.
Reproduced with permission from [21]. Copy-
right 2009, AIP Publishing.
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Fig. 2. (a) Schematic diagram of QD-LEDs without and
with ALD ALO; barrier layer, EDS mappings
obtained after device operation for QD-LEDs
without (b) and with (c), (d) current density-voltage
and (e) EQE-current density plots of QD-LEDs.
Reproduced with permission from [9]. Copyright
2019, American Chemical Society.
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Fig. 3. (a) Band energy level diagram, (b) EQE-current
density plots of QD-LED with different ALD
ALLO; layer thickness, (c) current density of
EODs and (d) efficiency roll-off and lifetime
(inset) of QD-LEDs with and without ALD
ALQO; layer. Reproduced with permission from
[10]. Copyright 2018, The Royal Society of
Chemistry, under the Open Access Publishing
Agreement.
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Fig. 4. XPS spectra of (a) NiO and (b) NiO/ALO; thin
film, (c) Schematic diagram of all-inorganic QD-
LED, (d) current density-EQE plots of QD-
LED with various ALD ALOs thickness. Repro-
duced with permission from [36]. Copyright
2018, The Royal Society of Chemistry, under
the Open Access Publishing Agreement.

gt JFo] 7] Yo dgsilon, ZAitxo=z
0.9 nm FAIA 7] AR tfe] 8u] L Xt
EQEZ HYrh(Fig. 4(d)).

224 ALD MEHE 0|23 2|7iE JtnZE

Cambridge tfetn A7 §AZHOo= Y
St H|EHATIO|E A% (perovskite nanocrystal)O]|
ALD & ol-§3t #1 7|4 ¥g= RIFFTH39].

2B ATlolE Lhed 4ol 53] A 71 A
2]7F=R1 oleic acid, oleylamine 7] -8ufjo] T3t

A BAZ Q) 7] FAE HE2HATIo|E gt
1l 81 3405 93 CTL 29U < Y e}
A 8o ATRE Bolalr] S AHoR He
diamine, dithiol ?_E 2]7F= W 2HKligand exchange)
& e, AR, B B sl FRE
AJsto] AAF AR Al HE(shunt) 2 Q19E FHEAF7}
LAYTITHA0]. ER nanocrystal Ato] 7HA o] ZopAH
@] o]

A Forster resonant energy transfer(FRET)

8 I SAo ] AR TH41].

AP 20 FREATIIE LA et
0] ALDE of-g5to] &l AR trimethy-

laluminum(TMA)Z AL °]F F7]o] &= 3L
< o Y23 Alolof| ALO; HE SR (network)7} 3
Ao utate] Gof Aol oSS A o
A &4 EsH(electron energy loss spectroscopy,
EELS)9] Al, O ¥4 F3 W3 (mapping)2} A4 Bhat
9] wash-off HIAEE 53] ERIFAtKFig. 5(a) ¥ Fig.
5(b)). oli= Tt B 39 A2} obd W %t
T2t TMAS] 714} Bfet wkg-o =2, 2j7te weh} t=
Al #7t=9] 7t Zgkligand cross-linking)o] ©]F-of
A Uiegdsg 7t 7H4, vjdo] ZA gERIA] gt A7
2 B0 fAIE= ATE Hoj=qlth E3F TMA A
2] & PL AHEFo] {A| o] FolA E/Jo] WA
Ao Itk

