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Simplified-antiresonant reflecting optical waveguide-type vertical-cavity
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A two-step metalorganic chemical vapor deposition growth process is used to fabricate antiguided
vertical-cavity surface-emitting lase(§¢ CSELS incorporating a simplified-antiresonant reflecting
optical waveguidéS-ARROW) design. Preliminary results show single-mode cw operation up to 1
mW output power from a 1Zzm-diam \ =930 nm) S-ARROW VCSEL with a large lateral index
step An=0.1). Modal discrimination in the S-ARROW-VCSEL is calculated using a fiber-mode
approximation and device optimization for high-single-mode powers is discussed200@
American Institute of Physic§S0003-695(00)05013-(

Vertical-cavity surface-emitting lasei®CSELS have damental mode of an antiguide structure, antiresonant re-
been of great interest due to their low-threshold, high fibefflecting optical waveguideARROWS have been employed
coupling efficiency, and compact size that make it easier tdor lateral waveguiding in edge emitting lasérsn the
integrate. Single-mode VCSELs with output powers in theARROW structure, a low-index core region is surrounded by
5-20 mW range would be especially useful for applicationa pair of quarter-lateral wave reflector regions, which are
such as laser printing\(=0.780um) and telecommunica- designed to be antiresonant for the fundamental mode.
tions (\=1.3um). Promising results in the 3—5 mW range Higher-order modes, which do not meet the antiresonant
(A=0.85um) have been obtained from wet-oxidized condition, suffer large lateral radiation losses and are sup-
VCSELsY? However, due to their wealpositive) lateral  pressed. In fact, improved modal discrimination, compared
index-guiding nature, they are very susceptible to gain spawith a single antiguide, favoring the fundamental mode is
tial hole burning and thermal waveguiding, making thecreated. This permits a large built-in lateral index step with a
VCSEL aperture for single-mode operation very limited inrelatively large spot siz¢>10 um diametey, suitable for
size. To date, the highest fundamental-mode cw outpufiigh-power single-mode operation. A simplified version of
power is 4.8 mW from a 3.psm-diam oxidized VCSEL, the ARROW structurgS-ARROW), which is designed by
achieved by placing the oxide aperture at the optical fieldaking out the low-index outer-reflector regions, has been
standing-wave null positiof. found theoretically to be less sensitive to gain-spatial-hole

To obtain higher single-mode powers, the use of dburning than the conventional ARROW structtfddere, we
negative-index guidegantiguide is beneficial. Antiguides propose and demonstrate preliminary results of an
have demonstrated high-power, single-mode operation, frofs-ARROW-type VCSEL" as a means to reduce the antigu-
edge-emitting lasefsand, more recently, have been imple- iding losses for the fundamental mode, allowing potential for
mented in VCSEL4:® The advantage of an antiguide struc-
ture is that it provides strong lateral radiation losses, which % = 980 nm
are highly mode dependent, thus filtering out higher-order

spatial modeseven for large diameter devices> 6 um). In . - h/4-GaAs
addition, a large index-stepA1>0.05) provides for mode p:DBR =

stability against carrier- and thermally induced index varia- AlAs/GaAs N j

tions. Antiguided VCSELs have been fabricated either by NF = ((Jj:lt;
surrounding a low index core region by regrowth of a high- W2-GaAs

index materidl or by creating a low-index core region by M4 AlAs = - - InGaAS/AIGaA.
shifting the cavity resonancéowards longer wavelength Jp— L1 -7 h-cavity s

outside the cor@® The latter structure relies on the cavity- n:DBR -~
induced index step proposed by Had€lfhese devices dis- AlAgGaAs
play promising results; single-mode operation up to 5-15 N
X1y, for diameters as large as 1p6m wide have been Gah.
achieved® On the other hand, the power has been limited ;’lbsm‘;e

to <2 mW because of the relatively large radiation loss in- Neff

curred for the fundamental mode, which is inherent to the | I—I regionl '_l

antiguide structuré. N —
In order to reduce the edge radiation losses for the fun-

