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Abstract; A vertical-external-cavity surface-emitting 920 nm semiconductor laser (OP-VECSEL) with active region

of In, o, Ga, o As quantum well (QW) system pumped by 808 nm laser diode module was constructed and optimized.

By the finite element method, self-consistent solutions of electronic and optical equations of the semiconductor laser

were realized and the characteristic parameters of OP-VECSEL were calculated. The performances of the especial

mode in device, the threshold and the optical-optical conversion efficiency were analyzed by dealing with different

structure parameters , including number of QWs (1, 2 and 3) in one period, QW depth, width and component of bar-

rier and dimension of the non-absorption layer. The best structure of the laser was chosen.

Key words: semiconductor lasers; structural design; finite element; vertical external-cavity surface emitting laser;

optically pumped

CLC number: TN248. 4 PACS: 42.55. Px

1 Introduction

High-power blue laser is of commercial interest
in laser projection display. Historically, blue laser
has been provided by either Ar-ion lasers or diode
pumped solid state lasers. However, these gas or
solid state lasers are expensive in both purchasing
and operating, difficult to be maintained, inefficient
and relatively bulky to be applicable to consumer
electronics. As laser projection display technologies
have been explored for very long time, there are
several matured image processing technologies, such
as GEMS, GLV, and DLP. However commercially
cheap visible laser sources are still under develop-

ment and have acted as a limiting factor in laser pro-
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jection display.

High-power, high-brightness lasers are the key
for a wide range of commercial and defense applica-
tions. OPS-VECSELs have particularly become at-
tractive for their high power and excellent beam
quality'' "®'. They can be used in a wide range of
applications including fiber laser pump source, intra-
cavity frequency doubling, mode-locking'”', tuning of
the wavelength "*' | radar and free space communica-
tion. In these lasers, a semiconductor multi-quantum
wells active region and a distributed Bragg reflector
(DBR) stack with a thick of a few microns, are
mounted on the heat spreader or heat sink, resulting

in efficient heat dissipation which makes VECSEL be-

come a strong candidate in power-scalable lasers> '
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Optical pumping of multi-quantum wells is the most
straightforward way to achieve a uniform carrier dis-
tribution over a large pump area, and is particularly
advantageous for multi-watt operation. The external
output coupler ( mirror) and pump spot ( aperture )
leads to transverse mode operation. These lasers are
relatively insensitive to the pump wavelength varia-
tion, making the overall package become low cost
and simple. Recently, VECSEL combined with in-
tra-cavity frequency doubling has been emerged as a
promising solution to provide visible light sources for

). Chilla and his collogues reported high-

display
power green and blue VECSELs. However, the opti-
cal threshold power for the 460 nm laser is higher
than that of 530 nm laser'® and even higher than

that of 488 nm laser >

. Since the frequency dou-
bling efficiency for the 460 nm is intrinsically higher
than those of longer wavelength lasers due to its
higher energy, the higher threshold power of 460 nm
may be mainly cased by its lower optical efficiency of
920 nm VECSEL. Therefore, we should analyze and
optimize the structure of high efficiency 920 nm
OPS-VECSEL.

Because of microcosmic dimension, complex
operation mechanism of semiconductor lasers, and
many factors of affecting device performance, using
of computer assistant design is much better than use
a simple model to demonstrate out their characteris-
tics''*'. The structures of OPS-VECSEL are compa-
ratively complex, whose characteristics are affected
by lots of factors, and consequently analyzing their
structures and physics characteristics is needed to
anatomize for enhancing their output performance.
The device performances were calculated according
to these basic equations that can describe the electri-
cal and optical behaviors of the semiconductor

lasers'*’ .

2  Theoretical Model

2.1 VECSEL Description

For a conventional VECSEL system, the VEC-
SEL structures include a bottom DBR and a resonant
periodic gain structure ( RPG) with InGaAs QWs.

The surface of the structure finishes with a window

layer. The structures were grown by MOCVD on
GaAs substrate. InGaAs quantum well (QW) and
GaAs barrier structure form an active layer pumped
by the high-power laser diode module at around 808
nm. The RPG structure consists of GaAs barriers
(as a pump laser absorbing layer), 4 ~20 periods
InGaAs single QW positioned at the antinodes of
standing wave, spaced by half wavelength with strain
compensation GaAsP layers. The DBR has 17 ~ 27
pairs of Al, ,Ga, ;As/AlAs stacks. The window layer
consists of Al, ;Ga, ;As to prevent carrier recombi-
nation at surface and thin GaAs to prevent surface
oxidation. Pump light power is greater than 5 W,
the reflectivity of external cavity mirror is between

87% and 99% .

