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Compact lasers capable of producing kilowatt class peak power are highly
desirable for applications in various fields, including laser remote sensing,
laser micromachining, and biomedical photonics. In this paper, we propose a
high-peak-power chip-scale semiconductor/solid-state vertically integrated
laser in which two cavities are optically coupled at the solid-state laser gain
medium. The first cavity is for the intra-pumping of ytterbium-doped yttrium
aluminum garnet (Yb:YAG) with an electrically driven indium gallium arsenide
(InGaAs) quantum well, and the second cavity consists of Yb:YAG and
chromium-doped yttrium aluminum garnet (Cr:YAG) for passive Q-switching.
The proposed laser produces pulses as short as 450 ps, and an estimated peak
power of 57.0 kW with a laser chip dimension of 1 mm?>. To the best of our
knowledge, this is the first monolithic integration of semiconductor and solid-

state laser gain mediums to realize a compact high-peak-power laser.

High-peak-power solid-state lasers have played an important role in
modern science and technology, with widespread applications in var-
ious fields, including laser remote sensing'?, laser micromachining®*,
and biomedical photonics®®. In line with the progress of semi-
conductor lasers as pumping sources, the past three decades have
seen the emergence of various types of high-peak-power solid-state
lasers. These lasers can be classified into categories: laser cavity con-
figurations (fiber lasers’, thin-disk lasers®, slab lasers’, and microchip
lasers'®”, starting from the original rod geometry?”), pulsation
methods™ (Q-switching, cavity-dumping, and mode-locking), etc.
Among the pulsation techniques, Q-switching is one of the most suc-
cessful approaches to obtain kilowatt class laser peak power for sci-
ence and industry with relative ease, in which a much larger population
inversion can be attained by removing cavity feedback to a point,
where a sudden change of the cavity Q factor causes the generation of
short intense laser pulses. Given that the fluorescent lifetimes of solid-
state laser mediums are on the order of microsecond to millisecond”,
which are several magnitudes of orders larger than that of semi-
conductor gain mediums'®”, they are suitable for producing short-
pulse high-peak-power laser with excellent beam quality. However,
unlike semiconductor lasers, which can be electrically driven, the solid-

state laser mediums comprise dielectrics or glasses and require an
external laser for pumping, thereby making compact chip-scale high-
peak-power lasers very challenging. Therefore, their potential appli-
cations are hampered via the system size and assembling cost. Thus, to
reach the same maturity level as existing semiconductor lasers, which
are suitable for miniaturization and cost-effective mass production,
the integration of all elements monolithically compatible with wafer-
level manufacturing is required. Meanwhile, as an approach from
semiconductor lasers, 2D photonic crystal surface-emitting lasers have
recently attracted much attention due to their capability of large-area
2D coherent lasing oscillation of several millimeters, which is much
larger than that of conventional semiconductor lasers. A peak power of
18 W has been reported experimentally and up to 300 W can be
expected via optimization'®. Here, we introduce another option for
high-peak-power operation exceeding kilowatt, which has not been
demonstrated yet for fully integrated chip-scale lasers.

In this work, we originally demonstrate to the best of our knowl-
edge, a fully integrated chip-scale, compact, passively Q-switched laser
comprising a semiconductor laser medium and a solid-state laser
medium with a peak power, pulse width, and volume of 57.0 kW,
450 ps, and 1 mm?®, respectively.
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Results

Concept

To integrate a semiconductor laser and solid-state laser monolithically,
a vertical-cavity surface-emitting laser (VCSEL) is more attractive
compared to an edge-emitting laser as a pumping laser source because
it can emit a laser beam perpendicular to its surface, making it suitable
for vertical integration. However, as the volume of the active region of
the single-emitter VCSEL is small, the laser output is substantially
limited. Therefore, the following problems occur when a solid-state
laser is externally pumped. First, it is necessary to use an optical lens to
focus the pumping laser beam, which complicates the system config-
uration and makes vertical integration difficult. Second, as the
pumping laser passes through the solid-state laser medium only once
or at most twice, the thickness of the solid-state laser medium should
be of the same order as the absorption length, which is undesirable
from the viewpoint of manufacturing via vertical integration.

