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We demonstrate gallium phosphide (GaP) microdisk optical cavities with intrinsic quality factors
>2.8x10° and mode volumes <10(//n)’, and study their nonlinear and optomechanical
properties. For optical intensities up to 8.0 x 10* intracavity photons, we observe optical loss in the
microcavity to decrease with increasing intensity, indicating that saturable absorption sites are
present in the GaP material, and that two-photon absorption is not significant. We observe
optomechanical coupling between optical modes of the microdisk around 1.5 um and several
mechanical resonances, and measure an optical spring effect consistent with a theoretically
predicted optomechanical coupling rate go/2n ~ 30kHz for the fundamental mechanical radial
breathing mode at 488 MHz. [http://dx.doi.org/10.1063/1.4870999]

Cavity optomechanics provides a platform for exqui-
sitely controlling coherent interactions between photons and
mesoscopic mechanical excitations."> Nanophotonic imple-
mentations of cavity optomechanics have recently been used
to demonstrate laser cooling,”® optomechanically induced
transparency, ® and coherent wavelength conversion.”"!
These experiments were enabled by photonic micro- and
nanocavities engineered to minimize optical and mechanical
dissipation rates, y, and y,,, respectively, while enhancing
the single-photon optomechanical coupling rate, go. The
degree of coherent coupling between photons and phonons in
these devices is often described by the cooperativity parame-
ter, C = Ng?/7o7m» Which may exceed unity in several cavity
optomechanics systems under investigation® for a sufficiently
large intracavity photon number, N. Of particular promise
are nanophotonic cavity optomechanical systems realized
from semiconductors, such as silicon optomechanical crys-
tals®'? and gallium arsenide microdisks,'* owing to the tight
optical confinement and large g, possible in these high re-
fractive index contrast structures. Increasing C (above, for
example, the value of C ~20 demonstrated in optomechani-
cal crystals'®), would enable improved bandwidth of coher-
ent wavelength conversion,9 observation of normal mode
splitting,'® and faster optomechanical cooling.” However, in
these semiconductor-based large-g, devices, N is clamped by
two-photon absorption.'®!” Here, we demonstrate a cavity
optomechanical system realized in a high refractive index
material which does not exhibit nonlinear optical loss at
commonly used telecommunications wavelengths.

The optomechanical system studied in this letter, an
example of which is shown in Figs. 1(a)-1(c), is based on
whispering-gallery mode (WGM) microdisk optical cavities
fabricated from gallium phosphide (GaP). GaP is a semicon-
ductor with a desirable combination of high refractive index
(nGgap~3.05 at 1550nm) and large electronic bandgap
(2.26eV); it is therefore optically transparent from 550 nm
to IR wavelengths and has low two-photon absorption at
1550nm. Compared to other materials with similar
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transparency windows used in cavity optomechanics, such as
Si0, (nsio, = 1.45)>*"1% SisN, (ng;;N4 = 2.0 —2.2),'"'®
and AIN (nan=2.0 — 2.2)," GaP has a larger refractive
index, enabling the fabrication of optical nanocavities with
ultrasmall mode volumes.’®*' As such, GaP is a promising
material for realizing cavity optomechanical systems with
go/2m approaching 1MHz, as observed in Si and GaAs
devices."> 1?22 I this letter, we show that GaP microcav-
ities combine high optical quality factor Q; ~ 2.8 x 10°, large
optomechanical coupling go/27 > 30kHz, and no observed
two-photon absorption at 1550 nm band wavelengths. These
properties allow the devices to operate close to the
resolved-sideband regime with an intracavity photon number
sufficient to allow observation of the optical spring effect.

