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ABSTRACT The physical and optical properties of compres-
sively strained InGaAsP/InGaP quantum wells for 850-nm
vertical-cavity surface-emitting lasers are numerically studied.
The simulation results show that the maximum optical gain,
transparency carrier densities, transparency radiative current
densities, and differential gain of InGaAsP quantum wells can
be efficiently improved by employing a compressive strain of
approximately 1.24% in the InGaAsP quantum wells. The simu-
lation results suggest that the 850-nm InGaAsP/InGaP vertical-
cavity surface-emitting lasers have the best laser performance
when the number of quantum wells is one, which is mainly
attributed to the non-uniform hole distribution in multiple quan-
tum wells due to high valence band offset.

PACS 42.55.Px; 78.20.-¢; 78.20.Bh; 78.30.Fs

1 Introduction

Vertical-cavity surface-emitting lasers (VCSELs)
have been adopted as ideal light sources for optical intercon-
nects due to several inherent advantages including circular
output beam, low beam divergence, high modulation band-
width, and convenient wafer-level testing [1-3]. Especially,
VCSELSs operating at 850 nm have become a key compon-
ent for application in local area networks (LANs) [4—6]. For
most 850-nm VCSEL devices, an unstrained GaAs/AlGaAs
quantum-well structure is usually utilized. However, it has
been proposed that by employing a strained quantum-well
structure, semiconductor lasers with a lower threshold current
density and higher modulation speed can be achieved because
of the reduced in-plane heavy-hole effective mass [7-9]. The
InGaAs/AlGaAs, InGaAlAs/AlGaAs, and InGaAsP/InGaP
quantum-well structures are usually used in strained 850-nm
semiconductor lasers [10]. The strain level of an InGaAs/
AlGaAs quantum well emitting near 850 nm is limited due
to the use of a narrow quantum well [10]. As for the
InGaAlAs/AlGaAs quantum wells, the indium and alu-
minum compositions can be varied to achieve different
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strain levels. Nevertheless, employing aluminum in a quan-
tum well may cause the problem of oxidation in active
region [11,12]. Therefore, the use of an aluminum-free
InGaAsP/InGaP active region is an attractive alternative for
850-nm VCSELs. Tansu et al. have experimentally demon-
strated low-temperature sensitive InGaAsP/InGaP lasers
which have a higher characteristic temperature than that
of GaAs/AlGaAs lasers [13]. High-speed oxide-confined
VCSELSs using InGaAsP/InGaP strain-compensated multiple-
quantum wells have been demonstrated by other researchers
[14,15]. For the strained InGaAsP/InGaP quantum wells, al-
though the properties of strained (Al,Ga;_,),In;_,As P;_,
material system was theoretically studied for 850-nm surface-
and edge-emitting lasers, the amount of compressive strain
of the InGaAsP/InGaP quantum well was fixed at 1.7% [10].
To the best of our knowledge, qualitative analysis of varying
compressive strain in InGaAsP quantum wells, which have an
emission wavelength of ~ 850 nm, has not been well docu-
mented in literature.

A gain-cavity detuning of approximately 10 nm is usu-
ally introduced for the design of 850-nm VCSELSs to result in
aflat threshold current versus temperature behavior over some
range of temperature operation. In this study, in order to ob-
tain the suitable quantum-well structure for 850-nm VCSELs,
compressively strained InGaAsP/InGaP quantum wells emit-
ting at 840 nm with different strains are investigated by an ad-
vanced photonic integrated circuit simulator in three dimen-
sions (PICS3D), which self-consistently combines quantum
well band structure calculations by 6 x 6 k - p theory, radia-
tive and nonradiative carrier recombination, carrier drift and
diffusion, and optical mode computation [16]. Based on the
6 x 6 k- ptheory, the optical gain spectra, transparency carrier
densities, transparency radiative current densities, and max-
imum differential gain for the InGaAsP quantum wells with
different compressive strains are compared and discussed.
Furthermore, the optimal number of quantum wells for the
strained InGaAsP/InGaP VCSELSs is studied as well.

