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Abstract: Wireless charging systems are critical for safely and efficiently recharging mobile electronic
devices. Current wireless charging technologies involving inductive coupling, magnetic resonance
coupling, and microwave transmission are bulky, require complicated systems, expose users to
harmful radiation, and have very short energy transmission distances. Herein, we report on a
long-distance optical power transmission system by optimizing the external cavity structure of
semiconductor lasers for laser charging applications. An ultra-long stable oscillating laser cavity
with a transmission distance of 10 m is designed. The optimal laser cavity design is determined by
simulating the structural parameters for stable operation, and an improved laser cavity that produces
an output of 2.589 W at a transmission distance of 150 cm is fabricated. The peak power attenuation
when the transmission distance increases from 50 to 150 cm is only approximately 6.4%, which proves
that this wireless power transfer scheme based on a vertical external cavity surface-emitting laser can
be used to realize ultra-long-distance power transmission. The proposed wireless energy transmission
scheme based on a VECSEL laser is the first of its kind to report a 1.5 m transmission distance output
power that exceeds 2.5 W. Compared with other wireless energy transmission technologies, this
simple, compact, and safe long-distance wireless laser energy transmission system is more suitable
for indoor charging applications.

Keywords: vertical external cavity surface-emitting laser; laser resonator; wireless power charging

1. Introduction

The rapid development of the 5G network and Internet of Things technology has
promoted the development of automated trains, intelligent medical equipment, mobile
intelligent devices, sustainable railway transportation, and other technologies, which bring
a lot of convenience to people’s lives [1–5]. In addition, the use of billions of mobile devices
has increasingly diversified communication and entertainment systems, enhancing the
lives of users [6]. However, mobile devices have to be routinely charged and carrying a
charger that needs to be physically connected to a power outlet can be inconvenient. In
contrast, wireless power transfer technology can transmit electrical energy from a power
supply to electronic equipment without any physical connection or contact [7–9]. Therefore,
research on wireless charging technology for mobile devices has increased and accelerated
in recent years [10–12]. There have been many reports on wireless charging systems,
among which inductive coupling, magnetic resonance coupling, and microwave radiation
are the three major types [13]. Inductive coupling is safe and involves simple equipment,
but the charging distance is extremely short, typically within several centimeters [14,15].
Magnetic resonance coupling can achieve efficient energy transmission, but issues such
as a large coil volume and short charging distance are encountered [16,17]. In contrast,
microwave radiation systems use microwaves as the medium for transmitting energy,
rather than a variable magnetic field [18]. Microwave radiation systems can transmit
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energy across distances of thousands of meters, but their energy transmission efficiency
is low [19]. Moreover, during the process of microwave radiation transmission, dense
high radio frequency leakage that is harmful to the human body occurs; therefore, it is
only suitable for industrial applications [20,21]. Laser beams have good directivity and
can be used to realize long-distance optical power transmission through collimation. The
rapid development of laser technologies has provided strong support for energy transfer
technologies using light as the energy carrier [22,23]. Therefore, wireless optical power
transmission technologies have been actively studied [24–26].

The unique properties of lasers make them suitable for wireless optical power trans-
mission. The directivity of lasers allows them to have a beam diameter of only tens of
centimeters at a transmission distance of several kilometers, thereby enabling long-distance
energy transmission [27]. The energy of monochromatic and high power density laser
beams can be efficiently absorbed and converted into electrical energy by solar cells of
the corresponding wavelengths at the receiving end [28]. The resonant cavity structure of
lasers also minimizes the risk of laser leakage. Once any form of barrier disrupts the laser
resonator, the laser oscillation and output stop. Therefore, using a resonant cavity as an
energy transmission pathway can improve the safety of laser energy transmission systems.
Optically pumped vertical external cavity surface-emitting lasers (VECSELs) exhibit high
power, low cost, and flexible external cavity structures, making them an ideal light source
for safe and efficient wireless optical power transmission technologies [29,30].

