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Fig. 1 Crystal structure and typical nanomorphologies of ZnO. (a) Wurtzite ZnO crystal structure, with Zn shown in yellow and O in white"; (b) ZnO

nanofilm ”; (c) Nanowire "; (d) Nanocage "*; (e) Dendritic ZnO ”; (f) Nanosheet *”; (g) Nanotube *”; (h) Nanoring *”; (i) Nanoflag “”; (j) Nanoflower
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Fig. 2 Publications identified via keywords “Zn0” and “Hydrothermal” from 2015 to 2025 according to sciencedirect.com. Publications identified via

keywords “Zn0” and “Hydrothermal” from 2015 to 2025 according to sciencedirect.com. (a) Yearly number of publications between 2015 and 2025;

(b) Publications/article types; (c) Subject area of published documents
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Fig. 3 Hydrothermal growth process of ZnO nanostructures and representative examples on large area and flexible substrates. (a) Process for synthesizing

(521,

ZnO nanostructures via hydrothermal reaction””; (b) SEM images of ZnO crystals with different morphologies grown using Zn**/HMTA solution at 100 °C

(601,
’

[61],

(c) SEM image of ZnO arrays grown on a transparent conductive tin oxide glass substrate™; (d) ZnO nanowire arrays on a four-inch (approximately 10 cm)

silicon wafer, the center shows a photograph of the coated wafer, surrounded by SEM images of the array at different locations and magnifications;

(e) ZnO nanowire arrays on a two-inch (approximately 5 cm) PDMS substrate; (f) SEM image of a bent array on PDMS *”
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Fig. 4 Effect of precursor chemical conditions on the growth of hydrothermal ZnO nanostructures. (a) Effect of solution pH on the morphology of ZnO
nanostructures®”; (b) Schematic growth mechanism of ZnO nanorods; (c) SEM images of ZnO nanorods synthesized at precursor concentrations of
0.01 mol/L, 0.02 mol/L, 0.03 mol/L, 0.04 mol/L, and 0.05 mol/L""; (d) SEM images of ZnO nanowires synthesized using Na,CO, as the oxygen source at

concentrations of 2.044 mol/L, 2.673 mol/L, 3.145 mol/L, 4.193 mol/L, and 4.717 mol/L, together with photographs of the filtered and dried products";

(e) ZnO nanostructures synthesized using Zn(NO,),:6H,0 and ZnSO,-7H,0 as zinc sources, exhibiting porous coral-like nanosheets and ultrathin nanosheets,

respectively””
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Fig. 5 Effect of reaction time on the growth and kinetics of hydrothermal ZnO nanostructures. (a) Side-view SEM images of ZnO nanorods grown

hydrothermally for 2-10 h"*”; (b) Top-view and cross-sectional SEM images of ZnO nanorod arrays grown at 90 °C for 5-40 min"*”; (c) ZnO nanowires

grown hydrothermally for 45-210 min"”; (d) SEM images of ZnO nanofibers grown hydrothermally for 5-20 h; (e) SEM images of ZnO nanowires grown

hydrothermally for 2—6 h; (f) Schematic illustration of the radial and axial growth kinetics of ZnO nanowires"””
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Fig. 6 Effects of reaction temperature and LIHG on the growth of hydrothermal ZnO nanostructures. (a) SEM images of individual ZnO nanoflowers grown
hydrothermally at 100, 120, 140, 160, and 180 °C“°7]; (b) SEM images of ZnO nanowires synthesized hydrothermally for 2 h at 60, 80, 100, 120, and 140 °C“°5];

(c) SEM images of ZnO nanorod arrays annealed at 750 and 900 °C for 10 min™'”; (d) Schematic illustration of top-focused and bottom-focused LIHG
processes; (e) SEM images of ZnO nanowires grown by top-focused and bottom-focused LIHG""; (f) Correlation between nanowire array height and

growth time under different laser spot diameters

[116]
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Table 1 Summary of hydrothermal synthesis conditions of the precursor type, reaction time, reaction temperature and the morphology of ZnO-based
nanostructures

