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I. Introduction 
The funding from the AOFSR and the cost sharing form the University of Arkansas were used to 

investigate various semiconductor nanomaterials and functionalize them for optoelectronic 

devices, such as photovoltaic and photodetectors. The description below is a brief details about 

the recent work performed under the subject grant. 

 
A. Surface modification of GaAs: 

Light absorption enhancement due to surface modification on GaAs solar cell has been 

investigated. The solar cells were fabricated in a class 100 clean room using established 

photolithography procedures. The solar cells surface modification was performed using two anti-

reflection coatings (ARC) schemes. In the first scheme one layer anti-reflection coating is used. 

In the second scheme two layers will be used. For the purpose of using single layer or for the 

first layer coating, materials with refractive index on the order of 2.0 have to be used, such as 

ZnO, and ZnS. While for the second layer materials 

with refractive index on the order of 1.4 will be used 

such as MgF2 and SiO2. Moreover, SiO2 

nanoparticles are under investigation for ARC 

coating purpose, and for obtaining self-cleaning 

surface properties as well.  

The material fabrication was performed in 

tow techniques: First, ebeam deposition was used to 

deposit MgF2. Second, sol-gel chemical base method 

was used for all other materials. Spin coating method 

was used to apply the sol-gel based materials on 

several solar cell devices. The sol-gel layers where 

characterized using micro-Raman spectroscopy as 

shown in Fig. 1.  Transmission spectra were 

reordered for the different ARC coatings on GaAs 

for the optimization process. Current-Voltage 

characteristics were performed for the solar cells 

before and after applying the ARC to investigate 

their effect of on the solar cells.   

The spin coating process of the sol-gels was 

done using different speeds to optimize for the best 

device efficiency enhancement. The speeds were 

varied between 2000 rpm – 12000 rpm in a 1000 

rpm steps, for 30 seconds. The process was repeated 

for each material to get the best device 

enhancement. It has been found that for the higher 

refractive index materials a spin coating speed 

around 8000 rpm can give the best enhancement, 

but for the lower refractive index materials lower 

speeds as 5000 rpm can give optimum results. The 

transmission spectra obtained for the best GaAs 

samples coated with ARC materials are shown in 

Fig. 2. 

The IV characteristics obtained before and 

Fig. 1. Raman spectra of ZnO sol-gel 

spin coated at 4000 rpm, and annealed 

at 150 
o
C 

 

Fig. 2. Transmission spectra of ARC 

materials coated on semi insulating 

GaAs samples. 
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after the application of the ARC on the solar cell. Results obtained for reference solar cells are 

shown in Fig. 3.  

The enhancement seen in the power 

conversion efficiency is on the order of 35 

%.  The enhancement noticed from the 

MgF2 and SiO2 were in the 25 % range, 

which is expected as being lower 

refractive index materials. This 

improvement was observed in the 

photocurrent, with no change in the open 

circuit voltage. Since no change noted in 

the filling factor or the open circuit 

voltage, the enhancement in the short 

current density and the power conversion 

efficiency is related to the ARC effect, in 

which enhanced the photon absorption in 

the device active region.  

To further investigate the 

properties of the SiO2 nanoparticles, three 

nanoparticles sizes were used 60, 20 and 7 

nm nanoparticles. The 60 nm 

nanoparticles were synthesized using the sol-gel method, 

while the other two sizes were obtained from Sigma 

Aldrich. The deposition of these nanoparticles is done 

using immersing method in the nanoparticles solutions. The 

immersion process optimization is done through changing 

the time of immersion and the density of the particles in the 

solution. Scanning electron microscopy was used to test the 

samples after coupling the nanoparticles to the surface, as 

shown in Fig. 4.  The work on the nanoparticles deposition 

and characterization of the nanoparticles still under 

progress. 

Device performance enhancement due to anti-

reflection coating was investigated on GaAs solar cells 

using ZnO, ZnS, MgF2 and SiO2 materials. The single layer 

ARC optimization followed the refractive index matching 

for optimum region for GaAs solar cells according to the equation (𝑛𝐴𝑅𝐶 =  √𝑛𝑜𝑛𝐺𝑎𝐴𝑠), where 

𝑛𝑜 = 1 is the air refractive index. Second layer ARC optimization is under investigation. The 

SiO2 nanoparticles will be modified to work as ARC and self-cleaning surface at the same time.  

