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Dual-band light-emitting diode based on microwheel cavity
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Abstract – Compact and broadband electroluminescent (EL) devices have garnered considerable
interest in recent years. In this study, we have fabricated a light-emitting diode (LED) based on
a GaN microwheel cavity with a peak emission wavelength of 438 nm. Another emission peak
at 512 nm is realized by coating CH3NH3PbBr3 on the LED. The microwheel-cavity–based LED
is fabricated by photolithography and inductively coupled plasma etching process. The opto-
electrical performance of the device is characterized in terms of the EL spectrum, luminescence
intensity, full width at half maximum, and 3 dB bandwidth. Compared to the device without
the CH3NH3PbBr3 layer, the proposed device exhibits dual-band illumination and higher 3 dB
bandwidth with potential applications in optical communication.
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Introduction. – Owing to their high luminous ef-
ficiency, long service life, and high integratibility,
GaN-based light-emitting diodes (LEDs) have received
considerable research attention in recent years [1–3].
Nowadays, high quality GaN-based LEDs are widely used
as indicators, tail lights of vehicles, decorated lamps, back-
lights of displays, and lighting [4–7]. As it is quite easy
to fabricate GaN-based blue LEDs, extending the emis-
sion region of such LEDs and improving their optical per-
formance is of great significance. The resonant-cavity
LED (RCLED) is a promising candidate to obtain high-
performance devices with improved light emission because
the active region is placed inside a resonant cavity in these
LEDs, and therefore the optical emission is restricted to
the cavity modes [8,9]. The nanostructure formed on a
photonic crystal (PhC) and the microstructure formed on
a patterned sapphire substrate provide relatively uniform
structures for the fabrication of such LEDs [10,11].

Currently, sapphire, SiC, and Si are mainly used as
substrates for GaN-based devices. Due to the low cost,
large size, low resistivity, and high thermal conductiv-
ity, Si has emerged as the prevalent substrate among
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them. Further, compared to the other methods, pho-
toetching is an established technique to fabricate the
micro/nanostructure of GaN-based materials, which im-
proves the efficiency of LEDs [12–14]. On the other
hand, normal white LEDs can emit light by several meth-
ods [15–17]. For example, existing colored LEDs with
red, green, and blue chips comprise two structures: one
is to enclose a chip that emits light of each color into a
light-diffusing material, and the other is to enclose each
chip in a resin. Each chip has its own lens in the light-
diffusing material. Based on the idea of light diffusion,
we combined a blue GaN LED and the CH3NH3PbBr3
material, which has higher quantum efficiency and bright-
ness in the green region [18–20], to design a multi-emission
structure with GaN microwheel and CH3NH3PbBr3 coat-
ing layer. As CH3NH3PbBr3 emits green light at 520 nm
and the GaN LED emits near 438 nm, it is easy to
realize the excitation of CH3NH3PbBr3 in the hybrid
structure, thereby extending the emission region of the
device.

In this study, we fabricated the GaN microwheel cav-
ity by photolithography and inductively coupled plasma
(ICP) etching of III-V materials. For achieving dual-band
illumination, we vaporized a CH3NH3PbBr3 layer on the
microwheel cavity. The opto-electrical performance of the
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device was analysed in terms of the electroluminescent
(EL) spectrum, luminescence intensity, full width at half
maximum, and 3 dB bandwidth.