Precursor Time/h Temp./(°C) Morphology Ref.
ZnCl,+ NH,OH (pH=7/9/11/13) 3 150 Zn0 nanorods ZnO nanodisks ZnO nanoflowers [90]
Zn(NO;), + NaOH (pH=8/12) 8/16/24 180 ZnO self-assembled spheres [91]
Zn(NO), + NaOH (0.1:0.05/0.1:0.1/0.1:0.15/0.1:0.2) 5 160 ZnO nanoflowers [92]
Zn(NO;), + HMTA (1:1) 4 90 Zn0O nanorods [93]
Zn(NO,), + HMTA (1:1) 2 90 Zn0 nanocubes ZnO nanorods [94]
ZnCl, + Na,CO, (pH=11.5) 3726 140 ZnO nanowires [95]
Zn(CH;C00),/ZnCl,/Zn(NO;), + NaOH (pH=8) 4 110 Dumbbell-like ZnO ZnO nanoparticles ellipsoidal ZnO [96]
Zn(CH,C0OO0),/ZnCl,/Zn(NO;), + NaOH (1:1) 3 100 ZnO nanorods [97]
Zn(CH,COO0),/Zn(NO,),+HMTA (1:1) 2 95 ZnO nanorods flake-like ZnO [98]
ZnS0,/Zn(NOs), + CO(NH,), (pH=5) 24 220 Zn0 nanoplates [99]
Zn(NO,), + HMTA (1:1) 2~10 90 Zn0 nanorods [100]
Zn(CH,COO0), + HMTA (1:1) 5~40 min 90 Zn0 nanorods [101]
Zn(NO;), + HMTA (1:1) 2-8 90 ZnO nanowires [102]
ZnCl, + NaOH (pH=7) 1/5/10/15/20 100 Zn0 nanoparticles ZnO nanofibers [103]
Zn(NO,), + NaOH (1:1) 324 90 ZnO nanowires sea-urchin-like ZnO [104]
Zn(CH,COO0), + KOH (1:2) 3/6/9/12 120 Zn0O nanorods [105]
Zn(NO;), + HMTA (1:1) 2/3/4/5/6 80 ZnO nanowires [106]
Zn(NO,), + NaOH (1:2) 4 100~180 Zn0 nanoflowers [107]
Zn(CH,COO0), + NaOH (pH=7.5) 25 100~200 Zn0 nanorods ZnO nanoflowers flake-like ZnO [108]
Zn(NO,), + HMTA (1:1) 4 90~130 Zn0 nanorods [109]
Zn(NOs), + HMTA (1:1) 3 60~120 Zn0 nanorods [110]
Zn(NO,), + HMTA (1:1) 10 95 °C + 750 °C annealing Zn0 nanorods [112]
Zn(CH,COO0), + NH,OH (pH=9) 48 160°C + 600 °C annealing Zn0 nanoparticles ZnO nanorods [113]
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Fig. 7 Selective hydrothermal growth of ZnO nanostructures assisted by microcontact printing. (a) Schematic illustration of the patterned synthesis of ZnO

nanowires: direct printing of ZnO nanoparticle seed layers followed by localized low temperature hydrothermal growth of ZnO nanowires on the printed

seeds"””; (b) SEM image of a square patterned ZnO nanowire array; (c) SEM image of a finger like ZnO nanowire array; (d) SEM image of locally grown ZnO

nanowires forming the letters “KAIST” ; (e) Photograph of ZnO nanowires grown on a PET film; (f) Photograph of ZnO nanowires grown on a Pl film™*; (g) SEM

images of ZnO nanowires with average lengths of 2.6, 7.3, and 12 um"™”; (h) SEM images of ZnO arrays grown for 10, 20, 30, and 60 min, respectively

[126]
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Fig. 8 Selective hydrothermal growth of ZnO nanostructures assisted by inkjet printing. (a) Schematic illustration of the direct hydrothermal growth of ZnO
[127

nanowires on inkjet printed ZnO seed layers'””; SEM images of ZnO nanowires synthesized by the inkjet printing—hydrothermal method with (b) network

and (c) ring shaped morphologies; (d) Enlarged cross sectional view of network like ZnO nanowires; (e) Enlarged top view of ring shaped ZnO nanowires;
(f) Top view of the central region of ring shaped ZnO nanowires'””; (g) SEM image of ZnO nanorods formed under the coffee ring effect'””; (h) SEM image
of ZnO nanorods obtained after suppressing the coffee ring effect; SEM images of ZnO nanowire arrays hydrothermally grown on inkjet printed seed layers

at substrate temperatures of (i) 25 °C, (j) 40 °C, (k) 50 °C, and (1) 60 C"*”