FIG. 1. Schematic structure of 980 nm S-ARROW VCSEL. The two addi-
dauthor to whom correspondence should be addressed; electronic maitional layers of GaAs and GalnP provide the lateral variation of effective
mawst@engr.wisc.edu refractive index.
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FIG. 2. Effective refractive index step as a function of the thickness of the As an approximation to an exact 3D VCSEL simulation,
gaAs spacer layer for the 980 nm VCSEL, shown in Fig. 1, wih.p the lowest order modes fC(6 4m diameter,An=0.05 of
—1znm. the S-ARROW VCSEL have been simulatésee Fig. 3
using an effective index model and fiber-mode approxima-
single-mode operation to high output powers. A schematigion. As expected, the modal loss for the fundamental mode
cross section of the 980 nm VCSEL incorporating anijs significantly reduce@ vs 47 cm*) compared with that of
S-ARROW structure is shown in Fig. 1, along with the lat- a single antiguide of the same diameter and index step. Fur-
eral effective refractive index profile. thermore, since the higher-order mode loss remains large in
The lateral waveguide is created by locally shifting thethe S-ARROW structure, the ratio of the fundamental mode
cavity resonance toward longer wavelength in a ring surfoss to the first-order mode loss is increased~té (com-
rounding the emitting apertur@egion 2 in Fig. . Hadley  pared with~2.5 for a single-antiguide structuréfhe modal
has shown that an increase in the resonant wavelength jgss as a function of the reflector widéthas been calculated
equivalent to an increase of effective index according to thexs shown in Fig. 4. The antiresonance design point corre-
approximate relationAn/n=AN/\. Figure 2 shows the cal- sponds to the lowest loss region for the fundamental mode.
culated effective-index step between the low-index core retn addition, a relatively large region exists around the anti-
gion (region 1 in Fig. 3 and the surrounding high-index resonance point where strong high-order mode discrimina-
reflector ring region(region 2 in Fig. 1 for the S-ARROW  tjon occurs, with low loss for the fundamental mode. Away
VCSEL structure, as a function of the thickness of the GaAgrom antiresonance, higher mode discrimination is achieved
spacer laye(the underlying GalnP layer thickness is fixed at at the expense of high fundamental mode loss. Similar be-
12 nm. In our structure, the lateral index stém is de-  havior occurs for large index-step structuiee., An=0.1)
signed to be in the range 0.05-0.1, corresponding to a GaAgithough lower values of edge losses will occur.
thickness of 11-33 nntsee Fig. 2, which is a sufficiently The fabrication of the S-ARROW VCSEL involves a
large value to ensure mode stability. For a givem, a one-  two-step low pressure MOCVD growth at 700 °C. After the
dimensional(1D) model, can be used to estimate the widthfirst growth, involving layers up to the Gall2 nm and
of the reflecting rings, which will satisfy the antiresonance GaAg33 nm spacers, we photoresist pattern the wafer and

condition;s=m\ /4, wheremis an odd integer anll; is the  use selective chemical etching to form the ring reflector. The
lateral wavelength in the high-index regidin this work we

have targeted devices with a reflector width ofu, corre-

sponding to~5/4\,. Further optimization to achieve the Ir
antiresonance condition will require an accurate 3D VCSEL
waveguide calculation.
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FIG. 3. Calculated fundamental mode intensity profile of aré-diam I (mA)

S-ARROW VCSEL for an effective refractive index step of 0.05. The re-
flector regions correspond to an optical thickness ofk 5/4wvhere\, is the FIG. 5. Measured cWw—I curve of a SF-ARROW VCSEL with 12sm-diam

lateral wavelength of the radiation leakage. aperture. The thermal rollover limits the output power.
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4 rollover occurs at~3X 1y (12 mA). A kink is observed in
the power-current®P—1) characteristics at9 mA, however,
multimode operation does not occur, as evident from the
spectral characteristid§ig. 6) and far-field radiation pattern
(full width half maximum=10°). The kink and thermal roll-
over observed in th®—1 characteristics are believed to be a
consequence of the strong device heating due to an unopti-
A I=11mA mized p-type DBR (Vy,~4 V). In addition misalignment of
the gain peak X~950nm) with the resonant wavelength
(A~930nm) also leads to premature thermal rollover. As a
result further optimization of the voltage drop in theaype
DBR and alignment of the gain and cavity are expected to
lead to a considerable increase in single-mode power. Fi-
nally, optimization of the lateral index step is required to
I=8 mA ensure single-mode operation to high powérs 10 mwW
from 12 um diametey.
In conclusion, we have demonstrated a simplified anti-
resonant reflecting optical waveguide-tyg&-ARROW)
VCSEL which has the potential for high power10 mW),
single mode operation. Design curves indicate a large-index

Relative Intensity

I=4 mA step device can be fabricated with low losses for the funda-
TR TR mental antiguided mode. Preliminary results are 1 mW cw
A (nm) single-mode operation, up to three times threshold current,

_ , ~ from a 12um-diam S-ARROW VCSEL.
FIG. 6. Measured cw spectrum of a l2a-diam S-ARROW device exhib-

its single-mode operation until thermal rollover at 1 mW. The authors would like to acknowledge support from
Agilent Technologies and NSF Career Award No. 9734283.
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