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 A B S T R A C T 

The study focuses on utilization of block copolymer (BCPs) as template for 
selective infiltration of AZO precursors. BCPs consist of chemically distinct 
polymer blocks that are self-assembled into well-defined domains with 
different morphologies. Vapor phase infiltration (VPI) provides a controlled 
approach for synthesizing fingerprint-patterned AZO nanowires, offering 
advantages in terms of conformal coating, vertical alignment, precursor 
control, scalability, and compatibility with atomic layer deposition (ALD) 
platforms making it suitable for different applications. The aim of this research 
is to fabricate nanostructured materials with controlled compositions and 
patterns which have applications in optoelectronic, sensing, surface 
engineering, and high-resolution imaging systems. The self-assembled 
structure of AZO nanowires resemble human fingerprints and exhibits a unique 
combination of intricate patterns, replication accuracy, large-scale 
reproducibility, enhanced surface area, and tailored optoelectronic properties. 
BCP and self-assembly allows for the accurate replication of the fingerprint 
pattern onto the nanowire arrays. The results demonstrate successful 
replication of fingerprint patterns of the AZO nanowires. Hence, based on these 
performance characteristics, this developed approach of fingerprint-patterned 
AZO nanowires represents a significant advancement in technology and hold 
potential for revolutionizing various fields, from security systems to sensor 
technologies, driving innovation in the realm of nanotechnology. 
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1. INTRODUCTION  
 
The nanotechnology field has made enormous 
advances, controlling matter at the nanoscale [1]. 
The synthesis and patterning of nanowires,  hold 

enormous promise for applications ranging from 
electronics and optoelectronics to sensing and 
healthcare, is one area of particular interest 
[1].  Aluminum-doped Zinc Oxide (AZO) has 
received substantial interest among the 
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numerous materials investigated for nanowire 
fabrication due to its remarkable electrical and 
optical properties [2].  
 
Self-assembly is based on the spontaneous 
organization of materials in ordered structures, 
which is driven by molecular interactions, 
whereas block copolymers is used as templates 
for the deposition and arrangement of 
nanowires [3].  
 
The incorporation of fingerprint patterns into 
AZO nanowires is an intriguing research 
direction. This method, inspired by the 
distinctive ridge patterns present on human 
fingerprints, offers specific advantages for 
sensor, and optoelectronic applications. 
 
Despite the growing interest in fingerprint-
patterned AZO nanowires, there is still a need 
to investigate novel synthesis methods capable 
of accurately controlling the production and 
alignment of nanowires on a variety of Atomic 
Layer Deposition (ALD) platforms under 
varying conditions. Furthermore, for 
investigating the structural, optical, and 
electrical properties of these nanowires, 
thorough characterization techniques are 
required.  
 
This thesis aims to address these gaps by 
investigating the synthesis of fingerprint-
patterned AZO nanowires through self-assembly 
via Vapor Phase Infiltration (VPI) on diverse ALD 
platforms. 
 
2. LITERATURE REVIEW 
 
Bottom up synthesis such as Chemical Vapor 
Deposition (CVD) is a commonly used process 
that involves the chemical reactions of 
precursor gases on a heated substrate to 
generate nanowires [4]. Other bottom-up 
processes provide diversity and control over 
nanowire properties include solution-phase 
synthesis, hydrothermal and solvothermal 
procedures, and electrochemical deposition 
[5]. Top down synthesis such as Electron beam 
and focused ion beam lithography,  provide fine 
control over nanowire geometry and location 
by selectively removing or depositing materials 
[6]. Dry etching and wet chemical etching, for 
example, can be used to shape and sculpt 
nanowires from bulk materials [7]. 

