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ABSTRACT

The photodetectors are one of the key components in mod-

ern technologies and are widely used in military and civil fields

such as optical imaging, fire detection, optical communication,

missile guidance and positioning system etc. Currently, Si-based

photodetectors and photomultipliers are dominant in the mar-

ket due to their extremely mature processing techniques and low

cost. However, due to the lower bandgap of 1.1 eV to 1.3 eV, Si

can only be used for detection in visible and near-infrared (NIR)

spectral range. Additionally, with the continuous evolution of

the technology, the demand for high performing UV and broad-

band photodetectors have been increasing in the diverse appli-

cations. Therefore, wideband metal oxide semiconductors like

WO3, SnO2, NiO, ZnO, Nb2O5 Ga2O3 etc. have been explored.

Due to simple and low-cost fabrication processes, biocompatibil-

ity and enriched physical, optical, electrical and chemical prop-

erties, ZnO has emerged as a promising material for sensors. It

has a wide and direct bandgap of 3.37 eV at room temperature,

which makes it suitable for various optoelectronic applications

especially in UV region, including UV photodetectors.

One dimensional (1D) and two dimensional (2D) nanostruc-

tured materials have gained a lot of interest in the past several

decades due to better physical, chemical and electrical proper-

ties. Generally, the surface of a material is more sensitive to the

external changes, therefore larger surface area of the nanostruc-

tures has made them more sensitive to these changes. This work

is mainly focused on the development of high responsivity UV

and broadband photodetectors over flexible and rigid substrates,

using varieties of ZnO nanostructures obtained by simple and

low-cost hydrothermal process. In the first part of work, the ZnO

nanostructures growth process has been optimized towards syn-
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thesis of complex nanostructures with higher surface area, to con-

trol the intrinsic defect density and to improve the adhesivity of

nanostructures with the substrate. The obtained nanostructures

have demostrated significantly high UV and broadband photore-

sponse, which was found to be comparable to commercially avail-

able photodetectors. In next part, the impact of high energy UV

radiation over the device performance has been investigated and

a suitable solution to overcome this issue has been proposed.

Moreover, considering the increasing demand of flexible pho-

todetectors for various wearable applications, highly sensitive

and ultra low power, flexible UV photodetector have been synthe-

sised. The device exhibited remarkably high photo-sensitivity of

348 and photo-responsivity 265 mA/W at just 0.1V applied bias.
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Chapter 1

Introduction

1.1 Photodetectors

Photodetectors are the devices that convert the incident op-

tical signals into another form of signals such as heat, electrical

signals etc. The photodetectors are one of the critical compo-

nents in modern technologies and are widely used in military and

civil fields such as optical imaging, optical communication, mis-

sile guidance and positioning system, etc [1]. Basically, photode-

tectors operate on the principle of transfer of photon energy to

the electrons in the lower energy state, to excite them to available

higher energy states.

1.1.1 Classification of photodetectors

Based on the transition of electrons to higher energy levels,

photodetectors can be classified into one of the following cate-

gories [4].

1. Photoconductive or photovoltaic: When the incident light

energy is higher than the bandgap of material, electrons in

the valence band are excited to the conduction band, which

resulted in the generation of excitons. The photogenerated

charge carriers reduce the overall resistance of the device.

2. Photoelectric (photoemissive): In the photoelectric effect,
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when the energy of incident light is sufficiently high, the

electrons in the conduction band are transferred to the vac-

uum level. The excess energy of the photon is transformed

into the kinetic energy of the emitted photon.

3. Polarization: These photodetectors work on the principle

of photorefractive effect, which describes the change in re-

fractive index upon photoexcitation. These kinds of pho-

todetectors are used to detect light of desired polarization.

4. Phonon generation: When the power of incident photon is

less than the bandgap then, the electrons are excited to the

midgap energy states and return to the initial energy level

by releasing the energy in the form of heat.

5. Other: There could be several other possible forms of en-

ergy transitions such as the generation of excitons.

Furthermore, based on the device architectures,

semiconductor-based photodetectors could be classified into

the following three categories:

1. Photoconductors: The photoconductor configuration con-

sists of two symmetrical ohmic contacts, deposited over the

active layer of the device. An external bias voltage is applied

to drift the photo-excited electrons and holes towards their

respective electrodes, which leads to the flow of photo cur-

rent. Usually, one type of photo-excited charge carriers are

trapped by a variety of defects or trap states in the bandgap

of the active layer, which significantly increase the lifetime

of the charge carriers, facilitated the recirculation of other

charge carriers in the external circuit, resulting in higher re-

sponsivity [5].

2. Photodiodes: The photodiode consists of a pn junction be-

tween a p-type and n-type semiconductor or a Schottky

2
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junction between a semiconductor and metal. The built-in

electric field at the interface drifts the photo-excited charge

carriers in the opposite directions, towards their respective

electrodes to generate photo current.

3. Phototransistors: Phototransistors are generally used as op-

toelectronic amplifier and switches in which the output sig-

nal can be amplified and modulated by incident light.

Currently, Si-based photodetectors and photomultipliers are

generally used as commercial UV photodetectors due to their ex-

tremely mature processing techniques and low cost [6]. However,

due to the smaller bandgap of 1.1 eV to 1.3 eV, Si can only be used

for detection in visible and near-infrared (NIR) spectral range [7].

Silicon-based devices also have low intrinsic quantum efficiency

and poor robustness [2]. Additionally, with the continuous evolu-

tion of the technology, the demand for high performing photode-

tectors have been increasing in the diverse application. More-

over, conventional Si-based photodetectors could not fulfill the

requirement of emerging portable and wearable optoelectronic

technologies such as low manufacturing cost, transparency and

flexibility. Therefore, to satisfy the need for modern UV photode-

tectors, wideband metal oxide semiconductors like WO3, SnO2,

NiO, ZnO, Nb2O5 and Ga2O3 etc. have been explored [8-19]. The

wide bandgap semiconducting materials exhibit strong radiation

hardness, high thermal and chemical stability, therefore can be

used in a harsh environment. Additionally, ZnO is low cost and

biocompatible material.

1.2 Zinc oxide

ZnO is a key technological material and has received

widespread attention due to exceptional electrical, mechanical,

and optical properties. Zinc oxide is a unique optoelectronic ma-

3
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Fig. 1.1: Commercially available photodetectors

terial with varied applications such as light-emitting diodes, pho-

todetectors, photodiodes, optical modulator waveguides, chemi-

cal and biosensors, gas sensors, energy harvesting devices includ-

ing solar cells and nanogenerators, electromagnetic coupled sen-

sors, actuators, and so on [20-27].

1.2.1 Lattice structures of ZnO

Zinc oxide crystallizes in the hexagonal C4
6v or P63mc space

group. It has wurtzite structure with lattice parameters a = 3.296

Å and c = 5.207 Å [28]. As shown in Fig. 1.2, one Zn2+ atom is

tetrahedrally coordinated with four O2− atoms. Such tetrahedral

coordination leads to the noncentrosymmetric structure, which

gives rise to the piezoelectric nature of ZnO [29, 30]. The ZnO lat-

tice consists of alternating planes of zinc and oxygen atoms along

the c-axis, which is the cause of polar nature of (0001) and (0001̄)

faces. This polarity gives rise to normal dipole moment, polariza-

tion and piezoelectricity, and also an important factor in crystal

growth, defect generation, plasticity, etching, etc. In addition to
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polar surfaces, it also has non-polar surfaces. The other facets

such as (21̄1̄0) (a-axis) and (011̄0) contain an equal number of Zn

and O atoms, therefore these are nonpolar in nature. A significant

variation in the growth rate of different planes has been observed.

The growth along the polar facets is much faster comparing to the

nonpolar factes.

Fig. 1.2: The Wurtzite structure of ZnO

1.2.2 Band structure and optoelectronic properties

of ZnO

1. Direct and wide-bandgap: ZnO has a wide bandgap of 3.37

eV at room temperatures. Such large and direct bandgap

makes ZnO suitable for various optoelectronic applications,

especially in the UV region, including UV photodetectors,

solar cells, flame detectors, LEDs and laser diodes [31, 32].

2. High exciton binding energy: ZnO has a much higher free-
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exciton binding energy of 60 meV then 25 meV in GaN. Such

a large exciton binding energy signifies highly efficient ex-

citonic recombination and emission, which can persist at

room temperature and higher. The large exciton binding

energy makes ZnO a promising material for optical devices

that are based on excitonic effects [31].

3. Large piezoelectric constants: A small deformation in a

piezoelectric crystal generates a potential difference in the

material and vice versa. Owing to the noncentrosymmetric-

ity in hexagonal Wurtzite structure, ZnO possesses large

piezoelectric constant, which makes ZnO a potential mate-

rial for nanogenerators, transducers, sensors and actuators

[31].

4. Strong luminescence: Due to a direct and wide bandgap

of 3.37 eV at room temperature, ZnO has a strong lumines-

cence in the near UV region. The band-edge emission peak

is centered at around 385 nm and a very broad peak in the

visible area, which is due to the presence of various intrinsic

defects [31, 33]. These defects lead the n-type conductivity

in ZnO, which makes it suitable for applications in vacuum

fluorescent displays and field emission displays.

1.2.3 ZnO nanostructures

One dimensional (1D) and two dimensional (2D) nanostruc-

tured materials have gained a lot of interest in the past several

decades. Compare to thin films, the nanostructures possess bet-

ter physical, chemical, and electrical properties due to larger sur-

face area and quantum confinement effect [34]. Generally, the sur-

face of a material is more sensitive to external changes. Therefore

the larger surface area of the nanostructures has made them more

susceptible to these changes. A lot of work has been done in the
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field of 1D nanostructure-based UV detectors. Researchers have

generally used ZnO nanowires, Ga2O3 nanowires and nanobelts

or other metal-oxide nanostructures towards obtaining high sen-

sitivity in the UV region [3, 35-38].

Fig. 1.3: Various morphologies of ZnO nanostructures 1

Due to simple and low-cost fabrication process, and en-

riched physical, optical, electrical and chemical properties, ZnO

has been emerged as a promising material for sensors applica-

tions with high performance and employed as the building unit

in many electronic and optoelectronic devices, such as solar cells,

photodetectors and field-effect transistors.

The research on nanostructured ZnO has been started

with the growth of ZnO thin film in the 1960s. After that,

over the last few decades, ZnO nanostructures have gained

a lot of interest from the research community owing to their

wide range of applications. Further, the physical and electri-

cal properties of ZnO varies significantly with the morphol-

ogy of nanostructures. Therefore, a variety of nanostructures

morphologies like nano combs, nanorings, nano helixes/nano

springs, nanobelts, nanowires, nanotubes, nanotips, nanoflow-

1Reprinted from Materials Today, Volume 7, Issue 6, Zhong Lin Wang,
Nanostructures of zinc oxide, 26-33, Copyright (2004), with permission from
Elsevier.
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ers, nanosheets, nanoporous, nanocages, etc., were obtained. Ow-

ing to attractive optoelectronic characteristics, 1D ZnO nanostruc-

tures were highly explored.

1.2.4 Working principle of ZnO based UV photode-

tectors

ZnO based1D and 2D nanostructures possess a high surface

to volume ratio, which has made them more sensitives to the op-

tical, physical and chemical changes in the vicinity. Therefore,

ZnO has been widely used for the development of high sensi-

tivity and responsivity nanometer-scale light sensors. The basic

working principle of photodetection process is an internal pho-

toelectric effect: when light falls on the surface of semiconductor

material, and if the energy of the incident photons (i.e., Eph = hcλ )

exceeds the energy bandgap of the material (i.e., Eg), it gets ab-

sorbed. This absorption generates an electron-hole pair for each

absorbed photon i.e. an electron is excited from the valance band

to the conduction band and as a result, a hole is created in the

valence band Fig. 1.4. These generated electron-hole pair sepa-

rates and drifts to the respective electrodes under the intrinsic or

externally-applied electric field. This carrier drift gives rise to the

photo current in the external circuit. This photo current is directly

proportional to the intensity of the incident light.

The photodetection mechanism in a nanorod is shown in

Figure 1.4 [39]. In ZnO nanorods based photodetectors the ad-

sorption and desorption of oxygen play a crucial role [40]. As the

ZnO nanorods come in contact with air, the oxygen molecules get

adsorbed over its surface while capturing free electrons from the

nanorods. Therefore, the surface of the nanorods would get de-

pleted of free electrons to form the depletion region over the sur-

face, resulting in reduced conductivity of nanorods. This would

result in a reduced dark current [36].

8
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Fig. 1.4: (a) Schematic of a nanowire-based photoconductor. (b,
c) before and after UV illumination, respectively 2

O2(g)+ e− −→ O−2 (ad) (1.1)

Now, as the samples were illuminated by photon energy higher

than the bandgap (hv > Eg), the electron-hole pairs were gen-

erated. Under the inbuilt electric field, the holes were pushed

towards the surface, where they migrated with the negatively

charged adsorbed oxygen molecule. Consequently, the oxygen

molecules were desorbed from the surface and electron concen-

tration increases. This phenomenon would reduce the deple-

tion width at the surface and increase the conductivity of the

nanorods, which would significantly enhance the photo current

[36, 41].

e−+h++O−2 (ad)−→ O2(g)+ e− (1.2)

Further, under the externally applied bias, the photogener-

ated electron-hole pairs are separated and leading to photo cur-

rent flow along the nanostructures. Moreover, there are numerous

reports, indicating the role of ambient conditions. The photore-

sponse was observed to be slower in a vacuum and much quicker

in the air, which again indicates the critical role of oxygen in the

2Reprinted (adapted) with the permission from (Nano Letters, Volume 7,
Issue 4, C. Soci, A. Zhang, B. Xiang, S.A. Dayeh, D.P. Aplin, J. Park, X.Y. Bao,
Y.H. Lo, D. Wang, ZnO nanowire UV photodetectors with high internal gain,
1003-1009). Copyright (2007) American Chemical Society.

9



Chapter 1: Introduction

photosensing mechanism.

1.2.5 ZnO nanostructure synthesis techniques

The morphologies, defect states, and crystallinity of the

nanostructures significantly affect the optoelectronic and sensing

properties of ZnO. Therefore, numerous efforts have been made

towards obtaining a variety of highly crystalline ZnO nanostruc-

tures morphologies such as nanorods, nanoplates, nanowires,

nanoflowers, tetrapods etc. The ZnO nanostructures synthe-

sis techniques can be broadly classified in the two categories:

gas-phase synthesis and liquid phase synthesis. The gas-phase

synthesis techniques include chemical vapor deposition (CVD),

metal-organic chemical vapor deposition (MOCVD), physical va-

por deposition (PVD), pulsed laser deposition (PLD), molecular

beam epitaxy (MBE), electron beam deposition and organometal-

lic vapor epitaxy (OMPVE). [28, 42, 43].

The physical vapor deposition techniques like thermal evap-

oration have been used for the deposition of a variety of ZnO

nanostructures. In such systems, the target materials are heated

to their evaporation temperature that leads to the deposition of

thin-film or nanostructures over the substrate. However, there is

a high possibility of incorporation of catalyst and impurities in

the ZnO lattice.

Another well-established technique for excellent crys-

tallinity, uniformity and control over defect density is the chemi-

cal vapor deposition method. The simplest CVD system consists

of a vacuum chamber, precursor gases and substrate heaters. The

chemical reactions take place near or at the heated substrate (tem-

perature ranging from 200 °C to 1600 °C), which resulted in the

growth of uniform and high crystallinity thin film. The major

advantage of the CVD process is that it provides excellent cov-

erage. Therefore substrates with different features can be uni-
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formly coated. Additionally, deposition takes place at lower vac-

uum pressure than required for PVD systems. Variety of ZnO

nanostructures like nanorods, nanotips, nanowalls, nanonails,

nanowires, nanoropes and nanolawns could be synthesized by

using this system [44, 45]. However, the CVD suffers from low

product yield and limited choice of substrate.

Although, the gas phase deposition techniques like CVD,

thermal evaporation and MBE could produce highly crystalline

thin films and variety of nanostructures, but the deposition takes

place at high vacuum pressure of around 10−6 mbar and at high

temperature ranging from 200 °C to 1600 °C, which makes the

system quite complicated, that leads to significant enhancement

in the device fabrication cost. Additionally, most of the gas phase

deposition techniques are not suitable for flexible organic sub-

strates.

In contrast to the gas phase synthesis techniques, the liq-

uid phase deposition techniques offer several advantages such as

scalability, low production cost, low-temperature synthesis (< 200

°C). The liquid phase synthesis includes spray pyrolysis, sol-gel

technique, hydrothermal growth, electrospinning, etc [46]. How-

ever, hydrothermal growth has gained more attention due to ease

processing and verity of nanostructures which can be obtained by

altering the growth parameters and precursor solution.

1.2.6 Hydrothermal synthesis of ZnO nanostruc-

tures

The wet chemical methods have received a lot of atten-

tion from the researchers due to several reasons: compatibility

with flexible organic substrates; less hazardous; no need of a

metal catalyst, which allows easy integration of obtained nanos-

tructures with well-established silicon technology. These meth-

ods involve different chemical reactions in reversible equilibrium
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and are driven by the minimization of free energy for the entire

growth environment. The hydrothermal technique is preferred

over other deposition techniques because it can produce a large

variety of nanostructures and provide excellent control over the

points defects, which significantly affect the optoelectronic prop-

erties of ZnO [46, 47]. Due to the presence of these mid-gap defect

states ZnO nanostructures are capable of using visible light for

photocatalysis applications, even without doping with transition

metals.

Fig. 1.5: Schematic of ZnO hydrothermal growth process

The hydrothermal process for the synthesis of ZnO nanos-

tructures consist of the following steps:

1. Deposition of a thin layer of ZnO nanoparticles over the

substrate by sputtering, spin coating, or other thin film de-

position techniques. The ZnO nanoparticles act as a seed for

the nucleation of ZnO nanowires growth.

2. Annealing of the seed layer at high temperature (180 °C –

250 °C) for better crystallinity and orientation of the ZnO

nanoparticles.

3. Aqueous precursor solution of the alkaline reagents

(e.g., NaOH, KOH, hexamethylenetetramine, or HMTA

((CH2)6N4)) and Zinc salts (e.g., ZnCl2, ZnSO4, Zn(NO3)2)

is prepared. The alkaline solution provides OH− ions

12
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whereas Zn salts act as the source of Zn2+ ions for the

growth of ZnO nanowires.

4. The seed layer coated substrate is kept in the precursor so-

lution at fixed temperature and pressure for a specified time

duration.

