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Abstract: Vertical-cavity surface-emitting lasers emitting at 808 nm with
unstrained GaAs/Aly3Gag;As, tensilely strained GaAs,P1.,/Aly3Gag7As and
compressively strained Iny...,Ga,AlLAs/Aly3Gag7As quantum-well active
regions have been investigated. A comprehensive model is presented to
determine the composition and width of these quantum wells. The
numerical simulation shows that the gain peak wavelength is near 800 nm at
room temperature for GaAs well with width of 4 nm, GaAsg g;Py.13 well with
width of 13 nm and Ing14Gag74Alg1,As well with width of 6 nm.
Furthermore, the output characteristics of the three designed quantum-well
VCSELs are studied and compared. The results indicate that
Ing.14Gag 74Alg.1,AS is the most appropriate candidate for the quantum well
of 808-nm VCSELSs.
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1. Introduction

Vertical-cavity surface-emitting lasers (VCSELS) have been proved as strong competitors to
edge-emitting semiconductor lasers because of its significant advantages such as circular
output beam, low threshold current, low cost and easy fabrication in two-dimensional arrays
to scale up the power [1-3]. These advantages, together with its high-speed modulation, have
made it widespread application in short-distance parallel fiber-optic interconnects and high-
power laser source [4-6]. VCSELs emitting at many different wavelengths have been
extensively studied and some 980, 850, and 780 nm devices have been commercialized into
various lightwave systems [7-9]. Meanwhile, blue—ultra-violet GaN, red AlGalnP, and 1300—
1550 nm long-wavelength devices are now being developed and have achieved a considerable
performance [8,10,11].

808 nm is a wavelength of great interest for high-power laser sources. Such laser sources
are used to pump solid state lasers (Nd:YAG or Nd:YVO4) for end uses such as material
cutting, light welding, marking and printing [12,13]. However, we find very few reports on
808-nm VCSELs after an extensive literature search, because it is only actively studied in
recent years. VCSEL emitting at 808 +/— 1 nm is first presented in an outlook with the output
power of 25 mW [14]. Also, the emitting wavelength of 803.3 nm is achieved for a VCSEL
with the output power of 0.3 W [15]. In addition, the high power of more than 120 W has
been demonstrated for two-dimensional VCSEL arrays emitting about 808 nm [12]. Yet, these
literatures mainly discussed the fabrication and output results. Until now, to our knowledge,
there is no report about the structure design and material optimization for the quantum-well
active region of 808-nm VCSELSs.

In this paper, we design an unstrained GaAs, a tensilely strained GaAs,P;x and a
compressively strained In,...,Ga,Al,As quantum-well active regions in order to emit near 808
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nm at operating temperature of VCSELSs. First, we present a comprehensive model for the
calculation of the bulk bandgap, effective mass, band offset and critical thickness of these
quantum-well systems. Then, the relationship between the emission wavelength and the width
of quantum wells (QWs) with an arbitrary composition is established. Also, the PICS3D
(Photonic Integrated Circuit Simulator in 3D) [16] simulation program is employed to
calculate the material gain of these quantum-well systems at different temperatures with
variant carrier densities. Furthermore, the threshold current density versus the number of QWSs
is plotted. Finally, the output power of the three designed quantum-well VCSELSs is studied in
considering the self-heating effect.

2. Parameters and physical model

To obtain the numerical parameters for both the GaAs,P., and In...,Ga.Al,As material
systems, a linear interpolation between the parameters of the relevant binary semiconductors
is utilized except for the unstrained bandgap energies. For physical parameter P, the
interpolation formulas are given as [17]

