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Abstract—In this study, the gain-carrier characteristics of
Ing.02Gag.9sAs and InAlGaAs quantum wells (QWs) of variant
In and Al compositions with an emission wavelength of 838 nm
are theoretically investigated. More compressive strain, caused
by higher In and Al compositions in InAlGaAs QW, is found
to provide higher material gain, lower transparency carrier con-
centration, and transparency radiative current density over the
temperature range of 25-95 °C. To improve the output charac-
teristics and high-temperature performance of 850-nm vertical-
cavity surface-emitting laser (VCSEL), Ing 15Alp.08Gao.77As/
Alg.3Gag. 7As is utilized as the active region, and a high-bandgap
10-nm-thick Alg 75Gag. 25As electronic blocking layer is employed
for the first time. The threshold current and slope efficiency of
the VCSEL with Alg 75Gag.25As at 25 °C are 1.33 mA and
0.53 W/A, respectively. When this VCSEL is operated at an el-
evated temperature of 95 °C, the increase in threshold current is
less than 21 % and the decrease in slope efficiency is approximately
24.5%. A modulation bandwidth of 9.2 GHz biased at 4 mA is
demonstrated.

Index Terms—Electronic blocking layer,
InAlGaAs/AlGaAs, MOCVD, semiconductor lasers,
VCSEL.

gain modeling,
850-nm

I. INTRODUCTION

ERTICAL-CAVITY surface-emitting lasers (VCSELs)

with 850-nm emission had become standard in local
area interconnects and free-space optical communications. The
advantages, including relatively low threshold current, low
divergent angle, and circular beam, which lead to simpler
packaging, of these surface emission devices had been found
to provide the low-cost short-distance data links [1]-[4]. To
emit at 850 nm, the choice of the active region grown on
GaAs substrate had been conscious of the materials includ-
ing (In)GaAs/AlGaAs [5], [6], InAlGaAs/AlGaAs [7]-[9], and
InGaAsP/InGaP [10], [11]. The incorporation of In into GaAs
quantum wells (QWs) had been demonstrated to provide com-
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pressive strain, which, in turn, resulted in lower threshold
current and higher modulation speed [12], [13]. Previous re-
search also showed that the InGaAsP, which was used during
most of the initial development of long-wavelength VCSELs,
could provide comparable laser performance [5], [14]-[16].

It is well known that low transparency current achievable
with strained QWs is required for providing low threshold
current in a semiconductor laser. For laser devices with an
emission wavelength of 850 nm, the incorporation of Al into
InGaAs QWs with higher In composition can possess a de-
sired strain level that beneficially reduces the threshold current
densities of the devices [17], [18]. However, qualitative analy-
sis of varying Al and In contents in approximately 850 nm
InAlGaAs QWs is rarely reported in literature. In this study,
we first theoretically study the gain-carrier characteristics of
InGaAs and InAlGaAs QWs with variant In and Al compo-
sitions in order to investigate the In and Al compositional
effect in InAlGaAs QWs. Then, an InAlGaAs QW is prepared
by metal-organic chemical vapor deposition (MOCVD), and
the optical properties are studied by temperature dependent
photoluminescence (PL). The device characteristics of 850-nm
InAlGaAs/AlGaAs VCSELs are then investigated. To improve
the high-temperature performance, we propose to incorporate a
high-bandgap 10-nm-thick Alg 75Gag.25As electronic blocking
layer into the InAlGaAs/AlGaAs VCSELs for the first time.
The threshold current and slope efficiency of the devices with a
high-bandgap 10-nm-thick Aly 75Gag 25As electronic blocking
layer are found to be less sensitive to the substrate temperature,
and the output performance is enhanced in the mean time.