5. After growth, the as-grown samples are rinsed with deion-

ized water and dried in air.

The growth process of ZnO nanorods can be explained as

follows: The ±(0001) planes in the wurtzite structure of ZnO are

the high energy polar surfaces, consisting either Zn2+ or OH−

ions. As the ZnO nucleus is formed, OH− ions are preferentially

adsorbed over the polar planes to minimize the surface energy.

As a result, the polarity of the surface is inverted and OH− termi-

nated plane becomes Zn2+ terminated plane and vice versa. The

process is repeated over the course of time, which resulted in the

fast growth of ZnO along c-axis, exposing nonpolar facets (11̄00

and 21̄1̄0) [48]. Therefore, the preferential growth in one direction

resulted in the formation of ZnO nanorod like structures. How-

ever, the hydrothermal technique is a versatile technique which

allows the usage of different surfactant to obtain different kinds

of nanostructures. Further, the different salts can be added to the

precursor solution to obtain doped ZnO nanostructures. During

the hydrothermal growth, the following reactions take place in

the precursor solution [46]:

Zn2++2OH−←→ Zn(OH)2 (1.3)

Zn(OH)2 +2OH−←→ [Zn(OH)4]
2− (1.4)

[Zn(OH)4]
2−←→ ZnO2−

2 +2H2O (1.5)

ZnO2−
2 +H2O←→ ZnO+2OH− (1.6)
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ZnO+OH−←→ ZnOOH− (1.7)

In the eq. 1.3, OH− ions come from alkali, not from the H2O.

Therefore, other organic solvents like ethanol, butanol or other

ionic liquids can be used in place of water in order to obtain dif-

ferent aspect ratios of ZnO nanowires. As the polar solvent has

strong interaction with the polar surface, they absorbed over the

polar surface to hinder the growth alone c-axis. This resulted in

the lower aspect ratio of the nanorods [48]. In the eq. 1.4, different

species of zinc hydroxides (Zn(OH)2, Zn(OH)+ and [Zn (OH)4]
2−)

could be formed, which depends on the pH of the precursor solu-

tion, that can be controlled by changing alkaline reagent concen-

tration. The major challenge in hydrothermal growth is to control

the growth rate and to avoid homogeneous nucleation, which is

responsible for the precipitate formation and to encourage het-

erogeneous growth over the seed layer to obtain high aspect ratio

nanorods. The alkali solutions such as KOH and NaOH get dis-

solve in water instantly and increase the pH of the solution, which

leads to rapid precipitate formation. Therefore there is a need for

different alkali reagents which can control the pH and therefore

growth rate of ZnO. Interestingly, Liu et al., have reported that

NH3.H2O could not only provide a basic environment for growth

but also mediate heterogeneous nucleation [49]. The most com-

monly used reagents for hydrothermal growth are HMTA and

zinc nitrate. During the ZnO nanostructure using HMTA as al-

kali reagent, the following reactions occur:

(CH2)6N4 +4H2O←→ (CH2)6N4−4H++4OH− (1.8)

(CH2)6N4 +6H2O←→ 6HCHO+4NH3 (1.9)

NH3 +H2O←→ NH+
4 +OH− (1.10)

Zn2++4NH3←→ Zn[(NH3)4]
2+ (1.11)

14
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Zn2++2OH−←→ Zn(OH)2 (1.12)

Zn(OH)2←→ ZnO+H2O (1.13)

Unlike, the growth in alkali solution, the OH− ions are pro-

vided by the H2O molecules in the solution. HMTA acts as a pH

buffer and ensures the constant supply of OH− ions in the pre-

cursor solution (eq. 2.1). Further, the hydrolysis of HMTA pro-

duces ammonia and HCHO in the solution. The decomposition

of HMTA is dependent on the pH and temperature of the solu-

tion. The ammonia plays two major roles: firstly, to maintain a

constant supply of OH− ions and secondly to make a complex

with Zn2+ ions, to ensure a timely and steady supply of Zn2+ ions.

After that, Zn2+ ions react with OH− ions, which resulted in the

formation of Zn(OH)2. However, Zn(OH)2 is thermodynamically

unstable and transformed into ZnO [50]. As shown in Figure 1.6,

The HMTA has not only to accelerate the growth alone c-axis but

also adhere over nonpolar side facets to inhibit the growth in the

lateral direction and allow access of ZnO molecules over (0001)

place, which resulted in the growth of high aspect ratio nanorods

[51, 52].

1.3 Review of past work

The one dimensional ZnO nanostructures have gained a lot

of attention from the research community owing to novel physi-

cal and chemical properties and higher sensing response compar-

ing to ZnO thin films. Therefore, a significant amount of effort

was made to obtain a variety of nanostructures. Due to the sim-

ple and low-cost synthesis process, the hydrothermal technique

has become popular among the researchers. Further, by using

different organic and inorganic additives in the precursor solu-

tion, a variety of ZnO nanostructures such as nanorods, nanotow-

ers, nanovolcanoes, nanopipes, dumbbell-like, flower-like, disk-
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Fig. 1.6: Schematic showing the role of hexamethylenetetramine
as a capping agent

like, nanorings, nanobows, nanohelixes, nanosprings, nanocages,

nanobelts have been synthesized using hydrothermal technique

[53-60]. However, the major disadvantage with hydrothermal

growth was that it is prone to the variety of intrinsic defects such

as oxygen vacancies, zinc vacancies, oxygen interstitials, zinc in-

terstitials, oxygen antisites and zinc antisites [61]. Therefore, sev-

eral efforts were made to decrease the defect concentration and to

improve the crystallinity of hydrothermally obtained ZnO nanos-

tructures [62].

Broadband photodetectors are essential components of op-

toelectronic systems and find extensive applications in optical

communication, environmental monitoring, image sensing, fold-

able displays, surveillance, remote sensing, ecological monitor-

ing, astronomical detection, photometers, analytical applications,

energy harvesting, biological research and chemical analysis [63-

68]. A substantial amount of work has been done towards the

synthesis of broadband photodetectors. ZnO is a wide bandgap
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material. Therefore, it is a potential material for broadband pho-

todetection. Generally, pristine ZnO is sensitive to only near UV

radiation. Therefore, in order to make ZnO responsive towards

the visible and NIR region, ZnO has been used with several other

materials such as graphene, perovskite, PbS quantum dots, Co3O4

and so on [69-73]. However, there are quite a few studies on using

pristine ZnO nanostructures as broadband photodetector [74].

1.4 Challenges

ZnO is a wide bandgap material, therefore it has become

material of interest for near UV detection. However, pristine ZnO

is not sensitive towards deep UV, visible and near IR region of

the electromagnetic spectrum. Therefore, in order to develop a

broadband photodetector, it has been doped or used with other

visible and NIR sensitive materials. This process is quite compli-

cated and increases the complexity and cost of device fabrication.

Usually, researchers have used basic 1D nanostructures such

as nanorods, nanopillars, nanocolumns, nanotubes etc. for the de-

velopment of photodetector, which eventually could not generate

high sensing response due to their low charge transportation effi-

ciency and several other factors. Therefore, it has become quite

critical to synthesize more complex nanostructures that could

provide a larger surface area and better charge transportation

between the electrodes at lower fabrication costs. However, the

development of such high responsivity and low-cost broadband

photodetector is still a big challenge.

Further, the nanostructures obtained by hydrothermal

growth are prone to low adhesivity with the substrate and vari-

ety of intrinsic defects which could significantly impact the device

performance. Therefore, it is highly desirable to improve the thin

film adhesion and reduce the inherent defect concentration in the

hydrothermally grown ZnO nanostructures.
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Additionally, while developing UV photodetectors, device

reliability is a major issue because the high energy UV radiation

could be extremely harmful and could significantly hamper the

device functioning. Therefore, it has become essential to investi-

gate and minimize the effect of UV radiations over the device per-

formance, towards the development of highly reliable UV sensor.

Moreover, considering the increasing application of battery-

operated flexible and wearable UV sensors such as wearable UV

dosimeters, a variety of flexible substrates e.g., polyimide, cellu-

lose paper, PET, plastic etc. have been reported. However, no

significant growth has been achieved in this direction. Therefore,

it is vital to synthesis ZnO nanostructures over a flexible substrate

which could produce high UV sensing response and consume low

electricity to reduce the power consumption, therefore lengthen

the battery life of the device.

1.5 Objectives of this work

The main objective of this work is to develop ZnO based

high responsivity and reliable broadband photodetector. The

other goals of this work are as follows:

1. To control the intrinsic defect density and to improve the

adhesivity with the substrate of the hydrothermally grown

ZnO nanostructures.

2. To synthesis complex ZnO nanostructures with larger sur-

face area and high charge transport efficiency.

3. To develop a high responsivity and low-cost broadband

photodetector using complex ZnO nanostructures obtained

by simple and economic hydrothermal process.

4. To investigate the effect of prolonging UV illumination over

the ZnO nanostructures characteristics and the device re-
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sponse. Additionally, to find a way to stop ZnO degradation

due to UV exposure.

5. To develop highly sensitive UV photodetector for flexible

and wearable electronics over a flexible substrate, which

could operate at low power to lengthen the battery dis-

charge time.

1.6 Organization of the thesis

1. Chapter 1 includes the introduction to a different class and

working principle of a photodetector. A detailed discussion

about the material properties and different growth tech-

niques, especially hydrothermal growth of ZnO nanostruc-

tures, has been done.

2. Chapter 2 discussed the material and the deposition pro-

cess used during this work. Further, the different struc-

tural and optical techniques used for device characteriza-

tion have been briefly discussed.

3. Chapter 3 discusses the hydrothermal growth to a variety of

ZnO nanostructures by using additives in the precursor so-

lution. The effect of additives over the structural and optical

properties of ZnO nanostructures has also been discussed in

detail.

4. Chapter 4 has demonstrated ZnO honeycomb nanostruc-

tures for broadband photodetectors.

5. Chapter 5 discussed the effect of high energy UV radiations

over ZnO nanostructures characteristics and also about the

prevention techniques.

6. Chapter 6 demonstrate Al foil as a flexible substrate. The

growth mechanism of the Al-doped nanoplate network has

19



Chapter 1: Introduction

been discussed. Further, a brief discussion about low power

operation and piezoresponse has been added.

7. Chapter 7 is the conclusion of the work that has been pre-

sented in the thesis and a small description of the future

scope of this work.
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Experimental methods and

characterizations techniques

2.1 Introduction

There are several key points which are needed to be consid-

ered for the development of a high-performance photodetector,

like the selection of proper material, the material synthesis and

deposition processes and the characterization techniques used to

evaluate various device parameters. This chapter discussed a va-

riety of materials employed in the presented research work. Fur-

ther, it describes various material synthesis and nanostructures

fabrication processes. After that, different characterization tools

that have been used throughout the work are discussed in detail.

2.2 Materials used for device fabrication

The properties of material control the device physics; there-

fore, the selection of proper material is criteria for efficient de-

vice fabrication. Only those materials which satisfy the neces-

sary condition of the energy bandgap, energy levels, and emis-

sion/absorption spectra peaks can be selected for an active layer

of the device. The other properties like surface tension, solubil-

ity, melting point and evaporation, are essential when solution-

processed device fabrication techniques are used. For the design
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of UV photodetector, it is crucial to select the material which is

capable of the strong UV absorption and have low defect density

[75]. All the materials are used as received without any further

process or purification.

2.2.1 ZnO

ZnO is a metal oxide semiconducting material with unique

optical and electrical properties. It can be grown in a variety of

highly crystalline nanostructures. It is a wide bandgap semicon-

ductor with a bandgap of 3.37 eV and therefore, its absorption

and emission lie in the UV region which makes it a suitable mate-

rial for UV emission and detection based applications [76]. It has

a large exciton binding energy of 60 meV. Therefore, it is suitable

for a variety of applications, which operate at room temperature.

Further, it is a highly stable and biocompatible material.

2.2.2 Silver (Ag)

The noble metal Ag with a work function ranging from ∼

4.20 eV to 4.78 eV, is used as an electrode for making Ohmic con-

tacts with ZnO based devices, especially planar photodetectors

and is deposited by physical vapor deposition technique (melt-

ing point: 962 °C).

2.3 Substrate preparation

2.3.1 Cleaning of glass substrate

Glass is the most commonly used substrate for device fab-

rication due to its smooth surface and is transparent to the spec-

tral range of interest, i.e. ultraviolet A, visible and near-infrared.

The glass pieces of 1.2 cm×1.2 cm×0.1 cm (L×W×H) were used

as substrate. The cleaning of substrates is critical for the consis-
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tent growth of nanostructures and reliable device performance.

Cleaning of the substrates was performed to remove inorganic

and organic impurities clinging to their surface. The substrates

were firstly cleaned in an ultrasonic bath of detergent in water,

after that rinsed with deionized (DI) water. Afterward, the sam-

ples are sequentially ultrasonicated in DI water, acetone, and iso-

propanol (10 min each). The cleaned substrates were dried in ni-

trogen gas and placed in a desiccator.

2.3.2 Hydrothermal deposition of ZnO nanorods

The hydrothermal processing is a non-conventional,

solution-based approach for the growth of nanostructures of

inorganic materials under maintained temperature and pressure.

The hydrothermal technique has become an essential tool for

advanced materials processing, owing to its cost-effectiveness

and low thermal budget processing of nanostructured materials

for a wide variety of technological applications. Hydrothermal

growth process consists of heterogeneous chemical reactions

taking place in the presence of an aqueous solvent in a closed

system above the room temperature and a pressure greater than

1 atm. In this work, the hydrothermal growth of a variety of ZnO

nanostructures was accomplished in two major steps:

1. Deposition of seed layer: Initially for the growth of ZnO

seed layer, 2 mM solution of zinc acetate [Zn(CH3COO)2,

Sigma-Aldrich, 99 % purity] and equimolar ethanolamine

was prepared in 2-methoxy ethanol. The solution was

stirred using a magnetic stirrer at 700 rpm for 6 hours. After

that, the solution was spin-coated on a clean glass substrate

using a spin coater and further heated at 250 °C in an oven

for 5 minutes to ensure the proper adhesion of the seed layer

with the substrate [77].
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2. Growth of ZnO nanostructures: For the growth of ZnO

nanostructures, the precursor solution of 1 mM zinc nitrate

hexahydrate [Zn(NO3)2.6H2O, Sigma-Aldrich, 99% pu-

rity] and 1mM of hexamethylenetetramine (HMTA, Sigma-

Aldrich, 99% purity) in 25 ml distilled water has been pre-

pared. The Apex series balance (APX-60, Denver instru-

ment) has been used for the measurement of all chemicals.

The solution was mixed in the sealed glass beaker using a

magnetic stirrer at room temperature for 15 minutes. As the

growth solution is adequately mixed, the seed layer coated

samples were immersed and placed upside down in the bot-

tom of the beaker, sealed by plastic wrap to avoid evapora-

tion of water during the hydrothermal process. After that,

the glass beaker was kept in an oven at a temperature of

110 °C for 4 hours. Then, the samples were taken out from

the glass beakers and rinsed in DI water for the removal of

precipitates from the surface of samples. A schematic of the

growth setup used in this thesis is shown in Figure 2.1.

Fig. 2.1: Schematic of ZnO hydrothermal growth process
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2.3.3 Deposition of electrodes / Physical vapour de-

position

Thermal evaporation is a conventional method for the depo-

sition of metals, metal oxides and small organic molecules on the

variety of rigid as well as flexible substrate. The deposition pro-

cess involves two major steps: evaporation and condensation of

the target material. In the first steps, the target material is kept in

the boat made of high resistance materials like tungsten (W) and

molybdenum (Mo). The boat is heated to the melting temperature

of the target material for its evaporation (see Figure 2.4). The boat

temperature is controlled by changing the input electrical power.

The deposition process takes place in the ultra-high vacuum con-

dition (usually 10−6 mbar to 10−7 mbar), to avoid interactions be-

tween the evaporated material and impurities present in the air.

Further, the mean free path of the vapor under the high vacuum

conditions is longer than the distance between boat and samples.

Therefore, the vapor of the target material could travel without

colliding with foreign species from the source to the substrate.

In the second step of the deposition process, the material vapor

condenses and deposited over the substrate surface. A crystal os-

cillator monitors the film thickness and deposition rate. One of

the major advantages of PVD techniques is that the evaporated

material has a gentle impact over the substrate surface, therefore

it is more suitable for soft substrates materials. Two planner Ag

electrodes of 50 µm×2 mm×100 nm (channel length × width ×

thickness) for the development of planar photodetector was de-

posited using PVD system purchased from Hind High Vacuum

Private Limited Company, India. The schematic of the thermal

evaporation set-up is shown in Figure 2.2. The initial rate of Ag

deposition was kept at 0.1 Å/s, which was increased up to 1 Å/s,

as the thickness reaches 10 nm.
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Fig. 2.2: Schematic of physical vapor deposition

2.3.4 DC sputtering

DC or direct current sputtering system is generally used for

high crystallinity thin film deposition by the sputtering process.

The sputtering system consists of a vacuum chamber, a pellet of

target material, a sample holder attached to the cathode and an-

ode electrodes. Initially, after loading the target pellet and the

substrates, the chamber pressure is reduced to 10−6 mbar. After

that, Argon gas is purged in the chamber. Now, as a high DC

bias is applied between the electrodes, the intrinsic electrons and

the Argon molecules are accelerated and the interaction of Argon

with electrons and other charged species ionized the Ar atoms to

Ar+ ions. The plasma of ionized Ar atoms (violet/blue) is visi-

ble from the optical window, provided in the vacuum chamber.

