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Quantum dots (QDs) are promising candidates for the next-generation optical and electronic devices due to the out-
standing photoluminance efficiency, tunable bandgap and facile solution synthesis. Nevertheless, the limited optoelec-
tronic performance and poor lifetime of QDs devices hinder their further applications. As a gas-phase surface treatment 
method, atomic layer deposition (ALD) has shown the potential in QDs surface modification and device construction ow-
ing to the atomic-level control and excellent uniformity/conformality. In this perspective, the attempts to utilize ALD tech-
niques in QDs modification to improve the photoluminance efficiency, stability, carrier mobility, as well as interfacial carri-
er utilization are introduced. ALD proves to be successful in the photoluminance quantum yield (PLQY) enhancement
due to the elimination of QDs surface dangling bonds and defects. The QDs stability and devices lifetime are improved
greatly through the introduction of ALD barrier layers. Furthermore, the carrier transport is ameliorated efficiently by infil-
ling interstitial spaces during ALD process. Attributed to the ultra-thin and dense coating on the interface, the improve-
ment on optoelectronic performance is achieved. Finally, the challenges of ALD applications in QDs at present and sev-
eral prospects including ALD process optimization, in-situ characterization and computational simulations are proposed.
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Introduction 

Quantum dots (QDs) are typical semiconductor 
nanocrystals which exhibit tunable bandgap, excellent 
photoluminance efficiency and high extinction coeffi-
cient1–3. The optoelectronic performance can be tailored 
by the size, shape, and composition as well as the surface 
structure of QDs due to the quantum confinement on the 
nanoscale. Moreover, the overall physical peculiarity of 
QDs can be designed by selecting the characteristics of 
the individual QD building block and by controlling the 
electronic communication between the QDs in the solid 
state. Thus, they have been widely used in the fields of 
photodetectors4–6, photovoltaics7–9, light-emitting diodes 
(LED)10–12 and field-effect transistor (FET)13. 

Although QDs have excellent optoelectronic properties, 

several issues remain to be addressed as shown in Fig. 1. 
The photoluminance quantum yield (PLQY) of QDs is 
seriously limited by surface trap-states which are origi-
nated from the dangling bonds and atomic vacancy14, as 
shown in Fig. 1(I). They act as the non-radiative recom-
bination centers and reduce the fluorescence quantum 
yield seriously15,16. Moreover, the large specific surface 
area and under-coordinated sites make QDs vulnerable to 
water/oxygen/photo/heat, which may change their origi-
nal size, component and crystal structure17 (Fig. 1(II)). 
On device level, the poor carrier transport of QDs solids 
film caused by long-chain organic ligands and carrier 
recombination loss at interface between different func-
tional layers severely influence the optoelectronic per-
formance of the QDs device18, as indicated from Fig. 1(III) 
& (IV). As a result, the low optoelectronic efficiency and 
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short lifetime become stumbling blocks for further appli-
cations of QDs optoelectronic devices. 

 To address these concerns, strategies to modify the 
structures of the QDs based devices were proposed from 
different aspects. Long-chain ligands and core-shell 
structures were commonly used to improve the PLQY 
and surface stability of QDs19,20. The introduction of 
long-chain ligands was able to passivate the un-
der-coordinated atoms on the surface and maintained a 
high dispersion stability of colloidal QDs in solution. 
Core-shell structure could confine wave function of the 
QDs in a limited region, and prevent the ambient envi-
ronmental invasion, such as oxygen and water21–24. Em-
bedding QDs into other matrix such as polymer, oxide or 
inorganic salts achieved similar protection effect25. Nev-
ertheless, long-chain organic ligands and core-shell 
structures also blocked the carrier transport among QDs 
and the carrier injection into QDs, leading to poor carrier 
mobility25. Ligands exchange with shorter ones was uti-
lized to enhance carrier transport, and the device per-
formance proved to be greatly improved26–28. Besides, for 
QDs-based devices, the misalignment of energy level be-
tween different functional layers would lead to the im-
balance of the carrier concentration and the increase of 

Auger recombination29,30. By introducing functional lay-
ers into QDs-based devices, the non-radiative recombina-
tion between QDs and other functional layers were effec-
tively eliminated. As a result, photoelectric efficiency 
roll-off was suppressed31–33. 

