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Tuning the Mode Splitting of a Semiconductor Microcavity with Uniaxial Stress
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A splitting of the fundamental optical modes in micro- and nanocavities comprising semiconductor het-
erostructures is commonly observed. Given that this splitting plays a role in light-matter interaction and
hence quantum technology applications, a method for controlling the mode splitting is useful. In this work
we use an open microcavity composed of a “bottom” semiconductor distributed Bragg reflector (DBR)
incorporating a n-i-p heterostructure, paired with a “top” curved dielectric DBR. We measure the mode
splitting as a function of wavelength across the stopband. We demonstrate a reversible in situ technique
to tune the mode splitting by applying uniaxial stress to the semiconductor DBR. The method exploits
the photoelastic effect of the semiconductor materials. We achieve a maximum tuning of approximately
11 GHz. The stress applied to the heterostructure is determined by observing the photoluminescence
of quantum dots embedded in the sample, converting a spectral shift to a stress via deformation poten-
tials. A thorough study of the mode splitting and its tuning across the stopband leads to a quantitative

understanding of the mechanism behind the results.
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I. INTRODUCTION

Semiconductor quantum dots (QDs) coupled to opti-
cal microcavities represent a useful platform to advance
quantum-information technologies. Semiconductor QD-
cavity platforms, such as micropillars, photonic crys-
tals, and open microcavities, have been successfully
employed to achieve highly efficient single-photon sources
[1,2], a coherent light-matter interaction [3], generation
of entangled photons [4,5], and photon-photon switches
[6]. Despite the history of successful cavity quantum-
electrodynamics demonstrations in these systems, there are
still partly unresolved technical questions that affect their
performance. One such property is the almost ubiquitous
observation that the fundamental cavity mode splits into
two separate modes with linear, orthogonal polarizations.
This lifting of the polarization degeneracy is desired and
exploited in some cases, notably in efficient single-photon
sources in order to avoid a 50% loss of signal in cross-
polarized collection schemes [1,2]. In this scenario, a QD
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trion is excited via one cavity mode, and photons are pref-
erentially emitted into the other cavity mode. In other cases
however, polarization degenerate cavity modes are desir-
able. This is typically the case in experiments relying on
circularly polarized excitation schemes [7], for instance a
single spin in a perpendicular magnetic field. Here, the lin-
early polarized cavity modes result in a reduced coupling
to the quantum emitter [8]. It is not simple to control the
bare mode splitting precisely—it can depend on the local
in-built strain in the material, and on fabrication imper-
fections. This suggests that a way of selectively tuning
and controlling the mode splitting is of great interest: the
bare mode splitting should be made large for a trion-based
single-photon source; the bare mode splitting should ide-
ally be eliminated for a single spin in an out-of-plane
magnetic field. A tuning range in the range 1050 GHz
is sufficient in many cases.

I1. BIREFRINGENCE INDUCED CAVITY MODE
SPLITTING

The polarization splitting of a semiconductor micro-
cavity’s fundamental mode is the result of birefringence
in the semiconductor between two orthogonal crystalline
axes (which are themselves orthogonal to the optical
axis). In zinc-blende-type crystals there is a priori no
intrinsic birefringence. Birefringence can be created how-
ever, often unintentionally, via two mechanisms. First,
in heterostructures incorporating a diode or Schottky

Published by the American Physical Society
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structure, the in-built electric field along the z direction
(growth axis) breaks the inversion symmetry of the crys-
tal and birefringence in the x-y plane arises via the linear
electro-optic effect [9]. Secondly, a uniaxial stress in the
x-y plane, induced by microscopic imperfections in the
heterostructure or postgrowth processing, induces bire-
fringence via the photoelastic effect [10,11]. Contrarily, a
biaxial stress does not result in observable birefringence on
account of the symmetry of the zinc-blende crystal.

