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Abstract: In this study, a paradigm for modulating the light emission performance of photonic-crystal
surface-emitting laser (PCSEL) via GaN high electron mobility transistor (HEMT) driving circuit is
proposed for the first time. For light detection and ranging (LiDAR) system, a faster pulse repetition
frequency with shorter pulse width can provide not only high resolution but also sufficiently precise
range resolution. Hereupon, comprehensive analyses for such an integrated system are conducted
with not only electro-optical responses but also the corresponding optical behaviors. The relevant
electrical characteristics of the employed GaN HEMT are examined at first. Next, the integrated
system on a matrix board with its corresponding circuit topology is discussed, illustrating the relevant
operating principles. Thereby, sufficient systematical scrutinization for relevant light emissions is
performed for both photodiode responses and the optical behaviors under different conditions,
paving a holistic panorama for the LiDAR system. Thus, prospects for the next generation LiDAR
system in high-power and high-speed operation can be expected.

Keywords: photonic-crystal surface-emitting laser; PCSEL; depletion mode; D-mode; high electron
mobility transistor; HEMT; driving circuit; light detection and ranging; LiDAR

1. Introduction

Echolocation in mammals for range-finding and distance sensing is ubiquitous in
nature [1–6]. For example, a bat can use its built-in sound navigation and ranging (sonar)
system to pursue fast-flying prey at night. Imitating such a principle of nature, the light
detection and ranging (LiDAR) system accordingly exploits pulsed lasers to measure rel-
evant range. In particular, the flurry of autonomous vehicles is in full swing, and thus
the LiDAR system with great performance for environmental perception is in urgent
demand [7,8]. Compared with other perception sensors, LiDAR can provide great capa-
bilities of long-range detection, high precision, high spatial resolution, and active three-
dimensional (3D) measurement for acquiring detailed surrounding information. Today,
LiDAR is widely used in miscellaneous applications, such as autonomous vehicles, ma-
chine vision, biomedical industry, augmented reality/virtual reality (AR/VR), industrial
automation, and simultaneous localization and mapping (SLAM) [9–19].

For LiDAR systems, pulse repetition frequency (PRF) and pulse width play crucial
roles in the ranging performance. High PRF provides high spatial resolutions for 3D point
clouds and narrow pulse width provides high range resolutions to avoid ranging ambiguity.
Complying with eye safety regulations, the peak power of LiDAR systems, which affects not
just the maximum detection range, should be also be a concern [20,21]. The aforementioned
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issues are frequently discussed and can be tackled with through structuring materials,
pulse shape, and laser driving circuits [22–24]. Therefore, the consequence of PRF and
pulse width is indeed decisive for the performance of a LiDAR system and is worth being
carefully investigated.

Herein, an integrated system on a matrix board is utilized with our depletion-mode
(D-mode) GaN high electron mobility transistor (HEMT) switch and a commercial photonic-
crystal surface-emitting laser (PCSEL) device (Hamamatsu Photonics), thus modulating
the light emission performance via the driving circuit [25,26]. Benefits from the superior
intrinsic properties of GaN material, such a GaN HEMT switch, can provide several
advantages, such as a low parasitic capacitance, a large breakdown endurance, and a low
on-resistance [27–30]. Moreover, the formation of two-dimensional electron gas (2DEG) on
the channel brings forth a low node-to-node junction capacitance, offering the capability
of high-speed operation [28,31]. Consequently, with the advantageous fast switching
property, such a GaN HEMT switch, is quite suitable for high-power and pulse-based
applications [28,32,33].

On the other hand, light source is a vital element in such an integrated system. For a
LiDAR system, miscellaneous laser light sources have been utilized in the development
progress. At first, the edge-emitting laser (EEL), namely a Fabry–Pérot type semiconductor
laser, is exploited. However, assorted undesirable drawbacks, such as a broad lasing
spectrum, an inherent edge-emitting direction, an asymmetric beam profile, and a large
beam divergence, suppress the outcome optical performance, thus hindering the further
progress. Thereby, since the first lasing action from a vertical-cavity surface-emitting laser
(VCSEL) was demonstrated in 1988, several undesirable features have been tackled with the
symmetric beam profile and narrow spectrum [34–44]. However, owing to the multimodal
lasing oscillation in high-power operation, the requisite for laser beam collimation yet
remains. Auspiciously, a revolutionary semiconductor laser technology, namely the PCSEL
device, has changed significantly in the past two decades, gaining from the monolithic
integration of photonic crystals in epitaxial structures. PCSEL exhibits great outcome
performance in single-mode operation with controllability, and thus PCSEL provides
promising perspectives for LiDAR applications [45–52].