II. PHYSICAL MODEL AND QW
OPTICAL CHARACTERISTICS

For the InGaAs QWs and InAlGaAs QWs with variant In
and Al compositions, the gain spectra and optical gain as a
function of carrier density were calculated using the & - p theory
with valence band mixing effects. An 8 x 8 Luttinger—Kohn
Hamiltonian matrix with imposing an envelope function ap-
proximation was utilized in this investigation. The methods
were closely followed by Chuang [19]. In the case of valence
mixing, the valence bands are not parabolic and the gain
spectrum can be expressed in numerical integration over k; as
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where ¢ is the thickness of QW, I' = /7. is the broadening
due to intraband scattering relaxation time Tycat, Ec; is the jth
conduction subband, and E},); is the ith valence subband from
the k - p calculation. The sum is over all possible conduction
and valence subbands. go = mq*h/egcm3n is constant, with all
symbols having their usual meanings. Mj, is the dipole moment

given by

1 . moq ) EgO(EgO + Aso)

My = 2
b 6 mc Eg() + QASO ( )

where E g is the unstrained energy bandgap, m.. is the effective
mass of the conduction band, and Ay, is the spin—orbit coupling
energy. The error in the calculation of the Fermi functions,
which are approximated with linear combinations of four expo-
nential terms, is less than 0.04%, and that in the determination
of the eigenvalues in the QW is less than 2 x 107°,

All the well widths of InGaAs and InAlGaAs QWs are
designed to be 7 nm. Numerical parameters, required for the
k - p theory, used in this calculation, are taken from [20].
The energy bandgaps of binary InAs, AlAs, and GaAs alloys
at 25 °C are 0.354, 3.004, 1.423 eV, respectively, and the
temperature-dependent energy bandgaps are governed by the
Varshini equation. Specifically, the temperature-dependent
energy bandgaps of the binary alloys are calculated by

0.276 x 1073 - T*

E,(InAs) =0.417 —
o (InAs) =0.417 7193 3)
0.885 x 1073 - T2
E.(AlAs) = 3.099 — 4
g(AlAs) =3.099 T + 530 @
0.5405 x 1073 - T2
E,(GaAs) =1.519 — T (5)

For the energy bandgaps of ternary GalnAs, AllnAs, and
GaAlAs, and quaternary InAlGaAs alloys, the interpolation
formulas are adapted from the composition-dependent prop-
erties [21]

EJ(AlGaAs) = - Eg(AlAs) + (1 — a) - E4(GaAs)
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where zw, yw, and zw represent the Ga, Al, and In composi-
tions in InA1GaAsQW, respectively, and

b_GaAlAs = —0.127 + 1.310 - yw 11
b_AllnAs =0.7 (12)
b_GalnAs =0.477. (13)

The spontaneous emission rate is calculated by
VE(E) =) (2;:> |Hyj|* f;(1 = fi)D(E)pi; — (14)

ij
where
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and f; and f; represent the Fermi functions for the ith and jth
levels, respectively. D(E) is the optical mode density.

For a fixed QW emission wavelength of 838 nm, the In
composition in InGaAs QW is theoretically determined to be
2%, and a series design of InAlGaAs QWs with various In
and Al compositions of (In, Al) = (8.5%, 4%), (15%, 8%),
21%, 12%), and (27%, 16%) is performed with unchanged
Alp.3Gag. 7As barriers. The induced compressive strains in
Ing.02Gag.g8 As, Ing 085 Al0.04Gag.g75AS, Ing.15Alp.08Gag.77As,
Ing.21Alg.12Gag 67As, and Ing27Alg.16Gag.s7As QWs are
0.143%, 0.611%, 1.053%, 1.498%, and 1.918%, respectively.

The material gain available from a QW can be affected by
a number of factors that need to be taken into account. It is
well known that the QWs have to be designed with a low
density of states and a closely matched density of states in
the valence and conduction bands [22]-[24]. However, a low
density of states will cause the rapid rising of Fermi level with
increased temperature; that is, more carriers may escape from
the QW at elevated temperatures. Therefore, a large conduction
band offset is required to secure the carrier confinement. Fig. 1
shows the calculated material gains of the Ing g2Gag ggAs and
InAlGaAs QWs with Al 3Gag 7As barrier at 25 °C when the
input carrier concentration is 6 x 10'® cm~3. The InAlGaAs
QWs with variant Al compositions of 4%, 8%, 12%, and 16%
are calculated and compared with the Ing g2Gag ggAs QW. In
the calculation of the radiative currents, the thickness of the
AlGaAs barriers is assumed to be three times that of the QWs.
Moreover, the material of the barriers is Aly 3Gag.7As through-
out the numerical analysis. It is found that the InAlGaAs QWs
can provide higher material gain than the Ing g2Gag.ggsAs QW.
It is also noteworthy that the material gain of the InAlGaAs
QWs can be enhanced when the Al composition in InAlGaAs
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Fig. 1. Calculated material gains of the Ing.02Gag.9gAs and InAlGaAs QWs

