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Heterojunction bipolar light-emitting transistors (HBLETs) with a cleaved facet in the lateral direction for light
emission are proposed for real-time optical wireless transmission. To prevent light shielding by the top metal
electrodes, the light output power of the edge-emitting HBLETs exceeds that of those emitting from the top
surface. Although the proposed HBLETs can generate spontaneous light emissions at A ~965 nm, a reduced

common-emitter current gain (B ~ 0.41) was found due to some of the minority carriers (electron) from the
emitter being radiatively recombined within the Ing15GaggsAs/GaAs multiple-quantum-well containing base
layer. Results also show that a 300 Mbit/s optical link can be constructed using the proposed HBLET transmitter
with a lateral emission geometry but its modulation bandwidth is as high as 237.5 MHz. The paper also describes
the use of HBLET-based optical wireless communications to achieve real-time transmissions of digital TV signals
over a distance of 100 cm in free space.

1. Introduction

Optical wireless communications possess several promising features
such as high data transmission rates and reduced power and mass
deployment requirements. These techniques are increasingly critical for
relieving the continuously expanding data volume in conventional
radio-frequency (RF)-based links (e.g., Wi-Fi) [1]. Compared with other
optical wireless links, light-emitting diode (LED)-based optical wireless
links offer benefits of license-free and unregulated bandwidth in the
visible to near-infrared wavelengths, immunity to electromagnetic
interference, network security and low system cost, making they more
suitable for co-use with Wi-Fi in Internet of Things (IoT) applications or
5G networks [2,3]. However, LED transmitters suffer from a slow dy-
namic response due to their parasitic resistance-capacitance elements or
nonoptimized epistructure design (which causes increased carrier life-
time), which will significantly restrict the transmission performance of
such optical links. By shrinking the device size to a few 10-ym, an
orthogonal frequency division multiplexing (OFDM)-based
bi-directional optical link with respective downlink and uplink data
rates of 416 Mbps and 165 Mbps has been proposed using an integrated
optical transceiver composed of a transfer printed micro-LED

transmitter on the fluorescent concentrator and an avalanche photo-
diode (APD) [4]. Using a strain-compensation scheme to control the
polarization field of InGaN LEDs, the decrease in carrier lifetime reflects
an increased speed of up to 117 MHz for blue InGaN/GaN LEDs under
0.14% compressive strain [5]. Shen et al. reported that the presence of
amplified spontaneous emissions in 405 nm superluminescent diodes
(SLDs) grown on a semipolar GaN substrate helps increase light output
power and 3-dB modulation bandwidth (f3gg = 807 MHz) [6]. In addi-
tion, an SLD-based on-off keying optical link can transmit data at a rate
of 622 Mbps with a bit-error rate of 4 x 107,

By using a reversely biased base-collector junction as an electron
collector while placing an InGaAs/GaAs multiple-quantum-well (MQW)
in a thin and highly carbon-doped (>1019 cm_3) base layer to facilitate
effective light emission, novel optoelectronic devices of n-p-n hetero-
junction bipolar light-emitting transistors (HBLETSs) have been proven to
be useful for high-speed optical data transmission [7]. However, such
devices have yet to be shown to function as optical transmitters in the
aforementioned optical wireless links. This study experimentally in-
vestigates the feasibility of an optical wireless link using HBLETs. The
lateral emission design prevents emission light from being blocked by
the top metal electrodes, resulting in improved light output power of the
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Fig. 1. PL spectrum of the HBLET wafer without the topmost GaAs layer.
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fabricated HBLETs. In addition, these transistor outline (TO)-can pack-
aged HBLETSs not only exhibit a high modulation bandwidth of 237.5
MHz but are also suitable for use in directed line-of-sight optical links for
real-time data transmissions.

