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Design and Fabrication of Temperature-Insensitive
InGaP–InGaAlP Resonant-Cavity

Light-Emitting Diodes
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Li-Horng Laih, and Shing-Chung Wang

Abstract—Visible InGaP–InGaAlP resonant-cavity light-emit-
ting diodes with low-temperature sensitivity output characteristics
were demonstrated. By means of widening the resonant cavity to a
thickness of three wavelength (3 ), the degree of power variation
between 25 C and 95 C for the devices biased at 20 mA was
apparently reduced from 2.1 dB for the standard structure
design (1 avity) to 0.6 dB. An output power of 2.4 mW
was achieved at 70 mA. The external quantum efficiency achieved
a maximum of 3% at 13 mA and dropped slowly with increased
current for the device. The external quantum efficiency at 20 mA
dropped only 14% with elevated temperature from 25 C to
95 C. The current dependent far-field patterns also showed that
the emission always took place perfectly in the normal direction,
which was suitable for plastic fiber data transmission.

Index Terms—InGaAlP, light-emitting diode (LED), optical
communication, optoelectronic device, resonant cavity.

I. INTRODUCTION

RESEARCH progress of resonant-cavity light-emitting
diodes (RCLEDs) has unmitigatedly continued to the

present since the novel concept proposed by Schubert [1].
RCLEDs enjoy several advantages, including improved spec-
tral purity, highly directional light output, less chromatic
dispersion, and improved modulation bandwidth in com-
parison to typical light-emitting diodes. As compared with
vertical-cavity surface-emitting lasers, the epitaxial complexity
of RCLED structure is reduced since the reflectivity of upper
distributed Bragg reflectors (DBRs) has to be less than 90%,
and thus the RCLEDs provide thresholdless operation, less
temperature dependence, and better fabrication reliability.
RCLEDs with visible red emission are suitable candidates
for short-distance data communication applications due to
a minimum attenuation loss (0.1 dB/m) at 650 nm in the
polymethyl methacrylate plastic optical fibers (POFs) [2].
Recently, the application of POFs has been extended to the
automotive industry, such as media oriented systems transport,
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which needs to carrier 50–250 Mb/s of data over POFs. In an
RCLED, the Fabry–Pérot cavity, sandwiched between upper
and lower DBRs, is generally designed with thickness,
and the quantum wells (QWs) are embedded at the antinode
of the standing wave cavity mode. The gain cavity detuning

is often designed to be positive to
have a higher optical gain. Most importantly, to obtain better
characteristics under high-temperature operation, the careful
design of is required because the maximal modal
gain red-shifts and matches the resonance dip as the device
temperature increases. Hild et al. had reported the RCLEDs
were less temperature-sensitive over the 15 C–75 C temper-
ature range by a large gain cavity detuning [3]. However, the
high-temperature output performance was still restricted by
carrier leakage [3]–[5].

In the field of 650-nm RCLEDs, the researchers had re-
ported a high output power of 8.4 mW operated at 120 mA
with 202- m device diameter [6], a peak external quantum
efficiency of 10.2% for a large area device [7], low voltage
operation [8], and high modulation bandwidth [9]–[12]. While
most of the focus has been put on achieving high output
characteristics under room-temperature (RT) operation and
improving modulation bandwidth, the study of stabilizing
output performance in RCLEDs with elevated device tempera-
ture and injection current is rare. Therefore, we report in this
study the design and fabrication of temperature-insensitive
InGaP–InGaAlP RCLEDs by means of widening the resonant
cavity to , where the number of QWs is increased by a factor
of three and the QWs are separated into three parts to reduce
leakage current. As compared with the conventional RCLED of

-cavity design, the temperature-dependent light output and
voltage (L–I–V) characteristics, 3-dB modulation bandwidths,
and far-field patterns are characterized and discussed.

II. DEVICE FABRICATION AND CHARACTERISTICS

In this study, the RCLED structures were grown by a low-
pressure (50 torr) metal–organic chemical vapor deposition
system on n-type GaAs (100) substrate. Methyl-organometallics,
phosphine, and arsine were used as the sources for epitaxy. SiH
and CBr were the n- and p-type dopants. A schematic plot of
device structures is shown in Fig. 1. Two structures were pre-
pared, in which the bottom DBR was identically comprised of
35 pairs of n-type quarter-wave Al Ga As–Al Ga As
layers for both devices to provide a 99% reflectivity, and
the top DBRs was identically comprised of 7 pairs of p-type
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Fig. 1. Schematic plot of device structures. Device A was designed with a con-
ventional 1�� resonant cavity. Device B was designed to have a 3�� resonant
cavity, while the number of QWs was tripled and separated into three parts.

Al Ga As–Al Ga As layers. A separate-confinement-
heterostructure strained multiple quantum wells active region,
which contains In Ga P wells and In (Ga Al ) P
barriers, and In (Ga Al ) P cladding layers formed the
resonant cavity. For Device A, the cavity was standardized to

and the cavity for Device B was widened to and the
number of QWs was tripled. From mapping a 2-in epi-wafer,
the QW photoluminescence (PL) emission of both devices was
about 644 nm, and the Fabry–Pérot dip, determined from the
reflection measurement was in a range of 650–656 nm. The
doping levels of n- and p-type DBRs, determined from electro-
chemical CV profiling (ECV) measurement, were and

cm . After epitaxial growth, standard fabrication
processes, including photolithography, implantation, metalliza-
tion, and bonding techniques, were used so as to fabricate the
devices with surface emission. The light extraction window of
both devices in this study was 80 m in diameter. The RCLED
chips were mounted onto TO-46 headers and the chip size was
in 250 250 m square.