with Alg.3Gag 7As barrier at 25 °C when the input carrier concentration is
6 x 108 cm—3. The material gain tends to saturate when the Al composition
in InAlGaAs QW is higher than 8%.
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Fig. 2. Peak material gain as a function of (a) carrier concentration and
(b) radiative current density of the Ing.02Gap.9gAs and InAlGaAs QWs with
Alg.3Gag.7As barrier at 25 °C.

QW is increased. The material gain tends to saturate when the
Al composition in InAlGaAs QW is higher than 8%.

Fig. 2 shows the peak material gain as a function of
(a) carrier concentration and (b) radiative current density of the
Ing.02Gag ggAs and InAlGaAs QWs with Alg 3Gag 7As barrier
at 25 °C. The radiative current density is obtained from the
integral of spontaneous emission spectrum and the thickness of
QW [25], [26]. Both the transparencies of carrier concentration
and radiative current density of the InAlGaAs QWs are lower
than those of the Ing 02Gag.ggsAs QW. The transparency carrier
concentration depends primarily on the band curvatures, which
is sensitive to the effective masses and the amount of strain.
When the Al composition in InAlGaAs QW increases with in-
creased In composition, the transparency carrier concentration
decreases. Numerical results indicate that the density of states
and the effective mass decrease with increased Al composition
in InAlGaAs QW. The decrement in transparency carrier con-
centration is less apparent when the Al composition is higher
than 8%.

Fig. 3 shows the curves of valence band for the
Ing 02Gag ggsAs and InAlGaAs QWs with variant In and Al
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compositions at 25 °C. The y axis of the figures represents the
valence band QW potential. It is found that there are four con-
fined hole levels in the InAlGaAs QWs, and the Ing g2 Gag.ggAs
QW has another confined hole level (LH;) in addition to the
four HH;, HH», LH;, and HH3 confined levels. The number
of confined hole levels may be influenced by the amount of
strain in QWs and the effective masses of electrons and holes.
With the increase of In and Al compositions in InAlGaAs QW,
the amount of strain in QWs increases, and the effective mass
of holes decreases. The reduction of the density of states in
the valence band is desirous, because low transparency carrier
concentration can be achieved.

When the QW is at a temperature of 95 °C, the spectra
of material gain and the peak material gain as a function
of carrier concentration and radiative current density of the
Ing.02Gag ggAs and InAlGaAs QWs with Alg 3Gag 7As barrier
are shown in Figs. 4, and 5, respectively. The InAlGaAs QW
with more In and Al compositions is also found to provide
higher material gain, and the gain tends to saturate when the
Al composition is higher than 12%. The red shift of the peak
emission wavelength is 0.25 nm/K, which is approximately
the same for all IngoGagggsAs and InAlGaAs QWs. The
decrement of the peak material gain with increased temperature
from 25 to 95 °C in Ing 2Gag ggAs and InAlGaAs QWs is
also approximately the same when the input carrier concen-
tration remains unchanged at 6 x 10'® cm~3. As indicated in
Fig. 5, lower transparency carrier concentration and radiative
current density are observed when the In and Al compositions
in InAlGaAs QW increase. Due to the relatively incremental
compressive strain, higher differential gain is also obtained
over the temperature range under study. In this study, it is
prognosticated that the transparency carrier concentration of the
Ing.02Gag.9sAs QW is increased by approximately 26.8% as
temperature increases from 25 to 95 °C. For InAlGaAs QWs,
the transparency carrier concentrations are increased by 26.3%
(Al =4%), 25.2% (Al = 8%), 23.8% (Al = 12%) and 21.7%
(Al = 16%) as temperature increases from 25 to 95 °C, which
are smaller than those of the Ing 2Gag ggsAs QWSs, because
more compressive strain in QW can reduce the transparency
carrier concentration and the relatively large conduction band
offset, which is increased with the increase of In and Al com-
positions in InAlGaAs QW, can prevent carriers from escaping
from the QW. In addition, the increase of transparency carrier
concentration with increased temperature is attributed to the
increment of nonradiative recombination and the poor electron
confinement; namely, large amount of electrons can pile up
from the QW and overflow without attributing to the radiative
recombination, when the temperature is high.

