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ABSTRACT

We present laser generation in a several-meters-long air cavity using an optically pumped semiconductor gain
chip for wireless optical power transmission applications. Theoretical calculations showed that stable laser
oscillation can be realized in long laser oscillation cavities of more than 500 cm. Moreover, the laser oscillation
can be maintained even when the output mirror of the laser is off-axis, which is useful in the alignment of energy
charging terminals. A lens was inserted into the cavity to adjust the intra-cavity beam, and the beam radius on
the gain chip surface sufficiently increased to match a large pump spot and achieve high output power. Laser
generation in an external air cavity of 200 cm was realized, and the maximum output laser power of more than
705.4 mW was achieved. The off-axis range of the output mirror surpassed 19 mm. Moreover, the output laser
power decreased by 5.5 % (from 586.4 to 554.2 mW) when the length of the external air cavity was increased
from 100 to 200 cm. However, the off-axis range increased by 40.7 % (13.5 to 19 mm). Thus, the longer external

cavity laser made it easier to align the laser beam and charging terminal.

1. Introduction

Electronic devices and smartphones are convenient but require
frequent charging. Carrying charging equipment and looking for power
supplies to charge mobile devices create significant inconvenience for
users. Therefore, efficient wireless charging technology has become a
research hotspot [1-4]. Current wireless power transmission systems
can be divided into three main categories: inductive coupling, magnetic
resonance coupling, and microwave radiation categories [5,6]. Among
these, magnetic induction and magnetic resonance coupling technolo-
gies operate in the near-field, but they have shortcomings in terms of
their short charging distance and thermal effects [7-9]. However, mi-
crowave radiation technologies use microwaves for energy transmission
rather than a variable magnetic field [10]. The energy transmission
range of microwaves has expanded from tens of meters to several kilo-
meters, but the associated high radio frequency (RF) density leakage is
harmful to the human body, which limits its application [11-13]. With
the rapid development of laser sources, such as semiconductor lasers,
solid-state lasers, and solar disk lasers, laser applications in
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communication and space power transmission have been continuously
reported [14-18]. Lasers with good directivity and high power densities
are ideal light sources for wireless energy transmission. The consider-
able developments in laser technology are conducive for long-distance
and high-efficiency wireless power transmission with light as the en-
ergy carrier [19].

In recent years, wireless charging systems using light as the energy
carrier have been the research focus [20-22]. The resonant cavity of a
laser offers significant advantages in wireless charging. Any occlusion
that enters the resonator stops the laser output but the occlusion is not
harmed. A laser with an optical gain greater than the cavity loss can
output the laser in a resonant cavity with length of several kilometers
[23]. By tweaking the design of the resonant cavity, its output can have a
certain off-axis working range to realize mobile wireless optical power
transmission [20]. As an information carrier, light can simultaneously
transmit energy and information [24-27]. Therefore, a wireless power
transmission system based on light has the potential for both commu-
nication and charging. The optically pumped vertical external cavity
surface emitting laser (VECSEL) with high power, high beam quality,
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Fig. 1. Schematic diagram of the working principle in the long cavity VECSEL.

low cost, and flexible resonator is the ideal choice for wireless power
transmission systems [28,29].

VECSELs combine the advantages of solid-state and gas lasers to
achieve high power and high beam quality outputs [30]. Resonant
cavity designs can accommodate optical elements in the cavity for fre-
quency conversion, mode control, and mode locking [31-34]. Highly
efficient intra-cavity frequency conversion combined with semi-
conductor material flexibility enables VECSELs to cover an emission
wavelength range from the ultraviolet to long-wave infrared [35-37].
Thus, VECSELs are eminently suitable for wireless power transmission,
but no current study has investigated high-power wireless power
transmission systems using VECSELs, to our knowledge.

This study demonstrates a wireless power transmission scheme based
on a VECSEL external cavity structure. Long-distance wireless energy
transmission is realized by optimizing the beam propagation path in the
resonant cavity. A V-shaped cavity structure with a transmission dis-
tance of 200 cm and an output power of 700 mW is designed by
analyzing the influence of the beam radius on the gain chip surface from
the output power of the laser. Additionally, the output power and off-
axis characteristics of different transmission cavity lengths are analyzed.