Under the influence of high electric field between the electrodes,

the Ar+ ions bombarded over the target pallet which was con-

nected to the cathode and ablates the target material, which in

turn deposited over the substrate. As a result, a highly homo-

geneous and crystalline thin is obtained over the substrate. The

schematic of the DC sputtering is shown in Figure 2.3. In this

work, Pt nanolayer (non-continuous film) was deposited using

the dc-sputtering technique.
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Fig. 2.3: Schematic of dc sputtering system

Fig. 2.4: Instruments used for the fabrication of devices

2.4 Thin film and device characterization tech-

niques

2.4.1 UV-Vis absorption spectroscopy and diffuse

reflectance spectroscopy

When electromagnetic waves incident over a matter, a va-

riety of phenomenon could take place like scattering, reflec-
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tion, transmission, absorption and fluorescence/ phosphores-

cence. The incident wave would be absorbed by the matter when

the energy of the wave is equal to or more than the bandgap of

matter. The schematic of the operation of a typical UV-Vis spec-

trophotometer is shown in Figure 2.5. As the light is incident on

the sample, it would transmit through the sample or adsorb by

it. Therefore, the amount of light absorbed by the sample could

be calculated as the difference between the incident light inten-

sity (Io) and the transmitted light intensity (I). Quantitatively ab-

sorbance is described by the equation:

A =− log(T ) =− log(I/Io) (2.1)

Fig. 2.5: Experimental set-up for UV-Vis absorption spec-
troscopy

In the above equation, A is absorbance, T is transmittance,

Io and I are the intensity of the incident light and the transmit-

ted light, respectively, at a given wavelength. The absorbance

A of material is a dimensionless quantity. In general, a UV-Vis

spectrophotometer consists of a broadband light source such as a

tungsten-halogen or deuterium lamp, a dispersion device for the

separation of different wavelengths and a detector to convert vis-

ible light intensity into an electrical signal. Firstly, the absorption

of the bare substrate has been taken as a baseline, which would

be subtracted from the sample data to obtain the absorption data
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of the sample only. The monochromatic light coming from the

dispersion device is passed through a beam splitter, which would

split the beam and now one beam fall on the sample and another

one would fall on the reference cell. The light transmitted through

the sample and reference cell is detected and recorded by the de-

tectors. Absorption results of thin films are obtained by subtract-

ing the reference spectra from the substrates. Absorption of the

materials also depends on the sample thickness, which is given

by the Beers-Lambert law:

I(λ ) = Io× e−αλd (2.2)

Where Io is the incident light intensity, α is the absorption

coefficient, and d is the thickness of the sample [78].

All absorption spectra included in this thesis were mea-

sured with a Varian Cary 300 UV-Vis spectrophotometer. Op-

tical UV-Visible (UV-Vis) absorption measurements were taken

within the wavelength range of 300-800 nm in normal incidence

mode from ZnO honeycomb structures, nanorods, thin film and

nanocolumns grown over glass substrates. Cleaned glass samples

were used as a reference.

Low scattering of incident light by the solid thin film facil-

itates ease of the calculation of bandgap (Eg) for the absorption

data. However, in the case of powder, nanostructures, or col-

loidal samples, where the scattering phenomenon is more domi-

nant due to large surface area, the dispersed light also counted as

absorbed light and is not distinguishable from each other. There-

fore, to overcome these difficulties in the measurement of ab-

sorption spectra, diffuse reflectance spectroscopy (DRS) has been

used, which is based on the theory proposed by Kubelka and

Munk [79].

This theory uses the diffuse reflectance measurements to es-

timate the Eg values with good accuracy when the material scat-
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ters in a perfectly diffuse manner. The diffuse reflectance R is

related to the Kubelka–Munk function F(R) by eq. (2.3):

F(R) =
(1−R)2

2R
(2.3)

Where R is the percentage reflectance from the sample [79,

80]. The graph of [F(R) × E]2 versus energy E in electron-volt

is used to measure the bandgap of the material. An attachment

to a UV-Vis spectrometer has been used to measure the diffuse

reflectance. Here an integrating sphere detector (Fig. 2.6(b)) is

attached to Cary 60 (Agilent) UV-Vis instrument (Fig. 2.6(a))

Fig. 2.6: Experimental set up for diffuse reflectance measure-
ment (a) Carry 60 UV-Vis spectrometer, (b) an integrating sphere
attachment to detect diffuse reflectance

In Cary 60 white lamp source (xenon lamp) is used and the

grating is used to select monochromatic wavelength. Here in this

setup, the initial beam split into two parts, one is taken as a refer-

ence beam and the second goes on the sample. Finally, the output

is compared to the reference beam and data has been collected.

Since output photons come through scattering from the samples,

so there is an integrating sphere detector.

2.4.2 Fourier transform infrared spectroscopy

The technique is used to obtain absorption or emission in

the infrared region of the electromagnetic spectrum. In this tech-

nique, samples are shined by a light beam consisting of different
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wavelengths of light at once and the amount of light absorbed by

the sample is measured with the help of a detector. The next beam

contains a different combination of frequency, giving second data

point and so on. To generate these beam patterns, a broadband

light source such as tungsten or xenon lamp and a Michelson in-

terferometer is used. The interferometer consists of a stable mir-

ror, a movable mirror and a beam splitter. The output beam of

the interferometer is passed through a sample and then to the de-

tector. It requires Fourier transform to convert the raw data into

the actual spectrum, therefore called Fourier transform infrared

spectroscopy.

Fig. 2.7: Schematic of FTIR spectroscopy setup

2.4.3 Photoluminescence (PL) spectroscopy

Photoluminescence spectroscopy is a highly selective and

extremely sensitive, non-destructive technique to investigate the

presence of various midgap states, which requires minimal sam-

ple manipulation and environmental control. It can be used to

probe surface and interface roughness, variety of impurities and

doping levels in the direct bandgap materials. It works on the

principle of spontaneous emission under optical excitation. When

a laser light of photon energy higher than the bandgap of mate-

rial, incident over the sample, electrons in the valence band are

excited to the conduction band [81]. These excited electrons al-
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ways seek to return the lowest available energy states. Therefore,

in the case of direct bandgap material, electron recombines radia-

tively with the holes in the valence band. The energy of an emit-

ted photon corresponds to the bandgap of the material. However,

energy may also be lost through phonons (vibrations) in the lat-

tice. Moreover, if the sample consist of impurities or defects than

exciton recombination could also take place from the conduction

band to midgap states or from midgap states to valence band,

which resulted in low energy photon emission.

To investigate the emission characteristics, qualitative anal-

ysis of defects of ZnO nanocolumns, thin film, naorods and hon-

eycomb structures, photoluminescence (PL) measurements were

performed using a Dongwoo Optron PL system with an He-Cd

laser (excitation wavelength of 325 nm). All measurements were

taken at room temperature. The schematic of the PL measurement

system is shown in Figure 2.8.

Table 2.1: LASER specifications

Source He-Cd LASER, CW
Power 20 mW
Wavelength 325 nm
Spot diameter 0.43 mm
Penetration depth 60 nm

Fig. 2.8: Experimental set-up of PL measurement system
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2.4.4 Field emission scanning electron microscopy

FE-SEM is a non-contact, non-destructive electron mi-

croscopy technique for obtaining the images of nanostructures

surface. It consists of an electron gun that produces a focused

beam of high energy electrons, which is directed and scanned

over the surface of the nanostructures. The interaction between

electron and surface atoms generates different signals, containing

the topological and chemical composition of the material. These

signals include (i) secondary electrons (SE) from which the im-

ages of nanostructures surface are obtained, (ii) backscattered

electrons (BSE) which are used to determine crystal structures

and orientation, (iii) photons i.e. the characteristic X-rays basi-

cally used for elemental analysis, (iv) visible light (cathodolumi-

nescence (CL)), and (v) heat. In a typical FESEM system, an elec-

tron beam is thermionically emitted from an electron gun coupled

with a tungsten filament cathode. Tungsten is normally used be-

cause it has the highest melting point and lowest vapor pressure

of all metals, thereby making it suitable for electron emission. The

schematic of the SEM is shown in Figure 2.9. The anode, which

is positive with respect to the filament, forms powerful attractive

forces for electrons. This causes electrons to accelerate toward the

anode. The electron beam is passed through a multihole aperture,

however standard aperture size is 30 µm. Condense lens are used

to control the demagnification. The electron beam of 1-20 KeV is

focused in 1-10 nm diameter on the specimen with the help of an

objective lens. The focused electron beam is scanned across the

surface of the sample through the scan coil. The emitted electrons

are collected by a detector and are converted to voltage. The SEM

image is formed from a two-dimensional density distribution of

detected electrons [82]. A variety of signals can be detected, in-

cluding secondary electrons, backscattered electrons, x-rays, CL
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and sample current. This technique is useful for producing rela-

tively quick qualitative impressions of the surface.

The FESEM Supra55 Zeiss system has been used in the

present study to investigate the morphology, lengths, size and

orientation of the ZnO nanostructures. The FESEM characteriza-

tion is performed at 5-10 kV acceleration voltage with a working

distance of 1-10 mm. For cross-sectional SEM images, the sam-

ples are scratched at the backside with a diamond pen and then

cracked. The samples for top views and cross-sectional views

are stick onto an SEM stub with carbon tape and sputter with 2

nm Au films to reduce charging effects during the SEM measure-

ments.

Fig. 2.9: Schematic diagram of FESEM

2.4.5 XRD measurements

X-ray diffraction (XRD) is a powerful, reliability, simplicity

and non-destructive technique to determine the crystal structures,

lattice constants, orientation of single crystals, defects, stresses

and the chemical composition of the material. The wavelength

of incident electromagnetic radiation onto the substrate is of only

a few angstroms (ranging between 0.7-2 Å) i.e. the order of lat-

34



Chapter 2: Experimental methods and characterizations
techniques

tice spacing. In order to analyze a thin film or power sample, a

monochromatic X-ray beam is directed at the sample and a detec-

tor is placed at the opposite angle of incidence. There are different

metals like Cu, Co, Mo, Cr etc. which can be used as a cathode

for X-ray generation. In our work, Cu has been used as an X-

ray source, as its wavelength is near to the lattice parameters of

ZnO, ease of cooling and availability of standard data. Generally,

the X-ray incident angle (2θ ) is varied from 10 to 90 degrees and

the diffracted light intensity is measured from a detector to ob-

tain a diffraction intensity plot with respect to different angles of

incidence. Diffraction peaks occur only when constructive inter-

ference takes place between the reflected X-rays. The condition

for constructive interference is given by Bragg’s law, defined as:

nλ = 2d× sin(θ) (2.4)

where,

n = Order of refraction

λ = X-ray wavelength

d = spacing between atomic planes

θ = Angle between X-ray and scattering planes

Fig. 2.10: Schematic of Bragg’s law

The relative intensity of diffraction peaks depends on the
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type and arrangement of the atoms in the crystals [80]. The peak

positions are compared with the standard JCPDS files of the ma-

terial and based on the shift in peak position or broadening in the

peak, useful information about the crystal lattice is obtained. In

this work a Rigaku D/Max-2000 PC diffractometer was used, us-

ing CuKα radiation (λ= 1.54056 Å) at an X-Ray source operating

voltage of 40 kV in the 2θ range of 30°– 80°at a scanning rate of 2

°/min.

2.4.6 Raman spectroscopy

Fig. 2.11: Different kind of scattering phenomenon

The Raman spectroscopy is used to analyze lattice dynam-

ics, structural properties, chemical composition, orientation, or

crystalline quality and electronic and magnetic properties of the

system. Raman is the inelastic scattering of photons by phonons.

As direct phonon- phonon coupling is weak for UV-Vis photons;

their interaction takes place mainly with the mediation of elec-

trons. As photons interact with the material, electron-hole pair

created. The electron-hole pair is then scattered into another

state by emitting or absorbing a phonon via electron-phonon in-

teraction. Finally, it recombines radiatively, emitting the scatter

phonon with lower or higher energy, while leaving the electronic

states of the matter unchanged. If the scattered light is of lower
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frequency, then it is denoted as stoke Raman scattering and if scat-

tered light exhibited higher frequency, then it is called anti-stoke

Raman scattering.

The experimental set-up of Raman spectroscopy is shown in

Fig. 2.12. In this work, the samples are shined by an intense 488

nm laser beam. The scattered light from the sample is collected

with the help of lens. The major challenge here is to filter out

the weak inelastic scattered light from intense Rayleigh scattered

light. A notch or bandpass filter is used to filter the useful Raman

scattered light and discard Rayleigh scattered light [83, 84]. In

this work, Raman measurement was carried out on an RIR-M151

Research India micro-Raman system at room temperature, using

a 532 nm line of diode laser as an excitation source with 75 mW

power.

Fig. 2.12: Experimental set-up of Micro Raman spectroscopy

2.4.7 Confocal microscopy

It is an optical microscopy technique to obtain high resolu-

tion and contrast 3D images of the sample. In general, the resolu-

tion of optical microscopy is not excellent. Therefore, in order to

improve the resolution, a pinhole is placed at the confocal plane

of the lens, which eliminates the out of focus light and produces

a very sharp and clear optical image of the sample. Further, it

enables us to scan the sample at different heights to measure and
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plot the sample image at a different thickness. Also, the images

can be combined to form a 3D image of the sample.

The primary issue with this technique is that due to the pres-

ence of pinhole, most of the sample emission is blocked and a

minimal amount of emission reaches the detector. Therefore, to

obtain a sufficient amount of radiation from the sample, long

exposures are often required. Further, to sense such weak sig-

nals, highly sensitive detectors such as a photomultiplier tube

(PMT) or avalanche photodiode are used, which convert the in-

cident light signal into an electrical one. Confocal microscopy im-

ages were obtained by using a Leica TCS SP5 confocal microscope

equipped with a PMT detector.

Fig. 2.13: Schematic diagram for a confocal microscope

2.4.8 Electron paramagnetic resonance (EPR)

Electron paramagnetic resonance (EPR) or electron spin res-

onance (ESR) spectroscopy is a technique used to study paramag-

netic centers on various oxides surfaces, which may include sur-

face defects, metal ions and organic or inorganic radicals. Each

paramagnetic center gives a specific EPR signature. Every elec-

tron has a magnetic moment and a spin quantum number S =

1/2, with the magnetic component ms = 1/2 and -1/2. In a sta-

ble molecule, where the atoms are bonded by paired electrons,

no net electron spin is present. Henceforth, when the sample is

placed under a high magnetic field, no magnetic moment could
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be observed. However, in the case of unpaired electrons, there ex-

ists a net electron magnetic moment. Therefore, as the sample is

placed in the high magnetic field, the electron magnetic moment

aligns itself either parallel (ms = -1/2) or antiparallel (ms = 1/2),

to the field, each alignment has specific energy due to Zeeman

effect. The Zeeman effect explains splitting a spectral line into

several components in the presence of the static magnetic field.

The separation between lower and upper energy states (∆E) for

an unpaired free electron is given by:

∆E = E++E− = geµBBo (2.5)

ge = dimensionless constant called electron g-factor. For free-

electron it is 2.0023

µB = Bohr magneton = e h̄
2mc= 0.92×10−23 J.T−1

Fig. 2.14: Two energy level system in the varying magnetic field

The equation indicates that the separation between both en-
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ergy states is proportional to the static magnetic field strength.

Therefore, an unpaired electron can move between the two en-

ergy levels by either absorbing or emitting a photon of energy

hv = ∆E. The EPR spectra are measured by keeping incident pho-

ton frequency constant and varying the external magnetic field.

Since there are typically more free electrons in the lower energy

states, there is a net absorption of energy which is measured and

plotted against the applied magnetic field.

2.4.9 Current-Voltage (I-V) characterization

I-V characterization is a widely used and essential method

to measure various device parameters of a photodetector. The

photo current measurement setup is shown in Figure 2.15. The

electrical characteristics of the photodetectors are measured by

a Keithley 2612B source meter unit. Current is measured un-

der a swept voltage bias and constant bias voltage. All the de-

vices are measured under dark first and then measured under the

monochromatic light source. Systems used for characterization of

semiconductor films and devices are shown in Figure 2.16.

Fig. 2.15: Photo current measurement setup

Further, in order to investigate the device photoresponse, I-

V measurements have been taken, and various device parameters

like sensitivity, responsivity, specific detectivity, external quan-

tum efficiency (EQE) and linear dynamic range (LDR) were cal-

culated which can be explained as follows:

1. Dark Current (Id): The current present in the sample, when

it is kept in dark conditions is known as dark current. The

variety of defects causes the dark current in the samples and

40



Chapter 2: Experimental methods and characterizations
techniques

Fig. 2.16: Instruments used for characterization of devices

when the operating temperature is more than absolute zero,

which could produce a large number of charge carriers un-

der dark conditions. It restricts the capability of the device

to sense the low-intensity light and reduce the overall de-

vice performance.

2. Photo Current (Iph): As the samples are shined by the light

of energy more than the bandgap of material, electron-hole

pairs are generated. In the presence of external or built-in

electric fields, the charge carriers are swept towards their

respective electrodes, leading to large current flow, known

as the photo current.

3. Response Time: A photodetector should be quick enough

to respond to the input light signal. It is measured by send-

ing light pulses to the photodetector, and measuring how

fast the photodetector can respond to these signals. When

the device is exposed to the light source, then the time taken

by the detector to reach from 10% to 90% of maximum photo

current is called rise time. As the light is switched off, photo

current starts to decrease and the time required to reach

from 90% to 10% of maximum photo current is called fall

time.

4. Photosensitivity (S): It is defined as the ratio of the differ-
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ence between photo current and dark current to the dark

current.

Sensitivity =
Iph− Id

Id
(2.6)

5. Photoresponsivity (R): It is given by the ratio of photo cur-

rent to incident photon power (Po).

Responsivity =
Iph

Po
A.W−1 (2.7)

6. Specific detectivity (D∗): It is another critical figure of mer-

its for photodetectors. The device with larger specific detec-

tivity can detect weak signals, which is comparable to the

device noise [69, 85, 86].

D∗ = R

√
A

2eId
cm.Hz0.5.W−1 (2.8)

7. External quantum efficiency (EQE): It is defined as the ratio

of photo generated charge carriers to the number of incident

photons [87]. As all the photo generated electron-hole pairs

do not contribute to photo current, some of them recombine

in the traps. Hence the quantum efficiency is the probabil-

ity of the generation of electron-hole pair on the incident of

a single photon, which could produce current in the exter-

nal circuit. It depends on the number of photons irradiated

onto the semiconductor, the number of absorbed photons

and converted to carriers and the number of carriers that

reach the outer circuit before they recombine.

EQE =
hcR
eλ

(2.9)

Where h, c, R, e and λ are plank’s constant, velocity of light,

photoresponsivity, a charge on the electron and wavelength

of the incident light, respectively.
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8. Linear dynamic range (LDR): It is defined as the range of

device response where the photo current is linear to incident

optical power [88, 89].