 

B. ZnO nanorod based PbS nanocrystal solar cells: 

 PbS nanocrystals were synthesized using lead oxide and bis(trimethylsilyl)sulfide. The 

absorption spectrum is displayed in Fig. 1. The lead and sulfur precursors readily react each 

other and easily form particles. PbS nanocrystals are synthesized through nucleation and 

subsequent particle growth. Stabilizing ligand and solvent are key factors that lead to narrow size 

distribution and well dispersed nanocrystals in a solvent. Oleic acid as a ligand was used and 

Fig. 3. The IV characteristics of the GaAs solar 

cell before and after ZnO and ZnS coating. 

 

 
Fig. 4. Silicon dioxide 

nanoparticles coupled to GaAs 

surface 
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served well in this capacity. Oleic acid has also an effect on the reactivity of monomer. With the 

high concentration of oleic acid, the size of PbS nanocrystals is broad, presumably due to a lack 

of a discrete nucleation event that results in uncontrolled growth onto fewer nuclei. When 

bis(trimethylsilyl)sulfide is used as a sulfur precursor, the success of narrow dispersed PbS 

nanocrystals is achieved in high concentration of oleic acid because of increased reactivity of the 

bis(trimethylsilyl)sulfide precursor compared to the elemental sulfur. For the synthesis of PbS, a 

ratio 10:2:1 of oleic acid/Pb/S was adopted.  

 Upon the injection of bis(trimethylsilyl)-sulfide into Pb precursor dissolved in oleic acid, 

the color of the reaction mixture was drastically changed from yellow to dark brown in a few 

seconds. Heating the reaction mixture promotes particle growth, evidenced by a gradual red shift 

with increased growth time at elevated 

temperatures. The PbS nanocrystals grown 

for 8 minutes at 100 ℃ have an absorption 

peak at 1400 nm in wavelength shown in 

Fig. 1. The average size of the PbS 

nanocrystals is estimated to be 6 nm in 

diameter from the absorption peak. The 

shape of PbS nanocrystals is dominated by 

kinetics. By modifying reaction parameters 

the PbS particles are observed to vary 

widely from bent rod-like particles to star-

like polyhedrons. Particles removed from the 

reaction shortly after injection appear 

strongly angular and faceted, indicating 

particle growth occurs along preferred 

crystal directions. Prolonged heating gives 

rise to smooth shape of nanocrystals by 

the decreased number of sharp edges on 

the particles. By varying the injection 

temperature and the ratio of ligand to the 

Pb/S precursor, the shape can also be 

tuned from nearly spherically shaped 

tetradecahedrons to almost cubic.   

 In order to couple with the 

synthesized PbS nanocrystals for 

photovoltaic applications, ZnO nanorod 

arrays were grown on a sol-gel ZnO seed 

layer by hydrothermal growth technique. 

To prepare a sol-gel precursor for a seed 

layer, solutions of zinc acetate dehydrate 

and ethanolamine in 2-methoxyethanol 

were mixed in equal proportion. This 

mixture was then spin casted and annealed in air to form a uniform and complete film. ZnO 

nanorods were grown on the ZnO seed layer, floating facedown in an aqueous container 

containing equal volumes of zinc nitrate hexahydrate and hexamethylenetetramine in deionized 

water at elevated temperature. The length and the diameter of the ZnO nanorods can be 
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Fig. 1. Absorption spectrum of PbS nanocrystals 

synthesized for 8 min at 100 ℃ shows a peak at 

wavelength of 1400 nm.  

  

Fig. 2. (a) Plan-view SEM image shows ZnO 

nanorod grown on seed layers. (b) Tilted SEM 

image of ZnO nanorods shows the diameter and 

the length of the nanorods. 

(a) (b) 
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controlled by main parameters such as temperature, growth time, and concentration of the 

solution. SEM images of the ZnO nanorodes are shown in Fig. 2. 

 In order to obtain an efficient hole extraction from the PbS layer, MoO3 thin film, as a 

hole injection layer was spin casted on the PbS coupled ZnO nanorod layer. Solution-processed 

MoO3 was prepared by reacting MoO3 

powder with H2O2 in a reflux system for 2 

hours at 80 ℃ in air. Then the solution was 

cooled down to room temperature for 24 

hours to obtain a clear yellow liquid. The 

viscosity and concentration of the solution 

were further adjusted with the addition of 

polyethylene glycol and 2-methoxyethanol. 