As an atomic scale controllable surface treatment tech-
nique, atomic layer deposition (ALD) meets the above 
requirements of QDs based device fabrications and has 
been successfully used in the modification of QDs and 
QDs-based devices34,35. ALD is a gas phase deposition 
method relying on a sequence of self-limiting surface 
reaction steps to deposit ultrathin, uniform and confor-
mal films36. ALD has been extensively implemented into 
semiconducting processes in the past decade37,38. It is 
suitable to grow high-quality dielectric and semiconduc-
tor on different substrate even including the porous and 
high-aspect ratio substrates39–42, which has been widely 
used in areas of thin film solar cell, photodetectors and 
other electronic devices43–46. Besides, ALD is also a pow-
erful method in thin film encapsulations for flexible elec-
tronics, due to the advantages of free pin-hole, excellent 
conformality and precise nanoscale thickness control on 
large area47–49. It is decent for surface defects passivation, 
dense thin film encapsulation, interstitial infilling and 
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interface functional layers fabrication due to the charac-
teristics of energy-dependent self-limiting reactions, 
dense uniform thin film fabrication, gas-phase infiltration 
and atomic level thickness control.  

In this perspective, the relevant works of ALD modifi-
cation on QDs are summarized in Table 1. From the as-
pect of modified objects, ALD is mainly used to modify 
the II-VI (IV-VI) groups QDs and has been extended to 
perovskite QDs based devices recently. The ALD modi-
fied QDs have found applications in luminescence, dis-
plays, photovoltaics, and field effect transistors. The ALD 
grown materials used for QDs modification are mainly 
concentrated to the inorganic oxides such as Al2O3, ZnO 
and TiO2. As for the ALD process for QDs modification, 
there are two issues needed to be addressed including 
temperature and pulse/purge time. Because of the sensi-
tivity and vulnerability of QDs to the temperature, the 
deposition temperature must be relatively low. Meanwhile, 
a temperature too low may induce porous structure, 
which affects the moisture resistance of the film. On the 
other hand, the pulse time needs to meet the require-
ments of surface chemical and physical saturation ab-
sorption for next-step half reaction. The purge time 

should be minimized while ensuring that the residue is 
cleaned out at the same time. In this perspective, we focus 
on the ALD modifications rather than the growth of QDs, 
although literatures have shown the capacity of ALD on 
adjusting QDs size and making core-shell structures50–52.  

The enhancement of the PLQY by defects elimination 
methods such as elective curing on dangling bonds and 
oxidation of defects sites is first presented. Ultra-thin 
films obtained by ALD are dense and pinhole-free, which 
act as ideal barrier layers to prevent ambient environ-
mental invasion and suppress ion migration. The stability 
of QDs devices is also improved by such process. Besides, 
the original carrier mobility is improved by ALD pas-
sivation. The electronic traps density and carrier 
transport barrier were significantly reduced due to the 
infilling into the inter-dot gaps by ALD. In terms of in-
terface engineering for carriers’ efficient utilization, the 
effectiveness of ALD’s aligned energy level and dense in-
sulation layer on carrier recombination suppression and 
ion migration inhibition is discussed in details. At the end, 
prospects of ALD applications on QDs based devices are 
discussed from the aspects of ALD materials, process pa-
rameters, in-situ characterization and device simulations. 

Table 1 | Summary of ALD systems reported in literature for applications in QDs and QDs based devices 

ALD 

materials 
Precursors Temperature (℃) QDs 

QDs  

applications 

ZnO53–60 
DEZ (Diethyl Zinc)+O2

53 

DEZ+H2O
54–59 

27–7555, 7557,<10060, 

10054, 15056, 18058, 

20059, 22053 

ZnO58 

PbS56 

PbSe55,57 

CdSe53,54 

CdSe/CdS/ZnS59 

CsPbBr3
60 

Film53,54,57–59 

FET55 

Solar cell55,56 

LED60 

Al2O3
45,46, 55–58,60–91 

TMA (Trimethyl Aluminum) 