P(GaAs,P,, ) =P(GaAs)x+ P(GaP)(1-x), (8]
P(In,,,Ga, Al As) = P(INAs)(1- x — y) + P(GaAs)x + P(AlAs)y. 2)
Table 1. Parameters of the Binary Semiconductors Used in this Study
Parameter Symbol (unit) GaAs GaP InAs  AlAs
Lattice constant a (A) 5.6533 5.4505 6.0584 5.660
Hydrostatic deformation potential
for conduction band ac (eV) -717 -714 508 -5.64
for valence band a, (eV) 1.16 1.70 1.00 247
Elastic stiffness constants Cy (10Mdyn/cm?) 11.879 1405 8329 125
Elastic stiffness constants Cy, (10Mdyn/cm?) 5376  6.203 4526  5.34
Shear deformation potential b (eV) -1.7 -1.8 -1.8 -15
Luttinger parameters 7" 6.8 4.05 20.4 3.45
72 1.9 0.49 8.3 0.68
73 2.73 1.25 9.1 1.29
Electron effective mass me/Mo 0.067 0.25 0.023 0.15
Heavy-hole effective mass Mpn/Mo 0.50 0.67 0.40 0.79
Average valence band position E.a (V) -6.92 -740 -6.67 —-7.49
Spin-orbit split-off energy A (V) 0.34 0.08 0.38 0.28
Thermal conductivity Ac (W/em-K) 0.45 0.77 0.3 0.91

The material parameters of the binary semiconductors [17-19] can be found in Table 1.
From Egs. (1) and (2), we can obtain most physical parameters for GaAsP and InGaAlAs in
the calculation, and the exceptional unstrained bandgap energies are calculated by following
expressions

Ego(GaAs,P; ) =2.75-1.54x +0.21x%eV, (3)

Ego(INy_yGa Al As) = 0.36 + 2.093y +0.629x + 0.577y? + 0.436x @
+1.013xy — 2.0xy(L— x — y)eV.

2.1 Impact of strain on quantum-well band

Based on the strain theory [20,21], the bulk bandgap of strained quantum well is calculated. In
the case of (001) oriented (z axis) growth, the strain has the following components:

E=Ey = gyy = ' (5)

#146072 - $15.00 USD Received 18 Apr 2011; accepted 1 Jun 2011; published 14 Jun 2011
(C)2011 OSA 20 June 2011/ Vol. 19, No. 13/ OPTICS EXPRESS 12571



C C
€n Z_C_lz(gxx+gyy)=_2C_lzg- (6)
1

where a is the lattice constant of the quantum well, a, is the lattice constant of the substrate,
Cy; and Cy, are the elastic stiffness constants. For the quantum well layer, the conduction band
is shifted by the energy

6Ec :ac(gxx+€yy +gzz)v (7)

and the valence bands are shifted by

6Elh = av(‘gxx +‘9yy +&, _g(gxx +‘9yy - 2‘922)7 (8)

5Ehh = av(gxx +gyy +8zz) +g(8xx + gyy - 2812)’ (9)

where a; and a, are the conduction-band and valence-band hydrostatic deformation potentials,
and b is the valence-band shear deformation potential.

For tensilely strained GaAs,P, and compressively strained Iny.,.,GaAlyAs material
systems, the strained bandgaps can be expressed as

E. n(GaAsP) =E ,(X) +JE, —OE,,, (10)
EC*hh( InGaAIAS) = Ego(x, y) + &C - &hh’ (11)

where Ey can be gotten from Eqgs. (3) and (4), 6E., 0E, and oy, can be respectively gotten by
substituting Egs. (5) and (6) into Egs. (7), (8) and (9).

During the calculation of the energy levels in the valence band of strained quantum well,
the hole effective mass can be taken as

1(y +2y,), (for light hole)
Y(y,—2y,), (for heavy hole)

(12)

z

2.2 Band offset

The band offset is the relative position of the band edges of the semiconductors constituting
the QW. There are few experimental data for the band offsets of these strained semiconductor
alloys with various compositions, so the theoretical model for the calculation of the
conduction and valence band edges become important in designing and modeling stages. Here
we present model-solid theory [17,18] for the band alignment of these systems.