This solution-processed MoO3 does not 

require ligands for nanoparticle stabilization 

and thus have a good carrier transport 

property without the need to remove 

electrically insulating ligands through a post 

synthesis step. 

 The ZnO nanorods based Bulk 

heterojunction PbS solar cell was fabricated 

shown in Fig. 3 (a). MoO3 layer was 

deposited to improve solar cell efficiency by 

enhancing hole extraction from the active 

layer. The fabricated device achieved 

photocurrents of 0.1 mA/cm
2
 and open 

circuit voltage of 0.12 V shown in Fig. 3 

(b). The efficiency and fill factor of the 

device were 0.35 % and 0.28, respectively. 

For further enhancement of the solar cell 

performance, The MoO3 interlayer 

eliminates the Schottky barrier and 

improves all photovoltaic performance but 

does not seem to be a good physical buffer 

layer against shorting between the ZnO 

nanorods and the top metal electrode. 

 

C.  Iron Pyrite:  

Recently, the group has been working on synthesis of FeS2 or iron pyrite nanocrystals. 

The goal is to make iron pyrite thins film that will be used later on as photo active layers. Iron 

pyrite has been investigated as a photoactive material because of its high absorption coefficient, 

less than 200 nm of FeS2 thin film is able to absorb 90% of visible light. Iron pyrite, as the most 

abundant metal sulfur of the earth crust is inexpensive. Even though it has been investigated for 

more than a decade, researchers still find it difficult to observe a good photoconductivity in FeS2 

optoelectronics devices. The problem stem from the fact that there are many materials with 

different sulfur to iron ratios, FeS, Fe3S4, FeS6 and there is even another phase of the FeS2, called 

 

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
-0.2

-0.1

0.0

0.1

0.2

FF = 0.28, PCE = 0.35 %

 

 

C
u
rr

en
t 

D
en

si
ty

 (
m

A
/c

m
2
)

Voltage (V)

 Dark Current

 Photocurrent

 
Fig. 3. (a) Schematic and SEM image of a cross-

section of a ZnO nanorod based PbS nanocrystal 

photovoltaic device. Voids near the base of the 

nanorods appear dark and indicating incomplete 

infiltration of PbS nanocrystals into the dense 

nanorod array. (b) J-V characteristic of the 

device was measured in the dark (blue) and 

under AM 1.5 G illumination (red). 
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the marcasite phase. It is really difficult to synthesize pure pyrite structure and even a small 

percent of the others phases is detrimental for the device performances. It is then crucial to  

synthesize pure pyrite or cubic phase FeS2. 

The synthesis was done using a hot injection and 

heat up techniques. Two solutions were prepared in 

two three-neck flask. In the first flask, Iron 

chloride was dissolved in an amine solution, 

oleylamine, hexadecylamine, or octadecylamine. In 

the second flask elemental sulfur is dissolved in 

either Diphenyl ether or oleylamine. Both solution 

were degas at 120 C under nitrogen atmosphere for 

1 hour. After that either solution 2 is injected 

directly in solution one and then the temperature is 

raised to 220 C or the temperature is first raised 

and the solution 2 is injected after. The heat up 

method lead to cubic shape iron pyrite nanocrystal, 

while the hot injection one leads to spherical like 

nanocrystals. The heat up can also resulted in cubic nanocrystals if some surfactants are added to 

the mixed. Figure 1 shows an absorbance spectrum of a solution of iron pyrite nanocrystals in 

chloroform. The nanoparticles were synthesized 

using the hot injection method, oleylamine was 

used for the iron precursor and Diphenyl ether 

for the sulfur precursor. This is a typical 

absorbance spectrum of iron pyrite 

nanoparticles. 

One other problem associated with iron 

pyrite apart from the difficulty to synthesize 

pure cubic phase nanoparticles is films made 

using these particles tend to lose sulfur other 

time and this is not good for the stability of the 

films and the possible optoelectronic devices. 