+H2O
55–57,61,62,65–70,72–74,76,77,79–89 

TMA+O2 plasma88 

TMA+Air75,91 

TMA+O2
71 

TMA+N2O plasma63 

18 ± 175, 27–7555 

27–12583, 2774,80,89 

5070, 30–18073 

7078, 7557 

8062,63,84, 8779 

<10060, 10069,81, 

11066 

15056,61,67,68,72,87 

16085, 17582, 18058 

19077, 20088, 25086 

ZnO58,76 

CdTe73, CdS82 

CdSe86,88 

CdSe/ZnS61,66,77,87 

ZnCdSSe/ZnS68 

CdSe@ZnS/ZnS63 

CdSe/CdS/ZnS69,71 

PbS56,67,72,78,81,83–85,89 

PbSe55,57,74,79,80 

APbX360,65,70,75 

Sphere65 

Film57,58,66,69,70,73,74,77 

FET55,62,76,78–80,83,86,88 

Solar cell56,82,84,85 

Photodetector67,81 

Photocatalysis72 

LED60,61,63,68,71,75,87,91 

TiO2
62,92–94 

Ti(OiPr)4 (Titanium isopropoxide)+H2O
92,93 

TDMAT(Tetrakis(dimethylamido)titanium) 

+H2O
62,94 

8062, 15094, 20092,93 
CdS92–94 

CdSe/CdS/ZnS62 

Film62 

Solar cell92,93 

Photocatalysis94 

ZrO2
84 

TDMA-Zr  

(Tetrakis(dimethylamido)zirconium)+H2O
84 

8084 PbS84 Solar cell84 

HfO2
62,76,79 

TDMAH 

(Tetrakis(dimethylamino)hafnium)+H2O
76,79 

TEMAHf 

(Tetrakis(ethylmethylamino)hafnium)+O3
62 

7576, 8062, 8779 

ZnO76 

CdSe/CdS/ZnS62 

PbSe79 

Film62,76 

FET79 

ZnS62 DEZ+H2S
62 8062 CdSe/CdS/ZnS62 Film62 

AlN95 TMA+ H2/N2/Ar plasma95 150, 20095 CdSexTe1−x
95 Solar cell95 



                    Opto-Electronic Advances    https://doi.org/10.29026/oea.2020.190043 

 

190043‐4 

© 2020 Institute of Optics and Electronics, Chinese Academy of Sciences. All rights reserved. 

ALD applications for QDs-based devices 

Photoluminance enhancement 
As the basic building blocks of QDs based devices, excel-
lent photoluminance of QD monomers is crucial to 
achieve high-performance QDs-based optoelectronic 
devices. However, the PLQY of QDs is sensitive to their 
surface atomic states where severe excitons quenching 
takes place. It is known that the dangling bonds and 
atomic vacancy may introduce obvious mid-gaps states 
inside the band gap of QDs which serve as the 
non-radiative recombination sites. Core-shell structure 
confinement and surface ligands passivation were com-
monly used to eliminate such trap states for both tradi-
tional cadmium or lead-based and halide perovskite 
QDs96–98. However, the ligands are easy to fall off and de-
fects are prone to form when QDs are built into thin films. 
ALD is beneficial in atomic modification due to the sur-
face chemistry of gas-phase self-limiting reaction. 
Perovskite QDs are sensitive to surface states such as Br 
vacancy which are suitable for surface modification by 
ALD99–102. Tan et al. reported that the continuous single 
TMA precursor treatment, with the increase of pulse du-
ration from 0.25 s to 20 s as well as the numbers of ALD 
pulse, could improve the PLQY of CsPbI3 and CsPbBr3 
QDs significantly (Fig. 2(a))75. Especially for CsPbI3, the 

PLQY increased from 25% to 85% sharply. The remarka-
ble enhancement of QDs could be attributed to complete 
passivation of the QDs surface states by the formation of 
Al-O bond network during the reactions between TMA 
and carboxylate/amino groups of the ligands (Fig. 
2(b))75,91. It was likely that the formed alumina on the 
surface successfully passivated the surface shallow defects, 
thereby enhancing the photoluminescence yield103. 
Moreover, Chen et al. found that the surface defects of 
CsPbBr3 QDs on the silica sphere could be passivated and 
the PLQY of CsPbBr3 QDs increased from 45% to 65%65. 
The in-situ quartz crystal microbalance (QCM) meas-
urement revealed that the TMA molecules could pene-
trate into those interstices between long chain ligands and 
selectively passivate unsaturated surface states. 

