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Sol-gel process has been used to form indium zinc oxide films using an optimized combination
of zinc to indium concentration in the precursor solutions. Different structures, like one (1D) and
two-dimensional (2D) gratings and diffractive optical elements (DOEs) in the form of Fresnel lens
are fabricated on the film surface of proposed top metal contact of LED by imprint soft lithography
technique. These structures can enhance the LED’s light extraction efficiency (LEE) or can shape
the output beam pattern, respectively. Several characterizations are done to analyze the material
and structural properties of the films. The presence of 1D and 2D gratings as well as DOEs is
confirmed from field emission scanning electron and atomic force microscopes analyses. Although,
X-ray diffraction shows amorphous nature of the film, but transmission electron microscopy study
shows that it is nano crystalline in nature having fine particles (8 nm) of hexagonal ZnO.
Shrinkage behaviour of gratings as a function of curing temperature is explained by Fourier
transform infra-red spectra and thermo gravimetric-differential thermal analysis. The visible
transmission and sheet resistance of the sample are found comparable to tin doped indium oxide
(ITO). Therefore, the film can compete as low cost substitute of ITO as top metal contact of LEDs.
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4876737]
V
I. INTRODUCTION

Light Emitting Diodes (LEDs) are being widely used in
modern days because of its energy saving and environment
friendly nature. They are used in solid state lighting, backlight units of liquid crystal displays, different colored illumination panels, traffic signals, etc. Future demands of these
and advanced applications require improvement of luminous
efficiency, optimal conversion of LED output into required
light distribution and reduction in size and cost.1–4 But conventional LEDs have very poor light output efficiency
because of two reasons, viz., total internal reflection at the
interface of active layer with surroundings and progressive
absorption of the propagating light originated in the active
layer.3–7 They also use conventional optics for beam shaping. Although the internal quantum efficiency of the LEDs
have improved these days, but Light Extraction Efficiency
(LEE) of conventional LEDs is still very poor. A number of
solutions have been proposed to solve this problem. A transparent polymer can be affixed over the device to create a
larger escape angle to air.8 Another way to improve light
output is to roughen or to pattern transmission grating5,9–13
on the emission surface that offers the trapped light more
angles of escape. Grating structures of various shapes like
pyramidal, spherical, conical, sinusoidal, cylindrical, and so
on can be studied, but only a few can be fabricated with great
success.14–17 To obtain required light distribution, beam
shaping is now done by monolithic integration of surface
microstructures in the form of Diffractive Optical Elements
a)

Authors to whom correspondence should be addressed. Electronic addresses:
sjana@cgcri.res.in and srirajib@yahoo.com.

0021-8979/2014/115(19)/193108/8/$30.00

(DOEs) which are cost-effective and results in shrinkage of
overall package size and assembly costs. DOEs are usually
planar and are fabricated directly on LED at wafer level with
lithographic and micromechanical methods.
However, the fabrication of these structures with a different material over the top contact metal layer leads to an
increased resistance18,19 and this problem can be solved if
the top contact layer is itself patterned to form the required
structure. As top metal contact of LED, Transparent
Conducting Oxides (TCOs), which are degenerately doped
semiconductor oxides transparent to visible light, are used.20
As TCOs, In2O3:Sn (ITO) dominates the market with conductivity of 1000–5000 S/cm and an optical transparency of
85–90%.20,21 However, the limited availability of indium
sources and general lack of infrastructure to recycle significant quantities of the metal result in ever-increasing price of
indium which urged researchers to search for indium-free/
reduced TCOs.22–24 The co-substitution chemistry of ZnO
and SnO2 (two relatively inexpensive materials) in In2O3 has
been explored.25 The indium-oxide-doped ZnO (IZO) is
another transparent conducting oxide which has high transparency and good electrical conductivity. The IZO films
have been deposited using variety of techniques such as sputtering, pulsed laser deposition (PLD), metal organic chemical vapor deposition (MOCVD), and spray pyrolysis.26–29
In this work, sol-gel process has been used to form IZO
film using an optimized combination of ZnO and In2O3 that
can act as top metal contact of LED. The sol-gel technique
offers the possibility of preparing a small as well as
large-area coating of thin films at low cost. There is no need
of sophisticated and costly equipment for fabricating IZO
like that required in Refs. 26–28. It is seen that the film has
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conductivity and optical transparency comparable to ITO,
but as the percentage of indium is less in this case than ITO,
material cost is comparatively less. Thereafter, grating structures of different shapes and DOEs have been fabricated by
patterning the proposed top contact layer of the LED by combining imprint technique with replicated polydimethylsiloxane
(PDMS) soft mold stamp. Although specific structures dedicated to this application are yet to be implemented and tested
for light extraction efficiency and improvement of optical output distribution, some sample structures have been implemented and characterized. The patterning process has the
advantages of high-throughput, low cost and simplicity with
potential applications in electronics and photonics industries.
The combination of low cost and large area process with the
indium-zinc oxide material will give a new way for the
large-scale fabrication of patterned TCOs for increasing light
extraction efficiency and beam shaping in LED.
II. FABRICATION OF SURFACE PATTERNS