(50 mmol/L ZFFE+HMTA, 90 °C, 2h) 4K ZnO 4K 90 °C JZ i 2 h) A ZnO Gk . W5 EM, #HKTE
BBES, Frisgiokie 2 . S5R3AIE08, Y BEXTGORES ISR £ R EEER . Sl N EHAL
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FEATRAE ERIK, 1E SISO, WK FITEVMFIZET 65 C iBSWIMD 2L RBH, Mgk aanmitT—2.
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260006 (Page 12 of 31)


https://doi.org/10.12086/oee.2026.260006

ST, 25, G TR, 2026, 53(7): 260006

https://doi.org/10.12086/0ee.2026.260006

2.3.3 BOEBERARAEK

OGS SR BE KR — R T ROGR BT =R k
PN, R XIS S B R a1 S 0 45 A )
W, GnIE 9(a) BN . IR T AN I8 T 2B IR,
H5H B KR I Al L, BERE RS K HLE
P ZnO GKE5H . HT &R, HAa R
AR R SOREE A, AT AR A S A
(1 [F] B S I R S5 A B i . AR AR R 2013
4, Yeo S IR ARG M T LIHG, ST ZnO 4K
LR, AR BCTR AR K . R NA:YAG BO61E N

Ry MBI, AE TG C 2R s s SRS LT
FLAETE YRR A RSP IE S T AR A 4
FAAEK . SRASRERY, WO R, T
PAFRAR IR . WU RAFR) ZnO ke, HRERF
AL G e T RN A K A KA o [l APHE ZnO
ARSI T 5oMEIEAR, EBLT LIHG fEfiifb T2
FEARUASFIR T8 IR RE DT TR E RO, 4nl&l 9(b-d) Fir
Ko B, AN BE— 2P Bk LIHG 53k, ik
THEOETIUZ CRAT Aw/Ti 4 i W) A 4 ) Jmy R TRLRE
Y, SEPMeTOiA, ST EOLERERT /MY

) é
Laser
Photothermal * ' ' Photochemical
reaction U Optics reaction

(]
» [ ¢Controlled

quig B

Digital selective laser methods for nanomaterials

Photothermochemical
reaction

Changing precursor solution

e
532 nm  TiO, precursor solution ~ ZnO precursor solution
Nd:YAG lasep= Tid+ Z
an+
substrate
h
i Focused laser beam o
] (A=532 nm) \\I\'\‘(O‘ o k
—Growth 1T __,.\ - 60
Prechsori' ubstrate - | =
ﬁ:ﬁﬁﬂ%&: > vl <40
Outldiesimsnn . gL <
Substrate Y- I
“Substrate - |
Support olution Ieve|$\$ < T o
X
Alignment stage K\

b Sample

_‘_,.-v"'"— Laser (Nd:YAG)

Precursor
v PDMS chamber
———— Au layer
—~——— Tilayer
/4— Glass

Constant temperature
contour

-20-10 0 10 20
Distance/pum

. . - B —
irradiation >wamm._Growth
- W — ,Tmonlg'ormg lens

Growth reactor /

Oblique LED-illumination

substrate

500 um B &

260006 (Page 13 of 31)


https://doi.org/10.12086/oee.2026.260006

ML, S5, JEH TR, 2026, 53(7): 260006 https://doi.org/10.12086/0ee.2026.260006

m 8
— Dark
. —— UV illumination
o6
IS
Q
<
B
3
g 2t
Eel
c
2 of
>
O
-2k
-2 0 2
Voltage/V
P
High speed fabricating of holes
n o 00.0} —a— 10 days
4 gl e 100. —a— 20 days
- 3 : —a— 30 days

—=— 0 days

Separation efficiency/%
(o)
)
o

R%=[(m,/mo)x100]%

Zn?* precursor solution
Low speed heating to growth ZnO . . . . . .

