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Abstract 

This study conducts comprehensive performance analyses of a commercial photonic‑crystal surface‑emitting laser 
(PCSEL) via small‑signal measurement and the bit‑error‑rate test. Meanwhile, the radio frequency characteristics of the 
PCSEL are unveiled for the first time. Compared to the vertical‑cavity surface‑emitting lasers, the PCSEL shows great 
potential for a broader optical bandwidth that is benefited from the high optical‑confinement factor. A maximum 
bandwidth of around 2.32 GHz is experimentally observed when the PCSEL was biased at 340 mA. Moreover, a theo‑
retical calculation was applied to shed light on the characteristics of the small‑signal measurement, providing a deep 
insight into the corresponding intrinsic response model. The signal transmission capability of the PCSEL was investi‑
gated as well. The maximum bit rate and corresponding rise time transmitted at 500 Mbps are 1.2 Gbps and 186.16 ps, 
respectively. Thus, a high‑speed PCSEL can be realised with a shrunk form factor, serving as a promising candidate for 
the next‑generation light sources in high‑speed optical communication.
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Introduction
With the expansion of the Internet of Things (IoT) and 
low-earth-orbit (LEO) satellite technologies, interac-
tion and integration among people and devices are 
flourishing. The technologies of end-to-end (E2E) or 
device-to-device (D2D) communications are essential 
for development. Moreover, such a satellite constellation 

can prosperously facilitate the connection of remote and 
rural communities behind, serving as a bridge to the 
digital divide. In the ancient world, humankind carries 
important messages through toilsome runners. People 
have also made various strategies over time, transfer-
ring data or messages across the distance. Among these 
strategies, visual techniques, such as smoke signals, bea-
con fires, hydraulic telegraphs, ship flags, and semaphore 
lines, can be the most direct way. These techniques trans-
fer data or messages through visualisation, forming the 
earliest fashion of optical communication. In a contem-
porary society with the rapid development of semicon-
ductor technology, people can adopt more appropriate 
light sources with expeditious needs, further revolution-
ising the development of the internet and wireless com-
munication engineering. Within just a few centuries, we 
human beings have gotten into the Information Age, thus 
accelerating globalisation as well [1, 2].
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Equipped with semiconductor technology, solid-state 
light-emitting devices for optical communication elicit 
dramatic changes, providing alternative solutions for 
wireless communication [3–7]. Nowadays, indoor wire-
less data exchanges reach up to 70% [8]. Accordingly, 
visible light communication (VLC) can be an expedient 
solution due to the proper combination of daily illumina-
tion, exploiting the indoor light-emitting diodes (LEDs), 
and optical communication [9]. However, VLC inevitably 
exhibits several shortcomings, such as the visual inter-
ference with constant light emission and short trans-
mission range caused by the incoherent LEDs. Optical 
communication with near-infrared (NIR) light sources 
emerges to overcome the above-mentioned drawbacks 
[10, 11]. Moreover, an unsurpassed lasing action from 
the surface-emitting laser, namely the vertical-cavity sur-
face-emitting laser (VCSEL), was demonstrated in 1988, 
pushing forward in various applications with its unique 
characteristics and performance [12–21]. VCSELs exhibit 
great benefits compared to the LEDs, such as a symmet-
ric beam profile with a narrow spectrum, a low thresh-
old current with high fiber coupling efficiency, and a high 
modulation bandwidth [22]. With contemporary semi-
conductor technology, such solid-state laser devices can 
provide undemanding integration and good compatibility 
with consumer electronics devices. Thus, VCSELs have 
become mainstream transmitters in optical communica-
tion [23].

Today, direct-modulated high-speed lasers dominate 
the optical-communication market. The most well-
known lasers are distributed feedback (DFB) lasers and 
VCSELs. VCSELs are not ready yet for fabrication in 
the InP material system. Several reasons lie behind the 
inadequateness of InP-based VCSELs. First, distributed 
Bragg reflectors do not have a good material combination 
to meet the requirements of InP lattice matching, large 
refractive index difference, and high thermal conductiv-
ity [24, 25]. Second, the optical gain and the characteris-
tic temperature of the gain medium for long-wavelength 
lasers, such as GaInAsP QWs, are poorer than GaAs 
and InGaAs QWs on GaAs. Third, there was no good 
way to confine the current to the centre of a mesa [26]. 
Hence, DFB lasers are the mainstream in long-wave-
length transmission systems at 1.3 μm or 1.5 μm. How-
ever, it is difficult to fabricate and handle the DFB laser 
with a short cavity length (< 150 μm) using the cleaving 
method. Consequently, a large active region will restrict 
the modulation bandwidth. To achieve a high-speed 
DFB laser, a complex cavity design is required [27]. For-
tunately, the active region of VCSELs can be effectively 
shrunk through the oxide layer in the GaAs material sys-
tem [28]. The oxide layer can confine current paths and 
light distribution simultaneously. This feature overcomes 

the size issues of the active region, resulting in a modu-
lation bandwidth beyond 30 GHz [29]. Nevertheless, for 
the conventional VCSEL structures, the lack of optical 
confinement factor in emission direction has become an 
obstacle, hindering the further development of modu-
lation speed in recent years. The confinement factor 
of a high-speed VCSEL remains below 4% [30], which 
severely limits the improvement capability of a VCSEL 
bandwidth.