The CVD and VLS method have certain limitations. 
For requirement of pressure vaporization, 
adsorption and chemical reaction, the high 
temperatures requirement of these methods can 
limit the substrate materials available and may 
cause thermal stress during the synthesis process 
[8,9].  In VLS method catalyst compatibility 
difficulties and catalyst species diffusion can have 
an impact on the uniformity and quality of 
nanowire development [9]. Defects such as stacking 
faults, dislocations, and surface roughness can also 
be present in the nanowires, impacting their 
structural and electronic properties [10,11]. Vapor 
Phase Infiltration (VPI) is a material synthesis and 
functionalization approach that involves injecting 
vapor-phase precursors into a porous substrate or 
template. On the top surface of the substrate, 
precursors undergo chemical reactions or degrade, 
resulting in the creation of the desired substance or 
coating [13].  This process allows for fine control of 
the deposition process by altering factors such as 
temperature, pressure, and precursor 
concentration which is critical for producing the 
required attributes of the AZO nanowires, such as 
conductivity, optical qualities, and structural 
integrity [14].  
 
VPI enables the deposition of AZO onto the 
nanowire surfaces, ensuring that the coating 
material and the underlying structure are 
compatible [15,16]. 
 
Atomic Layer Deposition (ALD) is a  process to 
deposit thin films that is well-known for its 
excellent control over layer thickness, 
homogeneity, and conformality  
         

 

Fig. 1. Block copolymer formation followed by 
VPI and plasma ashing with O2.  
 
 
ALD platforms, when paired with VPI, enable the 
deposition of conformal coatings on complicated 
patterns such as fingerprint-patterned nanowires 
[17].  The deposition process can be fine-tuned by 
modifying the parameters to produce the required 
coating qualities while limiting undesired side 
reactions or substrate damage [18]. 
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3.  MOTIVATION FOR THIS WORK 
 
Aluminum-doped Zinc Oxide (AZO) is a 
transparent conducting oxide (TCO) which has 
unique qualities and characteristics such as high 
electrical conductivity [19], transparency in 
visible spectrum [20], chemically resistant in 
different enviornmental situations [19], strong 
thermal stability [21], good mechanical durability 
and adherence [21], low resistivity [20] makes it 
ideal for several applications. 
 
Qingsong Xu et al. Has shown a sandwiched 
structure of AZO/AgNW/AZO and the synthesis 
method of AZO was magnetic sputtering [22]. 
Cheng-Liang Hsu et. Al has shown synthesizing AZO 
nanowires on glass substrate, and they are grown 
hydrothermally [23]. Jheng-Ming Huang et. al. 
demonstrated synthesis of ZnO nanowires by vapor 
phase transport process. The inner shell structures 
were formed from AZO films which is deposited on 
ZnO-NWs at 260 °C using an ALD system. AZO films 
are deposited with varying number of cycles [24]. 
 
The main disadvantages of these techniques are 
limited control over nanowire growth, complex 
process optimization, low throughput, high 
equipment cost, high pressure and temperature, 
contamination risk etc. 
 
In Self-Assembly, the components try to reduce 
their free energy by using arrangements with lower 
energy states which can be accomplished using 
advantageous intermolecular forces such as van 
der Waals forces, electrostatic contacts, hydrogen 
bonding, or hydrophobic interactions [25].  Self-
assembly frequently involves the development of 
supramolecular structures, in which non-covalent 
interactions play an important role. These 
reversible, weak connections enable dynamic 
construction and disassembly processes [26]. The 
system gains entropy which gains advantage to fuel 
the self-assembly process [27]. Self-assembly at 
several length scales can result in hierarchical 
structures [28]. 
 
When self-assembled on a substrate plane, block 
copolymers (BCPs) exhibit a wide range of 
orientations and morphologies depending on 
composition, molecular weight, film thickness, and 
interactions with the substrate. The following are 
descriptions of numerous orientations and 
morphologies seen in BCP self-assembly: Parallel 

Cylinders [29], Perpendicular Cylinders[29], 
Parallel Lamella [29], Spheres [29]. 
         

 
Fig. 2. Various orientations and morphologies of BCP 
domains with respect to a substrate plane obtained 
after self-assembly: (a) parallel cylinders, (b) 
perpendicular cylinders, (c) parallel lamella, (d) 
perpendicular lamella, and (e) spheres. 

 
Polystyrene-b-poly (methyl methacrylate) (PS-b-
PMMA) is a well-studied block copolymer (BCP) 
system that has several applications, 
nanotechnology, and surface engineering due to its 
unusual self-assembly characteristic. PS-b-PMMA is 
made up of two chemically different blocks, 
polystyrene (PS) and poly (methyl methacrylate) 
(PMMA), that are covalently bonded [30]. 
 