To solve these problems, we employ a vertical-external-cavity
surface-emitting laser (VECSEL) as an intra-cavity pumping source.
Figure 1 illustrates a schematic of our proposed chip-scale semi-
conductor/solid-state vertically integrated laser, in which two cavities
are optically coupled at the solid-state laser gain medium. The first
cavity is a VECSEL for intra-pumping of Yb:YAG, with an electrically
driven InGaAs quantum well, and the second cavity is for passive
Q-switching that comprises Yb:YAG and Cr:YAG. This configuration
provides the following advantages. First, as the pumping laser beam is
focused via the thermal lens generated at the GaAs substrate and
Yb:YAG, the optical lens necessary for external pumping configuration
is not required. Second, via intra-pumping, even when the single-pass
absorption rate of the Yb:YAG is low, the pumping laser can be effi-
ciently absorbed and the thickness of the Yb:YAG can be reduced.
Thus, vertical integration is possible in the proposed configuration.

The VECSEL cavity based on InGaAs quantum well (=940 nm)
comprises two highly reflective (HR) layers at both ends and an
intermediate partially reflective (PR) layer. An HR layer is a p-type
distributed Bragg reflector (p-DBR), and the other is a dielectric coat-
ing layer between the Yb:YAG and Cr:YAG. The intermediate PR layer is
an n-type DBR (n-DBR). The VECSEL cavity has no output coupling
other than the absorption in the Yb:YAG. The passively Q-switched
laser cavity (1=1030 nm) comprises two reflective layers at both ends,
where one is an HR layer and the other is a PR layer that acts as an
output coupler (OC) for laser emission. The Yb:YAG is selected as a
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Fig. 1| Schematic of chip-scale semiconductor/solid-state vertically integrated
laser. The VECSEL cavity and the passively Q-switched laser cavity are optically
coupled at the solid-state gain medium of Yb:YAG.

solid-state gain medium, in which high quantum efficiency is expected
in the combination of 940 nm pumping and 1030 nm Q-switched laser
oscillation. By injecting current into the InGaAs quantum well, which is
inside the VECSEL cavity, the 940 nm pumping laser and 1030 nm
passively Q-switched laser oscillate successively, thereby causing the
emission of a short pulse with high-peak-power.

VECSEL cavity design

To achieve Q-switched oscillation in the proposed laser configuration,
we first design the configuration of the VECSEL cavity. Although there
are several advantages with intra-cavity pumping as mentioned above,
it has an inherent trade-off. First, since the Yb:YAG is placed in the
VECSEL cavity, its absorption for the gain of Q-switched oscillation
becomes a loss factor for the pumping laser. Single-emitter VCSEL/
VECSEL is quite sensitive to cavity loss due to the small gain; therefore,
the introduction of the loss factor should be treated with careful
attention. Second, the Yb:YAG obtains the gain of Q-switched oscilla-
tion at 1030 nm by absorbing the pumping laser at 940 nm; hence, it is
desirable to increase its absorption as much as possible. This balance
between the loss of the pumping laser and the gain of the Q-switched
laser is one of the important design issues in the proposed laser
configuration.

This trade-off can be understood in terms of characteristics of the
external cavity part of the VECSEL cavity (Fig. 2a). There are four
parameters in the external cavity part: reflectance of the n-DBR (R,),
reflectance of the HR layer at 940 nm (R5), absorption rate of the GaAs
substrate (Agaas), and absorption rate of the Yb:YAG (Ayy,). Because R;
should be as high as 100% for effective intra-cavity pumping and Agaas
is specific to the substrate condition, the parameters to be designed
are R, and Ayp. However, fully theoretical or numerical analysis of these
two parameters is challenging because the dynamic change of the
transverse mode at 940 nm must be included due to the thermal lens
produced at the GaAs substrate and Yb:YAG, whose simulation is not
easy to perform accurately. Instead, to obtain a design guideline for
the VECSEL cavity, we develop a semiempirical model that combines
experimental data and external cavity theory.

