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BaTiO3 (BTO) ferroelectric thin films are prepared by the sol-gel method. The fabrication and the optical

properties of an InGaN/GaN multiple quantum well light emitting diode (LED) with amorphous BTO ferroelectric
thin film are studied. The photoluminescence (PL) of the BTO ferroelectric film is attributed to the structure. The
ferroelectric film which annealed at 673 K for 8 h has the better PL property. The peak width is about 30 nm from 580 nm

to 610 nm, towards the yellow region. The mixed electroluminescence (EL) spectrum of InGaN/GaN multiple quantum
well LED with 150-nm thick amorphous BTO ferroelectric thin film displays the blue—white light. The Commission
Internationale De L’Eclairage (CIE) coordinate of EL is (0.2139, 0.1627). EL wavelength and intensity depends on the

composition, microstructure and thickness of the ferroelectric thin film. The transmittance of amorphous BTO thin film

is about 93% at a wavelength of 450 nm-470 nm. This means the amorphous ferroelectric thin films can output more

blue-ray and emission lights. In addition, the amorphous ferroelectric thin films can be directly fabricated without a

binder and used at higher temperatures (200 °C-400 °C). It is very favourable to simplify the preparation process and

reduce the heat dissipation requirements of an LED. This provides a new way to study LEDs.
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1. Introduction

Recently, much attention has been paid to fer-
roelectric thin films in integrated optoelectronic de-
vice applications as they have prominent proper-
ties such as large electro—optic coefficients and rel-
atively low optical losses.!=3] Our group investi-
gated the microstructure and optical properties of
amorphous Bag 7Srg 3TiO3 (BST0.7) ferroelectric thin
films deposited on a silicon substrate.[*5! We demon-
strated the successful operation of a monolithically
integrated Mach—Zehnder interferometer (MZI) op-

tical modulator based on metal organic solution-
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derived polycrystalline BST0.7 thin films deposited
at a relatively low temperature of 550 °C.[%l Other

[7=9] reported on the intense photolumi-

researchers
nescence (PL) emissions from amorphous ABO3-type
perovskites such as BaTiOz (BTO), CaTiO3 (CTO),
PbTiO3 (PTO), SrTiOs (STO), and relevant mate-
rials such as (Ba,Sr)TiOz (BST) and Pb(Zr,Ti)Os
(PZT) in powder samples or thin solid films. In the
present paper, the fabrication and optical properties of
an InGaN/GaN multiple quantum well (MQW) light
emitting diode (LED) with amorphous BTO ferroelec-

tric film are studied in detail.
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2. Experiment

2.1. Fabrication of LED chip

The InGaN/GaN MQW LED structure was
grown by metal-organic chemical vapour deposition
(MOCVD) on (0001)-sapphire.l'®='?l The structure
First, the GaN buffer layer
(about 30 nm) was deposited on the sapphire at a

is shown in Fig. 1.

lower temperature. Then the sapphire was heated
up to 1040 °C and SiO2 dopping n-GaN (4 pm) was
grown on the sapphire. The n-AlGaN (about 50 nm)
was deposited at 900 °C. And, a number of 5 In-
GaN(1.8 nm)/GaN(11 nm) multiple quantum wells
were grown as an active region at a temperature be-
tween 700 °C and 740 °C. The interface of every layer
of MQW was extremely smooth. On the MQW layers,
p-AlGaN (50 nm) was grown at 900 °C. After the epi-
taxial wafer was grown and annealed, LED mesa struc-
tures were obtained by standard photolithographic
patterning followed by inductively coupled plasma
(ICP) etching to expose the n-type cladding layer.
Ni/Au and Ni/Al were deposited as Ohmic contacts
to p-type GaN and n-type GaN respectively.
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Fig. 1. Structure of the MQW LED.