One can use the electro-optic and photoelastic effects to
reverse or enhance the birefringence in semiconductor cav-
ities, as previously demonstrated in monolithic structures
[12—14]. Also in dielectric cavities it was demonstrated
that the birefringence can be engineered to obtain a large
degree of control over the cavity’s mode splitting [15,16].
Here, we present a way of tuning the mode splitting of a
hybrid dielectric-semiconductor open microcavity by mak-
ing use of the photoelastic effect, i.e., the control of the
birefringence upon application of uniaxial stress. A change
in mode splitting of approximately 11 GHz is achieved.
Moreover, application of uniaxial stress to an open micro-
cavity results in control not only of the mode splitting
in the microcavity but also the absolute emission fre-
quency of an embedded QD [17,18]. In this microcavity
embodiment, the full stress is experienced by the entire het-
erostructure. This is not necessarily the case for monolithic
systems.

1. EXPERIMENTAL SETUP

We employ a miniturized Fabry-Perot cavity [2,3,19,20].
The bottom mirror is a 46-pair AlAs(A/4)/GaAs(A/4)
semiconductor distributed Bragg reflector (DBR) grown
on a [001] GaAs substrate, where A refers to the
wavelength of light in the material. The bottom mir-
ror’s stopband is centered at A = 918.7 nm. The sur-
face of the semiconductor heterostructure is passivated
via an Al,O3 layer [21]. The top mirror is a 15-
pair SiO,(1/4)/TayO5()1/4), Ta,Os-terminated, dielectric
DBR where the layers are deposited onto an approxi-
mately 600-nm-deep microcrater with a radius of curvature
approximately 15 pum in a silica substrate, and its stop-
band is centered around A = 930.0 nm. The semiconductor
heterostructure contains a layer of InAs QDs; the QDs
themselves are embedded within a n-i-p heterostructure,
allowing the QD charge to be controlled via a voltage (V)
applied to the diode [2,3]. The sample is tightly glued onto
a piezostack (PSt 150/7x7/7 cryo, Piezomechanik GmbH,
Munich), as depicted in Fig. 1(a). The [110] direction of
the crystal aligns with the polarization axis of the pieozs-
tack such that application of a voltage V to the piezostack
induces a [110] stress in the semiconductor. The spring
constant of the sample is small compared to that of the
piezostack, ksample < kpzt, such that the extension of the
piezo should be unaffected by the attached semiconductor.
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FIG. 1. (a)Experimental setup depicting the microcavity com-
posed of the dielectric top mirror, and a semiconductor het-
erostructure, containing InAs QDs embedded in a n-i-p diode
structure (applied voltage V), and the bottom mirror. The sam-
ple is glued onto a piezostack (applied voltage V), that stresses
the sample along the y’ crystalline direction. The sample is posi-
tioned both laterally and vertically relative to the top mirror via
nanopositioners. (b) Dark-field reflectivity scan across a cavity
resonance: the fundamental mode is split into two linearly and
orthogonally polarized modes. The microcavity axes are aligned
with respect to the sample’s crystalline axes x’ and y’. The x'-
polarized (y’-polarized) mode is red (blue) detuned from the
expected resonance vy. The orientation of the cavity modes is
experimentally determined by aligning the polarization of the
probing laser light to each cavity mode in turn, and by observing
the alignment to the sample.

The piezosample assembly is mounted on a stack of x-y-z
nanopositioners, which are used to move it relative to the
top mirror laterally, allowing different positions in the sam-
ple to be probed. The bottom mirror can also be moved
vertically, changing the vacuum-gap separation between
top and bottom mirrors, allowing a reflection spectrum of
the microcavity to be recorded at fixed laser wavelength.
We employ a cross-polarization confocal microscope [22],
where an added half-wave plate (HWP) allows the probe
laser’s polarization to be aligned with one or the other
polarized cavity mode. The sample’s orientation relative
to the microscope axes is known; the cleaved edges of the
semiconductor sample along the x’ = [110] and y’ = [110]
crystalline axes coincide with the microscope orientation
to within few degrees. All experiments are carried out at a
temperature 7 = 4 K.

