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ABSTRACT

A detailed study of the high-power pulsed operation of C-band optically-pumped GalnNAsSb vertical cavity
surface emitting lasers is reported. The devices employ a resonant periodic gain structure grown by molecular
beam epitaxy on a GaAs substrate with a 31-pair GaAs/AlAs bottom distributed Bragg reflector and a 4-A, GaAs-
based resonant cavity containing 10 GalnNAsSb quantum wells distributed among the 7 antinodes of the electric
field. A dual-pump-band SiO3/TiO2 dielectric top mirror allows efficient optical pumping via low reflectivities
at 808nm and 1064nm while providing very high reflectivity at the 1.55um target emission wavelength. The
laser characteristics were evaluated using both a Q-switched Nd:YAG 1064nm pump and a 20W-peak 180ns-
pulsed 850nm diode laser. The importance of the gain-cavity detuning was evident from time-dependent spectral
measurements of laser material subjected to post-growth annealing at different temperatures between 725 and
775°C. The highest annealing temperature produces the largest blue shift of the gain peak relative to the cavity
resonance, resulting in the best power transfer characteristics as well as reduced temperature sensitivity.

Keywords: GalnNAsSb, InGaAsNSb, VCSEL, vertical cavity surface emitting laser, disk laser, spectroscopy

1. INTRODUCTION

Several materials systems have emerged as potential candidates for vertical cavity surface emitting lasers (VC-
SELs) in the telecommunications C-band, including InAlGaAs/InP,%? AlGaAsSb/InP,®> metamorphic GaSb-
based devices on GaAs substrates,* and coherently-strained GaAs-based devices employing dilute nitride active
regions.”* Compared with the other alternatives, GaAs-based devices benefit from the high index contrast of
GaAs/AlGaAs distributed Bragg reflectors which are nearly lattice-matched to GaAs; robustness of GaAs sub-
strates and maturity of processing. Excellent results have also been obtained by wafer bonding InAlGaAs/InP
active regions with GaAs/AlGaAs mirrors,® though monolithically-grown GaAs-based devices have the obvious
benefit of processing simplicity. For such devices, the most promising active regions employ quinary GalnNAsSb
quantum wells (QWs), which are already beginning to show good performance in 1.55 ym edge-emitting lasers,* 15
and excellent performance in 1.3 um VCSELs.'® Previously we reported the first C-band optically-pumped Galn-
NAsSb VCSELs at 1547nm (20°C).> Electrically-pumped GalnNAsSb VCSELs have so far exhibited operation
in pulsed mode at 1460nm (0°C)® and at 1534nm (-48°C).7 Another exciting possibility for these materials
is in the development of vertical external cavity surface emitting lasers (VECSELs), which are also known as
semiconductor disk lasers. These optically-pumped devices have the potential to challenge traditional solid-state
lasers in terms of tunability as well as output power.!” Dilute nitride devices (GalnNAs) have already exhibited
good performance near 1.3 pm, reinforcing this concept.

Commercial VCSELs in the O-band often employ GalnNAs QWs'® which have attractive properties such as
low temperature sensitivity and large differential gain.'® However, the extension to 1.55 pm is not trivial. The
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Figure 1. (Color online) Refractive index profile (blue) and electric field intensity (red) through the MBE VECSEL

structure described in the text. The sample surface is on the left side of the figure.
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Figure 2. (Color online) Refractive index profile (blue) and electric field intensity (red) through the VCSEL structure
including both the MBE layer structure and the dual-band dielectric top mirror, as described in the text.

longer wavelength requires larger indium and nitrogen concentrations, which makes the material more susceptible
to phase separation during growth. The addition of Sb to GaInNAs QWs is helpful in reducing this tendency
because the Sb segregates on the growing surface, preventing the formation of In surface clusters. This provides
greater flexibility in the MBE growth window, with higher temperatures possible than with GaInNAs.2%2! Unlike
a pure surfactant, antimony is incorporated in the QWs and provides a small reduction of the bandgap, although
its complex incorporation profile leads to a correspondingly complex band alignment.??

