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To date, fluorescence imaging systems have all relied on at least one beam splitter (BS) to ensure the separation of excitation
light and fluorescence. Here, we reported SiO2=TiO2 multi-layer long pass filter integrated GaN LED. It is considered as the
potential source for imaging systems. Experimental results indicate that the GaN LED shows blue emission peaked at 470.3 nm
and can be used to excite dye materials. Integrating with a long pass filter (550 nm), the light source can be used to establish a
real-time fluorescence detection for dyes that emit light above 550 nm. More interestingly, with this source, a real-time im-
aging system with signature words written with the dyes, such as ‘N J U P T’, can be converted into CCD images. This work may
lead to a new strategy for integrating light sources and BS mirrors to build mini and smart fluorescence imaging systems.
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1. Introduction

Fluorescence detection is a non-contact and non-destructive
probing technique, which has achieved great attention due to
its effectiveness and specificity[1–3]. Compared with traditional
laser sources, light emitting diodes (LEDs) provide a cheaper
light source and are easy-to-use in fluorescence detection sys-
tems[4–6]. Optical systems for the detection of fluorescent signals
or fluorescence imaging are typically composed of a light source
for emitting light at the dye absorption band, a filter for remov-
ing the unwanted excitation light at the receiving end, and a
detector or CCD camera for receiving the fluorescence signal.
Commonly, the optical systems are bulky and complicated
due to a series of discrete free-space optical elements. Driven
by the concept of “lab-on-chip” (LOC), many efforts have
been paid to enhance the system integration[7–11]. For example,
Novak et al. reported a miniaturized fluorescence detection sys-
tem (30mm × 30mm × 11mm) by implementing LOC devices
in a metal housing and achieved it[12]. Xue et al. presented a
miniaturized fluorescence detection device bymounting an LED
and a minor filter into a polydimethylsiloxane (PDMS)-based
microchip[13]. This device can be further integrated into a
smaller size of 20mm × 20mm × 20mm by integrating all nec-
essary optical components into a metal package[14]. Although
the above work has realized the miniaturization of the detection
system in the physical dimension, the components of each part
are still discretely packaged, and the optical path is still divided

into two paths: excitation and detection. If one can realize the
coaxial transmission optical path, then the traditional system
layout would be significantly simplified, leading to more minia-
turized fluorescence detection or imaging devices.
In this paper, we report a SiO2=TiO2 multi-layer membrane

integrated GaN LED as a multifunctional device to simplify
the traditional fluorescence detection system. The membrane
is designed as a long pass filter with the cutoff wavelength at
550 nm and grown on the LED with a central wavelength
of 470.3 nm. Therefore, the excited fluorescence could pass
through while the excitation light is filtered out, leading to an
excitation fluorescence coaxial transmission at the detection
end. With this design, we demonstrate effective fluorescence
spectroscopy and imaging detection.

2. Experimental Section

As presented in Fig. 1, similar to our previous work[15–17],
the sample is fabricated with the standardized device process
including photolithography and inductively coupled plasma
(ICP) etching on a 4 inch GaN-sapphire-based GaN. The 6.2-
μm-thick epitaxial films consist of an unintentionally doped
GaN (u-GaN), Si-doped n-GaN, InGaN/GaNmultiple quantum
wells (QWs), and Mg-doped p-GaN. For the device fabrication
process, a mesa region is defined by photolithography and ICP
etching (with a mixture of Cl2 and BCl3) with a depth of 1.4 μm
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to expose the n-GaN surface firstly. Deep ICP etching is further
carried out to remove epitaxial films totally for device isolation
(Step a to b). Then, a 230-nm-thick transparent indium tin oxide
(ITO) current spreading layer is deposited by sputtering, fol-
lowed by rapid thermal annealing at 530°C in N2 atmosphere
for 7 min (Step b to c). Subsequently, the ITO layer is patterned
and etched away to expose the n-GaN with a mixture of
HCl=FeCl3. Then the Ni/Al/Ti/Pt/Ti/Pt/Au/Ti/Pt/Ti followed
by a metal lift-off process and rapid thermal annealing metal
stacks are deposited on the n-GaN and ITO surfaces (850°C,
30 s in N2 condition) (Step c to d). To protect the device, a
1-μm-thick SiO2 layer is deposited to the wafer by plasma
enhanced chemical vapor deposition. Finally, the sapphire sub-
strate is lapped and polished down to 200 μm, and the chips are
diced by ultraviolet nanosecond laser micromachining.
After the fabrication of the LED, by utilization of the optical

