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Transient Response of ARROW VCSELs

C. W. Tee, Student Member, IEEE, S. F. Yu, Senior Member, IEEE, R. V. Penty, Member, IEEE, and
I. H. White, Senior Member, IEEE

Abstract—The transient response of antiresonant reflecting op-
tical waveguide (ARROW) vertical-cavity surface-emitting lasers
(VCSELs) is analyzed. It is found that under current modulation,
the radiation loss of the transverse-leaky mode decreases during
the (ON) state of the lasers but increases during the (OFF) state.
Numerical analysis shows that this variation in radiation loss is due
to the carrier-induced refractive-index depression that arises from
spatial-hole-burning of carrier concentration. It is noted that the
increment in radiation loss during the (OFF) state can be used
to prevent net modal gain of the transverse-leaky mode from reac-
quiring threshold after turn-off. Hence, a new method to design
ARROW, based on the variation in radiation loss, is proposed to
eliminate the excitation of secondary pulsation in VCSELs. The
influence of thermal lensing effects on the excitation of secondary
pulsation during the (OFF) state of the lasers is also investigated.

Index Terms—Antiresonant reflecting optical waveguide
(ARROW), radiation loss, secondary pulsation, semiconductor
laser modeling, spatial hole burning, turn-off transients, ver-
tical-cavity surface-emitting lasers (VCSELSs) .

I. INTRODUCTION

ECONDARY pulsation during the turn-off transient in ver-
S tical-cavity surface-emitting lasers (VCSELSs) poses a limit
on the maximum attainable bit rate and minimum bit-error-rate
in optical communication systems [1]-[4]. Numerical analysis
has shown that for VCSELSs under current modulation, excita-
tion of secondary pulsation is due to the joint effects of spatial
hole burning (SHB) and diffusion of carrier concentration. This
is because during the (ON) state of the VCSEL, thr SHB of
carrier concentration due to stimulated recombination causes a
large spatial gradient of carrier concentration. Once the laser
is switched to the (OFF) state, the corresponding diffusion of
carrier concentration will refill the spatial-hole, which enables
lasing modes to make a transient recovery (i.e., excitation of
secondary pulsation) after turn-off.

In order to suppress secondary pulsation, it has been proposed
to construct a large-aperture VCSEL with strong current con-
finement so that the spatial gradient of carrier concentration can
be minimized [1]. In addition, modulating multimode VCSELSs
with a high turn-on current can also ensure a large power ratio
between (ON) state and peak power of secondary pulses, thus
minimizing the influence of secondary pulsation [2]. However,
these suggestions are not ideal for practical application of VC-
SELs. This is because the most common way to achieve current
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confinement in large-aperture VCSELs is by means of ion im-
plantation (i.e., weak current confinement). In addition, multi-
mode operation in VCSELs will also deteriorate the high-speed
performance of optical communication systems. Hence, a novel
design of VCSELs with weak current confinement that has the
capability to eliminate secondary pulsation while maintaining
high-power single-mode operation is highly desired.

Recently, cylindrical antiresonant reflecting optical wave-
guide (ARROW) has been employed to achieve high-power
single-mode emission in VCSELs [5]. Unlike conventional
index- or gain- guided VCSELs, the ARROW device supports
transverse-leaky modes. In addition, the transverse-leaky mode
has a radiation loss that is determined by the antiresonant
condition of the ARROW. Under current modulation, the
antiresonant condition of the transverse-leaky mode will be
altered due to the variation in carrier-induced refractive-index
depression [6]. In fact, this bias-dependent behavior of the
transverse-leaky mode (i.e., radiation losses) can be used to
suppress the excitation of secondary pulsation. If the radiation
loss of the transverse-leaky mode can be increased sufficiently
during (OFF) state of the lasers, the net modal gain of the
leaky modes will not be able to achieve transient recovery.
In order to achieve suppression of secondary pulsation, it is
necessary to study the transient response of ARROW VCSELs.
In this paper, the transient response of ARROW VCSELSs under
current modulation is investigated. Secondary pulsation in
ARROW VCSELs under multi- and single-transverse-leaky
mode operations is analyzed, and a new design approach to
eliminate secondary pulsation is also proposed. In addition,
the influence of thermal lensing effects on the excitation of
secondary pulsation is investigated.