2 Theoretical method and parameters

In this paper, it is assumed that the compressively
strained InGaAsP quantum wells are grown on (001)-oriented
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GaAs substrates. For simplicity, it is also supposed that the
conduction subbands are decoupled from valence subbands
and have isotropic parabolic bands, such as the situation of
most III-V direct bandgap semiconductors [17]. The 6 x 6
Luttinger—Kohn Hamiltonian including the coupling of the
heavy hole, light hole, and spin-orbit splitting bands is utilized
to evaluate the nonparabolic valence band structures [18]. As
for the numerical parameters required for k - p calculations for
the InGaAsP materials, except for the unstrained bandgap en-
ergies, a linear interpolation between the parameters of the
relevant binary semiconductors is utilized. For a physical pa-
rameter P, the interpolation formula is [19]

P(In;_;Ga,As,P;_,) =P(GaAs)xy + P(GaP)x(1 —y)
+ P(InAs)(1 —x)y

+ P(InP)(1 —x)(1— ). (1)

The material parameters of the binary semiconductors
used in this study are taken from the paper by Vurgaftman
et al. [20] and summarized in Table 1. The formula for the
calculation of unstrained InGaAsP bandgap energies can be
expressed as a weighted sum of the bandgap energies of rele-
vant ternary semiconductors with appropriate bowing param-
eters. Specifically, the unstrained InGaAsP bandgap energies
are calculated by following expressions [20]

E;(InGaAsP) =
x(1 =x)[(1 = y)Ey(GalnP) + yE,(GalnAs)]

x(I=x)+y(1-y)
N y(1 — Y)[xEg(GaAsP) + (1 — x) Eo(InAsP)]

x(I=x)+y(l—y) ' @)
E,(GalnP) = xE;(GaP) 4 (1 — x) E,(InP)
— x(1 —x)B(GalnP) , 3)
E,(GalnAs) = xE;(GaAs) 4 (1 — x) E¢(InAs)
—x(1 — x) B(GalnAs) , 4)
Ey(GaAsP) = yEg(GaAs) + (1 — y) E;(GaP)
— y(1 - y)B(GaAsP), 5)
E,(InAsP) = yE,(InAs) + (1 — y) E;(InP)
y(1 —y)B(InAsP), (6)

where x and y represent the compositions of gallium and
arsenic in the InGaAsP material system, respectively. The
bandgap bowing parameters of GalnP, GalnAs, GaAsP,
and InAsP are 0.65¢eV, 0.477¢eV, 0.19¢V, and 0.1¢eV, re-
spectively [20]. Except for GaP, the temperature dependent

Parameter Symbol (unit) GaAs InAs
Lattice constant ap (A) 5.65325 6.0583
Spin-orbit splitting Ago (V) 0.341 0.39
Luttinger parameter Vi 6.98 20.0
V2 2.06 8.5
V3 2.93 9.2
Hydrostatic deformation potential a (eV) —8.33 —6.08
Shear deformation potential b (eV) -2.0 —1.8
Elastic stiffness constant Ci1 (GPa) 1221 832.9
Elastic stiffness constant C1» (GPa) 566 452.6
Electron effective mass me/mo 0.067 0.026

Parameter (unit) GaAs InAs InP

o (meV/K) 0.5405 0.276 0.363

B (K) 204 93 162

Eg (T =0) (eV) 1.519 0.417 1.4236
TABLE 2  Varshni parameters of the binary semiconductors GaAs, InAs,

and InP

bandgap energies of the relevant binary semiconductors are
calculated using the commonly employed Varshni formula

aT?
T+B° @

The values of «, B, and E, (T =0), ie., the bandgap
energy at zero Kelvin, of the binary alloys are listed in
Table 2 [20]. The temperature dependent bandgap energy of
the GaP is calculated by the expression of 2.886 +0.1081[1 —
coth(164/T)] [20]. The conduction band offset for the com-
pressively strained InGaAsP/InGaP quantum well is set to
18% of the total band offset [21, 22]. The optical gain spectra
of single quantum-well structures, with the valence-band-
mixing effect being taken into account, can be expressed
by [23]

Ey(T) = Eo(T =0) —

2g°h
neocm} LE

X Z/oo ktMnm (kt)F/(zf[)
nm (Ecn (kt) - Ekpm (k,) — E)2 + (['/2)2

g(E) =

(f& = f") dks,

()

where ¢ is the free electron charge, 4 is the reduced Planck’s
constant, n is the index of refraction, g is the free-space di-
electric constant, c is the speed of light, L is the thickness of
quantum well, E is the photon energy, M,,, (k;) is the momen-
tum matrix element in the strained quantum well, I" = A/t is
the broadening due to intraband scattering relaxation time t,
E, is the n-th conduction subband, Ej,,, is the m-th valence
subband from the k - p calculation, f7 and f* are the Fermi
functions for the conduction band states and the valence band
states, respectively. The indices n and m denote the electron
states in the conduction band and the heavy hole (light hole)
subband states in the valence band. To account for the broad-
ening due to scattering, it is assumed that T = 0.1 ps [24-27]
in the calculations.