The valence band position of potential well is given by

E ot é+ SE,,,(tensile strain)
E, = A3 | 13)
E, . +§+ OE,,,(compressive strain)

where E,,, is the average valence subband energy and A is the spin-orbit split-off band
energy. The conduction band position may be calculated by simply adding the strained
bandgap energy to the valence band position. Then the band offset ratio of the conduction can
be given by

AE EX-E?
Q=7 ~Tp e (14)
g By —Eq
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where Ew v and Eb v obtained by Eq. (13) are respectively the valence band position in the
potential well and potential barrier materials, and Ew g and Eb g respectively correspond to
the strain adjusted band gaps for the potential well and potential barrier materials.

2.3 Critical thickness

To the strained material of lattice mismatched system, the maximum thickness h, must be
taken into account in order not to cause misfit dislocation. If the epitaxial layer is thin enough,
as well as the mismatch rate is not more than 7-9%, the system can maintain the energy of
elastic strain is less than the energy in forming dislocation. By using mechanical equilibrium
model, Matthews gives the expression for the critical thickness h. as [22]

a{l—Clz }

h = 5 HCu +CC”) [ln(‘/ihc +1)} (15)
2me(l+ —212
emls C11+C12)

where « is the constant whose value is 1, 2 or 3 respectively corresponding to the strain
superlattice, MQW, or single strained layer.

2.4 Output power

Table 2. Parameters Used in the Calculation of Output Power

Parameter Symbol (unit) Value
Reflectivity R (%) 99.4
Effective cavity length L (nm) 960
Total internal loss ain (cm™) 15
Internal quantum efficiency 11 (%) 100
Cutoff temperature Tott (°C) 170
The turn-on voltage Vo (V) 15
Series resistance R4 (Q) 6
Effective recombination constant Berr (cm?/s) 1.5x 107
Gain coefficient
for GaAs 4 nm ay (cm™) 4500
for GaASo.mPu‘lg 13 nm an (Cmfl) 2000
for |no.1AGau‘74A|o.12AS 6 nm an (Cmfl) 3900
Transparency carrier concentration
for GaAs N; (cm®) 35x10%
for GaAsqg7Po 13 N (Cm3) 1.5 x 1018
for |no.1AGau‘74A|o.12AS N (Cm3) 1.8 x 1018

For the uniform gain structure (UGS) VCSEL with quantum-well active layer, the threshold
current can be written as [23]

2 1
Ith = Is eXp( [ain L+ Iog(E)])i (16)
N 'w
where
Is = qnwLwBbeff Nt2m.2, (17)

where n,, and L, are respectively the number and width of QWSs, r and R are respectively the
radius and reflectivity of VCSEL, B is the effective recombination constant, L is the

effective cavity length, a;, is the total internal loss, ay is the gain coefficient, and N is the

carrier concentration at transparency. The differential quantum efficiency can be written as
[24,25]
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log(UR)
el + log(UR)’ (19

where #; is the internal quantum efficiency. Considering the self-heating effect of VCSEL
[26], the experience formula of the device output power can be expressed as [23,27]

Mg=T1),

P=""(1-1,)m,a-2T), (19)
q T

off

where
AT =[(Vo + IRy)I —P]/(44r), (20)

where Ty is the cutoff temperature, Ry is the series resistance, Vy is the turn-on voltage, | is
the injection current, and A is the thermal conductivity listed in Table 1. The other parameters
used in the calculation of output power can be found in Table 2 [12,23]. It should be noted

that the gain coefficient and the transparency carrier concentration are obtained by PICS3D
simulator.

3. Results and discussion

In order to investigate the effect of strain on InGaAlAs QWs, we did an extensive literature
search to find that the strain of InGaAlAs when less than 1.5% is the bigger the better [28].
However, the early epitaxial process indicated the epitaxial nucleation on the substrate is very
difficult when the lattice mismatch of the two materials is more than 1%. Based on these two
points, we determine the In content of InGaAlAs 0.14. In this case, the strain of InGaAlAs is
about 1% with the critical value of nucleation.