VECSELs combine the advantages of solid-state and gas lasers to provide high output
power and excellent beam quality in a simple and compact setup [31]. The unique external
cavity structure of these systems allows optical elements to be inserted into the cavity for
frequency conversion, mode locking, and other operations [32–35]. By adding an electro-
optic modulator into the cavity, light can be used as an information and energy carrier to
transmit information and power simultaneously [36–39]. By combining semiconductor
band engineering designs with intracavity frequency conversion systems, VECSELs can
achieve wavelength emissions from ultraviolet to near infrared wavelengths [30]. The
external cavities of VECSELs can be designed to meet the needs of various applications.
Therefore, wireless energy transmission technologies based on VECSELs have many po-
tential applications, but few studies on their development have been conducted and no
reports on high-power optical energy transmission systems have yet been published.

This study develops a wireless optical energy transmission system based on the
external cavity characteristics of VECSELs. In order to realize safe, simple, and compact
wireless power transfer, stable conditions for the laser resonant cavity are determined by
simulations to allow the design of a resonant cavity that can transmit up to 10 m. Then,
the size of the pump spot is matched by adjusting the cavity beam radius on the VECSEL
gain chip surface, thereby increasing the output power and simplifying system debugging.
Finally, we test the performance of the wireless optical transmission system.

2. System Overview

Figure 1 shows the wireless optical power transmission scheme based on a VECSEL
external cavity structure. The long and straight cavity of the overall system consists of
two parts. The transmitter end comprises a gain chip and a convex lens M1 with a curvature
radius of 15 cm. The output end comprises a plane mirror Mout and a concave lens M2
with a curvature radius of 15 cm. The distance L2 between the two ends is the energy
transmission distance. M1 adjusts the divergence angle of the output light in the cavity
such that the beam in the cavity does not exceed the size of M2 when transmitted to the
output end. M2 and Mout form the structure of the retroreflective mirror, which can reflect
the incident light back to the original path. The plane mirror Mout has a reflectance of 97.5%
in the 980-nm band. M1 and M2 have the same specifications, and a convex lens with a
transmittance of >99.9% at 980 nm is selected to reduce the loss caused by lens reflection
in the cavity. By adjusting the parameters of the laser cavity, stable laser oscillation can
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be maintained even if the distance L2 between the emitter and output is increased to
several meters.
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Figure 1 shows the pump and heat dissipation systems. The pump system consists
of a pump source and a focusing mirror group. The pump source provides an 808-nm
pump-light output with a maximum pump power of 100 W. The output of the pump
source is focused on the chip surface at an angle of 45◦ using a focusing mirror group
that comprises two convex lenses. By adjusting the angle between the reflector group and
chip, the size of the pump spot on the chip surface can be controlled. The heat dissipation
system consists of a thermoelectric cooler (TEC) and circulating water cooling system. As
shown in Figure 1, TEC is inserted between the copper radiator and base. TEC controls the
temperature of the copper radiator, circulating water through the copper base to remove
the heat generated via TEC refrigeration.

The gain chip is grown on GaAs (100) substrates using an Aixtron 200/4 MOCVD
system. The etch-stop layer, window layer, active region, and distributed Bragg reflector
(DBR) are successively grown on the GaAs substrate. After the structure growth is com-
pleted, the wafer is cleaved into a 3 mm × 3 mm chip. At this time, the bottom of the chip
is the substrate, and the outermost layer is DBR, which is referred to as a bottom-emitting
structure [40]. DBR is metallized and then soldered onto the copper heat sink using indium.
The waste heat generated by the chip is rapidly dissipated through the copper radiator. A
portion of the GaAs substrate is then removed by mechanical thinning, and all remaining
substrates are subsequently removed by chemical etching. The GaAsP etch-stop layer is
used to protect the chip structure from chemical etching. After removing the substrate, the
copper heat sink is installed on the heat dissipation system.