5
z
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E
o

2 3 4 5
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Fig. 5. (a) Schematic of the TMA crosslinking process,
(b) aluminum, and oxygen elemental maps by
EELS spectrum images and high angle annular
dark field HAADF) image of TMA-treated pero-
vskite nanocrystals, (c) current density-voltage
and (d) EQE-voltage plots of PeLED. Repro-
duced with permission from [39]. Copyright
2016, Wiley-VCH GmbH, under the Open Access
Publishing Agreement.
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A o] e 8 ARG O8] & BQEY] AXHE
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AhFig. 5(c) ¥ Fig. 5(d)).
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-] AKnanoparticles, NPs)?} 5%l ALD ZnOE
CdZnSeS/ZnS QD et ApELo]| ZZlslo] QD2] PLO]
ALD ALO;Ol OJsiAl= F4sHARE, ALD ZnO2] 73
T S7I5hs As SAAK(Fig. 6(a). AF A ot
2 ZnS ¥(shel)Z F4\E CdSe QDo ALDE: ©]
25}0] diethylzine(DEZ) A& A] PL 74, 0]—3,— H,O
=E Al SEEATH43], TMA #2|sHA] 2 49, QD

o] pLo] T A%} ol znS EWo] Fxw
TMA®] &J8f] Zno] AZAEQ7] fEoz XA FF&

1z

A (X-ray fluorescence spectroscopy, XRF), XPS T.‘:_'—’\
= &M SerTH44]. = XPS 42
ALD ZnO 3% 2719 ~a7}6‘}11 o%d 7n-S 2 Hl
o] 50 APo|Z o]FoflA TVl s F5 QD E
 Zgto] DEZO] olsf F-&3} Fof F 5ol FH
oty A9t ®3 DEZ =& A] QD 7t=e}
DEZ9] 7FLA%H02 213) QD Batof o A54e]
Rolloicka HAHatoArH4s],
ALD ALO; 4US5S ARESHA] &2 QD-LED AAf
oA QD EMLY} ZnO ETL A}e] ZnO ALD Afo|E&
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Fig. 6. (a) PL spectra of QD film and after depositing
20 cycles of ALD ALOs;, ZnO, (b) current effi-
ciency, (c) RMS roughness and peak efficiencies
of QD-LEDs as a function of ALD ZnO cycles,
(d) current density versus voltage of EOD de-
vices with various cycles of ALD ZnO inter-
layer, (e) electronic band diagram of a QD-LED
with ALD interlayers, (f) current efficiency of
QD-LEDs as a function of current density. Re-
produced with permission from [42]. Copyright
2020, Wiley-VCH GmbH.
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AZ|ARIAE B O E 3 ALD= E+F23F QD B
o | FAR A SR SR AlSstaL, 2
oz QD EMLE] HH FUHL Astel 47
80| Fchy AFsioln

92 ALD 700 419150l Of5t 17 5] oS o
QIst7] fIste] QD, ETL AW ZnO ALDS| Alo|&&
HE4E EOD AFUEE S75HUHFig. 6(d)). 20 A
olZ7HA] JA=E AFUEE o] HRlFo=Z F7t
stio, ojuf ol wt APH o= F7tsh= 7
T2 Btk oHSt AHE 54 AfelE oldolA
ALD ZnO7} QD E2H} Y2 ZE{(infiltration)o}o] Afo}
2] A F=(ohmic contact)°] FG=H W] W=
A3t QD-LED &Alof|A= of2f3h A HE 3
ol WAHA] Qk=t, oli= HTLY] &2 A=t &
ZX(conduction band minimum, CBM) 2.2 915} Z=}9]
FFLOE o]Fo] AlRtE]7] wizo]thFig. 6(e)). 23]
0= 20 AP|E9] ALD ZnO AQl&S A3 EMLE
o] As} =9 #FS FIAA 24 882 AT
E3F ALD ALO; B4 o] T HAERS 2713t}
712 &4 oiE] 28 o] SRt Fd| $15:(160,000
cd/m’)e} 3uf ol BVt HF 828 cd/A), oF 3H
9] BEzF 41 Z7K61.5 hr @L¢=5,000 cd/m)7} 7Fs
&2 HofF3ltt (Fig. 6(f)).