Table 3. Theoretical Results of Effective Mass, Strain, Bulk Bandgap, Band Offset and
Critical Thickness

Material me/mg m,/mg e E AE, AE, h

g c

(%) (eV) (eV) (eV) (hm)
Alo 3Gao7As” 0.0919 0.5870° 0 1.7981
GaAs 0.0670 0.5000 0 1.4240 0.19827 0.17583
GaAsy.esPo.15 0.0945 0.1024 0.541 1.5251 0.15596 0.11704 47.62
GaAso s6Po.14 0.0926 0.1018 0.505 1.5179 0.15924 0.12096 51.80
GaAsys7Po.13 0.0908 0.1013 0.469 1.5107 0.16247 0.12493 56.67
IN.14Gag 75Alp.11AS 0.0700 0.3320 1.006 1.4291 0.20136 0.16764 22.48
IN.14Gag 74Alp.12AS 0.0708 0.3330 1.007 1.4433 0.19322 0.16158 22.45
IN.14Gag 72Alp 14AS 0.0725 0.3351 1.009 1.4719 0.17680 0.14940 22.40
INo.14Gao.71Alo.15AS 0.0733 0.3361 1.010 1.4863 0.16847 0.14333 22.36

?Aly3Gao 7As is the potential barrier whose hole effective mass 0.587 is obtained by interpolation and used in the case
of no strain. When Al 3Gao 7As acts as the strained potential barrier, its value is 0.3667 obtained through Eq. (12).

Applying Eg. (1) to Eqg. (15), we theoretically calculate the effective mass, strain, bulk

bandgap, band offset and critical thickness of unstrained GaAs, tensilely strained GaAs,P1.
and compressively strained Iny...,GaAlyAs quantum-well systems. The calculation results are
listed in Table 3. As can be seen, the compressively strained InGaAlAs has larger band offset

than the tensilely strained GaAsP, which predicts to result in better carrier confinement in
InGaAlAs quantum-well system [17].

3.1 Energy levels

In the quantum well structure, the energy levels of square potential well can be estimated by
the Kronig-Penney Model, and the distribution of energy levels can be gotten from the
following equation [29]
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2 2
cos(k(L,, + L)) = cos(k, L) cos(k,, L) — k2VVk+kkb sin(k, Ly, ) sin(k, L), (21)

wb

where

k, =i2m,(V —E)/h,  k,=2m,E /n, (22)
where L, and Ly, are respectively the width of potential well and potential barrier, m,, and my

are respectively the effective mass of potential well and potential barrier, V is the band offset
of the conduction band or valence band, and E is the energy level.
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Fig. 1. Energy levels of (a) unstrained GaAs well, (b) tensilely strained GaAsg g7Po.13 Well, and
(c) compressively strained Ing 14Gag 74Alo 12As well with the Alg3Gag 7As barrier.

After the calculations of band offset and effective mass listed in Table 3, the relationship
between the quantum energy levels and the quantum-well width can be obtained by
substituting Eq. (22) into Eq. (21). The simulation shows that the energy level diagrams of
InGaAlAs with different compositions are similar, so we only list a representative case. Figure
1 shows the energy levels of (a) the unstrained GaAs, (b) the tensilely strained GaAsqg7Pg.13,
and (c) the compressively strained Ing1,Gag74Alp12AS potential wells with the Al 3Gag7As
barrier as a function of well width. In these three sub-graphs, the left one of each graph is the
electronic energy levels which are calculated from the bottom of the conduction band, and the
right one is the hole energy levels which are calculated from the top of the valence band. We
can see that the hole energy levels of the unstrained GaAs is the most compact as shown in
Fig. 1(a), while the tensilely strained GaAsP is the most decentralized as shown in Fig. 1(b),
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and the compressively strained InGaAlAs has a moderate situation as shown in Fig. 1(c). The
first hole subband is the heavy hole band for the unstrained GaAs and the compressively
strained InGaAlAs wells, while it is the light hole band for the tensilely strained GaAsP well.