The spontaneous emission rate can be expressed as fol-
lows [23]

GaP InP

5.4505 5.8697

0.08 0.108

4.05 5.08

0.49 1.6

2.93 2.1

-9.9 —6.6

—1.6 —-2.0

1405 1011 . N .
620.3 561 TABLE 1 Material parameters of the bi-
0.13 0.0795

nary semiconductors GaAs, InAs, GaP and
InP
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Tapl B = n2h2c3eomiL,
r ke My (k) T/ 270)
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The radiative current density J;,q can be calculated from the
spontaneous emission spectrum using [23, 26, 27]

s =al [ ra(E)E, (10)
where [ is the thickness of the active region. Radiative current
density can be used to estimate the injected current density
required to achieve laser threshold.

The equations used to describe the carrier transport in
VCSEL devices are Poisson’s equation,

-V (WW) = —n+p+No(l—fo) = Nafa. (11

q

and the current continuity equations for electrons and holes,

1 on
VI,-R,+G, = )
ot

ap
, 13
o (13)

(12)

—

VJ,+R,—G,=—
q

where V is the electrostatic potential, ¢ is the relative per-
mittivity, g is the magnitude of a unit charge, fp and fa are
the Fermi functions for donor band states and accepter band
states, n and p are the electron and hole concentrations, J,
and J, are the current densities of electrons and holes, Np
and Ny are the donor and acceptor concentrations, G, and R,
are the generation rates and recombination rates for electrons,
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G, and R, are the generation rates and recombination rates
for holes, respectively. The calculations of carrier capture and
escape from the quantum wells are considered in accordance
with the model provided by Romero et al. [28]. For the treat-
ment of device heating, the thermoelectric power and thermal
current induced by temperature gradient are solved utilizing
the methods provided by Wachutka et al. [29]. Various heat
sources, including Joule heat, generation/recombination heat,
Thomson heat and Peltier heat, are taken into account in this
specific study. More description about the physical models
utilized in PICS3D simulation program, which is a useful tool
to access new designs or to optimize existing devices after cal-
ibrating with specific materials, can be found in [30].

3 Results and discussion

3.1 Properties of InGaAsP/InGaP quantum wells

To study the effects of compressive strains on
the properties of the 840-nm InGaAsP quantum wells, five
quantum-well structures including Ing g, Gag.9gAso.981Po.019,
Ing 12Gap g3 Asp.892Po.108,  Ino22Gap78AS0.799P0201,  Ing 32
Gag 68 As0.704Po.296, and Ing 42Gag 53 Asg.607P0.303 are system-
atically studied in this paper, which have corresponding
in-plane compressive strains of 0.075%, 0.473%, 0.859%,
1.239%, and 1.615%, respectively. All of the quantum wells
have the same thickness of 8 nm and the same barrier layer
of Ing 49Gag 51 P, which is lattice matched to GaAs. Since the
indium composition dominates the amount of compressive
strain, the indium composition is varied with a fixed step of
10% and the appropriate phosphor composition is chosen in
such a way that the emission wavelength of the quantum-well
structures resulted from transitions between the lowest con-
duction subband (C1) and the top valence subband (HH1) is
840 nm.

Figure la—e show the valence subband structures for the
InGaAsP quantum wells with variant indium and arsenic com-
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FIGURE 1 Valence subband structures for 8-nm InGaAsP quantum well sandwiched between Ing49Gag 51 P barriers for (a) Ing2Gag.98As0.981P0.019,

(b) Ing.12Gag g3 Aso.892Po. 108, (€) Ing.22Gap.78 Aso.799P0.201, (d) Ing.32Gag 68 Aso.704P0.296, and () Ing 42 Gag.58 Aso.607P0.393
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positions as a function of the in-plane wave vector k;, which
is along the horizontal axis and normalized by 2m/ag. Ac-
cording to these valence-band dispersion curves, the top va-
lence bands are heavy hole subbands in nature due to the
compressive strain. In the case of Fig. 1a, the dramatic non-
parabolicity observed in the subband structure is a direct result
of the band mixing between HH1 and LH1 subbands. When
the compressive strain increases with more indium composi-
tion in the quantum well, the strain separates the HH1 and
LHI1 subbands, pushing the LHI1 subband away from the
HHI. As a result, the band-mixing effects are greatly re-
duced and the degree of band warping of HH1 is also lower
with increasing strain in the quantum wells. Under these cir-
cumstances, the effective mass of the holes becomes lighter,
which makes the density of states in valence and conduction
bands more matched. This condition is expected to result in
amuch higher differential gain and lower transparency carrier
density.