With the aforesaid unprecedented merits, a paradigm for modulating the light emis-
sion performance of PCSEL via the GaN HEMT driving circuit has been proposed along
with comprehensive analyses for the first time. A systematic investigation is conducted
with not only electro-optical responses but also the corresponding optical behaviors, paving
a holistic panorama for the LiDAR system. Thus, with the assorted unprecedented merits,
such an integrated system can be a great paradigm with high potentials for the next genera-
tion LiDAR applications. Prospects for the next generation LiDAR system in high-power
and high-speed operation can be expected in miscellaneous applications [9–19,32,33,45–52].
That is one small step for the next generation LiDAR systems, but one giant leap for the
betterment of human well-being in the future.

2. Modulating Light Emission Performance via Driving Circuit

Prior to the integrated system of a laser driving circuit, electrical characteristics,
namely current–voltage (I-V) characteristics, of the employed D-mode GaN HEMT are
investigated via a semiconductor device analyzer (Keysight B1500A). Herein, based on
previous work, a D-mode GaN HEMT in the same form is utilized with a TO220 package,
offering a large metal tab for heat dissipation [25]. Such a GaN HEMT switch with a
120 mm total gate width can provide not only a maximum drain current over 40 A but
also breakdown voltage over 800 V. Therefore, with the advantageous fast switching
property, compared to the conventional silicon-based metal-oxide semiconductor field
effect transistor (MOSFET), such a GaN HEMT switch is quite suitable for high-power and
pulse-based applications [30,53,54].
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2.1. Integrated System on a Matrix Board

Figure 1a shows the current–voltage (I-V) characteristics of the employed D-mode
GaN HEMT. The output characteristics are sequentially measured under various gate
voltages from −14 V to 0 V in 8 steps, starting from the very bottom with black and red
overlapping curves. It is worth mentioning that a slight decline of the output current (green
curve) applied with a gate voltage of −6 V can be observed at the saturation region due to
the self-heating effects [55]. Additionally, the corresponding transfer curve is measured
with a drain voltage of 10 V, as shown in Figure 1b. Thus, the threshold voltage can be
appraised at around −11.5 V.
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Figure 1. Electrical characteristics of the employed GaN HEMT and the topology of a laser driving
circuit. (a) Output characteristics of the GaN HEMT operated under various gate voltages. The gate
voltages are sequentially applied from −14 V to 0 V in eight steps (starting from the very bottom
with black and red overlapping curves). (b) Transfer curve of the GaN HEMT with a drain voltage of
10 V. The threshold voltage can be appraised around −11.5 V. (c) Topology of a laser driving circuit
with the PCSEL and GaN HEMT switch.

Turning now to the integrated system on a matrix board, Figure 1c shows the corre-
sponding topology of a laser driving circuit with the employed PCSEL and D-mode GaN
HEMT switch, hereafter operating in two phases, namely ON and OFF stages [56]. Firstly,
the periodic pulse train is generated by a function generator (Tektronix AFG31054), thereby
transmitting through a buffer with 5 V DC power. Then, a gate driver (ON Semiconductor
NCP81074) can provide a 10 A driving current to activate the employed D-mode GaN
HEMT via a charge pump circuit, clamping the positive pulse signals into negative pulse
signals. By adding a charge pump circuit, the original D-mode GaN HEMT can be regarded
as an enhancement mode (E-mode) one [57]. In other words, the OFF stage with a zero-
voltage signal will be clamped into a negative signal while the ON stage with a high-level
signal will be clamped into 0 V.

In the OFF stage, zero-voltage signals will originally transmit through the buffer, thus
triggering the gate driver. However, at this point, the additional charge pump circuit will
clamp positive signals into negative signals, thus turning off the HEMT switch. In this
phase, the discrete capacitor C is charged to VDD through the R, Lc, and the clamp diode.
Herein, the clamp diode and Lc form an equivalent series inductance (ESL) of the clamp
diode and discrete capacitor.
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On the contrary, the gate driver will originally receive high-level signals in the same
path, but the signals will be clamped into zero-voltage signals via the charge pump circuit,
forming the ON stage to turn on the HEMT switch. In this stage, discrete capacitor C is
discharged through the HEMT switch and PCSEL. Such a capacitor discharge loop, Lsw,
and Ldiode represent the relevant parasitic inductance, originating from the HEMT switch
and the package of PCSEL, respectively. The laser driving ability can be ameliorated by
increasing the capacitance but decreasing the total stray inductance of Lsw, Lc, and Ldiode.
Moreover, to further suppress the second overshoot, right after the first peaking current,
while the HEMT switch turns off, the secondary path can be clamped by the clamp diode.