On the other hand, some works implied that the pho-
toluminescence of QDs after ALD became inferior to 
those pristine ones104. The contradictory conclusion may 
attribute to the loss of surface ligands88 or the replace-
ment of QDs cations by metal precursor69. Thus, fine 
control of ALD reaction conditions is crucial in deter-
mining the performance of QDs64. High reaction temper-
ature would strip surface ligands, and thus low tempera-
ture is essential to preserve PLQY during ALD processes65. 

On the other hand, the TMA precursor may react with 
QDs and Al could replace the surface cations, which 
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caused serious decay of PL59. By using a modified 
gas-phase alumina deposition technique, Malko et al. 
improved the PL intensity by the QDs defects passivation 
(Figure 2(c))69. They controlled the exposures of both 
precursors (TMA and water) simultaneously and depos-
ited metal oxide in the immediate vicinity of QDs surface 
to avoid the replacement reaction between Al and Zn 
(Figure 2(d)). Owing to controlling the exact deposition 
sites, the ligands and chemical composition of the QDs 
surface were well maintained, which was responsible for 
the improved photoluminescence. The interactions be-
tween ALD precursors and the QDs surface are desired to 
be explored in further studies, which could provide valu-
able guidance for the selection of ALD precursors and 
conditions. 

Stability improvement 

In working conditions, QDs suffer from photon, ther-
mal-induced and chemical (water, oxygen, et al.) degra-
dation problems, which hinder further long-term stability 
due to the large surface energy and ionic structure, espe-
cially for perovskite QDs105. Nowadays, the QDs applica-
tion aims to substitute traditional phosphor used in liq-
uid-crystal display and white lighting, which require quite 
high photo-stability. Yet, the PL intensity of CsPbBr3 QDs 
in hexane solution decreased to 40% after 96 h illumina-
tion under UV light106. The photo-instability mainly 

originates from the ligands desorption or crystal re-
growth under the exposure to UV illumination. The ALD 
method benefits in preventing the photo-induced re-
growth of crystal and luminescence deterioration. Mao et 
al. demonstrated the photo-stability enhancement of col-
loidal CdSe/ZnS QDs thin film passivated with a layer of 
10 nm ALD-based Al2O3 at 190 °C77. In comparison, sam-
ples without ALD showed rapid photoluminescence deg-
radation under high excitation due to strong photo 
-oxidation in air. Meanwhile, extreme working tempera-
tures could strip the surface ligands and result in the ag-
gregation of QD as well. As reported, the perovskite QDs 
almost quenched at 60 °C for about 30 min107. With ALD 
coating, ion migration and QDs aggregation could be 
greatly suppressed under over-heated conditions. 200 
ALD cycles of alumina on CdSe/ZnS QDs thin film ena-
bled its stable emission almost consistent upon a heating 
and cooling cycle between 300 and 520 K66. Furthermore, 
van Ommen et al. reported that PbSe QDs film infilled 
with ALD alumina was also optically stable and did not 
show any degradation under air condition, 80 °C temper-
ature and UV light exposure for at least 27 days (Fig. 
3(a))74. 

Besides the degradation from light and heat, QDs are 
also susceptible to water and oxygen which are inevitably 
present in the ambient environment when used in light-
ing or display applications. Water and oxygen molecules 
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are prone to oxidize surface atoms, leading to outer shell 
oxidation108 or crystal structure decomposition98. II-VI 
and IV-VI traditional QDs are easy to fail since surface 
atoms are very sensitive to oxygen. The ultra-thin and 
highly dense barrier layer via ALD served as a shield pre-
venting QDs from the damage of ambient air and mois-
ture67,73. The perovskite QDs, different from traditional 
II-VI and IV-VI groups QDs such as PbS and CdS, are 
liable to break down by polar solvents during fabrication 
and environment, due to their own ion characterization. 
Tan et al. achieved highly efficient light emitting diode 
whose emission layer was insulated to polar solvent dur-
ing spin-coating process by ALD Al2O3 cross-linking 
methods75. Buonsanti et al. applied ALD Al2O3 encapsula-
tion to stabilize CsPbBr3 perovskite QDs film70. The low 
temperature of 50 °C, short water pulses of 0.01 s and 
long N2 purge time of 150 s were carried to avoid the QDs 
degradation. As a result, the obtained film treated with 
AlOx stabilized for an hour sinking in the water (Fig. 
3(b))70. With the coverage of ultrathin and highly 
densified protection film on QDs surface, the chemical 
stability could be improved efficiently89. 