In the present work, we describe the design, fabrication and characterization of optically-pumped devices
operating in the C-band. The devices are based on an epitaxially-grown GaAs-based resonant-periodic gain
VECSEL structure containing 10 GalnNAsSb quantum wells. In this case, a VCSEL structure was completed
by the deposition of a dielectric top mirror. The temperature performance was studied between 10 and 50 °C
using high-power pulsed pumping. Fabry-Perot analysis was used to study the temporal evolution of the lasing
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wavelength during the pump pulse to provide insight into the pump-induced heating effects. These measurements
were performed for chips processed with different rapid thermal annealing temperatures, and hence different
cavity-gain detuning. This provides a means of optimizing the detuning to provide the most efficient laser
operation.

2. LASER DESIGN AND FABRICATION

The laser structure was grown by molecular beam epitaxy (MBE) in a custom V90 system as described else-
where.?! A nominally-exact, semi-insulating GaAs (100) substrate was first prepared with the 600°C growth
of an undoped GaAs buffer layer and a 31-pair GaAs/AlAs distributed Bragg reflector. During the DBR de-
position, accurate wn-situ reflectance measurements were used to monitor the layer thicknesses with an SVT
Associates In-situ4000 dual-wavelength (470nm and 950nm) system. In this way the DBR layer thicknesses were
controlled within 1% of the targets. After the DBR growth, the substrate temperature was lowered to 420°C for
the growth of a 4-A, GaAs-based resonant cavity designed for the A=1.55 pm target wavelength. This resonant
structure contains 10 GaInNAsSb QWs distributed among the 7 antinodes of the electric field to achieve efficient
carrier distribution in VECSEL operation with 808nm optical pumping, for which the incident light is nearly
completely absorbed (a=13300cm~!). MBE growth of GaInNAsSb QWs, similar to those employed here, was
described in detail recently.?! In this case each 7 nm Gag sIng.4No 027AS0.96055b0 0125 QW was surrounded by
20 nm GalNy ga5Asp.955 barriers. The entire resonant-cavity active region was grown at the lower temperature
so that the quantum wells did not experience any in-situ annealing. Fig. 1 shows the calculated variation of the
refractive index and electric field intensity through the VECSEL structure, which does not have a top Bragg
mirror.

Several samples from this same MBE epiwafer were further processed into VOSEL devices. As a first step,
the pieces were separately ex-situ annealed using a Jipelec Jetfirst 150 rapid thermal annealing (RTA) system.
Each piece was annealed for bmin in flowing Ny with GaAs proximity capping. The three samples described
herein were annealed at temperatures of 725, 750 and 775°C. The VCSEL devices were then formed by the
simultaneous deposition of a dual-pump-band SiO5/TiO dielectric top mirror on all three samples. This mirror
was designed to allow efficient optical pumping via low reflectivities at 808nm and 1064nm while providing very
high reflectivity at 1.55um. The design employed the proprietary thin film software TFArchitect developed at
the National Research Council of Canada. A Spector, Veeco dual ion-beam sputtering system was used for
the mirror deposition and the optical constants for the dielectric materials were obtained from ellipsometry
analysis of reference layers deposited under similar conditions. In-situ thickness measurements were used and
reoptimization was applied to the design to minimize the effects of small thickness variations, as necessary.?3
Fig. 2 shows the variation of the refractive index and electric field intensity through this hybrid VCSEL structure
according to the design.

A comparison between the spectral reflectivities of the MBE VECSEL structure and the hybrid semiconduc-
tor/dielectric VCSEL device is shown in Fig. 3. While both structures exhibit a cavity resonance near 1540nm,
the resonance is significantly narrower for the VCSEL. As intended, the VOSEL exhibits a low reflectivity near
1064nm, on the order of a few percent. The figure also indicates the nonlinear least-squares best-fits to the ex-
perimental data, obtained using the Woolam WVASE software package. Extrapolation of the VCSEL best-fit to
shorter wavelengths indicates a similarly low reflectivity at 808nm, as shown. The cavity resonance is at a slightly
shorter wavelength than intended because of inaccuracies in our estimations of the GalInNAsSb and GaNAs opti-
cal constants. The total thickness of all GaNAs layers in the structure is 340nm which is large enough that small
errors 1n index can lead to perceptible shifts in the cavity resonance. For comparison the room-temperature
photoluminescence (PL) pectrum of the VECSEL structure with the same RTA conditions is also shown. We
note that the PL emission is filtered by the cavity and does not provide an accurate representation of the QW
emission spectrum.

