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Abstract: We characterize laser generation in an ultralong air cavity (several meters in length)
using an optical-pumped semiconductor gain chip for laser wireless charging applications. The
study realizes laser generation in an external air cavity with a length of 200 cm, for the first
time, and achieves a maximum output laser power of more than 86.3 mW. Furthermore, the laser
oscillation can be maintained even when the output mirror of laser is off-axis within 1.6 cm.
Thus, a long external cavity laser would ease the alignment between the laser beam and charging
terminal, making it suitable for laser wireless charging applications.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Portable electronic devices such as mobile phones are becoming increasingly popular. Therefore,
manufacturers are actively developing more convenient wireless charging technologies [1,2]. In
recent years, electromagnetic induction or microwaves have been used for wireless charging [3-5].
However, both methods have limitations. For example, the charging distance for electromagnetic
induction is only approximately 1 cm. By contrast, although microwaves have a long transmission
distance, realizing a large charging distance requires high-energy microwave radiation poses
health risks [6]. Owing to rapid developments in laser technology, light can now be used as
the power carrier to achieve long-distance and high-efficiency wireless energy transmission [7].
A laser with good directivity and high power transmission density can achieve high-efficiency
wireless energy transmission. In recent years, lasers have been widely applied in wireless charging
technologies [8—10]. An oscillating external cavity affords unique advantages in laser wireless
charging. For example, the output mirror of the external cavity can be directly integrated into
the receiving end system as a receiving mirror. When intracavity laser oscillation is blocked
by an external object, the laser generation process is interrupted, and the blocked object is not
damaged [11]. Since optical signals can simultaneously transmit power and information, the
wireless charging system could also function similarly [12—14]. Using a semiconductor laser gain
medium affords advantages including high gain, low cost, and small volume [15,16]. Vertical
external-cavity surface-emitting lasers (VECSELSs) with high output power and high beam quality
are an ideal light source for wireless applications [17,18].

VECSEL technology is relatively mature, and considerable progress has been made in realizing
laser mode control and wavelength control [19,20]. Through intracavity frequency conversion,
the luminescent wavelength from ultraviolet to long-wave infrared has been covered [21-24].
Various cavity structures have been proposed to improve the efficiency of gain chips, and the
incident pump power to output power conversion efficiency has been improved to a maximum
of 28% [25]. VECSELSs with an external cavity can realize frequency modulation and pulse
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generation [26,27]. Therefore, VECSELs with an ultralong external cavity can also be used in
wireless communication technology. However, few studies have investigated the ultralong cavity
oscillation and off-axis function of VECSELs with a semiconductor gain chip.

This study develops a method to achieve ultralong external cavity laser oscillation by optimizing
the optical path structure of an optically pumped VECSEL. First, we introduce the design principle
of ultralong cavity VECSEL. Second, we analyze the output power and off-axis characteristics
of VECSELs with different cavity lengths. Finally, we analyze the wavelength, spectrum, and
divergence angle of VECSELs with a cavity length of 200 cm.

2. System overview and simulation details

Figure 1 shows a schematic of the VECSEL structure for realizing long-cavity long-laser
oscillation. We adopt the classical V-shaped oscillating cavity structure, where Mgy and Mp,cx
are the laser output mirror and back mirror of the oscillating cavity, respectively; Mp,ck is a
plane mirror with high reflectivity (=99.9%); My is a flat concave mirror with a reflectivity of
approximately 97.5%, and Lens 1, Lens 2, and Lens 3 are intracavity beam conversion lenses. To
reduce the loss of intracavity optical oscillation, the reflectivity of Lens 1, Lens 2, and Lens 3 is
less than 0.1%. By suitably designing the optical parameters of Lens 1, Lens 2, Lens 3, Mpyck,
gain chip, and My, a compact configuration scheme can be obtained, and a meter-level ultralong
laser oscillation cavity between Lens 2 and Lens 3 can be guaranteed. We realize sufficient
intracavity laser gain by using an external laser-pumped semiconductor gain chip to support
intracavity laser oscillation [28]. Since the optical pumping structure has a high heat dissipation
requirement for the gain chip, the gain chip is integrated on a thermoelectric cooler (TEC) to
cool it rapidly, as shown in Fig. 1 [29]. The pump system consists of an 808 nm, fiber-coupled
diode laser with a maximum output power of 100 W and a focusing lens group. The pump laser
is focused on the gain chip at an incident angle of nearly 45°. The pump spot size and pump
power density on the chip surface can be adjusted by the focusing lens group.
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Fig. 1. Schematic of the working principle of a long-cavity VECSEL, SEM diagram of the
gain chip internal luminescence area, and schematic of the active region structure.

