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Abstract—The wavelength splitting between theLP,,; and of the top distributed Bragg reflector (DBR) where higher
LP1; modes of selectively oxidized, ion implanted, and hybrid order modes exhibit high intensity are etched away, reducing

ion implanted/selectively oxidized vertical-cavity surface-emitting the reflectivity for these modes. Thus. the fundamental mode
lasers is studied by experiment and theory. Measured splittings y ' !

at threshold show marked differences between the different laser experien(':es Ietss loss than the higher order'modes, anq is the
structures due to the effects of index guiding and thermal lensing. preferential lasing mode. One drawback to this approach is that

Theoretical results were obtained using a vector optical mode the etched top DBR also increases the scattering losses to the
solver and show good agreement with experimental results. The f,ndamental mode, reducing the power. Another method is to

hybrid lasers exhibited behavior intermediate between the ion | then th tical ity 0 i the diffraction | f
implanted and selectively oxidized lasers and could be optimized engthen the oplical cavity to Increase the diiiraction 10sses for

for high power single transverse mode emission. the higher order modes [2]. However, though lasing in a single
. . - transverse mode is achieved, multiple longitudinal modes will

Index Terms—Laser modes, vertical-cavity surface-emitting . o . .
laser (VCSEL). lase if the cavity is made too long. In addition, extending the

longitudinal cavity of a VCSEL can increase the optical loss
significantly. High-power single-mode operation can also be
|. INTRODUCTION realized by increasing the gain of the fundamental mode [3].
IGH-POWER single-mode operation is greatly desire@n-implantation-induced disorder in the active region can
for use in such applications as optical imaging angpatially define the laser gain. Thus, there is a preferential gain
scanning, as well as data communications over single-mod&dow which pumps the fundamental mode. There are also
fiber. Due to the extremely short cavity length, vertical-cavitgnethods involving external mirrors [4] and coupled cavities
surface-emitting lasers (VCSELSs) lase in only one longitd5]. These techniques have provided the highest single-mode
dinal mode. However, because of the relatively large trangowers, butadd considerable complexity. Recently, we reported
verse dimensions of the optical cavity, they may lase in mutgh-power single-fundamental mode operation of an 850-nm
tiple transverse modes. This is especially true for selectivalgrtical-cavity laser using a hybrid ion implanted/selectively
oxidized VCSELs due to their strong inherent index corexidized structure [6]. By using two types of apertures, the
finement. One can decrease the number of lasing modesdgyrent can be selectively injected through a smaller implant
decreasing the cross-sectional area by making smaller oxaferture into the fundamental optical mode defined by the
apertures. However, this also decreases the active volume, kfiger oxide apertures, producing lasing in a single transverse
thus reduces the output optical power. Another way to achied¥de. By implementing both oxide and implant apertures, we
single-mode operation is to increase the loss to the higher org§eek to separate the effects of transverse optical confinement
modes. However, this can also increase the loss to the funéfid electrical confinement, respectively.
mental mode. Therefore, achieving high-power single-modeln this paper, we characterize the transverse optical mode be-
operation from a selectively oxidized VCSEL has been somavior of three device structures fabricated from the same wafer:
what problematic. implant, oxidized, and hybrid VCSELSs. Oxide-confined and im-
There are many different approaches that have been purspidted VCSELs have exhibited dramatically different optical
to achieve high power single-mode operation in selectively oxiroperties [7]. A particularly sensitive method to elucidate the
dized VCSELs. Some introduce loss to the higher order modéggree of transverse optical confinement for small device di-
such as surface relief etching [1]. Areas of the first few layegneters is to examine the spectral splitting between the funda-
mental and first higher order modes [8] at threshold. The wave-
length splitting between the fundamental mg#i®; ) and the
Manuscript received r?ctober 1, 2302: reviﬁed January i4,h 2003. first higher order mod¢L.P,) at threshold is determined ex-
il 1oung, € O Choguete and s, Cuang a wih he Departnentgiimentally and compaed to results calculated using a vector
paign, Urbana, IL 61801 USA. optical solver based on the numerical mode-matching method
J.-F.P. S(_eurin is with Princeton Optro_nics, Inc., Mer(_:erville, NJ 08619 US/(NMM) [9]. In this manner, the degree of index confinement of
K. M. Geib and A. A. Allerman are with Sandia National Laboratories, Al . . . . . .
buquerque, NM 87185 USA. these structures is characterized, and using this analysis, single
Digital Object Identifier 10.1109/JQE.2003.810264 fundamental mode operation can be optimized.

0018-9197/03$17.00 © 2003 IEEE



YOUNG et al. WAVELENGTH SPLITTING FOR SELECTIVELY OXIDIZED, ION IMPLANTED, AND HYBRID VCSELs 635

14
Top DBR 1oL |
3 =Y
l. = N _— . 'S
_3:?“' Oxide Aperture E 08+ 7
4 J
g y k=] L
“— Active Region 5 0.6
[}
©
i BRI 2 04 4
% Bottom DBR £ = oa | |
0 I 1 | 1 1 1 1
Semi-insulating substrate o 1 2 3 4 5 6 71 8

Fig. 1. Side view sketch of hybrid implant/oxide VCSEL.