We first discuss the n-DBR reflectance R,. For efficient power
build-up of the 940 nm laser in the cavity, R, should be as high as
possible to overcome the loss factor in the external cavity part. How-
ever, an excessively high R, incurs a risk of VCSEL oscillations between
the p-DBR and n-DBR (rather than VECSEL oscillations). In this oscil-
lation mode, the pumping of the Yb:YAG is not intra-cavity pumping
but external pumping, which prevents the effective pumping-power
absorption of the Yb:YAG. Figure 2b shows the measured VECSEL
output power for two semiconductor devices with R,=90.0% and
96.1%. Note that a Yb:YAG was not inserted, and an external OC at
940 nm (reflectance: Ro40) was placed for the VECSEL output oscilla-
tion. Between the two n-DBR conditions, a higher output power is
obtained with R,=96.1% as expected. It can also be seen that the
output power varies with Ro40. This variation comes from the change in
effective reflectivity of the external cavity part (Rer) due to Rogo,
indicating the proper occurrence of VECSEL oscillations.

We next discuss the Yb:YAG absorption rate Ay, from the view-
point of the pumping-power absorption of the Yb:YAG (Pyp). As
explained above, Ayy, is directly related to the trade-off between loss of
the pumping laser and gain of the Q-switched laser. Figure 2c illustrates
the relationship between Ay, and Py, for R, = 96.1%, which was analyzed
using the measured output power (Fig. 2b) and the derived equations in
the external cavity part (see Methods for details). When Ay, < 30%, Py,
increases with increasing Ayy, indicating that a higher Yb:YAG gain is
expected at higher Ayy. In contrast, when Ay, >30%, the Py, decreases
with increasing Ay, because R becomes smaller with higher Ayy;
consequently, the condition shifts from the optimum Reg condition.

To confirm the basic gain characteristic of our laser configuration
at 1030 nm, a fundamental experiment of 1030 nm continuous wave
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follows: R3 =99.0% and Agaas = 7.0%. d Measured I-L characteristics in the 1030 nm
CW laser oscillation experiment with a 1030 nm OC (R, = 85%). The Yb:YAG was
0.5 mm thick and its doping concentration was 2 at. % (Ay, = 9.5%) or 4 at. %

(Ayp =18.1%).

(CW) oscillation was performed, in which a 1030 nm laser cavity only
included a Yb:YAG (i.e., no saturable absorber). The detailed condi-
tions were as follows: the thickness of the Yb:YAG was 0.5 mm, and the
doping concentrations were 2 and 4 at. %, which corresponded to Ay,
of 9.5% and 18.1%, respectively. Both surfaces of the Yb:YAG were
coated to form the VECSEL and 1030 nm cavities (see Methods for
details of the Yb:YAG coating). An OC with a reflectance (R,.) of 85% at
1030 nm was placed additionally. The semiconductor element was
cooled to 20 °C by an active cooling system. Because of the difficulty of
mechanical assembly, the Yb:YAG was placed at a distance of 0.4 mm
from the semiconductor element. Figure 2d shows the current-output
(I-L) characteristics of 1030 nm CW oscillation. A laser oscillation was
confirmed at both doping concentrations. Moreover, a higher output
power was achieved at 4 at. % (Ay, =18.1%). This result agrees well with
the analyzed pumping-power absorption in Fig. 2¢c, in which Ay, of
18.1% realizes higher pumping-power absorption than Ay, of 9.5%.

The development of the semiempirical model led to a method for
deriving the VECSEL cavity parameters, especially the two important
parameters R, and Ayy,.

Passively Q-switched laser simulation

To derive the passively Q-switched laser cavity configuration, we
developed a simultaneous rate equations model between the VECSEL
cavity and passively Q-switched laser cavity. This model can help us
understand the carrier and photon dynamics of both the VECSEL and
passively Q-switched cavities, which are driven electrically and opti-
cally, respectively. More details on this model can be found in the
“Methods” section. Figure 3 illustrates the simulation results of the
model. The configuration of the passively Q-switched laser simulation

consists of 0.5 mm thick Yb:YAG with a doping concentration of 4 at. %,
0.2 mm thick Cr:YAG with initial transmittance of 95%, and the OC with
a reflectance of 85%.