As shown in the structural illustration of Figure 1, the Bragg reflector consists of
30 pairs of AlAs/GaAs pairs with a quarter-wavelength thickness that are designed to
provide 99.9% reflectivity centered at 980 nm. The adjacent active region comprises nine
7-nm-thick InGaAs quantum wells, each of which is separated by a GaAs pump-light
absorber layer. Thin GaAsP layers on both sides of QWs are used to compensate for the
material strain produced by InGaAs QWs [41]. Finally, a 30-nm-thick AlGaAs window
layer and a thin GaAsP etch-stop layer are grown. The role of the AlGaAs window layer is
to prevent excited state carriers from escaping to the surface and performing non-radiative
recombination [42].

The laser cavity scheme in Figure 1 is used to achieve long-distance stable laser
oscillations and requires accurate dimensions. The distance between M1 and the chip is L1,
and the distance between M2 and M1 is L2, which is the energy transmission distance. M1 is
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used to adjust the beam size in the cavity to reduce the beam divergence angle, and the beam
size does not exceed the lens size when reaching the M2 surface. M2 focuses the intracavity
beam on Mout, and the light reflected by Mout converges on the chip surface through M2
and M1. Owing to the long cavity length, small changes in the lens position in the laser
cavity will have a strong impact on the stability of the laser cavity. Therefore, we establish
a theoretical model to simulate the stability of the laser cavity using the generalized ABCD
matrix algorithm to obtain a more accurate laser cavity design scheme [43]. Owing to the
simplicity and efficiency of the ABCD matrix when considering beam propagation, this
method has been widely used to design laser resonators and analyze beam propagation [44].

Each lens in the laser cavity will affect the beam transmission inside of the cavity, and it
is therefore necessary to calculate the ABCD matrix transformation after the beam matrix in
the cavity passes through each lens. When a laser beam can oscillate multiple times without
leakage, a stable laser cavity is achieved. Therefore, according to the stability conditions of
the coaxial spherical cavity, the absolute value of the range of stability parameters calculated
using the ABCD matrix is between 0 and 1 [45]. Figure 2 shows the stable working area
of the laser cavity, where the unstable working area of the laser cavity is indicated in
dark blue.
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In the graph shown in Figure 2, the abscissa is the distance L1 from M1 to the chip, and
the ordinate is the energy transmission distance L2. It can be seen that the laser cavity can
stably function within 10 m of the transmission distance L2 when L1 is 155 mm. Therefore,
this cavity type can indeed achieve long-distance energy transmission. Although the
simulation results show that the cavity is stable, it does not necessarily achieve a high
power output. The beam size on the chip surface has a large influence on the output
performance of VECSEL. The beam radius of the intracavity oscillating beam on the chip
surface is therefore investigated via simulation.