From the perspective of miniaturisation with bet-
ter light-emitting performance, new concepts are thus 
in the acute stage with rapid development toward an 
ultra-compact optical device with various functionalities 
[31]. Auspiciously, a revolutionary semiconductor laser 
technology, the photonic-crystal surface-emitting laser 
(PCSEL), emerged over the past two decades [32–35]. 
A photonic crystal can be adopted as a lateral laser cav-
ity via monolithic integration embedded in the epitaxial 
structures, further ameliorating the bulky form factor 
compared to the laser cavities in VCSEL structures. Laser 
light emission from such PCSELs exhibits excellent per-
formance, such as a symmetric beam profile with narrow 
beam divergence and a narrower spectral width than that 
of VCSELs [36].

For laser optics, different application scenarios not only 
need different laser light intensity but also require laser 
beam quality, as shown in Fig. 1. The PCSEL technology 
meets these on-demand requisites with outstanding per-
formance, and the corresponding output light intensity 
can be manipulated by adjusting the emitting area size 
with different lattice designs [37–39]. Hence, PCSELs 
have drawn people’s attention, serving as a promising 
candidate for the next-generation light sources.

So far, PCSELs have been applied in the scenarios of 
light detection and ranging (LiDAR) [40] and face recog-
nition [41, 42]. Besides, due to the high-speed responses, 
semiconductor lasers have been widely used for optical 
communication in data centres and satellites [43, 44]. 
Soon, it is believed that more and more semiconductor 
lasers will be adopted in consumer electronics for free-
space D2D communications and even for optical commu-
nication transmitted between buildings in free space as 
well [6, 45]. Apart from optical communication, LiDAR 
applications are the next big market, requiring extremely 
short pulses for a better resolution in distance measure-
ment resolution. Thus, pulse coding for high-resolution 
range imaging at an improved refresh rate is proposed 
[46].

In this paper, comprehensive performance analyses 
regarding the modulation speed of a commercial PCSEL 
(Hamamatsu) were conducted via small-signal measure-
ment and the bit-error-rate test (BERT). Thereby, for the 
first time, radio frequency (RF) characteristics of such a 
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laser light apparatus are investigated. Systematic analyses 
in both experimental measurement and theoretical cal-
culation are carried out. A parameterised model is estab-
lished based on the small-signal theory of semiconductor 
lasers, providing a deep insight into the corresponding 
intrinsic responses. Afterward, a commercial PCSEL is 
utilised for practical measurement and discussions.

High‑Speed Laser Theory and Simulation
Generally, the rate equation for semiconductor lasers 
describes the time-dependent relationship between carrier 
and photon numbers. The parameters required for the rate 
equation can be obtained from the epitaxial structure of a 
semiconductor laser. The parameters contained in the rate 
equation include carrier lifetime, photon lifetime, optical 
confinement factor, and so on. Therefore, the relationship 
between the current and the corresponding light intensity 

can be described through the rate equation. Apart from the 
relationship described above, the frequency responses of 
a semiconductor laser can be derived from the rate equa-
tion, which is named the theory of small-signal response. 
The equation of small-signal response is also dependent 
on the epitaxial structures. Hence, a simple parameter can 
characterise the frequency response of a semiconductor 
laser with a complex optical cavity or an epitaxial structure. 
The small-signal response is also known as the intrinsic 
response, Hinstric(ω) , and can be presented as below [47]:

(1)Hintrinsic(ω) =
ω2
r

ω2
r + jω�− ω2

(2)ωr = 2π fr

Fig. 1 Schematic illustrations of PCSELs in miscellaneous scenarios
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where ω is the angular frequency, fr and ωr are the relaxa-
tion frequency and its angular counterpart, respectively, 
and � is the damping factor corresponding to the intrin-
sic response. The damping factor � is affected by the 
carrier lifetime, τn , a photon lifetime, τp , and the angular 
relaxation frequency ωr . The relaxation frequency fr is 
influenced by the optical confinement factor, Ŵ , the group 
velocity of the semiconductor laser, vg , the differential 
gain of the active region, a , elementary charge, e , the vol-
ume of the active region, Va , injection efficiency, ηi , injec-
tion current, I , and threshold current, Ith . The relaxation 
frequency depends on the injection current and thresh-
old current which are determined by the epitaxial struc-
tures and device layouts. The relationship between the 
modulation frequency and intrinsic response of a laser 
can be compared with Eq.  (1) at different bias currents. 
The above formula provides the designer with a more 
intuitive way to evaluate the bandwidth of the laser.

Summing up the discussion above, if a laser cavity 
design can provide a high confinement factor and a small 
active region, the intrinsic bandwidth can be further 
ameliorated. Auspiciously, PCSELs can meet these on-
demand requisites. The vertical laser light emission via 
the band-edge resonance of photonic-crystal structures 
with a high confinement factor can be realised in PCSELs. 
A small laser light emission region can be achieved via a 
double-lattice structure [48]. Such a high confinement 
factor is still unattainable for VCSELs. Therefore, to fur-
ther discuss the effects of the confinement factor on the 
bandwidth for a PCSEL, we utilise the parameters of a 
high-slope efficiency PCSEL with a large emission area in 
Table 1 for demonstrations [47, 49]. To meet the design 

(3)� =
1

τn
+ τpω

2
r

(4)fr =
1

2π

Ŵvga

eVa
ηi(I − Ith)

requirements of high-speed lasers, the emitter area of the 
PCSEL is set at a round emitter of 10 µm in diameter. The 
threshold current density of the PCSEL is set at 0.636 kA/
cm2 according to the performance of the PCSEL with a 
large emission area [49]. Based on the above conditions, 
Eq.  (1) can describe the intrinsic response of a high-
speed PCSEL at different bias currents.