Different structures, which include 1D and 2D grating
structures and Fresnel lens structure, are produced on thin
film of the proposed top-contact material of LED, which is
basically IZO, using sol-gel technique followed by imprint
patterning. It is a four step process consisting of preparation
of precursor solution, deposition of its thin film onto the soda
lime silica glass substrate, fabrication of pattern onto the thin
film and finally thermal annealing of the patterned film. The
precursor solution has been prepared from zinc acetate dihydrate (ZA) and hydrated indium nitrate in water as solvent
and acetyl acetone as solution stabilizing agent. The whole
process is discussed in details by the authors in a separate
report.30 In the present work, the percentage of indium content is 60 at. % with respect to Zn in the precursor solution.
1D grating structures are prepared using PDMS stamp containing negative replica of a grating like structure available
in commercial compact disc (CD) as master similar to that
reported in Ref. 31. The step-by-step representation of the
patterning process along with pictures of the patterns formed
on glass substrate is shown in Fig. 1. The fabrication of twodimensional grating is a two-step process. To carry out the
second-step, a different PDMS stamp is superimposed in the
similar manner as that of the first step. After a few minutes
of the first step of grating fabrication, the next stamp is
pressed perpendicularly in conformal contact between the
first-step grating film and stamp. Utmost care is taken so that
in the second-step, the intersection angles between the twosets of gratings can be controlled to obtain the desired shape.
After keeping the pressure for a few seconds, the stamps are
carefully peeled off. The substrates with the printed 2D surface patterns are dried initially at 100  C for 1 h and then
finally cured at 450  C. The Fresnel lens structure is also prepared on the same material coated substrate using the same
procedure. Only the diffractive optical element (DOE) containing 16 such lenses are taken as the master for soft imprint
patterning. Recently, microlens array have been prepared
using similar technique32 but to the best of author’s knowledge, fabrication of Fresnel lens on TCO is not reported
earlier.

FIG. 1. Schematic of step-by-step representation of surface patterning along
with pictures of formed grating patterns and Fresnel lens array.