LDR = 20× log
(I∗ph

Id

)
dB (2.10)

Where I∗ph is the photo current at an incident optical power

of 1 mW/cm2.
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Chapter 3

Growth of ZnO nanostructures and their

structural and optical characterization

In this chapter, we have discussed the growth process

and optical characterization of complex zinc oxide nanostruc-

tures like ZnO nanorods, nanocolumns, and honeycomb struc-

tures. The nanostructures were synthesized using a hydrother-

mal growth technique. Detailed analysis of the effect of the in-

organic (KMnO4) and organic (Na3C6H5O7) additives in the pre-

cursor solution has been performed. We have demonstrated that

the nanostructures morphology and intrinsic defects in the crys-

tal lattice which have a significant impact on the photoresponsiv-

ity, photoluminescence (PL) and adhesivity of the film on to the

underlying substrate, can be expertly tuned by varying the con-

centration of additives in the precursor solution. Additionally,

the effect of thermal annealing over the morphology, crystallinity

and bandgap was also investigated. The structural analysis of the

samples was performed using FESEM and XRD characterization

and the optical characterization of the samples was performed

using absorption spectroscopy, Raman spectroscopy and photo-

luminescence spectroscopy techniques. The work presented here

has provided a subtle solution towards the rectification of various

problems pertaining to hydrothermal processes like poor adhe-

sivity, feeble UV emission and challenges in the precise tuning of
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the morphology along with the bandgap in one go.

3.1 Introduction

The morphologies of nanostructures have a significant im-

pact on the optical and electrical properties of zinc oxide. There-

fore, researchers have put a lot of effort into obtaining a va-

riety of nanostructures like nanorods, nanopenciles, nanowires,

nanoflowers, nanoplates etc. Several fabrication techniques have

been successfully employed for the growth of such nanostruc-

tures, viz. pulse laser deposition (PLD) [90], RF-Magnetron sput-

tering [91], chemical vapor deposition (CVD) [92], thermal evap-

oration [93], hydrothermal technique [62] etc. However, con-

ventional systems like PLD, CVD, and sputtering are much ex-

pensive and complicated due to their high material cost and the

requirement of sophisticated systems to maintain highly critical

growth conditions. Unfortunately, these processes were found to

be restricted to the growth of basic nanostructures like nanorods,

nanoneedles and nanowalls. In contrast to conventional meth-

ods, hydrothermal growth is a straightforward and inexpensive

solution-based approach that requires lower temperature (70 - 150

°C) processing conditions to that of conventional methods which

can profoundly surmount the total thermal budget incurred in

such growth processes. Additionally, hydrothermal growth is

suitable for the growth on the flexible substrate, large-area fabri-

cation as well as for the synthesis of different kind of basic nanos-

tructures (nanorods, nanoplates and nanoneedles) along with the

growth of complex nanostructures (nanocombs and nanoflow-

ers), just by varying the composition and concentration of ad-

ditives and reagents in the precursor solution. Numerous at-

tempts have been made towards the fabrication of the complex

ZnO nanostructures by not only varying the concentration of

Zn(NO3)2 and HMTA in growth solution but also by using or-
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ganic and inorganic additives i.e. morphology controlling agents

like KMnO4, H2O2, (Na3C6H5O7), TEA, DEA, CTAB and many

more towards the improvement in the device performance [62,

94-97]. It is worthwhile to mention over here that most of the

complex but efficient nanostructures were grown hierarchically

using hydrothermal process. Therefore, it has become very cru-

cial to develop a technique for the facile and discernible growth

of complex nanostructures for efficient device fabrication.

Moreover, it was noticed that hydrothermally grown sam-

ples are prone to poor adhesion with the substrate, which is a crit-

ical and essential factor that has to be considered for reliable and

optimum system performance. For this reason, several method-

ologies have been proposed towards the improvement of the ad-

hesivity of nanostructures with the substrate like annealing of the

seed layer at high temperature, increasing the pH value of precur-

sor solution [98-100]. However, this critical issue has rarely been

discussed and remains a challenging task for the researchers.

It was also observed that hydrothermally synthesized ZnO

nanostructures were susceptible to various defect states, which

are primarily responsible for the emission in the visible region

with feeble UV emission [101]. In order to rectify the issues

mentioned above, different post-growth treatments like dielec-

tric coating, Ar and H2 plasma treatment, and metal coating have

been reported by various scientific groups [102-104].

Although numerous methods have been proposed to rectify

the above-discussed problems about the hydrothermal process,

the synchronous rectification of all issues, as mentioned earlier in

a single take, was rarely reported. On that account, it has become

essential to systematically develop a methodology for a single-

step growth of complex ZnO nanostructures aiming for all the

critical issues viz. adhesivity, defect passivation along with vari-

ation in morphology towards the overall improvement in the de-
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vice performance.

In this chapter, we have attempted to solve all the issues

in one go by fabricating a variety of complex ZnO nanostruc-

tures comprising stacked nanoplates around the nanorods via

the hydrothermal process with the incorporation of additives

like trisodium citrate (Na3C6H5O7) and potassium permanganate

(KMnO4) in the precursor solution. The systematic analysis has

been performed on the influence of the surfactant over the mor-

phology and optical properties of nanostructures. Trisodium cit-

rate has been chosen because it act as a chelating agent that can

facilitate the growth of different kind of morphologies as well as

profound improvement in the adhesion of thin-film with the sub-

strate while on the other hand potassium permanganate can sig-

nificantly suppress the defect states to upraise the NBE to DLE

ratio along with the significant enhancement in the adhesivity

of the thin film with the substrate. The technique as mentioned

above, can provide a suitable solution for the one-step growth

of ZnO nanocolumns. Further, the growth of ZnO nanocolumns

was thoroughly investigated with the help of FESEM and XRD

data of the samples and a plausible mechanism has been pro-

posed. Scotch tape peel-off test results have shown the excel-

lent adhesion of thin film with the substrate. PL spectra of the

samples have shown remarkable suppression in the visible emis-

sion; however, annealing of the samples has resulted in signifi-

cant blue emission. The as-prepared samples have demonstrated

substantial improvement in the adhesivity, morphology and op-

toelectronic properties that have made them a potential candidate

for optoelectronic device applications. This study has shed some

light on the growth mechanism and other interesting issues like

adhesion, defect assisted absorption and the optoelectronic prop-

erties of the as-grown and annealed samples.
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3.2 Experimental details

Fig. 3.1: Experimental procedure for the growth of ZnO nanos-
tructures

The sample preparation process involves three major steps:

(1) Cleaning of the glass samples. (2) Deposition of the seed

layer over the glass substrate. (3) Hydrothermal growth of ZnO

nanostructures. The schematic representation of the hydrother-

mal growth process has been shown in Figure 3.1. Glass sam-

ples were properly cleaned via ultrasonication in acetone, iso-

propyl alcohol, and DI water for 10 min. each. The seed so-

lution was prepared by mixing an equimolar solution of zinc

acetate and ethanolamine in 2-methoxyethanol. After that, the

seed layer was coated via spin coating the seed solution at 3000

rpm for 30 seconds. Afterward, spin-coated samples were an-

nealed at 250 °C for better crystallinity and adhesivity of the seed

layer over the substrate. The precursor solution for hydrother-

mal growth was prepared by mixing Zn(NO3)2.6H2O (0.1M) and

hexamethylenetetramine (HMTA)(0.1M) in DI water. Now, 0.1

mM, 1 mM, 5 mM and 10 mM concentrations of the Na3C6H5O7

was added in the precursor solution and the samples were named

as 0.1CA, 1CA, 5CA and 10CA, respectively. Further to investi-

gate the effect of KMnO4 over the growth process, 10 mM KMnO4

along with 10 mM and 20 mM of Na3C6H5O7, was added to the

solution. The samples were named as 10ZC and 20ZC, respec-

tively. The solution was left on stirring for ten minutes. For hy-

drothermal growth, sealed glass beakers containing precursor so-
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lution and samples were kept in an over at 110 °C for five hours.

Finally, after growth, samples were thoroughly washed using DI

water and acetone, followed by drying at 110 °C.

Morphology and chemical composition of ZnO nanostruc-

tures were obtained using field emission scanning electron mi-

croscopy (FESEM), Zeiss Supra-55 equipped with energy disper-

sive X-ray (EDX). Crystallinity was analyzed using X-ray diffrac-

tion (XRD) having a Cu-Kα source. Photoemission properties of

the samples were measured using photoluminescence (PL) ana-

lyzer (Dongwoo Optron DM 500 i) equipped with a continuous

wave He-Cd laser (excitation wavelength 325 nm) and a PMT de-

tector. Raman analysis was performed by Horiba Jobin Yuon HR

800 UV Raman spectrometer. UV-Vis absorption spectra were ob-

tained by (Cary 60 UV-Vis, Agilent Technologies) with a range of

wavelengths from 200 nm to 800 nm. Fourier transform infrared

spectroscopy was carried out using FT-IR, Tensor 27, BRUKER

with the range of wave number from 400 – 4000 cm−1.

3.3 Results and discussion

3.3.1 Growth of honeycomb structures

Figure 3.2 shows the FESEM images of the ZnO samples.

Randomly oriented ZnO nanorods (Figure 3.2(a)) with an average

diameter of 50 nm were observed without any addition of the ad-

ditives in the precursor solution, which is in good agreement with

earlier reported work. As the small amount of trisodium citrate

(0.5 mM) has been added in the precursor solution, the growth

of nanoplates like structure was observed. On further increase in

the concentration on trisodium citrate to 5 mM, nanoplates start

to merge with nearby nanoplates, which resulted in the growth

of honeycomb-like structures. On further increasing the concen-

tration of trisodium citrate to 10 mM, precipitous growth was ob-
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Fig. 3.2: FESEM image of ZnO samples obtained using 0mM,
0.5 mM, 5mM and 10 mM concentration of trisodium citrate in
the precursor solution

served. The average width of the nanoplates was found to be

20±2 nm.

Fig. 3.3: Schematic representation of the growth of nanorods
and honeycomb nanostructures

A possible explanation of the growth of HC structures is as

follows (Figure 3.3): citrate ions act as a chelating agent and there-

fore get preferentially adsorbed over the non-polar faces of ZnO

nuclei and inhibits the growth along the preferential c-axis direc-

tion [105]. Now, ZnO2−
2 ions start to adsorbed over the non-polar

face, thereby resulting in the growth of the nanoplates network.

As the growth proceeds, the initially formed nanoplates merge at
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the edges resulting in well-arranged honeycomb nanostructures,

as shown in FESEM images.

XRD plots of the samples were presented in Figure 3.4. All

XRD peaks can be assigned to the ZnO Wurtzite structure and

were in good agreement with the JCPDS file of ZnO ((JCPDS 01-

089-7102). The XRD plot of pristine ZnO nanorods has shown an

intense peak at 34.38°, corresponds to (002) plane, which repre-

sents preferential growth along the c-axis. Interestingly, as the

concentration of trisodium citrate has been increased, a signif-

icant suppression in (002) peak and enhancement in the (100)

and (110) peak has been observed which also confirmed that the

growth along polar c-axis has been suppressed and preferential

growth along nonpolar a-plane. Moreover, on further increasing

the concentration of trisodium citrate to 10 mM, all XRD peaks

were heavily suppressed which shows that the crystallinity of the

sample has been decreased.

Fig. 3.4: XRD plot of the pristine ZnO nanorods, 0.5CA, 5CA
and 10CA samples

In order to confirm the presence of Zn interstitial in the sam-

ples and to analyze structural properties, chemical composition,

and crystalline quality of the samples, Raman analysis was per-

formed. Raman spectroscopy utilizes the inelastic scattering of
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photons, caused mainly by the electrons phonon interaction. ZnO

has 12 phonon modes. At Γ point of Brillouin zone, phonon

modes are represented as:

Γout = 2A1 +2B1 +2E1 +2E2 (3.1)

Where one A1 and one B1 mode are acoustic modes and the

other 6 are optical modes. In E1 and E2 modes, phononic vi-

bration takes place perpendicular to the c-axis. Both modes are

doubly degenerated, as there are two-axis perpendicular to the c-

axis which are energetically equivalent and linearly independent.

Therefore vibration in the lattice can take place in both directions.

In A1 and B1 modes, lattice vibrations are parallel to the c-axis and

both are singly degenerated modes. A1 and E1 modes are polar

modes, and both modes have longitudinal (LO) and transverse

(TO) components [106].

The Raman spectra of pristine sample as presented in Fig-

ure 3.5 shows sharp peaks at 98.8 cm−1, 330 cm−1, 382 cm−1

and 438.5 cm−1 which correspond to E2(low), E2(high) - E2(low),

A1(TO) and E2(high) modes of ZnO, respectively [107]. How-

ever, in Raman spectra of the 5CA and 10CA samples, some addi-

tional broad peaks around 160 cm−1 and 270 cm−1 were observed,

which can be assigned to Zn interstitial defects [108]. Moreover,

significant shift in 5CA and 10CA samples in E2(high) peak from

438.5 cm−1 to 425.5 cm−1 and E2(low) from 98.8 cm−1 to 81.8 cm−1

were observed which indicates the tensile stress in the sample due

to the higher concentration of Zn interstitials in ZnO lattice and

possibly because of the Na doping in the sample [109]. Further-

more, a distinguish peak at 583 cm−1 corresponds to E1(LO) mode

has been observed in the Raman plot of nanorods, which can be

assigned to the significantly high concentration of oxygen vacan-

cies in the sample. However, E1(LO) mode peak was not observed

in 5CA and 10CA samples, which was attributed to the absence
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or low concentration of oxygen vacancies.

Fig. 3.5: Raman spectra of the pristine ZnO, 0.5CA, 5CA, and
10CA samples

To examine the luminescence and defect states present in

the samples, photoluminescence analysis of the samples was per-

formed. The PL spectra of ZnO can be categorized into the follow-

ing sections: near band emission (NBE) and deep level emission

(DLE). NBE corresponds to the near band UV emission, which

is the characteristic emission of ZnO, whereas the DLE is visi-

ble emission and can be assigned to the presence of various de-

fect states viz. Oi (oxygen interstitial), VO (oxygen vacancy), OZn

(oxygen antisite), VZn (zinc vacancy), Zni (zinc interstitial) and

ZnO (zinc antisite) in ZnO lattice. The defect states form new re-

combination centers in the optical band gap which reduces the

chances of direct recombination of excitons from the conduction

band to the valence band, thereby leading to quenching of useful

NBE emission. The PL spectra of the samples are shown in figure

3.6. The pristine ZnO has shown intense yellow emission, which

can be ascribed to the higher concentration of oxygen vacancy-

related defects in the sample [110]. However, with the increasing

concentration of trisodium citrate, the DLE peak intensity signifi-

cantly reduced. In the PL spectra of 10CA, the DLE emission has

been completely suppressed, which can be attributed to the elim-

ination of the oxygen vacancies related defects in the samples.
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Fig. 3.6: (a) Photoluminescence spectra and (b) normalized pho-
toluminescence spectra of pristine ZnO nanorods, 0.5CA, 5CA
and 10CA samples

Furthermore, ZnO is a wide bandgap material and has a

characteristic NBE peak in PL spectra around 385 nm. Therefore,

any change in the NBE peak like the variation in the FWHM, peak

intensity and peak shifting can provide critical information about

the sample. In figure 3.6(b), normalized PL spectra of all the sam-

ples were shown. The pristine ZnO sample has shown a sharp

NBE peak centered at 385 nm, which shows a high crystallinity

of the sample. However, the NBE peak becomes broader with in-

creasing trisodium citrate concentration which can be assigned to

the high excitonic recombination and large crystal size distribu-
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tion [111, 112]. Moreover, the near band emission (NBE) region of

5CA and 10CA samples was observed to be extended in the vis-

ible region, which could be ascribed to the presence of Zn inter-

stitial defect states in the samples [113]. The presence of a strong

reducing agent i.e. tri-sodium citrate would lead to the reduction

of Zn ions in the growth solution (equation 1), which in turn in-

creases the density of neutral Zn atoms of growth solution. The

high diffusivity of Zn atoms in the ZnO crystal lattice gives rise

to Zn interstitial defect in the sample.

2Zn2++Na3C6H5O7+2H2O−→ 2Zn+C6H5O7H3+3Na++H++O2

(3.2)

Fig. 3.7: Diffuse reflectance analysis of pristine ZnO nanorods,
0.5CA, 5CA, and 10CA samples

Diffuse reflectance spectroscopy (DRS) analysis has been

performed to investigate the absorption spectrum of the samples.

As shown in Figure 3.7, the pristine ZnO sample has shown large

near band UV absorption which is the band edge absorption of

the ZnO. However, In contrast to pristine ZnO, the 5ZC sample

showed remarkably high deep UV absorption along with near

band UV absorption. Such high absorption at 260 nm can be as-
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cribed to the higher concentration of Zn atoms in the sample [113].

Additionally, both samples have shown feeble absorption in the

visible region.

3.3.2 Growth of nanocolumns

Fig. 3.8: FE-SEM images of the (a) 10ZC (b) 20ZC samples

FESEM images were taken in order to investigate the dif-

ferent morphology of the as-prepared samples. Interestingly, a

complete transformation of the morphology of the nanostructures

from nanorods to nanocolumns has been observed with the incor-

poration of additives (KMnO4 and Na3C6H5O7) in the precursor

solution. The FESEM images of the 10ZC sample have shown

ZnO nanocolumns comprised of stacked nanoplates having the

average base diameter of ∼400 nm and the average length of ∼2

µm, whereas the FESEM image of 20ZC has shown uniform and

dense nanoplates.

The growth mechanism of nanocolumns with schematic di-

agram has been depicted in figure 3.9 and can be understood

as follows: In the first step, KMnO4 which is a strong oxidiz-

ing agent would notably increase the concentration of the OH−

ions in the growth solution which in turn increases the rate of

formation of Zn(OH)2 thereby increasing forward reaction rate

towards the rapid growth of ZnO nanorods [62]. Additionally,

the oxygen-enriched environment produced by the decomposi-

tion of the KMnO4 can certainly reduce various defect states in

ZnO nanorods. The role of KMnO4 in hydrothermal growth can
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be better understood by the following reactions [62]:

MnO−4 +2H2O+3e− −→MnO2 +4OH− (3.3)

4MnO−4 +4OH− −→ 4MnO2−
4 +2H2O+O2 (3.4)

Noteworthy, after initial rapid growth of nanorods, growth

along the c-axis would be hindered very soon, as another addi-

tive i.e. trisodium citrate would produce citrate ions (C6H5O3−
7 )

which act as a chelating agent and further get adsorbed over

the polar plane (0001) of nanorods (positively charged) and pre-

vent the attack of ZnO2−
2 over the polar face of ZnO nanorods

[114]. Now, ZnO2−
2 ions would be attracted to the side face of

nanorods, which would result in a growth of ZnO nanoplates

around nanorods to form nanocolumns (Figure 3.9) [115].

