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Conductive and dielectric oxide-based nanoparticles have become a centerpiece for research in the scientific
community over recent years. This work was conducted with the intent of developing a nano-particulate Zinc oxide
chemistry which was easy to implement with low temperature fabrications methods and metastability
considerations. A metal chloride approach was used resulting in the eventual oxidation of combinational variations
of the oxides. The initial tests were made by measuring the size, shape, density, and distribution of the nanoparticles
in suspension as well as the fluorescence and absorbance spectrums of ZnO and aluminum doped variant
nanoparticles. The simplicity of the methods make possible application in both secondary and university labs.
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Introduction

Nanostructured wide-bandgap semiconductor
(NWS) devices are made from group III nitride
nanoparticles, including ZnO via variations of
traditional semiconductor machining processes. The
biggest difference is the deposition of group III
nanoparticles on the surface of the semiconductor SI
wafer in place of traditional group V dopants such as
boron or phosphorus. Research suggests that the
behaviors of nanostructured wide-bandgap
semiconductor devices are similar to traditional
semiconductor devices with few key differences
creating niche use purposes. Differences include a
higher band gap between the semiconductor’s  band
gap, or electron energy required to excite an electron
between the structure’s valence and conduction
bands, a greater specific heat capacity allowing for
the structure to operate under higher thermal stresses
for longer periods of time before going into a failure
state, higher efficiencies, faster switching speeds, as
well as the ability to handle higher voltages, powers,
and frequencies. Additionally, wide bandgap devices
may be implemented on a smaller scale while still
being stable due to these properties.

These properties are partially determined by the
material structure of the group III nanoparticle used
to dope the semiconductor’s SI layer and

partially determined by the size, shape, purity, and
concentration of the nanoparticles used and therefore
the conditions and methodologies used to create
them. As such, it is of utmost importance to properly
characterize and perform early stage product quality
control to determine the physical size, shape, and
number of nanoparticles present as well as their
fluorescent and absorptive properties through
traditional spectrophotometry.

To ensure proper test results and laboratory safety
all steps performed within the nanoparticle synthesis
phase as well as the material testing phase were done
in accordance with all safety standards set forth by
the University of Maine System, OSHA, and Fisher
Scientific - the materials supplier for this project -
regarding the handling of nanoparticles, general
laboratory etiquette and safety, and chemical
processes. Additionally, standards set by the National
Nanotechnology Initiative in collaboration with the
United States Food and Drug Administration, ASTM
International, and the International Organization for
Standardization (ISO). These standards include
ASTM E2909-13 which is a standard guide for how
reports regarding nanotechnologies should be written
and reported, ISO 80004-1:2010, ASTM
E2490-09(2015), ISO 13014:2012 and ISO
12901-1:2012 which outline nanotechnology
nomenclature including preflexes, a general use guide
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to measuring particle size in suspension by photon
correlation spectroscopy (PCS), guidance on
physio-chemical characterization of engineered
nanoscale materials for toxicologic assessment,
standard test method for hemolytic properties of
nanoparticles, management of occupational risk and
lab work associated to engineered nanomaterials, and
a guide to education regarding nanotechnology health
risks and how to best mitigate them. These
cumulative safety and measurement standards were
used to ensure the safety of lab personnel as well as
preserve the purity of synthesized nanoparticles and
required components.

Methodology

Experimental Setup
The synthesis process of zinc oxide and

aluminum doped zinc oxide nanoparticles is a fairly
simple one and does not require any special
equipment or high temperatures. The procedure takes
place at or near room temperature with the maximum
required heat at any phase being 80°C (Jacobs). Zinc
oxide nanoparticles are known for being synthesized
using mostly mild materials, nevertheless chemical
components are known irritants and toxic if ingested
or otherwise inhaled in large enough quantities (). As
such, material synthesis should be conducted in a
fume hood inside a well-ventilated room while
wearing proper PPE including but not limited to,
gloves, safety glasses, and long clothing. As materials
used to synthesize the nanoparticles as well as the
resulting nanoparticle solutions are sensitive to
impurities, clothing worn should be clean. A lab coat
may be worn on site to limit potential contamination
().