FIG. 1. (a)—(c) Scanning electron micrographs of a GaP microdisk resonator
with a close-up of the disk sidewall. (d) Electric field distributions of the
second (n = 2) and third (n = 3) radial order TE,, , microdisk modes, where
m represents the azimuthal mode index and is chosen such that the mode
wavelength is near 1550 nm.
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The microdisks studied here were fabricated from an epi-
taxially grown wafer (supplied by IQE) consisting of a
250-nm-thick GaP device layer supported by a 750-nm-thick
sacrificial aluminum gallium phosphide (AlGaP) layer and a
GaP substrate. Microdisk patterns were defined using
electron-beam lithography with ZEP520A resist, followed by
a resist reflow step at 165°C for 5min. This step decreases
imperfections in the circular electron-beam resist pattern,
resulting in smoother sidewalls and an increased Q,;* The
resulting pattern was transferred into the GaP layer using a
low-DC-bias inductively coupled plasma reactive-ion etch
with Ar/Cl, chemistry. The reflowed nature of the mask
results in an angled GaP sidewall etch profile during this step,
as seen in Figs. 1(a)-1(c). This angle is not expected to limit
Q; in these devices, as microdisks with similar proﬁlesm’25
have been reported with Q; > 10° in other material systems.
The resist was then removed with a 10 min deep-UV expo-
sure (1.24 mW/cm? at 254 nm), followed by a 5min soak in
Remover PG®, and subsequent rinsing in acetone, isopropyl
alcohol, and de-ionized water. The microdisks were undercut
by selectively removing the AlGaP layer using a hydrofluoric
acid wet etch (H,0:49% HF = 3:1). Microdisks with radii of
~4 um were studied in the work presented below.

The optomechanical properties of the microdisks were
probed using a dimpled optical fiber taper26 to evanescently
couple light into and out of the cavity optical modes. The
dimpled fiber taper was fabricated by modifying the process
of Michael et al.?® to use a ceramic edge as the dimple mold.
The resulting dimple can be positioned within the optical
near field of the microdisk, as shown in Fig. 2(b). Two tuna-
ble laser sources (New Focus Velocity) were used to measure
the transmission of the fiber taper over the 1520-1625nm
wavelength range. The transmitted signal was split using a
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FIG. 2. (a) Fiber taper transmission spectrum of a GaP microdisk with a ra-
dius of 4 um, normalized by the fiber taper transmission when it is posi-
tioned far from the microdisk. Modes with common free spectral range are
color coded and labeled as TE,, ,, with azimuthal and radial mode indices m
and n, respectively. (b) Microscope image of dimpled fiber taper
side-coupled to microdisk. (c) Narrow-wavelength scan of a high-Q; mode,
associated with the [m, n] = 28,2 mode indices.
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10:90 fiber coupler, detected using low- (Newport 1621) and
high-speed (Newport 1554-B) photodetectors, and recorded
using a data acquisition card and a real-time spectrum analy-
ser (Tektronix RSA5106A), respectively.

The optical response of a typical microdisk as a function
of input wavelength, shown in Fig. 2(a) when the fiber taper
dimple is positioned in the microdisk near field as in Fig.
2(b), consists of numerous resonances corresponding to exci-
tation of high-Q; WGMs of the microdisk. The modal indices
of each resonance, describing their azimuthal () and radial
(n) order, were determined from comparisons of the meas-
ured Q; and mode spacing with the mode spectrum predicted
by finite-difference time-domain (FDTD) simulations®’ of
the device. Note that this identification of azimuthal mode
number should be considered approximate as our simulations
used the nominal refractive index of GaP, and do not take
into account perturbations to the refractive index from mate-
rial impurities. For the device geometry used here, only TE-
like modes (electric field dominantly radially polarized) with
fundamental vertical field profile have sufficiently high Q; to
be observed. Figure 2(c) displays the optical response of the
highest-Q; mode observed in the fabricated GaP microdisks,
which has Q; ~ 2.8 x 10° with minimal fiber loading. These
are the highest optical quality factors observed to date in
GaP nanophotonic devices. A mechanism limiting Q; < 10°
in these disks is the pedestal height (750 nm), which is deter-
mined by the thickness of the AlGaP layer. The choice of
AlGaP layer thickness was determined by material availabil-
ity, and should be further optimized in future devices. The
doublet resonance structure is a result of scattering and
modal coupling from imperfections in the microdisk, and
indicates that the observed modes are standing waves.”®
Based on the comparisons with simulations, this mode is pre-
dicted to have modal indices [m,n] = [28,2], field profile
shown in Fig. 1(d), and standing-wave mode volume
Vo =97(L).