Figure 2 shows the intrinsic responses of a PCSEL oper-
ating at 2 and 20 times the threshold currents, respec-
tively. The corresponding confinement factors vary from 
3 to 9% at 2% intervals. Such simulation results show 
that the bandwidth can be increased around 3–4  GHz 
when the optical confinement is increased every 2% at 
20 times of threshold current. The relaxation frequency 
and the − 3 dB bandwidth rise from 10.58 GHz/16.4 GHz 
to 17.53  GHz/27.18  GHz when the confinement factor 
increase from 3 to 9%. Besides, the peak amplitude of 
frequency responses regarding the damping factor can 
be further reduced. When the confinement factors are 
raised from 3 to 9%, the peaking amplitude can be sup-
pressed from 9 to 5 dBm at 20 times of threshold current 
due to the high relaxation frequency. Since a flat response 
is more conducive to the transmission of laser signals in 
general, the simulation described above confirms that 
improving the confinement factor can be a feasible strat-
egy for high-speed optical communication.

Optical Characteristics of PCSEL and RF Testing 
Setups
Optical Characteristics
A commercial PCSEL (Hamamatsu) is employed to per-
form optical measurements, as shown in Fig. 3. The emit-
ter area size is 200 × 200 in square micrometres. Such a 

Table 1 The parameters for calculating the intrinsic responses of 
a PCSEL

a A round emitter of 10 µm in diameter and 30 nm in thickness

Symbol Description Value Unit

vg Group velocity [49] 8.575× 109 cm/s

Va The volume of the active  layera
2.35× 10−12 cm3

a Differential gain of the active layer 9× 10−16 cm2

ηi Current injection efficiency [47] 0.8 NA

τn Carrier lifetime [49] 2 ns

τp Photon lifetime (Q factor: ~  104) 5 ps

Ith Threshold current [49] 0.5 mA
Fig. 2 Intrinsic responses of a PCSEL biased at 2 and 20 times 
threshold currents, respectively. The corresponding confinement 
factors are varied from 3 to 9% at 2% intervals
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PCSEL is operated in quasi-continuous-wave (QCW) 
mode and continuous-wave (CW) mode, respectively. In 
QCW mode, a pulse width of 2 ms with a 20% duty cycle 
is utilised. In this condition, PCSEL exhibits a thresh-
old current of 215  mA. As shown in Fig.  3a, the corre-
sponding slope efficiency and the differential resistance 
can be estimated at 0.286  W/A and 1  Ω, respectively. 
The spectra comparison between QCW mode and CW 
mode biased at 400 mA are shown in Fig. 3b. Besides, the 
centre wavelength in QCW mode is 940.3 nm. The diver-
gence angle can be evaluated through far-field measure-
ment. Hence, a divergence angle of 0.3° can be observed 
in QCW mode, shown in the inset plot in Fig. 3b.

Furthermore, self-heating effects originating from 
device thermal accumulation are also observed in CW 
mode. The slope efficiency of such a packaged PCSEL will 
rapidly drop to 0.025 W/A once the bias current is oper-
ated beyond 275  mA. In addition, a red-shift of corre-
sponding centre wavelengths from 940.4 nm to 941.0 nm 
can be discerned. If the red-shift rate of the PCSEL is 
about 0.05  nm/K [35], the junction temperature differ-
ence is 12 °C. The spectrum’s full width at half maximum 
(FWHM) rising from 0.027 to 0.033  nm also demon-
strated that the PCSEL has a high junction temperature 
in CW mode. The gain variation with temperature is 
faster than that of the refractive index, and consequently 
linewidth broadening factor is small for lower tempera-
tures [50]. Therefore, the linewidth of the PCSEL spec-
trum in CW mode is larger than that of the PCSEL 
operating in QCW mode. Yet despite the self-heating 
effects of a PCSEL is more severe in CW mode in general. 
The spectra and the subsequent bandwidth tests can be 

used to confirm that the PCSEL is still operated in laser 
mode instead of in LED mode.

RF experimental Setups
The experimental setups of RF measurement for small-
signal responses and bit-error-rate test (BERT) are 
shown in Fig.  4. A power network analyser (PNA, Agi-
lent E8364B, 10 MHz to 50 GHz) is employed to discern 
small-signal responses and the testing frequency ranges 
from 100 MHz to 10 GHz with a small-signal amplitude 
of -5 dBm, as shown in Fig. 4a. The alternating currents 
(AC) and direct currents (DC) are coupled by a bias tee 
(Marki, BT-0065, from 4  kHz to 30  GHz). RF signals 
will be transmitted into the 50-Ω SubMiniature ver-
sion A (SMA) connector via a high-speed cable. Subse-
quently, the optical signals from PCSEL are collected by 
a lens fibre (OM4, 3 m) and will be converted into elec-
trical signals by a photodetector (Throlab, DXM30BF, 
DC-30 GHz). Finally, the electrical signals will feedback 
into the PNA, analysing the signal responses. Herein, 
the bandwidth of the photodetector is higher than the 
testing frequency, providing sufficient resolution. High-
speed cables are de-embedded before such measurement. 
Therefore, the bandwidth of small-signal responses will 
mainly depend on the PCSEL and its package. All fre-
quency responses from the PCSEL are obtained at differ-
ent bias currents in CW mode.