The top part of Fig. 3a shows that when current is injected into the
InGaAs quantum well of the VECSEL at an initial time (¢=0 ps), the
carrier density (N) and photon density (S) increase and the oscillation
of 940 nm pumping laser begins within a few nanoseconds. Then, the
940nm pumping laser maintains a stable oscillation state
(t=0-900 ps). The bottom part of Fig. 3a shows that the population
inversion density (Ng) increases when the 940 nm pumping laser is
partially absorbed by the Yb:YAG, which means that energy is accu-
mulated in the 1030 nm cavity for several hundred microseconds
(t=0-470 ps). When Cr:YAG is bleached, the cavity Q factor switches
to a high value in a short time. Furthermore, the population inversion
density decreases rapidly, and a high-peak-power laser pulse is gen-
erated with a pulse width of several hundred picoseconds (around
t=470 ps), as shown in Fig. 3b. After Q-switched laser pulse oscillation,
the saturable absorber becomes unbleached again, the cavity Q factor
switches to a low value and energy is accumulated for the next
Q-switched laser pulse oscillation (¢ = 470-740 ps), as shown in Fig. 3a.
From the top part of Fig. 3a, it is also found that photon density at
940 nm decreases slightly when 1030 nm picosecond pulses are gen-
erated. This phenomenon occurs because the ground-state population
density of Yb®* ion and the absorption at 940 nm increase by
Q-switched laser pulse oscillation, and the photon density at 940 nm
decreases after laser pulse oscillation.

The simulation results show that in our proposed laser configura-
tion, the 940 nm pumping laser maintains a stable oscillation state, and
1030 nm passively Q-switched laser oscillation is theoretically possible.
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Fig. 3 | Simulation results of the simultaneous rate equations model. a (top)
Temporal dynamics of the carrier and photon densities at 940 nm in the VECSEL
cavity; (bottom) temporal dynamics of the population inversion density at Yb:YAG,
ground-state population density at Cr:YAG, and photon density at 1030 nm in the

passively Q-switched laser cavity. b Temporal dynamics of the population inversion
density in Yb:YAG, ground-state population density in Cr:YAG, and the photon
density at 1030 nm at the time of Q-switching (470 ps in a).

Passively Q-switched laser demonstration

To demonstrate the concept of the proposed laser configuration, first,
we fabricated a mechanically assembled semiconductor/solid-state
vertically integrated laser for the ease of the experiment. Note that all
elements were assembled mechanically, and there was a 0.4 mm air
gap between the semiconductor element and the Yb:YAG due to the
difficulty of the mechanical assembly as already mentioned. The laser
device parameters and the cooling condition of the semiconductor
element were the same as those described in the previous sections.
Figure 4a shows the I-L characteristics, and a laser oscillation is con-
firmed at a current threshold value of 300 mA. Figure 4b, ¢ show the
single-pulse waveform and the temporal waveform, respectively, at an
injection current of 370 mA. The temporal pulse profile was measured
by a high-speed biased fiber-optic detector (Newport Corporation 818-
BB-35F) with a bandwidth of 15GHz and a digital phosphor oscillo-
scope (Tektronix TDS7404) with a bandwidth of 4 GHz (Sampling Rate:
20 GHz). The pulse width of 461 ps and the pulse trains (1.2 kHz repe-
tition frequency) are confirmed, indicating that Q-switched oscillation
has successfully occurred. The peak power (23.2 kW; see Fig. 4b) was
estimated from its temporal pulse waveform with a pulse energy of
12.1) measured by a pyroelectric energy meter (Ophir PE9-C). Fig-
ure 4d exhibits the laser spectrum measured under the same current
condition. A single longitudinal mode with a peak wavelength at
1030.1nm (measured by an optical spectrum analyzer with a resolu-
tion of 0.1 nm) is confirmed. These measured results demonstrate that

Q-switched oscillation is practically possible in our proposed laser
configuration.

