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High-Power 1320-nm Wafer-Bonded VCSELs With
Tunnel Junctions

V. Jayaraman, M. Mehta, A. W. Jackson, S. Wu, Y. Okuno, J. Pjfekior Member, IEEEand
J. E. BowersFellow, IEEE

Abstract—A new long-wavelength vertical-cavity surface-emit- one epitaxially grown AlinGaAs—InP mirror and one dielectric
ting laser structure is described that utilizes AIGaAs—GaAs mir- mirror [41, [5], [8].
rors bonded to AlinGaAs—InP quantum wells with an intracavity Thus far, approaches based on epitaxially grown mirrors have
buried tunnel junction. This structure offers complete wavelength ' s L
flexibility in the 1250-1650 nm fiber communication bands and suffered fron_] wavelength restrictions within t_he 1250_1_650 r_1m
reduces the high free-carrier losses and bonded junction voltage COMmunication wavelength bands. The buried tunnel junction
drops in previous devices. The intracavity contacts electrically approach with epitaxial InP-based mirrors, although quite
bypass the bonded junctions to reduce threshold voltage. N-type successful at longer wavelengths, suffers from reduced mirror
current spreading layers and undoped AlGaAs mirrors minimize contrast, and therefore, reduced RTCW single-mode powers at

optical losses. This has enabled 134 maximum continuous-wave o . .
lasing temperature, 2-mW room-temperature continuous-wave 1310 nm [5]. Additionally, epitaxial InP-based mirrors suffer

Sing|e_mode power, and 1-mW Sing|e_mode power at 80C, in from Signiﬁcantly reduced thermal ConductiVity Compared
various devices in the 1310-1340 nm wavelength range. to GaAs—AlGaAs. Similarly, GalnNAs—GaAs gain regions

Index Terms—tong wavelength, semiconductor lasers, tunnel suffer sharp degradation of opj[ical quality when mpving from
diodes, vertical cavity, vertical-cavity surface-emitting laser 1260 t0>1310 nm, and operation at 1550 hm provides severe
(VCSEL), wafer bonding. technological challenges. For these reasons, wafer bonding
remains an attractive solution for long-wavelength VCSELS,
because the thermally optimum mirror system (GaAs—AlGaAs)
can be combined with the highest gain active material system

ECENT YEARS have seen a rich variety of approachgalinGaAs—InP) to create maximum performance across the
to long-wavelength vertical-cavity surface-emitting lasersntire 1250-1650 nm range. This also makes this technology
(VCSELs) [1]-[9]. Both epitaxial mirror approaches andvell suited for CWDM applications.
wafer-bonded mirror approaches have achieved room-temperEarly work on electrically pumped wafer-bonded VCSELs
ature continuous-wave (RTCW) powers in the neighborhogdiffered from p-type free-carrier losses and large voltage
of 1 mW or greater, and a few authors have reported contigicops at the p-p bonded interface [9]. The work of [2] and
uous-wave (CW) lasing beyond 10C [1]-[4]. [3] circumvented this problem by introducing a vertically

In the neighborhood of 1.2m, the best output power andintegrated 850-nm optical pump and a completely undoped
temperature performance have been achieved by [1] usit@l0-nm VCSEL. The current work solves the problem by
GalnNAs—GaAs active regions in conjunction with epitaxiallglectrically bypassing the bonded interface using two intra-
grown GaAs-AlGaAs mirrors. References [2] and [3], whickavity contacts, and minimizing p-type absorption through the
use an integrated 850-nm optical pump and wafer-bondase of a buried tunnel junction. This provides a solution with
AlGaAs mirrors, have reported comparable room temperatutgom temperature single-mode performance comparable to [2],
single-mode powers at longer wavelengths than [1], but wifB], but with a considerably simpler epitaxial structure and
reduced power relative to [1] at higher temperatures. Referersgperior high-temperature performance.

[1] reports RTCW single-mode powers of 2 mW, 1-mW CW
single-mode power at 90C, and well above 110C max CW [I. DEVICE STRUCTURE
lasing temperature at wavelengths near 1267 nm.

In the neighborhood of 1.56m, the best results to date have Fig. 1 illustrates the present device structure. The cavity re-

. . X . . ﬂi?n consists of a p-i-n five quantum-well AlinGaAs active re-
been achieved using the buried tunnel junction approach w . : . .
gion with 1.1% compressive strain and strain compensated bar-

riers. Ontop of this active region is a p+AllnAs—n+InP patterned
tunnel junction which is buried by a regrown n-InP contact layer.