The list of necessary lab equipment to perform
satisfactory nanoparticle analysis follows: liquid
particle analyzer, microscope, spectrophotometer
capable of performing fluorescence and absorbance
testing, particle counter (). The list of necessary
reactants their respective quantities follows and
materials required to prepare the nanoparticle
solutions follow: 167mL Isopropyl Alcohol (C3H8O),
10 mL Ammonia (NH3), 50 mL DI Water (H₂O) 26
mg Zinc Acetate Dihydrate (C4H12O6Zn), 60 mg
Aluminum Nitrate Nonahydrate (Al(NO3)3·9H2O), 35

mg Sodium Hydroxide (NaOH), Variable Quantity
Citric Acid (C₆H₈O₇), glassware, beakers, hot plate,
magnetic stirrer and stir bars, balance, spoons,
pasteur pipettes, thermometers, fume hood.

Procedure: ZnO

To begin synthesizing zinc oxide nanoparticles,
prepare two water baths by filling a large container
capable of containing three beakers with water. Chill
one water bath to 5°C and heat the other to 65°C.
Place thermometers in water baths to monitor
temperature over time. While the water baths are
being brought to temperature, measure 17ml
isopropyl alcohol and place in a beaker. Label the
beaker “Sodium Hydroxide”. Then, measure 25ml
isopropyl alcohol and place in a different beaker.
Lebel this beaker “Zinc Acetate”.

Next, measure 125ml isopropyl alcohol and
place it in a third beaker. Label it “Isopropyl”.
Measure 35mg sodium hydroxide and introduce it to
the “Sodium Hydroxide” beaker. Place “Sodium
Hydroxide” beaker in fume hood on a hot plate with a
magnetic stirrer. Deposit magnetic stir bar into beaker
and stir the contents slowly while at low heat until the
sodium hydroxide solute has entirely dissolved into
the isopropyl solvent. While continuing to monitor
the states of other components, measure 10g zinc
acetate dihydrate and introduce it to the “Zinc
Acetate” beaker. Place “zinc acetate” beaker in fume
hood on a hot plate with a magnetic stirrer. Deposit
magnetic stir bar into beaker and stir the contents
slowly while on low heat until the zinc acetate
dihydrate solute has entirely dissolved into the
isopropyl solvent. Continue monitoring states of
water baths and solutions until their respective
processes have concluded.

When a solution has finished mixing, remove
from the magnetic stirrer and hotplate but keep under
the fume hood for safety. Once all processes have
concluded, chill the contents of the “Sodium
Hydroxide” beaker with the cold water bath. Do not
mix the contents of the “sodium hydroxide” beaker
and the cold water bath. Similarly, chill the contents
of the “isopropyl” beaker with the cold water bath.
Do not mix the contents of the “isopropyl” beaker
and the cold water bath. Once all solutions have been



formed and required components chilled begin the
final reaction by mixing the contents of the “sodium
hydroxide” beaker and “isopropyl beaker” on low
heat within a fume hood. Introduce magnetic stir bars
and stir vigorously. Once solution has begun rapidly
stirring introduces the contents of the “Zinc Acetate”
beaker.

Finally, use the hot water bath to shock the
contents of the final beaker. Transport solution from
beaker to sealable bottle and label its contents “ZnO”.
The produced solution may be centrifuged for
same-day settling and analysis. Clean used
components as needed and prepare lab space for
synthesis of aluminum doped variants.

Procedure: Al-ZnO

To begin synthesizing aluminum doped zinc
oxide nanoparticles, fill a beaker with 50mL distilled
water. Begin heating the beaker to 80°C. Place
thermometers in the beaker to monitor temperature
over  time. While the beaker is warming, measure
16mg zinc acetate dihydrate and 60mg aluminum
nitrate nonahydrate. Keep measured materials
separated until the beaker is fully heated. Once the
zinc acetate dihydrate and aluminum nitrate
nonahydrate have been measured, fill a graduated
cylinder with 10ml ammonia and have pure citric
acid ready to be introduced to the solution as needed
via pasteur pipette or similar device.

Once the distilled water has been heated, remove
the thermometer from the beaker and place it under a
fume hood on top of a magnetic stirrer. Place a
magnetic stir bar within the heated water and set the
strength to high. Next, introduce the 16g of zinc
acetate dihydrate to the water. Then, introduce the
60mg aluminum nitrate nonahydrate to the water.
Immediately begin adding citric acid to the solution,
checking the pH level between additions. Continue
adding citric acid until the pH of the solution
measures 1.5.

If at any time too much citric acid has been
introduced, add more water to the device solution and
add heat. Once the pH has settled at 1.5, add the
10mL of ammonia to the solution. Allow the solution
to stir for sixty seconds after the addition of the
ammonia. After the sixty seconds have elapsed, turn

off the heat source, magnetic stirrer, and remove
contents from the fume hood. Transport solution from
beaker to sealable container and label its contents
“Al:ZnO”. The produced solution may be centrifuged
for fast same-day settling and analysis. Clean used

components and lab space as needed. Prepare for
material analysis and testing.