                
Fig. 3. Schematic Representation of Polystyrene-b-
Methyl methacrylate (PS-b-PMMA) . 

 
The PS block is formed of styrene monomer units 
and is hydrophobic, whereas the PMMA block is 
composed of methyl methacrylate monomer units 
and is hydrophilic [30]. Because of their chemical 
differences, the two blocks are immiscible, resulting 
in phase separation when the BCP is in solution or 
solid form.  The thermodynamic goal is to decrease 
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interfacial energy and obtain a more favorable 
block segregation which drives PS-b-PMMA self-
assembly [31]. The BCP works as a scaffold or 
guiding template, directing how the nanowires are 
arranged and aligned in space [32].  
 
By altering the BCP composition, molecular weight, 
and processing conditions, the size and spacing of 
the BCP microdomains may be adjusted, providing 
for precise control over the nanowire 
characteristics [33].For starters, it allows for the 
fabrication of nanowire arrays with consistent size, 
spacing, and orientation across wide areas, which is 
difficult to achieve using traditional lithographic 
processes [34]. Second, the BCP template enables 
the creation of sophisticated nanoscale patterns 
and architectures that would be impossible to 
create using other methods. Furthermore, because 
BCP self-assembly is scalable, it is appropriate for 
large-scale manufacture of nanowire-based devices 
and materials [34]. 
 
4. MATERIALS AND METHODS 
 
Experimetal steps involve sample preparation 
and synthesis technique of the  AZO nanowires 
[35]. The following procedure is used to prepare 
the BCP solution and prepare the sample. Fifty 
(50) mg/0.05 gm of P4009-SMMA (Sigma-
Aldrich) (PS (47k)-b-PMMA (58k)) powder is 
taken. 5gm of Toluene (Sigma-Aldrich) is taken in 
a beaker and the powder is poured to make a 
solution of 1%.   
 
The off –ratio PS:PMMA is kept 47:58 as we want 
a long chain formation of chain of nanowires.  
 
The solution is to put a magnetic stirrer at 70-
degree Celsius temperature with the maximum 
spin speed for overnight.  
 
The brush solution is made with DOW 60 
(polydimethylsiloxane) (Sigma-Aldrich) and 1% 
PGMEA (propylene glycol monomethyl ether 
acetate) (Sigma-Aldrich).  The Si wafer is cut in 
dimension of 1.5 cm*1.5 cm for each.  
 
The below-mentioned recipe is the recipe for 
making fingerprint patterned AZO nanowires 
which gives a suitable result. The AlOx infiltration 
time is varied in different range to optimize the 
result more accurately. AlOx infiltration time will 
be  varied from 50 sec to 150 sec to get a suitable 
range to optimize the best pattern.  

Three samples are cut each of size 1.5cm*1.5cm 
from SiO2 coated Si wafer. Oxygen plasma RIE 
(March RIE, March Plasma CS1701F) cleaning is 
performed for 120 seconds (recipe-7, pressure: 
100 mTorr, RF power: 21 Watt). RIE helps to 
remove any organic contaminants, particulates, 
oxide, polymers, and unwanted substances from 
the surface of the sample which will not interfere 
with the subsequent fabrication steps. Prepared 
brush solution is spin coated (Laurell WS-650-23 
Spin Coater)at 3000 rpm for 30 sec at 250 °C. The 
spin-coated solution is annealed for 5 mins. 
 
The sample is spin-rinsed with toluene at 3000 
rpm for 30 sec to remove excess brush solution. 
This spin-rinsing will create thin layer of brush 
solution.  
 
PS-b-PMMA solution is applied by Pasteur pipette 
and spin coated for the samples at the optimized 
spin speed 3500 rpm for 30 sec and annealed at 
250 °C for 20 mins.  
 
Infiltration Synthesis is performed in S100  
Savannah ALD tool– AZO infiltration at 85 °C, 
exposure time for AlOx 50sec (sample1), 100 sec 
(sample 2), 150 sec (sample 3), 1 cycle AlOx and 
6 cycles ZnO.  
 