Manuscript received May 15, 2003. This work was supported by Walsi-Fhe buried tunnel junction approach was pioneered by the au-

Lihwa and the UC SMART Program. thors of [4] and [5], in conjunction with epitaxially grown mir-
V. Jayaraman was with the Department of Electrical and Computer Engjrs.

neering, University of California Santa Barbara, Santa Barbara, CA 93106-9560. . . .
USA. He is now with Praevium Research, Inc., Santa Barbara, CA 93111 USAThe etched tunnel junction introduces a step of about 300 A

(e-mail: praevium@aol.com). ‘ in the top surface of the regrown contact layer in Fig. 1. This
wih he Depariment of leciial and Computer Engineering, Univeraty of Ca e 18 sufficiently planar to permit watfer bonding of an un-
ifornia Santa Barbara, Santa Barbara, CA 93106-9560 USA. doped 27- or 25-period 92% AlGaAs-GaAs top mirror. The

Digital Object Identifier 10.1109/LPT.2003.818652 back mirror is also a wafer-bonded 92% AlGaAs—GaAs stack,
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Fig. 1. Device structure of this work, employing two wafer-bonded AlGaAs °
distributed Bragg reflector mirrors and a buried tunnel junction. o 0.002
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I1l. DEVICE RESULTS AND DISCUSSION
. Fig. 2. The 8um device with record 134 C maximum CW operating
Light—current—voltage temperatuld Y T) and spectral prop- temperature. Upper chart illustrates thel-V curves from 20° to 130°C

erties of devices with two different gain offsets were invest(voltage is at ZfO’C)- Bottom chart shows thie-l at the maximum CW lasing
gated. Fig. 2 illustrates tHdVT curve of an 8zm device oper- temperature of 134C.
ating at 1335 nm. This device employs 27 periods on the output

mirror, and 31 periods on the back mirror. Since the photolumi- <é2 25
nescence (PL) wavelength of the active materialwas at1275nm, S o | 8 ¢
this device operated with a large PL offset of 60 nm. The net re- § .
sult is a record maximum CW operating stage temperature of 5 1.5 . *
134 °C. Care was taken during temperature measurements to g 1 * ., .o ® ¢
calibrate the measuring thermocouple. Fig. 3 illustrates the ac- E
companying threshold versus temperature characteristic, illus- § 0.5
trating a minimum 1-mA threshold current at 90. These de- E
vices exhibit multimode behavior. 0
0 50 100 150

Fig. 4 illustrates the light—current temperatutdT) curve
of another 8zm device operating at 1320 nm, with a smaller
PI_‘ offset ,Of approxmately 45_ nm. This device empl0y§ 2E’ig. 3. Threshold current versus temperature for record high temperature
mirror periods on the output mirror and 35 on the back mirrQjeyice.
The device of Fig. 4 exhibits approximately 2-mW RTCW

single-mode output power, and 1.0-mW RTCW single-modg n-type current spreading layers, in conjunction with the large

o . .
power at 80°C. The maximum CW operating temperatur%iameter of both ring contacts injecting current into the buried

of this device is>110 °C. These single-mode power result : . . . .
unnel junction aperture region. This large lateral resistance also
are close to the record results of [1], and at wavelengt

S
(1310-1320 nm) where the GalnNAs—-GaAs technology 9‘%

Termperature, °C

ads to current crowding near the edges of the aperture. This in

[1] has not demonstrated good performance. Additionally, thlém. I_egds o the larger device diameters (a8 and greater)
. hibiting poor output power and temperature performance rel-
single-mode power at elevated temperatures exceeds that o@ﬁe

integrated optically pumped approach [2], [3]. Fig. 5 illustrates Ve to the 8«m apertures in Figs. 2-5.
the single-mode spectrum of this device at two temperatures, at
currents near the rollover power.

The devices of Figs. 2-5 all exhibit a large series resistanceThe present work has demonstrated a device structure that
of approximately 33@2. This arises both from a nonoptimizedovercomes the output power and temperature performance
tunnel junction, and from the low10'” cm—2 doping level of limitations of previous electrically pumped wafer-bonded

IV. CONCLUSION
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The present devices still suffer from relatively large voltage
due to a nonoptimized tunnel junction and excessive lateral cur-
rent spreading resistance. Reduction of tunnel junction voltage
has previously been demonstrated in [6], and theory indicates
that considerable reduction of lateral spreading resistance can
be accomplished by increasing n-InP contact layer dopings
to 10'® cm~3, resulting in negligible increase of free-carrier
absorption, along with reduced diameter ring contacts. These
improvements promise to further increase single-mode output
power and temperature performance.

(1]

Fig. 4. L-I curve of 8um diameter single-mode device. The devices are

single-mode up to the peak power shown in the graph at each temperature.
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Fig. 5. Optical spectra near rollover at 2@nd 70° C for the device of Fig. 4.

Wavelength range shown is from 1310 to 1330 nm.

2

[3

[4

(5]

(6]

(7]

devices. The device structure has produced the highest putﬁg]

lished CW operating temperature (13€) of any VCSEL
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