The gain chip consists of active region and 35 pairs of distributed Bragg reflector (DBR),
partially shown in the SEM diagram in Fig. 1. The active region contains eight periodic
Ing.17Gag g3 As quantum wells (QWs) placed at antinodes of the standing wave pattern of the
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optical field [30]. The layers between QWSs contain the GaAsg 92 P s barriers and pump-absorbing
GaAs layers. The tensile-strained GaAsg 2P og layers serve as strain-compensating layers and are
positioned on both sides of QWs. The 35 pairs of AlAs/GaAs DBR can provide high reflectivity
of more than 99.9% near the lasing wavelength. The DBR serves as the laser beam steering mirror
of the V-shaped oscillation cavity. The gain-chip structure is grown by MOCVD on the (100)
GaAs substrate. To realize the GaAs substrate-removal by selective wet-chemical procedure, an
GalnP etch-stop layer is also introduced between the substrate and gain-chip structure [31].

For the V-shaped resonator cavity shown in Fig. 1, the gain chip has a certain included angle
with the external cavities on both sides; that is, DBR must provide a high reflectivity when light
is not incident vertically. Figure 2 shows the reflection spectrum calculation results of DBR at
different incident angles. The incident light is vertically incident from the air medium, and the
reflection spectrum of the DBR mirror, which has nearly 100% reflectivity at nearly 50 nm on
both sides of 980 nm, is shown in the blue solid line in Fig. 2. The DBR reflection spectrum
with an incident light angle of 15 ° shifts by 10 nm to the short wave. As shown in the black
dashed line in Fig. 2, it covers 920-1020 nm and can provide high reflectivity at 40 nm near the
laser wavelength. The DBR reflection spectrum with an incident light angle of 30 °© drifts 40 nm
to the short wave, as shown by the red dot dash line in Fig. 2, and can still cover the outgoing
laser band. The included angle of the V-shaped cavity used in this study is about 24 °, and that
between the cavities on both sides and gain chip is about 12 °. The DBR of gain chip can provide
nearly 100% reflectivity near 980 nm at this incident angle.
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Fig. 2. The reflection spectrum of DBR to the incident light at different incident angles of 0
°,15°and 30 °.
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In the optical scheme shown in Fig. 1, the primary function of Mp,x and Lens 1 is to realize
the compression and effective feedback of the gain chip spot, and the parameter and position
design of Lens 2 and Lens 3 are essential for determining the length of the external cavity. In
Fig. 1, the distance between Lens 2 and the gain chip is L3, and the distance between Lens 2
and Lens 3 is Ls. In Fig. 3, we show the simulation results of the influence of L3 and L4 on the
stability parameter of the external cavity laser oscillation when the focal lengths of Lens 1, Lens
2, and Lens 3 are all 15 cm. The laser cavity is designed based on the generalised ABCD matrix
method [32]. Based on this method, the beam propagation in the long and stable cavity with
complex mirrors can be gained and analyzed. The stable travelling of optical beam within the
cavity thus can be gained when the light beam oscillates in the laser cavity many times without
leakage [33]. For the stable oscillation cavity, the absolute value of stability parameter calculated
from ABCD matrix should be between 0 to 1 [34]. Figure 3 depicts the stability parameter values
of the laser cavity in different colors. The area where the laser cavity cannot work stably is
marked in dark blue. Figure 3 shows that the smaller the L3 value, the greater is the L4 value to
ensure the stability of the cavity. When L3 decreases to approximately 160 mm, stable oscillation
in the cavity can be achieved when Ly is increased from 500 to 4000 mm. Therefore, selecting
Lens 2 to ensure that the external cavity has enough oscillation cavity length and reduce the gain
chip length L3 is beneficial for realizing a compact wireless charging terminal.
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Fig. 3. Influence of cavity lengths L4 and L3 in the VECSEL on the stability parameter
in the cavity. The area enclosed by the white dotted line is the working area for cavity
stabilization.