226. ALD 4RSS 0[8% Q

O

N=
10

QDY) =2 "t §&E I3IE red(R), green(G),
blue(B) QD-LED A&} &4 RGBS Z9o}o]
ofe] A7 ZP=| et

9pe] 2ulERS PG, ol BAIE
sH7] oA A= v HEZE 2= QDE 284
2 FaJslo] QD7 of|ufA] Ao](energy transfer)”}

5] SHES sjok Qek. A5 A (charge gene-
ration layer)& ZF QD EML Afojo] 4RQIsH #id
(tandem) 7% white QD-LED7} GLE| Q2| qH48], =
2 FEAGY B9 22 Qg A EA el
BA SR A7 ALD ZnO 415= ©l-&5to]
391 39 4| 8ujo] Iz 3% QDY &4 glol R G,
B QD29 & Z(stack)= 53l white QD-LEDE 35}
CH(Fig. 7(a))[49]. DEZ2} QD =H=2] 714} shet
29 59 QD wulo] g1 APHS Foigon)
22 B9 M2 U8 MERe) QDE EejHow 2
slo] FRET@AS B4R R, w3 45
&4 298 BF OE A2 Frecombination
zone)?] A0 F {9l white QD-LEDE 454
o7 FAYHFig. 7(b)).

.

oo

23. ALD2l QD THHE HE

22 7@ (augmented reality, AR), 7HIEA

Fig. 7. (a) Schematic image of RGB stacked white QD-
LED using ALD ZnO passivation layer, (b) CIE
gamut of mixed, R/G/B stacked, and B/G/R
stacked QD-LED. Reproduced with permission
from [49]. Copyright 2023, American Chemical
Society.
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Yageol] diet 877k S5k gk AvteE,
BESIPC, TV 59 fAEF el <F 100~500 ppi
(pixel per inch) H&O] SPFE7t QFE AT, AR
S A /A PSR SR ARVR AE
o] 2 3,000~6,000 ppi® &S SAIE Alofo] Wa
Sk mebd S FAER 2T fend 7]
o] tie B0l F71eI ek

S (evaporation) 0 2 Sk4 FAo] 7Fs3F OLED
o th27] QDL golo] £Aslo] 3lo] T QD
Basalo] AR 9o T el Wl Bas)
ok @A QD HAEde]9] WY 7le2 IA d=2
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o] AEEIGIAEss), BrhEle 971 Bje] oJsh QD
AHSE §-8(color conversion efficiency)©| *|5}=]
LED Aol A5} 2912 Wejske hAPE ik

HR| sty 9 skt ERICA G- ALD
£ ©o]-&sto] QD 9| DEZ A5 X5}, DEZ
o 27t=9] 714 shet vk B QD HiHof| -8
AR dS Fofsted, PR B 77] o]l 25 Hu]A]
Bl 2ottt ¥ DEZ A2] & miEd
| QD Fo] E23} 4JHglo] PL E4 A5k WAE
4= 310 3,000 ppi o] 32| ASIE TiE F4 9 e
A2] siE(800 ppi) TASHATHFig. 8(a)~Fig. 8(c)).
T3 EL &A1) #-83to] "EJEE QD-LEDY| &
slo] digt 7FsAS HolFdti13,56,57].
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24. ALDE Z&Hst MoteL =9

1A
olo

ALDE CTL Alo] ARl 0 2ut ARg3l= #o] o}
d CTL AA 2 AMBSEILA} sk A7 QDE o183t
l oF

of

o)

7A<7](photodetector)2} E YA A (solar cell) H-
oA & WA AF=HI o™, & QD HASH9|
Hgo] = % Qo e
Webdoz QDO Bg Fslel HotE A