2. System overview

Fig. 1 displays a wireless power transmission scheme based on the
external cavity structure of a VECSEL, which has a V-shaped structure. A
flat concave mirror, Mpack, With a curvature radius of 77 mm and high
reflectivity (>99.9 %) is used as the feedback end. The output end
comprises a convex lens, M3, and plane mirror, M (reflectivity, ~97.5
%). M; and My modify the transmission beam in the cavity to help yield a
high-power, long cavity laser output. M;, My and M3 are convex lenses
with a diameter of 25.4 mm, a radius of curvature of 15 cm and coated
with an anti-reflective film (transmittance >99.9 %) to reduce intra-
cavity transmission losses. By tailoring the laser cavity, the feedback end
and M; and M, positions are fixed, and the output end can achieve long-
distance off-axis laser oscillation. In Fig. 1, the folding angle of the V-
shaped cavity is about 30°, and the incident angle of the beam on the
surface of the gain chip in the cavity is about 15°.

Fig. 1 also shows the VECSEL gain chip structure. The chip has a
bottom-emitting structure, while a GaAsP corrosion barrier layer, win-
dow layer, active region, and distributed Bragg reflector (DBR) are
successively grown on the substrate [38]. The DBR layer of the structure

is grown the last and is welded to a copper heat sink after metallization.
The substrate is removed via mechanical thinning and chemical etching.
The GaAsP corrosion barrier layer protects the chip from chemical
corrosion. After removing the substrate of the gain chip, the copper
radiator of the welded chip is installed on the copper base and cooled
using a thermoelectric cooler (TEC). A water-cooling system with a set
temperature of 15 °C is used to remove waste heat generated during TEC
operations. The pump system provides an 808 nm pump light output,
and the maximum pump power is 100 W. The pump laser is focused on
the gain chip at an incidence angle of nearly 35° through the lens group.
The size of the pump spot and the pump power density are controlled by
adjusting the distance between the lens group and chip.

The gain chip is grown on GaAs (100) substrates using an Aixtron
200/4 metalorganic chemical vapor deposition system. As shown in the
structural illustration of Fig. 1, the active region is grown on top of the
GaAsP corrosion barrier layer and the 30-nm-thick AlGaAs window
layer. The active region comprises eight 6-nm-thick InGaAs quantum
wells (QWs) placed in the GaAs pump absorption layer. The 3-nm-thick
GaAsP barrier layer placed on either sides of the QW compensates for the
material strain caused by the InGaAs QW [39]. A highly reflective DBR is
placed behind the active region, which reduces the heat deposition on
the chip and increases its efficiency. Thirty-five pairs of AlAs/GaAs DBRs
provide a high reflectivity of >99.9 % in the 100 nm range near the laser
wavelength. Even if the light is incident at a 30° angle, the DBR still
provides a reflectivity greater than 99.9 %.

The laser cavity scheme in Fig. 1 requires a precise design to support
long-distance laser oscillation. The distance between M; and M; is Lg,
and the distance between M5 and M3 is the transmission distance of L.
Mpack reflects the light in the cavity and focus it on the surface of the gain
chip. M; and M modify the beam size in the cavity. The spot that
converges on the gain chip matches the pump light for achieving high-
power output. The larger the beam size received by Mg, the larger the
off-axis range. M3 focuses the intracavity beam on My The light re-
flected by Mgy returns to the cavity through M3 modifications. Note that
a slight change in the lens position of the laser cavity affects the cavity’s
stability. Thus, a theoretical model is established to simulate the cavity
stability to obtain an accurate laser cavity design scheme.