II. THEORETICAL MODEL

Fig. 1 shows the schematic of an ARROW VCSEL. It is as-
sumed that the ARROW has a low-index core region with diam-
eter dq (=12 pm), which is surrounded by two cladding layers
with thickness s (first cladding layer) and ds (second cladding
layer). The refractive indices of the core (n1), first (n2), second
(n3), and the outer cladding layers (n4) are 3.3, 3.35, 3.3, and
3.35, respectively. The free-space lasing wavelength is assumed
to be 0.98 pm. Due to large modal discrimination in ARROW,
only two leaky modes (i.e., LMg; and LM77, where LM denotes
leaky modes) that have the lowest radiation losses are consid-
ered in the following analysis.

The photon rate equations that describe the competition of
the transverse-leaky mode inside the ARROW VCSEL can be
written as [7]

dSm,

7 = Vg(Fz<gm> — QU — Cm)Sm + /3sszBsp<N)2 (1)

0018-9197/$20.00 © 2005 IEEE
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Fig. 1. Schematic of an ARROW VCSEL.

where the subscript m (= 01(LMop; ) or = 11(LM;;)) is used to
label the order of the transverse-leaky mode. S,,, is the photon
density, I',(=0.06) is the confinement factor along the longi-
tudinal direction, v, (= 8.33 x 10? cm/s) is the group velocity,
By, (=1x 1019 ¢cm3/s) is the bimolecular recombination coef-
ficient, and 35(= 1 x 107%) is the spontaneous emission factor.
A and Cp, (50 cm ™! for LMo and 65 cm ™! for LMy;) are the
radiation and modal absorption losses of the transverse-leaky
mode. The spatial average of modal gain (g,,) is given by

<9m>:/g(N)|¢m(T,t)|2rdr//ooo [P (7, 1) [P drr (2)

where r is the transverse direction, g(IV) =
anlog(N(r,t)/Ny), N is the carrier concentration, N;
(=1.5 x 10 cm™3) is the transparent carrier density, and
ay (=1.5 x 103 cm™1) is the gain coefficient. (N) has the
similar definition as (g,,). In (2), the wave function, v,,, which
describes the transverse field profile within ARROW VCSELs,
is given by [8]

Yin(rt) = EXYHQ (Bu(t)r) + EZHD (Bu(t)r)  (3)

where E1(E™) is the positive (negative) traveling field ampli-
tude along the transverse direction, H 7(,11 ) (H, 7(3 )) is the mth-order
Hankel function of the first (second) kind, and /3, (¢) is the prop-
agation constant of the transverse-leaky mode. A field-transfer
matrix model for cylindrical waveguide structure is used to eval-
uate (3,,(t) in (3) by solving the appropriate eigenequation [8].
It should be noted that since f3,,,(¢) is time-varying due to the
influence of current modulation, the radiation loss, defined as
a(t) = 2 % Im{Bmn(t)}/ko, is also a function of time. The
method to determine [3,,(t) is presented in the Appendix.

The rate equation of carrier concentration N can be written
as

or? N

ON 10N
T _pl==2t
ot [r or

82N} J(r,t) N
- +
qd ™N

—vg > GN][S )
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where D (=5 cm?/s) is the diffusion coefficient, ¢ (= 1.602 x
1071 C) is the electron charge, d (=0.1 x 10~* cm) is the
thickness of active layer, and 7y (= 1 ns) is the carrier lifetime.
The injection current .J from a circular disk metal electrode can
be written as [9]

o Je(t)7
J(rt) = {Je(t) exp(—(r —d1)/2)/rs),

where J..(t) denotes the current density at the edge and within
the contact area (r < di/2),7, (=1 pum) is the effective dif-
fusion length (i.e., weak current confinement). The variation of
the refractive index An due to the change in carrier concentra-
tion AN is given by

T§d1/2

7">d1/2 ©)

A anN
An = OZH47er N AN 6)
where ag(=6) is the linewidth enhancement factor and A
(=0.98 um) is the free-space wavelength.

Temperature rise along the transverse direction of the active
layer AT, can be calculated by solving the heat conduction
equation using Green’s function method. The numerical tech-
nique used to determine AT;. can be found in [7]. The heat-in-
duced index change (i.e., thermal lensing effects) can be ex-
pressed as

on
Anr = —AT, 7
= o )
where On /0T (~ 1.5x10~%) is the heat-induced index-change
coefficient.

III. NUMERICAL ANALYSIS

In this section, the turn-off transients of ARROW VCSELs
under multi- and single-transverse-leaky mode operations are
studied. Design methodology of ARROW structure to suppress
secondary pulsation in VCSELs is elaborated, and the fabri-
cation tolerance of the proposed design is investigated subse-
quently. Initial studies have neglected the influence of thermal
lensing effects in order to isolate and quantify the role of SHB
of carrier concentration on the behavior of radiation loss and
secondary pulsation. Finally, the influence of thermal lensing
effects on the transient response of the lasers is studied and com-
pared with previous cold-cavity analysis.