Figure 2a and b show the optical gain spectra of the In-
GaAsP quantum wells at a fixed carrier density 5 x 10'® cm =3
for TE mode at 25 °C and 95 °C. Since the cases of the In-
GaAsP quantum wells under study are subject to compressive
strain, we solely compare the TE mode of different quantum-
well structures because the TM mode is strongly depressed
with high compressive strain in quantum wells. Besides, the
TM mode is mainly introduced by C1-LH1 transition which
provides shorter emitting wavelength than 840 nm. Compar-
ing Figs. la with 2a, there is a second peak in the gain
spectrum of the Ing 0, Gag 93 Asg .91 Po.o19 quantum well due to
the smaller separation distance between HH1 and LH1 [see
Fig. 1a]. Thus, a portion of the injected carriers will be con-
sumed in the C1-LHI1 transitions. On the contrary, the separa-
tion distance between HH1 and LH1 increases with compres-
sive strain. This situation leaves more carriers for the C1-HH1
transitions so that the peak gain for TE mode is higher with
more compressive strain in the quantum wells. However, it
is noteworthy that further increase in material gain becomes
minimal when the compressive strain is higher than approxi-
mately 1.24%. Furthermore, comparing Fig. 2a with b, the
variation of gain peak wavelength with temperature is rela-
tively stable for higher compressively strained quantum well.
When the temperature increases from 25 °C to 95°C, the
gain peak wavelength of Ing,GagogAsoos1Pooio quantum
well (with 0.075% compressive strain) is shifted from 840 nm
to 857 nm and that of Ing4>Gag 58 Aso.607P0.303 quantum well
(with 1.615% compressive strain) is shifted from 840 nm to
853 nm. The relatively stable variation of gain spectrum with
increasing temperature is beneficial for VCSELs operating
at high temperature. Figure 2c shows the gain spectra of un-
strained GaAs/AlGaAs quantum well at 25 °C and 95 °C. The
dashed lines indicate the relevant transition energies (1) C1-
LHI1 at25°C, (2) C1-HH1 at 25 °C, (3) C1-LH1 at 95 °C, and
(4) C1-HH1 at 95 °C. Since the valence bands of HH1 and
LH1 are close due to the unstrained GaAs/AlGaAs quantum
well, the peak gain wavelength becomes shorter than 840 nm
at the injection carrier density of 5 x 10'8 cm~3, which is at-
tributed to the transition of C1-LH1. When the temperature
increases from 25 °C to 95 °C, the peak gain wavelength is
shifted by approximately 20 nm, which is larger than that of
the InGaAsP/InGaP quantum well.
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FIGURE 2  Gain spectra of compressively strained InGaAsP/InGaP quan-
tum wells at (a) 25°C and (b) 95°C. (¢) Gain spectra of unstrained
GaAs/AlGaAs quantum well at 25 °C and 95 °C. The vertical dashed lines
indicate the relevant transition energies (1) C1-LHI at 25 °C, (2) C1-HHI1 at
25°C, (3) C1-LHI at 95 °C, and (4) C1-HHI at 95°C

Figure 3 depicts the peak material gain of TE mode as
a function of carrier density for InGaAsP and unstrained
GaAs quantum wells at 25 °C and 95 °C. The thickness of the
GaAs quantum well is 8 nm and the barrier is Alg3Gag7As.
When the compressive strain increases, the transparency car-
rier density decreases for InGaAsP quantum wells. This is
attributed to the higher valence band curvature in the com-
pressively strained quantum well resulting in smaller joint
densities of states. Under this situation, the creation of pop-
ulation inversion can be easily achieved [31]. Moreover, the
peak material gain increases with the compressive strain in
quantum wells. As shown in Fig. 3b, similar trend is ob-
served when the temperature is 95 °C. Compared to un-
strained GaAs quantum wells, the strain in InGaAsP quan-
tum wells results in reduced transparency carrier density
due to the smaller density of valence states. This also gives
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density for InGaAsP/InGaP and GaAs/AlGaAs quantum wells at (a) 25 °C
and (b) 95°C