III. OPTICAL PROPERTY OF QW AND
DEVICE FABRICATION

After investigating the numerical gain-carrier characteristics
of the Ing g2Gag.gsAs and InAlGaAs QWs, the next step is to
fabricate the 850-nm VCSELs. The numerical results suggest
that the InAlGaAs QWs with Al composition higher than
8% can provide better gain—carrier characteristics. However,
although crystal quality concerns cannot be taken into account
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in numerical calculations, it is noteworthy that increase of In
and Al concentrations will result in a larger amount of strain
in InAlGaAs QW and a higher strain level in QW may have
crystal quality concerns. Thus, the In and Al concentrations
in InAlGaAs QWs cannot be too high. In fact, degradation in
higher Al content QW PL has been experimentally observed.
Therefore, the Ing 15Alg.0sGag 77As/Aly 3Gag 7 As with a com-
pressive strain of 1.053% is chosen and grown to form the
QW active region of the 850-nm VCSEL. The temperature-
dependent PL of the Ing 15Alg.0sGag 77As triple-QW structure
is shown in Fig. 6. The QW was grown by low pressure
MOCVD on GaAs (100) substrate with group-V precursors
of arsine (AsHgs). Trimethyl (TM-) sources of aluminum (Al),
gallium (Ga), and indium (In) were used for group-III precur-
sors. The thickness of QW is 7 nm, which is identical to that
used in numerical calculation. The thickness and Al composi-
tion of barriers are 8 nm and 0.3, respectively. The growth rate
is about 0.75 nm/s, and the growth temperature is 720 °C. The
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Fig. 5. Peak material gain as a function of (a) carrier concentration and
(b) radiative current density of the Ing g2Gag.ggAs and InAlGaAs QWs with
Alg.3Gag.7As barrier at 95 °C.

composition in QW is characterized by the rocking curve of
high-resolution X-ray diffraction. Temperature-dependent PL
measurement is performed by a 325-nm He—Cd laser with a
20-mW output over the temperature range of 17-300 K. The
laser power is 20 mW, and the spot size is about 100 pm
in diameter. Luminescence is analyzed by a 320-mm grating
monochromator and detected by a charge couple detector.

In Fig. 6, the dots represent the peak emission wave-
length obtained from PL measurement, and the curve rep-
resents the numerical spontaneous emission rate of the
Illo_15Alo_ogGa0_77AS/A10_3Gaol7AS QW, which is obtained
when the input carrier concentration is 5 x 10'® cm~3, which
is calculated based on the excited power density and laser
spot size. The peak emission wavelength at 300 K is 838 nm,



o
=
<

o0
w2
<

0.85

o0
[
<

Intensity (a. u.)

08

oo
—
<

075
750 780 810 840 870 200 ’
Wavelength (nm) g,

Peak emission wavelength (nm)

50 100 150 200 250 300
Temperature (K)

<

Fig. 6. Temperature-dependent PL peak emission wavelength of the
Ing.15Al0.08Gag.77As triple-QW structure. The inset is the optical spectrum
obtained at 300 K.