When QDs are integrated into optoelectronic devices 
including photodetectors, photovoltaics and FETs109, the 
optoelectronic and electronic performance of QDs-based 
devices degrades gradually as time elapse. The decay 
mainly originates from the irreversible changes of the 

QDs surface termination and structure destruction81,110. 
The ALD protection layers significantly enhance the wa-
ter and oxygen resistance and prolong the lifetime of QDs 
devices. Kagan et al. demonstrated that the FET devices 
covered with 50 nm ALD-based Al2O3 layer showed ex-
cellent operational stability without the decrease of 
threshold voltage over 70 days of measurements (Fig. 
4(a))86,90. As single alumina barrier film is still vulnerable 
to water corrosion, multilayer stacks is proposed to pro-
vide stronger physical barrier for the moisture and oxy-
gen. Sargent et al. encapsulated PbS QDs into 
70-nm-thick laminates of Al2O3/ZrO2 with 15 
“supercycles”, which contained 20 cycles of alumina and 
20 cycles of zirconia alternatively in each supercycle (Fig. 
4(b)). The lifetime of the PbS QDs solar cells was over 
two weeks84. 

It is found that the photonic, thermal and chemical 
stabilities of QDs could be improved through ALD modi-
fication. However, the inferior effect of ALD treatment 
about the PLQY descent of QDs is observed in some cases. 
How to optimize the ALD parameters to relieve PLQY 
descent degree during ALD process is vital to obtain high 
performance QDs based devices53. It is required to max-
imize the PLQY while taking both the QDs and the ALD 
process into consideration. Compared to the pristine 
sample, CdSe QDs coated with ZnS shell showed little 
optical degradation against 300 W O2 plasma even at 

Fig. 4 | (a) Schematic of device architecture, FET electron mobility (black) and threshold voltage (blue) as a function of time stored and operated

in air86. (b) TEM image of device structure and the relative power conversion efficiency (PCE) over time84. Figure reproduced from: (a) Ref.86,

American Chemical Society; (b) Ref.84, AIP Publishing. 
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200 °C88. In terms of ALD process, Detavernier et al. car-
ried out in-situ photoluminance experiment to address 
the influence of vacuum, different plasmas, precursors, 
reactants, and ALD processes on QDs62. They systemati-
cally demonstrated the conjecture that PLQY would de-
crease upon exposure to vacuum and the plasma, while 
water was crucial for maintaining a high PLQY62. For 
different precursors involved Al2O3, TiO2, HfO2 and ZnS, 
the PLQY of QDs films decreased at different levels. With 
comprehensive comparison, the PLQY kept almost 80% 
after HfO2 treatment, which made it promising for en-
capsulation. 

Carrier mobility modulation 

When QDs are integrated into optoelectronic devices 
serving as the functional layers, the carrier mobility of 
QDs layer also becomes a key factor that determines the 
optoelectronic performance of the devices. It is often in-
fluenced by electronic traps induced by surface defects 
and transport barrier formed by insulated ligands. On the 
one hand, the defects on the QDs surface usually act as 
carrier traps, which reduce the effective carrier mobility 
in the QDs solids. On the other hand, in addition to the 
surface defects, the insulated ligands also compromise 
carrier transport. Steep barrier height dwelling between 
QDs hinders carrier transport due to long-chain organic 
ligands decorated on QDs surface. Hence the trap states 
elimination and barrier height reduction could improve 
the carrier mobility through ALD passivation on surface 
defects and infilling in QDs vacancy. 