o

10 20 30 40 50
Separation cycle

B 9 LIHG #14 ZnO kLA i o (a) thAMFH9 3 F MO £ K 7 20 (b) k5 $ K4 K ZnO w4 %49
T&E; (c) A A LIHG &£ K 4 ZnO A LT SEM B ; (d) ZnO sk & 69454 SEM B (e) £ Z M Pl Aw LA K F A4
B B R 769 LIHG 24269 & B (f) Pl A4 _EARRIL IR 3% 5 A 69 COMSOL A 4ik; (g) Pl A AR-AT IRAR R @ 4938
SR (h) @i LIHG & &% Pl &4 k4 K89 TiO, th A K42 ZnO thk %49 SEM BAE™Y; () Riz A K B E B B E%,
() ZnO i@ it LIHG A k497 &E B ; (k) A8 B E 4K 3K 49 ZnO X5 B 4%Ae 5 4324 A 421 (1) £ F p-CuO s 4 &/n-ZnO w4k
B R IR0 F RO B AR B 69 SEM BAZ; (m) ML RIEN £ 6 J-V & (n) Zno@mA Rk A LR H & T ER;

(0) ZNO@%A M K th A B 69 SEM B ; (p) #E T2 A ¥ 10 . 20 K42 30 X&) ZnO@4A I ) i K o 3 35 £ %)

Fig. 9 Preparation of ZnO nanostructures via LIHG and functional applications. (a) Digital selective laser technique for nanomaterials"*; (b) Laser induced
hydrothermal growth (LIHG) of ZnO nanowires; (c) Top view SEM image of ZnO nanowires synthesized by LIHG; (d) Tilted view SEM image of ZnO
nanowires”; (e) Schematic illustration of the LIHG process for synthesizing hetero-metal oxide nanowire arrays on a flexible Pl substrate; (f) COMSOL
simulation of the normalized temperature field distribution on a Pl substrate; (g) Temperature distribution at the Pl substrate—precursor interface; (h) SEM
images of TiO, and ZnO nanowires synthesized on a flexible Pl substrate via LIHG"*"; (i) Photograph of the in situ synthesis monitoring setup; (j) Schematic
illustration of ZnO synthesis via LIHG; (k) Time resolved optical and post processed contour images of ZnO captured during growth™; (1) SEM image of a
flexible micro photodetector based on a p-CuO nanowire/n-ZnO nanowire heterojunction; (m) J=V curve of the flexible micro photodetector™”; (n) Schematic
illustration of the fabrication of ZnO@Cu mesh nanowire films; (0) SEM image of ZnO@Cu mesh nanowire films; (p) Oil-water separation efficiency of
ZnO@Cu mesh after exposure to air for 10, 20, and 30 daysm"’]
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Fig. 10 Structural and morphological characterizations of hydrothermally grown ZnO-based materials. (a) Schematic crystal structures of ZnO with

[137],

different types of doping ~"; (b) Schematic illustration of the synthesis route of TiO,@Zn0O nanorods; (c) SEM image of TiO,@Zn0O nanorod core—shell

[163],

structures™®; (d) HRTEM image of ZnO/oxygen doped g-C;N, samples'*”; (e) TEM image of ZnO/Sn0,@NiCo,0, “*"; (f) SEM image of ZnO/Ti,C,T,

[170], [172],

nanocomposites " ; (g) TEM image of GO/ZnO nanocomposites  *; (h) Cross sectional SEM image of Co doped ZnO/MAPbI, composite structures

[174]
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Fig. 11 Hydrothermally grown ZnO nanostructure photodetectors and photoresponse properties. (a) UV photodetector based on a single ZnO nanorod
synthesized hydrothermally, scale bar: 5 pm"”; (b) I~V characteristics of a single ZnO nanorod photodetector””; (c) Conductivity response of a single ZnO
nanorod photodetector””; (d) I~V curves of ZnO@NiO nanorod array UV sensors with and without UV illumination; (e) Photocurrent response of the
device under various illumination intensities at a bias of 1 V; (f) Time resolved photocurrent response of the device under light on/off states"’™;
(g) Schematic and photograph of a carbon dot modified ZnO/graphite Schottky diode; (h) I~V characteristics of the carbon dot modified ZnO/graphite