Figure 3 shows the variation of the intracavity beam radius on the chip surface with
the cavity length L2. As the energy transmission distance L2 increases, the beam radius
on the chip surface becomes smaller. When the transmission distance L2 is equal to
100 cm, the beam radius on the chip surface is approximately 50 µm. As L2 continues to
increase, the beam radius on the chip surface gradually decreases and finally stabilizes at
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approximately 35 µm. The beam size on the chip surface matches the pump spot, and the
optically pumped laser can achieve the best output under these conditions [46]. A large
pump spot represents an increased output, and the pump spot size has a maximum critical
value. Once the critical value is exceeded, the thermal resistance of the radiator will be
greater than the thermal resistance of the chip, and the radiator will no longer function
properly. According to the critical value formula, the pump spot size that the copper heat
sink can support is approximately 200 µm [46]. The 35-µm intracavity beam radius on the
chip surface therefore cannot support such a large pump spot size, and the laser cavity
must be adjusted.
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Figure 4 shows the simulation results obtained after adjusting the position of the
optical device in the laser cavity. As shown in Figure 4a, the stable operating region of
the laser cavity after the parameter adjustment has changed significantly. Compared with
the original stable cavity region, the laser cavity can also function stably at a transmission
distance L2 of 5 m. When L2 is in the range of 0.3 to 2 m, the stable working range of the
laser cavity is widened and the distance L1 between the chip and M1 ranges from 15 to
16 cm. This relatively wide stability range indicates that the difficulty associated with laser
cavity debugging is reduced. Next, the variation of the beam radius of the chip surface
with the transmission distance L2 is next simulated in this stable working range. As shown
in Figure 4b, when the transmission distance is within 0.3 to 2 m, the beam radius of the
intracavity beam on the chip surface remains above 100 µm. Beyond the stable working
area, the beam radius on the chip surface becomes extremely large, which indicates the
leakage of the laser in the cavity. A cavity base film with this spot size is sufficient to
support a large pump spot and achieve a high power output.
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Figure 5 shows the radius variations of the beam propagation over the entire cavity
when L2 is 50, 100, and 150 cm. The position of M1 is indicated in this figure, and the
output and transmitter are framed by the black dashed lines. As the propagation distance
L2 increases, the beam radius in the range of the transmitting end does not significantly
change, indicating that a compact transmitting end can be achieved. The increase in the
propagation distance L2 leads to a slight increase in the beam radius on the surface of M2.
The output end composed of M2 and the plane mirror can completely receive and reflect all
incident light, return the light to the transmitting end, and form a stable laser oscillation.
Therefore, the large beam size incident on the M2 surface can make the output end slightly
deviate from the main optical axis such that the output end alignment is easier to achieve.
The beam size in the output end is extremely stable and maintains the same trend. The
beam radius on the output mirror is approximately 50 µm. When the transmission distance
L2 increases from 50 to 150 cm, the surface beam radius of the chip surface and output
mirror remain stable. The wireless charging system can therefore maintain a stable working
state over a constantly changing transmission distance.
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3. Experimental Results

We determined the optimal parameters of the experimental system via simulation and
designed a straight cavity that can operate stably over a long cavity length, as shown in
Figure 1. Before building the straight cavity, the reflection spectrum and photoluminescence
(PL) spectrum of the chip were tested. Figure 6 shows the PL and reflection spectra of the
gain chip after removing the GaAs substrate. The reflection spectrum has a wide reflection
band of 80 nm, extending from 940 to 1020 nm. The reflectivity decreases at 969 nm, which
represents the resonance wavelength position of the Fabry–Perot (F–P) cavity [47]. The
peak of the PL spectrum as modified by the microcavity is 971 nm. No side peak in the PL
spectrum is present, which indicates that the chip material after strain compensation grows
uniformly without serious growth defects.
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Figure 7 shows the functional relationship between the output and pump powers at
different transmission distances L2 (50, 100, and 150 cm) at a TEC control temperature of
0 ◦C. The output power increases linearly as the pump power is increased until thermal
inversion occurs. The process of thermal inversion occurs because the pump power is
too high such that the radiator cannot remove the waste heat generated by the active
region at an adequate rate, and the temperature of the active region is therefore too high.
The temperature drift coefficients of the cavity mode and gain peak differ [40]. Excessive
temperatures lead to a large mismatch between the gain peak and cavity mode, resulting
in a decrease in the output power. The slope efficiencies of the power curves do not
significantly vary between different transmission distances, which indicates that the loss
caused by the increase in the cavity length is small, as indicated by the variation of the peak
power with the cavity length. The peak power is 1.781, 1.734, and 1.666 W at transmission
distances of 50, 100, and 150 cm, respectively. When the transmission distance L2 increases
from 50 to 100 cm, the peak power decreases by 2.6%. As the transmission distance L2
increases from 100 to 150 cm, the peak power decreases by only 3.9%. Such a small power
attenuation of 6.4%/m is sufficient to prove that this cavity can support long-distance
power transmission through parameter optimization.
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Figure 7. VECSEL output power curves for different external cavity lengths at 0 ◦C.