O2 plasma RIE is performed to remove organic 
template for 300 sec (recipe 7, pressure: 100 
mTorr, RF power: 21 Watt). Finally, the SEM 
inspection is performed in Scanning 
Transmission Electron Microscope (Hitachi 
2700C).  
 

 
Fig. 4. AZO self-assembled fingerprint nanowires 
(AlOx infiltration time 50 seconds). 
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5. RESULTS AND DISCUSSION 
 

Optical characterization (UV-Vis measurement) is 
performed from UV region to infrared region for all 
of the three samples to observe the  band of 
wavelength of light on which the AZO nanowires 
are sensitive. For the reference sample SiO2 coated 
Si wafer is taken which is the substrate used for this 
work. The optical characterization of reference 
helps to differentiate the actual sample. 
 

The experiement was performed with the 
optimized parameters and in S100 ALD tool and 
the proper self-assembly is observed in that case. 
Keeping different infiltration time for AlOx, the 
optimized Al doping is found which is 100 
seconds AlOx infiltration.  
 

 
Fig. 5. AZO self-assembled fingerprint nanowires 
(AlOx infiltration time 100 seconds). 
 

 
Fig. 6. AZO self-assembled fingerprint nanowires 
(AlOx infiltration time 150 seconds). 

Optimizing aluminum doping was a factor for the 
experiment because aluminum helps to form self-
assembly binding with zinc oxide. Only zinc oxide 
cannot create self-assembled structure because 
the surface reaction with PS-b-PMMA aluminum 
doping is required for binding with the 
surface. From the results it is observed that 
varying the aluminum infiltration time the 
quality of self-assembled fingerprint nanowires 
is changed.  
 
Fifty (50) seconds exposures for aluminum 
infiltration gives the worst result. As was discussed 
above, aluminum helps to bind the zinc oxide to the 
surface. Less aluminum infiltration leads to lower 
quality fingerprint nanowires and in some places 
discontinuous patterns are observed.  
 
For 150 seconds of aluminum infiltration, the 
quality of nanowire is not very good. In some 
random places some discontinuities are 
observed. 100 seconds of aluminum infiltration 
time gives the best self-assembled AZO 
fingerprint nanowire. 
 
From UV-Vis measurement graphs it is observed 
that in the UV region it shows an absorption peak 
which is below 400 nm. Among the three samples 
100 sec sample (Fig. 9) shows the maximum 
absorption among the three samples which is 
0.25. For 50 sec sample (Fig. 8) the absorption is 
0.20. For 150 sec (Fig. 10) sample the absorption 
is 0.18. From the optical characterization, it is 
concluded that 100 sec sample gives more 
absoprtion to light compared to the other two 
samples because 100 sec sample gave the best 
self-assembled structure. For 50 sec and 100 sec 
sample showed some discontinuities in some 
locations and that may degrade the absorption of 
light to the sample.  
 

 
Fig. 7.  Wavelength vs. Absorption graph for SiO2 
coated Si wafer.  
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Fig. 8. Wavelength vs. Absorption graph of AZO 
nanowire (AlOx infiltration time 50 sec).  

 

 
Fig. 9. Wavelength vs. Absorption graph of AZO 
nanowire (AlOx infiltration time 100 sec). 

 

 
Fig. 10. Wavelength vs. Absorption graph of AZO 
nanowire (AlOx infiltration time 150 sec). 

 
Self-assembled block copolymer (BCP) thin 
films have generally used as a nontraditional 

material patterning process because they have 
the ability to spontaneously generate various 
nanopatterns. This process provides several 
advantages including reduction in material and 
processing cost, small feature size (<30 nm) 
which is not easily achievable by traditional 
lithographic processes, and ability to be easily 
incorporated into existing technology for large-
scale manufacturing. The cost of 
photolithography ranges from $100000 to $1 
million. The photo mask costs several thousand 
dollars and the chemicals and photoresists cost 
a few hundred dollars per month in ongoing 
cost [36]. The equipment cost of electron beam 
lithography technique is $500000 to several 
million dollars. The consumables cost several 
thousand dollars [37].  For nanoimprint 
lithography, the equipment Cost is $100,000 to 
$500,000 for basic systems; more advanced 
systems can cost several million dollars. The 
fabrication of molds can be expensive, ranging 
from a few thousand to tens of thousands of 
dollars [38].  Extreme Ultraviolet Lithography 
equipments are among the most expensive 
lithography tools, with costs exceeding $100 
million [39]. 
 