Fig. 3.9: Growth mechanism of ZnO nanocolumns

Adhesion of the ZnO film with the substrate is a critical is-

sue for the fabrication of the devices. Here, the adhesivity of the

ZnO nanostructures was probed via a scotch tape peel-off test that

has revealed that the adhesion of the pristine ZnO sample was in-

ferior over the glass substrate and almost completely peeled off

from the substrate after the test. Sample 10ZC and 20ZC have

shown excellent adhesion with the substrate, and a negligible

amount of sample was peeled off from the substrate.
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Fig. 3.10: Scotch tape peel-off test of pristine ZnO, 10ZC and
20ZC samples

The adhesion of the nanostructures over the substrate was

accounted to be influenced by the pH value of the precursor so-

lution [100]. It has been observed that the addition of KMnO4 in

precursor solution raise the pH of the solution. The pH of the so-

lution was measured by pH meter and was found to be increased

from 6.3 to 9.1 after the addition of KMnO4. Such noteworthy en-

hancement in the pH could be the plausible reason for better ad-

hesion of the film with the substrate. Moreover, –COOH species

in the precursor solution was also reported to improve the adhe-

sion of the ZnO film [100]. Therefore, citrate ions with 3 -COOH

groups would also facilitate significant improvement in the ad-

hesion of the thin film with the substrate. Thus, the betterment

in the adhesivity of nanostructures can be attributed to the com-

bined effect of KMnO4 and Na3C6H5O7.

Figure 3.11 shows the XRD plots of pristine ZnO, 10ZC,

and 20ZC samples. Intense ZnO diffraction peaks were observed

at 31.72°, 34.38°, 36.20°, 47.45°, 56.52°, 62.74°, 67.88° and 68.97°

that can be assigned to ZnO Wurtzite structure and were in good

agreement with the JCPDS file of ZnO ((JCPDS 01-089-7102). No

additional peak has been observed in the XRD plot of pristine

ZnO sample which confirms the absence of any impurity in the

pristine sample. In addition to this, diffraction peaks were found

to be sharp and intense that can be attributed to the excellent crys-
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Fig. 3.11: XRD plot of pristine ZnO, 10ZC, and 20ZC samples

tallinity of pristine ZnO samples. As mentioned in table 3.1, the

peak intensity ratio of (002) peak to (100) peak of 10ZC has been

significantly reduced as compared to that of the pristine ZnO

sample. It shows that growth along the c-axis was heavily sup-

pressed and growth along the a-axis was encouraged, which com-

pletely correlates with the proposed mechanism of ZnO growth

along with the nonpolar faces of nanorods. However, the fur-

ther increase in the concentration of trisodium citrate resulted

in the formation of a poorly crystalline thin film. The reduced

crystallinity can be ascribed to the incorporation of the impurities

i.e. Na2CO3 in the sample. A significant change observed in the

FWHM value of the various diffraction peaks of 10ZC and 20ZC

can be attributed to the difference in crystallite size and/or resid-

ual stress due to dislocations [116]. In order to verify the above

statement, the average crystallite size of the nanostructures was

calculated using Scherrer’s equation [27]:

D =
k×λ

β × cosθ
(3.5)

Where K is constant (0.90), λ is the wavelength of X-Ray

(0.154 nm), β is the FWHM of the diffraction peak in radian and
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θ is the Bragg angle in degree. The calculated average crystallite

size of the pristine ZnO sample (49.51 nm) was found to be much

larger than that of 10ZC (26.52 nm). Therefore, the broadening of

the diffraction peaks can be ascribed to the smaller crystallite size.

Table 3.1: Lattice parameters of as-prepared samples

Pristine ZnO ZC10

a(Å) 3.2568 3.2715
c(Å) 5.2109 5.224
c/a 1.6 1.597

(100) peak position 31.71 31.61
FWHM of (100) Peak 0.18044 0.18768

(002) pek position 34.38 34.29
FWHM of (002) Peak 0.1747 0.30325

Relative peak intensity (002)/(100) 1.589 0.63
Crystallite size (n.m.) 49.51 26.52

In addition to this, a small peak shift towards the lower an-

gle has been observed in the XRD plot of 10ZC. This peak shift

can be attributed to the stress induced in the lattice. Therefore, for

the systematic analysis of the peak broadening, lattice parameters

have been calculated (Table 3.1). Lattice parameters are related to

Miller indices and plane spacing by following equation [117]:

dhkl =
1√

4
3

(
h2+k2+hk

a2

)
+ l2

c2

(3.6)

Where d is plane spacing, h, k, and l are Miller indices and a, b

and c are lattice constant. Bragg’s law of diffraction was given by:

nλ = 2d× sin(θ) (3.7)

Where n is the order of diffraction (usually 1), λ is the X-Ray

wavelength (.154 nm), d is lattice plane spacing, and θ is the angle

61



Chapter 3: Growth of ZnO nanostructures and their structural
and optical characterization

of diffraction in degree. Lattice constant can be calculated using

the following equations:

a =
λ√

3sinθ100
(3.8)

c =
λ

sinθ002
(3.9)

Interestingly, the diffraction peaks of the 10ZC sample were

slightly shifted towards to smaller angle that was observed to re-

sult in an increment in lattice parameter a and c from 3.2568 Å

to 3.2715 Å and from 5.2109 Å to 5.224 Å, respectively. Such a

significant change in the lattice constant can be attributed to the

strain induced in the ZnO lattice.

Fig. 3.12: XRD plot of the 10ZC sample grown for 3 hours and 5
hours

In order to further investigate the growth mechanism of the

ZnO nanocolumns, a systematic analysis of the XRD plot of the

samples grown for different time duration was performed. Fig-

ure 3.12 shows the comparison between the XRD analysis of the

sample grown for 3 hours and 5 hours. XRD plot has shown no

significant change in the (002) peak intensity, which indicates the

formation of nanorods in the initial phase of the growth. After-

ward, the growth along the c axis was heavily suppressed as the
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negatively charged citrate ions tend to preferentially adsorb over

the top surface of nanorods. A thorough investigation of XRD

plot revealed that the intensity of (100) and (101) peaks of the sam-

ple grown for 5 hrs, were higher than that of the sample grown

for 3 hrs while the intensity of (002) peak remains almost same.

Therefore, it was concluded that in the second phase of the hy-

drothermal process, growth took place along the nonpolar side

faces. The obtained results were completely correlated with the

proposed growth mechanism.

Fig. 3.13: XRD plot of the (a) 10ZC (before annealing), (b) 20ZC
(before annealing), (c) 10ZC (after annealing) and (d) 20ZC (af-
ter annealing)

Interestingly, in the XRD plot of 10ZC, a shoulder at 33.16°

in the (002) XRD peak can be seen. Therefore, in order to get into

more detail about it, XRD analysis of the 10ZC sample at rela-

tively slower scan rate was performed. Figure 3.13 has shown

the XRD plot of the 10ZC and 20ZC samples before and after an-

nealing. A distinct peak at 33.16° corresponds to Na2CO3 (JCPDS

01-086-0294) has been observed. The formation of Na2CO3 can be

understood as follows: As mentioned in Eq. (1.9) the hydrolysis

of HMTA is producing HCHO, which in the presence of KMnO4

(strong oxidizing agent) got oxidized into CO2 [62]. Na+ ions gen-
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erated by the decomposition of trisodium citrate could react with

CO2 molecules to form Na2CO3. Furthermore, in order to verify

the presence of Na2CO3, XRD analysis of the samples heated at

450ºC was performed. Had it been Na2CO3, it would have got

decomposed into Na2O and CO2 with the elimination of the cor-

responding peak due to thermal annealing. The decomposition

of Na2CO3 can be summarized as follows:

Na2CO3
∆−→ Na2O+CO2 (3.10)

Table 3.2: Lattice parameters of 10ZC samples, before and after
annealing

ZC10 ZC10 Annealed

a(Å) 3.2715 3.263
c(Å) 5.224 5.2196
c/a 1.597 1.6

(100) peak position 31.61 31.62
FWHM of (100) Peak 0.18768 0.2859

(002) pek position 34.29 34.32
FWHM of (002) Peak 0.30325 0.35444

Relative peak intensity (002) / (100) 0.63 0.731
Crystallite size (n.m.) 26.52 30.66

Figure 3.13 shows the XRD plot of the annealed sample. As

observed from the XRD plot, the diffraction peak correspond-

ing to Na2CO3 was eliminated, and not even a trace amount of

Na2CO3 was found. Henceforth, the presence of Na2CO3 in the

10ZC was confirmed. Furthermore, significant enhancement in

the average crystallite size of the samples after annealing at 450°C

was observed. As shown in table 3.2, the calculated average crys-

tallite size of the 10ZC sample was 26.52 nm, while after thermal

annealing, the average crystallite size was found to increase to

30.66 nm. Additionally, a shift in the XRD peaks of the annealed

sample towards the peak position of pristine ZnO showed that

the stress present in the sample was reduced, which can be as-

cribed to the recrystallization of the sample [118]. XRD plot of
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the annealed sample shows sharper diffraction peaks, which also

signifies improved crystallinity of the sample.

Fig. 3.14: FE-SEM images of the samples (a) 10ZC before an-
nealing, (b) annealed 10ZC, (c) 20ZC before annealing and (d)
annealed 20ZC

In order to investigate the effect of annealing on the mor-

phology of the ZnO nanostructures, FESEM analysis of the sam-

ple was performed. Substantial changes in the morphology of

ZnO nanostructures were observed after annealing at 450 °C for

20 min. FESEM image of the 10ZC sample (figure 3.14 (a)) has

shown nanocolumns comprising of stacked nanoplates. How-

ever, after annealing, the small grains appeared over the sur-

face of nanocolumn (figure 3.14 (b)). Similarly, the FESEM image

of the 20ZC sample (figure 3.14 (c)) showed dense and smooth-

surfaced nanoplates that were transformed into granular surfaced

nanoplates after thermal annealing (figure 3.14 (d)). The forma-

tion of grains over the surface can be explained by the coalescence

and agglomeration of small size grain present over the surface of

nanostructures to form larger grains [119, 120].

Hydrothermal growth is a solution-based approach that is

prone to various impurities and defects due to the presence of

OH− ions, Zn(OH)2, H2O, etc. in the precursor solution. More-

over, after annealing of the samples, significant changes were

observed in the ZnO nanostructures morphology as seen from
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Fig. 3.15: TGA plot of pristine ZnO and 10ZC samples

the FESEM images and XRD plots. Therefore, thermogravimet-

ric analysis (TGA) was performed to investigate the chemical

changes taking place on heating the samples. For the TGA analy-

sis, samples were heated at the rate of 10 °C/min. in the tempera-

ture range from 40 – 600 °C. Figure 3.15 shows the TGA plot of the

pristine ZnO and 10ZC samples. The loss of mass in both the sam-

ples in the temperature range of 30 °C < T < 110 °C was attributed

to the evaporation of water content from the samples. Minimal

change of mass at the temperature around 250 °C was observed,

which could be due to the decomposition of the Zn(OH)2 and the

desorption of the CO2 and O2 gases from the sample [121].

Moreover, a significant change in mass percentage was de-

tected in the temperature range from 250 °C - 350 °C that can be

attributed to the presence of volatile organic compounds viz. cit-

rate, carbonate and acetate ions in the samples which possibly de-

composed at higher temperatures [122]. Weight loss around 400

°C can be referred to the decomposition of Na2CO3 into CO2 and

Na2O, thereby verifying the results obtained in the XRD analy-

sis. However, no separate XRD peak corresponds to Na2O was

appeared in the XRD plot of the annealed sample, which can be

referred to as the insignificant concentration of Na2O in the sam-
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ple.

In the TGA analysis, remarkable changes in mass were ob-

served after heating the sample at a higher temperature. Also,

there were possibilities of diffusion of Na2O produced by the de-

composition of Na2CO3 in ZnO lattice. Therefore, FTIR analy-

sis has been performed over two sets of samples, one was before

annealing and the other one was after annealing at 450 °C. Fig-

ure 3.16(a) shows the FTIR spectra of the as-grown samples. The

transmittance peak around 539 cm−1 and 922 cm−1 was related

to the Zn–O bond [34]. Peak positioned at around 1600 cm−1

and 1400 cm−1 can be assigned to the symmetric and asymmetric

stretching modes of the carboxylate group of acetate and citrate

bounded to the ZnO nanostructures [123]. FTIR spectra of the

annealed samples were shown in figure 3.16(b). One additional

transmittance peak was observed at 1541 cm−1 in 10ZC and 20ZC

samples, which can be referred to Na – O stretching, confirms the

presence of Na+ ions or Na2O in the samples [124]. Also, trans-

mittance peaks of 10ZC were shifted from 528 cm−1 to 560 cm−1

also indicated the changes in the Zn–O bond stretching due to the

incorporation of some foreign species, i.e. Na+ ions or Na2O into

the ZnO lattice.

Fig. 3.16: FTIR spectra of pristine ZnO, 10ZC and 20ZC samples,
(a) before annealing and (b) after annealing

As shown in figure 3.17, the Raman spectra of ZnO

consist of two dominant peaks, one at 98.80 cm−1 (E2(low)),

dominated by heavy Zn sublattice vibrations and another at
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Fig. 3.17: Raman spectra of pristine ZnO, 10ZC and 20ZC sam-
ples

438.52 cm−1(E2(high)), dominated by oxygen sublattice vibra-

tions. E2(low) and E2(high) are the characteristic peaks of ZnO

and indictate the crystallinity and defect states in the lattice struc-

ture. Intense and sharp peaks indicate the crystalline and defect-

free growth of ZnO. The measured FWHM of the E2(low) and

E2(high) peaks of the pristine ZnO sample were observed to be

2.3 cm−1 and 7.75 cm−1, respectively. However, in the case of

ZC10, FWHM of E2(low) and E2(high) peaks increased to 17.54

cm−1 and 13.32cm−1, respectively. Such significant enhancement

in the FWHM of Raman peaks indicates reduced crystallinity and

the presence of defects or impurities in the sample. Some smaller

peaks were also observed at 201 cm−1, 338 cm−1, 380 cm−1 and

410 cm−1, corresponds to the 2nd order of E1(low) mode, E2(high)

– E2(low) mode, A1(TO) mode and E1(TO) mode, respectively.

Another major peak observed at 581 cm−1 can be ascribed to quasi

LO mode as it appears in between A1(LO) and E1(LO) mode of

ZnO.

Considering the annealing effect observed in previously

discussed results, temperature-dependent Raman analysis of

the samples was also performed to probe sodium doping in the
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Fig. 3.18: Temperature-dependent Raman analysis of 10ZC

sample after annealing. In figure 3.18, it can be clearly observed

that after annealing, Raman peaks became sharper and intensi-

fied that can be ascribed to the enhancement in the crystallinity

and crystallite size of ZnO. Moreover, a remarkable shift in the

E2(high) peak from 441 cm−1 to 431 cm−1 was observed, signify-

ing stress generated in the crystal lattice due to the incorporation

of foreign species, i.e. Na2O or Na+ ions [109]. Furthermore,

one additional peak appeared around 569 cm−1, which points

towards the presence of impurities in the sample. The intensity of

the peak was observed to be increased with increasing annealing

temperature, which can be ascribed to the incorporation of Na2O

or Na+ ions in ZnO lattice.

Optical Analysis

In order to systematically investigate the absorption charac-

teristics and the bandgap of the samples, diffuse reflectance spec-

troscopic analysis was performed. Figure 3.19(a) shows the dif-

fuse reflectance spectra of the samples. The spectra were plotted

between F(R) and wavelength, where F(R) was known as Kubelka

– Munk (KM) function, given by [125]:

F(R) =
(1−R)2

2R
(3.11)

69



Chapter 3: Growth of ZnO nanostructures and their structural
and optical characterization

A thorough analysis of the absorption spectra of the pristine

ZnO sample revealed a very sharp UV absorption peak centered

at 358 nm wavelength. However, the absorption peak of the 10ZC

and 20ZC samples were observed to get broader and blue-shifted

from 358 nm to 310 nm, which can be attributed to the morpho-

logical changes and quantum confinement effect due to smaller

crystallite size [126]. In addition to this, a significant difference in

the slope of the UV absorption edge was observed. The absorp-

tion edge of the pristine ZnO sample was very steep. Notably,

the slope of the absorption edge was found to get reduced with

increasing concentration of trisodium citrate in growth solution

which can be attributed to the reduced crystallinity of the sam-

ple [127]. The obtained results are in good correlation with the

XRD data, stating that the crystallinity of the samples has been

degraded after the addition of trisodium citrate in the precursor

solution. The enlarged view of the absorption spectra of sam-

ples in the visible region is shown in the inset of figure 3.19(a).

Two broad absorption peaks centered at 450 nm and 700 nm in

ZnO spectra can be ascribed to the absorption due to the forma-

tion of zinc interstitial, oxygen vacancy i.e. neutral and doubly

ionized oxygen vacancy and large dispersion of hybridized sp-

orbital [128-131]. Furthermore, a considerable amount of absorp-

tion in the visible region at 570 nm was observed in both 10ZC

and 20ZC samples (which was not present in pristine ZnO sam-

ple) that can be because of the presence of oxygen interstitial de-

fect states. Moreover, incorporation of the sodium-related defect

states can also be critical for absorption in the visible region.

The optical bandgap of the samples was calculated using the

Tauc model [132] and Davis and Mott model [133]. Figure 3.19(c)

shows a plot between [F(R) × E]2 versus Energy in eV. The opti-

cal bandgap of the sample was obtained by extrapolation of the

linear portion of the graph [134]. The estimated bandgap of all
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Fig. 3.19: DRS spectra of (a) pristine ZnO, 10ZC and 20ZC sam-
ples inset shows enlarged view of the visible region and (b)
10ZC (before and after annealing), Tauc plot of (c) pristine ZnO,
10ZC and 20ZC and (d) 10ZC (before and after annealing)

the samples was found to be around 3.30 eV. However, anneal-

ing the samples resulted in a great impact on the bandgap of the

samples. Figure 3.19(d) shows the Tauc plot of the as-grown and

annealed 10ZC. The bandgap was observed to be narrow down

to 3.1 eV after annealing, which can be attributed to the increased

crystallite size of the nanostructures [111]. The results are in good

agreement with the XRD data of annealed sample that has shown

remarkable improvement in the crystallinity and increased crys-

tallite size.