A. Multitransverse-Leaky-Mode Operation

Multitransverse-leaky-mode operation can be supported in
ARROW VCSELs if the dimension of ARROW is selected such
that the radiation losses of several leaky modes are relatively
low. Fig. 2 plots the radiation losses of four lowest loss leaky
modes (LMg1, LM11, LMg2, LM;2) versus ds. The value of s
had been set to 1.28 pm to satisfy the antiresonant condition of
LMo [9]. It is observed that at the point where do = 2.6 um,
the radiation loss of LM is close to that of LMg;. Therefore,
ARROW VCSELs with s = 1.28 yum and dy = 2.6 pum is ex-
pected to support multitransverse-leaky mode operation (both
LMy; and LMj;). The corresponding field-intensity profiles of
LMjg; and LM;j; are also shown in the inset of Fig. 2.
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Fig.2. Radiation loss of LMg;, LM, LMg2, and LM ;5 withds = 2.6 pm.
Inset shows the field-intensity profile of LM, and LM;;.
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Fig.3. (a) Dynamical evolution of output power in multitransverse leaky mode
operation of ARROW VCSEL. Carrier concentration profiles during turn-off
transients are plotted in the inset at a time interval of 0.25 ns, as indicated by
circles in (b). (b) Dynamical evolution of net modal gain. The radiation losses
of the transverse leaky modes are plotted in the inset.

The laser with the above design is initially biased at (OFF)
state by a current density of Jog = 0.9.J;, for 5 ns, where
Jin is the threshold current density. A squarewave modulation
current with a period of 5 ns and magnitude of (ON) ((OFF))
state current density Jon, = 4.5Jin(Jog = 0.9.J4h) is then ap-
plied to the laser. Fig. 3 shows the corresponding transient re-
sponse of the output power and net modal gain. It is observed
that only LM, exhibits secondary pulsation with a peak power
of ~4 mW during (OFF) state. This is different from small
aperture VCSELs, where secondary pulsation only occurs on the
fundamental transverse mode [2]. This behavior can be under-
stood by comparing the carrier diffusion length, L p(=+/D7y ),
and aperture size d; of the VCSELs. Recall that excitation of

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2005

secondary pulsation during the turn-off transient is due to car-
rier diffusion that refills the SHB of carrier concentration, en-
abling lasing to make a transient recovery in the (OFF) state.
If dy > Lp, carriers can only diffuse a short distance to refill
a portion of the spatial hole close to the region of high carrier
concentration. Hence, secondary pulsation will occur in LM
due to large spatial overlapping area between the profiles of
LMj;; and carrier concentration. This explains our observation
inFig. 3, where wehave d; = 12 yumand Lp = 0.7 um. On the
other hand, if the magnitude of d; and Lp are of the same order
(e.g.,d; = 6 yumand Lp = 1.4 um, as in [2]), carrier diffusion
can easily refill the SHB of carrier concentration. Consequently,
transverse mode with maximum spatial overlap with profile of
carrier concentration (i.e., LMy;) will exhibit secondary pulsa-
tion [2].

It is noted that the radiation losses of LMg; and LM;j; vary
during (ON) and (OFF) states of the laser [inset of Fig. 3(b)].
This behavior of ARROW VCSELs can be understood by
studying the carrier-induced refractive-index depression in-
side the ARROW. Initially, the dimension of ARROW is
selected such that both LMg; and LM;j; satisfy the antireso-
nant conditions (lowest radiation losses). However, injection
of modulation current causes depression of refractive index
within the core region, hence affecting the optical thickness
of the ARROW. During (OFF) state, the build-up of carrier
concentration causes both LMy; and LM;j; to shift away from
their antiresonant conditions. This causes the corresponding
radiation losses to increase. When the laser is switched to (ON)
state, stimulated emission causes depletion of carrier con-
centration. The magnitude of carrier-induced refractive-index
depression is therefore smaller, causing the corresponding
radiation losses to decrease. Furthermore, as the magnitude of
the radiation losses of the two transverse-leaky modes is small,
the variation in radiation loss during (ON) and (OFF') state is
also relatively small.

