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Abstract—InGaP/AlGalnP 660-nm resonant-cavity light-emit-
ting diodes (RCLEDs) with stable temperature characteristics
have been achieved by extending the resonant cavity length from
one optical wavelength (1)) to three optical wavelengths (3)\)
and tripling the number of quantum wells. When the operation
temperature increases from 25 °C to 95 °C, the degree of power
variation at 20 mA is reduced from —2.1 dB to —0.6 dB for
the conventional 1-A cavity RCLEDs and 3-\ cavity RCLEDs,
respectively. In order to interpret the temperature-dependent
experimental results, advanced device simulation is applied to
model the RCLEDs with different cavity designs. According to
the numerical simulation results, we deduce that the stable tem-
perature-dependent output performance should originate from
the reduction of electron leakage current and thermally enhanced
hole transport for the 3-\ cavity AlGaInP RCLEDs.

Index Terms—Leakage current, modeling, polymethyl
methacrylate plastic optic fiber (POF), resonant-cavity light-emit-
ting diode (RCLED), semiconductor device.

I. INTRODUCTION

ESONANT-CAVITY light-emitting diodes (RCLEDs)

have been adopted as ideal light sources for optical
interconnects due to several inherent advantages including
enhanced output intensities, narrow spectral linewidth, im-
proved beam directionality, high modulation bandwidth, and
thresholdless operation [1], [2]. Especially, RCLEDs oper-
ating at near 660 nm have become a key component for the
application in short-distance data communication system due
to a minimum attenuation loss of 0.15 dB/m at 650 nm in
the polymethyl methacrylate plastic optical fibers (POFs) [3].
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Conceptually, a typical RCLED consists of two distributed
Bragg reflectors (DBRs) and an active layer located between
two mirrors. In a conventional light-emitting diode (LED), only
about 4% of light is escaped from the surface of LED due to
the large refractive index of semiconductors. As compared to
conventional LEDs, the resonant cavity of RCLED forces the
light to emit into the radiation cone for a certain wavelength
instead of isotropic emission. Furthermore, when the thickness
of the resonant cavity is shortened to be only several optical
wavelengths, the effect of photon quantization in this micro-
cavity will enhance spontaneous emission properties. For more
details about RCLEDs, the reader can refer to the related review
paper [4].

Further applications of RCLEDs and POFs have been de-
veloped to the automotive industry, such as media oriented
systems transport (MOST), which needs to carry 50-250 Mb/s
of data over POFs. Therefore, higher temperature-stable output
performance is required for AlGalnP RCLEDs applied in
this field. One of the most important approaches to improve
the temperature-dependent performance is the engineering
of gain cavity resonance alignment. Specifically, the cavity
mode is often intentionally designed to be at a slightly longer
wavelength relative to the peak gain at room temperature.
As the device is heated with the increasing injection current,
the peak gain shifts into alignment with the cavity mode to
provide optimum RCLED performance. However, the device
temperature increases with increasing operating current. It
can be expected that the RCLED output power is limited by
the temperature-induced misalignment at higher operating
temperatures. Consequently, the gain cavity alignment within
an RCLED can be engineered to obtain low temperature-insen-
sitive performance at a particular temperature range. Based on
this engineering technology, Hild et al. reported the AlGalnP
RCLEDs with a less temperature sensitivity over the temper-
ature range from 15 °C to 75 °C by employing the design of
a large gain cavity detuning [5]. Nevertheless, they found that
the prevalence of electron leakage reduces the output efficiency
with increasing operation temperature [5]-[7]. Furthermore,
several high-performance AlGalnP RCLEDs have been re-
ported in recent years. The demonstrated properties include
high output power [8], high external quantum efficiency [9],
low operation voltage [10], high emission directionality [11],
and high modulation bandwidth [12]-[15]. Although signifi-
cant progress in AlGalnP RCLEDs has been achieved under
room temperature operation, it is still necessary to improve
the temperature-dependent output performance as the injection
current and operation temperature increase. As compared to
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Fig. 1. Schematic plot of device structure. Device A is designed with a conventional 1-A resonant cavity. Device B is designed to have a 3-\ resonant cavity,

while the number of QWs is tripled and separated into three parts.

AlGaAs-based light emitters, AlGalnP-based light emitters
have two major intrinsic drawbacks. One is the limited barrier
height in the InGaP/AlGalnP heterostructure, and the other
is the larger thermal resistivity, which is induced by the large
mass difference between Ga and In [16]. Therefore, the tem-
perature-induced efficiency degradation is more serious for
AlGalnP-based light emitters.