3.2 Emission wavelength

The emission wavelength of semiconductor quantum-well lasers is mainly determined by the
transitions between the first subband electrons in the conduction band and the first subband
holes in the valence band. The photon energy of transitions can be expressed as [30]
. Eg +E4+Ey
E= i Ecoih + Ect + B (23)
Ec_nh + Ect + Enm

where E., and E¢p, can be respectively gotten from Egs. (10) and (11), and E¢y, E,q, Ejny and
Enni can be gotten from Eq. (21).
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Fig. 2. Emission wavelength of (a) unstrained GaAs well, (b) tensilely strained GaAsP well,
and (c) compressively strained InGaAlAs well with the Aly3Gao7As barrier.

By solving Eq. (23), we determine the composition and width of these three quantum
wells under the condition of emitting a particular wavelength. Figure 2 plots the emission
wavelength of (a) the unstrained GaAs, (b) the tensilely strained GaAsP, and (c) the
compressively strained InGaAlAs potential wells with the Aly3;Gag7As barrier as a function of
well width. Because the emission wavelength becomes red shifted with the increasing
temperature of active region [26,31], the wavelength of our designed VCSELs should be
about 800 nm at room temperature in order to emit about 808 nm at operating temperature.
Taking into account the thickness error by MOCVD growth, the width of QWSs should be
taken as integer nanometer. Based on these two points, we can obtain the width of GaAs,
INg.14Gag 74Al.12AS, 1Ng14Gag 72Alp 14AS, and Ing14Gag71Alg15As wells is respectively 4 nm, 5
nm, 6 nm, and 7 nm with the emission wavelength of 800 nm as shown in Fig. 2(a) and Fig.
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2(c). When the mismatch is less than 0.5%, the growth quality of materials will be good.
Thus, we tend to select GaAsq g;Pp.13 as potential well because its strain is just less than 0.5%
as seen in Table 3. In addition, its width is 12 nm with the emission wavelength of 800 nm as
shown in Fig. 2(b).

3.3 Material gain

The material gain is defined as the ratio of the additional photon flux to the total photon flux
in per unit length. The gain spectral function can be expressed as [30]

e’h
E,)=———-+——)> (L/E
go( cv) gocgmzn Z( cv)

0''av ]

M ji(Ecv) ’ Pk i [ fe(Ecjk + fn(Evjk) _1)]: (24)

where |M;(Eq)f is the transition matrix element at transition energy E., p;i is the reduced
density of states, n,, is the background refractive index. Based on Eq. (24), the material gain is
calculated in the PICS3D software.
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Fig. 3. Material gain of (a) unstrained GaAs well with width of 4nm and Alo3Ga,/As barrier,
(b) tensilely strained GaAsyg/Po1s Well with width of 13nm and Alo3Gag7As barrier, and (c)
compressively strained Ing 14Gag 74Alo 12As well with width of 6nm and Al 3Gao 7As barrier.

After many simulation tests, we found that the gain peak wavelength of the unstrained
GaAs well with width of 4 nm, the tensilely strained GaAsqg;Pg13 Well with width of 13 nm
and the compressively strained Ing 14Gag 74Alg 1.As well with width of 6 nm is just near 800
nm at 300 K. Figure 3 shows the simulation results which are basically consistent with the
theoretical results. The injection carrier density linearly changes from 1 x 10 cm® to 5 x 10*®
cm®, and the material gain increases with the increase of the injection carrier density. As can
be seen, the compressively strained Ing 14Gag 74Alp12AS has the highest peak material gain as
shown in Fig. 3(c), while the unstrained GaAs has the lowest value as shown in Fig. 3(a), and
the tensilely strained GaAsg g;Pg.13 has a moderate value as shown in Fig. 3(b).
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Fig. 4. Peak material gain versus operating temperature for the three QWs.