III. CHARACTERIZATION

The sol-gel produced material is characterized to study its
formation process and to evaluate its capability as a cost effective replacement of ITO as top metal contact of LED. The
nature of the fabricated patterns which can enhance the LEE
and assist in beam shaping is studied using different characterization techniques. Physical thickness and refractive index
(at 632.8 nm wavelength) of the coatings are measured using a
auto gain Ellipsometer (Gaertner make, model L116B, USA) at
70 angle of incidence having He–Ne laser as its source. The
measured film thickness and refractive index are found to be
100 nm and 1.777, respectively. Thermal characteristics
[Thermo Gravimetric Analysis (TGA) and Differential Thermal
Analysis (DTA)] of the gel to oxide transformation in the gel
film is carried out by using a Netzsch STA 409 C/CD
Thermoanalyzer with Al2O3 as a reference material maintaining
heating rate of 10 K/min in air. The chosen maximum temperature is 1000  C. Practically, the gel film (obtained after drying at
100  C) material (11 mg obtained from a series of coated
samples) is taken out from the surface of the substrate by scrubbing which is used as the material for TGA-DTA experiment.
Crystalline phase of the film is identified by X-ray Diffraction
(XRD) study and is done by Rigaku Smartlab using CuKa radiation (at 1.5406 Å) operating at 9 kW in the diffraction angle (2h)
from 25 to 70 . Surface morphology and the cluster size distribution of the patterned and unpatterned nanostructure films are
studied by Field Emission Scanning Electron Microscopy
(FESEM) (ZEISS, SUPRATM35VP) and Transmission Electron
Microscopy (TEM) (TecnaiG2 30.S-Twin, FEI Company,
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Netherlands), respectively. Carbon coated 300 mesh Cu grid is
used for TEM analysis. The vacuum level for this experiment is
around 10 9 Torr. For sample preparation, the film is scratched
off which is then dispersed in cyclohexane followed by ultrasonication for about 2 h. Finally, it is carefully placed on the
Cu-grid. The excess liquid is allowed to evaporate in air. The
grids with the sample are examined with ultra-high resolution
(UHR) pole-piece using a LaB6 filament. The operated accelerating voltage and the camera length are 300 kV and 55 cm,
respectively. All the patterned films are characterized by
Atomic Force Microscope (AFM) using a (Nanonics, Israel
make) NSOM AFM machine. The line scan images and their respective profiles are recorded. FTIR spectra of the films are
measured by Thermo Electron Corporation make Nicolet 5700
FTIR spectrometer. Number of scans for each experiment was
100 while the wavenumber resolution is 4 cm 1. The transmission spectra of the unpatterned and patterned films are measured
by UV-VIS-NIR Spectrophotometer (Shimadzu make
UV-3101-PC, Japan). The double beam scanning is used for the
measurement in the wavelength range from 200 to 800 nm
(photometric accuracy; 60.3%, resolution, 0.10 nm). The nature
of the grating profile is also verified from its diffraction pattern.
The sheet resistances of the films are measured by two probe
method using a Philips (PM 2525) make Multimeter. The resistivity and conductivity can be measured from the corresponding
sheet resistance and physical thickness values.
IV. RESULTS AND DISCUSSION
A. Morphology of the patterns and microstructural
properties of film

Figure 2 shows the FESEM image of the patterned indium zinc oxide thin film. It is to be noted that the indium
concentration of 30, 40, 50, 55, and 60 at. % with respect to
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Zn in the precursor solutions have been used for indium zinc
oxide film formation. Accordingly, the deposited thermally
cured (450  C) films are designated as ZI30, ZI40, ZI50,
ZI55, and ZI60, respectively. Clusters of white oxide, however, appear and their nature varies with the change in percentage of indium and has been studied in details and
reported in Ref. 30. These clusters are not present on the thin
film (film size: length, 25 mm and width, 20 mm) derived
from the precursor solutions containing 60 at% indium. As
top transparent contact, smooth surface is preferred and so in
this work, only this composition has been used. Fig. 2(a)
shows the film having both patterned and non-patterned portion, while Figs. 2(b) and 2(c) show the 1D and 2D grating
structures, respectively, and Fig. 2(d) shows the image of
DOE in the form of a Fresnel lens. For 2D grating, uniform
two-dimensional patterns can be seen whose pitch in the two
directions depends on the placement of the mask during
processing. The AFM pictures along with their line scan plot
shown in Figs. 3 and 4 give a better idea about the nature of
the structure and their surface quality. In Figs. 3(a)–3(c),
AFM images on 1D gratings formed at different annealing
temperatures are shown. In this work, gratings formed after
annealing at 450  C is considered and is shown in Fig. 3(c).
Its line scan images show that the profile is sinusoidal in nature. Getting a sinusoidal grating profile by any fabrication
process is not very easy. Here, the sinusoidal grating is
obtained by suitably modifying the curing temperature during thermal annealing of the pattern. It is also seen that the
grating height decreases with the increase of curing temperature. The peak height shrinkage might be due to removal of
organics and collapsing of pores in the sol-gel thin film as
can be explained from the different analysis given below.
The line scan also shows a periodic 1–D strip with periodicity 1.5 lm, similar to the master CD used for embossing.