1E o
F . . .
E 09 E
8 5 E
gng 08 F
g = £
< Z 0.7F
X8 o6F
gi sk y=1/{1+cexp(—E/KT))
2 & E:7=39.8 £2.8 meV
04F R=0.982
0'3'|||||||||||||||||||||||||||
0 0.01 0.02 0.03 0.04 0.05
/T (1/K)
Fig. 7. Normalized integrated PL intensity plotted as a function of reciprocal

temperature for the Ing.15Alp.08Gag.77As triple-QW structure.

and the full-width at half-maximum (FWHM) is 13.5 nm,
which is comparable to the (In)GaAs/AlGaAs material systems.
When the temperature decreases to 20 K, the peak emission
wavelength shifts to 793 nm with an FWHM of 6.6 nm. Fig. 7
shows the normalized integrated PL intensity plotted as a
function of reciprocal temperature for the Ing. 15Aly.0sGag 77 As
triple-QW structure. Fitting our data to the classical Arrhenius
law, I =1y/1 + ¢ exp(—FE,/KT), according to the thermal
carrier transfer mechanism, the activation energy (E,) of the
Ing.15Al0.08Gag.77As QW is determined to be 39.8 meV.

As investigated in the numerical discussion, it is observed
that the InAlGaAs QWs can provide a lower transparency
carrier concentration and a higher differential gain. The trans-
parency carrier concentration of the InAlGaAs QWs increased
with elevated temperature up to 95 °C is also less sensitive than
the Ing g2Gag.9sAs QW. However, more than 20% increment
of the transparency carrier concentration is too high to be
ignored for the InAlGaAs QWs. Therefore, methods for reduc-
tion of temperature sensitivity need to be sought. To reduce
the electronic leakage current and the temperature sensitivity
of semiconductor lasers, a high-bandgap layer is regularly em-
bedded into the active region before the growth of p-type layers
[27]-[29]. In this paper, we propose to employ an AlGaAs
electronic blocking layer to improve the high-temperature
performance for the 850-nm VCSELSs under study.

The schematic diagrams of the VCSEL with a high-
bandgap 10-nm-thick Aly 75Gag.25As electronic blocking layer
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Fig. 8. Schematic diagrams of the VCSEL with employing a high-bandgap
Alg.75Gag.25As electronic blocking layer. (a) Sketch of the fabricated
VCSEL structure. (b) Schematic plot of the energy band diagram near the
Ing.15Alp.08Gao.77As/Alg.3Gag. 7 As active region.

are shown in Fig. 8. In this discussion, the active region of
the VCSEL, which was surrounded by AlgsGagp 4As spacers
to form a one-wavelength cavity, consisted of three 7-nm-
thick Ing.15Alg.0sGag.77As QWs and four 8-nm-thick
Alg.3Gag 7As barriers. The n-type and p-type distributed
Bragg reflectors (DBRs) consisted of 39 and 21 pairs of
Alp.15Gag g5As/Alg 9Gag 1As, respectively. The dopant
sources were SiH, and CBry. A 30-nm-thick Alg g7Gag g3As
was introduced in the upper cavity spacer layer to form
the oxide confinement. Finally, a one-wavelength-thick
current-spreading layer and a heavily doped GaAs (p = 2 x
10 cm~2) contact layer were grown to complete the structure.
The growth temperature of the n-type DBR and the active
region were 720 °C, and that of the p-type DBR was 670 °C.

The fabrication process began from depositing a 1.3-pum-
thick SiN, layer, which acted as a hard mask in the following
process, onto the wafer by plasma-enhanced chemical vapor
deposition (PECVD) at 300 °C. Standard photolithography and
reactive ion etching (RIE) using SF¢ with a flow rate of 20 sccm
as etching gas were then performed to define the etching pattern
on the hard mask. Trench mesa etching by Cly with a flow
rate of 2 sccm and Ar plasma were performed to transfer the
mask pattern onto the wafer. The etching depth was cautiously
controlled to penetrate the active region, and the 30-nm-thick
Alp.97Gag 03As aperture layer was exposed for selective oxi-
dation in 400 °C stream environment. The mesa diameter was
22 pm and the oxide aperture was 7 um. After oxidation, the
residual dielectric was removed, and a second 150-nm-thick
SiOy by PECVD was deposited for passivation, followed by
a partially etched process for contact window. Ti (30 nm)/
Pt (50 nm)/Au (200 nm) were deposited onto the heavily
p-doped GaAs contact layer for p-contact, and AuGe (50 nm)/
Ni (20 nm)/Au (350 nm) were deposited for n-contact.
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IV. DEVICES CHARACTERISTICS