Experimental section. –

Device fabrication. The GaN-microwheel–based
LED was fabricated using a GaN-on-silicon wafer. The
wafer consisted of a GaN layer and silicon substrate
with a thickness of 4.5 and 1600 µm, respectively. The
GaN layer included a p-GaN layer (115 nm), InAlGaN
quantum wells (13 nm), n-GaN layer (3400 nm), and
u-GaN layer (1000 nm). A schematic of the fabrication
process for the GaN-microwheel–based LED is illustrated
in fig. 1. Firstly, the photoresist layer is patterned by
photolithography (step (a)), and then a 200 nm nickel
film is deposited as a hard mask by thermal evaporation
(step (b)). After removing the residual photoresist, the
top surface of the wafer is etched down to the silicon layer
with a depth of 4.5 µm by ICP etching. The parameters of
ICP etching are as follows: chlorine flow rate = 40 sccm,
boron trichloride flow rate = 4 sccm, power = 300 W,
pressure = 4 mTorr, time = 8 minutes, etching rate of
GaN ∼0.575 µm/min, and etching thickness of GaN
∼4.5 µm. After removing the residual nickel film by
diluting the wafer in nitric acid (step (c)), the photoresist
layer is patterned by photolithography (step (d)), and
then a 200 nm nickel film is deposited as a hard mask
by thermal evaporation (step (e)). After removing the
residual photoresist, the wafer is etched down to the
n-GaN layer by ICP etching, and then the residual
nickel film is removed by diluting the wafer in nitric acid
(step (f)). After the photoresist layer is patterned by
photolithography (step (g)), Au/Ni films are deposited
on the surface of GaN as p/n electrode and then the
residual photoresist is removed (step (h)). Finally, we
evaporate the CH3NH3PbBr3 layer on the surface of GaN
microcavity (step (i)). The CH3NH3PbBr3 layer was
fabricated using the two-step vacuum thermal evaporation
deposition technique. During this experiment, PbBr2
powder was placed in a ceramic crucible, and the GaN
microwheel device was placed face-down above the cru-
cible at a height of ∼15 cm. The pressure was increased
to 3 × 10−4 Pa. The deposition rate and film thickness
were monitored by a quartz crystal. The PbBr2 film
was deposited at the rate of 1 nm s−1. The CH3NH3Br
film was fabricated by the same method and condition.
Finally, the prepared sample was placed in a glove box to
protect it against moisture and oxygen for 24 h.

Figure 2(a) shows the scanning electron microscopy
(SEM) image of a GaN microwheel (Hitachi SU-8010),
where its diameter is observed as 100 µm. It is clear
that the top surface of the GaN microwheel is smooth.
Figure 2(b) shows the optical image of the device with
an Au electrode. As shown in fig. 2(c), the diffrac-
tion peaks near 15.16◦, 21.37◦, and 30.3◦ corresponding
to the (001), (011), and (002) lattice planes of the cu-
bic structure, respectively, are consistent with a single

Fig. 1: Schematic for the fabrication process of GaN mi-
crowheel with perovskite layer.

Fig. 2: (a) SEM image of a GaN microwheel. (b) Optical image
of a GaN microwheel. (c) XRD pattern of the CH3NH3PbBr3
film.

crystal of CH3NH3PbBr3 grown at room temperature.
The structure of the GaN microwheel cavity can be set
as RCLED. The PL spectra of this cavity and of the
CH3NH3PbBr3 coating layer were measured with a mi-
cro photoluminescence (µ-PL) system. During this exper-
iment, a Nd:YAG pulsed laser (355 nm, 10 Hz, 6 ns) was
employed as the excitation light source. The EL spectra
of the devices were obtained with a micro probe system
integrated with an alternating current source and fiber
coupled spectrograph.

Results and discussion. – Figure 3 shows the cur-
rent dependent EL spectra of different devices. It is evi-
dent from fig. 3(a) that the pure microwheel structure has
an emission peak at 438 nm when the current is 0.5 mA.
As the current increases, the output intensity increases,
but the emission wavelength remains unchanged. After
coating CH3NH3PbBr3 (fig. 3(b)), the turn-on current
of the device increases to 1.5 mA. When the current is
above 1.5 mA, two clear peaks are observed at 438 nm
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Fig. 3: EL spectrum of a GaN microwheel (a) without
CH3NH3PbBr3 and (b) with CH3NH3PbBr3 for varying
current.

and 512 nm with full width at half maximum (FWHM) of
17.5 nm and 17 nm, respectively. As the current increases,
the output intensity gradually increases but the position
of the peaks remains stable. The dual-band emission can
be attributed to the fact that the blue emission of GaN
LED can stimulate the PL of CH3NH3PbBr3. The insets
in fig. 3 show the images of the devices obtained by a
charge coupled device (CCD) camera using an electrically
pumped laser. As expected, the chromaticity of the device
is changed to the visible region.