The laser cavity design is based on the generalized ABCD matrix
method [40]. The ABCD matrix method is concise and efficient and has
been widely used in the analysis and design of laser resonators and beam
propagation [41,42]. By calculating the ABCD matrix transformation of
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Fig. 3. (a) Beam radius on the chip surface as a function of the transmission distance, and (b) beam radius on M3 as a function of transmission distance.

each mirror in the cavity, the beam propagation parameters for each
position in the cavity are obtained. In a stable laser cavity, the laser
beam must be able to oscillate multiple times without leakage. Thus, the
absolute values of the stability parameters calculated using the ABCD
matrix are between 0 and 1 [43]. In the calculation, the curvature radius
of the three convex lenses is 15 cm. The thermal lensing effect of the
semiconductor materials with a high pump temperature is about 650
mm [44]. The influence of the thermal lensing effect on the short cavity
length VECSEL is negligible. With increasing cavity length, the influence
of the thermal lensing effect intensifies, which cannot be ignored in the
long cavity VECSEL. When calculating the beam propagation in the
cavity simulated by the ABCD matrix, the position of the gain chip is no
longer a plane mirror but a thermal lens with a curvature radius. To
accurately calculate the beam propagation in the cavity, the gain chip
position is replaced with the lens having a 650 mm curvature radius. The
M, position is closely related to the transmission distance L4 and off-axis
range.

Fig. 2 displays the stability parameters of the laser cavity. The areas
where the laser cavity cannot work stably are marked with dark blue.

The distance L3 between M and M; is approximately 125 mm, and the
transmission distance L4 is about 5 m. When Ls is increased, the trans-
mission distance L4 sharply decreases to 50 cm. Therefore, this type of
laser cavity supports the stable operations of relatively long cavity
lengths to achieve long-distance wireless energy transmission.

Fig. 3(a) displays the variations in the beam radius on the chip sur-
face with increasing propagation distance. The beam radius on the gain
chip increases with the propagation distance L4. A larger intracavity
beam radius on the chip surface allows a larger pump spot to be sup-
ported. A critical value exists for the size of the pump spot, which is
directly related to the thermal conductivity of the heat sink and semi-
conductor materials [45]. Beyond this critical value, the thermal resis-
tance of the heat sink becomes greater than that of the semiconductor
material, and subsequently, the heat sink loses its heat dissipation
capability. This causes a sharp increase in the temperature of the active
region. Based on the critical value formula [45], the maximum pump
spot radius that the gain chip can support is about 200 pm. Under the
critical value of the maximum pump spot, the output power increases
with the pump spot radius. As the transmission distance L4 increases
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Fig. 5. The 0 °C gain chip reflection spectrum (solid line) and PL spectrum from the InGaAs chip (red dash curve). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

from 500 to 2000 mm, the beam radius on the chip surface increases
from 94 to 132 pm. Furthermore, the pump spot size that the system can
support increases.

Fig. 3(b) shows how the beam radius of the M3 surface varies with
the transmission distance. The beam radius on the M3 surface gradually
increases with the propagation distance L4. A large beam radius results
in a large off-axis range. The beam reflected toward the resonant cavity
by the output end composed of M3 and My oscillates in the cavity. The
condition for laser output is that the optical gain generated by the gain
chip is greater than the loss. The larger the radius of the M3 surface
beam, the larger the region of the output end that deviates from the
optical axis can reflect enough gain and the larger the off-axis range. As
the propagation distance L4 increases from 500 to 2000 mm, the beam
radius on the M3 surface increases from 680 to 1250 pm and the off-axis

range of the output end increases. In Fig. 3(a) and 3(b), the beam radius
corresponding to transmission distances of 1000, 1500, and 2000 mm
are circled.

Fig. 4 displays the radius variations of the beam propagation over the
entire cavity when L4 is 100, 150, and 200 cm. To better display the
beam radius distribution, the V-shaped cavity is expanded to form a
linear cavity. The location of each component is marked in Fig. 4. M;
adjusts the beam propagation so that the beam waist is not on the chip
surface, which maximizes the beam radius on the chip surface.