rise to gain compression at higher carrier density since the
carriers which occupy high energy states do not contribute
to the gain maximum. In addition, the transparency carrier
density of the GaAs quantum well is lower than that of the
Ing 02 GagogAso.os1 Po.oro quantum well (with 0.075% com-
pressive strain). It is mainly attributed to the minimal strain-
induced improvement under this small strain level. Figure 4
shows the peak material gain of TE mode as a function of ra-
diative current density for InGaAsP and GaAs quantum wells
at 25 °C and 95 °C. The transparency radiative current dens-
ity decreases when the composition of indium in quantum
wells increases for InGaAsP quantum wells. It can be con-
cluded according to Figs. 3 and 4 that higher compressive
strain in quantum wells results in lower transparency carrier
density and transparency radiative current density and higher
peak material gain. Nevertheless, it is noteworthy that the
peak material gain in the range of carrier density and radia-
tive current density under study does not have evident change
when the amount of the compressive strain is higher than
approximately 1.24%.

the compressive strain in quantum wells is larger than about
1.24%. This can be explained with the valence subband struc-
tures of InGaAsP quantum wells, as shown in Fig. 1. The band
curvature of the HH1 subband, which dominates the transition
in the case of compressively strained quantum wells, does not
change evidently when the compressive strain is larger than
~ 1.24%. It means that the density of states near the top of va-
lence band does not change obviously when the compressive
strain in quantum wells is higher than ~ 1.24%. Moreover,
since the transparency carrier density is primarily decided by
the Bernard—Duraffourg inversion condition [7]
(Fe—F) >ho>E,, (14)
which requires that the separation between quasi-Fermi levels
be greater than the bandgap, the value of (£, — Fy) is sensitive
to the density of states near the top of the valence band when
the carriers are injected into the quantum wells. Therefore, the
characteristics of the InGaAsP quantum wells under study do
not vary markedly when the compressive strain in quantum
wells is higher than approximately 1.24%.

The differential gain is one of the most important param-
eters for high-speed optical interconnects because the relax-
ation resonance frequency of the laser depends primarily on
the square root of the differential gain [19]. Therefore, the cal-
culated values of the maximum differential gain are plotted
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as a function of the compressive strain in quantum wells at
25°C and 95 °C in Fig. 6 and the corresponding carrier den-
sities at which the maximum differential gains are achieved
are tabulated in Table 3. Evidently, the maximum differen-
tial gain increases with the compressive strain in quantum
wells. As expected, the increase of maximum differential gain
with more compressive strain in quantum wells becomes less
evident when the compressive strain is higher than approxi-
mately 1.24% as well. Thus, the variation of valence subband
structures with the amount of compressive strain in quantum
wells still plays an important role for the differential gain of
InGaAsP quantum wells.

It should be mentioned here that, although the optical
properties of compressively strained InGaAsP quantum wells
can be improved by introducing larger amount of compressive
strain in quantum wells, the amount of strain in quantum wells
will be limited by the critical thickness for practical crystal
growth. Therefore, in order to estimate the critical thicknesses
of the five quantum-well structures under study, the Matthews
and Blakeslee model [32], which has been used to evaluate
the critical thickness of many material systems [33-36], is
utilized. In the calculations, the lattice constants and elastic
constants are taken from Table 1. The calculated values of the
critical thicknesses for the five quantum-well structures under
study are tabulated in Table 4. It is evident that the thickness
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FIGURE 6 Maximum differential gain of TE mode as a function of com-

pressive strain at 25 °C and 95 °C

Quantum well structures

Ing.02Gap.98 As0.981Po.019
Ing.12Gap 3 Aso.892Po.108
Ing.22Gap.78 As0.799P0.201
Ing.32Gag.68 As0.704P0.296
Ing.42Gag 58 As0.607P0.393

TABLE 3
gains at 25 °C and 95 °C

Quantum well structures

Inp.02Gap.98 As0.981Po.019
Inp.12Gap .88 As0.892Po.108
Ing 22Gag.78As0.799Po.201
Ing.32Gag.68 As0.704P0.296
Ing.42Gag 58 As0.607P0.393

TABLE 4

Carrier density
(25°0)

2.76 x 10'8 (1/cm?)
2.50 x 10'8 (1/cm?)
2.32 % 10'8 (1/cm?)
2.21 x 10'8 (1/cm?)
2.16 x 10'8 (1/cm?)