2. Experimental

The epistructure of n-p-n HBLETs used here was grown on a semi-
insulating GaAs substrate and consists of a GaAs buffer layer, a heavi-
ly Si-doped (>10'° cm~3) GaAs subcollector, an Ing 49Gag 51 P etch stop
layer and a lightly Si-doped (1 x 10'® cm™3) GaAs collector. These layers
are followed by the p-base layer (total thickness of ~106 nm) in which
two pairs of undoped-Ing 15Gag gsAs (11.2 nm)/GaAs (carbon doping ~
3 x 10* em~3, 17.9 nm) MQWs were grown for light emitting at A ~
960 nm. To reduce the extent of conduction band discontinuity between
the Ing 49Gag 51P emitter and the p-base layer, a p-Alg 1Gag 0As interfa-
cial layer was introduced [8]. The growth procedure was terminated
with the Si-doped (>10'° cm™3) GaAs contact layer. Fig. 1 shows the
photoluminescence (PL) spectrum (532 nm excitation) of the HBLET
wafer without the topmost GaAs layer. The dominant PL peak at A = 964
nm is correlated to the Ing 15GaggsAs/GaAs MQWs buried in the base
layer [7]. As a result of P and As intermixing at the InGaP/(Al)GaAs
interface during epitaxial growth [9], an additional peak (A ~ 871 nm)

(b)

Fig. 2. (a) Schematic diagram of n-p-n HBLETs incorporated with two InGaAs/GaAs MQWs buried in the base layer for light emission, and (b) the corresponding top-
view SEM image of the completed HBLETs with edge emission geometry. The emitter area of the HBLET is estimated at 24 x 490 pm?

Fig. 3. The cross-sectional SEM image of the HBLET wafer after the mesa formation process.
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Fig. 4. (a) Gummel plot of I¢ and Iy for the fabricated HBLETs with zero bias at the base-collector junction. The dependency of the current gain (fp = Ic/Ig) on
different Vg is also shown in the figure. (b) Common emitter I-V characteristics of these devices.

associated with the light emission from the InGaAsP layer can also be
observed in this figure. The production process of the HBLETs with a
lateral emission geometry is similar to previous reports [7], where the
main process is the formation of a step-shaped mesa [Fig. 2(a)] by wet
etching to allow for subsequent production of the strip-shaped n-emitter
along with the metal contact regions of the p(n)-base (collector). Fig. 3
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shows the cross-sectional scanning electron microscopy (SEM) image of
the HBLET wafer following the mesa formation process. The step height
of the emitter mesa is evaluated as ~251 nm, while a 400-nm-height
base mesa was formed on the collector. Prior to metallization, the
whole wafer surface was passivated with SiNy for electrical insulation
between the emitter and the base. Wafer thinning/cleaving was
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Fig. 5. L-Iy characteristic curves at 300 K measured from the vertical or lateral direction of the HBLETs operated with Vgc = 0 V and Vgg > 0. The inset shows the EL
spectrum and the near-field emission pattern of the edge-emitting HBLET measured at Iz = 50 mA. Two constituent components at A = 965 and 925 nm can be

achieved through Gaussian fitting of the measured spectral data.
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Fig. 6. Dynamic response of the edge-emitting HBLET operated with Vgc = 0 V and Ig > 0. The inset shows the eye diagram measured at 300 Mbit/s with Igj,s = 50
mA, Vpp = 5 V and PRBS = 27-1. For both measurements, the used optical link is identical to that shown in Fig. 7(a).

followed by the production of the edge-emitting HBLET with a
strip-shaped emitter (area ~24 x 490 pmz), as shown in Fig. 2(b). To
characterize the current-voltage (I-V) curves by Agilent 4155B semi-
conductor parameter analyzer, the light output performance of the
completed HBLETs without packaging was measured using a Keithley
Model 2400 source meter and a calibrated integrating optical sphere
sensor (Newport Corp.). For high-frequency testing, the HBLET chips
were first packaged onto a TO-56 header without encapsulation and
were then soldered with a coaxial 50 @ SMA microwave connector
through a printed circuit board.

3. Results and discussion

Fig. 4(a) shows the Gummel plot of the collector current (I¢) and base
current (Ig) for the HBLETs with zero base-collector voltage (Vgc = 0 V).
At 300 K, the HBLET exhibits a slightly high turn-on voltage (Vgg,on) of
1.35V as the collector current per unit emitter area (J¢) approaches 1 A/
cm?. In addition, the collector (base) current ideality factor [n¢g)] of the
HBLETs from the slope of the semi-logarithmic I-V characteristics are
respectively estimated at 1.2 and 2.8. The low value of n¢ is considered a
result of the diffusion-driven current in the base layer due to the elec-
trons injected from the emitter to the collector crossing over the base
through the diffusion process. Because the extrinsic base region of the
fabricated HBLETS is only coated with an insulating dielectric (SiNy), the
unoptimized surface passiviation [10], together with the space-charge
recombination at the base-emitter junction [11], will cause increased
carrier leakage and produce the higher ng (>2) found in these devices.
As evaluated from the common emitter I-V characteristics [Fig. 4(b)],
the HBLETSs have a 0.44 V offset voltage and the achievable current gain
(B = Ic/Ip) is about 0.41 at Iy = 9 mA. The variation of the current gain
with different Vgg can also be found in Fig. 4(a). Although the proposed
HBLETS can generate photons (as shown in Fig. 5), the original collector
current will now be partly shared to the radiative recombination current
due to the injected carriers (electrons) being partly annihilated within