2.2. Fabrication of amorphous BTO fer-
roelectric film

BTO ferroelectric films were prepared by the sol—
gel method. First, 1 molar barium acetate was ac-
curately weighed with an analysis balance and added
into 25-ml glacial acetic acid. The solution was stirred
until the barium acetate was completely dissolved.
Then 1 molar acetylacetone was added into the so-
lution as a stabilizer. The tetrabutyl titanate was
weighted accurately according to a molar ratio of 1:1
between barium acetate and tetrabutyl titanate and
was added into the synthesized solution. Finally, an
amount of glacial acetic acid was added to dilute the
solution to obtain the stable and clear BTO colloidal
solution.

We used monocrystalline silicon (111) and fused
quartz as substrates in the deposition experiments.
The BTO colloidal solution was dripped on the pol-
ished substrates. A series of stable BTO ferroelectric
films was obtained after they had been annealed at
different temperatures.

2.3. Analyses of BTO ferroelectric film
microstructure and optical proper-
ties

The microstructure of the BTO thin film was ana-
lyzed by X-ray diffraction (XRD, Rigaku RINT2100)
with a copper target, at 40 kV and 40 mA. Surface
morphology of the film was observed using an atomic
force microscopy (AFM, Seiko SPA300) and field emis-
sion scanning electronic microscopy (FESEM, Hitachi
S-4700). The thickness of thin film was measured by a
Nanometrics (Nanospec/AFT 5000) machine and de-
termined by an SEM photograph of cross sections of
the sample. The transmittance of amorphous BST0.7
thin film on fused quartz has been studied using a
double beam ultraviolet-visible (UV-VIS-NIR) spec-
trophotometer (JASCO, V-570DS) in a wavelength
range of 190 nm-900 nm. The PL spectrum of the
film was measured by the fluorescence spectrometer
(TASCO, FP-6500).

2.4. Fabrication and analyses of optical
properties of LED chips with amor-
phous BTO ferroelectric film

The fabrication technology is as follows.

(i) The insulating cement at a moderate dose was
dripped in the circle on the Al bottom. Because the
blue LED chip is made of a sapphire insulating sub-
strate, we use the insulating cement to fix the chip.

(ii) The chip was pasted under microscope and
was kept smooth as much as possible.

(iii) The fixed chip was baked at 150 °C for 2 h
to solidify the glue.

(iv) The wires were drawn with a wire drawing
machine as electrode leads.

(v) The BTO thin films were spin-coated on the
fixed chips.

(vi) The film was annealed at different temper-
atures to obtain the amorphous thin films with PL
emission properties.

The finished single chip was 1 mmx1 mm in size.
The chip was placed on the probe station for the
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electroluminescence (EL) test. The injection current
range was 0-150 mA.

3. Results and discussion

3.1. Microstructure and surface mor-

phology

XRD patterns of the BTO film samples annealed
for 8 h at different temperatures are shown in Fig. 2.
There appears to be no clear sharp diffraction peak in
the films annealed at 473 K and 673 K. However, sev-
eral peaks are observed at 22.3°, 31.7°, 39.1°, 45.5°,
51.2°, and 56.5° in the sample annealed at 873 K.
The (110) peak at 26 = 31.7° is especially sharp. It is
believed that BTO ferroelectric films are in an amor-
phous phase when they are annealed at 473 K and
673 K, but a crystalline phase occurs when they are
annealed at 873 K. The higher the temperature, the
more crystalline the BTO film is. These films are pref-

erentially grown in (100) orientation.
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Fig. 2. XRD patterns of BTO ferroelectric films annealed
for 8 h at 473 K, 673 K, and 873 K.

Figure 3 shows the AFM images of BTO ferro-
electric films for (a) the amorphous phase annealed at
473 K and (b) the crystalline phase annealed at 873 K.
Typical protuberant island structures can be seen on
the surface of the two films, without cracks and voids.
The surface protrusion size of the amorphous film is
about 20 nm and the root mean square (RMS) rough-
ness of the film surface is 1.8 nm per 1 pm? evaluated
from AFM image (a). The crystalline film surface is
rougher, the protrusion size is about 50 nm, and the
RMS roughness is 17.6 nm per 1 pm?. For optical

films, RMS roughness is one of the most important pa-
rameters that influence optical transmission. A RMS
roughness less than 1 nm might be more suitable for

applications.