Il. THEORY AND MODELLING

In our hybrid single-mode structure, the implant aperture is
located above the active region and oxide apertures, as shown
in Fig. 1. The purpose of having two apertures in this struc-
ture is to separate the effects of the current confinement and
the optical confinement. The implant aperture is used to con-
fine the current flow, while the oxide aperture defines the op-
tical cavity. By making the implant aperture smaller than the
oxide aperture, the current is funnelled into the center of the op-
tical cavity, preferentially pumping the fundamental mode over 0 2 4 6 8 10
higher order modes. The unpumped quantum wells around the Oxide Aperture Radius (um)
periphery of the implant aperture also provide greater loss to (b)
the higher order modes through absorption. Due to the imp'ﬁﬂﬁ. 2. Theoretical calculation of the wavelength splitting betweerLiPg,
aperture, a thermal lens can also arise [10]. Thus, single-m@ddLP., modes at threshold for oxide, implant, and various hybrid VCSELs
operation in these hybrid VCSELS will be due to a combinatighotted versus (a) the implant aperture size and (b) the oxide aperture size.
of selective carrier injection, thermal lensing, and peripheral op-
tical loss. SELS). The thick curves correspond to the oxide-confined VC-

An optical solver using NMM is used to model each VCSEL'SELs and the implant VCSELSs, while the other curves represent
characteristics [9] at threshold. Given the VCSEL structure, thgbrid VCSELs with varying differences between the size of the
model calculates the threshold gain (which includes the effémiplant and oxide apertures, with the implant aperture always
of material absorption and oxide diffraction losses) for a giveeing smaller than the oxide apertrer = roxide — Timplant >
transverse mode. Selectively oxidized VCSELs are simulateid From this figure, it is clear that the spectral splitting of the
by including an oxide aperture in the structure. Implant apertuiraplant and oxide-confined VCSELs differ significantly with
devices are modeled by inserting a thermal lens in the structakecreasing aperture diameter. From Fig. 2(a), we see that when
from the active region to the implant aperture in the top DBRe oxide and implant apertures of the hybrid VCSELSs are the
for each aperture radius. This is achieved through an increaseame siz€ Ar = 0), the expected wavelength splitting is es-
the refractive index of 0.012 corresponding@ = 30 K[11] sentially that found for an oxide aperture. As the oxide aper-
within the implant radius. The thermal lens’ refractive index iture becomes much bigger than the implant apertive if-
linearly graded down to its ambient value Q:&h beyond the creases), the wavelength splitting approaches that of the im-
aperture radius. For implant aperture devices, the value of fhlanted VCSEL case. Thus, when the oxide aperture is much
change in the refractive index in the thermal lens is constdatger than the implant aperture, the effective aperture is the im-
but the spatial extent of the thermal lens varies with implaptant aperture (or the size of the thermal lens).
aperture size. Hybrid VCSEL simulations implement both the Fig. 2(b) plots the same data versus the size of the oxide aper-
oxide aperture and the thermal lens. ture. The thick line represents the oxide-only VCSELs, while

Fig. 2 shows theoretical calculations of the wavelength splife other six lines represent hybrid VCSELSs with different sized
ting between thé.P,; andLP;; modes for the various deviceimplant apertures. The first two points of the hybrid curves, cor-
structures. Fig. 2(a) plots the results versus the size of the ilmsponding to aperture size differenceg¥af = 0 and 0.5um,
plant aperture (or oxide aperture for the oxide-confined VGespectively, line up well with the oxide-only solution. Thus, we
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Fig. 3. Measured spectra at 10-mA bias for VCSELSs with: (a)j«t®eoxide aperture, (b) 1@m implant aperture, (c) 1@m implant aperture with 11-m oxide
aperture, and (d) 10m implant aperture with 14-m oxide aperture.

conclude that for small aperture differences the effective apaising an HP 71451 B optical spectrum analyzer (OSA) with a
ture of the hybrid VCSEL is the oxide aperture. Also, as illu03.08-nm resolution bandwidth.

trated by the 6- and 7 implant cases, large implant aperture Four aperture combinations in the VCSELSs are studied: oxide
VCSELs give nearly the same result as oxide-only VCSELaperture only, implant aperture only, and two different hybrid

Thus, for very large implant apertures, the effective aperture aberture combinations. For the hybrid VCSELSs studied, the im-

the hybrid VCSEL is defined by the oxide aperture. plant aperture is always made smaller than the oxide aperture to
promote single-mode operation [6]. In one case, the radial dif-
. EXPERIMENT ferenceAr between the two apertures is G (hybrid A),

while the other case uses a larghr = 2 pm (hybrid B).

