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Abstract: The nanosecond-level pulse-operation characteristics of photonic-crystal surface-emitting
lasers (PCSELs) with ultralow divergence were investigated in detail. We demonstrate a maximum
peak output power of 14 W for a current pulse width of 9 ns, which is about 28 times the saturated
power under continuous wave (CW) operation. The full width at half maximum (FWHM) of the
optical response pulse is about 3 ns wider than the current pulse. The maximum repetition frequency
reaches 400 kHz at 10 A without significant degradation of output power while the value is 100 kHz
at 40 A. Moreover, the multimode behavior of the PCSEL at a high peak current was analyzed.

Keywords: photonic crystal; surface-emitting lasers; pulse operation; ultralow divergence

1. Introduction

The light detection and ranging (LiDAR) system, converting distance measurements
into signal pulses, has promising applications in driverless vehicles, atmosphere observing,
etc. The optical sources of LiDAR can be solid-state lasers [1,2], fiber lasers [3,4] and
semiconductor lasers [5–7], and are expected to have high peak power [8], high repetition
frequency [9], short pulse width [9], and low beam divergence angle [10]. Compared with
solid-state lasers and fiber lasers, the semiconductor lasers show a low cost, small volume,
easy integration, and the highest conversion efficiency among these laser sources. There-
fore, semiconductor lasers are a promising laser source for the LiDAR system. However,
traditional semiconductor lasers like edge-emitting lasers also suffer from some disad-
vantages, such as the large divergence angle and elliptic beam. The respective optical
collimation would be required for slow and fast axes and increase the cost significantly,
especially for 64 lines, 128 lines, or more lines LiDAR. Increasing the number of lines
that are aimed to obtain higher-resolution imaging puts forward higher requirements for
the divergence angle of the light source and the portability and integration of devices.
Although the vertical-cavity surface-emitting laser (VCSEL), a kind of semiconductor laser,
emits a circular symmetrical beam [11–13], it generates high-order modes for high power
emission and the divergence angle is in the order of 10◦ [14,15].

PCSELs are a kind of novel surface-emitting semiconductor lasers, which have not
only the typical advantages of surface-emitting lasers but also the single-lobed narrow
beam with higher output power [16–20] attributed to the large-area coherent resonance.
Hence, studying the characteristics of PCSELs under pulsed conditions is significant for
providing efficient, stable and no-collimation required laser sources for LiDAR system
where several nanosecond long optical pulses are needed [21]. The short pulse width is
important for obtaining enough detecting precision and ensuring eye safety, especially for
wavelengths less than 1.5 µm [9]. However, until now, it has lacked detailed investigation
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in this regard, although their other properties such as polarization and beam pattern have
been discussed previously [22–25].

Here, we systematically studied the characteristics of PCSELs injected with a pulse cur-
rent of several nanoseconds, including the light–current characteristics, pulse waveforms,
and lasing spectra. The divergence angles and responsive optical pulses were measured
and discussed. The impact of different repetition frequencies and pulse widths on the peak
power was analyzed.

2. Sample Structure and Lasing Principles

The epitaxial structure of the PCSEL [18] investigated here includes AlGaAs n-
cladding layer, InGaAs muti-quantum wells (MQWs), AlGaAs blocking layer, air/GaAs
photonic crystal layer, AlGaAs p-cladding layer and GaAs p-contact layer. The square-
lattice photonic crystal was fabricated near the active layer as shown in Figure 1. The
photonic crystal acts as the resonant cavity through two-dimensional Bragg diffraction.
Moreover, to allow the light diffracted by the photonic crystal to be emitted from the
surface, a square light-output window with a side length of 340 µm was retained when
n-electrode was deposited.

Figure 1. Schematic structural diagram of the PCSEL.

The operation principles of PCSELs are described in Figure 2. Figure 2a shows the
structure of photonic crystal embedded in the waveguide layer of PCSEL. Each gray circle
in the figure represents a lattice point. The yellow arrows represent the optical wave
propagating in the plane, and the red arrows represent the diffracted optical wave towards
the vertical direction. The majority of the optical field oscillating in the resonant cavity
propagates in-plane, and the standing waves are formed in a large area once the Bragg
condition is satisfied. However, some of the light can also be diffracted into the vertical
direction, which leads to the surface emission.