For this work, the basic building blocks such as 
block copolymer, Si wafer, brush solution and 
other chemicals cost $50-500 per gram. The 
ALD tool which is used for this work costs 
around $50,000-$70,000. The RIE tool used for 
this work costs approx. $60,000. Hence from 
the above paragraph with the comparison of 
several conventional lithography techniques, 
this method for synthesizing the nanowires is 
pretty much cost-effective and scalable.  

 
Table 1. Cost comparison of BCP and self assembly with traditional lithography techniques. 

  Photolithography Electron beam 
Lithography 

Nanoimprint 
Lithography 

Extreme UV 
Lithography 

BCP and Self-
assembly 

Equipment cost  Very High [36] Very High [37] Moderate [38] Very High [39] Low 

Chemical cost  High [36] High [37] High [38] Very High [39] Very low 

 
Comparison of the processing time of this 
technique with the traditional lithography 
techniques shows Self-Assembly is less time 
consuming than others. Photolithography 
generally takes 400 minutes to 600 minutes 
depending on the size and complexity of the 
masks and exposure time [36].  Electron beam 
lithography generally takes 600 minutes to 1-2 
days depending on the complexity of the device 

[40]. Nanoimprint lithography takes 500 
minutes to 700 minutes [38]. 
 
For our technique, sample preparation takes 
approximately 30 minutes, infiltration 
synthesis takes 180 minutes and post 
infiltration ashing takes 5 minutes.  Overall, it 
takes 215 minutes to complete the whole 
process.  
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Table 2 Processing time comparison of self-assembly with traditional lithography techniques. 

   Photolithography 

 

Electron 

beam Lithography 

Nanoimprint 
Lithography 

Extereme UV 
Lithography 

BCP and Self-
Assembly 

Processing time  Moderate [36] High [37] Moderate [38] Moderate [39] Fastest 

 
6. CONCLUSION AND FUTURE DIRECTION 
 
Through this thesis research, the synthesis, 
characterization, and prospective applications of 
Fingerprint-Patterned AZO Nanowires were 
investigated. The thesis also presented the 
importance of self-assembly techniques, such as 
VPI, in attaining accurate alignment and 
arrangement of nanowires to generate the 
fingerprint pattern. The use of ALD platforms has 
been critical in managing growth parameters such 
as film thickness, uniformity, doping, crystallinity, 
and surface passivation, influencing the 
characteristics and performance of the nanowires.  
 
The importance of this research resides in the 
unique features and benefits provided by 
Fingerprint-Patterned AZO Nanowires. These 
nanowires have improved functionality, 
controlled alignment, tailored optical properties, 
patterned surface topography, and could be used 
in transparent conductive films, flexible 
electronics, anti-reflection coatings. 
 
In conclusion, the synthesis of Fingerprint-
Patterned AZO Nanowires through self-assembly 
via VPI on diverse ALD platforms under varied 
conditions offers a unique approach for tailoring 
nanowire properties and achieving novel 
functionalities. The combination of self- assembly 
techniques, ALD platforms, and the fingerprint 
pattern opens exciting opportunities for the 
advancement of nanoscale devices and systems 
across various fields of research and application.  
 
The creation of photodetectors employing AZO 
(Aluminum-doped Zinc Oxide) nanowires has 
enormous potential for developing optoelectronic 
devices in the future. Future research should 
concentrate on material optimization, interface 
engineering, device architecture exploration, 
nanowire integration techniques, sensitivity and 
spectral range enhancement, noise reduction, 
integration with readout electronics, 
environmental stability, and applications other 
than photodetection. It is possible to develop high-
performance photodetectors with enhanced 
efficiency, sensitivity, and reliability for various 

optoelectronic applications by fine-tuning 
material properties, optimizing interfaces, 
exploring novel device architectures, developing 
scalable integration methods, extending the 
spectral range, reducing noise, integrating with 
readout electronics, improving environmental 
stability, and investigating additional applications. 
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