3. LASER CHARACTERIZATION

The devices were tested on a Cu stage whose temperature was controlled by a circulating water system (though
a Peltier could have been used) with no further processing. In future work, performance improvements could
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Figure 3. (Color online) Spectral reflectivities of the MBE VECSEL structure and the hybrid VOSEL, both annealed
at 775°C (black lines). The best fits are shown as red and green lines, respectively. The PL spectrum of the VECSEL
structure is also shown (blue line).

be expected through substrate thinning and bonding to high-thermal-conductivity heat sinks, or the use of a
capillary-bonded heatspreader.!” Surface-normal laser emission of the VCSELs was studied for two separate light
sources operating respectively at 850nm or 1060nm, based on the availability of high-power pulsed sources at
those wavelengths. The shorter-wavelength pump was a fiber-coupled high-power Perkin-Elmer laser diode, with
a rated peak power of 20W and a pulse width of 180ns. Pulsed measurements were made with a 0.18% duty cycle
(10kHz) at an incidence angle of 30° and a spot size of ~100um-diameter. The laser power was controlled using a
commercial avalanche transistor circuit. Details of a similar pump system were reported elsewhere.?* From Fig. 3
we note that the reflectivity at 850nm is approximately 12% at 0°-incidence while the calculated reflectivity for
the same structure is 33% at 30°-incidence. Thus the performance is slightly suboptimal because of the wasted
pump power under these conditions. In future work it would be straightforward to optimize the top mirrror
design for a selected incident pump angle. The longer wavelength pump source was a Q-switched Nd-YAG laser
producing Tns-long pulses at a repetition rate of 2kHz and with maximum pump energy of 17.2uJ.® In this case
the pump power was controlled by attenuation of the beam. In both cases the output power was measured by
focusing onto a fast-response InGaAs detector, and the emission spectra were measured using fiber coupling to an
optical spectrum analyzer. Power transfer characteristics of the devices were obtained at temperatures between
10 and 50°C. A photograph of the experimental setup is shown in Fig. 4.

4. RESULTS AND DISCUSSION

Preliminary pulsed measurements were made using 1060nm excitation, which is absorbed in only the QWs.
Temperature-dependent power transfer characteristics are shown in Fig. 5 for the sample annealed at 725°C. In
this figure the pump power was calculated from a measurement of the average power and the pulsed duty cycle.
At 20°C the device exhibits stimulated emission at ~1535nm, as shown in the inset. For all samples, the slope
efficiency decreases and the threshold pump power increases with increasing heatsink temperature as confirmed
in Fig. 6. This behaviour is consistent with material effects due to defect-related or Auger recombination, and
to the key laser design issue of gain-cavity detuning. The structure was designed to have a QW emission peak
near 1530nm after optimized rapid thermal annealing, while the cavity resonance was designed for 1550nm. This
negative detuning was chosen because of a temperature- or pump-induced redshift for the QWs (~0.5nm/K)
which is larger than the cavity redshift due to changes in the optical constants of the constituent materials
(~0.1nm/K).?* As shown in Fig. 5 for the sample annealed at 725°C, the lowest threshold was obtained at
the lowest heatsink temperature, suggesting that for this RTA temperature the actual gain-cavity detuning was
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Figure 5. (Color online) Temperature-dependent power transfer characteristics of the VCSEL chip annealed at 725°C.
The inset shows the measured spectrum at 20°C.

probably slightly lower than optimal. Previous studies have addressed the changes in GalnNAsSb QW emission
wavelength with RTA temperature,?! indicating that a lower emission wavelength may be obtained at a higher
RTA temperature, thus providing a larger gain-cavity detuning. However, Fig. 6 indicate. s that the detuning
was too low for even the highest RTA temperature studied here.