Figure 2b sketches the wave vector diagram and Bragg diffraction condition at Γ
point of the photonic−band structure. The black arrows represent the basic vectors of
photonic crystal with square lattice in reciprocal space. The yellow arrows represent the
in−plane wave vectors without any vertical components. Among them, the arrow labeled
as ki means the incident wave vector and the other three arrows mean diffracted wave
vectors in correspondence with the Bragg condition. The red arrow represents the wave
vector vertical to the photonic crystal plane, contributing to the surface emission. The first
Brillouin zone is shown as a blue frame. All these wave vectors obey the Bragg diffraction
condition, which means that the difference between incident wave vector ki and in−plane
component kd of all other diffracted wave vectors should be a multiple of basic vector
k1 and k2. When kd = ki − k2, the in−plane component of the diffracted wave vector is
zero, which means the total wave vector is vertical to the plane, and then surface emission
happens.

The band diagram of the PCSEL for TE mode was calculated using a plane–wave ex-
pansion method [26] as shown in Figure 2c. The bands were calculated with
three−dimensional simulations. The structural parameters used in the calculation are
provided in Table 1. The lattice constant of the photonic crystal is 277 nm. Air holes were
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fabricated in the photonic crystal layer. The filling factor and depth of the air holes are 13%
and 160 nm, respectively. The filling factor is defined as the percent of area occupied by
the air holes. The detailed structure in the vicinity of Γ consists of four bands. The group
velocity of light at the band edge is zero, which means that the standing wave is formed at
this point. Zero group velocity also ensures the lowest in−plane radiation loss and thus
the lowest lasing threshold. Therefore, surface emission tends to exist at this point. By
adjusting the frequency corresponding to the band edge, it can realize the output of light
with different wavelengths [19,20,27,28].

Figure 2. Lasing principles of PCSELs. (a) Schematic diagram of square−lattice photonic crystal.
The yellow arrows indicate light diffracted in−plane. The red arrows indicate light diffracted into
vertical direction. (b) Wave vector diagram of the photonic crystal and Bragg diffraction condition
at Γ point. (c) The band diagram of the PCSEL calculated by a plane–wave expansion method. The
inset shows the detailed bands in the vicinity of Γ.

Table 1. Structural parameters of the PCSEL.

Layer Thickness (nm) Refractive Index

n−cladding layer 1500 3.20 (AlGaAs)
MQWs 98 3.52 (InGaAs/AlGaAs)

blocking layer 60 3.19 (AlGaAs)
photonic crystal layer 180 3.55 (GaAs)

p−cladding layer 1500 3.28 (AlGaAs)
p−contact layer 210 3.55 (GaAs)

3. Results and Discussion

The laser characteristics of the PCSEL under CW operation are shown in Figure 3.
Figure 3a illustrates light–current characteristics for varying operating temperatures from
20 ◦C to 60 ◦C. Significant rollover due to self−heating can be observed at a high current
for all temperatures. With increasing temperature, the slope efficiency also decreases
gradually. In order to evaluate the influence of thermal effect on the performance of the
device, saturated output power and threshold current as functions of temperature are
illustrated in Figure 3b. The saturated output power is 500 mW at 20 ◦C while the value
is only 76 mW at 60 ◦C. The decreasing rate is about 10.6 mW/◦C. The slope efficiency
and threshold current of the device at 20 ◦C are 0.43 W/A and 212 mA, respectively. The
temperature−dependent threshold current Ith can be evaluated by formula as follows [20]:

Ith(T) = Ith(T1) exp[(T − T1)/T0], (1)

where T is the operating temperature, T0 is the characteristic temperature. As shown in
Figure 3b, the calculated characteristic temperature of the PCSEL is 222 K in the range of
20–40 ◦C and 53 K in the range of 40–60 ◦C.
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Figure 3. Laser characteristics of the PSCEL under CW operation. (a) Light–current characteristics
for varying temperatures from 20 ◦C to 60 ◦C in steps of 10 ◦C. (b) Saturated output power and
threshold current versus operating temperature. T0 is the characteristic temperature.

Figure 4 shows the beam properties of the device. The far−field patterns measured
directly at distances of 5 cm to 1 m without any lenses are shown in Figure 4a. The injected
current is 0.3 A. The detecting area of the detector is 9 mm × 9 mm. It can be seen that the
far−field pattern is symmetric and approximately circular, and increases from a very small
beam. The beam size is still less than 9 mm × 9 mm even at a 1-m distance, which reveals
the divergence is quite low.