The fundamental cavity mode is probed by measuring
the reflectivity of a narrowband laser in a polarization dark-
field modus. Two closely spaced modes are observed as
shown in Fig. 1(b). When the HWP is set such that the
probe laser’s polarization is aligned to x’ ('), only the red
(blue) detuned resonance is probed. When the HWP is set
such that the probe laser is aligned at 45° to the x’ and
y' directions, both cavity modes can be seen [Fig. 1(b)].
These are the characteristic features of a birefringence-
induced mode splitting. The fact that the axes of the cavity
modes are consistently aligned with the cleaved edges of
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FIG. 2. Cavity mode splitting Av = vy — v,/ as a function of
probe wavelength and voltage ¥ applied to the piezo at (a) posi-
tion 1, and (c) position 2. The respective Q factors measured
at these positions are shown in (b),(d). Plots (b),(d) show the
modeled Q-factor dispersion for this microcavity in the case
without surface scattering o = 0.0 nm at the semiconductor-
vacuum interface (dashed line), and with surface scattering. The
rms surface roughness is 0 = 1.60 nm (b) and o = 0.65 nm (d)
for the two positions evaluated (solid lines).

the sample implies that birefringence arises in the semicon-
ductor heterostructure, and not in the top mirror. Should the
origin of the birefringence lie in the top mirror, no link to
the crystal axes of the semiconductor would be expected.
The mode splitting is defined by Av = vy — v/, where
v is the resonance frequency. It is worthwhile to note
that the mode splitting has a sign, negative in our case,
meaning that the changes in refractive index along the x’
and y’ directions induce a red- and blueshift, respectively,
relative to the original resonance. The dynamic nature of
the microcavity allows us to examine simultaneously the
mode splitting [Figs. 2(a) and 2(c)] and the Q factor across
the microcavity’s stopband [Figs. 2(b) and 2(d)]. Both the
bare mode splitting and the Q factor have a dependence
on wavelength with maximum amplitude centered around
A = 918.7 nm, at the stopband center of the bottom mirror.

IV. CAVITY CHARACTERIZATION AND
MODELING

We focus initially on the O factors to demonstrate
that we have a quantitative understanding of both the
field confinement in the microcavity and the losses. We
model the microcavity’s stopband and Q-factor depen-
dence on wavelength [Figs. 2(b) and 2(d) dashed and solid
lines] using a one-dimensional transfer-matrix simulation
(Essential Macleod, Thin Film Center Inc.). In Figs. 2(b)

and 2(d) the dashed lines depict the expected Q factor
without any losses at the sample’s surface. In practice, the
measured Q factors are lower and this can be described
very convincingly simply by including the effects of scat-
tering at the Al,Os-vacuum interface [21]. The surface
roughness is determined by comparing the experimen-
tal results and the theoretical model. We find that the
maximum @ factor in this experiment depends on the
exact lateral position, suggesting that the surface rough-
ness changes across the sample [21]. A full wavelength
dependence was acquired at two positions on the sample.
A rms surface roughness of 0 = 1.60 nm (¢ = 0.65 nm)
at position 1 (position 2) provide a very good description
of the wavelength dependence of the Q factor. These sur-
face roughnesses are consistent with characterization of the
surface at room temperature with atomic force microscopy
[21]. The residual small discrepancy between experimen-
tal and modeled curves probably arises from an imperfect
knowledge of the exact layer thicknesses in the DBRs.

V. PHOTOELASTIC EFFECT

We turn now to the behavior on applying a uniaxial
stress. We focus on position 1. Upon application of a volt-
age up to V; = £250 V, the piezostack expands and con-
tracts, thereby stressing the sample uniaxially along the y’
direction. The mode splitting responds to the applied stress.
A maximum mode splitting tuning of approximately 11
GHz (45 ueV) is achieved at the exact wavelength where
|vx/ — vy/| is the largest, as can be observed in Fig. 2(a).
The tuning leaves the Q factor unaltered [Fig. 2(b)] indi-
cating that the applied stress has no effect on the loss
mechanisms in these high-Q-factor cavities. The mode
splitting Av is a linear function of V; [Fig. 3(b)]; the
response Av/AV; is slightly smaller in magnitude at the
edges of the bottom mirror’s stopband with respect to its
stopband center [Fig. 3(d)].