As the cavity length increases, the beam radius on the left side of M,
little changes. This means that a compact transmitter can be fabricated
by selecting appropriate lens specifications. The output terminal
composed of M3 and Mgy is circled in a black dotted box in Fig. 4. As the
propagation distance increases, the beam propagation inside the output
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end stabilizes and the beam radius on the My, surface is about 50 pm. 3. Experiment
The output end can be fabricated as a movable compact module. In
wireless energy transmission systems, a compact transmitter and We designed a V-shaped cavity that could work stably in a long
movable output end without the need for debugging will provide sig- cavity, as shown in Fig. 1. The gain chip structure is grown on GaAs
nificant advantages. (100) substrates, and the wafer is cut to 3 x 3 mm?. For better heat
removal, the gain chip is soldered to a copper heat sink. The reflectivity
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and photoluminescence (PL) spectra at room temperature after the
removal of the substrate are shown in Fig. 5. The dip in reflectance in-
dicates that the wavelength of the F-P resonances is 974 nm. The peak of
the PL spectra as modified by the microcavity is 968 nm. The temper-
ature drift rate of the gain peak with high temperatures is about 3 times
faster than that of the cavity mode with a temperature rise [38].
Therefore, increases in the active region temperature improve the match
between the gain peak and cavity mode, which yields optimal outputs.

Fig. 6 shows the output power as a function of pump power for
different transmission distances of L4 (100, 150, and 200 cm) with a
heat-sink temperature of 0 °C. Here, the position parameters of the op-
tical lens in the VECSEL scheme are similar to those simulated in Fig. 4.
The distance between Mp,ck and chip L1 is about 6.5 cm, that between
the chip and M; is about 4.5 cm, that between M; and M, is about 10 cm,
and that between M3 and My, is about 15.5 cm. The linear dependence
range of the output power on the pump power and the output power
rollover caused by excessive pump power is observed. With increasing
pump power, the output power increases until thermal rollover. The
main reason for thermal rollover is that the pump power of the laser is
too high, and the radiator cannot dissipate the heat in time. Therefore, a
sharp rise in the heat storage temperature for the active region leads to a
mismatch between the PL red-shift and the FP cavity mode, which de-
creases the output power. Fig. 6 shows that as the transmission distance
increases, the peak output power slightly decreases. The cavity loss in-
creases with the transmission distance. As shown in Fig. 6, the power
reduction decreases with increasing cavity length. The intracavity beam
radius on the chip surface gradually increases with the transmission
distance, as shown in Fig. 3(a). As the transmission distance L4 increases
from 100 to 200 cm, the spot radius on the chip surface gradually in-
creases from 115 to 132 pm. The pump spot radius is fixed as 135 pm.
The pump position and pump power are fixed. The intracavity beam
radius on the chip surface increases with the transmission distance L4 to
better match the pump spot, and the output power slightly increases. A
small increase in the output power can offset some of the loss from the
increased cavity length. Thus, the power attenuation is very low. As the
cavity length increases from 100 to 200 cm, the maximum output power
of the VECSEL decreases from 586.4 to 554.2 mW. The power attenua-
tion caused by the increase of the transmission distance is about 5.5 %

per meter, indicating that the scheme can support wireless optical power
transmission with a transmission distance of several meters.

Off-axis operations of the laser are experimentally verified, as shown
in Fig. 7. The output end (M3 and M,t) moves in a plane perpendicular
to the optical axis in the off-axis operation. Note that the positions of
Mpack, chip, Mj, My, and pump system are not changed in the experi-
ments of the increase of L4 distance and output end (M3 and My,,) off-
axis working. Based on the data in Fig. 3(b), the beam radius at the
output end gradually increases with the transmission distance L4. The
structure of the output end plays an essential role. The output end de-
viates from the optical axis, and the beam is reflected according to the
incident path to form a stable resonance. The threshold condition of the
VECSEL output is that the gain in the cavity is greater than the loss in the
cavity. The beam radius on the Mg surface is large, signifying that the
output end comprising M3 and M, can move in a plane perpendicular
to the optical axis until the gain of the feedback beam is less than the loss
in the cavity and VECSEL stops the output. In Fig. 7, the abscissa is zero,
which denotes that the output end is aligned with the optical axis of the
other optical elements. As shown in Fig. 7, the translation range is about
19 mm when the transmission distance L4 is 200 cm. At the off-axis edge
position, the optical gain of the output end feedback is less than the
cavity loss, and the laser stops the output. As the transmission distance
increases from 100 to 200 cm, the off-axis range increases from 13.5 to
19 mm. The increased off-axis range is related to the increased beam
radius on the M3 surface in Fig. 3(b). With increasing cavity length, the
beam radius received by the output end gradually increases and the off-
axis range steadily increases. The transmission distance L4 is 200 cm,
and the output end still has 20 % of the peak laser power output in the
range of — 9 to 7 mm. The off-axis range can be extended and the
appropriate lens can be chosen to reduce the size of the output end. One
transmitter can support the simultaneous output of multiple output
terminals. Thus, multiple devices can be simultaneously charged on a
wireless power transmission system.