B. Single Transverse-Leaky-Mode Operation

The situation changes if the laser is designed to support only
single-mode emission. This can be achieved by selecting the di-
mension of ARROW to obtain maximum radiation loss margin
(difference in radiation losses between LMy and LMy ). Fig. 4
plots the radiation losses of the four leaky modes versus s. The
length of d5 is set to 3.9 um so that the radiation loss of LMy, is
minimized (refer to Fig. 2). It is noted that when s = 2.46 um,
the radiation loss margin between LMy; and the other higher
order leaky modes is maximized. Therefore, it is expected that
the ARROW is capable of sustaining single-mode emission if s
is set to 2.46 pm.

Fig. 5 plots the turn-off transients of the above single-mode
ARROW VCSEL. It is observed that LMg; exhibits secondary
pulsation during (OFF) state. This shows that large aperture
devices with weak current confinement are not immune to sec-
ondary pulsation. Furthermore, it is observed that the transient
response of g is similar to that given in Fig. 3. The variation in
the radiation loss during (ON) and (OFF) state is larger com-
pared to multimode operation. However, the magnitude of this
variation in radiation loss is not large enough to suppress sec-
ondary pulsation.
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Fig. 5. Dynamical evolution of (a) output power and (b) net modal gain of

ARROW VCSEL designed for single mode emission. The carrier concentration
profiles during turn-off transients and radiation loss of the transverse leaky mode
are plotted in the inset of (a) and (b), respectively.

C. Novel Design of ARROW: Suppression of Secondary
Pulsation in VCSELs

From the above analysis, it is shown that current modula-
tion causes variation in radiation loss of the leaky modes. In-
crement in radiation loss also reduces transverse mode confine-
ment, leading to a lower net modal gain. It is noted that this ef-
fect can be used to suppress secondary pulsation during turn-off
transient by decreasing the net modal gain in the (OFF') state of
the lasers. However, the increment in radiation loss (as shown
in Figs. 3 and 5) is smaller than the increment in net modal gain
of the leaky modes during (OFF) state. In order to suppress
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Fig. 6. Radiation loss of LMo, LMy, LMg2, LM;> in (a) S-ARROW and
(b) ARROW with s = 1.69 pm. Inset shows the field-intensity profile of LM,
and LM, ;.

secondary pulsation, it is necessary to increase the magnitude
of this variation in radiation loss to more than 6 cm~! during
(OFF) state. One possible way to increase the variation in ra-
diation loss is to select the dimension of ARROW close to the
resonance condition. In this case, the variation in optical thick-
ness of the ARROW will result in a large variation of radiation
loss (e.g., see Figs. 2 and 4, the curves have very shape peaks at
the resonance conditions [10]), such that the increment in radi-
ation loss during the (OFF) state is sufficient to prevent the net
modal gain of the leaky modes from reacquiring threshold after
turn-off.

In order to operate near resonant condition, the value of s is
selected where the radiation loss of LMjy; is the maximum [see
Fig. 6(a)]. This corresponds to s ~ 1.69 pum, where a radiation
loss of gy ~ 64 cm™! is obtained. Clearly, this agy value is
too large for practical application, so the value of ds is varied to
reduce a1 to an acceptable value [see Fig. 6(b)]. It is noted that
for ds ~ 3.6 pum, the radiation loss, cvg1, is reduced to ~ 6 cm™!
(but still close to resonance), and the radiation loss margin be-
tween LM and the next higher order mode is maintained at a
relatively large value (~ 5 cm™!). The field-intensity profiles of
LMjp; and LM;; of the proposed design are also shown in the
inset of Fig. 6(b).

Fig. 7 shows the transient response of ARROW VCSELSs with
s = 1.69 umand d = 3.6 pum. Itis observed that during (ON)
state, the radiation loss of LMg; is ~35 cm™!. After turn-off,
the radiation loss experiences a steep increment (from ~ 5 to
~12 cm™1!) within 0.5 ns. Note that although the net modal
gain of LM; undergoes a bounce right after turn-off, the subse-
quent large increment in radiation loss significantly suppresses
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the net modal gain and prevent it from reacquiring threshold.
From the figure, it is noted that although the radiation loss in-
crease significantly right after turn-off, it will eventually reduce
to ~ 6 cm™!. This mechanism can be explained by the transient
response of the field-intensity profile of LM during (OFF)
state, as shown in Fig. 8. It is noted that initially when the
laser enters (OFF) state, the field-intensity profile shifted to-
ward the second cladding layer, showing that the operation point
is moving toward resonance. However, the field-intensity profile
will gradually move back into the core region, and the radiation
loss will be reduced to a reasonably small value.