We now attempt to understand quantitatively the stress-
induced change in mode splitting. A crucial step is to
determine the exact uniaxial stress applied. The extension
per volt of the piezostack depends strongly on tempera-
ture and unfortunately we do not know its exact value at
T =4 K. We do not have an external stress gauge in the
experiment. Instead, we determine the applied stress by
measuring the frequency shift of the photoluminescence
from the QDs embedded in the sample [17]. This has the
advantage of determining the stress experienced by the het-
erostructure itself, exactly the stress, which induces the
birefringence. We determine the mean band-gap shift as a
function of applied voltage V; by observing the photolumi-
nescence signal of 20 different excitonic lines in ten QDs in
the sample, as depicted in Fig. 4(a), and find AEg,,/AV, =
(=0.51£0.01) u eV/V equivalently (—0.123 4 0.002)
GHz/V [Fig. 4(b)], a value comparable to a previously
achieved [17] tuning of —0.82 weV/V. The dominant
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effect of an applied differential uniaxial stress §o on the
emission frequency of the QDs is to induce a change in the
band gap §E,,, of the host semiconductor GaAs [23-25],
described by §E,,,/80 . The influence of uniaxial stress on
the band gap can be derived from the material’s deforma-
tion potentials to be §Eyy, /00 = —22.2 neV/MPa, under
the assumption that the valence state is pure heavy hole. A
detailed calculation is presented in the appendix. Finally,
from

SEqup 8V

Ao /AV, =
8Egap /00

(M

we infer (Ao /AV) = (22.97 £ 0.45) kPa/V, from which
we are able to deduce the amount of stress applied to the
sample 0 = (Ao /AV) V.

The next step is to calculate the birefringence in each
layer in the heterostructure. Stress-induced transforma-
tions to the dielectric function of a crystal are quantified
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FIG. 3. (a) Change in mode splitting as a function of wave-

length and applied uniaxial stress o from experimental data
(dots) and theoretical model (solid lines). The model involves
adjusting the refractive index of each layer in the heterostructure
using Egs. (1) and (2) and then calculating the exact resonance
frequency in a one-dimensional transfer-matrix simulation. The
error bars in the model arise from uncertainties in the coefficients
q44 and in the calculation of §E,,, /6 V5. (b) Vacuum electric field
distribution along the first few hundred nanometers below the
sample’s surface at wavelengths of 920 nm and 955 nm, indicat-
ing the dispersive influence of each layer’s birefringence on the
mode splitting. (c) The mode-splitting tuning at A = 920 nm as a
function of applied stress voltage V (and respective stress o). A
linear fit determines the tuning rate Av/Ac = (—0.87 £ 0.06)
GHz/MPa at this wavelength. (d) The tuning rate Av/Ac as a
function of wavelength across the entire stopband: experiment
(black symbols); model (orange line).

by the so-called piezobirefringent tensor [11,25-27] g
Due to the symmetry of zinc-blende crystals [11,26], and
our system of coordinates x’ = [110],y" = [110],2/ =z =
[001], the induced birefringence An/ny = (nx/ —ny) /ng
on stressing a semiconductor along x" by an amount o is
given by

An n’
—=——0X444X0, (2)
no 2

where ng is the bare refractive index of the particular
material, and g44 is a material parameter, g4q = paq X Saa,
where p44 is an element of the photoelastic tensor and Sy
an element of the compliance tensor. See the appendix for
complete derivation.

Given that the sample is composed of layers of three
different semiconductor materials (GaAs, Aly33Gagg7As,
and AlAs), the influence of uniaxial stress in each
layer must be considered. The coefficients g44 for GaAs,
Alg33Gag¢7As, and AlAs at low temperature 7 =4 K
are estimated (see the appendix for details) from lit-
erature room-temperature values [28] and found to be
Gas = (=7.4+12) x 1078 m?/N, qu4 = (=7.9+0.3) x
10713 m?/N, and g4 = (—1.64 £0.02) x 10~ m?/N,
respectively.