The absorption spectra of the 10ZC have shown an expo-

nential curve at the end of band-edge absorption known as Ur-

bach tail, which signifies either the formation of impurity bands

or the crystal deformation and/or electron-phonon interactions

[135, 136]. In order to develop a deeper understanding of the

crystal deformation, Urbach energy of the samples have been cal-

culated using Urbach empirical rule, given by,

lnα = lnαo +
hv
EU

(3.12)
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Where α is the absorption coefficient, αo is constant, hv is

incident photon energy and EU is the Urbach energy of localized

states. The slope of the linear region, below fundamental absorp-

tion region is called Urbach slope, and reciprocal of the slope is

called Urbach energy [137].

Fig. 3.20: ln (α) versus photon energy plot to calculate the Ur-
bach energy

Figure 3.20 shows lnα versus hv plot. The Urbach energy of

pristine ZnO sample was calculated to be nearly 54 meV which

was in good agreement with the previously published reports

[138]. However, the calculated Urbach energy of the 10ZC and

20ZC samples was 114 meV and 120 meV, respectively, which is

much larger than that of the pristine ZnO sample. Such notewor-

thy enhancement in the Urbach energy with the addition of the

surfactant in the precursor solution can be ascribed to the defect

states and/or crystal deformation. Additionally, the obtained Ur-

bach energy of the annealed 10ZC was 135.53 meV, which was

higher than that of the as-grown 10ZC sample. Such significant

enhancement in the Urbach energy can be ascribed to the addition

of Na+ ions or Na2O in the ZnO lattice.

In order to analyze the optical properties and defects present

in the samples, the photoluminescence (PL) analysis was per-
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Fig. 3.21: (a) PL spectra of pristine ZnO, 10ZC and 20ZC sam-
ples. The inset shows the normalized PL plot of pristine ZnO,
10ZC and 20ZC samples, (b) PL spectra of annealed 10ZC and
annealed 20ZC samples

formed. Figure 3.21 shows the PL spectra of various samples. PL

spectra of the pristine ZnO sample have demonstrated broad and

intense visible emission peak centered at 600 nm, corresponding

to the doubly ionized oxygen vacancy [130]. However, mixing

additives in the precursor solution has resulted in a significant

blue shift in the DLE peak from 600 nm to 570 nm that can be as-

signed to reduced oxygen vacancy-related defect states [61]. As

we have discussed previously, KMnO4 is a potent oxidizing agent

that tends to provide the oxygen-rich environment for hydrother-

mal growth, which resulted in significant suppression of oxygen

vacancy-related defect states.

In order to analyze the defect density in the sample, NBE

to DLE peak intensity ratio has been calculated. The ratio was

observed to be very low (about 1.8) in pristine ZnO PL spectra,

which indicated high defect density in the sample. However,

10ZC and 20ZC samples have shown remarkably high NBE/DLE

ratio (11 and 9 respectively) which can be attributed to the oxidiz-

ing condition for hydrothermal growth caused by the presence

of KMnO4 in growth solution that has considerably reduced oxy-

gen vacancy-related defect states [62, 139, 140]. Moreover, as dis-

cussed previously in DRS analysis, significant absorption in the

visible region of 10ZC and 20ZC samples can also play a critical

role in the suppression of the visible emission [141].
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Pristine ZnO sample has shown a very sharp and intense

NBE peak, which can be assigned to the high crystallinity of the

sample. However, the NBE peak of 10ZC and 20ZC was observed

to be wider compared to that of the pristine ZnO sample. Ad-

ditionally, one shoulder appeared around 369 nm, which can be

attributed to the excitonic recombination and the presence of dif-

ferent sizes of nanoparticles [111, 112].

Moreover, in order to examine the effect of the annealing

over the luminescence properties of samples, PL analysis of the

samples annealed at 450 °C was performed (Figure 3.21(b)). The

spectra have shown intense blue emission that was not present

in the as-grown sample. As we have discussed previously in the

XRD, TGA and DRS analysis, Na2O produced by the decompo-

sition of Na2CO3 at high temperature, was possibly incorporated

into the ZnO lattice. Henceforth, the defect-related blue emission

peaks at 425 nm and 475 nm can be attributed to the Na2O defect

states. This dramatic change in the PL spectra opens a new per-

spective on the optoelectronic properties and application based

on the hydrothermal growth of ZnO nanostructures.

3.3.3 I-V characterization of pristine ZnO

nanocolumns

Fig. 3.22: (a) Device schematic, (b) semilog I-V plot of pristine
ZnO nanorods and 10ZC sample

Figure 3.22(a) has shown the device schematic of the pho-
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todetector. We have deposited Ag electrode by thermal evapora-

tion system. The channel length was kept at 50 µm and channel

width was around 2 mm. The total active area of the device was

0.001 cm2. The typical current-voltage (I-V) characteristic of ZnO

photodetector measured under dark and deep UV light illumina-

tion (254 nm, 2.11 mW/cm2) conditions are shown in Fig.3.22(b).

It is worthwhile to note that the dark current in pristine ZnO sam-

ple is around 0.19 µA at 20V bias whereas photo current is mea-

sured 3.2 µA, which is 16 times larger than dark current. Fur-

ther, the dark current and photo current enhance exponentially

with increasing applied bias. The measured photoresponsivity of

ZnO nanorods is around 1.5 A/W. In contrast to pristine ZnO,

dark current reduces by two orders of magnitude in 10ZC sam-

ple. Moreover, the photo current reaches to 1.02 mA after UV

illumination. The photo current to dark current ratio increases to

approx. 6 orders of magnitude. The calculated responsivity of

10ZC sample was observed to be as large as 507 A/W.

The charge trapping states over the surface are considered

responsible for the observed variation in the photoconduction

properties of ZnO nanostructures. In dark state, nanostructure

surface gets oxidized by chemically adsorbing oxygen molecules

over it which results in trapping of one electron which in turn re-

duces the conductivity of nanostructures. Further, after illumina-

tion with photon energy more than the band gap of ZnO, e-h pairs

are generated and holes reach to the nanostructure surface to des-

orb the adsorbed oxygen and leave behind unpaired electrons.

As a result, the conductance of the nanostructure gets enhanced.

In case of 10ZC sample, the formation of nanoplates around the

nanocolumns has significantly increased the surface area of the

nanostructures which in turn improves the photoresponsivity of

these devices.
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3.4 Conclusions

We have successfully fabricated different ZnO nanostruc-

tures with different morphologies and improved optical and

structural properties. The effect of the additives on the growth of

ZnO nanostructures has been intensively analyzed and the plau-

sible mechanism for the growth of nanocolumns has been pro-

posed. It was found that the surfactant-assisted growth has in-

duced some stress in the film, and further particle size of the

nanostructures was observed to get reduced. In addition to ox-

idizing growth conditions, the presence of the citrate ions has en-

sured improved adhesion of the ZnO nanostructure film over the

substrate. The post-growth annealing of the nanostructures has

significantly modulated the morphology of nanostructures. The

bandgap of the annealed 10ZC has been reduced from 3.3 eV to

3.1 eV. Urbach energy of the 10ZC sample was observed to be

increased from 54 eV to 114 eV which indicates the addition of

impurities in the sample. PL analysis of the samples has shown

remarkable suppression in the related defect emission, which in

turn improves the NBE to DLE ratio. Therefore, in addition to

the fabrication of efficient photoconductors, we have successfully

targeted the hydrothermal growth-related critical issues like poor

adhesivity and low NBE to DLE ratio. The prepared nanostruc-

tures are potential candidates for other optoelectronic devices as

well.
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Development of zinc oxide based

broadband photodetectors

Photodetectors found applications in various medical, mil-

itary, communication and environmental research fields. A vari-

ety of spectral range photodetector is required for different kinds

of applications. Pristine ZnO has been extensively reported for

high responsivity UV photodetectors based applications. How-

ever, in general, its photoresponse in deep UV, visible and NIR

regions is inferior. Therefore, in this article, honeycomb nanos-

tructure (5CA samples) have been demonstrated as high respon-

sivity broadband (200 nm - 950 nm) photodetector. Further, the

effect of morphology, doping and various defect states over the

photosensing response has been discussed in detail. A signifi-

cantly high photosensitivity in the deep UV to NIR region of the

electromagnetic spectrum makes these devices a promising can-

didate for the development of broadband UV photodetectors for

commercial applications.

4.1 Introduction

UV photodetectors find use in flame detection, missile

launching systems, fire detection, spectroscopy, harmful UV radi-

ation detection and many more [6, 65, 142, 143]. Researchers have

extensively explored various binary wide-bandgap semiconduc-
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tors like SnO2, GaN, ZnO and ZnS for UV sensing applications

[144-147]. Owing to the wide bandgap of 3.37 eV, high exciton

binding energy of 60 meV at room temperature, biocompatibil-

ity, low fabrication cost and variety of 1D and 2D nanostructures,

ZnO emerges as one of the most promising candidates for near

UV photodetection [31, 145, 148-151]. Further, several efforts have

been made towards extending its applicability in deep UV region

viz. doping of Cd, Mg, Be and Ge [146, 152-159]. However, in

terms of photoresponsivity in the deep UV region, limited success

has been achieved. The first and foremost possible solution for

enhancing the photoresponsivity of the ZnO in the deep UV re-

gion is improving its absorption coefficient in the deep UV region.

Secondly, increasing the surface to volume ratio of the NSs can

be well utilized to improve its photosensitivity by significantly

lowering the dark current. Recently, Zn/ZnO structures were re-

ported by Zeng et al. to have an influence on the absorption co-

efficient of ZnO in the deep UV region.[11] Therefore, incorpora-

tion of the Zn atoms in ZnO NSs can provide a possible solution

towards the enhancement of photoresponsivity in the deep UV

region.

Additionally, pristine ZnO was rarely reported for visible

and/or NIR sensing applications [74]. In order to extend its ap-

plicability in the visible and NIR region, a variety of ZnO based

hybrid structures, heterostructures, and nanocomposites were re-

ported [65, 143, 160-163, 72]. However, incorporating such config-

urations has significantly increased the complexity and the cost

of device fabrication. Therefore, it is highly desirable to find a

simple and economical, alternative approach to fabricate a device

which is not only sensitive towards near UV region but also for

deep UV, visible and NIR region. Though it remains a challenge

for the research community. One possible solution could be the

use of complex nanostructures e.g. nanosheets, nanoflowers, hon-
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eycomb etc. rather than conventional ZnO nanostructures viz.

nanorods, nanowires, nanopillars etc. The larger surface area of-

fered by these complex nanostructures could drastically improve

the device performance.

Herein, we have extended the photodetection range of pris-

tine ZnO from deep UV to NIR region, just by altering the mor-

phology of the ZnO nanostructure. The honeycomb nanostruc-

tures provided high electron transportation efficiency resulting in

large photoresponse. The proposed device architecture for broad-

band detection uses pristine ZnO nanostructure which eliminates

the complexity and cost incurred in the development of the het-

erostructure, nanocomposites and hybrid structures. The device

is a potential candidate for future optoelectronic applications, and

also the performance is comparable to the existing commercial

broadband photodetectors.

4.2 Experimental details

For the development of broadband photodetectors, honey-

comb nanostructures, obtained by citrate assisted hydrothermal

growth of ZnO, have been used. The detailed synthesis process

of the nanostructures has been already discussed in chapter 3.

For the I-V measurement, two silver electrodes of 50 µm chan-

nel length and 2 mm width were deposited using shadow masks

by physical vapor deposition (PVD) process.

Electrical characterization was performed in air at room

temperature using a Keithley 2612A source meter. Incident light

power was measured by TS2 LP 100, CNI laser, laser power me-

ter. ISS P100 Xenon lamp power supply for the wavelength range

from 200 to 950 nm was used to illuminate the samples.
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4.3 Results and discussion

4.3.1 I-V response of the device

Fig. 4.1: Device schematic

Figure 4.1 shows the schematic of the fabricated device. The

calculated active area of the device was 0.001 cm2. The XRD plot

shown in figure 4.2, has clearly indicated peak at 38.10°, which

was assigned to the (111) orientation of the Ag electrodes whose

work function is around 4.76 eV [44, 164], which is substantially

larger than the electron affinity of ZnO (approx. 4.3 eV), i.e., suffi-

cient for the formation of Schottky junction at the Ag/ZnO inter-

face [165]. It is worthwhile to mention that the Schottky junction

reportedly reduces the dark current, which significantly improves

the device performance by providing a manifold increase in the

photo current to dark current ratio [22].

In order to check the photoresponse of the samples, I-V mea-

surements were performed in the dark as well as with deep UV

(λ = 254 nm) illumination (Figure 4.3). Pristine ZnO has shown a

dark current of approximately 0.19 µA whereas the 5ZC sample

has shown a significantly low dark current of around 5 nA. Such
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Fig. 4.2: XRD plot of the Ag electrode coated 5CA sample

Fig. 4.3: Semilog I-V plot of pristine ZnO and 5CA

large difference in dark current was ascribed to the deceased bar-

rier height of Schottky junction that can be explained as follows:

The (0001) crystal orientation in ZnO nanorods consist of alter-

nate layers of anions (Oxygen ions) and cations (Zn ions) that

leads to the formation of dipoles. The net (nonzero) dipole mo-

ment makes polar surface unstable. Due to the highly unstable

nature of the ZnO polar surface, Silver reacts strongly with the

chalcogenides (Oxygen in ZnO) and thereby leaving behind dis-

sociated Zn cations that typically result in lower barrier height

81



Chapter 4: Development of zinc oxide based broadband
photodetectors

in n-type ZnO, which in turn ceases the Schottky behavior and

increases the dark current [166]. However, in the case of 5CA,

crystal orientations are (100) and (110), which are nonpolar in na-

ture due to the equal number of anion and cations. Therefore, no

net dipole moment is present in these samples that make the non-

polar planes relatively more stable. Henceforth, Schottky barrier

height remains the same that resulted in the lower dark current.

Fig. 4.4: Photosensing mechanism: (a) oxygen adsorption and
depletion region formation and (b) exciton generation by UV
illumination and oxygen desorption

Now, for the measurement of the photo current, samples

were illuminated by 254 nm, 2.11 mW/cm2 UV lamp. The photo

current in pristine ZnO was approximately 3.5 µA. Photo current

to dark current ratio was ∼ 18 and photoresponsivity was ∼ 1.5

A/W. In comparison to the pristine ZnO, photo current in 5CA

sample was enhanced to a value of 2.45 mA. The photo current to

dark current ratio was 4.9 x 105, and photoresponsivity was 1.15

x 103 A/W.

4.3.2 Photosensing mechanism

The remarkable enhancement in photoresponsivity can be

explained as shown in Figure 4.4. Oxygen molecule in surround-

ing air gets chemically adsorbed over the ZnO NSs by trapping

electrons from the ZnO surface that leads to the formation of de-
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pletion region near the surface, which in turn significantly re-

duces the conductivity of the NSs. However, the small channel

still existing in the center of nanorods facilitates the transport of

charge carrier that leads to high dark current. However, in case of

HC nanostrucutres, a fully depleted thinner nano-plates network

restricts the flow of charge carriers. Additionally, Zn interstitials

in ZnO act as a donor impurity, increasing the free electrons con-

centration at the surface that promotes the oxygen adsorption,

results in a minimal dark current. Now, when the light source

illuminates the samples, electron-hole pairs will generate. Due

to the high electric field in the depletion region near the surface,

holes move towards surface and electrons move towards the cen-

tral part of the nanostructures that leads to the dissociation of the

excitons [167]. The adsorbed oxygen molecules react with the ex-

isting holes and get desorbed, leaving behind unpaired electrons

[149, 168]. As a consequence, channel width increases, and gets

populated with unpaired electrons, increasing the conductivity of

the NSs [169].

Fig. 4.5: (a) Charge carrier transportation in nanorods network
and (b) charge carrier transportation in HC NSs

Further, as shown in Figure 4.5(a), in the nanorods network,

electrons have to travel through a zig-zag path, which increases

the distance to travel by an electron to reach the electrode. Ad-

ditionally, in nanorods network, there exist interfaces between

nanorods which offers high potential barrier in the path of elec-

trons that hinder electrons transportation [170]. On the contrary,

HC NSs consist of a well-connected nanoplates network which

is free from such high potential barrier junction and provides a

shorter and continuous conduction path for efficient carrier trans-
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portation, which in turn improves the photosensitivity of the de-

vice. Additionally, the sidewalls of the HC NSs act as low resis-

tance conducting wire, which will also reduce the path resistance

[171]. Henceforth, a substantial enhancement in the photo current

to dark current ratio has been observed.

Fig. 4.6: I-V response of the device in deep UV, Near UV, Visible,
NIR region

4.3.3 I-V response in deep UV-Visible-NIR region

Further, in order to investigate the device broadband pho-

toresponse, the sample was illuminated with a wavelength rang-

ing from 200 to 950 nm. The maximum photo current obtained

at -10V bias in deep UV (at 250 nm) , near UV (at 350 nm), visi-

ble (at 550 nm), NIR (at 800 nm) and NIR (at 950 nm) region was

6.8×10−5 A, 1.7×10−4 A, 4.9×10−6 A, 4×10−7 A and 5.3×10−7

A, respectively. Accordingly, the photo current to dark current

ratio was maximum (3.2× 107) for near UV radiations, whereas

for NIR regions, it was around 9.5×104, which was significantly

higher than the previously published results [160, 172].

The device has shown significantly high specific detectivity,

averaging around 3 × 1012 cm·Hz1/2·W−1 in the near IR region.
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Fig. 4.7: Specific detectivity plot at different wavelengths

However, the maximum D∗ of 2.07 × 1015 cm·Hz1/2·W−1 was ob-

served at 300 nm, which was better than previously reported re-

sults [160, 172]. Further, the calculated average D∗ in the visible

region is 7.7 × 1013 cm·Hz1/2·W−1.

Figure 4.8 shows the responsivity (R) plot at different wave-

lengths. The device has shown a maximum responsivity of 115

A/W at 300 nm, which was superior to the other published re-

ports [143]. The average responsivity in UV, visible and NIR

regions was estimated to be 70 A/W, 4.3 A/W and 0.18 A/W,

respectively. Moreover, the device performance was compared

with the commercially available FDS010-Si photodiode (a prod-

uct from Thorlabs), where we found our device performance su-

perior in terms of dark current, responsivity, and detectivity.

