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Abstract

Long-wavelength vertical cavity surface emitting lasers (VCSELSs) are considered the best candidate for the future
low-cost reliable light sources in fiber communications. However, the absence of high refractive index contrast in InP-
lattice-matched materials impeded the development of 1.3-1.5pum VCSELs. Although wafer fusions provided the
alternative approaches to integrate the InP-based gain materials with the GaAs/AlAs materials for their inherent high
refractive index contrast, the monolithic InP-based lattice-matched distributed Bragg reflectors (DBRs) are still highly
attractive and desirable. In this report, we demonstrate InP/InGaAlAs DBRs with larger refractive index contrast than
InP/InGaAsP and InAlAs/InGaAlAs DBRs. The switching between InP and InGaAlAs layers and growth rate control
have been done by careful growth interruption technique and accurate in situ optical monitoring in low-pressure metal
organic chemical vapor deposition. A 35 pairs 1.55 um centered InP/InGaAlAs DBRs has the stopband of more than
100 nm and the highest reflectivity of more than 99%. A VCSEL structure incorporating 35 pairs InP/InGaAlAs DBR
as the bottom mirror combined with a 24 thick periodic gain cavity and 10 pairs SiO,/TiO, top dielectric mirrors was
fabricated. The VCSELs lased at 1.56 um by optical pumping at room temperature with the threshold pumping power
of 30 mW.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Long-wavelength (1.3-1.5pm) vertical cavity
surface emitting lasers (VCSELs) are considered
the best candidate for the future light sources in
fiber communications. The advantages of VCSELs
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include single longitudinal mode output, small
divergence circular emission beam profile, low
power consumption and low-cost reliable produc-
tions. The absence of high refractive index contrast
in InP-lattice-matched materials impeded the
progress of the development of 1.3-1.5pum
VCSELs in comparison to the short-wavelength
(0.78-0.98 um) VCSELs. Recently, long-wave-
length VCSELs have been successfully demon-
strated with several different approaches. First,
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wafer fusion technique, that integrated the InP-
based active layers and GaAs-based DBRs
together, had been successfully realized for high-
performance long-wavelength VCSELs [1,2] but
the capability of mass production is still question-
able. Second, the InGaNAs 1.3um VCSELs
grown on GaAs substrates have been demon-
strated with excellent characteristics [3,4]. How-
ever, to extend the InGaNAs gain peak to beyond
1.5 um is rather difficult.

Monolithically grown DBRs lattice-matched to
InP continued to attract interests due to the well-
existing highly efficient InGaAsP and InGaAlAs
gain materials covered the wavelength window
from 1.3 to 1.8 um. Metamorphic GaAs/AlAs
DBRs lattice-matched to InP substrate have been
applied to realize the long-wavelength VCSELs
[5,6] but the inherent dislocations in metamorphic
layers have impacts on the reliability of the
devices. The Sb-based DBRs have large refractive
index contrasts An ranging from 0.43 to 0.44 and
have been successfully applied in the VCSEL
structures [7,8]. However, these DBRs have draw-
backs such as the low thermal conductivity and
relatively high growth complexity. The problem
with the conventional InP-lattice-matched InP/
InGaAsP and InAlAs/InGaAlAs is the small
refractive index contrast (An=0.27 for InP/
InGaAsP and An = 0.3 for InAlAs/InGaAlAs)
resulting in a larger number of DBR pairs required
to obtain high reflectivity. In addition, using the
conventional DBRs, not only the penetration
depth will increase causing more absorption, but
the heat dissipation is also a problem.

Recently, the DBRs based on relatively large
refractive index contrast (An = 0.34) material
combination of InP/InGaAlAs have also been
demonstrated [9-11]. This material combination
not only has a larger refractive index contrast than
the conventional InP/InGaAsP and InAlAs/In-
GaAlAs material systems, but it also has other
benefits including the smaller conduction band
discontinuity, which is good for n-type DBRs, and
the better thermal conductivity due to the binary
alloy of InP. However, the InP and InGaAlAs
belong to different group-V-based materials.
Problems like the As carry over, the transitional
interface, and lateral uniformity will affect the

quality of the epitaxial layers and the reflectivity of
the DBRs. As a result, the challenge of growing
this combination relies on perfect switching
between InP and InGaAlAs.