In our previous study, we have demonstrated the AlGalnP
660-nm RCLEDs with the temperature insensitive output char-
acteristics by extending the resonant cavity length from one op-
tical wavelength to three optical wavelengths and tripling the
number of quantum wells. The temperature-dependent light-
current characteristics exhibited highly stable behavior with in-
creasing operation temperature [17]. In order to further investi-
gate the device physics of the RCLED devices, we present in this
paper a theoretical analysis of the structure-dependent RCLED
output characteristics by using advanced device simulation. We
will focus on investigating how the device temperature affects
the electron leakage current and the carrier concentration dis-
tribution for the RCLEDs with different designs of cavity struc-
tures. Moreover, the physical mechanism that leads to the results
of temperature-insensitive light-current characteristics will be
discussed as well.

II. FABRICATED DEVICE CHARACTERISTICS

The AlGalnP RCLED structures in this specific study were
grown by a low pressure (50 torr) Veeco D180 metal-organic
chemical vapor deposition (MOCVD) system on n-type GaAs
substrates. Methyl-organometallics, phosphine, and arsine were
used as the sources for epitaxy. SiHy, CBry, and DEZn were the
n- and p-type dopants. A schematic plot of the RCLED struc-
tures is shown in Fig. 1. Two different structures were prepared,
in which the bottom DBR identically consisted of 35 pairs of
n-type quarter-wave Alg 95Gag g5 As/Alg5Gag 5As layers for
both devices to provide a ~99% reflectivity. The top DBRs con-
sisted of seven pairs of p-type Alg.gsGag.05As/Aly.5Gag 5As
layers. A separate-confinement-heterostructure strained mul-
tiple quantum wells (MQWs) active region, which contained
Ing 50Gag 4sP wells and (Alg.5Gag 5)0.5Ing 5P barriers, and
(Alp.7Gag 3)9.5Ing 5P cladding layers formed the resonant
cavity. For device A, the thickness of optical cavity was
standardized to 1\ and contained seven quantum wells at the
antinode of the standing wave. As for device B, the thickness of

optical cavity was extended to 3\ and the number of quantum
wells was tripled as well. The doping levels of n- and p-type
DBRs, determined from electrochemical capacitance-voltage
(ECV) measurement, were 2 x 10'8 and 4 x 10'® cm™3, respec-
tively. After epitaxial growth, standard fabrication processes,
including photolithography, implantation, metallization, and
bonding techniques, were used to fabricate these two RCLED
devices. The light extraction window of both devices in this
study was 80 pm in diameter. The RCLED chips were mounted
onto TO-46 headers and the chip size was in 250 x 250 zm?.

Fig. 2 shows the spectra of quantum-well photoluminescence
and reflectivity spectra of devices A and B. In Fig. 2, it is found
that the values of gain cavity detuning are about 8 and 11 nm
for devices A and B, respectively. We will show later that this
difference is not the main mechanism which causes the different
device performances for devices A and B. Fig. 3 illustrates the
temperature-dependent L—-/-V characteristics of the fabricated
devices A and B. The highly C-doped p-type DBRs and high-
quality ohmic contacts result 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 gives a higher voltage of 2.37 V. An output
power of 1.9 mW in device A at 20 mA under room-tempera-
ture operation is achieved, and the maximum output power of
3.1 mW can be achieved as the input current is about 57 mA.
For device B, even though the output power at low current in-
jection is not higher than that of device A, the output charac-
teristic shows more stable with increasing operation tempera-
ture, which indicates that the temperature-dependent effects on
output performance of device B are not evident. The power vari-
ations between 25 °C and 95 °C at 20 mA for devices A and
B are approximately —2.1 and —0.6 dB, respectively. Further-
more, although the maximum output power of device B is lower
than that of device A at the operation temperature of 25 °C,
it is found that when the operation temperature increases from
25 °C to 95 °C, device B can provide larger output power than
device A. This result suggests that device B has better perfor-
mance under high-temperature operation.

According to the aforementioned experimental results, it is
found that although the maximum output power of device B is
lower than that of device A at 25 °C, the decrease of output
power of device B with increasing operation temperature is
more subtle than that of device A. In the following investiga-
tion, we will employ theoretical simulation to understand the
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Fig. 2. Spectra of quantum well photoluminescence and reflectivity spectra of
devices A and B.
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Fig. 3. Temperature-dependent L—/-V characteristic of (a) device A and (b)
device B. The curve was obtained in a device temperature range of 25 °C-95
°C.

internal physical processes in these two RCLED devices and
further analyze the origins of the improved temperature-depen-
dent output characteristics for device B.