Fig. 8 shows the output wavelength and full width at half maximum
(FWHM) of VECSEL for different off-axis distances. In the off-axis region,
the output wave increases from 983.2 to 986.3 nm. The corresponding
laser spectral half-width fluctuates between 0.5 and 1.5 nm. As shown in
Fig. 1, the inward translation of the output end perpendicular to the
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optical axis is recorded as negative coordinates, and the outward
translation is recorded as positive coordinates. With increasing distance
from — 11 to 8 mm, the angle of the V-shaped cavity gradually increases.
Subsequently, the photon energy increases, which results in a blue shift
of the wavelength [46].

Fig. 9 shows the far-field of VECSEL at 0 °C with a transmission
distance of 200 cm and an off-axis working distance of — 11, 0, and 8
mm. The far-fields at different positions show the Gaussian cross sec-
tions in the horizontal and vertical dimensions. The beam intensity is too
high when the optical axis is aligned, and an attenuator is added to the
measurements. When the beam intensity is weak at the off-axis edge, the
attenuator is removed and the focal length of the detector is adjusted
during measurements. Thus, the 2D beam profiles can be observed. The
divergence angle is measured at 1/e? of the maximum beam intensity. At
the off-axis positions of — 11, 0, and 8 mm, the divergence angles are
7.677°, 7.248°, and 7.901°, respectively.

Fig. 10 shows the effect of the heat-sink temperature on the VECSEL
power curve when the transmission distance L4 is 200 cm. The figure
displays the linear dependence range of the output power on the pump
power and the output power reversal caused by high pump power. As

the heat sink temperature decreases, the pump power required for
thermal rollover increases and the output peak power increases. Ther-
mal rollover primarily occurs due to a mismatch between the PL red-
shift and FP cavity mode from the high internal temperature of the
chip. At the transmission distance of 200 cm, a maximum output power
of 705.5 mW is realized at a heat-sink temperature of —10°C.

4. Conclusions

In this study, we used the ABCD matrix method to simulate the sta-
bility of a laser cavity for designing and verifying a wireless optical
power transmission scheme based on VECSEL. Through design, a stable
laser cavity of more than 5 m was realized. The beam radius in the cavity
was simulated as a function of the propagation distance. The beam sizes
on the left and right sides of the transmission distance L, remained
nearly unchanged, and they could be fixed onto the compact emission
and output ends by selecting appropriate optical component specifica-
tions. An intracavity lens was inserted into the cavity to adjust the
intracavity beam so that the beam waist increased on the gain chip
surface. The gain chip surface beam radius became large enough to
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support a large pump spot and realize a high output power. The
maximum output power of 705.4 mW was obtained at a transmission
distance of 200 cm. The output end had a working range of 19 mm away
from the optical axis. The laser beam exhibited a Gaussian spot
morphology, and the beam divergence angle was only 6.87°. Based on
the small size and low cost of semiconductor lasers, we believe that the
proposed compact, wireless, optical power transmission system has
considerable potential. Such a long resonant cavity is conducive for
adding optical elements for modulation to facilitate the simultaneous
transmission of energy and information.
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