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The quality factors of modes in nearly identical GaAs and Al ;3Gayg,As microdisks are tracked
over three wavelength ranges centered at 980, 1460, and 1600 nm, with quality factors measured as
high as 6.62 X 10° in the 1600 nm band. After accounting for surface scattering, the remaining loss
is due to sub-band-gap absorption in the bulk and on the surfaces. The observed absorption is, on
average, 80% greater in AlGaAs than in GaAs and is 540% higher in both materials at 980 nm than
at 1600 nm. © 2007 American Institute of Physics. [DOI: 10.1063/1.2435608]

In recent semiconductor cavity quantum electrodynam-
ics experiments involving self-assembled III-V quantum dots
(QDs), Rabi splitting of the spontaneous emission line from
individual QD excitonic states has been measured for the
first time."? Potential application of these devices to quan-
tum networks® and cryptography4 over long-haul silica fibers
has sparked interest in developing QD-cavity systems with
efficient 1300 and 1550 nm.’ The demonstration of vacuum-
Rabi splitting in this system, a result of coupling a QD to
localized optical modes of a surrounding microresonator, has
been greatly aided by prior improvements to the design and
fabrication of semiconductor microcavities.®® At the shorter
wavelengths involved in these Rabi splitting experiments
(740—1200 nm), the optical quality factors (Q) of the host
AlGaAs microcavities were limited to Q=2 X 10*—corre
sponding to a loss rate comparable with the coherent QD-
cavity coupling rate. Further reduction of optical loss would
increase the relative coherence of the QD-cavity system and
would allow greater coupling efficiency to the cavity mode.

In previous measurements of wavelength-scale AlGaAs
microdisk resonators, we have demonstrated Q factors up to
3.6 X 10° in the 1400 nm band’ and attributed the improved
performance to an optimized resist-reflow and dry-etching
technique, which produces very smooth sidewalls.'” Subse-
quently, we have also measured Alj;Gaj,As microdisks
with similar quality factors between 1200 and 1500 nm;
however, these disks exhibit a significant unexpected de-
crease in Q at shorter wavelengths (Ay=~ 852 nm)."" In re-
lated work on silicon microdisks, methods have been devel-
oped to specifically measure and characterize losses due to
material absorption and surface scattering.m’lz’13 In this letter
we study the properties of GaAs and Al 3Gaj g,As micro-
disks across three wavelength bands centered at 980, 1460,
and 1600 nm. After estimating and removing the surface-
scattering contribution to the cavity losses, we find that the
remaining absorption, composed of losses in the bulk and on
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Y Also at Center for the Physics of Information, California Institute of Tech-
nology, Pasadena, CA 91125.

9Also at Department of Physics, University of Oxford, Parks Road, Oxford
OX1 3PU, United Kingdom.

0003-6951/2007/90(5)/051108/3/$23.00

90, 051108-1

the surfaces, depends significantly on both wavelength and
material composition.

Within the microdisk resonators studied here, optical
loss can be separated into three main components: intrinsic
radiation of the whispering-gallery modes (WGMs), scatter-
ing from roughness at the air-dielectric interface due to fab-
rication imperfections, and absorption at the surface or in the
bulk of the semiconductor material. The measured total in-
trinsic Q; is given by

1/Q;=1/Qq+ 1/0s+ 1/0,, (1)

where Q4 O, and Q, describe cavity losses to radiation,
surface scattering, and absorption, respectively. As in the de-
vices studied here for disk diameters (thicknesses) >\q/ny
(>N\o/2n,), where \ is the free-space wavelength and ny is
the refractive index of the disk material, microdisk cavities
support a large number of modes with very low radiation
loss. For all the microdisk modes in these measurements, the
calculated Q,,q is =10° and typically is >108.

The samples were fabricated from high-quality hetero-
structures grown by molecular beam epitaxy (MBE) on a
GaAs substrate. Two different samples were grown: a
“GaAs” sample containing a 247 nm GaAs disk layer and an
“AlGaAs” sample with a 237 nm Al 3Gayg,As disk layer.
In both samples the disk layer was grown nominally undoped
(background doping levels n,=<10' cm™) and was depos-
ited on a 1.6 um Aly;GagsAs sacrificial layer. Microdisks
with a radius of ~3.4 um were defined by electron-beam
lithography and etched in a 55% (by volume) HBr solution
containing 3.6 g of K,Cr,O5 per liter."* The disks were par-
tially undercut by etching the sacrificial layer in 8% HF acid
for 45 s, prior to e-beam resist removal.