III. THEORETICAL MODEL

The numerical simulations in this study are performed by
using an advanced physical model of semiconductor devices
(APSYS) modeling software [18], which is based on 2-D/3-D
finite-element analysis. The physical model self-consistently
combines Poisson’s equation, current continuity equations,
carrier energy transport equations, heat transfer equations, con-
ventional drift-diffusion equations, photon rate equations, and
scalar wave equation. In the optical mode model, all modes are
treated as possible since they all contribute to the noncoherent
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spontaneous emission power [19]. Photon recycling effect
is rigorously taken into account by accurately determinate
photon power density. The calculation of quantum-well band
structure is based on the k-p theory with envelope function
approximation [20]. Except for the bandgap energies, in order
to obtain the numerical parameters required for k-p calculations
for the AlGalnP materials, a linear interpolation among InP,
GaP, and AIP is utilized in this study [21], [22]. The material
parameters of the binary semiconductors used in this study
are taken from the values reported by Vurgaftman er al. [23].
The formulas used in the calculation of unstrained AlGalnP
bandgap energies are considered in accordance with the model
provided by Mbaye et al. [24]. The temperature-dependent
bandgap energies of the relevant binary semiconductors are
calculated using the commonly employed Varshni formula and
the Varshni parameters are taken from [23]. The conduction to
valence band offset ratio is chosen as 65:35 according to the
latest measurement results [25]. The spontaneous emission rate,
with the valence-band-mixing effect being taken into account,
could be expressed by [26]

_ 2ng’E
’r‘sp(E) - 7T2h203€0m(2)Lz vt
N /oo ktMnm(kt)F/(27T)
0 (Ben(kr) = Bupm(ke) — B)® + (T/2)?
X fe (L= f.")dky (1)

where ¢ is the free electron charge, & is the reduced Planck’s
constant, n is the refractive index, ¢ is the free-space dielectric
constant, c is the speed of light, L. is the thickness of quantum
well, E is the photon energy, M, (k:) is the momentum ma-
trix element in the strained quantum well, I' = /7 is the broad-
ening due to intraband scattering relaxation time 7, E, is the
nth conduction subband, Fyr, is the mth valence subband from
the k-p calculation, and f7 and f]"* are the Fermi functions for
the conduction band states and the valence band states, respec-
tively. The indices n and m denote the electron states in the
conduction band and the heavy hole (light hole) subband states
in the valence band. To account for the broadening due to scat-
tering, it is assumed that 7 = 0.1 ps during the calculations
[27]1-[29].

The effect of self-heating has a major impact on the perfor-
mance of AlGalnP-based RCLED devices. The increase of in-
ternal temperature induced by current injection limits the max-
imum output power due to the increase of nonradiative car-
rier recombination, the spread of gain spectrum, and the tem-
perature-induced gain-cavity misalignment at higher operation
current. For the treatment of device heating, the thermoelectric
power and thermal current induced by temperature gradient are
considered by utilizing the methods provided by Wachutka ez al.
[30]. Various heat sources, including Joule heat, generation/re-
combination heat, Thomson heat, and Peltier heat, are taken into
account in this specific study. The random distribution of alloy
atoms in quaternary AlGalnP compounds causes strong alloy
scattering of phonons, which leads to a significant reduction in
the thermal conductivity. The thermal conductivity of quater-
nary alloys of the type AB,CyD1_,_, can be estimated from
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binary values using [31]

1 x l1—2x—
= + L + Y +2yCapc
k(z,y) KAB KAC KAD

+z(l—2—y)Capp+y(l —2—y)Cacp (2

with the empirical bowing parameters Capc, Capp, and
Cacp. In our calculation, the thermal conductivities of the
binary AlIP, GaP, and InP are 1.3, 0.77, and 0.68 W/Kcm,
respectively [31], [32]. The empirical bowing parameters of
AlGaP, AllnP, and GalnP are 30, 77, and 19.9 Kcm/W, respec-
tively [31], [32].

The calculation of carrier capture and escape from the
quantum wells is considered in accordance with the model pro-
vided by Romero et al. [33]. As for the calculation of refractive
index, Adachi model is employed to calculate the refractive
index values of the AlGalnP materials [34]. More descriptions
about the physical models employed in APSYS simulation
program, which is a useful tool to access new designs or to
optimize existing devices, can be found in [31], [35], and [36].