0 20.40
pm

Fig. 3. (colour online) AFM images of (a) amorphous and
(b) crystalline BTO ferroelectric films.

3.2. Optical properties

3.2.1. Optical transmittance of amorphous
BTO thin films

The optical transmittance spectrum of amor-
phous BTO thin film on fused quartz substrate has
been recorded in a wavelength range of 190 nm-—
900 nm as shown in Fig. 4. Roughly, the spectrum
can be divided into two regions: a transparent oscil-
lating region, and a zone of strong absorption, where
the transmittance decreases drastically. The transmit-
tance of an amorphous BTO thin film is about 93%
at a wavelength of 450 nm—470 nm and it is the same
as that of the fused quartz.
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Fig. 4. Transmittance spectra of fused quartz and an
amorphous BTO thin film on a fused quartz substrate with
about 150-nm in thickness.

3.2.2. PL spectra of amorphous BTO thin films

Figure 5 shows the PL spectra of the BTO fer-
roelectric films annealed for 8 h at different temper-
atures: curve a 473 K, curve b 673 K, and curve ¢
873 K, excited by a 450-nm line. All the data were
tested at room temperature. Intense PL spectra in
BTO ferroelectric films were observed when they were
annealed at 473 K and 673 K for 8 h. The emis-
sion wavelengths range from 540 nm to 660 nm in the
visible region. The PL properties were affected by
the heat treatment technology. This is mainly related
to the microstructures of the BTO thin films. The
peak width of the PL spectrum of the sample annealed
at 473 K is about 20 nm, spanning from 610 nm to
630 nm. It shifts towards the long wavelength region.
For the sample annealed at 673 K, the peak width is
about 30 nm, spanning from 580 nm to 610 nm. It
shifts towards the yellow region. The intensity of the
latter is higher than that of the former. Curve c¢ in
Fig. 5 seems to be a straight line with a value of zero
which indicates that film annealed at 873 K has no
PL properties. Figure 2 shows that BTO ferroelectric
films annealed at 473 K and 673 K are amorphous,
but are crystalline when annealed at 873 K. So the
amorphous BTO ferroelectric film has PL in the vi-
sual region and the crystalline BTO ferroelectric films
annealed at 873 K become featureless. The PL of the
BTO ferroelectric film is attributed to the difference
between two kinds of structures.['3! Figure 6 shows the
structures of (a) crystalline and (b) amorphous BTO
films. Figure 6(b) shows TiOg octahedron and TiOs
pyramid structures. The transformation takes place
between TiOg and TiOs when the film is irradiated
by light. Electrons escape from the O-2p® band to the
Ti-3d? band. But the energy level of Ti-4s? is a little
lower than Ti-3d2, so the electrons continue going to

Ti-4s2. The electrons combine with holes in the band
and excite the photons. The process can be demon-
strated by the following formulas:

0(2p°) —e — O(2p°), (1)
Ti(3d?) 4 e — Ti(4s?), (2)
0(2p%) + Ti(3d?) — O(2p°) + Ti(4s?).  (3)

When the crystallization in Fig. 6(a) is reached, only
the TiOg cluster exists and the PL vanishes, showing
that a complete order is not suitable for a good PL
emission. The PL intensity depends on the integrity of
amorphous microstructures. So the property of sam-
ple annealed at 673 K is better than that annealed
at 473 K. It is expected that the optimum annealed
temperature is the temperature corresponding to the
best PL intensity.
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Fig. 5. (colour online) PL spectra of BTO ferroelectric
films annealed for 8 h at different temperatures: curve a
473 K, curve b 673 K, and curve ¢ 873 K.