Finally, we determine the mode splitting by calculating
the exact mode frequency for each polarization separately,
including the subtle changes to the refractive indexes in the
one-dimensional transfer-matrix simulation. Specifically,
we use Eq. (2) to calculate the induced birefringence An
in each layer of the heterostructure upon application of
uniaxial stress o, which is itself calculated with Eq. (1).
For V; = 250 V, o0 = 5.74 MPa, the induced relative bire-
fringence An/ny is as small as 26 ppm in GaAs (25 ppm
in Alg33Gage7As, 4 ppm in AlAs). The stress tuning of
the mode splitting is shown in Fig. 3(a) (solid lines) for
each applied stress voltage V; as a function of wave-
length (spanning the stopband). The results can be directly
compared to the experimental results (symbols). Evidently
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FIG. 4. (a) Shift of the photoluminescence signal of a QD in
the sample as a function of applied uniaxial stress. (b) Mean
shift in band-gap energy as a function of voltage applied to the
piezostack (¥), as measured on 20 different excitonic lines in ten
QDs. A linear fit gives 8 Eg,, /6Vy = (—=0.51 £0.01) pueV/V.
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from Fig. 3(a), the amount of tuning itself presents a dis-
persion, i.e., it depends on wavelength. The calculation
captures this detail precisely and explains it: subtle shifts
in the standing wave in the microcavity change the net
birefringence as each layer of the heterostructure does
not contribute equally. Figure 3(b) illustrates this point by
showing the vacuum electric field as a function of dis-
tance from the sample’s surface at a wavelength close to
the bottom mirror’s stopband center, at 920 nm, and at
a wavelength far away, at 955 nm. As a consequence,
the mode splitting tunes linearly with stress, as depicted
in Fig. 3(c) for A =920 nm, but with different slopes
Av/Aoc across the stopband [Fig. 3(d)]. Across the entire
spectral range examined here, experimental data (points)
and model (solid lines) present excellent agreement.

VI. CONCLUSIONS AND OUTLOOK

Our method proves to be an effective way of controlling
the intrinsic polarization splitting of an open semiconduc-
tor microcavity by up to 5.5 GHz. The mode splitting
can be tuned across the entire stopband in a predictable,
reversible manner. The present microcavity has a rather
large intrinsic mode splitting. Nevertheless, the tuning
capability allows us to achieve near degeneracy of the cav-
ity modes at the high-wavelength end of the stopband.
For a microcavity with a lower intrinsic mode splitting,
it should be possible to eliminate the mode splitting. Of
relevance here is the fact that the intrinsic mode splitting
and the applied stress are aligned along the same axes. The
applied stress induces a small birefringence, on the order
of a few ppm, and does not influence the microcavity’s Q
factor. The slight emission shift of the QDs embedded in
the heterostructure can be compensated for in the present
setup simply by exploiting the spectral tunability of the
microcavity: a resonance with the cavity mode is easily
maintained.

Naturally, it is desirable to achieve a higher degree of
mode-splitting tunability: perfect degeneracy of the polar-
ized modes would be desirable for any experiments relying
on circularly polarized transitions [7,8]; a further increase
in the mode splitting until the two cavity modes overlap
only weakly in frequency is sought in experiments that
hinge on the vacuum field of just one of the cavity modes
[1,2]. An optimized architecture of the sample holder could
increase the tuning rate [18] by a factor of 20. The incor-
poration of a back gate would allow an electric field to be
applied across the bottom mirror, thereby making use of
the electro-optic effect [13]. Employing these two meth-
ods simultaneously would grant an even higher degree
of control of the birefringence. Additionally, inspired by
liquid-crystal tuning of microcavities at room temperature
[16], it might be possible to include a thin layer of a highly
piezobirefringent layer in the present device. As a final
comment, we note that while a quantitative understanding

of the origin of the intrinsic mode splitting has not yet been
attained, the mode-splitting dispersion curve can be used
as a diagnostic tool as it indicates in which layers of the
heterostructure birefringence is strong.
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APPENDIX

1. Photoelastic effect: the effect of uniaxial stress

The refractive index n of a crystal can be described by
the indicatrix [26], an ellipsoid in which the principal axes
represent the components of the dielectric tensor,

— _ 1
i=f -~ =\7]>
v OaD] I’l2

where g is the vacuum’s electric permittivity, E; is the
electric field component along direction i and D; is the
electric displacement field along j. An applied stress

(AT)

deforms the indicatrix components AB;; via the operation

Q

Here, ﬁ (i,j,k,1=1,2,3) is the fourth-rank piezobire-
fringent tensor; the stress on (k,1=1,2,3) is a second-
rank tensor. From Egs. (A1) and (A2), it follows that the
change in refractive index Aﬁ = ﬁ — no (where ny is the
bare refractive index of the isotropic material) reads

AB;; 3

Any = — X 1.