IV. SIMULATION RESULTS AND DISCUSSION

In order to interpret the temperature-dependent experimental
results, we numerically model the AlGalnP-based RCLED
structures, which include the active regions and DBRs in
accordance with the experimental device structures. Device A
(1-X cavity) and device B (3- cavity) are numerically modeled
to investigate the internal physical mechanism. All physical
parameters and device structures are the same for these two
RCLED structures except for the number of quantum wells
and the optical thickness of resonant cavity. Fig. 4 shows the
vertical profile of refractive index and optical intensity for
devices A [Fig. 4(a)] and B [Fig. 4(b)]. For device A, the
quantum wells are placed in the antinode position of the cavity
standing wave, which can enhance the spontaneous emission
and photon recycling in the microcavity-based system [37],
[38]. As for the design of device B, the 21 pairs of quantum
wells are separated into three parts and each part is individually
placed in the antinode position of the cavity standing wave, as
shown in Fig. 4(b). The simulation results of temperature-de-
pendent light-current characteristics of devices A and B are
shown in Fig. 5. It is clearly seen that the simulation results
are approximately in agreement with experimental results. The
temperature-insensitive light-current characteristics of device
B are also obtained from the numerical calculations. Further-
more, the output properties as indicated in Fig. 5 are consistent
with the experimental results, showing that the output power
of device B is lower than that of device A at 25 °C and it is
opposite at 95 °C. We will discuss and analyze the internal
physical mechanisms in the following content.

As previously mentioned, the temperature-dependent perfor-
mance of AlGalnP-based light emitters, such as laser diodes,
LEDs, and RCLEDs is poor due to the limited barrier height
in quantum wells and larger thermal resistivity. These two in-
trinsic drawbacks significantly enhance electron carrier leakage
from active layers to the p-type layer, therefore accelerating
the degradation of the device performance as the operation
temperature and injection current increase [5]-[7], [16],
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Fig. 4. Vertical profile of refractive index and optical intensity for (a) device A
and (b) device B.
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[39]-[41]. Several methods have been proposed to suppress
the leakage current, such as increasing p-type doping con-
centration to increase the barrier height [42], [43], employing
the multiquantum barrier (MQB) structure to block the over-
flowing electrons [44], and utilizing the graded-index separate
confinement heterostructure (GRIN-SCH) to reduce leakage
current [45]. In this study, by extending the optical thickness
of resonant cavity and tripling the number of quantum wells,
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Fig. 6. Vertical electron current distribution at the injection current of 70 mA
within the active regions of (a) device A and (b) device B.

we have observed that the effect of electron leakage current
can be efficiently suppressed. In order to discuss the effect
of electron leakage current in these two devices, the vertical
electron current distributions within the active regions at
70 mA injection current are plotted in Fig. 6. The positions of
quantum wells are marked with gray areas. The left-hand side
of this figure is the n-side of the devices. Electrons are injected
from n-type layers into quantum wells and recombine with
holes within quantum wells. Therefore, the electron current
density decreases within the quantum wells gradually as the
well position is close to the p-side, as shown in Fig. 6. For
device A, it is observed that a considerable portion of elec-
trons escapes from the quantum wells into the p-side, which
lowers the recombination efficiency and prevents carriers from
radiative recombination within quantum wells. As for device
B, by increasing the number of quantum wells, less electron
leakage current is observed, as shown in Fig. 6(b). Moreover,
it is noteworthy that the seven quantum wells which are close
to the p-side dominate carrier recombination. This condition
can be found from the degree of reduction of electron current
density in Fig. 6(b). We will show later that this phenomenon is
attributed to the nonuniform distribution of hole carriers.

To further quantitatively analyze the effect of electron leakage
current, the percentage of electron leakage current as a func-
tion of the bias current for devices A and B is plotted in Fig. 7
when the operation temperatures are 25 °C and 95 °C, respec-
tively. The percentage of electron leakage current is defined as
the ratio of the electron current overflowed to the p-type layer
to that injected into the active region of the RCLED devices. As
indicated in Fig. 7, the percentage of electron leakage current in-
creases with increasing input current and operation temperature.
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Fig. 7. Percentage of electron leakage current as a function of the bias current
in devices A and B when the device temperatures are 25 °C and 95 ° C, respec-
tively.

By comparing the leakage current of devices A and B at 25 °C,
it is found that the percentage of electron leakage current of de-
vice A is about twice larger than that of device B when the input
current is 70 mA. Furthermore, as the operation temperature in-
creases from 25 °C to 95 °C, the percentage of electron leakage
current of device A becomes more severe than that of device B.
Consequently, according to the numerical analysis of electron
leakage current, it is found that electron leakage current can be
significantly inhibited by extending the optical thickness of res-
onant cavity and increasing the number of quantum wells. Fig. 8
shows the schematic representation about the relation between
electron leakage and quantum-well numbers. The increase of
quantum-well number provides better electron confinement, es-
pecially for high temperature operation and high current injec-
tion. The rising device temperature at higher current injection
would induce more leakage current, which results in less radia-
tive recombination, and therefore decreases the output power.
We consider that it is one of the most important roles, which re-
sult in the temperature-insensitive light-current characteristics
for device B.