To explore the effect of temperature on the peak material gain, we will discuss the gain
peak of the three QWs described in Fig. 3. When the injection carrier density is 5 x 10*® cm®,
the peak material gain versus operating temperature for GaAs well with width of 4 nm,
GaAspg7Po13 Well with width of 13 nm and Ing14Gag 74Alg 1,As well with width of 6 nm is
plotted in Fig. 4. It is shown that GaAsyg;Py13 has the lowest peak material gain when the
operating temperature is smaller than 295 K, while GaAs has the lowest value when the
operating temperature is bigger than 295 K. We can also see that the tensilely strained
GaAs, g7Po.13 has the best temperature stability of the peak material gain, while the unstrained
GaAs has the worst, and the compressively strained Ing14Gag 74Alp 12AS has a moderate value.
In particular, the compressively strained Ing 14Gag 74Alg.1,AS has the highest peak material gain
at all operating temperature.
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Fig. 5. Gain peak wavelength versus operating temperature for the three QWs.

When the injection carrier density is 5 x 10'® cm? the gain peak wavelength versus
operating temperature for the three QWs is plotted in Fig. 5. As can be seen, the gain peak
wavelength becomes red shifted with the increase of temperature. At 300K, the gain peak
wavelength of the three QWSs is near 800 nm as described in Fig. 3. The working temperature
of VCSELs is about 30-40 K higher than the room temperature [26]. At this time, the gain
peak wavelength of these three QWs is near 808 nm as shown in Fig. 5. We can also see that
the gain peak wavelength shift with temperature for the GaAs/Al3Gag7As QW is about 0.278
nm/K, while for the GaAsgg/Po13/Alg3Gag7As QW, it is about 0.245 nm/K, and for the
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Ing.14Gag 74Alg 12ASIAly 3Gag 7AS QW, it is about 0.196 nm/K. That is to say, the compressively
strained Ing 14Gag 74Alp 12AS has the best temperature stability of gain peak wavelength.

3.4 Output characteristics
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Fig. 6. Threshold current density of the unstrained GaAs, the tensilely strained GaAsqg7Po.13
and the compressively strained Ing 14Gag 74Alo.12As quantum-well VCSELSs.

The threshold current density of the three designed quantum-well VCSELs can be
obtained by substituting Eq. (17) divided by the area into Eq. (19), and the parameters used in
the calculation can be found in Table 2. Figure 6 shows the threshold current density versus
the number of the three QWs described in Fig. 3. As can be seen, the threshold current density
decreases first and then increases with the increase of the number of QWs. When the number
of QWs is three, the GaAsqg7Po13 and Ing14Gag74Alg12AS quantum-well VCSELs have the
lowest threshold current density. Meanwhile, the total thickness of these two QWs is smaller
than the critical thickness listed in Table 3. When the number of QWs is four, the GaAs
quantum-well VCSEL has the lowest threshold current density. In order to compare, we also
choose the number of GaAs QWSs three. At this time, the compressively strained
INg.14Gag 74Alp 1oAs quantum-well VCSEL has the lowest threshold current density, while the
unstrained GaAs has the highest, and the tensilely strained GaAsgg7Po.13 has a moderate value
which is a little higher than the lowest point.

Table 4. Detailed Information for the Structure of Each Active Region

Layer Structure (1) Structure (2) Structure (3)
P-spacer Gradual AlyGa;xAs  Gradual Al,Ga;.xAs Gradual Al,Ga;-
104nm 86nm «AS
98nm
Barrier? Aly3Gag7As 5nm Aly3Gag7As 8nm Alp3Gag7As 8nm
Potential well® GaAs 4nm GaAsyg7Po13 13nm  Ing14Gag 74Alp 12AS 6nm
Barrier Al 3Gag7As 5nm Al 3Gag7As 8nm Al 3Gag7As 8nm
N-spacer Gradual AlkGa;xAs  Gradual Al,Ga;.xAs Gradual AlGa;.
104nm 86nm <AS
98nm

Barrier next to the p-spacer is grown by three times.
PPotential well is grown by three times.