Figure 4. Beam properties of the PCSEL. (a) The measured far−field patterns at different distances
from the emitting surface without any lenses under CW operation. (b) Divergence angle and (c) beam
quality as a function of injected current under CW operation. (d) Divergence angle as a function of
injected current under pulse operation with repetition frequency of 5 kHz and pulse width of 9 ns.

Figure 4b,c illustrate the full divergence angles and beam quality M2 factor as a
function of injected current, which were measured respectively by the 1/e2 and 4−sigma
method (ISO) [29,30] using Thorlabs M2 measurement systems (M2MS). It indicates that
the full divergence angle is in the range from 0.38◦ to 0.96◦, which decreases firstly with
the increasing current and then tends to be stable. When the current is above 0.7 A, the
divergence angle increases again due to the emergence of high−order modes. The values of
divergence angle at 0.7 A are respectively 0.40◦ and 0.47◦ for X and Y axes. The measuring
resolution is 0.001◦. The M2 factor keeps increasing gradually with the increasing injected
current, and the values in vertical and lateral directions are almost at the same increasing
rate. However, prior to the vertical direction, the M2 factor of the lateral direction tends to
increase rapidly above 0.7 A, which means that the earlier emergency of the high order
modes in this direction. The M2 values are in the range of 1.33 to 6.48 at injected current
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from 0.3 A to 1.5 A. According to the definition of the M2 factor which is in direct proportion
to the product of divergence angle and beam waist, it can deduce that the beam waist
increases with the injected current at the beginning. The phenomenon that divergence
decreases firstly and then is stable might be because of the inhomogeneous injection of
current due to the large injection window. When the current is just above the threshold,
this inhomogeneous injection makes the spatial gain distribution of the light field quite
different, which leads to relatively poor spatial coherence and a large divergence angle.
However, with the increase in current, the gain distribution and spatial coherence become
better and the divergence angle decreases gradually. Figure 4d shows the divergence angle
under pulse operation with a repetition frequency of 5 kHz and pulse width of 9 ns. The
values are about 0.7◦ and 1.0◦ for the X and Y axes, respectively. It should be noted that the
divergence angle of the Gaussian beam can be calculated by formula as follows:

θ = 2λ/(πω), (2)

where λ is the wavelength of light, ω is the beam waist. If we assume a beam waist of
340 µm and a wavelength of 937 nm, the divergence angle for an ideal Gaussian beam
would be 0.20◦.

Figure 5 shows lasing characteristics of the PCSEL with different pulse widths. The
device is driven by diode driver EPC9126HC from Efficient Power Conversion Corporation.
The power is measured by photodiode power sensors S145C from Thorlabs. The electrical
signals in the time domain are measured with oscilloscope MDO3000 from Tektronix. The
optical signals in the time domain are measured with InGaAs biased detector DET08C/M
from Thorlabs. All the measurements are under a pulse repetition frequency of 1 kHz.
The peak output power and corresponding average power are shown in Figure 5a,b,
respectively. The peak output power is given by

Ppeak = Pav/( f · tw), (3)

where Pav is the average power, f is the repetition frequency, tw is the effective optical
response pulse width defined as the ratio between the waveform’s integral area and its
peak intensity. The current pulse width was estimated by the FWHM of the first peak.
From Figure 5a, it can be found that when the current pulse width is 5 ns and 6 ns, the
peak output power of the optical response pulse tends to be saturated at a current above
30 A. The saturation might owe to the special current pulse waveform which is mainly
determined by inherent properties of the driving circuit and parasitic parameters of the
loads, as shown in Figure 5c. It should also be noted that the smaller the pulse width, the
lower the peak current. In contrast, when driving by pulse current with a width of 9 ns, the
peak output power keeps increasing without such saturation and reaches a value of 14 W
at 50 A eventually. Figure 5d demonstrates the pulse waveform when the current pulse
width is 9 ns.