Next, we demonstrate Q-switched laser oscillation of a fully inte-
grated 1 mm?® chip-scale laser. The cavity configuration of a fully inte-
grated chip-scale laser differs from that of a mechanically assembled
laser (See Methods for details of the device structure). Figure 5a shows
the fabricated laser. All elements were successfully bonded together
by chip-scale integration, and the laser was mounted on a transistor
outline can (TO-can) with a diameter of 9 mm, which is commonly used
in semiconductor laser packaging. Figure 5b shows the I-L character-
istics after active cooling at 20 °C. A laser oscillation is confirmed at a
current threshold of 280 mA. The following laser characteristics were
measured under a current injection of 330 mA. The pulse energy
remained stable for 2 h (Fig. 5c). The average pulse energy was 30.4 J
with a standard deviation of 0.2 pJ and the repetition frequency was
1.79 kHz. Figure 5d shows the single-pulse waveform with a pulse width
of 450 ps. The estimated peak power was as high as 57.0 kW. A single
longitudinal mode at a wavelength of 1030.6 nm and M? of 1.36 (x axis)
and 1.22 (y axis) are also confirmed (Fig. 5e, f). The output power was
stable for 24 hours, and passively Q-switched oscillations with an
average power of 53.5mW and standard deviation of 0.3 mW were
obtained (Fig. 5g) under the current injection of 330 mA, which is the
same condition as the series of the laser characteristics measurements
described above. Stability and lifetime tests for different driving cur-
rents are also planned for future studies. The series of experimental
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results demonstrate that our proposed laser configuration can realize
a high-peak-power over kilowatts at the same chip-scale size as semi-
conductor lasers.

Some differences exist between the result of the mechanically
assembled laser and that of the fully integrated chip-scale laser. In
addition to the cavity configuration, these differences might arise from
the VECSEL cavity length (air gap), the thermal diffusion effect between
the semiconductor element and Yb:YAG, and individual differences
among the elements (VECSEL, Yb:YAG, and Cr:YAG). Interaction among
these factors should affect the coupled laser oscillation parameters
such as pumping laser power, mode matching, absorption cross sec-
tion, and stimulated emission cross-section of the Yb:YAG and Cr:YAG.

Discussion
The presented results provide clear evidence that the configuration of
chip-scale high-peak-power lasers by vertical integration of semi-
conductor and solid-state laser gain mediums is possible, thereby
bridging the gap between semiconductor lasers and solid-state lasers
for the first time since their inventions. Although we chose the com-
bination of InGaAs quantum well and Yb:YAG as gain mediums, other
materials can easily be used to generate different laser wavelengths
other than 1030 nm, so our approach opens a new door for estab-
lishing a versatile platform for compact high-peak-power lasers. By
properly taking into consideration injection current distribution and
mode matching between the VECSEL cavity and the passive Q-switched
laser cavity, further power improvement should be possible by
increasing the chip size. Moreover, as the laser is capable of wafer-level
vertical integration, it can potentially be coupled with flat optics such
as nanophotonic metasurfaces” to customize its phase, amplitude,
polarization, and beam direction.

This laser can be applied to several applications. Compact high-
peak-power lasers are very promising in the field of light detection and

ranging (LiDAR) applications for autonomous driving cars, drones, and
robots. The use of such lasers in LiDAR applications is necessary to
meet the potential demands of a high-peak-power laser source on the
size scale of semiconductor lasers, but no laser source currently meets
this market demand.

Additionally, the proposed laser differs greatly from conventional
solid-state lasers in terms of the ease of array arrangement. The
minimum lateral size of our laser is determined via the oxide aperture
diameter of the VECSEL, which is about 150 pm. This means that many
lasers can be arranged in parallel within one chip. Moreover, since the
manufacturing process of the VECSEL uses a photolithography pro-
cess, the array arrangement can be achieved with high positional
accuracy (on the order of micrometers). This laser array device can
benefit not only LiDAR, but also laser micromachining used in manu-
facturing and laser medical applications. In laser micromachining,
irradiating a target area with a single laser beam causes significant
thermal accumulation at a laser repetition rate of approximately 1
MHz?. Therefore, the repetition rate cannot be simply raised to
increase the throughput of laser micromachining. In such cases, par-
allel processing using arrayed laser beams is an effective alternative.
Although a beam splitting device for this purpose has been reported”,
it lacks flexibility because each arrayed laser beam cannot be switched
independently since only one primary laser light source is used.

We believe that our lasers will transform the situation of con-
ventional high-peak-power lasers, where potential effectiveness has
been confirmed at the laboratory level, but actual field applications
have been limited by cost and size constraints.

