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Abstract: To improve the performance of optoelectronic devices, a high performance wide
angle SiO,/Ti;O5 Distributed Bragg Reflector (DBR) mirror was designed and fabricated on
double polished sapphire substrate. 17-pairs gradually varied DBR structure was applied in
order to acquire a broad stopband reflectivity over 95% from 400 nm to 800 nm, covering
the whole visible light region. The DBR mirrors deposited at the backside of optoelectronics
devices are also demonstrated to remain a high reflectivity at wide incident angles, which
improves the emission efficiency of LEDs and light absorption efficiency of InGaN/GaN
photoelectrochemical cell (PEC).

Index Terms: Distributed Bragg Reflector (DBR) mirror, SiO/Ti;Os, light emitting diodes,
PEC.

1. Introduction

[1I-Nitride solid-state light emitters are attracting increasing attentions due to their wide applications
ranging from light communication [1], high resolution display [2], [3], energy harvest [4] and
lasers [5], [6]. For instance, the conventional approach is to mainly use InGaN/GaN-based blue
light emitting diodes with color conversion phosphor materials, such as Y3;Al;0,2:Ge3(YAG), to
generate artificial white light [7], [8]. Despite many works have been devoted to the development
of white LED during the past decade, current GaN-based white LEDs are still mainly grown on
sapphire substrate due to the consideration of lattice matching and coefficient of thermal expansion
in the growth process [9], [10]. Light lost emitting through the transparent sapphire substrate is still
a key problem that influences the emission efficiency [11]. Thus the backside mirror with high
reflectivity in visible light region are still needed for improving the efficiency of GaN-based LEDs
and solar energy harvest devices [12]-[14].

The DBR based on SiO»/SiN,/Ti3Os5 film can provide high reflectivity because of relative large
contrast of refractive index between SiO, and SiN,/Ti;O5 [15]. On the other hand, DBR films can be
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Table 1
Deposition Parameters of SiO5 and SiNy Layers By PECVD

Growth parameters SiO2 SiNx
Chamber 350 350
temperature/'C
RF power/W 10 50
Chamber 300 500
pressure/mTorr
SiH4/N2 gas flow/sccm 100 25
N20 gas flow/sccm 400 /
N2 gas flow/sccm / 400
NH3 gas flow/sccm / 20

deposited by PECVD/PVD directly on the backside of LEDs or photodetectors, hence giving higher
structure/chemical stability and cost saving compared to the usage of high value Ag or Al metal
layer [16]. However, it is very challenging to grow high quality DBR mirror with high reflectivity
covering the whole visible light region. Normally, reflectivity in longer and shorter wavelength
regions require two contradictory parameters that one needs thicker periodic layers to increase
optical path difference and the other needs thinner layers because of the characteristics of DBR
mirror [17]. Furthermore, reflectivity of DBR mirror will decrease dramatically with respect to the
increasing incident angle due to the increase in optical path difference at higher incident angles.

In this work, SiO,/SiN, and SiO,/TizO; DBR mirrors have been designed and fabricated to
improve the reflectivity covering a wide visible light region and incident angle as well. The structure
and growth parameters of DBR mirror were optimized by means of optical properties analysis and
theoretical simulation. Finally, the optoelectronic performance, especially wide angle emission, of
white LED with optimized backside DBR mirror were enhanced. In addition, the energy conversion
efficiency of PEC was increased by integrating the DBR mirror to the backside of solar cell, which
demonstrates the promising potentials for many optoelectronic applications including light emitting
devices, photodetectors and solar cells.