For a wireless charging light source, L4 in Fig. 1 is the working distance. In Fig. 3, when
the distance between Lens 2 and the gain chip is approximately 150 mm, L4 achieves stable
intracavity laser oscillation at different lengths. Figure 4 shows the whole cavity internal spot
transmission under this condition for L4 values of 50, 100, and 200 cm. The fundamental mode
spot size formula of Gaussian beam can simulate the change of spot size in laser cavity with
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cavity length. To compare the spot distribution, we show the spot in the folded cavity in the form

of straight transmission in Fig. 4. This figure shows the turning point of the light field, namely,
the amplification of the spot distribution near the gain chip.
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Fig. 4. VECSEL internal oscillating laser beam distribution for L4 values of 50, 100, and
200 cm.

The spot size on the gain chip shows little change with the length of the external oscillation
cavity. The length of the external cavity is 100 and 200 cm, and the corresponding spot radius is
approximately 50 um. Through the external cavity modulation of the long cavity, the laser mode
corresponding to the small spot size is often a single mode [35,36].

In Fig. 4, the distance between the mirror group composed of Mpack and Lens 1 and the gain
chip is constant. The spot sizes on these two mirrors are almost the same because we choose a
collimated lens. As the external cavity length increases from 50 to 100 cm, the spot radius of
Mpack and Lens 1 increases from 614 to 990 pm.

Similar to the feedback mirror group, the spot size of the output mirror group also increases
with the change in the cavity length, and the spot size at Lens 3 in the output mirror group is
slightly larger than that at My, and Lens 1. At position Lens 3, as the external cavity length

increases from 50 to 200 cm, the spot radius increases from 638 to 1145 um. Since the Lens 3
has a focusing effect, the spot size is only 48 um at the M, position of the output mirror. This
design ensures that only a small area of solar cells is needed to receive the entire laser light field;
this is conducive to the integrated use of portable mobile terminals in the backend. Figure 4
shows that even if the external cavity length increases to 200 cm, the maximum spot radius at

each optical lens position is just 1145 um; this is beneficial to the miniaturization of the whole
laser charging system.

3. Experimental results and discussion

As shown in Fig. 1, the gain chip provides optical gain for the system and determines the laser
wavelength of the whole system owing to its DBR structure and the microcavity effect of the QW
luminescence region [37]. The gain chip of our VECSEL is grown on GaAs (100) substrates
cut into 3 X 3 mm? slices. We package the gain chip in an inverted form on a copper heat sink
with TEC and remove its substrate so that the QW luminescence region is located on the surface.
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Figure 5 shows test results of the photoluminescence (PL) spectrum and surface reflection
spectrum of the gain chip at a TEC temperature of 0 °C. The PL peak of the gain chip, as shown
in the figure, is at 972 nm. A prominent dent is seen at the center of the reflection band of the
gain chip owing to the microcavity oscillation effect of the DBR and the luminescence region.
The lowest point of the dent is at 977 nm; it determines the wavelength of the VECSEL. The gain
peak closely matches the reflection spectrum at 0 °C.
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Fig. 5. 0 °C gain chip reflection spectrum (solid line) and PL spectrum from the InGaAs
chip (red dash curve).