Initial Results & Imaging

Visual inspection of prepared ZnO and Al:ZnO
nanoparticle solutions conducted with no imaging
devices or aids are non-conclusive. Produced
solutions were determined to consist of nanoparticles
too small to be seen by the blind eye, in too small a
concentration to be visible within the solutions, or
otherwise not present within the samples. Figure 1.



shows  the nanoparticle solutions following synthesis
on the macro scale. The solution on the left are the
ZnO nanoparticles suspended in isopropyl alcohol

while the solution on the right are the Al:ZnO
nanoparticles suspended in DI water.

It can be seen that no nanoparticles are visible
either within the larger containers nor the 15ml
samples. In order to determine if nanoparticles are
present, Particle Measuring Systems Inc. Micro Laser

Particle Spectrometer uLPS device was used to verify
the presence of particulates in the solutions and
determine their size, if proven present. Figure 2,
shows the system used to measure the preliminary
particle size while Figure 3 shows a 15ml sample of
Al:ZnO being tested by the uLPS’s laser apparatus.
uLPS testing suggested that thousands of

nanoparticles were present per 15ml sample within
both Zno and Al:ZnO solutions and that the majority
of samples were under 300 nanometers in volume.

As the uLPS system is incapable of performing
imaging or more precise measurement the samples
were moved to the imaging lab where they were
tested, counted, and imaged using a Sebago Scientific
AIM-10 Liquid Particle Analyzer as shown in Figure
4.  To operate the Sebago Scientific device, sample
solutions of both ZnO and Al:ZnO were taken and
individually inserted into the AIM-10’s liquid tray.
On the accompanying computer apparatus “start test”
was selected and after several minutes the tests were
automatically completed and data regarding the
nanoparticle’s size, shape, distribution, and other
physical qualities were readily available alongside 50
photographs taken of each sample at 100x
magnification.

Operation of the AIM-10 device as well as
photos and datasets generated proved that



nanoparticles were present in the samples as well as a
general idea of what they looked like at significant
enough of a magnification factor to make them
visible. Figure 5 shows two photos of the ZnO
nanoparticles taken by the AIM-10 while Figure 6

shows two photos of the Al:ZnO nanoparticles taken
by the AIM-10.

Inspection of photos suggests that the Al:ZnO
particles are smaller than the ZnO particles, have
greater size uniformity than the ZnO particles, have
more distance between them in the solution than the
ZnO particles, are less spherical than the ZnO
particles, and are less numerous than the ZnO
particles. In order to verify these observations the
data gathered by the AIM-10 device during both ZnO
and Al:ZnO testing was exported as a .csv file and
further analyzed with excel and graphical methods.

Test Results

Tabulated data exported from the AIM-10 device
for both ZnO and Al:ZnO testing can be seen in Table

1 and Table 2 respectively. Material size and shape
data points are measured in nanometers while
transparency and intensity values are represented as
percentages. Circularity data is on a scale of 0-1 with
higher values representing more circular particles.

Data show that ZnO particles have a smaller mean
and median  than the Al:ZnO particles and are more
uniformly shaped across ESD and ABD
measurements. Data show that ZnO particles are
more circular than the Al:ZnO particles and that the
Al:ZnO particles are more transparent than the
prepared ZnO particles.

To accurately measure the number of particles
present, AIM-10 data was used to graph the ESD
particle size in nm versus the number of counts of
particles at that size. Figures 7 and 8 show the 3D
size of the nanoparticles measured in ESD
nanometers on the x axis as well as the number of
particles of that given size counted on the y axis.



Data show the ZnO solution has 1300 particles at its
median size, 3.9 nanometers ESD.  Similarly, data
Show Al:ZnO solution has 600 particles at its median

size 3.1 nanometers ESD.

With the particles counted, sized, visually inspected,
and otherwise analyzed according to their visual
properties particle solutions underwent fluorescent
and absorbance mode spectrophotometry analysis to
test the material’s bandgaps and properties in an
attempt to estimate its behavior when used to create a
semiconductor.

Fluorescence and absorption tests were
conducted with a Vernier Spectrovis

spectrophotometer as shown in Figure 9.

Results of fluorescence mode testing of ZnO and
Al:ZnO solutions are shown in Figures 10 and 11
respectively. Peak wavelength, known as the ROI
(Region of Interest) of the fluorescence test shows
which band gap the material used to emit photons
when excited electronically or thermally. The data
can then be used to determine the color and range of

these emissions.