FIG. 2. FESEM images of (a) film containing patterned and non-patterned
portion, (b) 1D grating pattern, (c) 2D
grating pattern, (d) portion of Fresnel
lens pattern. Insets show the images at
higher magnification.
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shown in Fig. 4(b). The line scan clearly gives the idea of the
profile of the lens.
TEM image of the film cured at 450  C shows agglomerated particles (average size, 7.9 nm as obtained from the histogram for the particle size distribution). The particles are
seemed to be spread on the bed of amorphous materials.
Although, XRD shows the film is amorphous character but the
presence of distinct spots in selected area diffraction (SAED)
confirm the film is nanocrystalline with hexagonal phase of
ZnO (h-ZnO) [33, JCPDS Card 36–1451]. Thus, the agglomerated particles as observed from TEM image would be h-ZnO.
Fig. 5 shows the XRD pattern of the film having 60% indium
concentration cured at 450  C. The Inset (a) of the figure show
the TEM image of the scratched off film with the histogram
for particle size distribution and selected area diffraction pattern of the film and Inset (b) shows the EDS data for the presence of different elements in the films network. XRD of films
formed by lower indium concentration (i.e., <60%) however
shows that the films are crystalline with intensity varying with
indium concentration and have been reported in Ref. 30.
B. FTIR vibration and thermal evaluation

FIG. 3. AFM images along with their line scan plot of 1D grating formed
with 60% Indium concentration at curing temperature of (a) 150  C,
(b) 300  C, (c) 450  C.

The AFM image of 2D grating formed after curing at 450  C
is shown in Fig. 4(a) along with its line scan plot. The line
scan plots in the two directions are similar and so only the
plot in one direction is shown here. It is seen that the height
of the fabricated grating are suitable for OLED use. The
AFM image of a portion of the fabricated Fresnel lens is

FIG. 4. AFM image along with their line scan plot of (a) 2D grating (b) portion
of Fresnel lens formed with 60% indium concentration and curing temperature
of 450  C.

FTIR spectral study of the thin film (Fig. 6) cured at
three different temperatures (150  C, 300  C, and 450  C) is
done to understand the evolution of gel to oxide structure. In
case of ZI60 (150  C) film, a strong vibration appeared at
1642 cm 1 assigned to bending mode of adsorbed water
[d (O-H)].34 The bands at 1348 cm 1 and 1390 cm 1 are
associated with bonded NO3 and free NO3 group, respectively,35,36 whereas the vibrations appearing at 1157 cm 1,
1053 cm 1, and 828 cm 1 are attributed to organic moiety
(C-H bending in plane and out of plane, CH2 rocking, C-C
bond vibration).37,38 The vibration related to zinc acetate is
found at 672 cm 1.34,39 In TG-DTA (Fig. 7), it was found
that when the film is cured at 150  C, the mass loss (17%)
is found mainly due to loss of free water35 as the presence of
organics are found by FTIR, while the 1D pattern peak

FIG. 5. XRD pattern of the grating film cured at 450  C. Inset (a) show the
TEM image of the scratched off film. Insets (i) and (ii) of inset (a) display
the histogram for particle size distribution and selected area diffraction pattern of the film. Inset (b) shows the EDS data for the presence of different
elements in the films network.
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FIG. 6. Substrate corrected FTIR spectra of the ZI60 film formed after curing at three different temperatures.

height is 45 nm as seen in the AFM studies (Fig. 3(a)).
However, the film was cured at 300  C, the organics and
water present in the films seemed to be very less as confirmed from nearly disappearance the peaks in the FTIR
spectrum. It is also supported by the TG-DTA (Fig. 7) curve
where the major mass loss (36%) was found at 300  C in
the gels. This could be a reason for decrease in the patterned
peak height to 25 nm when the film was cured at 300  C
(Fig. 3(b)). It is important to note that no vibrations for
organics was found in the films cured at 450  C and there
was also very low mass loss (1%) obtained from the
TG-DTA experiment confirmed the fully conversion of gel
to oxide networks though the shrinkage of patterned films.
The intensity of vibration at 424 cm 1 (Ref. 40) and
482 cm 1 is found that it increased with increasing curing
temperature of the films could be associated with ZnO.33 It is
interesting to note that the appearance of FTIR vibration
peaks at 605 and 540 cm 1 for the film cured at 300  C might
indicate the presence of In-O stretching vibration.41