A cross section of the hybrid VCSEL structure is shown igor each combination, spectra are measured for several aper-
Fig. 1. The 850-nm VCSEL wafer is grown using metal organigire sizes at many different currents. Fig. 3 shows spectra from
vapor phase epitaxy on a semi-insulating substrate. The top @R four cases studied. Fig. 3(a) is the spectra from @rh0-
bottom DBRs consist of 21 and 35 mirror pairs, respectivelgxide aperture VCSEL biased at 10 mA. It shows highly multi-
Current confining implant apertures are fabricated throughpfoded behavior as expected from the strong index confinement.
300-keV proton implantation, and range from 2 to d# in  Fig. 3(b) shows the spectra of a 1®a implant aperture VCSEL
diameter. The VCSEL mesas are reactive ion etched, and Bigsed at 10 mA. Under these conditions, it is lasing primarily in
selectively oxidized in a furnace at 40C for 40 min to form  a single transverse mode as expected from the effects of thermal
the square oxide apertures, varying in size from 2 ti8in  |ensing. Fig. 3(c) and (d) shows spectra of hybrid VCSELSs bi-
length [12]. Coplanar contact pads are deposited. ased at 10 mA with a 1@m implant aperture and 11- and

The wafer is placed on top of a copper heatsink that is temp&#-:.m oxide apertures, respectively. Both are lasing in a single
ature controlled by a thermoelectric cooler to maintain a temperansverse mode. HowevéiP; is also noticeably suppressed
ature of 25°C. Light from the VCSELSs is directly coupled intoin Fig. 3(c) (side-mode suppression ratiMSR) > 35 dB) as
a cleaved 62.5:m multimode fiber. The spectra are measurecbmpared to Fig. 3(b) and (@} MSR ~ 27 dB). Itis also worth
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Fig. 4. Comparison of theoretical calculations with measured results at threshold bias for: (a) oxide, (b) implant, (c) hybrid A, and (d) hybrid8 VCSE

noting that the higher order modes are more clearly definedtion. Fig. 4(c) shows the comparison of the hybrid A VCSELs
the spectra from the hybrid VCSELSs than those from the implawith Ar = 0.5 um plotted versus the implant aperture radius.
VCSEL. The devices characterized in Fig. 3(a)—(c) are locatEdr the smallest aperture, the hybrid VCSEL behaves similar
near the central region of the wafer, while hybrid B in Fig. 3(d) i®o the oxide VCSEL. The comparison for the hybrid B VC-
near the edge, which accounts for the shift of wavelength. HOBELs with Ar = 2 pm is shown in Fig. 4(d). The behavior
ever, this wavelength discrepancy is small enough to avoid gaifithese VCSELs more closely resembles that of the implant
dependant transverse mode effects [13]. In our measuremerdgher than the oxide VCSELs. This behavior is due to the re-
the highest single-mode power in a hybrid VCSEL is producéghctive index step seen by the modes in the VCSEL. For hybrid
from a laser incorporating a6m implant aperture and an@n  VCSELs with small oxide apertures, th®,; andLP;; modes

oxide aperture. are influenced by the oxide index step, while for the hybrid VC-
SELs with larger oxide apertures, the modes are influenced by
IV. COMPARISON OFTHEORY AND EXPERIMENT the index difference of the thermal lens.

Fig. 4 shows comparisons of experiment and simulation for
the spectral splittings between the fundamental and first higher V. CONCLUSIONS
order mode at lasing threshold. In many cases, there is greatee have measured and compared the wavelength splitting
than 30-dB side-mode suppression between the fundamemwfathe 1.LPy; and LP;; modes for selectively oxidized, ion
and first higher order mode. The measured splitting for the detplanted, and hybrid ion implanted/selectively oxidized
lectively oxidized VCSELs in Fig. 4(a) exhibit good agreemenfCSELs. The wavelength splittings were also compared to
with our simulation. The implanted VCSELs are depicted itheory, and show good agreement. For hybrid VCSELs with
Fig. 4(b) and also show good agreement between experimsmtall oxide apertures, the?y; andL.P;; modes are influenced
and theory. For either structure, at large § ym diameter) by the oxide index step, while for the hybrid VCSELSs with
apertures, the splitting is very small, as expected. The compkarger oxide apertures, the modes are influenced by the index
isons in Fig. 4(a) and (b) validate our model used in our simuldiference of the thermal lens. The observed modal dependence
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on the relative sizes of the implant/oxide aperture is consiste
with our findings of single-mode operation [6]. Of the VCSEL:
measured, hybrid VCSELs with an implant aperture slightl
smaller that the oxide aperture (hybrid A) had the large
SMSR. Through optimization of the size of the smaller implat
aperture to the large oxide aperture, it should be possit
to increase the modal discrimination to achieve high pow
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