Although the increase of the number of quantum wells can
decrease the percentage of electron leakage current, hole car-
rier transport in multiple-quantum-well active region from the
p-side to the n-side is relatively difficult due to the larger ef-
fective mass and lower hole mobility as compared with elec-
trons. Therefore, it is worth noting that more number of quantum
wells may lead to nonuniform hole concentration distribution
within multiple-quantum-well active region. Since the number
of quantum wells increases from seven to 21 for device B, it is
necessary to consider this issue. Fig. 9 shows the vertical profiles
of the electron-hole recombination rate of device A at 25 °C and
95 °C, respectively, when the input current is 70 mA. By com-
paring Fig. 9(a) and (b), the decrease of spontaneous emission
rate is about one-third of the total value as the operation temper-
ature increases from 25 °C to 95 °C. Fig. 10 shows the vertical
profiles of the electron-hole recombination rate of device B at
25 °C and 95 °C, respectively, when the input current is 70 mA.
In Fig. 10(a), it is obvious that the spontaneous emission rate in
21 quantum wells is substantially nonuniform. However, when
the operation temperature increases from 25 °C to 95 °C, rel-
atively uniform spontaneous emission rate within active region
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is observed, as indicated in Fig. 10(b). Furthermore, the tem-
perature-induced decrease of spontaneous emission rate is not
serious for device B. This temperature-insensitive property for
device B is consistent with previous light-current characteris-
tics.

Recently, Ryu et al. investigated highly stable temperature
characteristics of InGaN blue laser diodes [46] and found that
thermally enhanced hole transport from the p-side to the n-side
quantum well results in the enhancement of device performance
and compensates temperature-induced losses when the device
temperature increases. Since the number of quantum wells of
device B is 21, hole transport in the multiple-quantum-well re-
gion may be another important role for device performance. In
order to further study this effect, vertical profiles of hole concen-
tration distribution within active region for device B are plotted
in Fig. 11 as the operation temperatures are 25 °C and 95 °C, re-
spectively. At 25 °C, hole concentration at the p-side quantum
well is higher than that at the n-side quantum well due to the
poor hole mobility and more number of quantum wells. There-

fore, the vertical profile of spontaneous emission rate at 25 °C
also shows the same distribution, as shown in Fig. 10(a). More-
over, when the number of quantum wells increases from seven to
21, the injected carriers spatially spread in these quantum wells,
which results in lower carrier concentration in each quantum
well and nonuniform carrier distribution. Therefore, the spon-
taneous emission rate and output power of device B are lower
than that of device A when the operation temperature is 25 °C.
On the contrary, as operation temperature increases, the hole
concentration at the n-side quantum well increases as well. This
mechanism originates from thermally enhanced hole transport
from the p-side to the n-side quantum well, which leads to the
increase in spontaneous emission rate at the n-side quantum well
with increasing temperature, as shown in Fig. 10(b). Moreover,
the hole concentration at the p-side quantum well does not in-
crease obviously with temperature. Therefore, the decrease of
spontaneous emission rate at the p-side quantum well is rela-
tively larger than that at the n-side quantum well when the oper-
ation temperature increases from 25 °C to 95 ° C, as indicated in
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Fig. 10. This situation leads to the improved spontaneous emis-
sion rate and output power for device B under the operation tem-
perature of 95 °C. Nevertheless, the hole concentration distribu-
tion within the multiple quantum wells is closely related to the
depth and width of the quantum wells, the height of barrier, and
the number of quantum wells. Consequently, in addition to the
effect of electron leakage current, the temperature dependence
of light-current characteristics should be still dependent on the
design of active region.

V. CONCLUSION

We have numerically investigated how the device tempera-
ture affects the electron leakage current and the carrier concen-
tration distribution for the RCLEDs with different designs of
cavity structures. For conventional 1-A cavity RCLEDs, elec-
tron leakage current is the main mechanism, which limits the
output characteristics at elevated temperature. By extending the
resonant cavity length from one optical wavelength to three op-
tical wavelengths and tripling the number of quantum wells, the
3-X cavity RCLEDs show highly stable temperature-dependent
light-current characteristics. According to the numerical sim-

ulation results, it is found that the stable temperature-depen-
dent light-current characteristics could originate from the re-
duction of electron leakage current and the thermally enhanced
hole transport in multiple quantum wells. The optimization of
InGaP/AlGalnP multiple quantum well structures would pro-
vide higher output power and improved temperature character-
istics of AlGalnP-based RCLED:s.
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