Figure 4.9 shows the responsivity plot at different voltages

for different wavelengths. The plot has shown exponential en-

hancement in the responsivity for 200 nm to 950 nm spectral

range at 10 V applied bias. Additionally, the responsivity curve

for different wavelengths was parallel to each other, which shows

that the rate of change of responsivity with respect to the voltage

was the same for the entire wavelength range.
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Fig. 4.8: Responsivity plot of at different wavelengths

Fig. 4.9: Responsivity plot in deep UV, Near UV, Visible, NIR
and IR region at different voltages

Figure 4.10 also shows the switching response of the device

at 10 V bias for 350 nm wavelength. As the sample illuminated

with a UV light source, current increases rapidly after that in-

crease slowly with time. Similarly, slower fall time was observed,

after the light source was turned off. This phenomenon can be at-

tributed to the surface defect-related trapping centers, which re-

tard the charge carrier collection speed upon UV illumination and

the charge carrier recombination, as the light source was turned
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Fig. 4.10: Switching response of the device

off [161, 173]. Additionally, after long UV illumination, a slight

decrease in the photo current was observed. Also, the photo cur-

rent in the next switching cycle was lower than the photo current

in the first cycle. The observed phenomenon has been discussed

in detail in the next chapter.

Fig. 4.11: EQE plot of the device at a different wavelength

Further, the linear dynamic range (LDR) or photosensitiv-

ity linearity of the device under the illumination of 350 nm was

128.9 dB, which was significantly higher than the previously pub-

lished reports [86, 174]. The LDR of 128.9 dB is the record value
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for ZnO based detectors to the best of our knowledge. Moreover,

higher photon-electron conversion rate is required for better sens-

ing response which is determined by external quantum efficiency

(EQE) [87, 175, 176]. The calculated EQE of the sample at 300

nm wavelength and 10 V applied bias was 47,583 %, which in-

dicates higher photon-electron conversion efficiency, resulting in

high device performance.

Table 4.1: Comparison with recently reported UV and broad-
band photodetectors

Materials λ ex (nm) S R D∗ Ref.
, intensity
(mW/cm2) (A.W−1) (cm.Hz0.5.W−1)

Rhodamine 300-700, ∼250 5.5 2.34 × 1011 [176]
B-sensitized ∼2.4

ZnO
Gd-ZnO/ 250-1357, ∼9 28 1.1 × 1012 [177]
perovskite ∼0.5

ZnO/PMMA 4000, 0.050 ∼1000 8 - [143]
/PbSe

Inorganic 450, 16.42 ∼10000 4.25 - [178]
perovskite/ZnO
n-3C-SiC/p-Si 375, 0.5 ∼500 0.109 - [179]
heterojunction
n-ZnO NRs/ 365, 0.0112 8000 0.32 8 × 1012 [180]

i- MgO/p-GaN
ZnO/CsPbBr3 UV, 2 16527 231 2.4 × 1013 [181]

n-Mn0.04Zn0.96O 365 46 0.8 2.4 × 1012 [182]
/i-ZnGa2O4/n-GaN

Pristine ZnO 250-950, 6 3.2×107 115 2.07 × 1015 This
Nanowalls Work

Table 4.1 shows a comparison of the device with some re-

cently reported photodetectors based on photoresponsivity, sen-

sitivity and detectivity. The comparative analysis has clearly re-

vealed that our device performance is better than previously re-

ported devices [143, 176-182].

4.4 Conculsions

In conclusion, we have successfully synthesized novel Zn

rich ZnO HC NSs for high responsivity broadband photodetector

applications. Background current has been significantly reduced
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that has been ascribed to the Ag/ZnO Schottky junction and high

Zn concentration in ZnO. The as-fabricated device has shown sig-

nificant improvement in the photo current to the dark current ra-

tio from just 18 times in nano-rods to 4.9× 105 in HC NSs. The

fabricated device has shown high photoresponsivity of 1.15×103

A/W in the deep UV region of electromagnetic spectrum originat-

ing from the thinner nano-plate in HC NSs. The proposed device

configuration has used pristine ZnO nanostructure which elimi-

nates the complexities and the cost incurred in the development

of complex heterostructure, nanocomposites, and hybrid struc-

tures. The device has demonstrated LDR of 128.9 dB and EQE

of 47,583 %. The device performance was found to be compara-

ble with the existing products and has tremendous potential to

replace them with some modifications.
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Investigation on the effect of prolong UV

illumination over the performance of

broadband photodetector

Prolong UV irradiations could considerably modulate the

optical and electrical properties of ZnO. Therefore, it was desir-

able to investigate the effect of prolonging UV exposer over ZnO

characteristics towards the development of reliable ZnO based

devices for various UV applications. This work is focused on the

development of high-performance and dependable ZnO based

deep UV (UV-C) photodetectors. Herein, hydrothermally synthe-

sized ZnO honeycomb nanostructures were utilized to develop

a high sensitivity UV-C photodetector. Photoluminescence stud-

ies of UV irradiated samples have suggested the formation of

intrinsic defect states viz. VO and Zni in ZnO, which were fur-

ther confirmed by electron paramagnetic resonance, diffuse re-

flectance analysis, and photoresponse of the device. Further, we

have demonstrated that the coating of Pt nanoparticles over ZnO

nanostructures could significantly improve not only the device

stability but also the response time and device endurance in deep

UV radiations. The proposed device is a promising contender for

future deep UV detector based optoelectronic products.
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5.1 Introduction

ZnO is a low cost, biocompatible material with highly tun-

able structural and optical properties that have made the device

suitable for an extensive range of applications. Especially in the

UV region due to its wide bandgap and high exciton binding en-

ergy. However, the major issue with ZnO based deep UV sensors

is their stability in deep UV radiations as when the devices are

exposed to such high energy radiations, there are high chances

of material to degrade. Therefore, before commercializing such

devices, it is highly required to examine the device reliability and

stability in such harsh environmental conditions. However, as per

our knowledge, the issue has rarely been discussed. The metal-

lic nanoparticles which are comprehensively explored in the last

decade and have demonstrated significant improvement in UV

emission and sensing response of ZnO, could pave the way to im-

prove the device stability and reliability in deep UV radiations.

In the present work, we have used a simple and low-cost hy-

drothermal technique for the growth of ZnO honeycomb nanos-

tructures by incorporating Na3C6H5O7 i.e. trisodium citrate in

the precursor solution. The obtained honeycomb nanostructures

have provided not only a larger surface area but also facilitated

efficient charge transportation between the electrodes, which was

resulted in improved device performance. Moreover, to examine

the device reliability in UV radiations, the samples were exposed

to UV light for prolonging duration of time and were intensively

characterized by PL and I-V characterization. Finally, we have

demonstrated that the Pt NPs coating over ZnO nanostructures is

an effective way to prevent material degradation and to improve

the device performance and endurance in UV-C radiation.
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5.1.1 Experimental details

The sample preparation process involves three major steps:

(1) Cleaning of the glass samples. (2) Deposition of the seed

layer over the glass substrate. (3) Hydrothermal growth of

ZnO nanostructures. Glass samples were properly cleaned via

ultrasonication in acetone, isopropyl alcohol and DI water for

10 min. each. The seed solution was prepared by mixing

an equimolar solution of zinc acetate and ethanolamine in 2-

Methoxyethanol. After that, the seed layer was coated via spin

coating the seed solution at 3000 rpm for 30 seconds. After-

ward, spin-coated samples were annealed at 250 °C for better

crystallinity and adhesivity of the seed layer over the substrate.

The precursor solution for hydrothermal growth was prepared by

mixing Zn(NO3)2.6H2O (0.1M), Na3C6H5O7 (5 mM) and hexam-

ethylenetetramine (HMTA) (0.1M) in DI water. The solution was

left on stirring for ten mins. For hydrothermal growth, sealed

glass beakers containing precursor solution and samples were

kept in an over at 110 °C for three hours. Finally, after growth,

samples were thoroughly washed using DI water and acetone,

followed by drying at 110 °C. For the I-V measurement, two sil-

ver electrodes of 50 µm channel length and 2 mm width were de-

posited using shadow masks by physical vapor deposition (PVD)

process.

Photoemission properties of the samples were measured

using photoluminescence (PL) analyzer (Dongwoo Optron DM

500 i) equipped with a continuous wave He-Cd laser (excitation

wavelength 325 nm) and a PMT detector. Raman analysis was

performed by Horiba Jobin Yuon HR 800 UV Raman spectrome-

ter. UV-Vis absorption spectra were obtained by (Cary 60 UV-Vis,

Agilent Technologies) with a range of wavelengths from 200 nm

to 800 nm. EPR spectra were recorded on a JES FA200 computer-
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ized spectrometer at 9.3 GHz (X band). Electrical characterization

was performed in air at room temperature using a Keithley 2612A

source meter. Incident light power was measured by TS2 LP 100,

CNI laser, laser power meter. ISS P100 Xenon lamp power supply

for the wavelength range from 200 to 950 nm was used to illumi-

nate the samples.

5.2 Results and discussion

5.2.1 Optical characterization

Fig. 5.1: Photoluminescence spectra of the 5CA sample, taken at
a different time interval of UV illumination

In order to investigate the types of defects present in the

sample, the PL analysis has been performed. The PL spectra in

figure 5.1 show a sharp emission peak centered around 385 nm,

which is the characteristic peak of ZnO. However, the Gaussian

peak extended towards the higher wavelength region. The de-

convolution of the peak has shown two separate peaks centered

at 380 and 420 nm. The peak centered at 420 nm can be assigned

to the Zni defects present in the crystal lattice [44]. Further, a low-

intensity deep-level emission (DLE) peak in the visible region has
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been observed, which indicates the lower oxygen vacancy related

defects concentration in the sample.

Further, towards analyzing the effect of UV illumination

over the sample, PL characterization of the UV illuminated sam-

ple has been performed. Interestingly, in the inset of figure 5.2,

a shoulder peak in the near band emission (NBE) region appears

to be dominating as the UV illumination time has been increased.

The shoulder peak corresponds to the increasing Zni defect states.

Fig. 5.2: Normalized photoluminescence spectra of the 5CA
sample, taken at the different time interval of UV illumination,
inset shows magnified view of the near band emission peak

Notably, significant enhancement in the DLE has been ob-

served, which was attributed to the formation of new defect states

in the sample. The DLE peak was centered nearly at 580 nm that

has been assigned to the doubly ionized oxygen vacancies (V++
O ).

Henceforth, increasing DLE peak intensity with UV illumination

can be assigned to the formation of the doubly ionized oxygen va-

cancies [130, 183, 184]. Moreover, DLE was observed to increase

for continuous illumination of the sample by 254 nm light for 1

hour. Therefore, it indicated that the intrinsic defects viz. Zni and

VO, concentration can be efficiently tuned by controlling the UV
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illumination time. The formation of the doubly ionized oxygen

vacancies on UV illumination can be explained via the following

equations [185-187]:

hv−→ h++ e− (Generation of excitons) (5.1)

O2−+h+←→ O−+h+←→ 1
2

O2 +Vo (Formation of VO) (5.2)

VO −→V 2+
O +2e− (Photoexcitation of VO) (5.3)

Fig. 5.3: Near band emission intensity to deep level emission
intensity ratio variation with time

As the ZnO sample surface comes in contact with atmo-

spheric oxygen, the oxygen molecules get chemically adsorbed

over the nanostructure surface and trap the free electron from the

surface of ZnO, which leads to the formation of space charge re-

gion near the surface.[44] When the sample was exposed to UV

light, excitons were generated over the surface (equation 5.1). The

built-in electric field at the surface space charge region was high

enough to surmount the coulombic attraction between the exci-

tons, therefore increasing the dissociation rate to photo-excited

charge carriers. Further, some of the holes reach lattice oxygen
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at the surface and release the lattice oxygen, which results in

the formation of VO (equation 5.2). Some of the VO defect states

were photo-excited to metastable defect states in the conduction

band i.e. V2+
O (equation 5.3), resulting in the enhanced DLE emis-

sion.[188]

Fig. 5.4: Absorption spectra of the 5CA sample before and after
30 minutes of UV illumination

In order to probe in more detail about the formation of de-

fect states after UV illumination DRA analysis has also been per-

formed. As shown in figure 5.4, UV illuminated samples showed

a significant blue shift in the near UV absorption peak from 372

nm to 360 nm which was assigned to the high electron concen-

tration in the conduction band that resulted in bandgap widen-

ing. Therefore, in order to estimate the variation in the bandgap,

the Tauc plot technique has been used. Figure 5.5 has shown the

Tauc plot of the samples before and after UV illumination. A sig-

nificant enhancement in the bandgap from 3.21 to 3.32 eV has

been observed which could be assigned to the Burstein-Moss ef-

fect.[189] Furthermore, UV illuminated samples have shown no-

table enhancement in the absorption in the visible region, indi-

cating the formation of new defect states after UV exposure. The

obtained results were utterly correlated with the PL analysis.

97



Chapter 5: Investigation on the effect of prolong UV illumination
over the performance of broadband photodetector

Fig. 5.5: Tauc plot of pristine and UV illuminated 5CA sample

To further analyze the effect of UV illumination, EPR anal-

ysis has been performed (Figure 5.6). A sharp EPR peak at 1.96

g-factor has been observed. However, the origin of the peak is

still unclear; several research groups have assigned this peak to

the hole trapped at neutral VO i.e. V+
O [190-192]. The peak in-

tensity of the pristine ZnO sample was quite low which has been

significantly increased after 1 hour of UV illumination. There-

fore, the EPR results show a correlation with the PL analysis and

confirm the formation of oxygen vacancies after UV illumination.

Furthermore, another peak close to the free-electron value (g ≈

2.005) has also been observed, which has been attributed to the

electron trapped at oxygen vacancies [193-195]. A slight enhance-

ment in the peak intensity has been attributed to the formation of

oxygen vacancies.

Moreover, Raman spectroscopy is a powerful technique to

probe surface defect states. Therefore, Raman analysis of the pris-

tine and UV illuminated sample has been performed to confirm

further the formation of the oxygen vacancies related to defect

states over the surface. Figure 5.7 has shown the Raman plot of
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Fig. 5.6: Electron paramagnetic resonance of the 5CA sample
before and after UV illumination

Fig. 5.7: Raman analysis of the 5CA sample before and after UV
illumination

both the samples. Pristine sample Raman plot has shown a dis-

tinguished sharp peak at 438 nm which is corresponded to the

E2(high) phononic transition. The peak has been significantly

suppressed after prolong UV illumination, which clearly shows

that the surface of the ZnO has been degraded after extending

UV illumination time.

Furthermore, confocal measurement of the samples by sub-
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Fig. 5.8: Confocal analysis of the 5CA sample before and after
UV illumination

bandgap excitation i.e. 559 nm and 635 nm, has been recorded

and shown in figure 5.8. A significant enhancement in the lumi-

nescence of the photo-excited sample has been observed, which

was assigned to the formation of VO defects states in the bandgap.

Moreover, 2-photon analysis has been performed for the confir-

mation of the formation of new energy states in the mid-bandgap

due to the photo-induced VO defects states. For the 2-photon anal-

ysis samples were photo-excited with different wavelengths rang-

ing from 720 – 820 nm (figure 5.9). The pristine samples have

shown feeble emission which clearly suggests the absence of de-

fect states in 1.5 – 1.72 eV energy region above the valence band.

However, the prolong UV irradiated sample showed significant

enhancement in the luminescence intensity for the same excita-

tion wavelength, which confirmed the incorporation of new de-

fects i.e., VO in the samples.

5.2.2 I-V characterization

Figure 5.10(a) has shown the photodetector device

schematic. The active device area was 2 mm × 50 µm. As

shown in figure5.10(b), The dark current of the 5CA sample at 20

V applied bias was 5.17 nA. The Schottky junction at Ag/ZnO
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Fig. 5.9: two-photon analysis of the 5CA sample before and after
UV illumination

Fig. 5.10: (a) The device schematic and (b) photoresponse of
pristine 5CA samples

interface could be assigned to such low dark current. Further,

as the device was shined by 254 nm, 2.11 mW/cm2 light source,

the photo current reaches to 2.45 mA. The photosensitivity of the

device was 4.9× 105. The responsivity and specific detectivity

of the device were 1150 A/W and 8.94 × 1014 cm·Hz1/2·W−1,

respectively. The significant improvement in the device perfor-

mance can be assigned to larger surface area and high charge

transport efficiency of the nanostructures [196].

Further, the switching response of the 5CA sample has been

recorded to investigate the response time of the device (shown in

Figure 5.11). The rise time and fall time of the device was 107 sec.

and 160 sec., respectively. Notably, a significant decrease in photo

current after each switching cycle has been observed. Moreover,

as shown in figure 5.12, when the sample was continuously illu-
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Fig. 5.11: Switching response of the 5CA sample

Fig. 5.12: Change in photo current with respect to time

minated for ten minutes, the photo current substantially increases

with time till three minutes and thirty seconds, after that current

suddenly starts to decrease with an increase in time and after 10

minutes the photo current value reaches to its initial value.

5.2.3 Pt/ZnO nanostructures for reliable device per-

formance

In order to eliminate the effect of UV exposure and to sta-

bilize the device performance, Pt was sputtered over the samples
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Fig. 5.13: PL spectra of the Pt/5CA sample just after and after 15
minutes of continuous UV illumination

to obtain uniform deposition of Pt nanoparticles over ZnO nanos-

tructures. As shown in figure 5.13, Pt coated 5CA (Pt/5CA) sam-

ple has shown no significant change in the emission spectra even

after 15 min. of continuous exposure to UV radiations, which in-

dicates that Pt nanoparticles have restricted the formation of oxy-

gen vacancies, making the device stable in UV radiations.

After confirming the stability by PL analysis in the UV ra-

diations, I-V response of the device at 254 nm wavelength, 2.11

mW/cm2 power light source has been taken. The device dark

current and photo current, at 20 V applied bias was 5.3 nA and

3.13× 10−4 A, respectively. The calculated device photosensitiv-

ity and photoresponsivity were 5.9× 104 and 148 A/W, respec-

tively. Moreover, the switching response under 254 nm light was

recorded for several switching cycles. The plot has not shown any

significant variation in the peak photo current even after several

switching cycles, which has also confirmed the device stability in

UV radiations. Further, a slight improvement in the device re-

sponse speed has been observed. Comparing to bare 5CA sam-

ples, Pt NPs coated samples have shown a decrease in rise time

from 107 sec. to 90 sec., whereas the fall time remains 160 sec.