Passive measurements of the cavity Q; were performed
using an evanescent couplin%,y technique employing a
dimpled fiber-taper waveguide.1 1316 e dimpled taper was
mounted to a three-axis 50 nm encoded stage and positioned
in the near field of the resonator. Using the taper position to
vary the coupling, the WGMs of the microdisks were excited
using three swept tunable laser sources (linewidth
<(0.3 MHz, covering 963-993, 1423-1496, and
1565—-1625 nm). By weakly loading the cavity, the reso-
nance linewidth S\ [see Fig. 1(b)] is a good measure for the
intrinsic quality factor (Q;=\y/S\). High-resolution line-

© 2007 American Institute of Physics
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FIG. 1. (Color online) (a) SEM image of a typical GaAs microdisk. (b)
Sample scan of a TE,_, doublet in a GaAs disk at \y=1582.796 nm. Fitting
the data gives the linewidth SA=4.57 pm and the splitting AN=20.20 pm.
Although not visible in (a), the edge roughness is different for the (c) GaAs
and (d) AlGaAs samples. Scale bars are 2.5 um in (a) and 250 nm in (c) and
(d).

width scans were calibrated to +0.01 pm accuracy using a
fiber-based Mach-Zehnder interferometer. A set of
polarization-controlling paddle wheels was used to selec-
tively couple to TE-like or TM-like microdisk modes. Each
family of modes (same radial order p) was identified by com-
paring the coupling behavior and free spectral range to finite-
element method (FEM) models."”

The measured Q;’s for all observed modes are summa-
rized in Fig. 2(a). Modes with Q;’s dominated by radiation
loss, i.e., the measured Q; is near Q,,4 calculated using FEM
simulations, are omitted. In the 1600 nm band, the high-Q
TE modes are p=1-4 in GaAs and p=1-3 in AlGaAs; all
TM modes are radiation limited in this band. Near 1460 nm,
the TE,.,_4 and TM,.; modes in both materials are detect-
able and not radiation limited. In the 980 nm range, identi-
fying modes becomes more difficult: at this wavelength
families through TE,_3 and TM,,_; are not radiation limited,
and significant spectral overlap between the modes causes
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FIG. 2. (Color online) Measured (a) Q; and (b) AN for the (+,X) GaAs TE-
and TM-polarized microdisk modes and (O,0J) Al ;3Gajg,As TE and TM
modes, respectively. In (c) and (d), connected points represent calculated
bounds on (¢) Q. and (d) Q. for each family of modes. The data were
compiled from two disks of each material.
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Fano-like resonance features.!” In addition, we are unable to
couple to the lowest order modes of both polarizations (p
~1-3) because they are poorly phase matched to the fiber
taper.

Despite efforts to produce perfectly smooth sidewalls,
Figs. 1(c) and 1(d) indicate that significant surface roughness
is still present. Surface roughness on microdisk resonators
backscatters light between the degenerate WGMs, which
breaks their degeneracy and results in the measured mode-
splitting (AN) shown in Fig. 1(b). Following the theory de-
veloped in Refs. 10 and 18, A\ and Q, are both dependent
on the characteristic volume of the scatterer (V,),

3/4

7T A
AN = == N\ Vi(ng = ng) 2 i (9), (2)
V2 7
A3
= e (3)
7 2ng(n - ng)*V: 2 it () G(#)
7

where n, and ng are the indices of refraction of the disk and
surrounding medium, respectively, ir,(7) is the spatially av-
eraged 7-polarized normalized electric field energy at the
disk edge, and G(7)={2/3,2,4/3} is a geometrical factor

weighting the radiation contribution from the #={#, ¢,Z} po-
larizations. The mode field profiles are calculated by the
FEM. For FEM models in the 980 nm span, we treat all
measured TE (TM) modes as TE,_; (TM,_c) because the
appropriate field parameters do not vary significantly be-
tween radial orders.

We employ two separate measurements to find rough
bounds on Q. First, we use the average doublet splitting for
each family to find the average (V,), sampled by each mode
and then calculate the Q,, associated with each family.

Splitting method:AN = (V,), = Q.

Second, we statistically analyze the roughness of the disk
edges in high-resolution scanning electron microscopy
(SEM) images.12 Fitting the autocorrelation of the roughness
to a Gaussian, the roughness amplitude (o,) and correlation

length (L) give the “statistical” scatterer volume (V,

=0,1\VRL,, where t and R are the disk’s thickness and radius)
for each disk, which is used to estimate Q.