To probe exact electrical responses, 50 Ω transmission wires with SubMiniature version
A (SMA) connectors are exploited for impedance matching, preventing from high-frequency
interference. Additionally, to reduce the parasitic effects, all passive elements are employed
with surface mount device (SMD) forms, compressing all loop sizes. During the experiment,
both VDD and logic input is set to 10 V and 12 V, respectively. Relevant waveforms are
extracted by an oscilloscope (Tektronix MDO3054). All aforesaid measurement is conducted
in ambient conditions.

2.2. Electro-Optical Responses of the Driving Circuit

To gain a deep insight into confirming advantageous fast switching of the employed
D-mode GaN HEMT, electrical responses of the driving circuit are comprehensively in-
vestigated. For a LiDAR system, a faster pulse repetition frequency (PRF) is beneficial to
achieve high resolution. As shown in Figure 2, the relevant electro-optical responses of the
integrated system are systematically analyzed. The voltage pulses, namely the gate input
voltage, are applied to activate the employed PCSEL device, emitting invisible laser light
in the near-infrared range (center wavelength at 940 nm). After that, laser light emission
from the PCSEL is captured by an InGaAs free-space photodiode with a lens (Thorlabs
DET08CL). The photodiode can provide sensitive detection in the wavelength range of
800−1700 nm with a 5 GHz bandwidth. In addition, the transmission wire with a 50 Ω
load resistor is exploited for the photodiode, looking at high-speed signals.

Relevant photodiode responses from the PCSEL with distinct pulse repetition frequen-
cies are shown in Figure 2a. Herein, the stimulus interval of gate input voltage, namely the
pulse width, is preserved for 50 ns while the PRF is varied. Accordingly, distinct PRFs are
applied from 1 kHz and eventually accelerated up to 600 kHz, dynamically activating the
employed PCSEL of the integrated system under pulsed conditions. In other words, the
corresponding duty cycles are varied from 0.005% up to 3%, and thus introducing a severe
self-heating effect of the PCSEL device. The waveforms of photodiode current maintain
roughly similar shapes and are consistent with the waveforms of corresponding gate input
voltages. At 100 kHz, the rise time response from the starting point of stimulus interval
to 90% of the pulse-on photodiode current is estimated around 2.8 ns. However, fall time
response for the 10% of pulse-off photodiode current after the stimulus interval is evaluated
around 58.8 ns, exhibiting an obvious tail current. In addition, uneven photodiode currents
can be observed while the PRF is slower than 200 kHz. Stable waveforms come out with a
PRF faster than 200 kHz.

Figure 2b demonstrates a sequence of photodiode responses from the PCSEL for the
comparison among various PRFs. The photodiode peak current is decrescent as the PRF
becomes faster. The faster PRF, the lower photodiode peak current in general. As shown in
Figure 2c, the corresponding peak currents are extracted from Figure 2b for comparison. A
significant rollover in peak current can be observed while the PCSEL device is operated at
high PRF. Since heat will accumulate over time, such an output droop is originated from
the self-heating effect of the PCSEL device, leading to a significant rollover in peak current,
namely the decreasing of overall light emission intensity from the PCSEL. Thus, for practical
usage, thermal management for a PCSEL device should be considered to prevent device
degradation [58]. Afterwards, the higher PRF, the severer rollover. The corresponding peak
current drops from 5.04 A to 3.49 A can be discerned at 1 kHz and 600 kHz, respectively.
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Moreover, a flat saturation of peak current around 3.5 A can be observed once the PRF
is applied beyond 300 kHz, namely a duty cycle of 1.5%. Such saturation may owe
to the heat accumulation of a PCSEL device, limiting the further implementation for
high-speed operation.
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the employed PCSEL with fixed pulse width of 50 ns. (a) Photodiode responses from the PCSEL Figure 2. Characteristics of the integrated system and the corresponding photodiode responses from

the employed PCSEL with fixed pulse width of 50 ns. (a) Photodiode responses from the PCSEL with
distinct pulse repetition frequencies. The PCSEL is activated by gate input pulses of the integrated
system. The black lines are the gate input voltages (V) from a function generator (left y-axis) while
the red lines are the corresponding photodiode currents (A) caused by the irradiation of PCSEL
(right y-axis). (b) A sequence of photodiode responses from the PCSEL with various pulse repetition
frequencies for comparison. The higher the pulse repetition frequency, the lower the photodiode peak
current. (c) Corresponding peak currents extracted from (b). Due to the severe self-heating effect,
PCSEL operated at a high pulse repetition frequency will suffer from an output droop. Afterward,
the corresponding peak current drops from 5.04 A to 3.49 A at 1 kHz and 600 kHz, respectively.

