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We demonstrate a simple yet effective approach of controlling lasing in a semiconductor microdisk
by photo-thermal effect. A continuous wave green laser beam, focused onto the microdisk perime-
ter, can enhance or suppress lasing in different cavity modes, depending on the position of the
focused beam. Its main effect is a local modification of the refractive index of the disk, which
results in an increase in the power slope of some lasing modes and a decrease of others. The bound-
ary roughness breaks the rotational symmetry of a circular disk, allowing the lasing process to be
tuned by varying the green beam position. Using the same approach, we can also fine tune the rela-
tive intensity of a quasi-degenerate pair of lasing modes. Such post-fabrication control, enabled by
an additional laser beam, is flexible and reversible, thus enhancing the functionality of semiconduc-
tor microdisk lasers. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940229]

Semiconductor microdisk lasers have simple geome-
tries, small footprints, and low lasing thresholds, making
them attractive on-chip light sources for integrated photonics
applications.' Due to high refractive index contrast at the
disk boundary, light is strongly confined by total internal
reflection, forming whispering-gallery modes (WGMs) with
high-quality (Q) factors. A circular microdisk of size much
larger than the optical wavelength supports densely packed
WGMs, and lasing usually occurs in multiple modes at dif-
ferent frequencies. Post-fabrication tuning of these modes’
frequencies, lasing thresholds, and emission intensities are
desired for many applications.

Over the years, various methods have been developed to
control semiconductor microcavity lasers. For example, it
has been shown that the lasing frequency can be tuned by
changing the refractive index of the cavity via thermal
effects,3’4 oxidation,sf7 a chemical process,8 the photochro-
mic effect,9 or using a liquid crystal,m microﬁuidics,“’12 a
chalcogenide glass,'> a mechanical perturbation,'* and an
ultrafast laser.'”” Among these schemes, refractive index
change induced by a photo-thermal effect is reversible, easy
to realize, and cost-effective. The laser-induced thermal
effect can be confined to a small region if the thermal con-
ductivity of the surrounding medium is sufficiently high to
allow fast thermal exchange.'® Therefore, laser heating can
cause localized and selective perturbation to the semiconduc-
tor microcavity by changing the local refractive index.

A different approach employs pump engineering to
switch the lasing mode from one cavity resonance to another.
The lasing threshold of the target mode is reduced by
enhancing its spatial overlap with the pump pattern.'’2°
Even without prior knowledge of the spatial profiles of the
cavity resonances, selective pumping of the lasing modes
can still be achieved by employing optimization algo-
rithms.?’ " However, such a method is inherently slow
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because it relies on a feedback mechanism to find the opti-
mal pump pattern.

Here, we demonstrate a simpler method based on the
photo-thermal effect to control lasing in a GaAs microdisk.
Most of the previous works using a laser-induced thermal
effect aimed to tune the resonance frequencies in photonic
crystal cavities (see, for example, Refs. 3, 4, and 16). In this
work, we show that by focusing a continuous wave (CW)
laser beam on a microdisk boundary, the photo-thermal effect
can either enhance or suppress lasing in different modes,
depending on the position of the focused beam. The boundary
roughness breaks the rotational symmetry of the nominal cir-
cular disk, allowing the lasing process to be tuned by varying
the green beam position. The emission intensities of some
lasing modes increase when illuminated by an additional laser
beam despite the increase of the disk temperature. This is the
opposite of the typical behavior of semiconductor quantum
dot (QD) lasers at elevated temperature, and it is attributed to
the nonlinear interactions of the lasing modes. Using the
same approach, we also modulate the relative intensities of
two quasi-degenerate lasing modes. Our numerical simulation
illustrates that such changes are caused by the differential
modification of the quality (Q) factors of the quasi-
degenerate modes as a result of local refractive index change.

The microdisk is fabricated on a GaAs wafer following
the procedure described in Ref. 31. Figure 1 shows the scan-
ning electron microscope (SEM) images of a fabricated disk.
From the top-view SEM image [Fig. 1(a)], the disk shape is
very close to a circle, and the disk radius is R = 9.2 um. The
high-magnification tilt-view SEM image [Fig. 1(b)] reveals
the roughness of the disk sidewall created during the etching
process. The fabricated microdisks are mounted in a low-
temperature cryostat for the lasing experiment. The experi-
mental setup is similar to the one described in Ref. 30 except
that we added an additional CW green laser (4= 532nm) to
introduce a local refractive index change by the photo-thermal
effect. The InAs QDs were optically excited by a mode-