the InGaAs/GaAs MQWs of the base layer. This is responsible for their
low current gain or increased turn-on voltage as compared to those of
conventional HBTs [12].

Fig. 5 shows the light output power-emitter current (L-Ig) charac-
teristic curves at 300 K measured from the vertical or lateral direction of
the HBLETS operated with Vgc = 0 V and Vg > 0. Although the base and
collector of the HBLETSs under test is set as equipotential, the presence of
a non-negligible voltage drop in the base spreading resistance helps the
base-collector junction to stay in reversely biased condition and thus
reduce the recovery time of the transistor [13]. As shown in Fig. 5, a
12.2% (@ Ig = 60 mA) increase in light output power is achieved as the
integrating optical sphere sensor is placed laterally to the HBLETs for
light collection. As shown in Fig. 2(b), the emission area of light
collected from the top surface of the HBLETS is evaluated as ~ 110 x
490 pm? by using a CCD camera (DataRay, WinCamD-UCD23). In these
regions (located on both sides of the n-emitter mesa), the light intensity
is significantly weaker than that obtained from the n-emitter mesa
provided it is not covered by a metal layer. However, more uniform and
intense emission patterns are observed from the lateral direction of the
HBLETs, as shown in Fig. 5. Therefore, the improvement in light in-
tensity of the edge-emitting HBLETSs could be attributed to the relief of
the light shielding from the emitter (base) metal electrodes. As shown in
the inset of Fig. 5, two constituent components (located at A = 965 and
925 nm) can be well resolved from the emission spectrum of the
edge-emitting HBLET, which are respectively attributed to light emis-
sion from the Ing 15Gag gsAs/GaAs MQW [7] and the p-type GaAs base
[14]. In addition, the broader emission linewidth at A = 965 nm (AA ~
40 nm) suggests that the light generated from the HBLETS is mostly
dominated by the spontaneous emission process.

With the lateral emission design, the fabricated HBLETs not only
exhibit enhanced light output power but can also simultaneously
perform output power monitoring by detecting the light emission from
the opposite facet, making the edge-emitting HBLETSs useful for optical
data transmission. Therefore, the feasibility of using these devices as an
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Fig. 7. Experimental setup of HBLET-based optical wireless link used for real-time transmissions of the digital video broadcasting-terrestrial (DVB-T) signals. Real-
time TV signals (video only) can be clearly observed on the monitor even when the distance between the transmitter and the receiver was increased from (a) 10 cm to

(b) 100 cm.

optical transmitter is experimentally investigated. Fig. 6 shows the dy-
namic response of the edge-emitting HBLET operated with Vgc =0V and
Iz > 0. The experimental setup for the dynamic characterization is
mainly composed of an optical transmitter (TO-56 packaged HBLET), an
optical receiver (Pacific AD500-9-400M-TO5) and a Rohde & Schwarz
ZVL network analyzer, as shown in Fig. 7(a). Using two plano-convex
lenses (Edmund Optics, 40.0 mm Dia. x 60.0 mm FL uncoated plano-
convex lens) with convex surfaces facing each other for light coupling
between the optical transmitter and the receiver [15], a coupling effi-
ciency of 40.6% can be achieved at a light propagation distance of 10
cm. As shown in Fig. 6, the 3-dB modulation bandwidth of the
edge-emitting HBLET increased from 168.3 to 237.5 MHz as the DC bias
current (Igjas = Ig) increased from 30 to 50 mA. LED modulation band-
width is inversely proportional to the differential carrier lifetime [16].
The increased bandwidth of the HBLET with increasing current implies
enhanced spontaneous emission rate or reduced radiative lifetime of
carriers within the InGaAs/GaAs MQWs of the base layer, provided that
the nonradiative lifetime is fixed for the device under test. Although the
presence of tilted-charge distribution of the minority carriers in the
MQW containing p-base with high doping density (>10'° cm™3) helps
the proposed edge-emitting HBLETs operate at high speeds, the