After small-signal measurements, BERT with a non-
return-to-zero on–off-keying (NRZ-OOK) signal is 
performed, as shown in Fig.  4b. Pseudo-random binary 
sequences are generated by a pulse pattern generator 
(PPG, Agilent N4962A), and the corresponding testing 

Fig. 3 Optical characteristics a Light versus current versus voltage (L–I–V) curves of CW and QCW modes, b Optical spectra biased at 400 mA, and 
the inset shows a far‑field image of the PCSEL operated in QCW mode
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signals are transmitted into a 50-Ω SMA connector via 
a high-speed cable as well. Nonetheless, the signal reflec-
tion is unavoidable because of the impedance mismatch 
between the PCSEL and the SMA connector. This results 
in attenuation and interference effects on the optical sig-
nal. Thus, a high-speed photoreceiver (Newport 1544-B, 
DC-12  GHz) is adopted to convert optical signals into 
electrical signals. The electrical signals are subsequently 
analysed by a digital communications analyser (Agilent, 
86116B). Finally, the bit-error-rate can be appraised by 
the PPG.

RF Measurement and Analyses
Bandwidth Measurement
The small-signal responses of PCSEL at different bias 
currents are shown in Fig.  5a. Thereby, the relationship 
between bandwidth, bias current, and the optical output 

power can be plotted in Fig. 5b. A saturated bandwidth 
of 229 MHz can be observed while operating below the 
lasing threshold of PCSEL. Once the bias current reaches 
the lasing threshold, spontaneous emission from PCSEL 
will switch to a strong stimulated emission, resulting in a 
rapid bandwidth extension. Moreover, while the bias cur-
rent is over 280 mA, the bandwidth increasing rate will 
ease off, originating from the thermal effects, as shown in 
Fig.  5b. The thermal effects of bandwidth measurement 
can also be exploited with the optical output power ver-
sus bias current curve. When the bias current of PCSEL 
is up to 340 mA, a maximum bandwidth of 2.32 GHz can 
be identified. Eventually, due to the thermal accumula-
tion, bandwidth saturation can be observed. The intrin-
sic bandwidth of a laser can be expressed not only by the 
current but also by the number of photons. Therefore, we 
can re-express Eq. (4) via the number of photons [47]:

Fig. 4 Experimental setups for a Small‑signal response, and b BERT

Fig. 5 RF testing results of the PCSEL a Frequency response with distinct bias currents, b curves for bandwidths and the corresponding optical 
output powers versus different bias currents
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where np is the photon density in a laser cavity, when 
the rising slope of the laser light intensity decreases, the 
number of photons no longer increases rapidly. There-
fore, the resonance frequency cannot improve further, 
resulting in saturation of the − 3  dB bandwidth. It is 
worth mentioning that the small-signal bandwidth does 
not decay to the MHz level, indicating the lasing action 
from such a PCSEL does not downgrade to the spontane-
ous emission, namely operating in a LED mode.

Relaxation Frequency Analyses
Typically, the total frequency response of a PCSEL should 
include the intrinsic and external parasitic responses. Thus, 
they can be extracted from the practical measurement 
afterward. But parasitic effects are often complex, including 
many parasitic capacitances, inductances, and impedance 
matching issues. As shown in Fig. 5a, several resonance val-
leys, namely at 530 MHz, 730 MHz, and 1.23 GHz, can be 
observed, indicating the influence of the parasitic effects 
cannot be ignored. Hence, to accurately extract the intrin-
sic bandwidth of a PCSEL, an equivalent RLC circuit is 
used to represent the external parasitic circuit. The total 
frequency response can be represented as below:

The total frequency response of the PCSEL Htotal(w) 
includes the intrinsic response Hintrinsic(w) and an 

(5)fr =
1

2π

√

np

τ
vga

(6)Htotal(w) = Hintrinsic(w)×HRLC(w)

(7)HRLC(w) =
1/LC

1
LC + jw R

L − w2

equivalent parasitic circuit HRLC(w) . HRLC(w) is an 
equivalent RLC circuit response for the parasitic effects 
[51], represented by resistance, R, inductance, L, and 
capacitance, C, respectively.

The parameters used to characterise the intrinsic 
response are shown in Table  1. However, proper modi-
fication is required based on the practical device. The 
active volume of PCSEL is assumed to be 230 × 230 × 0.03 
in cubic micrometres, while the light-emitting area is 
assumed to be 200 × 200 in square micrometres. The 
length of the leakage current on one side is assumed to 
be 15  µm, and the active layer thickness is assumed to 
be 30  nm. The confinement factor is set to 8.5%. Thus, 
the intrinsic bandwidth of PCSEL can be calculated 
and extracted, as shown in Fig.  6a. While operating at 
250 mA, the corresponding bandwidth will reduce from 
2.09 to 1.68 GHz, originating from the external parasitic 
effects. The response bandwidth of the external circuit 
is only 1.06  GHz, severely limiting the bandwidth per-
formance of PCSEL, attesting to the causes of resonance 
valleys in the small-signal measurement as well. To con-
firm the accuracy of intrinsic response calculation, we 
summarise the measured data at different bias currents 
in Fig. 6b. Before entering the thermal saturation region, 
the simulation results can fit the measurement results 
very well after considering external parasitic circuits. 
It can prove that the assumed parameters of the intrin-
sic response are credible. If a small active volume of the 
PCSEL can be realised, a high-speed PCSEL simulated in 
“High-Speed Laser Theory and Simulation” section has a 
chance to be achieved. The insight suggests that a high-
speed PCSEL can be realised with a shrunk form factor 
[48].