Apart from attaining higher PRF to realize a high-resolution LiDAR system, the short
pulse width is crucial to achieving sufficiently precise object detection. Moreover, for the
LiDAR system equipped with light sources of wavelengths less than 1.5 µm, eye safety
should be carefully considered [20,21]. Mercifully, a short pulse light source can tackle such
an issue. Thus, relevant electro-optical responses of the integrated system with different
pulse widths are investigated in this regard, as shown in Figure 3.

The corresponding photodiode responses from the PCSEL are shown in Figure 3a.
The PCSEL employed herein is operated with a fixed PRF of 100 kHz, but the pulse width
is shrunk from 50 ns to 10 ns. To put it simply, the corresponding duty cycles are shrunk
from 0.5% down to 0.1%. No matter how the pulse width is changed, uneven photodiode
currents can be observed with a fixed PRF of 100 kHz once more. However, the tail current
tends to be increasingly acute while shrinking the pulse width. Operated with a pulse
width of 50 ns, the fall time response for the 10% of pulse-off photodiode current after the
stimulus interval is evaluated at around 58.8 ns. However, the corresponding fall time
response operated with a pulse width of 10 ns is evaluated at around 57.2 ns. In other
words, the tail current is much longer than the stimulus interval, namely the pulse width,
under such conditions.
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with various pulse widths for comparison. The shorter the pulse width, the lower the photodiode
peak current. (c) Corresponding peak currents extracted from (b). Herein, the corresponding peak
current drops from 4.88 A to 3.56 A with a width of 50 ns and 10 ns, respectively.

For a perspicuous view, Figure 3b demonstrates a sequence of photodiode responses
from the PCSEL for the comparison among various pulse widths. The waveforms of
photodiode current overall are consistent with the stimulus interval, but a higher proportion
of tail current can be discerned. Compared to the stimulus interval, the proportion of tail
current increases from the initial 117.6% to a harsh 752% operated at 100 kHz with a pulse
width of 50 ns and 10 ns, respectively. The smaller the duty cycle, the harsher the tail current.
Moreover, Figure 3c shows the corresponding peak currents extracted from Figure 3b for
comparison. Shrinking the corresponding pulse width, rollover in peak current can be
observed as well. A slight saturation can be discerned with a peak current around 3.68 A
while the pulse width is shrunk down to 20 ns. The saturation may owe to the inherent
properties of the driving circuit, namely the parasitic inductance of employed PCSEL and
D-mode GaN HEMT. The shorter the pulse width, the lower the photodiode peak current.
The corresponding peak current drops from 4.88 A to 3.56 A with a width of 50 ns and
10 ns, respectively.

2.3. Optical Behaviors of Relevant Light Emission

To comprehensively characterize the corresponding optical behaviors of light emission
under different conditions, a spectrometer (Ocean Insight FLAME-T-XR1) is employed,
replacing the aforesaid photodiode. Such a compact spectrometer can provide a precise
study of spectroscopy within the wavelength range of 200−1025 nm with an optical reso-
lution of 1.7 nm. Laser light pulses are emitted from the activated PCSEL in accordance
with the timing of gate input voltage, namely the turn-on pulses. Whereby the integration
time of the spectrometer is set as 10 ms, calculating and analyzing relevant spectra and
optical behaviors.

Figure 4 shows the light emission spectra and optical behaviors of the PCSEL op-
erated with miscellaneous PRFs. Herein, the corresponding PRFs are set as the above
investigation, namely from 1 kHz up to 600 kHz but all pulse widths are fixed at 50 ns.
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The corresponding duty cycles are varied from 0.005% up to 3%. While the PRF rises, an
apparent redshift can be observed, owing to the aforesaid self-heating effect of the PCSEL
device, as shown in Figure 4a. Moreover, once the PRF is applied beyond 200 kHz, namely
a duty cycle of 1%, dual-mode spectra can be distinguished, developing an additional
Mode 2. Such dual-mode phenomenon may originate from the heat accumulation of a
PCSEL device, enabling the lasing action of side modes. Moreover, the power redistribution
among different oscillation modes is slow under such rapid pulse operation, namely the
rapid current changes, thus hindering preserving an exact mode selection [47]. As shown in
Figure 4b, the corresponding center wavelengths are extracted from Figure 4a for compari-
son among miscellaneous PRFs. For both Mode 1 and Mode 2, the higher PRF, the redder
center wavelengths. The center wavelengths of Mode 1 shift from 942.4 nm to 950.82 nm,
operated at 1 kHz and 600 kHz, respectively. For the additional Mode 2, the correspond-
ing center wavelengths shift from 944.6 nm to 947.9 nm with the PRF of 200 kHz and
600 kHz, respectively.
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Figure 4. Light emission behaviors of the employed PCSEL operated with a fixed pulse width of 50 ns.
(a) Light emission spectra of the PCSEL with miscellaneous pulse repetition frequencies. The higher
the pulse repetition frequency, the redder the center wavelength of Mode 1. Moreover, starting from
200 kHz, an additional Mode 2 can be distinguished. (b) Corresponding center wavelengths extracted
from (a). While increasing the pulse repetition frequency, the corresponding center wavelengths of
Mode 1 shift from 942.4 nm to 950.82 operated at 1 kHz and 600 kHz, respectively. For the additional
Mode 2, the corresponding center wavelengths shift from 944.6 nm to 947.9 nm with the pulse
repetition frequency of 200 kHz and 600 kHz, respectively.