The inset images show the CCD image of each struc-
ture. To further understand the properties of the devices,
their EL and PL spectra are shown in fig. 4(a). It is ev-
ident that the GaN microwheel emits in the blue region
while the CH3NH3PbBr3 decorated structure has a sec-
ond peak in the green region. This observation is further
confirmed in the PL spectra of GaN and CH3NH3PbBr3,
which show ultraviolet light emission near 407 nm and
green light emission near 520 nm. Figure 4(b) displays
the current-voltage (I-V ) curves of the GaN microwheel
with and without the CH3NH3PbBr3 coating. The turn-
on voltage of the GaN microwheel with and without
CH3NH3PbBr3 is 6 V and 2.5 V, respectively. This re-
sult is consistent with the inference drawn from fig. 3
that it is more difficult to turn on the perovskite cov-
ered sample. The increase in the turn-on voltage may be
attributed to the fact that the carrier transfer rate is de-
creased by the CH3NH3PbBr3 layer. Figure 4(c) shows
the FWHM of GaN microwheel vs. current for different
structures. As the current increases, the FWHM is also
increased. Besides, the FWHM of GaN microwheel with
CH3NH3PbBr3 is lower than that of the sample without
CH3NH3PbBr3 under the same current. This is because
the CH3NH3PbBr3 coating decreases the carrier concen-
tration of the device. For the GaN microwheel with
CH3NH3PbBr3, the intensity of the emitted light (peak

Fig. 4: (a) EL spectra of GaN microwheel and CH3NH3PbBr3
decorated structure, and PL spectra of GaN microwheel and
CH3NH3PbBr3. (b) I-V curves, (c) FWHM and (d) peak
intensity vs. current of GaN microwheel in the presence and
absence of CH3NH3PbBr3. The solid lines in (d) represent
power-law exponent fitting.

intensity) and the FWHM are decreased, and the electrical
characteristics are degraded when dual-band illumination
is achieved. Figure 4(d) shows the variation of peak in-
tensity as a function of current for GaN microwheel with
and without CH3NH3PbBr3. As the current increases,
the peak intensity increases as well. The peak intensity
of the GaN microwheel without CH3NH3PbBr3 is larger
than that of the GaN microwheel with CH3NH3PbBr3 at
the same current. This is because most of the blue emitted
light is absorbed by the CH3NH3PbBr3 layer, as is clear
from the PL spectra in fig. 4(a). For a normal LED, the
output EL intensity is proportional to Im

0 , where I0 is the
injected current [21], and m = 1 and 2 if the emission cor-
responds to the diffusion current and recombination cur-
rent, respectively. According to the power-law fitting in
fig. 4(d), m ∼ 0.6 in both the devices. This low value of
m indicates that most of the emission may not contribute
to the EL of the devices.

Figures 5(a) and (b) show the 3 dB bandwidth of the
GaN microwheel with and without CH3NH3PbBr3, re-
spectively. It is clear that the bandwidth increases with
the bias voltage and is higher near 6–8 V. The 3 dB
bandwidths of the GaN microwheel with and without
CH3NH3PbBr3 are highest at 6 V, and are 16 MHz and
14 MHz, respectively. Comparing the two figures, figs. 3(a)
and (b), it can be seen that the overall amplitude of the
LED with perovskite is reduced, indicating that the addi-
tion of perovskite will reduce the overall brightness. How-
ever, this decrease in brightness is not flat in the frequency
domain. Specifically, the amplitude of the low-frequency
component of the perovskite LED decreases more and
the amplitude of the high-frequency portion decreases less
than that of the ordinary LED. This feature results in
a 3 dB bandwidth for the LED with perovskite that is
larger than that of a normal LED. Figure 5(c) summarizes
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Fig. 5: 3 dB bandwidth of GaN microwheel (a) without
CH3NH3PbBr3 and (b) with CH3NH3PbBr3 for varying volt-
age; (c) 3 dB bandwidth of different devices vs. voltage.

the bandwidth at each voltage, which indicates that the
CH3NH3PbBr3-coated sample has a larger 3 dB band-
width. This facilitates the suitability of the combined
structure for communication applications. Figure 5(c) also
demonstrates that the combined sample is less sensitive
to the voltage, i.e., the trend of 3 dB bandwidth curve
remains relatively flat as the voltage increases. On the
contrary, when the voltage exceeds 7 V, the 3 dB band-
width of the GaN microwheel without CH3NH3PbBr3 is
significantly reduced.

Conclusions. – We fabricated a dual-band GaN-
microwheel–based LED with a CH3NH3PbBr3 coating
layer. The GaN microwheel was prepared by photolithog-
raphy and ICP etching. The dual-band illumination of
the device was validated by the I-V curves, EL intensity,
and the corresponding FWHM. This device exhibited two
emission peaks near 438 nm and 512 nm. Further, the 3 dB
bandwidth measurement indicated a 16 MHz bandwidth
at 6 V for the combined structure, which is much higher
and stable than that of the uncoated one. The extension
of the emission region and improvement in the communi-
cation ability of the proposed device provides a potential
approach for the realization of full color LEDs or broad-
band communication in future.
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