To probe for nonlinear optical absorption in these micro-
disks, we measured their response as a function of fiber taper
input power, P;. Figure 3(a) shows the fiber taper transmission
for varying P; when the source laser is scanned with increasing
wavelength across the TE3(, microdisk resonance. Although a
power-dependent optical response is clearly observed, its
behavior is indicative of a decrease in the internal optical loss
of the microdisk, y;, with increasing P,. This anomalous effect
is illustrated in Fig. 3(b) for the TE;4; mode, which shows that
the resonance contrast, AT, = 4K /(1 4+ K)*, increases with
P;, where K =7,/(y, + 7;(P;)), and y, is the coupling rate
between the microdisk standing wave mode and the forward-
or backward-propagating fiber taper mode (i.e., 7, = 7; + 27,).
This is contrary to the behavior of cavities exhibiting multipho-
ton absorption such as those fabricated from Si.'® Figure 3(c)
shows the corresponding increase of Q; as a function of N, cal-
culated according to

hweN = AT,P; O (1

COCaV

This effect may be the result of saturable absorbers in the
microcavity, possibly in the form of O,-related impur-
ities?*** and will be investigated further in future work. A
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redshift in the cavity resonance wavelength 4,, is also
observed with increasing P;. This dispersive effect is the
result of heating of the microcavity due to optical absorption,
and can be suppressed by operating at lower temperatures.''
To study the optomechanical properties of the microdisks,
the effect of the thermal motion of the microdisk mechanical
modes on the noise spectrum of the optical power transmitted
through the fiber taper was measured. The dimensions of the
microdisks were chosen to maximize g, and the mechanical
frequency, ., of the fundamental radial breathing mode
(RBM), without compromising Q,. The 4 um radius of
the microdisks studied here is small enough to allow the me-
chanical breathing mode to have a high frequency (Q.,/2n
~ 0.5GHz) and large enough to avoid optical radiation loss
at a rate above other loss mechanisms of the microdisk. A
typical spectrum, obtained in ambient conditions using the
TE,s3 mode, with input laser frequency w, blue detuned
(¢ = w. +7,/2), where . is the cold cavity optical reso-
nance frequency, is given in Fig. 4(a). Peaks associated with
three mechanical resonances are visible; of particular interest
is the fundamental RBM at Q,,/27 = 488 MHz. The RBM
was found to have a mechanical zero-point fluctuation
amplitude of 0.66fm and displacement sensitivity of
4.43 x 10_l7m/\/IE for P; of ~600 uW. The mode profiles
of the mechanical resonances, and their effective mass,2 Megt,
were identified using COMSOL finite element simulations.
The fundamental RBM (m.;=40pg) was found to have a
mechanical quality factor, measured at low P; to avoid
optical backaction effects, of O, ~ 640, while the Q. /27
=462 MHz and Q,,/27 = 498 MHz modes have O, ~ 360
and 450, respectively. O, can be improved by engineering the
device geometry and testing environment. While the RBM
should not be limited by squeeze film damping, operation in
vacuum could increase Q,, by eliminating air damping.3l_34

@1 00 :
c
k)
a
g 0.95 B
C
o
©
(]
N
< 0.90 1
3
S
b4
0.85 1 1 1 1 1 1
1534.82 1534.86 1534.90 1534.94 1534.98  1535.02
Wavelength (nm)
(b) T T T T T T (C) 1.280 T T T T T T T
w~ 0.14 © A
(%] . .
) L e 1.276} E
15 .
80.13- 1
g - 1 X 12721 e
S0.121 1o .
c . N
S Fa. 4 1268} - g
[} ? 7
&0 T <
T S T 164l v
0 2.0 4.0 6.0 8.0 0 20 4.0 6.0 8.0

Intracavity photons (x10%) Intracavity photons (x10%)
FIG. 3. (a) Optical response of the TE3(,, mode, measured for varying input
power P;. (b) Measured resonance contrast AT,, and (c) increase of intrinsic
optical quality factor Q;, as a function of intracavity photon number N, for
the TE;4 ; mode.