One way to solve this issue is to do a surface 

passivation. The surface passivation was done 

using ligand exchange. The original amine 

ligands were replaced by three different ligands, 

Sb, Fe and (NH4)2S. These ligands are also 

shorter compared to the amines. The short 

length of the ligands will help decrease the 

interspacing distance between the nanoparticles, 

which is preferable in order to enhance the 

electrical conductivity. The absorption spectra 

of the nanoparticles after ligand exchange were 

measured along with the Raman spectra to 

ensure that they remain pyrite, the results are 

 

Fig. 1: Absorption spectrum of Iron pyrite 

nanoparticles in chloroform 
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Fig. 2: FeS2 nanoparticles after ligand Fe, 

Sb and (NH4)2S ligand exchange, a) 

absorption spectra and b) Raman spectra 
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presented in figured 3. The absorption spectra are very similar, the only difference is the 

presence of a small shoulder around 1400 nm for the sample with the Fe ligands. The Raman 

spectra also are those of the pyrite, there are small shift of the Raman peaks. 

 One other way to prevent a material to change 

phase is to attach it or linked it to another one and 

sometimes the connection between the two prevents the 

first one from changing phase and to stabilize. The 

connection of the iron pyrite nanoparticles and the metal 

nanoparticles is under investigation. If this works it could 

serve as both stabilizer and enhancer of optical properties 

due to the plasmonic effects. Some researchers have seen 

decrease in photocurrent were the metallic particles act as 

traps for the photogenerated carriers. The idea here is to 

see if in the case of iron pyrite, the good things (phase 

stability and plasmonic effects) outweigh the possible 

bad ones (traps). Silver nanoparticles were synthesized 

for that purpose, the absorption spectrum of the silver 

nanoparticles in toluene is presented in Figure 3.  

An attempt to couple metal particles with iron pyrite was done but the effects are still 

being investigated and so far no change has been observed. 

 

D. Photodetectors: 

Semiconductor nanocrystals were investigated for a wide range of optoelectronics 

devices, such as, solar cell and photodetectors. Nanocrystals are grown by wet chemical 

synthesis, which offers a way for tuning the bandgap by controlling the size of the nanocrystals.  

Furthermore, the nanocrystals can be dispersed and processed in a solution making them suitable 

for cost effective mass production.  Photodetectors based on nanocrystals are able to operate at 

room temperature, and detect normal incident light unlike quantum wells.  Detection of light in 

the visible-near-infrared spectral region is important because of many applications based on it. 

Cadmium selenide (CdSe) nanocrystals with a bandgap of 1.7 eV (730 nm) were implemented in 

various applications that operate in the visible spectral region 475 – 650 nm.  By tuning the 

bandgap of CdSe nanocrystals it is possible to detect low energy light up to 730 nm wavelength 

using CdSe nanocrystals. The integration of the nanocrystals with interdigital metallization is 

expected to simplify the device structure. And improve on its performance by reducing the dark 

current
 

and increasing 

the photocurrent. 
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Fig. 3: Absorption spectra of FeS2, 

FeS2-Ag and silver nanoparticles in 

toluene 
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 The absorbance 

and the 

photoluminescence (PL) spectra of the nanocrystals are plotted as a function of the growth 

reaction time in Fig. 1(a) and (b), respectively. The absorbance spectra were measured for the 

nanocrystals while dispersed in chloroform and placed in a cuvette.  The PL spectra were 

measured for nanocrystals placed on a glass slide after evaporating the solvent (chloroform).  

The growth reaction time was varied between 30 seconds and one hour.  An increase in the 

growth reaction time beyond an hour does not produce nanocrystals with bandgaps lower than 

1.7 eV (730 nm).  For one hour reaction time the position of the PL peak was shifted to 730 nm 

wavelength as shown in Fig. 1  

 (b).  The PL 

spectrum for an hour 

reaction time consists 

of a single narrow 

peak, which indicates 

that the size variation 

is minimized.  It is 

noted that the PL 

spectrum for the 5 

minutes consists of 

two peaks, which 

results from the 

presence of two 

dominant sizes for 

the nanocrystals.  For 

shorter reaction times 

(< 3 min) the broad peak above 650 nm in the PL spectra is a result of unstable state in the 

nucleation stage. 

 The current-voltage (I-V) characteristics for the CdSe photodetector with two different 

electrode spacing (5 and 50 µm) are plotted in Fig. 2 (a).  The dark current of the device with 50 

µm electrode spacing was 0.25 nA at a bias voltage of 3 V (600 V/cm), whereas the photocurrent 

was 0.4 µA.  By reducing the electrode spacing to 5 µm, the dark current was dropped to 28 pA 

and the photocurrent was increased to 3.8 µA at 3 V (6,000 V/cm) applied bias.  As can be seen 

in Fig. 2 (a), the photocurrent was about five orders of magnitude higher than the dark current. 