Fig. 6. (colour online) Structures of (a) crystalline, (b)
amorphous BTO ferroelectric films.
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Figure 7 shows the PL spectra of BTO ferroelec-
tric films with different excitation wavelengths: curve
a 450 nm, curve b 455 nm, curve ¢ 460 nm, and curve
d 465 nm. The emission regions, peak wavelengths
and widths scarcely change when the excitation wave-
length has a variation of 5 nm, spanning from 450 nm
to 465 nm, but the intensity decreases with the in-
crease of excitation wavelength.
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Fig. 7. (colour online) PL spectra of amorphous BTO
films excited at wavelengths: curve a 450 nm, curve b
455 nm, curve ¢ 460 nm, and curve d 465 nm.
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Fig. 8. (colour online) PL spectra of amorphous BTO
films with thickness values of curve a 100 nm and curve b
150 nm.

Figure 8 shows the PL spectra of BTO ferroelec-
tric films with different thicknesses: curve a is 100 nm
and curve b is 150 nm. The emission regions, peak
wavelengths, and widths also scarcely change when
the thickness of BT ferroelectric film changes from
100 nm to 150 nm, but the intensity is enhanced. This
is mainly due to the increase of the total intensity of

light-emitting materials in a certain thickness range.

3.2.3. EL spectrum of LED chip with amor-
phous BTO ferroelectric film

The EL spectra of the LED chip in different in-
jection currents were measured. The LED chip emits
high-brightness and a very pure blue light at an in-
jection current of 120 mA as shown in Fig. 9. The
dominant wavelength is 460.06 nm. The EL spectrum
is very narrow and the FWHM is only 18.9 nm.
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Fig. 9. EL spectrum of the LED chip at an injection
current of 120 mA.

Figure 10 shows the EL spectrum of the LED chip
with a 150-nm thick amorphous BTO film at an in-
jection current of 120 mA. It is obvious that the EL
peak wavelengths include blue and yellow light. Be-
cause the intensity of blue light is much stronger than
that of yellow light, the mixed EL displays the blue—
white light.

Figure 11 shows the photos of the bare chip (a)
and the EL sample (b). The CIE coordinate of EL is
(0.2139, 0.1627). The colour is close to the white area,
but there is a certain distance from the standard pure
white light colour coordinates of (0.33, 0.33). The
EL intensity of the ferroelectric thin film can be im-
proved by being doped with RE or metal elements.[®!
Additionally, increasing the thin film thickness and
optimizing the heat treatment technology is also con-

ducive to the improvement of EL intensity and quality.
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Fig. 10. EL spectrum of the LED chip with a 150-nm

thick amorphous BTO film at an injection current of
120 mA.

Fig. 11. (colour online) Photos of the bare chip (a) and
the EL sample (b).

4. Summary

The exploratory experiments of a white light LED
chip based on amorphous ferroelectric thin films have
been accomplished in this paper. EL wavelength and
intensity depend on the composition and microstruc-
ture of ferroelectric thin film. EL properties of ferro-
electric thin film can be easily be modulated through
the selective control of ferroelectric thin film compo-

sition and microstructure. So it is very convenient for

controlling the optical parameters of the white LED.
Another advantage of the amorphous ferroelectric thin
film applied in a white LED is a high degree of light
transmission in the visible region. It shows a high op-
tical transmittance in the visible wavelength range of
380 nm—780 nm. The transmittance of the amorphous
BTO thin film is about 93% at a wavelength range of
450 nm—-470 nm and is the same as that of the fused
quartz. The transmittance of the commercial YAG:Ce
phosphor is about 80% in the blue band.[" Tt is ob-
vious that the amorphous ferroelectric thin film can
output more blue light and emission light than the
YAG:Ce phosphor because of its high transmittance
in the visible light wavelength. In addition, the amor-
phous ferroelectric thin film can be directly fabricated
without a binder and used at a higher temperature
(200 °C—400 °C). It is very favourable to simplify the
preparation process and reduce the heat dissipation
requirement for an LED. This provides a new way to
study LEDs.
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