By using the scheme shown in Fig. 1, we successfully realized VECSEL operation under
different external cavity lengths. Figure 6 shows the variation curves of the laser output power
with the pump power for VECSELSs with different external cavity lengths. As the pump power
increases, the laser output power increases. Further, when the pump power increases to a certain
value, owing to the restriction of the internal thermal effect, the laser output power exhibits an
apparent rollover phenomenon. In Fig. 6, the excitation thresholds of VECSELs with different
cavity lengths are very close because the change in cavity length does not affect the effective
gain provided by the gain chip. The slope efficiencies of the power curves of VECSELs with
different cavity lengths are significantly different. With an increase in the cavity length, the slope
efficiency of the power curve exhibits a downward trend. The maximum output power of the
VECSEL also decreases. When the cavity length increases from 50 to 200 cm, the maximum
output power of the VECSEL decreases from 90.3 to 77.1 mW. After the gain chip is pumped
by the pump light, the fluorescence produced by itself is not directional. The optical scheme
in Fig. 1 indicates that the farther the optical mirror feedback system composed of Lens 3 and
Moyt is from the gain chip, the smaller is the proportion of fluorescence emitted by the gain chip
that is fed back by the mirror group, i.e., the more is the amount of fluorescence that is lost.
Therefore, the utilization efficiency of the whole pump light decreases with an increase in the



Research Article Vol. 30, No. 13/20 Jun 2022/ Optics Express 22370 |

Optics EXPRESS , NN

external cavity length; this explains why a VECSEL with a longer cavity length has lower slope
efficiency. However, the pump light utilization efficiency decreases, indicating that the internal
self-generated heat effect of the gain chip is severe. Therefore, with an increase in the external
cavity length, the flip power of the VECSEL decreases.
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Fig. 6. VECSEL output power curves for different external cavity lengths at 0 °C.

To verify the above conjecture, we verify the off-axis operating characteristics of VECSELs
with different cavity lengths. The off-axis distance refers to the offset distance between the central
axis of output mirror group Lens 3 and M, relative to the system axis (i.e., the central axis of
Lens 2). When fully consistent with the central axis, we define the off-axis distance as 0. When
the output mirror group is translated clockwise and anticlockwise relative to the central axis, we
define the off-axis distance as negative and positive, respectively. The pump optical power is
set at 11 W, and the output mirror group is placed at different off-axis distances and debugged
to ensure the laser output. The variation curve of the laser power with the off-axis distance for
VECSELSs with different cavity lengths is obtained as shown in Fig. 7.

Figure 7 shows that when the central axis of the output mirror group Lens 3 and M,,; matches
the VECSEL system (Lens 2), the VECSEL has the maximum output power. In the region with a
large off-axis distance, the power level of the VECSEL decreases with an increase in the off-axis
distance. This is mainly because, in off-axis cases, the optical field intensity fed back to the gain
chip by the output mirror group decreases, and the effective gain that can be obtained in the
cavity also decreases.
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Fig. 7. VECSEL output power according to off-axis distance under different cavity lengths
(L4 =50, 100, 150, and 200 cm). An off-axis distance of 0 indicates that the central axis of
the output mirror group matches the central axis of the VECSEL system.

The simulation results in Fig. 4 indicate that the longer the cavity length, the larger is the spot
at the output mirror position, and the larger is the off-axis distance. Therefore, in Fig. 6, with an
increase in the external cavity length, the off-axis distance over which the VECSEL can operate
increases gradually. When the external cavity length increases to 200 cm, the VECSEL still has
more than 10% coaxial laser power at an off-axis distance of 7 mm. This shows that the VECSEL
output can move freely over a distance of 14 mm. When the output mirror group is integrated
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Fig. 8. (a). VECSEL typical laser spectra at different off-axis positions. (b) VECSEL laser
wavelength and spectral half width at different off-axis distances with L4 =200 cm.
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into the wireless charging terminal, a large free-moving distance is very beneficial to improve the
alignment accuracy.