2. Experimental

SiO2/SiNx DBR mirrors were fabricated by plasma-enhanced chemical vapor deposition (OXFORD
Plasma 80 Plus PECVD) on double-polished sapphire substrates. While, SiO»/TisO5; DBR mirrors
were grown by physic vapor deposition (KJLC, PVD75), where the growth rate were controlled by
the electron beam power. In this work, the silicon precursors were SiH4/N» (5%). The temperature
of growth chamber were controlled to be 350°. The growth parameters for SiO,, SiN, and Ti3Os
films were optimized to acquire smooth and clear interface, details can be seen in Table 1. The
growth rate are determined by the deposition speed calculated by the measured thickness of each
layer using a step profiler and a broadband spectroscopic ellipsometer (EOPTICS ME-L). And
optical constants about refractive index (n) and extinction coefficient (k) were simulated by anslysis
software, which can be found in our previous report [18].

In addition, all the backside DBR mirrors were fabricated according to the theoretical simulation
by software TFCalculator. The reflectivity spectra of all samples were measured by UV-visible
spectrometer (SHIMADZU UV-3600). The surface morphologies of samples were obtained by
atomic force microscope (ND-MDT Modular AFM).

3. Results and Discussion

As illustrated by the schematic diagram of a traditional single main-function unit DBR structure in
Fig. 1(a), 27 pairs of SiO,/SiN,, layers (83.75 nm/59.96 nm) can provide high reflectivity region close
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Fig. 1. (a) Schematic diagram of traditional single main-function unit periodic DBR; (b) Schematic dia-
gram of double main-function units periodic DBR; and (c) Simulated reflectivity spectra of single/double
DBR structures.

to 99% as shown in Fig. 1(c)(red line), only a center wavelength of 490 nm and a narrow stopband
width of 90 nm from 450 nm to 550 nm can be seen. Normally, the radiation efficiency of blue
LED has reached as much as 70%, while the color conversed yellow and red emission still need
improvement. The single periodic DBR can cover the emission region of blue and green LEDs,
leaving the yellow and red region unchanged. In other words, thicker color conversion phosphor
materials are needed in order to provide enough yellow emission.

For the sake of providing high reflectivity covering the white LED emission region, a combination
of multi mirrors with wide stopband from 400 nm to 700 nm are expected. According to this
requirement, the structure of backside DBR were optimized by using the transfer matrix method
based on the experimental optical constants of SiO, and SiN,, respectively. The optimized DBR
mirror consists of a double periodic main-function units as illustrated in Fig. 1(b). The thickness of
SiO, layer (SiNy layer) in first main-function unit are 97.86 nm (69.64 nm), and those in second
main-function unit are 82.20/58.5 nm, respectively. The thickness of SiO, and SiN, layers are
calculated by d = 1y /4n, which are key elements determining the high reflectivity center and
stopband [19]. As shown by the simulated reflectivity spectra of the SiO,/SiN,. periodic DBRs in
Fig. 1(c)(black line), the double main-function units DBR design could expand the stopband width
to a wider 200 nm from 440 nm to 650 nm. It can be seen that double units DBR can provide high
reflectivity within both of the blue and yellow emission region.

As demonstrated by actual reflectivity of double units DBR sample in Fig. 2(red line), the
experimental reflectivity spectrum of optimized DBR mirror sample is in a good coincidence with
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Fig. 2. Experimental reflectivity spectra of double units SiO2/SiN, DBR samples with respect to the
incident angle.

the simulated spectrum (black dot line). The stopband width of actual reflectivity is slightly smaller
than simulation, which might be attributed to the H-atom related defects, rough interface and the
formation of thin Si-O-N transition layer between SiO, and SiN,, layers. The Si-O-N transition layer
with graded composition, has been widely reported in other references, can have major effects on
the discrepancy in reflectivity near the edge of stopband [17].

On the other hand, the center wavelength of DBR sample exhibit obvious blue-shift with respect
to the increasing light incident angle, as shown in Fig. 2. Meantime, the maximum reflectivity
decrease and the stopband width are reduced as well, which is mainly because of the changed
optical path difference at higher incident angles. It is hard to ignore such degradation in reflectivity
with respect to incident angles, especially in current LED devices which are mostly grown on
patterned sapphire substrate. It should be mentioned that the reflectivity of DBR might approach
100%, when the incident angle of light is larger than the total internal reflection angle at the
sapphire/SiO,, interface, since the DBR mirror was deposited on the backside of sapphire.