[e]

l-ﬂ

DEZ exposure ZnO ALD
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Inset scale bar: 20 um

i Developing
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ALD ZnO
& Lithography
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R
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Developing &
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Fig. 8. (a) Images of various types of QD film with
DEZ exposure and ALD ZnO compared with a
bare QD film, (b) high resolution patterns of
red, green, blue color by direct photolithography.
Reproduced with permission from [13]. Copy-
right 2021, American Chemical Society. (c) sche-
matic images of the multicolor QD patterning
process with repeated steps of photolithograpy.
Reproduced with permission from [57]. Copyright
2023, American Chemical Society.
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I 53kt 21o] QDeF ETL, HTLZHY] o]F e
FZ(heterostructure)’} 9] AREE|TL Qict O] fq1
ETLZ AREEl= ZnO NPs= =2 AR} o] 522 n-&
A, W WEzlo R QI 4T Afgke] 4E % A
A AsiElon Yol QA7ET Y Bolth oA
oJZQt ZnO NPs9| 3¢, W2 EHHO =2 <QIet F=
Sk AL 2 52 A3 Ui(trap density)2 QU]
459 A3} Qolde). WebH e F2E GRS
A5 YA+ Rl A(ultraviolet, UV)2] <44
Q) 1222 5 T A4S AANFE 7o) 1
835IHFig. 9(a)).

SIAYE & @A <7](infrared photodetector, IR-
PD)SIAE UV 29| 947} Brksshk Bl
it} olE FEs] 3| Torontotfsty AL
uv %‘é?b} mUQ 9= ALD ETL 7|4} IR-PDQ] &
-+ 23S EII5)TH58]. ALD ZnO2} ZnO NPs9]
ZAAHES WU S o]Z(density functional theory,
DFT) Alte B3l £43t A3k, ZnO NPs7} ALDO|

wjg) ALk Astelo] £ 23w A st A
UERATE ALD Zn09] 7%, S-EX}o|E(wurtzite) 7+
229 A4 (1010) 7§ gHs weh s =
O}, S1EE Z00 NPs] 9, 7] FejS 7] upo]
ket o] =EEA ﬂu% AiEo= (10113
(1012)‘1194 Hlgo] ol Hrt. = AW (1010)

Holl vlsf 7180w S5 «1“4 AbaQto] A of
UA7F 108 © Yo 4ba 2t B3] 27] wizell
UV &/dste] € gXgo] /\]‘E}X] Al €t o] 3t ALDS
°o]-83t ETLS ARMESo] 825 nmO| FHoA 7]E9]
IR-PDET} 22 ~2.00x107* mA/em*Q] U74(dark
current) I 70%9] EQES AR COH PP A
AN 2= 9J9iTh

E3H solar cellof| %= ALDE 539f ETLES S&lolal
% st @97 gl AEHT gk At
AL 71E9] S-H(sol-gel) 21| ZnO 52t HiAl
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-
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Optical
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XXXy
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Teecoee L)
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Fig. 9. (a) Schematic of solar cell and PD applications
of the devices investigated by UV wavelength.
Reproduced with permission from [58]. Copyright
2022, Wiley-VCH GmbH, under the Open Access
Publishing Agreement. (b) band structures for
sol-gel ZnO and ALD-ZnO along with CBM of
PbS QD, (c) schematic description of energy
band diagram under light illumination for both
cases. Reproduced with permission from [59].
Copyright 2021, American Chemical Society. (d)
schematic of an InP QD film infilled with ZnO
to form a type II heterojunction, (e) cross-
sectional TEM image showing over-coated InP
QDs. Reproduced with permission from [14].
Copyright 2020, Wiley-VCH GmbH, under the
Open Access Publishing Agreement.

ALDE 8519 PbS QDS E-83t BiYHAoA H

=2 5= olBoWH59]. 7| sol-gel B419] ZnO
4 4%, PbS QDET} =2 CBM< 7HA4 Hg &5
o] Zsl7F AAE PbS QDOJA HAF FZo] ofFth
oAU ALDZE &St Zn09] 7%, sol-gel H4]9]
ZnOX T %& CBMOZ QI5f W2 oYz A =
Q20| golszth(Fig. 9(b)). ELF ALD ZnO=
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