thin film coater, a 2.3-μm-thick distributed Bragg reflector
(DBR) containing 36 pairs of SiO2=TiO2 is deposited on the bot-
tom sapphire surface of the LED (Step d to e). In order to achieve
the desired reflectance spectra, an inhomogeneous thickness dis-
tribution of the SiO2=TiO2 pair is required. Finally, a square
LED with a size of 5mm × 4mm was prepared [shown in
Fig. 1(e)]. A comb-like surface electrode was introduced into
the device to improve the current uniformity.

3. Results and Discussion

The CCD image of the final device is presented in Fig. 1(f). An
interdigital electrode was used to drive it. Details of the inside
morphology and structural characteristics were tested and are
presented in Fig. 1(g). It shows a typical cross-sectional scanning

electronmicroscope (SEM) image of the patterned sapphire sub-
strate. From bottom to top, there is the p-GaN layer, QWs layer,
n-GaN layer, patterned sapphire substrate, and filter layer.
Details of the grown filter layer in the top right corner of
Fig. 1(g) indicate that the filter is a 36 layer multi-structure with
thickness in the region of 30–150 nm. With this design, a long
pass filter with a cutoff wavelength of 550 nm is achieved (pre-
sented in Fig. S1 of Supplementary Material). Enlarged results
for the bottom pattern of the samples in the lower right corner
of Fig. 1(g) show that the device has a “triangular pattern” with
period of about 2.32 μm and 2.2 μm to balance the lattice mis-
match between GaN and sapphire[18,19].
The current-voltage (I-V) characteristic of the diode is char-

acterized using an Agilent B1500A semiconductor device ana-
lyzer, and electroluminescence (EL) properties were recorded
with a fiber optic spectrometer (Ocean Optics USB 2000+).
The measured I-V curve is shown in Fig. 2(c); it shows a turn
on voltage of 2.4 V. The integrated EL intensities of the diode
of different structures increase with the increasing injection cur-
rent in Figs. 2(a) and 2(b), and the dominant EL peak is mea-
sured at approximately 470.3 nm and FWHM of 19.3 nm at
an injection current of 5 mA of the sample with a filter.
Compared to our previously reported work with normal
LEDs[20], the device presents a red shifted central wavelength
and similar turn on voltage. More interestingly, the back filter
has no obvious influence on the EL properties (I-V or peak wave-
length) of the device. But, it highly reduces the light output of the
device in the backside. As inset in Fig. 2(a) shows, light emission
from the backside nearly can be ignored. We also observed the
EL spectra of the sample without a filter in Fig. 2(b), where the
light emission of the back and front is nearly in the same scale in
strength. Detailed information in this case can be seen in Fig. S2
of Supplementary Material. External quantum efficiency (EQE)
measurement of the chip with or without a filter was done with
the integrating sphere method. During the experiment, an LED
chip was put inside the integrating sphere, two power sources
(Keithley 2410) were used to drive the device, and the
Labsphere system (CDS 2600) was used to collect the overall
luminous flux of the device under certain driven power. The cal-
culated EQE in Figs. 2(d) and 2(e) indicates that the light output
efficiency is about 45.9% for the sample without a filter, and it is
decreased to 27.68% for the sample with a filter.
To further demonstrate the optical properties of the GaN LED

with a filter, reflection spectral characterizations of the devices
are performed by using the angle-resolved micro-reflection
measurement system with a setup similar to our previous
work[21–23]. The measured reflection spectra of LEDs with or
without filters are presented in Fig. S3 of Supplementary
Material. For samples without a filter [Fig. S3(a) in
Supplementary Material], the excitation source is in the region
from 400 to 700 nm, the output color is blue, and the reflectance
is slightly low (below 15 %). While for the samples with a filter
on the back in Fig. S3(b) in Supplementary Material, the output
color is red centered at 550 nm with reflectance nearly equal to
one, and it becomes blue for the wavelength above 550 nm. All of
the samples show relatively friendly angle correlation because