103



Chapter 5: Investigation on the effect of prolong UV illumination
over the performance of broadband photodetector

Fig. 5.14: I-V response of the Pt nanoparticles coated 5CA sam-
ple

Fig. 5.15: Switching response of the Pt nanoparticles covered
5CA device

5.2.4 Conclusions

In summary, the impact of UV radiations over device per-

formance has been investigated using photoluminescence, dif-

fuse reflectance and electron paramagnetic resonance character-

ization techniques. The formation of oxygen vacancies over the

ZnO nanostructures surfaces due to prolong UV illumination

was found responsible for a significant decrease in device perfor-
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mance. Therefore, in order to rectify this stability issue, the sam-

ples were coated with Pt NPs, which resulted in improved device

stability. Additionally, the Pt NPs coating has significantly im-

proved the device response speed. The as-prepared deep UV pho-

todetector could be a promising contender for next-generation

optoelectronic devices.
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Synthesis of Al-doped ZnO nanowalls for

ultra-low power, flexible UV photodetector

The work is about the Al-doped ZnO nanowalls network-

based ultralow voltage, flexible UV photodetector. The photode-

tector is synthesized over Al foil by using a simple and low-

cost hydrothermal process. The device has shown photo current

to the dark-current ratio of 349, high responsivity (265 mA/W

at just 0.1 V applied bias) and specific detectivity of 4.5 × 1010

cm·Hz1/2·W−1 at 350 nm. The incident light power has been kept

as low as 396 µW·cm−2 throughout the measurements. The ex-

ternal quantum efficiency (EQE) was 1827.8 % at 5V applied bias.

The proposed ultralow voltage UV photodetector demands very

low power and therefore could potentially lengthen the battery

discharge time. Additionally, a prominent UV sensitive piezo-

electric response, having dark voltage to photo voltage ratio of

24.5, has been demonstrated that has made the device a potential

candidate for fast response time, self-powered photodetector.

6.1 Introduction

The UV photodetectors (PD) find applications in flame de-

tection, missile launching systems, space communication, harm-

ful UV radiation detection, UV dosimeter, and many more civil

and military applications [173, 196-199]. Further, UV radiation

107



Chapter 6: Synthesis of Al-doped ZnO nanowalls for ultra-low
power, flexible UV photodetector

has a profound impact on the survival and development of hu-

mankind. For example, moderate skin exposure to natural or ar-

tificial UV light is advantageous for health. For instance, facili-

tating the synthesis of vitamin D, killing germs, treating or pre-

venting rickets etc. By contrast, excessive UV radiation can cause

various diseases, such as cataracts and skin cancer, and even ac-

celerate the aging process. Therefore, for battery-powered PDs

applications like wearable UV dosimeter, low powered flexible

UV PDs are highly desirable to increase the battery discharge

time. A wide bandgap of 3.37 eV and high exciton binding en-

ergy of 60 meV have made ZnO a suitable material for UV de-

tection [148-150]. Therefore, various efforts have been made for

improving its photosensitivity, photoresponsivity and response

time. One of the easiest ways to improve ZnO based PDs per-

formance is to increase the surface to volume ratio by devel-

oping complex nanostructures like nanocolumns, nanopenciles,

nanoflowers, honeycomb structure etc., which could significantly

enhance active device area [44, 105 200]. Interestingly, Wang et

al., have reported that polar planes of ZnO lattice act as conduct-

ing wires and provide efficient charge transportation path [171].

Notably, in the case of nanowalls, the conduction path consists of

a larger polar surface area; therefore, charge transportation effi-

ciency of nanowalls is far better than other nanostructures. Thus,

the ZnO nanowalls network could be a promising candidate for

photosensing applications. Another possible way to improve the

device characteristics is to dope ZnO with dopants e.g. Al, Ga, In,

Sb etc. [150, 201, 202]. Among these materials, due to its feasibil-

ity and low fabrication cost, Al-doped ZnO (AZO) has emerged

as a potential candidate and has shown significant improvement

in the optical and electrical properties over the pristine counter-

parts [148].

Moreover, considering the increasing application of flexi-

108



Chapter 6: Synthesis of Al-doped ZnO nanowalls for ultra-low
power, flexible UV photodetector

ble devices in flexible screens, touch user interface, self-folding

robotics, and various wearable devices, variety of flexible sub-

strate e.g. polyimide, cellulose paper, PET, plastic etc. have been

reported [203-206]. Herein, we have used Al foil as a substrate

that has not only to provide flexibility to the ZnO film but also act

as a source of Al ions during hydrothermal growth. Additionally,

the Al substrate can also help to support the growth of nanowalls

rather than the growth of the typical nanorods [207]. Choosing Al

foil as a substrate has reduced the complexity and cut down the

cost of device fabrication and has provided three-fold advantages

viz. doping, nanowalls growth, and flexibility. Despite the enor-

mous possibilities, Al foil as a flexible substrate for optoelectronic

applications has not been given enough attention. The obtained

device has shown good sensitivity even for low light intensity at

very low applied bias. Moreover, the device exhibited a signifi-

cantly high piezoelectric response that can be further utilized to

make multifunctional devices that can function as self-powered

UV photodetector and/or nano-generators.

6.2 Experimental details

The hydrothermal growth of ZnO nanowalls consists of 2

major steps. In the first step, Al foils of 1 cm × 1 cm × 18 µm

size, were spin-coated with seed solution prepared by mixing

the equimolar concentration of zinc acetate, ethanolamine in 2-

methoxy ethanol at 3000 rpm for 30 sec. and annealed at 240 °C.

Afterward, the equimolar precursor solution of zinc nitrate and

HMTA has been prepared and spin-coated samples were kept in

the solution at 110 °C for 4 hrs. Then the samples were rinsed

with DI water and dried in air. After that, the shadow mask of

50 µm channel length and 2 mm width were employed to de-

posit Silver electrodes via a PVD system. In order to check the

reproducibility of the samples, three different samples have been
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prepared and characterized.

Morphology and chemical composition of ZnO nanostruc-

tures (NSs) were obtained using field emission scanning electron

microscopy (FESEM), Zeiss Supra-55 equipped with energy

dispersive X-ray (EDX). Crystallinity was analyzed using Rigaku

Smartlab, an Automated multipurpose X-ray diffractometer

(XRD) equipped with Cu-Kα source. Raman analysis was per-

formed by Horiba Jobin Yuon HR 800 UV Raman spectrometer

at 488 nm wavelength. Photoemission properties of the samples

were measured using the photoluminescence (PL) analyzer

(Dongwoo Optron DM 500 i) equipped with a continuous wave

He-Cd laser (excitation wavelength 325 nm) and a PMT detector.

UV-Vis absorption spectra were obtained by (Cary 60 UV-Vis, Ag-

ilent Technologies) with a range of wavelengths from 200 nm to

800 nm. Electrical characterization was performed in air at room

temperature using a Keithley 2612A source meter. Incident light

power was measured by TS2 LP 100, CNI laser, laser power meter.

6.3 Results and discussion

6.3.1 Structural analysis

Figure 6.1 shows the FESEM image of the AZO nanowalls

obtained by hydrothermal growth over the Al foil substrate. The

nanowalls are uniformly distributed over the substrate and well-

connected to each other. The average thickness of nanowalls was

15 ± 2 nm. Figure 6.2 shows EDX spectra of the sample, which

clearly indicates a peak corresponding to Al ions and atomic per-

centage of which was 3.92 in the sample.

XRD plot in figure 6.3 has shown diffraction peak at 2θ =

60.12° corresponds to the formation of aluminum oxide thin film
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Fig. 6.1: FESEM image of the AZO sample

Fig. 6.2: EDX spectra of the AZO sample

Fig. 6.3: XRD plot of the AZO sample
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over the Al foil. Notably, for optimum device performance, the

current must pass through the active region (ZnO nanowalls) of

the device and not from the Al foil. Therefore, a thin insulating

layer of aluminum oxide at the Al/ZnO interface will cut off

the pathway through Al foil, resulting in improved device

performance.

6.3.2 Growth mechanism

Fig. 6.4: Schematic of the growth of ZnO nanorods and AZO
nanowalls

The growth mechanism of the nanostructures is illustrated

in Figure 6.4. As the top surface of ZnO nuclei is positively

charged, the negatively charged ZnO−2 ions would get coulombi-

cally attracted towards the top plane which results in the growth

along c-axis [105]. Whereas, when Al foil is used as a substrate,

in the initial phase of growth, Al3+ ions form AlO−2 ions, which

were adsorbed over the polar plane of ZnO nuclei and inhibited

the growth along the c-axis. As a consequence, growth domi-

nantly starts taking place over nonpolar (110) planes, resulting in

the formation of nanowalls.

Al(s)+3H2O(l)−→ Al(OH)3(aq)+1.5H2(g) (6.1)
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Al(OH)3(aq)−→ Al3+(aq)+3OH−(aq) (6.2)

Al3+(aq)+OH−(aq)−→ Al2O3 +H2O−→ AlO−2 (6.3)

Furthermore, the ionic radii of the Al ions (0.054 nm) are

much smaller than that of Zn ions (0.074 nm) [208]. Therefore,

there is a high probability of Zn ions substitution by small size Al

ions that has leads to the doping of Al ions in ZnO lattice.

6.3.3 Optical analysis

Fig. 6.5: Raman plot of the AZO sample

In order to confirm the doping of Al in the samples, Raman

analysis has been performed (shown in Figure 6.5). The Raman

plot has shown intense E2(low) and E2(high) peaks at 100.95 cm−1

and 442.26 cm−1. It is, in fact, noteworthy that these peaks were

found to be shifted from their usual positions at 98 cm−1 and 438

cm−1 in pristine ZnO. The shift in peak positions has clearly in-

dicated the compressive stress present in the sample due to the

substitution of some Zn ions by Al ions in the lattice. The sam-

ple has also shown a peak at 525 cm−1 that has been assigned to

the Al incorporation in the ZnO lattice, which again confirms the

presence of Al ions in the ZnO lattice.
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Fig. 6.6: DRS of AZO nanowalls. Inset shows the Tauc plot of
the sample

The absorption spectra are shown in figure 6.6, which clearly

indicated the visible blind feature of the sample as no absorption

has been observed in the visible region. Further, the sample has

shown significantly high absorption in the UV region. Moreover,

the bandgap of the sample has been estimated by the Tauc plot

method and was estimated to be 3.15 eV. In Comparison to bulk

ZnO bandgap of 3.37 eV, a significant decrease in the bandgap has

been observed. As the samples were prepared by a hydrother-

mal process that is prone to crystal defects, the reduction in the

bandgap can be assigned to the crystal defects e.g. oxygen vacan-

cies [209, 210].

6.3.4 I-V characterization

Figure 6.7(a) shows the device schematic. Figure 6.7(b)

shows the I-V response of the AZO nanowalls sample. A low

dark current of around 0.29 nA at an applied bias of 0.1 V has

been observed. Non-polar planes of ZnO form Schottky con-

tact with Silver electrodes, which could be the possible reason

for such noteworthy small dark current. As the sample was il-
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luminated with 350 nm UV light of 0.396 mW·cm−2 power, the

device has shown substantial enhancement in the photo current

from 0.29 nA to 101.3 nA. The measured photosensitivity, specific

detectivity and responsivity of the device were 348.3, 4.5 × 1010

cm·Hz1/2·W−1 and 265 mA·W−1. The calculated external quan-

tum efficiency at 0.1V bias was 92 %, which was exponentially

increased to 1227.8 % at 5V applied bias.

Fig. 6.7: (a) Device schematic, (b) I-V response of the PD in the
dark and under 350 nm and 410 nm light illumination

Further, as the sample was illuminated with 410 nm wave-

length and a sharp decrease in the photo current to 5.57 nm has

been observed. As shown in Figure 6.8, the device has not shown

any noteworthy response throughout the visible and NIR region.

UV to Visible rejection ratio of the device was 18.36. The de-

vice has demonstrated selective spectral response with an FWHM

of 77 nm (296 nm–373 nm) [211]. Such substantial enhance-

ment in the device performance can be explained as follows: the

nanowalls network has provided a large surface area for the en-

hanced photon absorption which has resulted in high charge car-

rier concentration. Further, the well-connected network of the

nanowalls would provide the continuous barrier-free path for the

charge carrier transportation. Additionally, the (001) planes of the

nanowalls will act as conducting wires, which would be resulting

in a high photo current.

Another possible reason could be the doping of Al ions

would increase the n-type character of the samples which would
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Fig. 6.8: Photoresponsivity plot of the sample for 200 nm to 800
nm wavelength light illumination

significantly increase the photo current. Moreover, as can be seen

in the absorption spectra, the device has shown no absorption in

the visible region, which could be the possible reason for low pho-

toresponsivity in the visible region. Inset in Figure 6.8 has shown

the device photoresponsivity at different applied biases. An ex-

ponential enhancement in the responsivity was observed with in-

creasing the applied bias. Figure 6.9 has shown the switching

response of the device. The rise time of the device was around

2 minutes 17 seconds, whereas the fall time of the device was 3

minutes 16 seconds. The slow response speed of the device could

be attributed to the presence of various intrinsic defect states in

the samples.

Further, for measuring the piezo-response, the device was

pasted over 100 µm thick OHP sheet for adding more flexibility

to the Al foil (Figure 6.10(a)). The device piezo response under

dark and UV illumination has been shown in figure 6.10(b). The

device has demonstrated a maximum peak voltage of 36.78 mV

on manually bending the film along the channel. Moreover, in

order to check the UV response of the device, the sample was il-

luminated with a UV lamp and a significant suppression in the
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Fig. 6.9: Switching response of the AZO based UV photodetec-
tor

Fig. 6.10: (a) Image of the sample, (b) piezoresponse of AZO
sample under dark and UV illumination, induced by bending
the film along the channel

peak voltage to 1.5 mV has been observed. Therefore, obtained

results have suggested that the prepared device can potentially

also be used as a self-powered photodetector. Table 6.1 listed re-

cently reported UV photodetectors. Comparing to previously re-

ported works, our device has shown better performance in terms

of responsivity and photo current to dark current ratio.

6.4 Conclusions

In conclusion, we report a visible blind photodetector that

can work on ultralow voltage and is sensitive to very low light in-

tensity. Further, the device was fabricated over flexible Al foil to
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Table 6.1: Comparison of recently reported UV photodetectors.

Device Applied bias Iphoto/Idark Responsivity Reference
configuration (V) (mA.W−1)

ZnO NWs/SiO2 5 4 500 [212]
SiC thin film 5 375 150 [213]

TiO2 nanowires 5 54 0.00685 [214]
Au NPs coated 4 - 160 [215]
ZnO nanorods

p-Si/n-ZnO −2 31.93 0.013 [216]
In doped ZnO 1 740 74 ×10 −6 [203]

Al-doped 0.1 348 265 This
ZnO nanowalls Work

harvest the piezoelectric properties of ZnO towards the develop-

ment of a self-sustaining UV photodetector. The proposed device

could be a potential candidate for the application where UV light

intensity is very low and/or available operating power is limited.

Further, owing to piezoelectric characteristics, the device can also

be utilized as a nano-generator to operate small power devices

and to recharge the batteries.
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7.1 Conclusions

In summary, the high responsivity ZnO nanostructure-

based broadband UV photodetector has been developed. The

hydrothermal growth process has been used for the synthesis

of ZnO nanostructure. The further, additives such as KMnO4

and Na3C6H5O7 were used to create complex nanostructures

with higher surface area comparing to basic nanostructures e.g.

nanorods, nanocolumns etc. the growth mechanism to nanostruc-

tures were discussed in detail. Further, significant improvement

has been observed in the thin film adhesion with the substrate.

Moreover, the addition of KMnO4 in the growth solution has sig-

nificantly reduced the defect related emission in the sample. Ad-

ditionally, incorporation of Zn interstitial defects in ZnO lattice

has significantly improved the device response in the deep UV

region. Further, drastic enhancement in the surface area has in-

creased the surface-related defect states in the midgap of ZnO, the

lower thickness of the ZnO nanoplates in the honeycomb nanos-

tructures has significantly improved the device response in the

visible and NIR region. Moreover, high charge transport effi-

ciency of honeycomb nanostructures has drastically enhanced the

device sensing response from deep UV to the NIR region. Fur-

ther, for reliable operation of the UV photodetector, the sensing
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material should be stable in the harsh conditions. Therefore, a

systematic analysis of the device response in the UV illumina-

tion has been performed. The prolong UV illumination has re-

sulted in the formation of oxygen vacancies over the ZnO sur-

face which has initially improve the device responsivity and later

start to decrease. Therefore, in order to improve the device stabil-

ity ZnO nanostructures were coated with Pt nanoparticles which

have not only eliminated the effect of UV radiation over the de-

vice performance but also improved the response speed of the

device. Moreover, considering the increasing demand of high re-

sponsivity, wearable, and flexible UV photodetectors, Al-doped

ZnO nanoplates were hydrothermally synthesized over the Al

foil. The Al foil as the substrate has not only to provide flexi-

bility to the substrate but also acts as a source of dopant (Al ions)

during the growth of the ZnO nanostructure. Additionally, keep-

ing in mind that the wearable photodetectors usually are battery-

operated, therefore lowering the power consumption could dras-

tically lengthen the battery life. The device reported in this work

has demonstrated high sensing response just at 0.1 V. Moreover,

the effect of UV radiations over the piezoelectric response of the

device has also been investigated where we have found signifi-

cant suppression in the piezo voltage, thereby the device is a po-

tential candidate for self-powered UV detector.

7.2 Future scope of the work

The research work presented in the dissertation has demon-

strated hydrothermally synthesized ZnO nanostructures over the

rigid glass and flexible Al foil substrates, for broadband and UV

sensing applications. The proposed ZnO nanostructures could

be potential candidates for future high responsivity photodetec-

tors. However, the device has a lot of scopes to improve upon

the device response speed. The intrinsic defects such as oxygen
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vacancies act as trap states thereby reduce the response speed of

the device. Therefore, the hydrothermal growth technique could

be optimized for decreasing the defect concentration in the sam-

ple. Another possible way is to develop the heterostructures with

some other p-type materials. The high built-in field at pn junc-

tion could accelerate the device speed. Further, from the nanos-

tructure morphological point of view, different kinds of complex

nanostructures can be synthesized with better charge transporta-

tion efficiency and larger surface area. Moreover, the device per-

formance can be significantly improved by the incorporation of

metal nanoparticles over the ZnO nanostructures surface, which

could not only facilitate increased absorption in the UV and vis-

ible region but also could increase charge separation to improve

the device response in the visible region of the electromagnetic

spectrum. Further, the as-synthesized nanostructures offered

larger surface area, therefore the nanostructures are the potential

candidate for the other sensing applications where larger surface

area is required such as gas sensor, ion sensors and glucose sen-

sors.
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