The preceding studies have established the fact that carrier
induced index change is the primary effect that leads to the
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suppression of secondary pulsation. This is obtained by pre-
venting the net modal gain, defined as (g,,) — (m — «, from
reacquiring threshold after turn-off. In order to clarify the de-
pendence of (g,,) — (,» and radiation loss on the suppression of
secondary pulsation, Fig. 9 plots the transient response of their
individual contribution to the net modal gain. It is observed that
(gm) — Gm is clamped to its threshold value during the (ON)
state (~4.75 cm~1), and does not exceed threshold during the
turn-off transient. Therefore, it is clear that the decrement in
modal gain due to the reduction of modal confinement is the
dominant effect in the suppression of secondary pulsation. How-
ever, it must be mentioned that while radiation loss variation
does not have a direct impact, its correlation with the modal
confinement of the waveguide provides an efficient way of de-
signing structure capable of suppressing secondary pulsation.

D. Fabrication Tolerance of the ARROW

The threshold current density Ji, of ARROW VCSELSs can
be deduced analytically from (1) and (4) if the nonuniform dis-
tribution of carrier concentration is ignored. It can be shown that
Jin can be expressed as

qaN; exp(am + Cm) . )

TN anN

Jth ~

In addition, influence of radiation loss on the differential
quantum efficiency ny can be expressed as

Cm

TNd =

According to the design approach proposed in Section III-C,
ap1 has to be increased from 0.1 to 6 cm™?', which implies
that there will also be a corresponding increment (decrement)
of Jin(nq). From (8), it can be shown that the increment of .Jy),
is not more than 10%. Furthermore, the reduction of 74 obtained
from (9) is less than 10%. Our numerical simulation has verified
that the variation of 74 is less than 20% during some extreme
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conditions. Hence, this implies that the design proposed in Sec-
tion ITI-C would not significantly deteriorate the performance of
VCSELSs since the changes in J;p, and 74 are small.

Due to uncertainty in the fabrication process of ARROW
VCSELs, the actual values of s and dy may vary. Therefore, it
is necessary to investigate the tolerance of the design (i.e., the
allowed variation of s and ds) for effective suppression of sec-
ondary pulsation. Fig. 10 plots the radiation loss during {(OFF)
state as well as the variation in radiation loss against Fig. 10(a)
d> and Fig. 10(b) s under current modulation. The inset in
Fig. 10(a)-(b) plots the (OFF/ON) ratio versus dx(s). The
(OFF/ON) ratio is defined as the ratio between the peak power
of the secondary pulse during (OFF) state (biased at 0.9.J;1,)
to the steady state power during (ON) state (bias current is
set to maintain constant steady-state output power), and the
radiation loss variation is defined as the peak-to-peak difference
between the radiation losses during (ON) and (OFF) state. In
Fig. 10, it is noted that variation in s has a higher impact on
the radiation loss and (OFF /ON) ratio than that of d». This is
because s is set to achieve resonance (high radiation loss) in
the ARROW design, and hence any offset from this designated
value will result in rapid deviation from the targeted radiation
loss characteristics. However, if s(d2) is within an uncertainty
of £0.01 gm (£0.1 pm), the corresponding variation of
(OFF/ON) ratio is ~ 0.05%, which is still acceptable.

E. Influence of Thermal Lensing Effects

The presence of thermal lensing effects will reduce the in-
fluence of carrier-induced index change, which in turn affects
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Fig. 11. (a) (OFF/ON) ratio of the proposed structure plotted against
maximum temperature rise. Inset shows the radiation loss variation.
(b) Temperature rise along the transverse direction.

the design’s capability to suppress the excitation of secondary
pulsation. In addition, the increased modal confinement due to
thermal lensing effects can also lead to multimode operation.
Therefore, it is necessary to consider the influence of thermal
lensing effects on the transient response of ARROW VCSELs
in order to access the feasibility of the proposed design. Since
the thermal time constant is of the order of us, which is much
longer than that of carrier lifetime (~ns), AT, can be approxi-
mated as time-independent. As a result, the influence of thermal
lensing effects on the transient response of ARROW VCSELs
can be calculated by adding the steady-state heat-induced index
variation at threshold to the built-in index profile of the ARROW
waveguide.