Fig. 1. Schematic diagram of sample preparation process: mesa the sample
to expose the n-GaN surface (Step a to b), deposit of the ITO film (Step b to c),
deposit of the electron (Step c to d), and deposit of the SiO2 and TiO2 filter layer
in the back of the device (Step d to e). (f) CCD image of actual sample.
(g) Cross SEM of the LED with a filter, the enlarged area shows the filter layer
on the top and bottom pattern structure.
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Fig. 2. EL spectra of GaN LED (a) with or (b) without a filter. The inset shows the EL spectra of the devicemeasured from the backside. (c) I-V curve of the LED, inset
shows the CCD image of the device under electrical drive. EQE measurements and CIE chromaticity diagram of GaN LED (d) with or (e) without a filter.

Fig. 3. (a) Principle and experiment setup for fluorescence spectra of the LED device with a filter. (b) Current related fluorescence spectra of dye excited by a blue
LED with a filter (collected on the backside). (c) Characteristic spectrum of fluorescence spectra in dye coated samples excited by blue LEDs with or without a
filter. (d) Reflection spectrum at perpendicular incidence of GaN LEDs.
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our LED is a standard plane structure, which is very good for the
application in fluorescence and imaging systems. Details for the
reflection spectra under a perpendicular incidence are presented
in Fig. 3(d). As can be seen, the filter will block input light with
wavelength below 550 nm, and the sample without a filter shows
poor reflection properties.
As mentioned in the introduction section, an important strat-

egy for simplifying fluorescence imaging is to reduce the inter-
mediate BS mirror to simplify the device structure[24]. To
demonstrate the application of our LED with a filter in the fluo-
rescence detection system, a fluorescence spectrum acquisition
experiment was performed. During this process, commercial
fluorescent material, SrAl2O4 (Eu, Dy), was used as the probe
molecule. Photoluminescence (PL) details of the probe molecule
can be seen in Fig. S4 of Supplementary Material. As it shows on
the right side of Fig. 3(a), dye with a central emission wavelength
near 600 nm was chosen as the probe molecule, and the LED
with a filter was used as the light source. As is presented in
the inset of Fig. 3(a), the probe molecule was dropped onto
the LED on the front face and an optical fiber on the back of
the device to receive the fluorescence signal. The results are pre-
sented in Fig. 3(b), where only the emission of probe materials
was observed. Most of the light emission of the source will be
blocked. The mechanism is shown on the left of Fig. 3(a), and
light of the LED passes away from the front side of the device.
The nearby fluorescent dye will be excited by the emission of the
LED (emission peak λ1 = 470.3 nm) and will obtain reflected

light with the emission peak λ2 = 603 nm. This light will return
and pass through the whole device. Due to the fact that the cutoff
wavelength is 550 nm, the light wavelength below 550 nmwill be
blocked, and then only light emission of the dye can be collected
by the detector. As shown in Fig. 3(c), only the LED with a filter
can realize these results.
More interestingly, the LED with a filter can also be used as

the light source to realize fluorescence imaging. As demon-
strated in Fig. 4, a solid word of “N J U P T” was written by
the dye on a substrate.With the help of an object-camera system,
the word “N JU PT”was recorded and presented in the personal
computer (PC) side one by one when we push the substrate
gradually. To make this process more clear, a recording movie
is given as video supporting materials. Visualization 1 indicates
the imaging process in large scale, and the enlarged results are
shown in Visualization 2. Clearly, the characters “N J U P T” are
presented. Compared with the normal imaging system, our
design can reduce the semi-reflection mirror.

4. Conclusion

In summary, filter integrated multiple-QW III-nitride diode
emitting was fabricated with a standard semiconductor process.
Experimental results indicate that the device shows blue emis-
sion at 470.3 nm and angle-free long pass properties with a cut-
off wavelength of 550 nm. Then, it was used to establish a
fluorescence spectral detection or imaging system, which is

Fig. 4. Demonstration of fluorescence image and results for display of “N J U P T.”
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extended to realize fluorescence spectral imaging without an
extra filter and semi-reflection mirror. Clear spectra of the
dye probe and words such as “N J U P T” were demonstrated.
Our design opens up a promising platform for the semi-reflec-
tion mirror-free imaging and can be used in smart and mini
optical imaging systems.
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