Voids and cracks are inevitably formed in QDs films 
due to the ligands detachment during the ligand exchange 
process111. Thanks to the surface passivation and carrier 
concentration improvement by ALD of amorphous alu-
mina79, high electron mobility above 7 cm2 V−1∙s−1 could 
be achieved in ambipolar PbSe QDs FETs83. This empha-
sized the role of the aluminum species in the efficient 
passivation of surface dangling bonds and carrier accep-
tors  produced unavoidably during ligand exchange57,80. 
Surface adsorbent groups also have great influence on the 
charge carrier mobility. Thimsen et al. found that depos-
iting metal oxides into transparent conductive oxide 
nanocrystals films dramatically increased the conductivi-
ty by many orders of magnitude76. It was shown that 
physisorbed water species on ZnO nanocrystals could be 
removed by ALD of Al2O3 or HfO2, resulting in a sharp 
decrease of the sheet resistance58. The chemisorbed hy-
droxide was also demonstrated to be eliminated by Al2O3, 

inducing a net carrier conductivity gain in the ZnO 
nanocrystals shown in Fig. 5(a).  

The ligands on the QDs surface exhibit high barrier 
potential between QDs and severely limit the carrier 
transport efficiency. Short ligands are commonly used to 
replace the long-chain organic ones, which can decrease 
the distance between neighboring QDs and strengthen 
the inter-dots electronic coupling112. By infilling Al2O3 
medium into QDs solids via ALD, Chang et al. found that 
the electron channels were activated in the 
Al2O3-passivated PbS QDs film resulting in electronic 
mobility enhancement78. These electron transport chan-
nels in the AlxOy-PbS film were formed due to partial 
substitution of the Pb by Al atoms (Fig. 5(b)). At the 
temperature of 70 °C, Pb was produced by the reaction 
between the TMA/water and PbS to increase the carrier 
mobility of QDs film. Moreover, ALD had access to infill 
the interstices inside the QDs films and reduce the corre-
sponding carrier transport barrier46. Law et al. verified 
the infilling of ALD ZnO into the conductive PbSe QDs 
lowered the inter-dots electron tunnel barrier height since 
its conduction band lied within 0.1-0.4 V of the 1Se level 
of PbSe QDs at equilibrium, yielding electron mobility of 
1 cm2 V-1∙s-1 in the PbSe QDs films (Fig. 5(c))55. It was 
found that the diffusion and growth depth was closely 
correlated to the water purge time, thus the infilling de-
gree of PbSe QDs film could be well controlled by adjust-
ing the purge time after a water pulse to avoid the side 
reaction55. Similar electronic conductivity enhancement 
by barrier height reduction was found in other QDs sys-
tems. For example, in CdSe QDs film, carrier mobility 
could increase by 2~3 orders of magnitude by ZnO filling 
and mechanical stability was improved simultaneously54. 

Interface engineering 

Since the QDs based devices are usually fabricated as 
multilayer structures, the interfaces between QDs thin 
film and adjacent functional layers play considerable roles 
in the performance of devices113,114. Interfacial carrier re-
combination induced by energy level mismatch is unfa-
vorable for device efficiency and stability. For examples, 
the photon-generated carriers in QDs solar cell are prone 
to transfer to electrolyte, which induces carriers loss and 
power conversion efficiency reduction115. In addition, ion 
migration through whole structure under electronic field 
impedes long-lasting stability and can generate 
non-radiative recombination center resulting in efficiency 
decrease. Due to the high quality of thin film growth, 
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ALD has been successfully implemented to fabrications of 
perovskite and traditional silicon solar cell116. Different 
kinds of inorganic oxides and nitrides, such as TiO2, SnO2, 
Al2O3 and GaN were applied into the perovskite solar 
cells, the thin and dense layers deposited by ALD greatly 
reduced the interfacial charge recombination loss44,116–120. 
The electron transport layer and passivation layer are 
usually obtained by sol-gel, magnetron-sputtering, chem-
ical vapor deposition and atomic layer deposition112,121–124. 
Among them, ALD possesses the advantages of atom-
ic-level precise control, uniform and conformal coating 
on surfaces of different morphologies. Besides, the com-
position of as-deposited materials can be regulated finely 
and obtained at relatively low temperature with no harm 
to the substrate during the fabrication process. Thus, the 
uniform, compact, conformal films with controllable 
thickness fabricated by ALD are competitive and useful in 
QDs-based device interface engineering due to energy 
level alignment and ion-migration inhibition. 