Heat sink

External cavity mirror

Ll

Focusing system

Bottom DBR

Resonant period gain
structure

Pump light source

(808 nm)

Fig.1 Structural sketch of OPS-VCSEL

2.2 Theoretical Analysis

The basic equations used to describe the elec-
trical behavior of the semiconductor device are
Poisson’s equation

Ve (eVV) =-q(p-n+N,-N,), (1)
and the current continuity equations for electrons and

holes are

Vel =q(R-6), (2)

Vol =q(R-6), (3)
& is the medium dielectric constant interrelated with
the vacuum, V is the electrostatic potential, ¢ is the
electric charge, n and p are the electron and hole
concentrations , respectively, N, and N, are separately
the ionized donor and acceptor concentrations, J,
and J, are the electron and hole carrier flux densi-
ties. The equations (2) and (3) are independent of

the time, R and G are the static recombination and

generation rate, respectively.
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The wave equation and the photon rate equation
are used to describe the optical behavior. The wave

equation of TE mode is
il 2 2
[$+8k0—ﬁ]-E=O, (4)

ky =27/Ay (A, is the emitting wavelength) , 8 is the
mode propagation constant, F is the optical field. In
the equilibrium condition, the photon rate equation

could be written as

dS N S
di _RstS+ _7_ ) (5)

r p
S is photon density of single mode, R, is stimulated

st
emission rate, NN is electron concentration, 7, is
spontaneous emission recombination lifetime of the
electron, 7 is photon lifetime' "

To depict the entire behavior of the lasers, the

mode output power is an important parameter.

RS SR TR
Pyt tlge) XM ©

n is the material refractive index of the active re-

gion, L is the laser cavity length, R, and R, are re-
flectivity of the DBR and external cavity mirror, N,
is the photon amount in the cavity of the mode p.

Using the finite element analysis through these
above basic electrical and optical equations, we built
a calculation module for the OPS-VECSEL. By
building up the material storage and setting optical
power density, center wavelength, threshold, scan
step size and calculation precision, the output cha-
racteristics of these devices were calculated.

The performances of device especially the
mode, the threshold and the optical-optical conver-
sion efficiency were analyzed by dealing with diffe-
rent number of QWs (1, 2 and 3) in one period,
QW depth, barrier width, the component and di-
mension of the non-absorption layer. Base on these
results, optimization could be done according to the

practical application.

3 Results and Discussion

Usually, it is very crucial for VECSEL that the
RPG structure must only include one single QW to
accurately match the antinode positions of standing

wave. Ongstad et al. studied on carrier recombina-

tion of InGaAs QWs with various potential depths
and reported that the saturated carrier lifetime in the
shallow QW is much longer than that of deep QW at
high injection level ">, In our case, as the pump
power level is very high, the carrier lifetime is easily
saturated and due to the longer saturated carrier life-
time in 920 nm QW, some of excited carrier in the
(especially middle of ) GaAs barrier cannot diffuse
into the QW and tends to recombine in the GaAs
barriers. For the sake of decreasing carrier nonradi-
ative recombination rate, the conventional VECSEL
structure was ameliorated. By increasing the number
of QW from 1 to 3 the quantum status increase and
thereby the saturated carrier lifetime decreases. Fig.
2 shows mode characteristics of different number of
quantum well. As the number of QW increased from
1, 2 to 3, the oscillation of the main model could be
enhanced, while others’ should be depressed. Ac-
cordingly, 3 QWs RPG structure had been chosen.

601 3
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Fig.2 Model characteristics of different number of quantum

well

Output characteristics with different quantum
well depth were shown in Fig.3(a) ~ (c¢). The QW
structure for curve 1 is Ing o, Ga, o As/GaAs, P,/
GaAs, for curve 2 it is In,, Ga,, As/GaAs/
GaAs, P, ,. Fig. 3 (a) shows incident power and
output power with different quantum well depth.
Compare with curve 1, threshold of curve 2 de-
creased from 0.21 x 10 to 0.20 x 10° W/m’, opti-
cal-optical conversion efficiency of curve 2 increa-
ses. Mode characteristics with different quantum
well depth are shown in Fig.3 (b). The oscillation
of the main model of curve 2 enhances from 28.4 dB

to 38.6 dB. Fig.3(c) showes conductive bands of
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different quantum well depth. The quantum well
depth of structure 1 and 2 were calculated, which
are 0. 19 eV and 0. 24 eV, respectively. Conse-
quently, In, ., Ga, o As/GaAs/GaAs, o P, | structure

is chosen.
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Fig.3 (a) Incident power and output power with different

quantum well depth; (b) Mode characteristics with
different quantum well depth; (¢) Conductive bands
of different quantum well depth.