So far, we can present the structure of these three quantum-well active regions of 808-nm
VCSELs and Table 4 shows the detailed information. The AlGaAs spacer layers are employed
so that the cavity is one wavelength in length. The Al content of gradual layer linearly
changes from 0.3 to 0.6, which can limit the carriers and reduce the series resistance at the
same time.
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Fig. 7. Output power of (a) unstrained GaAs, (b) tensilely strained GaAsgs7Po1s, and (c)
compressively strained Ing 14Gag 74Alp 12As quantum-well VCSELSs with different apertures.

Considering the self-heating effect, the device output power can be obtained by
substituting Eqgs. (16), (17), (18) and (20) into Eqg. (19). Figure 7 shows the relationship
between the output power and the injection current under different apertures of the three
designed quantum-well VCSELSs. The injection current linearly changes from 0 to 500 mA.
As can be seen, the output power increases first and then decreases with the increase of the
injection current, which can be attributed to the self-heating effect of VCSELSs. At the same
time, the output power varies with the aperture size of VCSELs. The maximum output power
of GaAs quantum-well VCSEL is next to 80 mW when the device diameter is 60 pm as
shown in Fig. 7(a), while for GaAs, g7Pg.13 quantum-well VCSEL, it is next to 140 mW when
the device diameter is 120 um as shown in Fig. 7(b), and for Ing 1,Gag 74Alq.12AS quantum-well
VCSEL, it exceeds 150 mW when the device diameter is 160 pm as shown in Fig. 7(c).Thus,
we can draw that the Ing 14Gag 74Alp12AS quantum-well VCSEL has the largest output power.
When the aperture is 80 um, the slope efficiency of GaAs quantum-well VCSEL is about 57%
as shown in Fig. 7(a), while for GaAsq g7Po.13 quantum-well VCSEL, it is about 60% as shown
in Fig. 7(b), and for Ing14Gag 74Alg 12As quantum-well VCSEL, it is about 65% as shown in
Fig. 7(c). Thus, we can draw that the Ing 14Gag 74Alg.1,AS quantum-well VCSEL has the largest
slope efficiency. It is also shown that when the aperture size is the same, the
Ing.14Gag 74Alg.1,As quantum-well VCSEL has the lowest threshold current, while the GaAs
quantum-well VCSEL has the highest, and the GaAsyg/Po1s quantum-well VCSEL has a
moderate value. This result is consistent with the result described in Fig. 6.

4. Conclusion

An unstrained GaAs/Aly3Gay;As, a tensilely strained GaAs.Pi,/Aly:Gay;As and a
compressively strained Iny.,.,GaAl,As/Aly 3Gag 7As quantum-well active regions are designed
in order to emit near 808 nm at operating temperature of VCSELS. The numerical simulation
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shows that the gain peak wavelength is near 800 nm at room temperature for GaAs well with
width of 4 nm, GaAsg g;Po.13 well with width of 13 nm and Ing 1,Gag 74Al 12As well with width
of 6 nm. Furthermore, the output characteristics of the three designed quantum-well VCSELs
are studied and compared. The number of QWs is chosen three due to the lowest threshold
current density. The maximum output power of Ing14Gag74Alp12AS quantum-well VCSEL
exceeds 150 mW when the device diameter is 160 um, while for GaAsqg;Pg.13 quantum-well
VCSEL, it is next to 140 mW when the device diameter is 120 pm, and for GaAs quantum-
well VCSEL, it is next to 80 mW when the device diameter is 60 pm. The simulations
indicate that the compressively strained Ing 14Gag 74Aly12AS is the most appropriate candidate

for the quantum well of 808-nm VCSELs due to its better carrier confinement, higher
temperature stability, the lowest threshold current density, and the highest material gain, slope
efficiency and output power.
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