For direct-modulated VCSEL under uncooled operation (i.e.,
without proper optimization of heatsink), the maximum rise
of temperature ATy,.x(= AT,.|,—o) can be greater than 40 K,
whereas in temperature-regulated condition, only a small rise
in AT (<10 K) is expected. To investigate the influence of
thermal lensing effects, Fig. 11(a) plots the (OFF/ON) ratio
versus ATy, and the insert shows the dependence of radia-
tion loss on AT},.x. The corresponding transverse temperature
rise AT, is also plotted in Fig. 11(b). Simulation results show
that if AT}, is less than 10 K, the ARROW VCSEL structure
discussed in Section III-C operates under single-mode regime,
and an (OFF /ON) ratio lesser than 4% is easily attainable (see
Fig. 11). For AT.x > 10 K, the structure will operate in mul-
timode regime. This is in contrast to structure discussed in Sec-
tion III-B, where mere inclusion of a small temperature rise in-
evitably leads to multimode operation. This shows that by op-
erating the VCSEL under temperature regulated condition, de-
signing ARROW close to resonance has the advantage of sus-
taining single-mode operation and ensuring a small (OFF /ON)
ratio.



146

a5 (Br)

{a%f]z qw
Gl s { e -

HELBr) ) 360 {H 21 (5rr)

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 41, NO. 2, FEBRUARY 2005

)3,
Hy™ (Bir) Ej} (AL)

HE (Bir) } {E;

IV. SUMMARY AND CONCLUSION

For ARROW VCSELSs under current modulation, it is found
that the radiation losses of the transverse-leaky mode varies
during the (ON) and (OFF) states. During the (ON) state, stim-
ulated recombination causes depletion of carrier concentration
within the core region. As a result, the magnitude of carrier-in-
duced refractive-index depression is reduced, causing the radi-
ation loss to decrease. During (OFF') state, carrier-induced re-
fractive-index depression shifts the transverse-leaky mode away
from antiresonance condition of ARROW, resulting in an in-
crease in radiation loss. It is noted that this variation in radi-
ation loss can be used to prevent the net modal gain of the
transverse-leaky mode from reacquiring threshold after turn-off,
hence eliminating secondary pulsation during the turn-off tran-
sient. In order to make use of the variation of radiation losses
in VCSELs, the ARROW dimension is selected close to reso-
nance. During the turn-off transient of the VCSELSs, the trans-
verse-leaky mode temporarily satisfies resonance condition, re-
sulting in a steep increment in radiation loss. This counters the
effect of gain rebounce due to the refilling of SHB under the in-
fluence of carrier diffusion. Subsequent analysis shows that the
presence of thermal lensing effects affects the resonant condi-
tions of the ARROW. Therefore, secondary pulsation can only
be suppressed effectively in ARROW VCSEL:s if the influence
of thermal lensing effects is minimized.

In conclusion, the transient response of ARROW VCSELs
has been investigated systematically. Simulations have ad-
dressed the unique radiation-loss-variation characteristics of
current-modulated ARROW structure, elucidating its potential
as a design parameter to realize single-mode lasers with high
extinction ratio (low (OFF/ON) ratio). Investigations have
shown that carrier-induced index-depression has significant
influence on transient response of radiation losses of the trans-
verse-leaky modes, allowing ARROW design to be optimized
for the suppression of secondary pulsation. However, the in-
clusion of thermal lensing effects revealed the need for proper
thermal management scheme for the proposed design to be
feasible. Calculation shows that under temperature regulated
operation, the design is robust against a weak influence of
thermal lensing effects (i.e., ATpax < 10 K).

APPENDIX

In the analysis of the multilayered waveguide, boundary
condition requires continuity of field profile (1, v /0r) across
every interface. Using Hankel’s function to describe the radial
field profile, the matrix expression for the field and the corre-
sponding derivative along the radial direction in the sth layer is
given by (A1), shown at the top of the page [8].

Field profiles in adjacent layer can be related using a transfer
matrix by rearranging (A1) and applying the boundary condi-

tion. The overall transfer matrix for the ARROW waveguide in
Fig. 1 can then be written as

(A2)

Applying axis-symmetric boundary condition on the left-
hand side and radiation-mode boundary condition on the right-
hand side of (A2), the eigenequation for the optical modes can
be reduced to

1(negr) = tmay + jfBstmae =0 (A3)

where tmy; and tmsoo are the elements of the overall transfer
matrix. (A3) can be solved numerically by varying the
complex effective index mn.s. Propagation constant (3; =

2m\/n? — nZg/)) and radiation loss (« = 2Im{neg}/ko)
can then be obtained. Radiation loss can be computed as a
function of time by discretizing the ARROW waveguide and
solving (A3) at a small time step together with the numerical
integration of the rate equations.
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