Methods

Device structure

Figure 1 illustrates a schematic of the proposed laser. The proposed
laser consists of a VECSEL, solid-state laser gain medium, and saturable
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absorber, and each interface and emitting end has a dielectric multi-
layer coating. Regarding the VECSEL, a p-DBR (GaAs/AlGaAs), an active
layer (InGaAs quantum well), and an n-DBR (GaAs/AlGaAs) were grown
on a GaAs substrate with p-/n-contact layers (GaAs) using
metal-organic chemical vapor deposition. The reflectance of p-DBR
and n-DBR were designed to be 99.9% and 96.1%, respectively. An
oxide layer for current and optical confinement was located near the
active layer with an aperture of 150 um diameter created using a
selective oxidation process. Electrodes were formed on p-/n-contact
layers. To reduce the absorption loss at the wavelength of 940 nm, the
GaAs substrate was thinned to 0.1 mm, whose surface was coated with
an antireflection coating (R<1% at 940 nm). For the mechanically
assembled laser, the gain medium was a [111]-cut Yb:YAG with a
thickness of 0.5mm and a doping concentration of 4 at. %. For the
integrated chip-scale laser, the thickness was 0.35 mm and the doping
concentration was 10 at. %. The saturable absorber was a 0.2 mm thick
[100]-cut Cr:YAG with an initial transmittance of 95% for the
mechanically assembled laser and 97% for the integrated chip-scale

laser. A short wave-pass filter (R <1% at 940 nm, R>98% at 1030 nm)
and a long wave-pass filter (R > 98% at 940 nm, R <1% at 1030 nm) were
coated at one of the two surfaces of the Yb:YAG (the VECSEL side) and
at the other surface of the Yb:YAG (the Cr:YAG side), respectively. An
OC (R=85% and 80% for the mechanically assembled and integrated
chip-scale laser, respectively, at 1030 nm) was formed at the laser
emitting surface of the Cr:YAG.

Device fabrication

To fabricate our laser, first, dielectric coating was formed on each
surface of the GaAs substrate, the Yb:YAG, and the Cr:YAG using the
conventional deposition method*. Second, each substrate was bon-
ded one by one to the integrated structure using the wafer bonding
technique, whose total thickness was 0.65mm. After the bonding
process, the integrated device was cut into 1mm square chips by
dicing. Finally, the fabricated laser chip was mounted onto a TO-can
using Au-Sn solder paste and electrically connected through wire
bonding.
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Table 1 | Parameters used for simultaneous rate
equations model

Symbol Parameter Value

ni Carrier injection efficiency 0.99

loff Offset current 0.49A

Go Initial gain coefficient 2.6x10°s™

No Carrier transparency number 1.8x10°
Spontaneous emission coefficient 6.9x10™"

€ Gain compression coefficient 9.9x102
Scale-factor of the output coupling  1.0x107 W
efficiency

Tn Carrier lifetime in the VECSEL cavity 9.9x10°s

Tp Photon lifetime in the VECSEL cavity 9.8x10™s

I Injected current 0.91A

lsup Length of the GaAs substrate 0.1mm

tv=2(Nsublsub + Nvaclg)/c  VECSEL external cavity round- 8.4x10™s
trip time

Avp Single-pass absorption rate 18.1%
of Yb:YAG

Og Stimulated emission cross section ~ 2.2x107%° cm?
of Yb:YAG

Osa Ground-state absorption cross sec- 4.6 x107® cm?
tion of Cr:YAG

Oksa Excited-state absorption cross sec-  8.2x107° cm?
tion of Cr:YAG

I3 Length of Yb:YAG 0.5mm

lsa Length of Cr:YAG 0.2mm

Nsai=-In(To?)/(20salsa)  Total population density of Cr:-YAG ~ 5.6x10"7 cm™

tr=2nyac (lgtlsa)/c Q-switched laser cavity round- 8.5x10™s
trip time

g Lifetime of the upper laser level 95x10™s
of Yb:YAG

Tsa Excited-state lifetime of Cr:-YAG 3.4x10°s

Yo Inversion reduction factor of Yb:YAG 2

N; Total population density of Yb:YAG ~ 5.5x10%°cm™

he/A, Photon energy 2.1%x10™)