Figure 8 shows the variation of the output wavelength and full width at half maximum
(FWHM) values of VECSEL with the temperature at different transmission distances. The
pump power, angle, and spot size of VECSELs with different transmission distances remain
unchanged. At the same temperature, there is little change in the output wavelength as
the transmission distance increases. As the temperature controlled by TEC increases, the
output wavelengths of different transmission distances maintain the same growth trend. As
the temperature controlled by TEC is increased from −15 to 15 °C, the output wavelength
shifts from 970.18 (970.57 nm at 150 cm) to 973.9 nm. The variation of the wavelength
with temperature is consistent, and the temperature drift coefficient is approximately
0.12 nm/◦C, which indicates that the variation of the cavity length has little effect on the
output wavelength. The FWHM values of different transmission distances are <1 nm at all
temperatures. A longer transmission distance L2 is shown to result in a smaller FWHM.
An increase in the cavity length leads to an increase in the cavity loss, suppression of the
weaker cavity mode, and decrease in FWHM of the output wavelength. As a long cavity
has an improved filtering effect on the mode with a lower intensity, a long cavity can be
used to achieve a lower FWHM value.
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Figure 9 shows the far-field modes of VECSEL at 0 ◦C at transmission distances L2
of 50, 100, and 150 cm. The far-field modes at different positions show Gaussian cross-
sections in both dimensions. The insets show the 2D beam profiles captured by a charge
coupled device (CCD). With an increase in the transmission distance L2, the distribution
of the light beam profile remains uniformly circular. The divergence angles are 3.033◦,
4.866◦, and 4.095◦ at transmission distances L2 of 50, 100, and 150 cm, respectively. The
divergence angles of the different transmission distances are less than 5◦. This shows that
the output performance of VECSELs can remain stable even if the transmission distance
becomes larger.
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Figure 9. One-dimensional far-field modes of VECSEL measured at different transmission distances
L2 of (a) 50, (b) 100, and (c) 150 cm. The beam profiles of VECSEL are shown in the inset images.

Figure 10 shows the influence of the radiator temperature on the VECSEL power
curve when the transmission distance L2 is 150 cm. The power curves obtained at different
temperatures exhibit the same trend, with an obvious linear growth region and thermal
inversion. As the radiator temperature increases, the slope efficiency of the power curve
decreases. This occurs because the loss caused by the absorption of free carriers in the
semiconductor laser increases as the temperature increases. Consequently, the number
of carriers overflowing from the active region increases, resulting in a decrease in the
external differential quantum efficiency. At a transmission distance of 150 cm, we achieved
a maximum output power of 2.589 W at a radiator temperature of −15 °C.
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4. Conclusions

We designed a safe and efficient wireless laser energy transmission scheme based on
the unique external cavity structure of VECSEL. The stable oscillation of the laser cavity
was determined using the ABCD transfer matrix, and a stable laser cavity with a theoretical
distance of 10 m was designed. To achieve a high power output and simplify the debugging
process, the laser cavity parameters were adjusted to achieve a wide stable region in the
laser cavity with a transmission distance of 0.3 to 2 m. The size of the fundamental mode
spot on the surface of the adjusted laser cavity chip was increased to support a large pump
spot and achieve a high power output. This wireless power transfer scheme yielded an
output of 2.589 W at a transmission distance of 150 cm. The influence of the variation of the
transmission distance L2 on the output power was investigated, and a power reduction of
approximately 6.4%/m was achieved. The beam profile of three transmission distances
showed a Gaussian distribution, and the divergence angle was less than 5◦.

In addition to being low cost, the optically pumped external cavity surface-emitting
semiconductor laser has a small volume, high beam quality, and high output power. When
an obstacle enters the laser cavity, the laser oscillation will immediately stop without
causing damage. The proposed wireless energy transmission scheme based on a VECSEL
laser cavity is safe and efficient and is ideal for indoor wireless charging applications.
However, the current wireless energy transmission system is not modular and can only
transmit energy along a straight line. In the future, we will focus on designing a small and
compact modular laser system that can safely and efficiently transmit energy to multiple
devices while deviating from the optical axis, providing a new strategy for enhancing the
current wireless charging scheme.
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