In order to settle problems above, Ti3;O5 layer was applied to replace the SiN, layer because
of its higher refractive index (~2.35). The larger difference of refractive index (n) between two
materials could reduce the number of periodicity required for high reflectivity. And the formation
of Si-O-N transition layer could be suppressed during the deposition process, giving improved
interface. Furthermore, 17-pairs gradually varied DBR structure was designed as shown in Fig. 3(a)
in order to remain high reflectivity at wide incident angles.

It can be seen that the experimental reflectivity spectra of SiO,/TisO5 periodic DBRs are in a good
coincidence with the reflectivity spectra simulated with the use of TFCalculator, which can provide
a much wider stopband from 400 nm to 850 nm. As illustrated by the color solar radiation spectrum,
the high reflectivity stopband of SiO,/Ti;O5 periodic DBRs can cover the whole visible light region,
which might pave the way for wide applications in solar power harvest. It should be mentioned that
the center wavelength of SiO,/TisO5 periodic DBR sample also exhibit a blue-shift with respect to
the increasing light incident angle. But as shown by the experimental reflectivity spectra measured
at 60° incident angle in Fig. 3(b)(green line), the SiO4/Ti3O5 periodic DBR still can give more
than 90% reflectivity within the wavelength ranging from 400 nm to 700 nm. Therefore, it can be
expected that such DBR mirror could provide improved performance of optoelectronic devices. Of
course, the interface between each layer and the surface roughness need to be further improved
in according to the cross sectional SEM and surface AFM images in Fig. 3(c) and (d).

To verify the actual effect of the DBR mirror, SiO,/Ti3O5 periodic DBR was deposited on the
backside of a traditional white LED and InGaN/GaN PEC devices in this work. Angular distribution
measurements of emission intensity ranging from —60° to 60° have been conducted for LEDs
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Fig. 3. (a) Schematic diagram of 17-pairs SiO2/TizOs DBR; (b) Experimental reflectivity spectra of
SiO4/Ti3O5 DBR samples with respect to the incident angle; (c) Cross sectional SEM image of 17-pairs
SiO4/Ti3O5 DBR; and (d) Surface AFM scanning image in 3D mode.
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Fig. 4. (a) Angular distribution of LED with/without DBR from —60° to 60°, Inset: traditional GaN-based
white LED; and (b) Photocurrent of InGaN/GaN PECs with/without DBR, Inset: InGaN/GaN based PEC
device.

with and without DBR. As illustrated in Fig. 4(a), the LED sample with DBR exhibit an enhanced
emission intensity and a much more uniform spatial intensity distribution from —60° to 60°, where
the emission intensity of traditional LED deceases gradually with increasing incident angle. It can
be conclude that DBR mirror at the backside of LED give a wider emission angle, where more light
can be extracted within range of spatial azimuths, resulting in improved light extraction efficiency.
On the other hand, the photocurrent of InGaN/GaN PEC, in other words hydrogen generation rate,
are enhanced from 0.8 mA/cm? to 1 mA/cm? @3 V by adding DBR mirror at the backside as
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demonstrated in Fig. 4(b). It can be seen that the absorption efficiency of PEC is improved by
the backside DBR mirror, which demonstrates a promising way in the applications for solar energy
harvest.

4. Conclusion

In summary, a high performance 17-pairs gradually varied SiO,/Ti;Os DBR with stopband re-
flectivity over 95% from 400 nm to 800 nm has been designed and successfully fabricated. The
SiO,/Ti;O5 periodic DBRs mirror can give more than 90% reflectivity within the visible light region
even at high incident angles. The wide angle emission intensity of LED, absorption efficiency of
PEC as well, can be significantly enhanced by integrating the SiO,/Ti;O; DBR to the backside of
substrate, which might pave the way for its wide applications in light emitting devices and solar
power harvest.
Competing Financial Interests: The authors declare no competing financial interest.
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