(A3)

For zinc-blende-type (cubic) crystals, symmetry simpli-
fies the photoelastic tensor such that only three inde-
pendent coefficients remain [11], namely ¢i111, ¢1122,
and ¢y323. A compressed notation can be adopted: 11 —
1,22—>2,33—>3,23 >4, 13— 5, 12 — 6. In this
way, the rank of the tensors is reduced and the expres-
sion in Eq. (A2) becomes AB, = g X 0, (m,n=
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1,2,3,4,5,6). In extended form,

AB, g q12 g2 0 0 0 o
AB, g2 qu g2 0 0 0 op}
ABs | _ g2 g2 gu 0 0 0 03
ABy| =10 0 0 qu 0 0o
ABs 0 0 0 0 q44 0 Os
ABG 0 0 0 0 0 qa4 06
(A4)

We now apply these general results to our problem. In
the experiment, both the stress and the birefringence are
applied and probed in the (x",)’,z’) system of coordinates.
Therefore, a rotation in the frame of reference by 7 /4
around z = Z’ is applied. We treat the canonical case of a
stress applied along the x’ direction.

In the (x',)/,z') basis, the simplified stress ten-
sor for a uniaxial stress along x’ is self-evidently
o’ =[100000]T. We start by calculating & in the usual
basis (x,y,z) from o’. The general rotation matrix for an
arbitrary angle 6 and with 6 = 7 /4 is

1 1
_ cosf sinf O N V2 2 0
R=|—sind cosh 0| = —_l L 0
0 0 1 V2 2
0 0 1
(A5)

. . . =T
In the (x,y,z) basis, the stress is calculated via 0 = R X

o’ x Rtobe

y
I

| Q

(A6)

—_—O O O =

where o is the magnitude of the stress applied. We can now
apply Eq. (A4) to determine AB:

qi1 +q12
qi1 +q12
2412
2 0
0
qa4

AB,, = (A7)

Since, however, we want to probe the birefringence in the
(x',y",z") basis, we apply the inverse rotation transforma-
tion (6 = 7 /4) to determine AB’:

ABY] AB. ] [q11 + q12 + qaa’]
AB, Ava’y’ qu +q12 — qaa
AB, AB,, | & 2 g1
AB, |~ AB,., ) 0 » (A%)
AB AB,,, 0
| ABi | |aB, i 0 |

from which follows [using Eq. (A3)] a change in refractive
index

Anyy Ny'y! — Ng q11 t+ 4912 + qaa
Anyry nyy — Ao q11 + q12 — q44
Anry _ | Ny —Hy | _g n3 2 q12
Any/zr B Ryrz — Ao T4 0 0
Anyry Ny — Ao 0
Anyry yryr — N 0

(A9)

We are primarily interested in the birefringence between
axes (x',y"), namely An = Anyy — Anyy = nyy — Ry,
In the experiment, the stress is applied along y’. In
this case, 0/ =[010000]T, and An = nyy — Ry =
(n3/2) X qaa x o, where o in this case has the inverse sign
as in the case of stress applied along x’, from which we
obtain Eq. (2).