Fig. 6 RF testing results and analyses: a optical frequency responses and the corresponding small‑signal fitting with a bias current of 250 mA, b 
summarised bandwidth and the relaxation frequency from the calculation and practical small‑signal tests
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Generally, the − 3 dB bandwidth is proportional to the 
relaxation frequency by  f−3 dB = 1.55fr [47]. However, the 
− 3  dB bandwidth is gradually overtaken by the relaxa-
tion frequency when the operating current is increased, 
as shown in Fig.  6b. When the PCSEL is operated at 
300  mA, the corresponding relaxation frequency is 
2.11 GHz. The calculated − 3 dB bandwidth and practical 
measurements are 2.2  GHz and 2.18  GHz, respectively. 
The phenomenon indicates that the parasitic effects will 
suppress the − 3  dB bandwidth. To clarify which is the 
dominant factor of the PCSEL bandwidth at a given cur-
rent density. The intrinsic bandwidth of the PCSEL is also 
added in Fig. 6b. The PCSEL extraction results show that 
the − 3  dB bandwidth gradually moves away from the 
intrinsic bandwidth with an increasing current. Although 
a high current helps to increase the intrinsic bandwidth, 
it still cannot compensate for the response loss caused 
by the parasitic bandwidth. The intrinsic bandwidth 
and the parasitic bandwidth will gradually reach a bal-
ance point when the current exceeds 260  mA so that 
the − 3  dB bandwidth of PCSEL tends to be saturated. 
Meanwhile, the thermal effect also slows down the rate 
of increase in the number of photons in the laser cavity. 
This phenomenon means that the intrinsic bandwidth no 
longer increases rapidly with current. Hence, the − 3 dB 
bandwidth of the PCSEL did not rise further with cur-
rent. Once the issues of external parasitic effects can be 
resolved, PCSEL with the innate high confinement factor 
can achieve higher operating bandwidth.

Bit‑Error‑Rate Test
Through the BERT, the communication capability of 
PCSEL can be examined. Herein, the bias current of 
PCSEL is at 450  mA, driven by the NRZ-OOK signals 
with a peak-to-peak amplitude of 1.8  V. Test bit rates 
are 500 Mbps, 1.0 Gbps, and 1.2 Gbps, respectively. The 
maximum achievable data rate of 1.2  Gbit/s has a BER 
of 2.51 ×  10–3, satisfying the FEC threshold of 3.8 ×  10–3. 
There is a clear and open-eye diagram at 500  Mbps. At 
1  Gbps, the eye is beginning to close and is virtually 
closed at 1.2 Gbps, as shown in Fig. 7. At the bit rate of 

500 Mbps, the corresponding rise time of the eye diagram 
is 186.16 ps (10–90%) and the equivalent bandwidth can 
be acquired from the rise time. The relationship between 
rising time and equivalent bandwidth can be represented 
as below [52]:

Thus, an equivalent bandwidth of 1.88  GHz can be 
obtained. While the PCSEL is biased at 450  mA, the 
small-signal measurement is 2.1 GHz, which is consistent 
with the equivalent bandwidth. A clearly open eye can 
be obtained at 500  Mbps. The eye-opening will gradu-
ally shrink while the transmission rate increases. The ris-
ing edge and falling edge of eye diagrams are split due to 
the resonance valleys of small-signal responses generated 
by the external parasitic effects. Eventually, the external 
parasitic effects will suppress the maximum bit rate at 
1.2 Gbps.

Conclusion
Comprehensive performance analyses of a PCSEL have 
been conducted via small-signal measurement and BERT. 
RF characteristics of a PCSEL are displayed for the first 
time. According to the intrinsic response simulation, the 
− 3 dB bandwidth of a laser can be significantly increased 
by a high confinement factor, confirming the impact 
of the confinement factor on the bandwidth. Thereby, 
a commercial PCSEL is exploited to examine the simu-
lation results. The maximum bandwidth of the PCSEL 
is 2.32  GHz in practical. Based on the practical device, 
the parameters in the calculation are modified, leading 
to a good agreement with the measurement results. The 
results provide a promising perspective that a high-speed 
PCSEL can be realised with a shrunk form factor [48]. 
Moreover, transmission experiments are conducted as 
well. The maximum bit rate and corresponding rise time 
transmitted at 500  Mbps are 1.2  Gbps and 186.16  ps, 
respectively. Once the issues of external parasitic effects 
can be conquered, PCSEL with the innate high confine-
ment factor can achieve higher operating bandwidth, 

(8)−3 dB bandwidth = 0.35/Rise time

Fig. 7 Eye diagrams of the PCSEL at a 500 Mbps, b 1.0 Gbps, and c 1.2 Gbps NRZ‑OOK transmission in a back‑to‑back configuration 
(BtB, ~ 3 m‑length fibre)
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serving as a promising candidate for the next-generation 
light sources in high-speed optical communication.

Acknowledgements
Authors gratefully acknowledge the financial supported by Hon Hai Research 
Institute and the CEO Dr. Wei‑Bin Lee for the helpful discussion.

Author contributions
SCC and HCK initiated the study. CYP and YHH constructed and wrote the first 
edition of the manuscript. CYP, FHH, WCH and HTC performed measurement 
and data curation. During the writing of manuscript, CHW, LTC, and SWC 
involved in the discussions. SCC and HCK objectively examined the drafts with 
crucial advice, providing a final form of the manuscript. All authors discussed 
the results and contributed a revision of the manuscript. All authors read and 
approved the final manuscript.

Funding
This work was financially supported partly by Hon Hai Research Institute and 
Ministry of Science and Technology in Taiwan (MOST110‑2622‑8‑A49‑008‑SB), 
the National Science and Technology Council (NSTC) of Taiwan (110‑2622‑
8‑002‑021, 111‑2119‑M‑002‑008, 111‑2119‑M‑002‑009, 111‑2622‑8‑002‑001, 
111‑2221‑E‑002‑051‑MY3), and the NTUS innovation cooperation (Grant No. 
11112071002).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Semiconductor Research Center, Hon Hai Research Institute, Taipei 11492, 
Taiwan. 2 Research Center for Applied Sciences, Academia Sinica, Nankang, 
Taipei 11529, Taiwan. 3 Graduate Institute of Photonics and Optoelectron‑
ics, Graduate Institute of Electronics Engineering, and Graduate School 
of Advanced Technology, National Taiwan University, No. 1, Sec. 4, Roosevelt 
Rd., Taipei 10617, Taiwan. 4 Department of Photonics and Institute of Elec‑
tro‑Optical Engineering, College of Electrical and Computer Engineering, 
National Yang Ming Chiao Tung University, Hsinchu 30010, Taiwan. 