As shown in Figure 5, the effects of varying pulse width are profoundly investigated.
Herein, the employed PCSEL is operated with two fixed PRFs of 100 kHz and 500 kHz,
providing two types of spectral behavior, namely the single- and dual-mode spectra.
Thereby, the operating pulse width for both conditions is shrunk from 50 ns to 10 ns, in the
same way, looking at the corresponding light emission behaviors. Thus, the corresponding
duty cycles are shrunk from 0.5% down to 0.01% and from 2.5% down to 0.5% for the fixed
PRFs of 100 kHz and 500 kHz, respectively. Moreover, since the integration time of the
spectrometer is set as 10 ms, spectrum intensity is linearly proportional to the stimulus
interval of gate input voltage with a fixed PRF, namely the pulse width.

Figure 5a shows the light emission spectra of the PCSEL operated at 100 kHz with
a series of pulse widths. Thereby, the corresponding duty cycles are manipulated from
0.5% down to 0.1%. Linear relation between the integrated intensity of spectra and pulse
width can be distinctly observed. To gain a deeper understanding of the optical behav-
iors, corresponding center wavelengths are extracted. A slight blueshift, from 947.9 nm
to 946.07 nm, can be discerned, as shown in the inset (i) of Figure 5a. The shorter pulse
width, the bluer center wavelength. Moreover, a flat saturation of center wavelength can be
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observed while the pulse width is shrunk down to 30 ns, namely a duty cycle of 0.3%, indi-
cating the alleviation of the self-heating effect, and thus achieving equilibrium in ambient
conditions. Moreover, the corresponding peak deconvolution of the PCSEL operated at
100 kHz with a pulse width of 50 ns is conducted as well, gaining a deeper understanding
of the nonsymmetric spectra, as shown in the inset (ii) of Figure 5a. Herein, an implicit
dual-mode phenomenon can be observed. For Mode 1 and Mode 2, the corresponding
center wavelengths are 947.9 nm and 946.1 nm, respectively.
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Figure 5. Light emission spectra of the employed PCSEL operated with fixed pulse repetition
frequencies of 100 kHz and 500 kHz, respectively. (a) Light emission spectra of the PCSEL operated
at 100 kHz with a series of pulse widths. The shorter pulse width, the bluer center wavelength.
Insets: (i) Corresponding center wavelengths extracted from (a). While the pulse width is shrunk
from 50 ns to 10 ns, a blueshift from 947.9 nm to 946.07 nm can be observed. (ii) Corresponding peak
deconvolution of the PCSEL operated at 100 kHz with a pulse width of 50 ns. An implicit dual-mode
phenomenon can be observed. For Mode 1 and Mode 2, the corresponding center wavelengths are
947.9 nm and 946.1 nm, respectively. (b) Light emission spectra of the PCSEL operated at 500 kHz
with a series of pulse widths. Additionally, two modes, namely Mode 1 and Mode 2, can be discerned
from the spectra. Insets: (i) Corresponding center wavelengths extracted from (b). While the pulse
width is shrunk from 50 ns to 10 ns, blueshifts from 950.46 nm to 947.17 nm and 946.8 nm to 943.87 nm
can be observed for Mode 1 and Mode 2, respectively. (ii) Corresponding peak deconvolution of
the PCSEL operated at 500 kHz with a pulse width of 50 ns. A distinct dual-mode phenomenon can
be recognized for Mode 1 and Mode 2 with the corresponding center wavelengths of 950.1 nm and
946.8 nm, respectively.