Figure 8(a) shows the typical laser spectrum of VECSEL at three off-axis positions when the
external cavity length is 200 cm. Figure 8(b) shows the laser wavelength and spectral half-width
of the VECSEL laser at different off-axis positions. The laser wavelength and spectral half-width
of the laser oscillation at different off-axis distances change slightly. As the off-axis distance

" (a) —— Horizontal " (b) Hnr‘imnh\l‘ * (c) Horizontal
...... Vertical --=== Vertical === Vertical
£ y f Off-axis distance = - 8.5 mm § " Off-axis distance =0 mm § . axis distance = § mm
.E 0.6 ‘ - g 0.6 @ - % 0.6
i‘é 04 B .Té 04 ‘g 04
z z z
Angle () X Angle (°) ) Angle ()
Fig. 9. Laser beam divergence angles with different off-axis distances: (a) -8.5, (b) 0, and
(c) 8 mm. The inset shows the two-dimensional shape of the laser spot.
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Fig. 10. VECSEL output power curve with an external cavity length of 200 cm at different
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Research Article

Optics EXPRESS

changes from -8.5 to +8 mm, the laser wavelength fluctuates between 984 and 986 nm, and the
corresponding laser spectral half-width fluctuates between 0.5 and 1.5 nm.

Figure 9 shows the test results of the laser divergence angle and spot morphology at different
off-axis distances in Fig. 8(a). At three different off-axis positions, the laser divergence angles
are 6.95°, 6.87°, and 6.75°, exhibiting circular symmetry. Further, the laser light field exhibits a
Gaussian distribution.

Figure 10 shows the power curve of a long-cavity VECSEL at different base temperatures.
With an increase in the base temperature, the internal temperature of the gain chip increases,
and the heat dissipation rate decreases. Thus, the maximum output laser power of the VECSEL
decreases considerably with an increase in the operating temperature. As shown in Fig. 5, there
is a distance of about 5 nm between the peak of PL spectrum and cavity mode of the reflection
spectrum. As the temperature rises, the PL spectrum shifts to longer wavelengths by ~ 0.3 nm
K~! [29]. The cavity mode of the reflection spectrum also shifts to longer wavelength with
increasing temperature, but more slowly than the PL spectrum, typically at ~ 0.1 nm K~! [29].
Therefore, due to the gain spectrum of the gain chip and detuning design of the laser cavity mode,
the peak of PL spectrum is closer to the cavity mode with the increase of temperature, resulting
in the decrease of the threshold power of the VECSEL [38].

4. Summary and outlook

In this study, we designed and fabricated an ultralong VECSEL resonator for laser wireless
charging applications. By designing suitable optical element parameters in the cavity, it was
proved theoretically that stable laser oscillation could be achieved in the external cavity over more
than 400 cm, a typical indoor wireless laser charging distance. We realized stable intracavity
oscillation with a cavity length of 200 cm and ensured a stable laser output when the output mirror
group deviated from the central axis by 8 mm. The maximum laser power reached 86.3 mW;
the laser beam exhibited a Gaussian spot morphology, and the beam divergence angle was only
6.87°. We believe that this study provides an effective solution for future wireless laser charging
light sources. Taking advantage of the laser cavity characteristics, the existence of occlusion in
the cavity will prevent the laser from outputting, which makes the proposed VECSEL scheme
safer. The semiconductor gain material used in the proposed system has high gain and high
efficiency and outputs a communication band laser through the gain band design. In future work,
we will optimize the structure of the gain chip to further improve the laser power level and work
efficiency and seek ways to increase the off-axis range. After optimizing the VECSEL system,
different gain chips and modulation methods can be used to realize the synchronous transmission
of wireless energy and information.
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