© 2016 AIP Publishing LLC
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FIG. 1. (a) Top-view scanning electron microscope (SEM) image of a fabri-
cated GaAs microdisk, showing an almost circular shape of the disk. The
microdisk, with InAs quantum dots embedded inside, is optically pumped
by a mode-locked Ti:Sapphire laser with a uniform ring pattern (red ring)
and perturbed locally by an additional green laser beam (green circle). (b)
Magnified tilt-view SEM image of the microdisk, revealing the sidewall
roughness. (c) Emission spectra showing multiple lasing peaks when the
green laser beam is off (dashed red line) and all the peaks are red-shifted
when it is on (solid green line). Intensities of lasing modes i and iii increase,
while those of modes ii and iv decrease, when the green laser beam is on.

locked Ti:Sapphire laser (4,=790nm, 76 MHz repetition
rate, 200 fs pulses). As shown schematically in Fig. 1(a), we
shaped the pump pattern of the Ti:Sapphire laser to a uniform
ring because the high-Q modes have little overlap with the
central region of the disk, where light could leak to the sub-
strate via the pedestal. Many modes lased simultaneously as
seen in the emission spectrum Fig. 1(c) and below we focus
on four dominant lasing modes labeled i-iv.

Since all the high-Q modes have maximum field inten-
sity near the disk’s boundary, they would experience the
most perturbation when a green laser beam is focused to the
disk edge to induce local refractive index change [Fig. 1(a)].
The focused green beam has a Gaussian spatial profile with a
full-width at half-maximum (FWHM) of about 1.8 um.
Figure 1(c) shows the lasing spectrum when the incident
power of the green laser at the focus is 1.6 mW. Once the
green beam is on, all lasing peaks are red-shifted in fre-
quency. The magnitude of the frequency shift depends on the
green laser power, and it is roughly 0.2 nm/mW. In addition
to the change in lasing frequency, the emission intensities of
modes i and iii increase while those of modes ii and iv
decrease [Fig. 1(c)]. This process is reversible, the lasing
spectrum changed back to the original one after the green
laser was switched off.

There are two processes induced by the green laser. One
is a non-reversible photo-induced oxidation of GaAs, which
reduces the refractive index of the disk and blue-shifts the
cavity resonances.® The other is a reversible photo-thermal
effect, which increases the refractive index of the disk via
heating, and red-shifts the lasing modes.*** Since we
observe a red-shift of the lasing modes and the process is re-
versible, we conclude that the photo-thermal effect domi-
nates over the oxidation process. Moreover, the sample is
mounted in a vacuum chamber in which the oxidation pro-
cess is unlikely to occur due to insufficient oxygen supply.
Experimentally we do not observe lasing or amplification of
spontaneous emission in the microdisk when only the green
laser is turned on and the red pump laser is switched off, sug-
gesting the dominant effect of the green light on the mirodisk
laser is a modification of the refractive index of the disk via
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the photo-thermal effect. To confirm this postulation, we cal-
culate the refractive index change from the GaAs thermal
properties®> > and temperature distribution induced by the
focused green laser beam.'® The estimated lasing wavelength
shift is 0.3 nm/mW, comparable to the 0.2 nm/mW observed
experimentally.

Typically, the laser-induced heating weakens the con-
finement of carriers in the QDs, reducing the optical gain.
Thus, the emission intensity is expected to decrease for all
modes. However, some lasing modes have stronger emission
when the green laser is on. To further characterize the
change of the lasing modes, we measured the emission inten-
sity of each mode as a function of the red pump power,
P with the green laser on or off. Figure 2(a) shows the data
for mode ii, whose intensity decreases significantly with the
green light on. In the absence of the green laser beam, mode
ii displays a sharp increase in the growth rate of its intensity
with pump at P~3mW, indicating the onset of lasing
action. With the green beam on, mode ii starts lasing at
slightly higher P, but its emission intensity grows at a signifi-
cantly reduced rate above the lasing threshold. Thus, the
local perturbation introduced by the green light affects
mostly the power slope of the lasing mode. Opposite of the
behavior of mode ii, when the green beam is on, the intensity
of mode iii grows faster after it lases, even though its lasing
threshold also increases slightly [Fig. 2(b)].