Output characteristics with different barrier
width are shown in Fig. 4 (a) and Fig.4 (b). 4
curves expresse 4 different structures, each RPG has
3 QWs. The width of QW In, o, Ga, 4 As is 8 nm,
but the barriers’ width are different. The structure of
curve 1 and 2 is shown in Fig. 7. The width of 2
barriers in the middle is 6 nm, which are sand-

wiched between 2 barriers whose width is 14 nm.

The structure of curve 3 and 4 have 4 barriers with
width of 10 nm. The QW structure for curve 1 and 3
is Ing 0o Ga, o As/GaAs, 4P, ,/GaAs, for curve 2 and
4 it is Ing o Ga, o; As/GaAs/GaAs, 4P, ;. It is obvi-
ous in Fig. 4 (a) that threshold of curve 1 and 2 is
much lower, while optical-optical conversion effi-
ciency is much higher, thus, barrier width can af-
fecte device performance quietly. Fig. 4 (a) also
showes that for the structure having same barrier
width, threshold and optical-optical conversion effi-
ciency almost have no change when the barrier mate-
rial changed. The most oscillation of the main model
of these 4 curves is curve 2 as shown in Fig. 4 (b).
Hence, this structure should be chosen that the
width of 2 barriers in the middle is 6 nm, which are
sandwiched between 2 barriers with width of 14 nm,

the QW is In, o, Ga, o As/GaAs/GaAs, P, .
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Fig.4 (a) Incident power and output power with different

barrier width; (b) Mode characteristics of different

barrier width.

The pump power level is very high which will
easily cause the carrier hot overflowed. So, an Al-
GaAs non-absorbtion layer is inserted in the middle
of GaAs barriers to prevent the carrier hot over-

flowed. Fig.5 (a) and Fig.5 (b) show the output

characteristics with different non-absorption layer
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component. The non-absorbtion layer of curve 1, 2
and 3 are Al ,Ga, As, Al,;Ga,,As and Al, ,Ga, ¢As,
respectively. As the Al component increased, the
optical-optical conversion efficiency is reduced,
while threshold nearly has no change, and the oscil-
lation of the main model is enhanced. Taking these
factors into account, Al ,Ga, ,As is selected as non-

absorbtion layer.
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Fig.5 (a) Incident power and output power with different
non-absorption layer component; (b) Mode charac-

teristics of different non-absorption layer component.

Output characteristics with different non-ab-
sorption layer dimension are shown in Fig. 6(a) and
Fig.6(b). Three kind of Al, ;Ga, ;As non-absorb-
tion layer were attempted, 18 nm, 28 nm and 38 nm
are separately corresponding to curve 1, 2 and 3. As
the non-absorption layer dimension increased, the
optical-optical conversion efficiency is reduced,
while threshold nearly has no change, and the oscil-
lation of the main model is weaken. The non-absorp-
tion layer dimension hereby is taken 18 nm for
choice.

Base on the theoretical calculation results, we
chose the optimized structure of them. There are
three In, o, Ga, o, As/GaAs/GaAs, P, , QWs in this

structure, as shown in Fig. 7, In, ,,Ga, o As is well ,

GaAs is barrier, GaAs, P, is strain compensation
layer, Al,, Ga,, As is non-absorbtion layer. The

width of 2 barriers in the middle is 6 nm, which are
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Fig.6 (a) Incident power and output power with different
non-absorption layer dimension; (b) Mode charac-

teristics of different non-absorption layer dimension.

AlpsGagsAs

AN

GaAsgoPy,

14 nm

/6 nn\
/

InowGooiAs/GaAs

Fig.7 The optimized conduction band diagram
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Fig.9 Mode characteristics of the optimized structure

sandwiched between 2 barriers whose width is 14
nm. Output characteristics of the optimized one is

shown in Fig. 8 and Fig. 9.

4 Conclusion

In this paper, we constructed and optimized a

920 nm OPS-VECSEL with active region of In, -

Ga, o; As QW system pumped by 808 nm laser diode
module. The number of QW is increased from single
to triple to increase the quantum states and thereby
decrease the saturated carrier lifetime. We optimized
QW structure from Ing o Ga, o As/GaAs,, Py, to
In, o Ga, o, As/GaAs/GaAs, 4 P, ,, thereinto, GaAs
is barrier layer, GaAs, P, is strain compensation
layer. The width of two barriers layer in the middle
is 6 nm, which are sandwiched between two barriers
whose width is 14 nm. This amelioration can reduce
threshold value. We inserte an Al, ;Ga, ,As non-ab-
sorbtion layer in the middle of GaAsj, P, strain
compensation layers, not to generate excessive car-
riers which tend, to recombine in the GaAs barriers.
The Al, ;Ga, ,As layer were also expected to act as a
diffusion barrier which prevents carriers from diffusion
to the longer direction. Correlative experiments will

be presented in another paper.
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