Data show the fluorescence test results of both
ZnO and Al:ZnO are similar. Peak ROI of ZnO
solution was shown to correlate with a wavelength of
405nm, the violet region of the visible light spectrum.
Despite 2% aluminum doping, Al:ZnO particles had a
Peak ROI at approximately 410nm, still within the
violet region of the visible light spectrum.

The test mode of the Vernier Spectrovis was
switched and absorption testing was conducted using



the same methodology, but with different goals and
analysis parameters. While fluorescence testing
measures the output capability of the system,
absorption testing measures its input capacity: what
wavelengths of light it can be excited by, what color
light does this wavelength correlate to, what is the
energy gap of the material’s band gap and what is the
energy of the material’s electron layers. Results of the
absorbance tests of ZnO and Al:ZnO nanoparticles
are shown in figures 12 and 13 respectively. Data
show ZnO nanoparticles absorb violet, blue, and
potentially green light with wavelengths between 400
and 550 nanometers. Data show Al:ZnO
nanoparticles absorb violet and blue light with
Wavelengths between 450 and 525 nanometers.

The wavelength associated with the material’s
peak absorbance can be used to calculate the energy

gap of the material’s band gap in eVs and Joules by
using the data in equation 1.

(1)𝐵𝑒𝑉 = 1240
λ𝑝  

Where is the wavelength associated with the peakλ𝑝
absorbance value, and BeV is the energy gap of the
band gap measured in electron volts. Equation (1) is a
simplified form of the proper equation

(2)𝐵𝑒𝑉 = ℎ*𝑐
λ𝑝

Where is the wavelength associated with the peakλ𝑝
absorbance value, BeV is the energy gap of the band
gap measured in electron volts, h is the speed of light

m/s, h is Planck/s Constant, J*s.3 * 108  6. 6 * 10−34

The equivalent value in Joules may be calculated by
multiplying the BeV value in electron volts by

multiplying by J.1. 6 * 10−19

A similar process may be used to determine the
energy of one of the material’s electron layers by
taking the slope of the line immediately as peak
absorbance begins to decrease and extrapolating data
until it crosses the X axis. The frequency of this
wavelength of light, known as may be used inλ𝑥
place of in equations (1) and (2) to either estimateλ𝑝
or calculate the energy of this layer. The capacities of
these layers as well as the wavelengths of light used
to calculate them, and are shown in Table 3.λ𝑝 λ𝑥

Material λ𝑝
(nm)

λ𝑥
(nm)

BeV EeV

ZnO 405 580 3.06 1.09

Al:ZnO 450 525 2.755 2.43

Table 3: Absorbance Wavelength and Band Gaps of Materials

Analysis
Results suggest that the nanoparticles created

have band gaps within the acceptable regions of the
material’s synthesized. The theoretical band gap of
Zinc Oxide nanoparticles is thought to be between
3.0-4.0eVs  depending on particle size, shape, and



concentration during spectrophotometry analysis.
Smaller nanoparticles are thought to produce higher
bandgap materials, while more circular particles at
higher concentrations are also thought to produce
higher bandgap materials. While the ZnO
nanoparticles synthesized in the lab are very small,
with an average size of 3.92 nanometers ESD, many
outliers do exist and the standard deviation is
relatively high, suggesting these outliers are large but
not plentiful in solution. These outliers, combined
with the low circularity and relatively low particle
count as well as the suspension agent itself all work
to lower the eV value of the bandgap. Additionally,
Al:ZnO doping produced very little difference in
fluorescence testing results, but significantly reduced
the absorbance of the material and the band gap of
the material, going from 3.06 to 2.755BeV and
significantly increasing the EeV of the material,
going from 1.09EeV for Zinc Oxide to 2.43EeV for
Aluminum Doped Zinc oxide.. This is thought to be
due to the conductive nature of aluminum and the
low 2% doping percent.

Conclusion

The nanoparticles synthesized in the lab have
properties within the acceptable theoretical and
predicted ranges considering equipment limitations.
As such, the project may be considered a success as
nanoparticles were prepared and characterized for use
in further study. Further studies will expand upon
many of the tests and results conducted on the
nanoparticles in suspension form and include
performing conductivity testing on the powders once
separated from solution, performing spray pyrolysis
of the nanoparticles onto quartz thin films and
measuring optical properties and conductivity,
performing spray pyrolysis of the nanoparticles onto
silicon crystals for heterojunction synthesis, and the
formation of photovoltaics and UV detectors from the
created heterojunction devices.
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