J. Appl. Phys. 115, 193108 (2014)

transmission is roughly over 85% throughout the whole visible range. It is also seen that there is a difference in transmission value for patterned and unpatterned films although this
difference is insignificant. Possible reason for the decrease
of transmission of unpatterned film compared to patterned
film is the greater absorption of unpatterned film, whose
thickness (100 nm) is much more compared to the maximum height of pattern in the patterned film (20 nm). The
transmission of the bare substrate is also plotted in the figure.
The diffraction pattern of the 1D and 2D grating is observed
using the standard optical setup shown in Fig. 9(a). The diffraction patterns are seen on a white screen and are then captured using a CCD camera. They are shown in Figs. 9(b) and
9(c) for 1D and 2D gratings, respectively. The neutral density (ND) filter is used in the setup to control the diffracted
light intensity. The lens is used to keep the diffraction pattern
within the frame of CCD array. The diffraction pattern shows
that the 61 orders are present only. Even faint traces of any
higher orders are not noticed. This confirms that the grating
is sinusoidal in nature. This sinusoidal nature of the grating
is also confirmed from the AFM images. The 61 orders are
not with the same size and shape; this confirms that the master is not perfectly straight line in nature as commercially
available CDs are used as master here. The grid within such
CD is circular in nature and only a portion of the CD is considered as master here.
D. Electrical property of the pattern

The cut-off wavelengths (CUWs) have been determined
from UV-VIS transmission spectra (shown as Inset (i)) of
Indium Zinc Oxide patterned films cured at 450  C and are
shown in Fig. 10(a). The CUWs values are 330 nm, 323 nm,
312 nm, and 303 nm for the films derived from 30 (ZI30), 40
(ZI40), 55 (ZI55), and 60 (ZI60) at. % indium containing
precursor solutions, respectively. Thus, a blue shifting of the
calculated CUWs is observed on increasing indium concentration in the precursor solutions. Further, a plot is drawn to

C. Optical property of the pattern

The film transmittance obtained using a UV-VIS spectrophotometer is shown in Fig. 8. It is seen that the

FIG. 7. Plot of TG-DTA analysis data of the ZI60 film.

FIG. 8. UV-VIS spectrum of patterned ZI60 film along with that of unpatterned film and the glass substrate used.
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FIG. 9. (a) Setup used for seeing the
diffraction pattern of fabricated grating
structures, (b) diffraction pattern of 1D
grating, (c) Diffraction pattern of 2D
grating.

obtain the change of CUWs with indium concentration and
shown in the inset (ii) of Fig. 10(a). The blue shifting of
CUWs could be explained42,43 by the Burstein-Moss effect.
In addition, the Sheet Resistance Values (SRV) of the films
versus indium content of the precursor solutions are plotted
and are shown in Fig. 10(b). It is found that the trend in
change of SRV and CUWs with indium concentration is
approximately identical. It is also seen that the sheet resistance decreases with increasing indium content of the precursor solution. The increased indium in indium zinc oxide
network would increase oxygen vacancy related defects44
resulting in lowering of the electrical sheet resistance of the

films. Relatively high value of sheet resistance than the
reported value in the literature42 would be due to presence of
greater extent of film porosity. This would be because the
low temperature sol-gel based films are generally porous45 in
nature. Also the sheet resistance drastically reduces as indium concentration is increased. From the best fit curve (4th
order polynomial) plotted along with the measured value, it
is seen that its sheet resistance becomes comparable with
ITO if the at. % of indium concentration is increased slightly
above 60% (typical ITO sheet resistance: 10X/square46).
Thus, it can be concluded that the conductivity of the proposed material is very good for TCOs application.

FIG. 10. (a) Determination of cut off wavelengths from UV-VIS transmission spectra of indium zinc oxide patterned films cured at 450  C. Insets (i) and (ii)
show the UV-VIS transmission spectra and the change of cut off wavelengths with indium concentration in the precursor solutions, respectively. (b) Change of
sheet resistance with indium concentration in the precursor solutions.
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V. CONCLUSIONS

A Transparent Conducting Oxide (TCO) which is
indium-zinc oxide (IZO) having 60% Indium have been
developed using sol-gel process. Thin films of this TCO can
act as top metal contact layer of LED. From XRD studies, it
is seen that this particular percentage of Indium gives an
amorphous film. With this particular composition, smooth
patterned films free from microparticles can be formed and
are verified by FESEM and TEM studies. FTIR spectra and
TG-DTA thermal evaluation have given the idea of its formation process. Their visible transmission and sheet resistance are comparable to ITO and can therefore compete as its
low cost substitute. Smooth 1D and 2D gratings have been
patterned on this TCO which can be used to increase light
extraction efficiency of LED. Diffraction pattern of the grating structure confirms the sinusoidal nature of its profile.
DOEs in the form of Fresnel lens array can also be patterned
that can assist in beam shaping of LED output.
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