Efficient carrier utilization by energy level alignment is 

predominant in QDs-based devices including pho-
to-to-electron and electron-to-photo process. The ade-
quate separation of photo-generated carriers is of key 
importance in the QDs solar cell performance. For exam-
ple, the charge recombination takes place mainly at the 
interfaces in the QDs solar cell based on electrode/QDs/ 
electrolyte structures. Embedding a barrier layer is an 
efficient method to achieve high power conversion effi-
ciency of solar cell as a result of charge recombination 
inhibition56. The wide band gap materials such as Al2O3 
and AlN were widely used to modify the interfacial 
structure. Bent et al. deposited Al2O3 thin film acting as 
the tunneling barrier on both TiO2 substrate and QDs, 
resulting in multilayer TiO2/Al2O3/QD and TiO2/QD/ 
Al2O3 configurations (Fig. 6 (a))82,85. The onset voltage 
and PLQY were improved due to the suppression of the 
charge recombination and increase of the electron life-
times by optimizing Al2O3 layer thickness. Zheng et al. 
introduced ultrathin AlN modification layer (< 1 nm) by  
PEALD on TiO2/QDs surfaces for the first time to 

Fig. 5 | (a) FTIR spectra of ALD-coated and uncoated thin films comprised of ZnO nanocrystals76. (b) XPS scans for Pb 4f and Al 2p of the

AlxOy-PbS film78. (c) Ligands exchange and ALD infilling schematic resulting in barrier width and height reduce55. Figure reproduced from: (a)

Ref.76, American Chemical Society; (b) Ref.78, AIP Publishing; (c) Ref.55, American Chemical Society. 
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enhance the interfacial charge transport in CdSexTe1−x 
QDs solar cell95. Thus, the efficiency was significantly 
improved from 8.27% to 9.31%. Such a strategy also 
worked well in QDs photocatalysis which suffered from 
the slow interfacial hole transfer rate94. Lin et al. deposit-
ed Al2O3 on CdS and PbS QDs decorated TiO2 nanotube 
and found that it also promoted the hole transfer from 
QDs to electrolyte, which favored the charge separation 
process72. The QDs sensitized TiO2 nanotube arrays 
showed a 60% enhancement in maximum photocurrent 
density after ALD treatment. Different from the 
photoinduced electron transfer process, the key for high 
efficiency QDs light emitting diode (QLED) is to balance 
carrier concentration in emission layer through energy 
level regulation60,125. As aforementioned, the insulating 
layer PMMA was used to block electron transport to 
achieve carrier balance, and a world-record efficiency was 
obtained10. Therefore, it’s necessary to seek an effective 
technique to fabricate the electron blocking layer with 
nanometer-level precise control, and the alumina layer 
grown by ALD met the above requirements exactly87. 
Chae et al. achieved charge balance control by employing 
1.0 nm thick Al2O3 interlayer as an electron blocking layer 
to reduce leakage current, suppress the excitons quench-

ing and prolong the operation lifetime (Fig. 6(b))63. The 
improvement of device performance via the Al2O3 inter-
layer was attributed to the reduction of electron injection 
and Auger recombination68,71. 

Beyond the charge carrier loss at the interfaces, ion 
migration within the entire structure also tends to de-
grade device performance. Ultrathin TiO2 coating 
through ALD was presented to slow down the charge re-
combination and protect the QDs from the 
photocorrosion of I-/I3

- electrolyte92,93. The systematic 
study showed that an optimized 2 nm ALD-TiO2 layer 
under 200 °C could promote solar cell efficiency by bal-
ancing the charge transfer. Additionally, Choi et al. em-
ployed an inorganic barrier layer fabricated by ALD to 
improve the performance of QLED in both maximal lu-
minance and current efficiency61. The Al2O3 barrier layer 
could hinder the etching reaction with PEDOT:PSS and 
prevent metal ion diffusion from indium tin oxide into 
the emission layer sufficiently as shown in Fig. 7. 