The growth interruptions have been frequently
used in the metal organic chemical vapor deposi-
tion (MOCVD) growth of the InGaAs/InP or
InGaAs/InGaAsP quantum wells in order to
obtain abrupt interface [12,13], but the growth of
the InP/InGaAlAs DBRs using growth interrup-
tions has not been investigated. In this paper, we
report the effect of the growth interruptions on
fabrication of the InP/InGaAlAs DBRs. The
lateral uniformity and the reflectivity of the DBRs
are very sensitive to the stabilization time of each
terminated interface. We incorporated an in situ
laser reflectometry while growing DBRs with
thickness more than §pm to insure minimum
fluctuation in the center wavelength of the stop-
band. The optically pumped 1.56 um VCSELs with
35 pairs InP/InGaAlAs DBRs achieved stimulated
emission at room temperature with the threshold
pumping power of 30 mW.

2. Experimental procedure

All structures were grown in a vertical-type low-
pressure MOCVD system with a rotating disk. The
disk rotated at 900 revolutions/min to maintain
the laminar gas flow. The growth pressure was
70 Torr. The growth temperature was 625°C. V/II1
ratio was 150 for InP and 200 for InGaAlAs. The
growth rate was 36.5nm/min and 35nm/min for
InP and InGaAlAs, respectively. The alkyl sources
were trimethylindium, trimethylgallium, and tri-
methylaluminum, and the group V gases were
AsHj; and PHj;. The carrier gas was hydrogen. The
epitaxial layers were all grown on n-type (100)
InP substrates. The growth interruption between
the InP and InGaAlAs had been divided into three
steps. In the first step, the gases flowing just after
the growth were hydrogen and the group V source
used in the previous layer but with half of the flow
rate for different periods of #, minutes. Then, the
group source was switched off. The hydrogen was
kept flowing for 0.02min in the second step to
remove the remaining group V source in the
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reactor. After that, the other group V source with
the same flow rate used in the next layer was
switched on with the hydrogen flowing for
0.01 min in the third step to prepare the growth
environment. Five different periods (#,=0, 0.1,
0.2, 0.3 and 0.4min) of interruption were exam-
ined.

The optical microscope with the magnification
of 1200 examined the as-grown wafers first to
check the lateral uniformity. The spectrometer
was used to determine the reflectivity of the DBRs.
The reflectivity of the Au film was used as
the reference. The crystal quality and the lattice
mismatch of the DBRs were analyzed by the
double crystal X-ray. The thickness of each layer
and the vertically compositional profiles were
investigated by the field emission scanning electron
microscope (SEM) and the secondary ion mass
spectrometry (SIMS).

3. Results and discussion

The DBRs with ten pairs InP/InGaAlAs de-
signed for 1.55um VCSELs were first grown and
investigated. The quarter-wavelength thickness of
InP and InGaAlAs was 122 and 110nm, respec-
tively. To avoid the absorption of DBRs while the
operating wavelength was 1.55um, the lattice-
matched Ing 53Gag 30Aly 0sAs was used with a band
gap emission wavelength of 1.42um. Fig. 1(a)
summarizes the surface conditions of 10 pairs
InP/InGaAlAs DBRs grown with different inter-
ruption times #, under the examinations by the
optical microscope with a magnification of 1200.
When there was no interruption time (f, = O min),
pits with diameter ranging from 0.5 to 2um
appeared densely on the surface of the as-grown
wafer. When ¢, increased to 0.4min, the pits
decreased to fewer than 100 per cm?’. A DBR
structure grown with 0.1-min interruption time
was investigated by SEM and the picture of the
cross section is shown in Fig. 1(b). The arrow
indicates the location where the pits occurred.
Fig. 2 shows the reflectivity curves of these samples
measured by the spectrometer. The maximum
reflectivity of DBRs increased when the interrup-
tion time ¢, became larger. However, the center