To be more quantitative, we extract the lasing threshold
and power slope of individual lasing modes from the de-
pendence of their emission intensity on the pump power
[Figs. 2(c) and 2(d)]. Without the green light, mode iii is the
first to lase but the lasing thresholds of other modes differ
only by a few percent. All the lasing modes experience an
increase of lasing threshold with the green beam on, but the
order of lasing remains the same. Opposite of the overall
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FIG. 2. Measured emission intensities of mode ii (a) and mode iii (b) as a
function of the incident red pump power when the green beam is switched
off (open red squares) and on (solid green circles). Comparison of the
thresholds (c) and power slopes (d) of the major lasing modes i—iv shown in
Fig. 1, when the green beam is off (open red squares) and on (solid green
circles). The lasing threshold increase of all modes is attributed to the
reduced carrier confinement in the QDs at the elevated temperature. The
power slopes for modes ii and iv decrease, while the power slopes for modes
i and iii increase with the green beam on.
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increment of lasing threshold in Fig. 2(c), the power slope
exhibits a different behavior in the presence of the green
light [Fig. 2(d)]. In particular, the power slopes of modes i
and iii increase while those of modes ii and iv decrease. The
opposite change in the power slope is attributed to the non-
linear interaction of the lasing modes, which is modified by
the green laser beam. The power slope of one lasing mode
depends not only on its own lasing threshold but also on the
intensities of other lasing modes. The photo-thermal effect
induces a local refractive index change, which modifies
the quality (Q) factors of cavity resonances. The increase of
the power slope for the first lasing mode (mode iii) and the
decrease of the power slope for the second lasing mode
(mode 1ii) can be predicted by the Steady-state Ab-initio
Laser Theory (SALT),*”*® when the Q of mode ii is reduced
more than mode iii by the local refractive index change. In
other words, the increase of power slope for mode iii is due
to reduced gain competition from mode ii which lases less
efficiently as a result of stronger Q spoiling. Thus, the per-
turbation introduced by the green beam is not always detri-
mental to the lasing action, and it provides a simpler method
to switch the dominant lasing mode from one to another.

The presence of sidewall roughness breaks the rotational
symmetry of the microdisk, making the photo-thermal effect
on the lasing modes depend on the position of the focused
green laser beam. Next, we investigate the change of lasing
modes when the focused green beam is moved along the disk
boundary [Fig. 3(a)]. While the spot size of the green beam
is 1.8 um, the heat it generates spreads to a larger area.
Experimentally, we observe a notable variation of the lasing
spectra when the azimuthal angle 0 of the green spot is
changed by 36°, which corresponds to an arc length of
5.8 um. Figure 3(b) shows the lasing spectra as the green
beam spot is moved azimuthally across the perimeter of the
disk. Individual lasing modes change in different ways, for
example, the intensity of mode ii first increases and reaches
the maximum at 0 = 72°, then it decreases and reaches the
minimum at about 6 = 180° before rising again. Mode iv
displays a more dramatic change, its lasing is turned off at
0 = 180°. In contrast to modes ii and iv, mode iii has the
maximal emission at about 0 = 180°.

In the following, we take a closer look at the lasing
mode iii, whose line shape also changes with the position of
the green beam. Figures 3(c) and 3(d) show the spectral line
of mode iii when the green beam spot is at § = 0° and 180°,
respectively. At 0 = 0°, the line shape differs from a sym-
metric Lorentzian curve, indicating the peak consists of two
sub-peaks. The whispering-gallery modes in a perfect circu-
lar disk are degenerate, however, due to the roughness of
the disk sidewall, the frequency degeneracy is lifted and the
quasi-degenerate modes are formed. We decompose the
spectral line to recover the two quasi-degenerate modes L,
and L,, and also include an additional peak L; from a nearby
resonance that has significantly weaker emission. At § = 0°
[Fig. 3(c)], the two quasi-degenerate modes L; and L, have
similar emission intensity; but at 6§ = 180° only one of the
quasi-degenerate modes, L;, lases, and the spectral line
becomes narrower and symmetric [Fig. 3(d)].

Figure 3(e) plots the intensities of the two quasi-
degenerate modes, L, L, as a function of the position of the
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FIG. 3. (a) The green laser beam is focused to a 1.8 um spot and moved azi-
muthally along the microdisk’s perimeter. Its power is fixed at 1.4 mW. (b)
Measured emission spectra with the green spot at different locations indi-
cated by the azimuthal angle 6. (c) and (d) Spectral line of lasing mode iii
(solid green line) when the green beam spot is at 6 = 0° (c) and 180° (d).
The spectrum is decomposed by three Lorentzian lines, two of them (L; and
L,) compose the lasing peak iii and a third one (L3) for a nearby resonance
of lower intensity. (e) The emission intensities of the two quasi-degenerate
modes L; and L, as a function of the green laser beam’s location at the disk’s
boundary. L; and L, have comparable intensity at 6 close to 0°, but their
intensities differ significantly when 0 approaches 180°.