The inset in Fig. 2 (a) is an image of the templates with an electrodes spacing of 5 µm.  The 

spectral response spectra were measured for the two devices at a bias voltage of 5 V and plotted  

in Fig. 2 (b). Higher spectral response intensity was obtained from the device with 5 µm 

electrode spacing compared with the 50 µm spacing device.  Due to the increases in 

photoconductive gain, which depends on the ratio of carrier life time to the carrier transit time.   

 CdSe nanocrystals were grown by using wet chemical method and characterized by using 

the optical absorption and PL techniques.  Several spectra were collected for nanocrystals grown 

at different synthesis time.  Photodetectors were fabricated from these nanocrystals by spin-

coating them on templates with interdigital metallization.  The I-V characteristics and spectral 

response spectra were measured for two devices with interdigital spacing of 5 and 50 μm.   It was 

observed that the device with 5 μm spacing has a superior performance as compared to that with 

50 μm spacing. 

different reaction times 

 

Fig. 2 (a) I-V characteristics for devices with 5 and 50 μm electrode 

spacing in dark and under illumination. (b) Spectral response and PL 

spectra of the devices. 
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E. Zinc oxide nano-rods based glucose biosensors: 

ZnO nano-rods are synthesized on ITO substrate using the hydrothermal growth 

technique.  Optical properties of the ZnO nano-rods have been characterized using UV-visible 

spectroscopy, raman spectroscopy and the scanning electron microscopy. The band gap of the 

ZnO nano-rods is found to be approximately 3.54 eV where the increase in the band gap is due to 

the ZnO nano-rods structure and its surface morphology. Studies from the raman spectroscopy 

indicate that the rods like ZnO nanostructures have highly crystalline nature. The scanning 

electron microscopy show that the ZnO nano-rods are ~1.5 microns in length and ~70 nm in 

diameter. Schematic design for an electrochemical glucose detecting bio-sensor based on aligned 

ZnO nano-rods has been explained.     

Zinc oxide (ZnO) is a bio-compatible, bio-degradable and bio safe material that has 

emerged as a worldwide research topic especially for medical applications. ZnO is a transparent, 

wide band-gap direct semiconductor (3.37 eV), with a high exciton binding energy (60 meV)  

that is widely used in major applications like fabrication of light emitting diodes, ultraviolet 

lasers, solar cells, etc. ZnO has piezoelectric and pyroelectric properties are being used for 

manufacturing sensors, transducers and energy generators. In the recent years, one dimensional 

(1D) nanostructures have played an important role in nano-science technology and research. ZnO 

NSs and thin-films have gained much attention due to bio-compatible and bio-safe properties 

that make such materials highly reliable and trustworthy in biomedical science and engineering 

applications. Among various nanostructure (NS) fabrication methods, the hydrothermal growth 

technique is a chemical method to synthesize ZnO nano-rods (NRs). This is the most simple, cost 

effective and low temperature growth process. 

Preparation of ZnO sol-gel: The ZnO sol-gel is prepared using zinc acetate dehydrate 

[Zn (CH3COOH)2 • 2H2O, 0.5M] as a precursor dissolved in 10ml of mono-ethanolamine. The 

solution is stirred at 75 ̊C and 400 RPM for 1 hour. Next, 0.3 ml of ethanolamine (0.5 M) is 

added to prepare the sol-gel solution. This sol-gel is spin coated on the ITO coated glass 

substrate at 4000 rpm for 30 seconds. The substrate is annealed at 180
0
C for 2 minutes and 

another layer is deposited. After spin-coating twice, a thin-film seed layer of ZnO is formed on 

the substrate that is annealed at 300 ̊C for 30 minutes in vacuum.  