Received: 4 July 2022   Accepted: 6 September 2022

References
 1. Burns RW (2004) Communications: an international history of the forma‑

tive years. Institution of Electrical Engineers, London
 2. Wang B, Wu C (2020) Safety informatics as a new, promising and sustain‑

able area of safety science in the information age. J Cleaner Prod. https:// 
doi. org/ 10. 1016/j. jclep ro. 2019. 119852

 3. Ren A et al (2021) Emerging light‑emitting diodes for next‑gener‑
ation data communications. Nat Electron. https:// doi. org/ 10. 1038/ 
s41928‑ 021‑ 00624‑7

 4. Chi N et al (2020) Visible light communication in 6G: advances, chal‑
lenges, and prospects. IEEE Veh Technol Mag. https:// doi. org/ 10. 1109/ 
MVT. 2020. 30171 53

 5. Singh JK et al (2020) Micro‑LED as a promising candidate for high‑speed 
visible light communication. Appl Sci. https:// doi. org/ 10. 3390/ app10 
207384

 6. Wei Z et al (2022) Optical Uplink, D2D and IoT links based on VCSEL array: 
analysis and demonstration. J Lightwave Technol. https:// doi. org/ 10. 
1109/ JLT. 2022. 31729 21

 7. Eldeeb HB, Sait SM, Uysal M (2021) Visible light communication for 
connected vehicles: How to achieve the omnidirectional coverage? IEEE 
Access. https:// doi. org/ 10. 1109/ ACCESS. 2021. 30997 72

 8. Chandrasekhar V, Andrews JG, Gatherer A (2008) Femtocell networks: a 
survey. IEEE Commun Mag. https:// doi. org/ 10. 1109/ MCOM. 2008. 46237 08

 9. Komine T, Nakagawa M (2004) Fundamental analysis for visible‑light com‑
munication system using LED lights. IEEE Trans Consum Electron. https:// 
doi. org/ 10. 1109/ TCE. 2004. 12778 47

 10. Wei Z et al (2021) Full‑duplex high‑speed indoor optical wireless com‑
munication system based on a micro‑LED and VCSEL array. Opt Express. 
https:// doi. org/ 10. 1364/ OE. 412348

 11. Yu TC et al (2021) Visible light communication system technology review: 
devices, architectures, and applications. Curr Comput‑Aided Drug Des. 
https:// doi. org/ 10. 3390/ cryst 11091 098

 12. Iga K, Koyama F, Kinoshita S (1988) Surface emitting semiconductor 
lasers. IEEE J Quantum Electron. https:// doi. org/ 10. 1109/3. 7126

 13. Iga K (2000) Surface‑emitting laser‑its birth and generation of new 
optoelectronics field. IEEE J Sel Top Quantum Electron. https:// doi. org/ 10. 
1109/ 2944. 902168

 14. Iga K (2008) Vertical‑cavity surface‑emitting laser: its conception and 
evolution. Jpn J Appl Phys. https:// doi. org/ 10. 1143/ jjap. 47.1

 15. Iga K (2013) Vertical‑cavity surface‑emitting laser (VCSEL). Proc IEEE. 
https:// doi. org/ 10. 1109/ JPROC. 2013. 22750 16

 16. Koyama F, Kinoshita S, Iga K (1988) Room temperature cw opera‑
tion of GaAs vertical cavity surface emitting laser. IEICE Trans Electron 
1976–1990(71):1089–1090

 17. Larsson A (2011) Advances in VCSELs for communication and sensing. 
IEEE J Sel Top Quantum Electron. https:// doi. org/ 10. 1109/ JSTQE. 2011. 
21194 69

 18. Moser P, Lott JA, Bimberg D (2013) Energy efficiency of directly modu‑
lated oxide‑confined high bit rate 850‑nm VCSELs for optical intercon‑
nects. IEEE J Sel Top Quantum Electron. https:// doi. org/ 10. 1109/ JSTQE. 
2013. 22552 66

 19. Pruijmboom A et al (2015) VCSEL arrays expanding the range of high‑
power laser systems and applications. In: International congress on 
applications of lasers & electro‑optics. Laser Institute of America. https:// 
doi. org/ 10. 2351/1. 50631 68

 20. Ebeling KJ, Michalzik R, Moench H (2018) Vertical‑cavity surface‑emitting 
laser technology applications with focus on sensors and three‑dimen‑
sional imaging. Jpn J Appl Phys 57:0802

 21. Liu A et al (2019) Vertical‑cavity surface‑emitting lasers for data com‑
munication and sensing. Photonics Res. https:// doi. org/ 10. 1364/ PRJ.7. 
000121

 22. Haghighi N, Moser P, Lott JA (2019) Power, bandwidth, and efficiency of 
single VCSELs and small VCSEL arrays. IEEE J Sel Top Quantum Electron. 
https:// doi. org/ 10. 1109/ JSTQE. 2019. 29228 43

 23. Jewell J (2019) The influences of ethernet standards on VCSEL technol‑
ogy. In: Vertical‑cavity surface‑emitting lasers XXIII. SPIE. https:// doi. org/ 
10. 1117/ 12. 25149 00