Statistical method:o,,L, = ‘75 = Og-

The average {o,, L.} for the GaAs and AlGaAs disks are {0.6,
38.7} and {1.8,29.4} nm, respectively. Because each mode
will not sample all of the disk’s physical irregularities, the
roughness estimated by the statistical analysis is slightly
greater than the roughness calculated from the doublet split-
tings. Hence, the doublet splitting places an upper bound and
more accurate value for Qg [Fig. 2(c)]. The statistical analy-
sis gives a lower bound, although neither bound is strict in
the theoretical sense.

Through Eq. (1), O and Q,,4 are removed from the
measured Q; to obtain limits on Q, [Fig. 2(d)]. To relate
cavity losses to material properties, the material absorption
rate (7,,) for the pth mode is given by 7y, ,=27c/N\Q,.
[The commonly used absorption coefficient () depends on
both the material absorption rate and the group velocity of
the cavity mode (a=1,/v,).] We weight each measured dou-
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TABLE I. Summary of material absorption rates.

(y,/2m)+10 (GHz)

Sample Splitting Statistical
GaAs  at 980 nm All modes 3.47+0.59 3.29+0.75
TE 2.94+1.24 2.61+1.28
™ 4.08+0.91 4.06+£0.89
AlGaAs  at 980 nm All modes 5.84+0.13 4.00+£0.91
TE 5.77+1.61 3.44+2.31
™ 6.03+1.56 5.39+1.73
GaAs  at 1460 nm All modes 0.942+0.696 0.888+0.692
TE, 0.514+0.085 0.444+0.108
™, 0.495+0.089 0.467+0.095
AlGaAs  at 1460 nm All modes 1.73+0.50 1.43+0.76
TE, 1.32+0.22 0.882+0.380
™, 2.30+0.49 2.39+0.40
GaAs at 1600 nm TE 0.507+0.186 0.460+0.185
AlGaAs at 1600 nm TE 0.968+0.179 0.629+0.173

blet equally and average over all families in a band to deter-
mine an average y,. Table I compiles the average absorption
rates for both GaAs and Al ;3Gagg,As across the three
wavelength ranges. The average rates are 540% larger at
980 nm than at 1600 nm and 80% greater in AlGaAs than in
GaAs.

The measured absorption may be due to a number of
sources. Although nonlinear-absorption-induced optical bi-
stability was measured for internal cavity energies as low as
106 al, the losses reported in Table I were all taken at input
powers well below the nonlinear absorption threshold. Free
carrier absorption can also be neglected given the nominally
undoPed material and relatively short wavelengths studied
here.'’ The Urbach tail makes a small contribution in the
980 nm band (<15%) and is negligible otherwise.'” This
leaves deep electron (hole) traps as the major source contrib-
uting to bulk material absorption in the observed resonances.
Similar wavelength-dependent absorption has been observed
in photocurrent measurements of MBE-grown AlGaAs
Waveguidesm and attributed to sub-band-gap trap levels as-
sociated with vacancy complexes and oxygen incorporation
during growth.21 Given the high surface-volume ratio of the
microdisks, another possible source of loss is surface-state
absorption. The sensitivity to absorption from surface-states
can be quantified by the pth mode’s energy overlap with the
disk’s surface, Fl’,; TM modes are more surface sensitive than
TE modes'® whereas both polarizations are almost equally
sensitive to the bulk. The calculated surface overlap ratio is

v/ Tre=2.65 for p=1 modes in the 1460 nm band, where
all surfaces of the disk (top, bottom, and etched edge) are
treated equally. For these modes the measured absorption
ratio is ¥, tm/ ¥a.1e=1.74£0.47 (0.96+0.23) in the AlGaAs
(GaAs) microdisks, which indicates the presence of signifi-
cant surface-state absorption in the AlGaAs resonators and
dominant bulk absorption in the GaAs disks. In the 980 nm
band, the data are consistent with bulk absorption

Appl. Phys. Lett. 90, 051108 (2007)

[Varm/ Yare=1.05£0.40 (1.39+0.66) for the AlGaAs
(GaAs) devices] although the results are less conclusive due
to the larger scatter in the data.

In summary, after accounting for radiation and surface
scattering losses, we measure greater sub-band-gap absorp-
tion in Alj,3Ga, goAs microdisks than in similar GaAs reso-
nators, and the absorption in both materials decreases to-
wards longer wavelengths. From the polarization dependence
of the measured optical loss, we infer that both surface states
and bulk states contribute to the residual absorption in these
structures. Our results imply that reductions in the optical
loss of AlGaAs-based microphotonics, especially at the
shorter wavelengths <1 um and in high Al content alloys,
will require further study and reduction of deep level traps,
and that surface passivation techniques22 will also likely be
important.
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