To better understand the optical response behavior of the PCSEL under pulse opera-
tion, the optical response pulse waveforms at different currents were studied. As shown
in Figure 6a, in the beginning, the waveforms maintain an approximate sine wave shape
which is consistent with the waveform of the current pulse. However, the optical pulse
intensity becomes quite uneven in the time domain at a current as high as 40 A. In contrast,
the corresponding current pulse whose waveform remains stable and about 9 ns in width
is illustrated in the inset of Figure 6a. This owes to the dynamic interaction between
carriers and photons. At high injected current, the instantaneous photon density in the
resonant cavity is so high that the carrier concentration in the conduction band and the
valence band is significantly reduced. Then, the instantaneous photon density and output
power decrease rapidly. This leads to a drop in the middle of the waveforms of the optical
response pulse. Moreover, the non−uniformity of current injection resulting from the large
size and ring−shaped electrode of the PCSEL also enhances this intensity fluctuation in
the time domain. Figure 6b shows the corresponding optical response pulse width of the
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PCSEL. Both FWHM width and effective width were obtained. It can be found that the
FWHM width tends to increase at first with the injected pulse current and then be stable at
a value of about 12 ns. The corresponding effective pulse width has a similar trend except
for the decrease at a current above 40 A because of the unevenness of the waveform.

Figure 5. Laser characteristics of the PCSEL under pulse operation modulated at 1 kHz. (a) Peak
output power versus injected current with different pulse widths. (b) The corresponding average
power of (a). (c,d) are the current and optical pulse waveforms injected by current of 40 A with pulse
widths of 5 ns and 9 ns, respectively.

Figure 6. Optical response pulse of the PSCEL under pulse operation. (a) Measured optical pulse
waveforms of PSCEL at different injected current when modulated at 1 kHz with a current pulse
width of 9 ns. The inset shows the waveform of current pulse with peak value of 20 A. (b) The
corresponding optical pulse width of (a).

The effect of repetition frequency on peak output power is also studied as shown in
Figure 7. It can be found that when the repetition frequency reaches the magnitude of
100 kHz, the peak output power of the device begins to decrease, which might owe to
the thermal effect of the device. Moreover, the higher the current pulse is, the earlier the
self−heating effect appears. In particular, the peak output power degrades significantly
at repetition frequency above 100 kHz when the pulse current is 40 A, while it remains
unchanged even at 300 kHz when the pulse current is 10 A. Note that no additional cooling
was used here.
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Figure 7. Peak output power of the PSCEL at various repetition frequencies injected by current of
10 A, 20 A and 40 A.

Figure 8 shows the lasing spectra of the PSCEL with different injected currents under
CW and pulse operation. The spectra are measured with spectrometer AQ6370 from
Yokogawa Electric Corporation. The narrow linewidth as small as 0.3 nm of the device
helps improve the accuracy of speed measurement in LiDAR application. The side mode
suppression ratio (SMSR) under pulse operation for current of 40 A is 8 dB while the SMSR
under CW operation for current of 1.2 A is 14 dB. Moreover, unlike CW operation, there is
almost no wavelength drift under pulse operation indicating no significant temperature
rise in the active region. This is due to less heat generation and enough time for heat
dissipation under pulse operation with a low repetition frequency. However, side modes
appear at large current and tend to exceed the intensity of the fundamental mode. There
are two reasons for this phenomenon. Firstly, a large injected current satisfies the threshold
above which the side modes can lase. Because these side modes have a higher vertical
radiation constant, their vertical output power is naturally higher than the fundamental
mode. Secondly, the power redistribution between different oscillation modes is slow
under pulse operation. In this condition, the process of mode selection can hardly keep up
with the rapidly changing current. Both reasons promote the generation of side modes.

Figure 8. Lasing spectra of PSCEL with different injected current. (a) Under CW operation. (b) Under
pulse operation with repetition frequency of 1 kHz.

4. Conclusions

In summary, several−nanosecond pulse−operation characteristics of PCSELs with
ultralow divergence angle were investigated in detail and compared with CW operation. A
maximum peak output power of 14 W for a current pulse width of 9 ns was demonstrated,
which is about 28 times the saturated power under CW operation. The pulse width of the
optical response pulse is about 3 ns wider than the current pulse. The maximum repetition
frequency reaches 400 kHz at 10 A without significant degradation of output power, while
the value is 100 kHz at 40 A. The thermal effect was thought to be the main limitation and
investigated under CW operation. The characteristic temperature of the threshold current
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is 222 K in the range of 20–40 ◦C and 53 K in the range of 40–60 ◦C. The decreasing rate of
saturated output power is about 10.6 mW/◦C. Moreover, the multimode behavior of the
PCSEL at a high peak current was also analyzed.
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