 24. Karim A et al (2001) 1.55‑/spl mu/m vertical‑cavity laser arrays for 
wavelength‑division multiplexing. IEEE J Sel Top Quantum Electron. 
https:// doi. org/ 10. 1109/ 2944. 954127

 25. Lu TC et al (2003) InP/InGaAlAs distributed Bragg reflectors grown by 
low pressure metal organic chemical vapor deposition. J Crystal Growth. 
https:// doi. org/ 10. 1016/ S0022‑ 0248(02) 02409‑0

 26. Nishiyama N et al (2005) Long‑wavelength vertical‑cavity surface‑
emitting lasers on InP with lattice matched AlGaInAs–InP DBR grown by 
MOCVD. IEEE J Sel Top Quantum Electron. https:// doi. org/ 10. 1109/ JSTQE. 
2005. 853841

 27. Tadokoro T et al (2012) 43 Gb/s 1.3 μm DFB laser for 40 km transmission. 
IEEE J Lightw Technol. https:// doi. org/ 10. 1109/ JLT. 2012. 22030 95

 28. Dallesasse JM et al (1990) Hydrolyzation oxidation of  AlxGa1−xAs‑AlAs‑
GaAs quantum well heterostructures and superlattices. Appl Phys Lett. 
https:// doi. org/ 10. 1063/1. 103759

 29. Cheng HT et al (2022) Recent advances in 850 nm VCSELs for high‑speed 
interconnects. Photonics. https:// doi. org/ 10. 3390/ photo nics9 020107

 30. Grabowski A et al (2021) Large‑signal equivalent circuit for datacom 
VCSELs. J Lightwave Technol. https:// doi. org/ 10. 1109/ JLT. 2021. 30644 65

https://doi.org/10.1016/j.jclepro.2019.119852
https://doi.org/10.1016/j.jclepro.2019.119852
https://doi.org/10.1038/s41928-021-00624-7
https://doi.org/10.1038/s41928-021-00624-7
https://doi.org/10.1109/MVT.2020.3017153
https://doi.org/10.1109/MVT.2020.3017153
https://doi.org/10.3390/app10207384
https://doi.org/10.3390/app10207384
https://doi.org/10.1109/JLT.2022.3172921
https://doi.org/10.1109/JLT.2022.3172921
https://doi.org/10.1109/ACCESS.2021.3099772
https://doi.org/10.1109/MCOM.2008.4623708
https://doi.org/10.1109/TCE.2004.1277847
https://doi.org/10.1109/TCE.2004.1277847
https://doi.org/10.1364/OE.412348
https://doi.org/10.3390/cryst11091098
https://doi.org/10.1109/3.7126
https://doi.org/10.1109/2944.902168
https://doi.org/10.1109/2944.902168
https://doi.org/10.1143/jjap.47.1
https://doi.org/10.1109/JPROC.2013.2275016
https://doi.org/10.1109/JSTQE.2011.2119469
https://doi.org/10.1109/JSTQE.2011.2119469
https://doi.org/10.1109/JSTQE.2013.2255266
https://doi.org/10.1109/JSTQE.2013.2255266
https://doi.org/10.2351/1.5063168
https://doi.org/10.2351/1.5063168
https://doi.org/10.1364/PRJ.7.000121
https://doi.org/10.1364/PRJ.7.000121
https://doi.org/10.1109/JSTQE.2019.2922843
https://doi.org/10.1117/12.2514900
https://doi.org/10.1117/12.2514900
https://doi.org/10.1109/2944.954127
https://doi.org/10.1016/S0022-0248(02)02409-0
https://doi.org/10.1109/JSTQE.2005.853841
https://doi.org/10.1109/JSTQE.2005.853841
https://doi.org/10.1109/JLT.2012.2203095
https://doi.org/10.1063/1.103759
https://doi.org/10.3390/photonics9020107
https://doi.org/10.1109/JLT.2021.3064465


Page 10 of 10Peng et al. Nanoscale Research Letters           (2022) 17:90 

 31. Hong YH et al (2022) Ultracompact nanophotonics: light emission and 
manipulation with metasurfaces. Nanoscale Res Lett. https:// doi. org/ 10. 
1186/ s11671‑ 022‑ 03680‑w

 32. Kenji I, Zoysa MD, Noda S (2019) Progress in photonic‑crystal surface‑
emitting lasers. In: Photonics. Multidisciplinary Digital Publishing Institute. 
https:// doi. org/ 10. 3390/ photo nics6 030096

 33. Hong YH, Miao WC, Hsu WC et al (2022) Progress of photonic‑crystal 
surface‑emitting lasers: a paradigm shift in LiDAR application. Curr 
Comput‑Aided Drug Des. https:// doi. org/ 10. 3390/ cryst 12060 800

 34. Lu TC et al (2008) CW lasing of current injection blue GaN‑based vertical 
cavity surface emitting laser. Appl Phys Lett. https:// doi. org/ 10. 1063/1. 
29080 34

 35. Huang SC et al (2018) Design of photonic crystal surface emitting lasers 
with indium‑tin‑oxide top claddiNGS. Appl Phys Lett. https:// doi. org/ 10. 
1063/1. 50164 42

 36. Chen LR et al (2021) Improvement of output efficiency of p‑face up 
photonic‑crystal surface‑emitting lasers. Opt Express. https:// doi. org/ 10. 
1364/ OE. 421019

 37. Katsuno S et al (2021) 29‑W continuous‑wave operation of photonic‑
crystal surface‑emitting laser (PCSEL). In: 27th international semiconduc‑
tor laser conference (ISLC). https:// doi. org/ 10. 1109/ ISLC5 1662. 2021. 96156 
95.