green beam 6. While L; and L, have similar intensity at
0 = 0°, L, is enhanced and L, is suppressed as the green spot
moves towards 180°. Their difference becomes the largest at
0 ~ 180°, where L, nearly disappears and L; has the maxi-
mal intensity. With a further increase of 0 beyond 180°, L,
goes down while L, grows, eventually L, becomes stronger
than L. Their difference diminishes as 0 approaches 360°. In
contrast to the drastic change of L and L,, L; exhibits only
slight fluctuation of its intensity around the mean value (not
shown), when the green spot moves to different locations.
This result shows that by focusing the green laser beam onto
different locations, we can tune the relative intensity of the
quasi-degenerate modes and even switch off lasing in one of
them.

Given that the quasi-degenerate modes have a similar
spatial field profile, it is surprising that the focused green
laser beam, whose spot size is much larger than the wave-
length, can induce a different response from them. To under-
stand such phenomena, we perform a numerical simulation
on a 2D dielectric disk without gain or loss. Random har-
monic perturbations are added to the disk boundary to emu-
late the sidewall roughness on the fabricated disk. To reduce
the computing time, we set the disk radius to be R = 3 um,
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smaller than the measured one. The effective index of refrac-
tion of the disk is computed from the thickness of the fabri-
cated disk, and its value is n = 3.13.3° As mentioned earlier,
the dominant effect of the green laser beam is an increase of
the local refractive index of the disk via the photo-thermal
effect. To match the ratio of the green beam spot size to the
microdisk dimension in the experiment, we increase the re-
fractive index of the disk within a circular region of diameter
d=600nm in the simulation. Based on the experimentally
observed wavelength shift 4 of the lasing peaks, we set
the change of refractive index to be on = (61/2)(2nR/d)
~ 0.01. We calculate the resonant modes of the passive
microdisk using the finite-difference frequency-domain
(FDFD) method with and without the perturbation of the
green light. Figure 4(a) shows the spatial field distribution
for one pair of high-Q quasi-degenerate modes in the ab-
sence of the perturbation. Although their spatial field profiles
look very similar, their Q factors and center wavelengths
A are slightly different due to the roughness of the disk
boundary. The perturbation of the green beam causes further
changes in Q and 4. As shown in Figs. 4(b) and 4(c), with
the green beam focused on different locations on the disk,
the Q values of the quasi-degenerate modes 1 and 2 can ei-
ther approach each other or move further apart. Next we
introduce optical gain to the microdisk, and compute the las-
ing intensity as a function of the pump strength using the
SALT.>"8 Figure 4(d) plots the emission intensities of
modes | and 2, when the “green beam spot” is at two spatial
locations shown in Fig. 4(b). Their intensities get closer
when the difference in their Q’s is reduced by the green
beam. However, when the green beam is moved to another
location, the Q difference is increased, and so is the intensity.
The numerical results, which agree qualitatively with the ex-
perimental data, illustrate the sensitivity of quasi-degenerate
lasing modes to the spatial-dependent perturbation of the
green laser beam.
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FIG. 4. (a) Calculated spatial field distributions of two quasi-degenerate
modes in a passive microdisk of radius 3 um. (b) Schematic diagram of local
perturbation of the disk by the green beam. (c) Center wavelength, 4, and
quality factor, Q, of the quasi-degenerate modes shown in (a) without the
green beam (black solid squares) and with the green beam at two spatial
locations (dark green solid circles, light green open circles) that are marked
in (b). (d) Calculated intensities of the two modes as a function of the pump
strength without the green beam (black lines) and with the green beam at
two spatial locations (dark green lines, light green lines) marked in (b).
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In conclusion, we demonstrate a simple yet effective
method to control the lasing modes in a semiconductor
microdisk using an additional laser beam at a different wave-
length. By moving the beam spot on the disk, we can either
enhance or suppress lasing in individual modes by modifying
the power slope. Different lasing modes display a distinct or
even opposite response to the perturbation of the additional
laser beam, allowing us to switch the dominant lasing mode.
Moreover, we can tune the relative intensity of the quasi-
degenerate lasing modes. All the changes induced by the
additional laser beam, which is a low-power continuous
wave, are reversible. The microdisk boundary roughness is
essential to controlling the lasing process by varying the
green beam position, which would otherwise be impossible
for a perfectly circular microdisk. Such post-fabrication tun-
ing of lasing modes is flexible and sensitive, thus enhancing
the functionality of semiconductor microdisk lasers.
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