achievable bandwidth is still lower than that of tilted-charge LEDs [17].
As shown in Fig. 2(a), the metal contact electrodes of the HBLETSs are
designed with a large area (>90 x 90 pm?) for electrical connection
(wire bonding) of the emitter and base to the I/0 terminals of TO-56
metal-can package. The extrinsic parasitic resistance-capacitance
delay time associated with carrier transport at lateral p-base layer
(located on both sides of the n-emitter mesa) is considered to be detri-
mental to the high frequency performance of the fabricated HBLETS
[18]. However, as evaluated from the large-signal analysis of the
edge-emitting HBLETs operated at a 50-mA bias current and a 5 V
peak-to-peak voltage (Vpp), a clear open eye pattern is measured at 300
Mbit/s with a 27-1 nonreturn-to-zero pseudorandom bit sequence (see
inset of Fig. 6). In addition, the rise time, fall time and peak-to-peak jitter
are respectively evaluated at 889 ps, 556 ps and 666.7 ps? These results
indicate that the edge-emitting HBLETSs can be used as a high-speed light
source for optical communications.

A HBLET-based optical link capable of real-time transmissions of
digital video broadcasting-terrestrial (DVB-T) signals over a moderate
distance in free space is presented using the proposed optical lens design
to facilitate effective light propagation from the optical transmitter to
the receiver (referred as a directed line-of-sight optical link). Fig. 7
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shows a photograph of the proposed optical wireless transmission sys-
tem with the edge-emitting HBLET. In the transmitting terminal, the
OFDM-based RF signals from the antenna were first demodulated using a
commercial DVB-T receiver to generate TV signals. A field program-
mable gate array (FPGA) based video encoder (Altera CPLD
EPM570T144C5N) was then used to obtain a video stream combined
with a 50-mA bias current via a high-frequency bias tee and fed to the
TO-packaged HBLET. The modulated light from the HBLET will propa-
gate through a moderate distance in free space and eventually return the
original TV signals using an optical receiver composed of an optical
detector (Pacific AD500-9-400M-TO5), a video decoder (Altera CPLD
EPM570T144C5N) and a D/A converter (Texas Instruments TLC5602C)
[15]. As shown in Fig. 7, when a directed line-of-sight optical link is
established by carefully adjusting the relative positions of two
plano-convex lenses so as to maximize the light signals collected by the
receiver, real-time TV signals (video only) can be clearly observed on the
monitor even when the separation (light coupling efficiency) between
the transmitter and the receiver was increased (reduced) from 10 c¢m
(40.6%) to 100 cm (36.5%). In the experiment, the proposed trans-
mission system can still work normally as the transmission distance in-
creases to 2.5 m (the typical distance in indoor optical communications).
In such an optical link, the data rate for real-time transmission of digital
TV signals is estimated to be about 150 Mbit/s. In contrast to using
visible LED transmitters for the realization of optical wireless commu-
nications [4-6,15,16], our work indicates that the proposed
edge-emitting HBLETs with improved output performance can also be
used as an alternative for such communication systems.

4. Conclusions

In summary, the proposed lateral emission design is shown to use-
fully address the issue associated with light shielding from the metal
electrodes of the emitter and base of the HBLETs. Experimental results
show HBLETs fabricated with a strip-shaped emitter exhibit an offset
voltage of 0.44 V and can provide a 3.7 mA collector current when the
base current is set at 9 mA (i.e., Ic/Ig = 0.41). In addition to the spon-
taneous emission of light at A = 965 nm, a 12.2% @ Ig = 60 mA increase
in light output power is achieved as the light was collected laterally to
the HBLETs. On the other hand, these edge-emitting HBLETs operated
with Vpc =0 V and Ig > 0 not only exhibit a high modulation bandwidth
of 237.5 MHz, but also enable 300 Mbit/s optical data transmission.
Finally, real-time transmissions of digital TV signals over a distance of
100 cm in free space are shown to be feasible using a direct line-of-sight
optical link with the proposed edge-emitting HBLETS.
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