To improve pump absorption efficiency, the VCSELs were also tested under 850nm pumping, a wavelength
condition where the pump is absorbed throughout the active (GaAs) region. The devices were all tested at room
temperature. Fig. 7 shows the peak power transfer characteristics for VOSELs with different RTA temperatures.
It is interesting to note the clear difference between the threshold peak pump powers for the devices annealed at
750 and 775°C compared with the samples annealed at 725°C. For the lower annealing temperature, the detuning
between the QW gain peak and the cavity resonance is smaller and this readily leads to increased threshold.

The temporal evolution of the emitted pulses was also investigated to further our understanding of the
operation of these devices. Fig. 8 presents the typical pulse profiles recorded for the 750°C annealed sample. It
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Figure 6. (Color online) Temperature-dependent evolution of threshold (bottom) and normalized VCSEL efficiency (top)
under 1060nm pumping.

can be observed that the pulse duration initially increases with pump power, saturates and then decreases. This
behaviour is generally shared by all the devices studied here (see summary Fig. 9). Should the devices be able to
operate in the continuous-wave (CW) regime, one would expect the evolution of pulse duration to increase until
it approximately copies the pump profile (~180ns here). The fact that the saturation and subsequent decrease
in the pulse duration occurs at a value much lower than the pump duration indicates that temperature-induced
effects (gain-resonance offset and gain shrinkage) control the device emission characteristics to a large degree.
The higher threshold and earlier saturation of the pulse duration observed for the 725°C annealed sample is
consistent with its smaller gain-resonance offset.

In order to confirm this, we also measured the spectral evolution of the emission within the emitted pulse.
This was performed by using a Fabry-Perot interferometer as a tunable narrow band filter and recording the
temporal evolution for different spectral positions.?* Fig. 10 shows the dataset measured for the 750°C annealed
VCSEL under the maximum pump power condition. As expected, the longest wavelength is reached at the end
of the pulse i.e. when the active region has heated up. The laser wavelength was found to shift approximately
linearly at a rate of 0.027nm/ns (see Fig. 11) which means that the active region temperature increases at a rate
of 0.27K/ns (taking into account the cavity resonance shift of 0.1nm/K). This suggests that the excursion of
active region temperature is less than 27°C above room temperature and that, given that edge emitters with the
same QWs were shown to have a Ty ~71K,'® the current performance limitation is due to less than optimum
gain-cavity offsets.

Proc. of SPIE Vol. 6908 69080E-6

Downloaded from SPIE Digital Library on 13 Nov 2009 to 130.159.17.136. Terms of Use: http://spiedl.org/terms



140 | Al

°
120 I —e—RTA 775C ./ a

=~ - —A—RTA 750C 7

2 —m—RTA 725C / /A

%100- ././‘ 1
sl S ]

40 - /‘ ./ -

201 /2

Peak Output Powe
®

8 10 12 14
Peak Pump Power (W)

Figure 7. (Color online) Peak power transfer characteristics of VCSEL chips with different RTA temperatures, as
indicated.
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Figure 8. (Color online) Pulse profiles emitted by the VCSEL chip annealed at RTA 750°C. The pump pulse at full
power is shown for reference
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Figure 10. (Color online) Filtered temporal responses of the 750°C annealed VCSEL under maximum pumping condition
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Figure 11. (Color online) Spectral shift of the VCSELs for different annealing temperatures under maximum pumping
condition

5. CONCLUSIONS

In summary, we have presented a detailed evaluation of optically-pumped 1.55 pgm GalnINAsSb resonant periodic
gain VCSELs grown on GaAs. Temporal and spectral investigations of the pulsed operation of devices with
different annealing temperature revealed that that the current laser performance is limited by the gain-cavity
offsets. Larger values of detuning can be expected to improve the performance for high-power operation, which
can also be assisted by more sophisticated heat extraction schemes. The dual-pump-band dielectric top mirror
design has been verified as a useful scheme for both in-well and in-barrier VCSEL pumping, although future
design improvements can be expected through consideration of the desired incident pump angles.
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