While the employed PCSEL is operated at 500 kHz, dual-mode spectra emerge, as
shown in Figure 5b. Herein, the corresponding duty cycles are manipulated from 2.5%
down to 0.5%. the Once again, optical behaviors of spectra retain the linear relation between
the integrated intensity of spectra and pulse width. However, the blueshift phenomenon is
evident, owing to the alleviation of the severe self-heating effect of a PCSEL device operated
herein under such high PRF conditions. Shrinking the pulse width can provide not only
less heat generation but also offer enough time for heat dissipation. Corresponding center
wavelengths are thus extracted for a perspicuous view, as shown in the inset (i) of Figure 5b.
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The blueshift phenomenon is more apparent in both Mode 1 and Mode 2. While the pulse
width is shrunk from 50 ns to 10 ns, blueshifts for Mode 1 and Mode 2 can be discerned
from 950.46 nm to 947.17 nm and 946.8 nm to 943.87 nm, respectively. The corresponding
peak deconvolution of the PCSEL operated at 500 kHz with a pulse width of 50 ns is
conducted, as shown in the inset ii of Figure 5b. A distinct dual-mode phenomenon can be
recognized for Mode 1 and Mode 2 with the corresponding center wavelengths of 950.1 nm
and 946.8 nm, respectively. It is worth mentioning that a slight redshift can be observed
with a higher PRF, indicating a severer self-heating effect.

3. Reliability Test for the Integrated System

Considering the practical usage, the reliability test for the integrated system is con-
ducted through the corresponding photodiode responses and relevant optical behaviors of
light emission from the employed PCSEL. Therefore, the self-heating effect and the relevant
side mode suppression ratios (SMSRs) under different conditions are systematically dis-
cussed in the following section. All reliability testing was performed in ambient conditions
without an external cooling system.

3.1. Self-Heating Effect of PCSEL in High-Frequency Operation

The aforementioned discussion of the rollover in peak current operated at high PRF
indicates the harsh self-heating effect for down-to-earth applications. Since heat will ac-
cumulate over time, relevant photodiode responses from the PCSEL operated at 500 kHz
and 600 kHz with a fixed pulse width of 50 ns, namely at the corresponding duty cy-
cles of 2.5% and 3%, are analyzed in the sequence of accumulated time, as shown in
Figure 6a,b, respectively.
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Figure 6. Reliability test for the integrated system and the corresponding photodiode responses
from the employed PCSEL operated with a fixed pulse width of 50 ns. (a) Sequence of photodiode
responses from the PCSEL operated at 500 kHz for comparison. Inset: Corresponding peak currents
extracted from (a). Due to the self-heating effect, heat will accumulate over time. Thus, an obvious
output droop can be observed and the corresponding peak current drops from 3.52 A to 0.72 A within
75 s. (b) A sequence of photodiode responses from the PCSEL operated at 600 kHz for comparison.
Inset: Corresponding peak currents extracted from (b). Herein, the corresponding peak current
rapidly drops from 3.49 A to 0.24 A within just 60 s due to a higher pulse repetition frequency.

Under both 500 kHz and 600 kHz operation conditions, the waveforms of photodiode
current are consistent with the stimulus interval, namely the gate input voltage. However,
due to device degradation, significant rollover in peak current can be observed in the
process of time. It is worth mentioning that the tail currents of both 500 kHz and 600 kHz
alleviate at the accumulated time of 15 s and 30 s, respectively. Meanwhile, blatant over-
shooting and the ringing waveforms at the starting point of the stimulus interval can be
observed as well. Corresponding peak currents are extracted for both PRFs, providing
intuitive views, as shown in the insets of Figure 6. The corresponding peak current at
500 kHz drops from 3.52 A to 0.72 A within 75 s, whereas the corresponding peak at
600 kHz current rapidly drops from 3.49 A to 0.24 A within just 60 s. Such a result is caused
by a higher pulse repetition frequency.
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On the other hand, for the optical behaviors of relevant light emission, the corre-
sponding light emission spectra are shown in Figure 7. Due to the large instantaneous
injected current and the slow power redistribution among different oscillation modes under
such rapid pulse operation, the dual-mode phenomenon in spectra can be discerned [47].
Relevant optical behaviors are consistent with the earlier discussion, namely that a redshift
can be observed with a higher PRF. Accordingly, the corresponding center wavelengths are
extracted for both PRFs, as shown in the insets of Figure 7. Operated at 500 kHz, the initial
center wavelengths of Mode 1 and Mode 2 are 949.36 nm and 946.43 nm and ultimately
shift to 955.57 nm and 952.65 nm, respectively. Additionally, the initial center wavelengths
operated at 600 kHz of Mode 1 and Mode 2 are 949.73 nm and 946.8 nm and ultimately
shift to 953.02 nm and 952.29 nm, respectively. The longer the accumulated time as well as
the higher PRF, the redder the corresponding center wavelengths for both modes.
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Figure 7. Reliability test for the integrated system and the corresponding light emission spectra of the
employed PCSEL operated with a fixed pulse width of 50 ns. (a) Sequence of light emission spectra
of the PCSEL operated at 500 kHz for comparison. Inset: (i) Corresponding center wavelengths
extracted from (a). An obvious redshift can be observed in the process of time. Within 75 s, the
corresponding center wavelengths of Mode 1 and Mode 2 shift from 949.36 nm to 955.57 nm and from
946.43 nm to 952.65 nm, respectively. (ii) Corresponding peak deconvolution of the PCSEL operated
at 500 kHz with a pulse width of 50 ns. A dual-mode phenomenon can be recognized for Mode 1
and Mode 2 with the corresponding center wavelengths of 949.4 nm and 946.1 nm, respectively.
(b) A sequence of light emission spectra of the PCSEL operated at 600 kHz for comparison. Inset:
(i) Corresponding center wavelengths extracted from (b). Within just 60 s, the corresponding center
wavelengths of Mode 1 and Mode 2 shift from 949.73 nm to 953.02 nm and from 946.8 nm to 952.29 nm,
respectively. (ii) Corresponding peak deconvolution of the PCSEL operated at 600 kHz with a pulse
width of 50 ns. A distinct dual-mode phenomenon can be recognized for Mode 1 and Mode 2 with
the corresponding center wavelengths of 949.7 nm and 946.4 nm, respectively.