Appl. Phys. Lett. 104, 141104 (2014)

@)
N
T
=
€
[aa]
o)
o
wv
o
_‘IO‘I 1 1 1 1 1 1 1
460 465 470 475 480 485 490 495 500
Frequency (MHz)
0).115 (O 484
— ~N 1.0
N_ L T 86 8 |
% 116 g I ] g
G -17F - 4
= S £
| ©
Q-118F 2 1 2
a &) -
119 i 5
L L L ‘ ‘ )
486 488 490 492 154452 154458  1544.64
(d) Frequency (MHz) (e) Wavelength (nm)
-110 488.9
P, (mW)
N-112F _ _
% e | Nasss
o-114F — 065 |=
T — 168 | £
~488.7
Q.116 QA88
o (@]
-118 4

L7 S S S S —
01 23 456 7 829
Intracavity photons (x10°)

487 489 491
Frequency (MHz)

FIG. 4. Optomechanical data for a 4 um radius GaP microdisk. (a)
Electronic power spectral density (PSD) of photodetected taper transmission
when @y is blue detuned by ~7p,/2 from the TE,s3 optical resonance.
Simulated displacement amplitude profiles of the mechanical modes corre-
sponding to the observed resonances in the PSD are also shown. (b) PSD of
the fundamental RBM, measured for P; ~ 100 uW. (c) Mechanical response
of the RBM for varying laser wavelength for P; ~ 2.1 mW. The correspond-
ing transmission spectrum of the fiber taper evanescently coupled to the
microdisk (white line), and low power RBM frequency (white dashed line),
are also shown. (d) PSD of the fundamental RBM at four optical dropped
powers when the laser was blue detuned by ~7,/2 from w,. (¢) Resonance
frequency of the RBM as a function of intracavity photon number, when the
laser was blue detuned by ~y,/2 from .. The solid red line represents pre-
dicted values from a theoretical model (see text).

Mechanical clamping and phonon radiation loss can be
reduced by further undercutting the microdisks to create
ultra-small pedestals.”’35’36 Phononic Bragg mirror inspired
pedestal structures as seen in Ref. 36 could also be used to
reduce clamping losses. This would require the growth of
hetero-structured wafers, which would also allow control over
pedestal height, as well as provide an opportunity to reduce
impurities present in the current device layer. Through a com-
bination of these techniques a 10% increase in Q,, is
reasonable.

The optomechanical coupling coefficient G and rate gg
(Refs. 2 and 12) between the fundamental RBM and the vari-
ous optical WGMs of the microdisk were calculated using
COMSOL finite element simulations and are given in Table
I. For the devices under study, go/2n ~ 30kHz and G/2n
~ 50 GHz/nm are comparable to record values.'? The realiz-
able cooperativity parameter for this device can be predicted
from go and the measured dissipation rates, 7, /27
~ 7.63 x 10°Hz and y,/27 ~ 6.68 x 10% Hz, of the high-Q;
TE,s, mode. These rates correspond to a single-photon
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TABLE I. Simulated (FDTD) radiation-loss-limited optical quality factor
for substrate-free and substrate-limited cases (O and Q% respectively),
measured intrinsic optical quality factors (Q;), and simulated optomechani-
cal coupling parameters for fundamental RBM (Q,,/2n = 488 MHz), for

select measured optical modes.

Mode — Qffes o o G/2n (S go/2n (kHz)
TEs3, >108 1.1x10° 2.6x10° 48 31
TEss, >108 39%10°  2.8x10° 40 26
TEyxs; 60x107 14x10° 0.9 x 10° 35 23
TEy, 18x10° 2.1x10* 0.5x10* 32 21

cooperativity of ~1.3 x 107, which is on the same order of
magnitude as similar WGM microcavity devices.” ™ It is pre-
dicted that C > 1 for N > 7.53 x 107 intracavity photons for
the TE,5, mode. The largest experimental C inferred was
C ~ 0.53 for the TE3p, mode, with N ~ 4.15 X 10° (corre-
sponding to ~700 uW of dropped power). Note that this C is
not a fundamental limit of our system, as C can be enhanced
in future by improving the fiber—microdisk coupling effi-
ciency or increasing P;.