Summary and perspectives 

In summary, as a promising atomic level fabrication 
method, ALD has attracted increasing interests in the 
fields of QDs. The issues including optical decay, inferior 

Fig. 6 | (a) Schematic of barrier layer configurations available in quantum dot-sensitized solar cells. Comparison of device efficiency and dark

current onset for TiO2/Al2O3/QD and TiO2/QD/Al2O3 configurations under 1 sun of illumination with varying ALD cycles of Al2O3
82. (b) Band energy

level diagram of each material in QLED. Current density of electron only device without and with Al2O3 interlayers, and hole only device. Device

lifetime of QLEDs without and with Al2O3 interlayer63. Figure reproduced from: (a) Ref.82, American Chemical Society; (b) Ref.63, Creative Com-

mons Attribution 3.0 International License. 
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stability as well as poor electronic conductivity of which 
QDs are facing have been relieved by ALD. In details, the 
PLQY can be well improved due to surface dangling 
bonds and vacancy elimination. Dense and conformal 
encapsulation by ALD enables the QDs and correspond-
ing devices inert to the chemical, light-induced and 
thermal degradation. Furthermore, carrier mobility, 
which is limited by carrier traps and transport barrier 
height formed by long-chain organic ligands, is efficiently 
enhanced by ALD gas-phase precursor passivation and 
medium infilling. Finally, the thin and dense ALD layer 
can achieve precise thickness control resulting in inter-
face non-radiative recombination inhibition as well as ion 
migration suppression. As a result, QDs-based devices 
benefit from ALD in both efficiency and stability. 

Challenges still remain. First of all, PLQY of QDs is still 
far away from theoretical value. Sometimes PLQY 
quenching is observed due to the reaction of ALD pre-
cursors with the surface absorbed ligands. Therefore, it is 
important to design appropriate precursors to substitute 
active ones to repair surface defects without destruction 
of surface structure or ligands to achieve the PLQY im-
provement. Meanwhile, both the thermal and 
photoluminance stability of QDs are desired to be en-
sured during passivation, infilling as well as coating in 
low temperature ALD process. PEALD is known to be an 
efficient way to ensure both low temperature process and 
high density of thin films, which might be a great alterna-
tive. As for the device structure, the interface engineering 
between different functional layers needs to be paid more 
attentions because the device performance is dependent 
on the non-radiative recombination and carrier balance 
on the interface. Additionally, only a few metal oxides are 
reported to achieve the energy level alignment. ALD pro-

cesses of enriched types of complex chemical compounds 
are crucial to be developed to tune the energy level of 
different functional layers to reach record performance of 
different kind of QD devices. 

The relationship between the device performance and 
structures is still open on different scales. At the atomic 
scale, the interactions between ALD precursors and QDs 
surface atoms as well as ligands remain ambiguous due 
the limitation of characterization techniques, which seri-
ously hinders the design of ligands and precursors for 
QDs. Isotope labelling and new probe molecule com-
bined with the in-situ characterization technologies 
should be developed to monitor the surface reactions. 
First-principles simulations are demanded to throw light 
on the binding mechanism between precursors, QDs sur-
face and ligands to cooperate with the characterization 
techniques. Moreover, the competing reactions between 
precursors-surface and ligands-surface with the consid-
eration of real temperature and pressure during ALD 
process need to be evaluated using kinetic analysis. Be-
sides, the optimal role and thickness of ALD functional 
layer in device structure is unclear and calls for device 
simulation optimization. Meanwhile, the existing simula-
tion methods lack the considerations of interfacial ele-
ments diffusion and fabrication process destruction. So 
the modeling of QD devices based on interface composi-
tion diffusion and practical process factors are desired to 
be developed to optimize the structure and performance 
of QDs devices, which could give valuable guidance of the 
interface engineering and surface treatment by ALD. Be-
sides, to map the complicated relationship between the 
performance and ALD process, machine learning is be-
coming a viable way to study QDs device structures, fab-
rications processes, and the performance optimization. 
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In the future, ALD will seek its own way to be applied 
into many other QDs applications such as catalysts, lasers, 
spectrometer, quantum communication and so on126–128. 
The advantages of ALD in atomic-level modification 
make it full of potential in nanotechnology. The ALD 
technique is developed and extended to fit the demands 
of large-scale fabrication of high performance micro- and 
nano-devices. The atomically precise control and high 
uniformity of the ALD modification further guarantee the 
reliability and consistency of the QDs products. Finally, 
with the rapid development of ALD methods and deep 
understanding of QDs surface chemistry, ALD is believed 
to be a more and more powerful tool to promote the 
commercialization of QDs devices. 
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