The direct current characteristics of RCLEDs were measured
using a Keithly 238 current source, a Newport 1835C power
meter module, and an Advantec optical spectrum analyzer with
a 0.1-nm spectral resolution. As a result of Joule heating, the
peak emission wavelength increased with increased bias current
at a red shift of 0.083 nm/mA for Device A, 0.082 nm/mA for
Device B, and the devices exhibited a peak of 656.8 and 659.4 nm
when the bias current was 40 mA, respectively. Temperature-
dependent L–I–V characteristics of Devices A and B are shown
in Fig. 2. The highly C-doped p-type DBRs and high-quality
ohmic contacts resulted in a low operating voltage of 2.1 V at a
current of 20 mA in Device A, while the thicker undoped cavity
in Device B gave a higher voltage of 2.37 V at 20 mA. An output
power of 1.9 mW in Device A at 20 mA under RT operation was
achieved, and it reached a maximum of 3.1-mW output when
the device was biased at 57 mA. For Device B, even though the
output power at low current was not higher than that in Device A,
the output characteristic was stable, which indicated that the
temperature effect on Device B was much less sensitive. The
power variation between 25 C and 95 C for Devices A and B
at 20 mA were approximately 2.1 and 0.6 dB. We suppose
that the improved stable output performance under high current
injection and high-temperature operation in Device B is from
the increased number of QWs that decreases the carrier leakage.

Fig. 2. Temperature-dependent L–I–V characteristic of (a) Device A and
(b) Device B. The curve was obtained in a device temperature range of
25 C–95 C.

Fig. 3. Normalized external quantum efficiency (� ) value obtained at 20 mA
with elevated device temperature from 25 C to 95 C. The inset was the �
value versus current at RT for both devices.

The temperature-dependent external quantum efficiency
normalized to the value obtained at 20 mA is depicted in

Fig. 3. The inset shows the value versus current at RT. For
Device A, a maximum value of 6% was achieved when
the device was biased at 5.8 mA. As shown in previous studies,
the highest value of RCLEDs was often obtained at a
low current level, typically less than 10 mA, and consequently
decreased at higher current levels by internal heating effect. In
red emitting devices, this phenomenon is more serious because
the conduction band offset value in InGaP–InGaAlP material is
relatively low compared to the InGaN–GaN and AlGaAs–GaAs
materials [13], [14]. The increased device temperature at higher
current level will induce more leakage current, resulting in less
radiative recombination, and therefore, decreases the output
performance. To reduce the induced leakage current at high
current level injection and under high temperature operation,
the resonant cavity in Device B was increased to and the
number of QWs was tripled simultaneously, which was a direct
way to confine more carriers in the QWs of the resonant cavity.
This approach should be effective since the normalized
value for Device B dropped only 14% with elevated device
temperature to 95 C. In addition, the decrease of at high
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Fig. 4. Evolution of far-field patterns for both devices under RT operation with
increased bias current of 10–50 mA. The slightly unsymmetrical patterns could
be attributed to the TO package.

current levels, shown in the inset of Fig. 3, was also less pro-
nounced. The lower for Device B than for Device A might
be because the number of QWs was tripled which induced more
absorption in QWs, and a less optimally tuned cavity due to
the thicker emission region. Dynamic properties of the RCLED
devices were studied by using a calibrated vector network
analyzer (Agilent 8720ES) and 50- m multimode optical fiber
connected to a Si photodetector. A light extraction window
diameter of 80 m was used for POF-based communication.
However, there is a tradeoff between light extraction output
power and small signal 3-dB frequency bandwidth . A
smaller light extraction window diameter will bring on a lower
capacitance, resulting in the decreased resistance capacitance
(RC) time constant, but a weak output power performance.
In our devices, the value was found to increase with
increased bias current with a slope of 0.44 MHz/mA for Device
A, 0.2 MHz/mA for Device B, and achieved to a maximum of
116, and 87 MHz at 70 mA, respectively. The lower
value for Device B than for Device A might be attributed to
that the number of QWs is tripled. Hence, the current density
in each QW of the Device B may be relatively lower than
that of the Device A. In addition, the thicker resonant cavity
might cause the increase of series resistance that reduced the

value. Further minimization of the capacitance at the
pn junction and adjustment of the bonding pad to reduce the
parasitic capacitance will be required.

The evolution of far-field patterns under RT with increased
bias current of 10–50 mA is shown in Fig. 4. For Device A, the
emission took place at the angle of 33 , and the angle became

20 when the device was biased at 50 mA. Narrowing far-
field angle is undoubtedly required under the consideration of
fiber coupling efficiency. In conventional -cavity RCLEDs,
while increasing bias current can narrow the far-field emission
angle, the output power often rolls over at high current level
injection. By widening the resonant cavity to , we found that

the angle of the lobe was zero and the small divergence angle of
the far-field pattern remained almost unchanged over the entire
measured bias current range.

III. CONCLUSION

In summary, we have fabricated visible InGaP–InGaAlP
RCLEDs with low-temperature sensitivity of the output perfor-
mance. By widening the resonant cavity to , the degree of
power variation was apparently reduced to 0.6 dB, and the

value dropped only 14.1% when the device was biased
at 20 mA with elevated temperature from 25 C to 95 C.
The current dependent far-field patterns also showed that the
emission of the RCLEDs always took place perfectly in
the normal direction. The results indicate the RCLEDs
can provide stable output characteristics and are suitable for
data communication applications.
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