Schottky diode in the dark state; (i) Transient response of the Schottky diode under different reverse bias voltages; (j) On/off current ratio of a flexible UV
detector under different bending cycles. Inset: corresponding transient responses under the same bending conditions™””; (k) Schematic illustration of a

perovskite CsPbBr, quantum dot (PQD)/Zn0O nanowire structure for UV and green light detection; (I) Photoresponse of the PQD/ZnO nanowires under

varying relative humidity conditions with UV and green light illumination™*”
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Fig. 12 Applications of hydrothermally grown ZnO nanostructures in LEDs and flexible devices. (a) XRD patterns of ZnO nanorods grown on FTO substrates

1000 2000 3000 4000
Circles

via hydrothermal synthesis, chemical bath deposition, and electrodeposition; (b) Conductivity rise and decay time spectra of ZnO nanorods synthesized by
hydrothermal, chemical bath, and electrochemical deposition methods'*”; (c) Cross sectional SEM image of ZnO nanorod arrays after deposition of a
PMMA insulating layer and a top ITO electrode layer; (d) Top view SEM image of ZnO nanorod arrays; (e) Enlarged view of the light emitting region; (f) -V
characteristics used to evaluate device operational stability and rectification performance; insets show the schematic of the fabricated device and the I-V
curve in the 0-5 V range; (g) Electroluminescence (EL) spectra under different driving currents; (h) EL characteristics of the device measured in the voltage
range of 0-30 V, with the corresponding EL intensity variation in the 0-5 V range shown below; (i) Optical images of blue, green, and red EL emission from
gas annealed LED devices"®"; (j) Optical image of a fabricated LED array device under a bent state; (k) /-V curve of the flexible device measured under
ambient conditions; () PL spectra of ZnO nanowires grown at room temperature on flexible GaN substrates before and after synthesis; inset shows the
corresponding optical measurement setup; (m) Response and recovery time of 180 ms under periodic pressure loading; (n) Optical image of a p-GaN/n-
ZnO LED array illuminated under a 10 V bias; (o) Five typical nanowire LEDs and their linear profile diagrams of light emission intensity, with a spatial
resolution of ~2.6 um; (p) EL spectra of the LED array at different bias voltages (5, 6, 7, 8, 9, and 10 V) at room temperature; (q) Mechanical stability of the

flexible LED based pressure sensor over 4000 bending—release cycles"*
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Fig. 13 ZnO nanorod/photonic crystal composite structures and photocatalytic performance. (a) Schematic flowchart of the hydrothermal synthesis of ZnO

nanorods on an anti-opalescent ZnO photonic crystal substrate; (b) SEM image of the composite structure; (c) Photodegradation curves of methyl blue

solution under UV and visible light irradiation on the composite structure
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Fig. 14 Luminescence and random laser properties of hydrothermally grown ZnO-based nanostructures. (a) PL spectrum, (b) XEL spectrum, and (c)
fluorescence decay curve of UV excitation (A,, = 325 nm, A.,, = 380 nm) for ZnO:Ga nanorod arrays synthesized via the hydrothermal method"*”; (d) SEM
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Abstract

Significance ZnO, as a representative wide-bandgap semiconductor, possesses high exciton binding energy, excellent optoelectronic
properties, diverse controllable morphologies, and outstanding material compatibility. These characteristics make it highly attractive for
micro-nano photonic applications such as ultraviolet photodetectors, light emitting diodes, photonic crystals, and microlasers. Compared
with conventional high temperature routes such as chemical vapor deposition and physical vapor deposition, hydrothermal synthesis offers
distinct advantages including low reaction temperature, process simplicity, low cost, environmental friendliness, and compatibility with
flexible substrates and complex surfaces. These merits make it one of the most representative methods for fabricating ZnO micro-
nanostructures. As photonic devices continue to evolve toward flexibility, miniaturization, array integration, and on-chip implementation,
the development of low temperature, controllable, and scalable strategies for the high-quality growth and patterned construction of ZnO
nanostructures has become an important research topic. Therefore, a systematic review of the growth behavior, morphology regulation
mechanisms, and application progress of hydrothermally synthesized ZnO nanostructures is of great significance for promoting the
transition of ZnO materials from fundamental research to engineering applications in high performance micro-nano photonic devices.
Precursor solution chemistry, reaction temperature, reaction time, and seed layer characteristics strongly affect nucleation behavior,
crystallographic orientation, and morphology evolution, which in turn determine the optoelectronic properties and application performance
of ZnO-based systems. In this context, establishing clear relationships among hydrothermal conditions, structural features, and device
performance is essential for the rational design of next generation ZnO-based photonic materials and devices.