wavelength and the width of the stopband
remained unchanged. Fig.3 shows the X-ray
diffraction pattern of a set of samples grown with
different interruption times. The value of lattice
mismatch of all samples was within 200 ppm.
Meanwhile, more intense satellite peaks are
observed when the interruption time is longer. As
far as the DBRs of the VCSELSs are concerned, it is
very critical to increase the reflectivity. The
decrease of the reflectivity of the DBRs and the
intensity of the satellite peak of the X-ray
diffraction pattern with the shorter interruption
time may be resulted from the scattering loss
caused by the pits on the lateral interface. Never-
theless, the small differences in the width of
the stopband in the reflectivity curves among five
samples showed that the layer compositions in the
vertical direction did not vary a lot indicating
the abruptness between the interfaces was intact.
The SIMS results of InP/InGaAlAs DBRs grown
with #, = 0.2min shown in Fig. 4 suggest that the
phenomena of As carry-over did not appear.
Consequently, the degradation of the reflectivity
of InP/InGaAlAs DBRs mainly relates to the
growth interruption time. After an InP or an
InGaAlAs layer has grown, the surface needs time
to stabilize under the atmosphere of the previous
group V gas. Then, the next layer with alternate
group V source can continue to grow. This is the
different case from growing the InAlAs/InGaAlAs
or AlAs/GaAs material system. When the inter-
ruption time is shorter than 0.1 min, the atom of
the group V source cannot completely occupy
the surface. Meanwhile the other group V source
switches on and enters the vacant site. This lattice
mismatch causes the formation of defects.
The defects elongate upward to form the pits
while the growth continues. The further investiga-
tion of these pits and defects can be done by using
the high-resolution transmission electron micro-
scope. These results suggest that to grow the InP/
InGaAlAs DBRs with high reflectivity, one need
to add interruption time ¢, more than 0.2min and
make compromises between the total growth time,
the amount of source usage and the required high
reflectivity.

Next, two DBR structures with 35 pairs of InP/
In0_53Ga0,39A10,08As and 35 pairs of In0_52A10'48AS/
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Fig. 1. (a) The pit density of 10 pairs InP/InGaAlAs DBRs grown with different interruption times #,. (b) The cross section of the InP/
InGaAlAs DBRs grown with 0.1-min interruption time investigated by SEM.

Ing 53Gag 30Alg 03As were grown for comparisons.
The interruption time f, for growing InP/Ing s;.
Gag 30Alg 93As DBRs was chosen to be 0.4min.
Fig. 5 shows the reflectivity curves of these two
samples measured by the spectrometer. The
measured reflectivity of samples was normalized

to the reflectivity of the Au film. The maximum
reﬂectiVity of the IHP/IHO'53G30'39A10.08AS DBRs
can reach over 99% and the width of the
stopband is more than 100nm, which is 1
arger than the width of the Ing s,Alg4gAs/Ing s53-
Ga()'39A10'08AS DBRs.
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Fig. 2. The reflectivity curves of 10 pairs InP/InGaAlAs DBRs
grown with different interruption times #,.
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Fig. 3. The X-ray diffraction patterns of 10 pairs InP/
InGaAlAs DBRs grown with different interruption times .
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Fig. 4. The SIMS results of InP/InGaAlAs DBRs grown with
t, = 0.2min.
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Fig. 5. The reflectivity curves of 35 pairs InP/InGaAlAs and
InAlAs/InGaAlAs DBRs measured by a spectrometer.

4. Device performance

To further validate the viability of the DBR
structures for long-wavelength VCSELs, we have
grown a laser structure based on the InP/InGaA-
1As DBRs using the growth interruption techni-
que. Fig. 6(a) shows the laser structure. The
epitaxial layers were grown on an n-type InP
substrate. The first step was to grow the 5/44 thick
InGaAlAs and InP calibration layers followed by
the 35 pairs InGaAlAs/InP DBRs. The interrup-
tion time was 0.2min. The laser reflectometry in
situ monitored the epitaxial growth. By collecting
the reflection of a 905 nm laser light perpendicu-
larly impinging on the wafer surface, one can
obtain the information about the growth rate and
the crystal quality of the epitaxial layers. Fig. 6(b)
shows the reflectivity of 5/44 thick InGaAlAs and
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Fig. 6. (a) Schematic cross section of VCSELs. (b) In situ
reflectometry versus growth time of 5/4/ thick InGaAlAs and
InP calibration layers followed by the DBRs.