 38. Yoshida M et al (2018) 10 W high‑power and high‑beam‑quality pulsed 
operation of double‑hole photonic‑crystal surface‑emitting lasers. In: 
CLEO science and innovations. Optical Society of America. https:// doi. 
org/ 10. 1364/ CLEO_ SI. 2018. SF1G.3

 39. Kurosaka Y, Iwahashi S, Liang Y et al (2010) On‑chip beam‑steering 
photonic‑crystal lasers. Nat Photonics. https:// doi. org/ 10. 1038/ nphot on. 
2010. 118

 40. Yoshida M et al (2021) Photonic‑crystal lasers with high‑quality narrow‑
divergence symmetric beams and their application to LiDAR. J Phys 
Photonics. https:// doi. org/ 10. 1088/ 2515‑ 7647/ abea06

 41. Hirose K et al (2020) 200× 200 µm2 structured light source. Opt Express. 
https:// doi. org/ 10. 1364/ OE. 403399

 42. Chen LR et al (2021) Vertically integrated diffractive gratings on pho‑
tonic crystal surface emitting lasers. Sci Rep. https:// doi. org/ 10. 1038/ 
s41598‑ 021‑ 82194‑4

 43. Sansone F et al (2020) LaserCube optical communication terminal for 
nano and micro satellites. Acta Astronaut. https:// doi. org/ 10. 1016/j. actaa 
stro. 2020. 04. 049

 44. Kausha H, Georges K (2016) Optical communication in space: challenges 
and mitigation techniques. IEEE Commun Surv Tutor. https:// doi. org/ 10. 
1109/ COMST. 2016. 26035 18

 45. Khalighi MA, Murat U (2014) Survey on free space optical communica‑
tion: a communication theory perspective. IEEE Commun Surv Tutor. 
https:// doi. org/ 10. 1109/ COMST. 2014. 23295 01

 46. Kim G, Park Y (2016) LIDAR pulse coding for high resolution range imag‑
ing at improved refresh rate. Opt Express. https:// doi. org/ 10. 1364/ OE. 24. 
023810

 47. Coldren LA, Scott WC, Milan LM (2012) Diode lasers and photonic inte‑
grated circuits. Wiley

 48. Inoue T et al (2020) Design of photonic‑crystal surface‑emitting lasers 
with enhanced in‑plane optical feedback for high‑speed operation. Opt 
Express. https:// doi. org/ 10. 1364/ OE. 385277

 49. Katsuno S et al (2021) Self‑consistent analysis of photonic‑crystal surface‑
emitting lasers under continuous‑wave operation. Opt Express. https:// 
doi. org/ 10. 1364/ OE. 427783

 50. Marek O, Buus J (1987) Linewidth broadening factor in semiconductor 
lasers–an overview. J Quantum Electron. https:// doi. org/ 10. 1109/ JQE. 
1987. 10732 04

 51. Omar R‑A et al (2021) Estimation of transfer function coefficients for 
second‑order systems via metaheuristic algorithms. Sensors. https:// doi. 
org/ 10. 3390/ s2113 4529

 52. Hall SH et al (2000) High‑speed digital system design: a handbook of 
interconnect theory and design practices. Wiley, New York

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1186/s11671-022-03680-w
https://doi.org/10.1186/s11671-022-03680-w
https://doi.org/10.3390/photonics6030096
https://doi.org/10.3390/cryst12060800
https://doi.org/10.1063/1.2908034
https://doi.org/10.1063/1.2908034
https://doi.org/10.1063/1.5016442
https://doi.org/10.1063/1.5016442
https://doi.org/10.1364/OE.421019
https://doi.org/10.1364/OE.421019
https://doi.org/10.1109/ISLC51662.2021.9615695
https://doi.org/10.1109/ISLC51662.2021.9615695
https://doi.org/10.1364/CLEO_SI.2018.SF1G.3
https://doi.org/10.1364/CLEO_SI.2018.SF1G.3
https://doi.org/10.1038/nphoton.2010.118
https://doi.org/10.1038/nphoton.2010.118
https://doi.org/10.1088/2515-7647/abea06
https://doi.org/10.1364/OE.403399
https://doi.org/10.1038/s41598-021-82194-4
https://doi.org/10.1038/s41598-021-82194-4
https://doi.org/10.1016/j.actaastro.2020.04.049
https://doi.org/10.1016/j.actaastro.2020.04.049
https://doi.org/10.1109/COMST.2016.2603518
https://doi.org/10.1109/COMST.2016.2603518
https://doi.org/10.1109/COMST.2014.2329501
https://doi.org/10.1364/OE.24.023810
https://doi.org/10.1364/OE.24.023810
https://doi.org/10.1364/OE.385277
https://doi.org/10.1364/OE.427783
https://doi.org/10.1364/OE.427783
https://doi.org/10.1109/JQE.1987.1073204
https://doi.org/10.1109/JQE.1987.1073204
https://doi.org/10.3390/s21134529
https://doi.org/10.3390/s21134529

	Performance Analyses of Photonic-Crystal Surface-Emitting Laser: Toward High-Speed Optical Communication
	Abstract 
	Introduction
	High-Speed Laser Theory and Simulation
	Optical Characteristics of PCSEL and RF Testing Setups
	Optical Characteristics
	RF experimental Setups

	RF Measurement and Analyses
	Bandwidth Measurement
	Relaxation Frequency Analyses
	Bit-Error-Rate Test

	Conclusion
	Acknowledgements
	References