The corresponding peak deconvolution of the PCSEL is performed as well. Herein,
the dual-mode phenomenon can be recognized for both conditions. As shown in the inset
(ii) of Figure 7a, the corresponding center wavelengths operated at 500 kHz for Mode 1
and Mode 2 are of 949.4 nm and 946.1 nm, respectively. While operating at 600 kHz, the
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corresponding center wavelengths for Mode 1 and Mode 2 are of 949.7 nm and 946.4 nm,
respectively, as shown in the inset ii of Figure 7b. Since the PCSEL is operated under such
high PRF, there is no evident redshift between these two conditions.

3.2. Relevant Side Mode Suppression Ratios under Different Conditions

Herein, based on the preceding experimental results, relevant side mode suppression
ratios (SMSRs) of the employed PCSEL operated under different conditions are evaluated,
as shown in Figure 8. Typically, the larger the SMSR, the better the laser performance.
However, operating under distinct conditions will result in different SMSRs. The relation
of laser light emission intensity between the center-peak-longitudinal mode and the nearest
higher-order mode can thus be investigated.
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Figure 8. Relevant side mode suppression ratios of the employed PCSEL operated under different
conditions. The highest SMSRs are labeled with red arrows. (a) SMSRs extracted from Figure 5a.
While the pulse width is shrunk from 50 ns to 10 ns, the corresponding SMSRs drop from 16.4 dB
to 9.25 dB, respectively. (b) SMSRs extracted from Figure 5b. Two modes emerge at the same time
under this condition, and thus the corresponding SMSRs are much lower compared to the case of (a).
The highest SMSR is 2.38 dB with the pulse repetition frequency and pulse width of 500 kHz and
30 ns, respectively. (c) SMSRs extracted from Figure 7a. Two modes emerge at the same time under
this condition, and the highest SMSR of 1.93 dB appears at the accumulated time of 15 s. (d) SMSRs
extracted from Figure 7b. Two modes emerge at the same time under this condition, and the highest
SMSR of 2.14 dB appears at the accumulated time of 30 s.

Figure 8a demonstrates a series of SMSRs operated at a fixed PRF of 100 kHz but
shrinking the corresponding pulse widths from 50 ns down to 10 ns. Thus, the corre-
sponding duty cycles are shrunk from 0.5% down to 0.1%. The highest SMSR of 16.4 dB
appears while the pulse width is 50 ns. However, SMSR rapidly decreases as the pulse
width shrinks. Eventually, the SMSR is down to 9.25 dB with a pulse width of 10 ns. At
a high PRF of 500 kHz, dual-mode spectra emerge, suppressing the subsequent SMSRs.
The corresponding duty cycles are manipulated from 2.5% down to 0.5%. As shown in
Figure 8b, the corresponding SMSR initially welcomes a progressive increment, during



Crystals 2022, 12, 1242 12 of 15

which the SMSRs grow from 1.11 dB to the highest SMSR of 2.38 dB with pulse widths of
50 ns and 30 ns, respectively. Later, a plateau keeps until the pulse width shrinks down to
20 ns, namely a duty cycle of 1%. The SMSR drops to 1.33 dB in the end.