Compressive strain

0.075%
0.473%
0.859%
1.239%
1.615%

Matthews and Blakeslee model

Carrier density
95°0C)

3.72 x 108 (1/cm?)
3.36 x 108 (1/cm?)
3.12 x 108 (1/cm?)
2.98 x 10'8 (1/cm?)
2.88 % 10'8 (1/cm?)

Carrier densities required to achieve the maximum differential

Critical thickness

478.7 nm
55.9 nm
27.1 nm
17.1 nm
12.2 nm

Calculated critical thicknesses of InGaAsP quantum wells with

of quantum wells used in this study is well below the critical
thicknesses of the five quantum-well structures. Therefore,
according to the simulation results, a compressive strain of
approximately 1.24% in quantum wells is beneficial for the
InGaAsP/InGaP quantum wells for 850-nm vertical-cavity
surface-emitting lasers.

3.2 Device properties and optimal number

of quantum wells

After investigating the properties of InGaAsP/
InGaP quantum-well structures, we calculate and discuss the
performance of the VCSELSs with the InGaAsP quantum wells
under study in an attempt to analyze the detailed optical prop-
erties and obtain the optimal number of quantum wells. The
p-type and n-type distributed Bragg reflectors (DBRs) consist
of Aly,15Gag gsAs/AlyoGag. | As pairs, which have a thickness
of a quarter of a wavelength for each layer. The p-type DBR
and n-type DBR are typically constructed using 23 and 35
pairs, respectively. The active region consists of 8-nm In-
GaAsP quantum wells embedded in 10-nm InGaP barriers.
The Aly ¢Gag 4As spacer layers are employed so that the cavity
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FIGURE 7 Laser output power of the InGaAsP/InGaP and GaAs/AlGaAs
VCSELSs as a function of current: (a) one quantum well, (b) two quantum
wells, (¢) three quantum wells
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is one wavelength in length. The oxide aperture has a diameter
of 5 um.

Figure 7 shows the laser output power of the InGaAsP/
InGaP VCSELs as a function of current when the num-
ber of quantum wells varies from one to three. For com-
parison, the results of the GaAs/AlGaAs VCSEL are also
plotted in this figure. The simulation results indicate that
the best laser performance is obtained when the number of
quantum wells is one and the worst laser performance is
observed when the number of quantum wells is three for
InGaAsP/InGaP quantum wells. Moreover, the threshold cur-
rent and maximum output power can be improved with in-
creased compressive strain in the InGaAsP quantum wells.
The decrease of threshold current and the increase of max-
imum output power are not obvious when the amount of
compressive strain is beyond 1.24%, which is consistent with
previous simulation results shown in Sect. 3.1. In the case of
GaAs/AlGaAs VCSEL, the maximum output power can be
obtained when the number of quantum wells is three. The
output power and threshold current are simultaneously in-
creased with the number of quantum wells. The threshold
currents of the VCSELs with Ing3,GagegASo.704P0.29¢ and
Ing 42Gag 53 Aso.607Po.393 quantum wells are always lower than
those of the VCSEL with GaAs quantum wells. Furthermore,
itis found that the input current at which the maximum output
power for GaAs/AlGaAs VCSELs is achieved is approxi-
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mately 12 mA. As for the InGaAsP/InGaP VCSELs, the in-
put current at which the maximum output power is achieved
varies and depends mainly on the number of quantum wells
and the amount of strain. However, the output power roll-off
is in similar current range for GaAs and InGaAsP VCSELs.
Note that the output power roll-off is typically attributed to
the self-heating in continuous-wave operation. For VCSELs,
the Joule heat in highly resistive p-doped regions dominates
the power budget, which is the major factor for device heat-
ing [30]. In this study, since the VCSEL structures are the
same except for the quantum-well region (GaAs or InGaAsP),
the self-heating behavior is expected to be similar in simu-
lation. The use of different quantum-well structures impacts
mainly on the threshold current and slope efficiency of the
VCSELs.