Hydrothermal growth synthesis: The ZnO NR growth solution is prepared using zinc 

nitrate hexahydrate [Zn (NO3)2·6H2O, 0.05 M] dissolved in 10 ml of de-ionized (DI) water, and 

hexamethylenetetramine (HMTA) [0.05 M] dissolved in 10 ml of deionized water, stirred 

individually for an hour. Next, both of these solutions are mixed and stirred for an hour to 

prepare the final growth solution for the ZnO NRs. The substrate with ZnO thin-film seed layer, 

is then immersed in the growth solution inside a closed box furnace at 93 ̊C for 6 hours. The 

surface of the substrate is washed carefully with DI water to remove solid ZnO power and then 

dried using nitrogen (N2) gas. 

Characterization: The characterization is done using the absorbance spectroscopy in the 

range from 200 - 800 nm. Raman spectroscopy is employed to determine the crystallinity of the 

ZnO thin-film seed layer.  Also, the scanning electron microscopy (SEM) is used to scan the 

sample and produce images showing the distribution and alignment of the ZnO NRs grown. 
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Raman spectroscopy is a method that can be used to 

determine the quality and crystallinity of 

semiconductor nanostructures. Figure 1 depicts 

Raman spectrum of hydrothermally synthesized ZnO 

NRs, where a strong raman active phonon band at 450 

cm 
-1 

is observed. High crystalline nature of the ZnO 

NRs is indicated by the presence of an intense peak 

(also called the E2 high mode).  

The absorption spectrum in Fig. 2 depicts that 

the ZnO NRs have excellent optical quality and 

exhibit very strong UV emission at ~350 nm. There is 

a blue shift of 18nm in the in the absorbance spectrum 

of ZnO NRs when compared to bulk ZnO. Increase in 

the bandgap is mainly due to the hexagonal surface 

morphology of the attached nano-rods. Figure 3 

shows the top-down view and the cross-sectional 

view of SEM images for ZnO nano-rods grown in a 

closed furnace at an optimized temperature of 93
0
C 

for a growth time of 6 hours. The approximate length 

of these nano-rods is ~1.52 microns while the 

diameter is ~70 nm. From the SEM images it can be 

seen that the nano-rods are continuously distributed 

along the ITO surface.  

After the vertically aligned ZnO NRs are 

grown on ITO, the biosensor unit is fabricated and 

tested. Figure 4 shows a three-dimensional 

representation of glucose 

detecting biosensor. Immobilized 

glucose oxidase (GOx) is 

physically adsorbed and attached 

to the NRs grown on ITO 

substrate. Nafion film is then spin 

coated on the NRs to stabilize the 

GOx, which prevents enzyme 

leakage. This ZnO biosensor unit 

is then immersed into the test cell 

as shown in figure 5.  
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Fig 3: Scanning Electron Microscopy images of ZnO NRs 

grown on ITO substrate. 
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Figure 5 is a three-dimensional 

representation of the test cell designed to run the 

experiment for testing. The test cell consists of 

glucose as the electrolyte, and a platinum plate 

as the 2
nd

 electrode and the immobilized ZnO 

NRs (adsorbing GOx) as the working electrode. 

When a voltage is applied across the two 

electrodes, electrolysis process takes place. In 

the process, glucose gets oxidized by GOx to 

produce an enzyme. This enzyme reacts with 

oxygen to produce hydrogen peroxide (H2O2). 

Dissociation of hydrogen peroxide gives out 

electrons into the electrolyte that is detected as 

sensor sensitivity. The change in the molar 

concentrations of glucose electrolyte (0.1-20 mM) at a constant voltage determines the 

sensitivity of the sensor. Here, the term sensitivity can be referred to the change in current with 

respect to time. Thus, the current in the presence of glucose will be monitored and recorded. 

Increase in the current indicates the oxidation of glucose to the sensor working electrode (ZnO 

NRs biosensor).  

The output response of a biosensor also depends on factors like pH and temperature that 

would also be taken under consideration for determining the current vs time output response at 

different concentrations of glucose electrolyte.  

 

 

 
Fig 4: Bio-sensor device unit with ZnO NRs dimensions 

 
Fig 5: Schematic of test cell showing ZnO 

biosensor unit and platinum electrode 
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F.  Scalable Nanostructured Antireflection Coating for Enhancing Cells Performance: 

Nanostructured antireflection coating current progress and limitations: In order to 

suppress the reflection, several antireflection techniques including subwavelength structures, 

plasmonic surface, surface passivation, single quarter wavelength, and multilayer coating were 

investigated. Among all these techniques, subwavelength structures emerged as a successful 

method due to the characteristics of gradual variation of the refractive index or so called moth-

eye effect.  The moth-eye effect inspired by the naturally evolved cornea of moth species, which 

incorporated by nanotip arrays of protuberant structures.  A moth eye antireflection surface is 

one in which the reflection of incident light is reduced by the presence of a regular array of small 

protuberances covering the surface. Thus, the surface of the moth-eye’s provides gradual 

decrease of refractive index from their cornea to the surrounding medium in order to suppress the 

reflection of incident light.  