The measurement noise background in Fig. 4 was domi-
nated by detector noise (/SPET ~ 2 x 107 m/+/Hz), and
shot noise (/SN ~ 5 x 10~ m//Hz). This noise level is
roughly a factor of 100 times the standard quantum limited
displacement noise ( SOL 6 x 10_19m/\/I¥). For the
current device, at higher operating P;, where optomechanical
backaction noise is equal to shot noise (S84 = $5V), detector
noise will remain dominant. As such, detection of the RBM
with SQL precision using the TE,q; optical mode, would
require lower noise photodetection. Alternatively, using
higher Q; modes, such as the TE,5 , mode in Fig. 2(c), would
further increase the measurement precision. However, reach-
ing the SQL using these high-Q; modes will not be possible
without significantly improved fiber coupling efficiency, as
critical coupling is a requirement for SQL measurements.”

We further explored the optomechanical coupling by
measuring the dependence of the lineshape of the fundamen-
tal RBM on N. Figure 4(c) illustrates the dependence of the
mechanical spectrum on laser wavelength as it is swept
across the TE,q 3 optical cavity resonance, at a fixed P; =2.1
mW. As the laser approaches the cavity resonance and N
increases, ., is observed to increase up to 250 kHz. This is
the result of the optical spring effect, and is further illustrated
in Figs. 4(d) and 4(e), which show the effect of varying P;
for fixed w; = w. + 7,/2. Note that for P; > 200uW, o
red-shifts due to the heating of the microdisk by the intracav-
ity saturable absorption described above. The fit in Fig. 4(e)
was obtained using the model for the optical spring effect
described by Aspelmeyer et al.? taking into account the
measured dependence of Aw = w; — @, and AT, on N. The
observed power dependent shift in €y, of up to 218 kHz is in
good agreement with this model. We also observe mechani-
cal damping while blue detuned from the cavity resonance,
as can be observed from Fig. 4(d). This effect is a result of
thermo-optic damping.m’37 For small N, the TE,s3 mode
used in these spring effect measurements had an intrinsic
Q; ~ 6.3 x 10* and a resonance contrast of AT, ~ 0.63.

Appl. Phys. Lett. 104, 141104 (2014)

From FDTD simulations, this mode is predicted to have a
standing-wave mode volume of V, = ll.l(ﬁ)3 and the
field profile shown in Fig. 1(d).

For optomechanical cooling of a mechanical resonator, it
is desirable to be in the sideband-resolved regime.>*” In our
case, the optical linewidth of the highest-Q; mode is
7,/2m ~ 668 MHz. As seen in Table I, our measured Q; val-
ues are significantly lower than the radiation-loss-limited
quality factor, Q5%°, which includes leakage into the substrate.
We also observe that the TE33 ; and TE,g, modes have simi-
lar Q;, despite the lower predicted radiation loss of the TE33
mode. This suggests that either material absorption or surface
scattering is placing the upper limit on Q; for these devices.
The sideband-resolved regime may be attainable through fur-
ther optimization of Q; by fabricating devices from wafers
with a thicker sacrificial AlGaP layer and lower GaP linear
absorption, and with reduced surface roughness.

In conclusion, we have fabricated GaP microdisks with
the highest intrinsic optical quality factors to date (Q; >
2.8 x 10%) and have demonstrated the first instance of cavity
optomechanics in GaP devices. The observed increase in Q;
with input power, paired with the absence of nonlinear
absorption for N > 10°, illustrates the potential that GaP
holds for experiments in quantum optomechanics. These
devices are also promising for implementing high-frequency
cavity optomechanics at visible wavelengths and for applica-
tions in nonlinear optics.
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