For SMSRs regarding the self-heating effect of PCSEL under rapid operations with a
fixed pulse width of 50 ns, corresponding results are extracted as well. While operating
at 500 kHz, namely a duty cycle of 2.5%, the corresponding SMSR is 1.11 dB as the initial
condition of Figure 8b. The SMSR reaches the highest value of 1.93 dB at the accumulated
time of 15 s, as shown in Figure 8c. From then on, relevant SMSRs keep a plateau over
time by achieving an equilibrium, lasting around 60 s. Such an equilibrium phenomenon
of SMSRs can be observed even though the intensity of photodiode responses and the
corresponding light emission spectra decays in process time. However, operated at 600 kHz,
namely a duty cycle of 3%, the equilibrium phenomenon is implicit, as shown in Figure 8d.
The highest SMSR of 2.14 dB appears at the accumulated time of 30 s, and afterward the
SMSR drops down to 1.89 dB. Due to the severe self-heating effect under this condition, the
intensity of photodiode responses and the corresponding light emission spectra fades out
within just 60 s. Thus, the follow-up plateau of SMSRs is not observed but decreases under
this condition.

4. Conclusions

Comprehensive analyses for modulating light emission performance of PCSEL via
GaN HEMT driving circuit have been conducted and well investigated for the first time. It
begins with the electrical characteristics of the employed D-mode GaN HEMT. It goes on to
the integrated system on a matrix board with its corresponding circuit topology, illustrating
the relevant operating principles. Thereby, the electro-optical responses of the driving
circuit are systematically scrutinized for relevant light emission, providing a deep insight
into both photodiode responses and optical behaviors.

A sequence of photodiode responses from the PCSEL with a fixed pulse width of 50 ns
and distinct PRFs from 1 kHz to 600 kHz are demonstrated. Accordingly, the corresponding
duty cycles are varied from 0.005% up to 3%. An apparent output droop can be observed
while increasing PRF. Due to the severe self-heating effect of the PCSEL device, heat will
accumulate over time. Significant rollover in both peak current and the overall light
emission intensity emerges. On the other hand, consecutive photodiode responses from
the PCSEL with a fixed PRF of 100 kHz, shrinking the pulse width from 50 ns down to
10 ns, are performed as well. The corresponding duty cycles are shrunk from 0.5% down to
0.1%. Shrinking the pulse width, a rollover phenomenon in peak current emerges. For the
corresponding optical behaviors of light emission, the shorter pulse width, the bluer center
wavelength. The blueshift phenomenon may derive from the alleviation of the severe
self-heating effect of the PCSEL device. Shrinking the pulse width can provide not only
less heat generation but also offer enough time for heat dissipation under the same PRF.

Turning now to real-world usage, reliability is vitally important for such an integrated
system. Relevant photodiode responses from the PCSEL and the optical behaviors op-
erated at 500 kHz and 600 kHz with a fixed pulse width of 50 ns have been sufficiently
discussed. The corresponding duty cycles operated at 500 kHz and 600 kHz are 2.5% and
3%, respectively. Due to the self-heating effect, heat will accumulate over time. Obvious
output droop and the redshift phenomenon in spectra can be observed. The higher the
PRF, the more rapid the device degradation. As a result, the employed PCSEL device can
sustain 60 s and 75 s while operated at 500 kHz and 600 kHz, respectively. For the optical
behaviors of light emission, the dual-mode phenomenon in spectra can be discerned. The
longer the accumulated time as well as the higher the PRF, the redder the corresponding
center wavelengths for both modes.

Regarding relevant SMSRs of the employed PCSEL operated under different conditions
were evaluated and analyzed. Operated at a fixed PRF of 100 kHz, namely a duty cycle
of 0.5%, the SMSR can be evaluated up to 16.4 dB while the pulse width is 50 ns. SMSR
rapidly decreases while shrinking the pulse width. On the other hand, at a high PRF of
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500 kHz, namely a duty cycle of 2.5%, the dual-mode phenomenon emerges and suppresses
the subsequent SMSRs, resulting in the lowest SMSR down to 1.11 dB with a pulse width
of 50 ns. Finally, the self-heating effect of PCSEL under rapid operations with a fixed pulse
width of 50 ns and the corresponding SMSRs are evaluated as well. Operated at 500 kHz,
namely a duty cycle of 2.5%, the corresponding SMSR is 1.11 dB and the highest SMSR
reaches 1.93 dB at the accumulated time of 15 s, keeping a plateau over time around 60 s.
Operated at 600 kHz, namely a duty cycle of 3%, the highest SMSR of 2.14 dB appears at
the accumulated time of 30 s, and afterward the SMSR drops down to 1.89 dB within just
60 s.

A paradigm for modulating the light emission performance of PCSEL via a GaN HEMT
driving circuit has been demonstrated here for the first time. Operated under different
conditions, relevant analyses have been enquired into; not only electro-optical responses
but also the corresponding optical behaviors. Thus, prospects for the next generation
LiDAR system in high-power and high-speed operation can be expected.
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