Among the antireflective subwavelength structure fabrication methods,  the bottom-up 

deposition  is preferable to its top-down  counterpart due to simplicity and low cost.  Several 

bottom-up antireflection schemes on GaAs solar cell were reported by using Si3N4/SiO2/ZnO 

nanorod, indium tin oxide nanocolumns, ZnO nanoneedle, and TiO2/nanoporous SiO2. The 

power conversion efficiency enhancement obtained using these schemes is less than ~ 35 %. 

Despite superior antireflection properties of the bottom-up schemes, the coupling of multiple 

discrete layers by a single deposition process is yet to be achieved. For example, previous work 

fabricated multilayer antireflection coating (ARC) by incorporating either RF sputtering ,oblique 

angle electron-beam, or chemical deposition in each layer.  

Recently, ZnO nanostructure coupled with a single quarter wavelength coating (reflection 

minimized for a single wavelength) including Si3N4, and AZO was substantiated by the other 

researcher as broadband ARC for the solar cell. A material with refractive index on the order of n 

~ 2  such as tantalum pentoxide (Ta2O5) can be an alternative for single quarter wavelength 

coating. Previous investigations on Ta2O5 include corrosion protection coating, electrochromic 

devices, dielectric spacers for metamaterial, and plasmonic coupler. An early attempt by electron 

beam deposition of a single layer Ta2O5 coating on silicon solar cell was reported with an 

efficiency enhancement on the order of 23 %. However, Ta2O5 antireflection coating using sol-

gel method limits due to high instability of the sol particle, which originates from fast hydrolysis 

of tantalum precursor. Therefore, sol stabilization is a crucial parameter for the synthesis of 

Ta2O5 antireflection coating. Moreover, ZnO nanostructure coupled with Ta2O5 was not 

implemented so far, which could provide antireflection characteristics beyond the 

aforementioned performances. 

The broadband suppression in reflection is one of the primary focuses in high efficiency 

solar cell research. In this project, a moth-eye inspired nanostructure antireflection coating is 

grown on InAs/GaAs quantum dots solar cell in order to enhance the power conversion 

efficiency. The abrupt refractive index transition between air and GaAs surface is replaced by a 

tapering zinc oxide nanoneedle on planar tantalum pentoxide coating. The antireflection structure 

provides gradual reduction of refractive index away from the solar cell top surface. 
Scalable Antireflection Fabrication: The nanostructured antireflection coating is 

fabricated by utilizing chemical bath deposition of tapered zinc oxide nanoneedles on planar 

tantalum pentoxide coating. A sol-gel method was developed to obtain an air stable tantalum 

pentoxide solution.  The thickness of the planar tantalum pentoxide coating was optimized to 

suppress the reflection at a single wavelength. In addition, hydrothermally grown zinc oxide 
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nanoneedle arrays were optimized by investigating several growth parameters including pH and 

growth time to obtain a tapered dimension. A tapering zinc oxide nanoneedle structure coupled 

with a high refractive index tantalum pentoxide layer suppresses the broadband reflectance to 

less than 1 %. 

The combined antireflection structure significantly increased the performance, not only in 

reflectance or transmission spectrum, but also in current-voltage characteristic, external quantum 

efficiency, and spectral response measurements. A power conversion efficiency enhancement of 

30 % was obtained by a single quarter wavelength tantalum pentoxide layer. Adding the tapered 

zinc oxide nanoneedles on top of the planar tantalum pentoxide layer, the power conversion 

efficiency enhanced by 50 %. Furthermore, a 60 % enhancement in the external quantum 

efficiency is obtained for the same wavelength range. 
 Materials growth: A sol–gel method of Ta2O5 is developed which remains stable in 

ambient atmosphere. The ZnO nanoneedle arrays were grown by hydrothermal growth method. 