Progress In recent years, research on hydrothermal ZnO micro-nanostructures has expanded from the growth of single morphologies to
multiparameter synergistic regulation, region selective growth, and the construction of composite and heterostructured systems. First, in
terms of basic growth control, existing studies demonstrate that precursor species and concentration jointly determine the morphology and
crystallinity of ZnO by regulating the Zn/OH™ complexation equilibrium, nucleation kinetics, and preferential crystal growth. By tuning
the hydrothermal system, a variety of ZnO architectures, including nanorods, nanowires, nanosheets, nanoflowers, self-assembled spheres,
and sea-urchin-like structures, can be obtained in a controllable manner. Second, reaction time and temperature have been identified as key
parameters governing ¢ axis growth, array ordering, aspect ratio, and crystal defect evolution. Appropriate extension of reaction time
generally favors the increase in nanostructure length and improvement in orientation, whereas temperature variation further influences ion
diffusion, interfacial reaction rates, and morphology transformation. Third, the presence and quality of seed layers play a decisive role in
crystallographic orientation, nucleation density, and array uniformity, thereby enabling the fabrication of highly aligned ZnO arrays under
low temperature conditions. Meanwhile, remarkable advances have been achieved in region selective growth technologies. Through
strategies such as microcontact printing, inkjet printing, and laser induced hydrothermal growth, researchers have realized patterned ZnO
growth in designated regions on both rigid and flexible substrates. Among these methods, laser induced hydrothermal growth is especially
promising because it enables rapid, digital, and oriented epitaxial growth in localized regions without requiring complex masks or high
vacuum processing, and is therefore regarded as an important emerging strategy for on-chip integration and flexible device fabrication.
Furthermore, by combining ZnO with other functional materials to construct composites or heterojunctions, continuous improvements have
been achieved through heterojunction engineering, doping control, and composite incorporation, which effectively regulate interfacial
charge transfer, defect states, carrier transport, and photoresponse behavior. As a result, hydrothermally synthesized ZnO nanostructures
have been widely applied in ultraviolet photodetectors, light emitting diodes, photonic crystals, and microlasers, exhibiting strong
application response characteristics, integration capability, and considerable application potential. These studies collectively indicate that
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hydrothermal synthesis is no longer limited to morphology control alone, but is increasingly serving as a practical platform for coupling
material growth with device oriented functional optimization.

Conclusions and Prospects Overall, hydrothermal synthesis provides a low temperature, simple, economical, and scalable route for the
controllable fabrication of ZnO micro-nanostructures and their application in micro-nano photonic devices. Existing studies have
demonstrated that by coordinating precursor solution chemistry, kinetic processes, seed layer design, and region selective growth strategies,
it is possible to achieve morphology tailoring, oriented growth, and functional integration of ZnO nanostructures to a considerable extent,
thereby meeting the structural and performance requirements of diverse optoelectronic devices. Nevertheless, several critical challenges
still need to be addressed. First, the coupled mechanisms of nucleation, growth, defect formation, and interface evolution in complex
hydrothermal systems remain insufficiently understood. Second, region selective growth still requires further improvement in terms of
spatial resolution, uniformity, reproducibility, and large area manufacturing stability. Third, in heterostructured systems, the effects of
interface states, surface hydroxyl groups, and intrinsic defects on carrier separation, device stability, and long-term service performance
still require more systematic experimental and theoretical investigation. Future studies should therefore focus on the development of high
precision region selective growth techniques, the strengthening of in situ characterization and multiscale theoretical analysis, the deeper
integration of hydrothermal synthesis with micro-nanofabrication technologies, and the acceleration of practical applications of ZnO and
related composite nanostructures in high performance, low power, flexible, and wearable micro-nano photonic devices. By synthesizing the
reported correlations between application response characteristics and the corresponding material configurations and growth conditions,
this study is expected to provide stronger practical guidance for the scalable integration and performance optimization of ZnO
nanomaterials in micro-nano photonics.

Keywords: ZnO; nanostructures; hydrothermal synthesis; composite materials; micro-nano photonic applications
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