Ap Pumping wavelength 940 nm

F Intensity adjustment factor 2.9

D Diameter of pumping laser 0.16 mm

V=m(D/2) x lg Pumping volume 1.0x102mm?®

L Nonsaturable round-trip dissipative ~ 0.05
optical loss

c Vacuum speed of light 3.0x10®m/s

q Elementary charge 1.6x10™C

Nsub Refractive index of the GaAs 3.55
substrate

Nvac Refractive index of the laser crystal ~ 1.82

Roc Reflectance of the OC 85%

To Initial transmittance of Cr:YAG 95%

Pumping-power absorption model
With experimentally evaluated VECSEL output power (Peyp), the fol-
lowing equations are derived for the pumping-power absorption (Pyy),

o Terr T Actr
,

Pcav(Reff) :Pexp (Reff) T o
e

@

Aeffl . AYb
,
Tefri tAeirt Ay T Agans

Pyp =Peay (Retfl) x 2)

where P, is the sum of the laser output power and absorbed power in
the VECSEL cavity, which is referred to as the potential pumping
power. An external cavity can be treated as one effective layer®, and
then, Resr, Terr, and Aegr are introduced as the effective reflectivity,
effective transmissivity, and effective absorption rate of the external
cavity part, respectively. They are calculated using Fabry-Perot
resonance theory** under the maximum reflection condition (i.e.,
antiresonance condition) with parameters R;, Ros0, and Agaas. Pcay iS
obtained for each Rg4o condition in the experiment (Fig. 2b) and is
defined as a function of R.g by interpolating the obtained data. As a
next step, the pumping-power absorption Pyy, is derived. It is assumed
that the same power of P.,, is obtained at the same effective reflectivity
at steady state; therefore, Py, can be calculated by considering the
absorbed portion by the Yb:YAG in the external cavity part when
the effective parameters (Refry, Tefr1, and Aerry) are changed according to
the external cavity parameters (R,, Rs, Acaass and Ayp). In addition
to the major external cavity parameters, which are taken into account
in this model, further consideration of other factors, such as
diffraction and scattering losses, will contribute to realizing more
accurate cavity design.

Simultaneous rate equations model
Table 1 summarizes the parameters used in the simultaneous rate
equations model.

The carrier density N and photon density S in the VECSEL cavity of
940 nm are given by

dN _nid —Igg) N Go(N—No)S

3

dt q T, 1+eS 3)

@:,i,za(s'Ng)+ﬁﬂ+M' “4)
dt T, ty T, 1+&S

where a(S, Ng) = Ayp, x § x (1 - Ng/N)) is the absorbed photon density in
the Yb:YAG, which indicates the loss of the VECSEL cavity. Equations
(3) and (4) are the modified semiconductor laser rate equations of the
VECSEL cavity based on the equations of VCSEL*. The parameters
listed in Table 1 from 15; to 7, were extracted from I-L and
current-voltage profiles under the maximum output condition shown
in Fig. 2b.

The photon density (¢), population inversion density of the
Yb:YAG (Ng), and ground-state population density of the Cr:YAG (Nsa)
in the passively Q-switched laser cavity of 1030 nm are respectively
given by

d
d_(f = ;2 204Ngly — 2055 Nsplsp — 20gsp (Nsai — NSA)[SA -(L- l"Roc)] , (5
r
dN N,
dtg = W(a(S,Ng)) — T—: — VgOgCPN, (6)
dN Ngai — N
d;A — SAI_[SA SA _ GSAC¢NSAI (7)

where W(a(S, Ng))=a(S, Ng) x k x F /[ (hc/A,x V) is the volume
pumping rate into the upper laser level, which indicates the
pumping intensity of the Yb:YAG. Equations (5)-(7) are the modified
rate equations of the passively Q-switched laser cavity based on
equations of solid-state lasers’*”. The rate equations of the
semiconductor and the solid-state lasers can be coupled by the
existence of a common a(S, Ny). Therefore, the oscillation mechan-
ism of the proposed laser can be simulated by solving the Egs.

Nature Communications | (2022)13:5774



Article

https://doi.org/10.1038/s41467-022-33528-x

(3)-(7) numerically. Note that to provide a qualitative description of
the behavior of the laser cavities, our model simplifies some
conditions of the actual laser configuration. A quantitative analysis
will be discussed in future studies.

Reporting summary
Further information on experimental design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability
The authors declare that the source data generated in this study are
provided with this paper.
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