The bilayer antireflection coating process is shown in details in Fig. 1.  The pH of the growth 

solution is adjusted by varying the concentration of diaminopropane (DAP) in the final growth 

solution in order to obtain the sharp tips as shown in Fig. 2 (a). The ZnO nanoneedle tip diameter 

is controlled by increasing growth time. As seen from the Fig. 2 (b), the nanoneedle tip diameter 

reduced due to the gradual depletion of the zinc nitrate hexahydrate precursors and also the 

presence of diaminopropane in the growth solution. 

 
Fig. 1. Bilayer antireflection coating of ZnO nanoneedle/ Ta2O5 fabrication process flow chart. 
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Preliminary Results: The structure of InAs/GaAs QDs solar cell is shown in Fig. 3 (a). In order 

to compensate the reflection from the GaAs top surface, a novel antireflection structure which 

consists of a Ta2O5 layer and 

ZnO nanoneedle arrays is 

utilized as a bilayer antireflection 

coating. The hierarchical surface 

texturing of Ta2O5 layer and ZnO 

nanoneedle arrays is shown in 

Fig. 3 (b) and (c).  

The surface morphology 

of ZnO nanoneedle coupled with 

Ta2O5 (n ~1.9) play a key role in 

suppressing the reflection by 

gradual reduction of refractive 

index away from the GaAs 

substrate as shown in Fig. 4 (a). 

While the incident sunlight 

impinges on the solar cell from 

different directions during the 

day, an omnidirectional ARC is 

desirable over wide angles of incidence. The average reflectance of ZnO nanoneedle on top of 

Ta2O5 layer is less than 0.6 % 

over a broad spectral range as 

shown in Fig. 4 (b).  The I-V 

characteristics of a single layer 

and a bilayer ARC coatings on 

InAs QDs solar cells were 

measured using a four sun AM 

1.5 solar simulator as shown in 

Fig. 4 (c). The bilayer coating 

showed efficiency (η) 

enhancement on the order of 50 

% from 7.10 % to 10.6 %. The 

average enhancement in 

quantum efficiency is on the 

order of 60 % over the measured 

spectral range as shown in Fig. 4 

(d).  The power conversion 

efficiency of the solar cell enhanced for several reasons. First, the hierarchical surface texturing 

with high to low refractive index gradient combined with planar Ta2O5 coating and ZnO 

nanoneedle bilayer ARC, decreased reflection to less than 1 %. Second, introduction of Ta2O5 

with refractive index of 1.9, which is an ideal single layer ARC for GaAs, is given by 

√𝑛𝐺𝑎𝐴𝑠 × 𝑛𝑎𝑖𝑟.  

The overall performance enhancement obtained by using ZnO nanoneedle/ Ta2O5 bilayer 

coating is better than the performance reported  by using different combination of nanostructured 

surface texturing schemes on GaAs based solar cells. The  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Zinc oxide nanoneedle growth parameters. 

 

 

Fig. 3.  a) Schematic diagram of a InAs QDs solar cell with 

textured surface. b) and c) A representative cross-section 

and top view of ZnO nanoneedles grown on top of Ta2O5. 
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significant enhancement 

compared to other surface 

texturing approach 

predominantly originates from 

the increased photon  

transmission by the 

subwavelength dimension ZnO 

nanoneedle geometry and 

coupling to a single quarter 

wavelength Ta2O5 coating. The 

increase in photon transmission 

leads to a further excitation of 

electron that increases the 

generation rate of the photo-

excited charge carriers. 

All of these preliminary 

results indicate the research depth 

that is established by the PIs in 

the area of solar energy and other 

optoelectronic devices.  The PIs 

will extend their current research 

to meet the challenges associated 

with the prosed research on the 

two approaches needed for large-scale fabrication.  One of the PIs is the president of a local 

company (Silicon Solar Solution), which is solely devoted to investigate solar cells for mass 

production.  The industrial and government connections established by the PIs throughout the 

years will definitely help transform the basic research conducted at the University of Arkansas to 

a level recognized at the industrial national and international levels.  

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 
Fig. 4. a) and b)  Refractive index and Reflectance spectra for 

GaAs substrate with pristine, Ta2O5, and ZnO nanoneedles 

surfaces. c) and d)The I-V characteristics and External quantum 

efficiency measurement for the InAs QDs solar cell with pristine, 

Ta2O5, and ZnO nanoneedles surfaces. 
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