Fig. 9 shows the temperature-dependent light output and
voltage versus current (L—I—V") characteristics of the fab-
ricated VCSELs (a) with and (b) without the high-bandgap
Alp.75Gag 25As electronic blocking layer when the substrate
temperature is in the range of 25-95 °C. Fig. 10 summarizes
the threshold current and slope efficiency reduction of the
VCSELs with and without the Alg 75Gag.osAs as a function
of the substrate temperature. Solid and open symbols repre-
sent the characteristics of the VCSELs with and without the
Alp 75Gag o5As, respectively. The circle and square symbols
are for the threshold current and slope efficiency reduction, re-
spectively. It is noteworthy that both the gain—cavity detunings
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Fig. 11. Small-signal frequency response of the 7-pm-wide VCSEL with

Alp.75Gag.25As layer biased at 4 mA.

of the VCSELs with and without the Aly 75Gag 25As layer are
designed to be 12 nm. The dip of Fabry—Pérot is at 850 nm,
which is determined by the reflection measurement. For the
VCSEL with Alg 75Gag 25As, the threshold current and slope
efficiency at 25 °C are 1.33 mA and 0.53 W/A, respectively.
The maximum output power with a 7-um-wide oxide aperture
is 4.8 mW. The amount of increase in threshold current at an
elevated temperature of 95 °C is only 0.27 mA, and the slope
efficiency drops by only 24.5%. The threshold current and slope
efficiency of the VCSEL without Aly 75Gag 25As at 25 °C are
1.47 mA and 0.37 W/A, respectively, and the threshold current
increases to 2.17 mA with a slope efficiency reduction of 32%
when the substrate temperature is raised to 95 °C.

The differential resistances of the VCSELs with and with-
out Aly75GagosAs are 102 and 95 (2, respectively. The
small differential resistance may be attributed to the rea-
son that it is more difficult for the carriers to transport in
the vertical direction of the VCSEL when the high-bandgap
Alp.75Gag o5As is present. However, it is evident that the
temperature sensitivity of the VCSEL with a high-bandgap
Alp.75Gag 25As layer is apparently reduced. Because the ef-
fective mass of electrons is smaller than that of holes, the
use of a high-bandgap Aly 75Gag.25As layer can block elec-
trons from overflowing to the p-type layers, and, therefore, the
high-temperature characteristics and the output performance
of 850-nm Ino,15Alo.OgGa0,77As/Alo,3Ga0_7As VCSELSs are
improved.

Fig. 11 shows the small-signal frequency response of the
7-pum-wide VCSEL with Alg 75Gag.25As layer biased at 4 mA.
The small-signal response of the VCSEL is measured using a
calibrated vector network analyzer (Agilent 8720ES) with on-
wafer probing and 50-pm multimode optical fiber connected
to a New Focus 25-GHz photodetector. The 3-dB modulation
frequency response is measured to be ~ 9.2 GHz when the
bias current is 4 mA. It is found that the modulation fre-
quency response remains unchanged when the high-bandgap
Alp.75Gag 25As layer is employed in the VCSEL.

V. CONCLUSION

In summary, the gain-carrier characteristics of the
Ing.g2Gag 9gAs and InAlGaAs QWs with 838 nm emission are
theoretically investigated. The numerical results suggest that
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the incorporation of Al into InGaAs QW is found to provide
higher material gain, lower transparency carrier concentration,
and radiative current density due to the increment of the
amount of strain and the reduced density of states. The
optical properties of Ing 15Alg.08Gag.77As QW are also
investigated by temperature-dependent PL. With the use of
a high-bandgap 10-nm-thick Aly 75Gag.o5As layer in the
Ing 15Al0.0sGag 77As/Aly 3Gag.7As QW active region, the
high-temperature characteristics and the output performance
are beneficially improved. Small-signal frequency response
shows that these VCSELSs can provide a modulation bandwidth
of approximately 9.2 GHz.
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