InP calibration layers. The growth rate can be
obtained by GR = AT4/2N, where A= 905nm
and N is the refractive index of the epitaxial layer
at the growth temperature. The growth rate of
the calibration layers and the growth parameters
were used for adjusting the growth conditions of
the DBRs to meet the stringent tolerance of the
target emission wavelength in one epitaxial run
[14,15]. The 24 thick periodic gain cavity was
grown in the second step. At the same time,
another InP dummy wafer was loaded in MOCVD
for photoluminescence (PL) measurement. The
laser structure has InGaAlAs cladding layers of 2/
thick with a band edge emission peak at 1.1 pm.
Three sets of strain-compensated multi-quantum
wells (SCMQWs) were placed at the anti-nodes of
the electric standing wave field within the 24 thick
cavity to increase the enhancement factor of
MQW active regions. Each set of SCMQWs
consisted of five InGaAlAs (strain=1.5%, thick-

ness=7nm) quantum wells and four InGaAlAs
(strain = —0.6%, thickness=8nm) barriers and
the PL wavelength was tuned at 1.51 um, which is
40nm Dblue-shifted from the target emission
wavelength to insure the proper operation of
the VCSELs at room temperature [16]. Two InP
space layers of half A thickness grown on the top
and the bottom of the cavity were served to protect
the InGaAlAs layer from being oxidized during
the post-processing. Finally, the wafer was coated
with 10 pairs SiO,/TiO, top dielectric mirrors to
form a complete VCSEL structure.

Fig. 7 shows the reflectivity and PL measure-
ments during every process stage. All of the
reflectivity results were normalized to the reflectiv-
ity of Au film. Fig. 7(a) shows the reflectivity curve
of 35 pairs InGaAlAs/InP DBRs. The center
wavelength of the stopband is located at
1555nm. Fig. 7(b) shows the reflectivity of the
half-cavity VCSEL. The PL spectrum of the active
regions grown on the InP dummy wafer in the
same run is shown in Fig. 7(c). The PL peak is
1510nm and the full-width at half-maximum
(FWHM) is 54nm. The peak of shorter wave-
length was the signal belonging to the previous
grown layers on the InP dummy wafer. Fig. 7(d)
shows the reflectivity of the complete VCSEL
structure and the Fabry-Perot dip is located at
1558 nm. Fig. 7(e) demonstrates the PL spectrum
of the complete VCSEL structure. The peak
wavelength coincides with the Fabry—Perot dip
and the FWHM is measured to be 3.3 nm.

The complete VCSEL structure was placed in an
optical pumping system. The pumping source was
a continuous-wave-operated Ti:sapphire laser. The
wavelength of the Ti:sapphire laser was tuned at
990 nm although the pumping wavelength at
slightly beyond 1.1 um would be more desirable
to avoid absorption of the InP (1g = 0.9 um) space
layers and InGaAlAs (g =1.1pm) cladding
layers. The diameter of the pumping beam entered
from the top dielectric DBRs was estimated to be
30um. Fig. 8 shows the pumping result of the
VCSEL. The threshold pumping power is 30 mW
at room temperature. The wavelength of the
output beam is 1562 nm. The minimum linewidth
above threshold is 1 nm limited by the resolution
of the spectrometer. The red shift of the peak
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Fig. 8. The VCSEL output power versus input laser pumping
power characteristics at room temperature. The inset shows the
VCSEL emission spectrum at the pumping power above the
threshold. Peak emission wavelength is 1562 nm.

wavelength from the Fabry—Perot dip was attrib-
uted to the local heating caused by the strong
absorption. The equivalent threshold current
density is calculated to be 2kA/cm® when taking

into account the absorption of the pumping light
in the cladding layers and the reflection at the
surface. The relatively large threshold current
density might be attributed to the non-optimized
quantum well structure and the absorption of the
pumping power by the 2/ thick cladding layers in
the laser structure.

5. Summary

In summary, we have grown an InP/InGaAlAs
DBR structure with excellent optical properties
using MOCVD and the growth interruption
technique. We found that the growth interruption
time between InP and InGaAlAs interface was
very critical for obtaining high reflectivity. A 35
pairs 1.55pum centered InP/InGaAlAs DBRs
grown with the interruption time of 0.4min has
the stopband of more than 100 nm and the highest
reflectivity exceeding 99%. We also demonstrated
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the optically pumped InP-based VCSELs with the
35 pairs InP/InGaAlAs DBRs and 10 pairs SiO,/
TiO, top dielectric mirrors and a 2/ thick cavity
composed of periodic SCMQWs to fully utilize the
gain in every quantum well. The optically pumped
VCSELs operated at room temperature with the
threshold pumping power of 30 mW.
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