In order to understand the mechanism which results in the
worst laser performance in the case of three quantum wells,
the energy band diagrams and electron and hole concentra-
tion distributions of the Ing3,Gag g Aso.704P0.296/InGaP and
GaAs/AlGaAs VCSELs are depicted in Fig. 8 when the num-
ber of quantum wells varies from one to three. It is found that
the hole concentration distribution is extremely non-uniform
in the active region of triple quantum-well VCSEL due to
the relatively high valence band offset. The holes are mainly
confined in the well closest to the p-side. Therefore, the elec-
trons are attracted by Coulomb force and also confined in this
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FIGURE 8 Energy band diagrams of the
Ing.32Gag.68 As0.704P0.296/InGaP VCSEL  with
(a) three quantum wells, (¢) two quantum
wells, and (e) one quantum well. Electron
and hole concentration distributions of the
B In(),32Ga0,63A50,704P0,296/InGaP VCSEL with
(b) three quantum wells, (d) two quantum wells,
and (f) one quantum well. The energy band

L GaAs

diagrams and electron and hole concentration

0.08 0.12 0.16 0.2
b Position (pm)

0.08 0.12 0.16 0.2
f Position (um)
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d Position (um)

distributions of triple GaAs/AlGaAs quantum-
well VCSEL are shown as well. The input
current is 13 mA
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[

quantum well. Under these circumstances, electrons and holes
recombine mostly in the quantum well closest to the p-side.
The other two quantum wells can not effectively contribute to
light emission because of the low electron and hole concentra-
tions. On the contrary, negative interband gain is observed in
these two quantum wells as shown in Fig. 9a. Since the VC-
SEL structures under study are designed to have an aperture
diameter of 5 pm, the interband gain decreases with lateral

Vertical position (Lm)

Vertical position (m)

Vertical position (um)

FIGURE 9 Two-dimensional surface plot of
the interband gain (1/cm) in the active re-
gion of the Ing32Gag.e8A80.704P0.296/InGaP
VCSEL at an input current of 13 mA: (a) three
quantum wells, (b) two quantum wells, (¢) one
quantum well. The block arrows show the pos-
itions of the quantum wells

position due to the oxide-confined layer, as shown in Fig. 9.
Furthermore, spatial hole burning can be found more obvi-
ously in the single quantum-well VCSEL than in the double
and triple quantum-well VCSELSs, which indicates that the
resonant optical power in the center of the lateral position and
stimulated recombination rate are higher in single quantum-
well VCSEL. In the case of double quantum-well VCSELs,
although the laser performance has been enhanced as com-
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pared with the triple quantum-well VCSELSs, the negative in-
terband gain is observed in Fig. 9b. Therefore, the simulation
results indicate that the 850-nm InGaAsP/InGaP VCSELs
have the best laser performance when the number of quan-
tum wells is one because the high valence band offset results
in the non-uniform hole concentration distribution in multi-
ple quantum-well structures. As for the triple GaAs/AlGaAs
quantum-well VCSEL, the uniform electron and hole con-
centration distribution enhances the output power obviously
as compared with the triple InGaAsP/InGaP quantum-well
VCSELSs (see Fig. 7c, Fig. 8g and h). However, it is worth not-
ing that the compressively strained InGaAsP/InGaP quantum
well is still superior to the unstrained GaAs/AlGaAs quantum
well for obtaining a VCSEL of low threshold current.

4 Conclusion

We have investigated the properties of the com-
pressively strained InGaAsP quantum well structures emitting
at 840 nm by solving the 6 x 6 k- p Hamiltonian. The simu-
lation results indicate that, among the active layer structures
under study, relatively high optical gain and differential gain,
and low transparency carrier density and transparency radia-
tive current density can be achieved by increasing the amount
of compressive strain in quantum wells. However, further im-
provement of the optical gain and threshold properties of the
quantum-well structures becomes minimal when the com-
pressive strain in quantum wells is higher than 1.24%. On
the other hand, the simulation results also suggest that the
laser performance of the InGaAsP/InGaP VCSELSs can be ef-
ficiently improved when the InGaAsP quantum wells have
a compressive strain of 1.24%. Furthermore, the simulation
results show that the strained InGaAsP/InGaP VCSELSs have
the best laser performance when the number of quantum wells
is one. Therefore, a compressive strain of 1.24% in the quan-
tum well of a single quantum-well InGaAsP/InGaP VCSEL
is suitable for application in 850-nm vertical-cavity surface-
emitting lasers.
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