2. Band-gap shift with uniaxial stress

In order to calculate the excitonic emission shift as a
result of uniaxial stress (along x) we assume that the shift
is determined solely by the shift in the band gap of the host
material, GaAs. We start with the Bir-Pikur expression [29]
for the band-gap shift AE,, with applied strain 5 in the
usual basis (x,y,z). The quantum dots themselves define the
quantization axis, i.e.,z = [001]. Assuming further that the
valence state is of pure heavy-hole character, on account of
the large heavy-hole—light-hole splitting,

b
AEg, = ar Tr (e,j) + 2—(2 X €; — €x — €), (A10)

where ar and b are the deformation potential coefficients,
and Tr(e;;) is the trace of the strain tensor €;;.
We apply a stress, and thereby induce a strain. We use

the strain-stress relation €,, = S,,, X G,, where S, is the
compliance tensor, abbreviated in a similar way to Eq. (A4)
on account of symmetry. We now know also the expression
for a uniaxial stress along x’ in the usual basis [Eq. (A6)].
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The strain-stress relation reads

€xx St Siz2 Sz 0 0 0 1
6yy S]z S11 512 0 0 0 1
€:| _ O S S Su 0 0 0 0
€z ) 0 0 0 Sy O 0 0
€r 0 0 0 0 Sy4 O 0
. [0 0 0 0 0 Sulll
S+ Sz
Sit+ 812
o 281
=2 . (A11)
0
| Su

Now, Tr(e,) =€n+€, +e.=E11+2 Spp) o and

2 €. — € — €y, = (S12 — S11) 0. Transforming [26] S,

to the stiffness tensor C,,,, Eq. (A10) gives us the band-gap
shift as a function of a stress along [110]:

ar b 1
Chi+2C,p, 2ChH—-Cn

SEgyp/80 = ( ) (A12)

We use the following numerical values for GaAs from
literature [30-32] for the computation: ar = —8.33 eV,
b=-2.00¢eV,Cy; =122.3GPa, and C|, = 57.1 GPa. We
finally arrive at 6 Eg,p /60 = —22.2 ueV/MPa.

3. Piezo-optical coefficients g4y at T =4 K

Data on the piezo-optical coefficient 44 of Al,Ga;_,As
alloys can be found for measurements [28,33] at 7 = 298
K, and for GaAs at T = 77 K [33]. However, this data is
not available at 7 = 4 K. The dispersion of these coeffi-
cients is linked to the band gap of the particular material. In

GaAs T

4t Al 33GagrAs | _
AlAs

900 920 940 960
Wavelength (nm)

FIG. 5. Piezobirefringent coefficients g4 at 7=4 K for
GaAs, Aly33Gagg7As, and AlAs, estimated from their room-
temperature values by shifting the wavelength rigidly by an
amount equal to the shift in band gap with temperature.

particular, g4 shows a resonance behavior at the band gap
itself. As the band gap of these materials shifts with tem-
perature, the g44 coefficients are temperature dependent. It
is therefore necessary to estimate the g44 values at 7= 4
K. We elaborate here the procedure.

Adachi [28] provides data—we extract the data from
the plots with Webplotdigitizer [34]—on Al,Ga;_,As
alloys, of particular relevance here the dispersion
curve of the elasto-optic coefficients py4, related to
the piezobirefringent coefficients via g44 = pas X Su4.
The room-temperature band-gap energies of the alloys
of interest are also extracted [Eg.,(GaAs) = 1.424 eV,
Eqap(Alg33Gage7As) = 1.8355 eV, Egup(AlAs) =2.168
eV]. The optical properties of semiconductor crystals, such
as the refractive index, are linked to the band-gap energy
of the material [35]. The temperature dependence of the
GaAs band gap can be described via Egy,(7T) = Egap(0) —
5.405 x 107T%/ (T + 204) [with Egp(7) in eV, T in K]
[36]. This equation was demonstrated to be valid also for
Al,Ga,_,As alloys [37].

From the room-temperature (298 K) band-gap ener-
gies, we can estimate the low-temperature band-gap ener-
gies of our materials, namely E,,,(GaAs) = 1.519 eV,
Egap(Alg33Gag67As) = 1.931 eV, E,qp(AlAs) = 2.263 eV,
representing a shift in band-gap energy of 95 meV for
these materials. These shifts translate into a shift in wave-
length of AL = —54.45 nm, AA = —33.22 nm, and AL =
—24.01 nm, respectively. We now estimate g4 at 4 K for a
particular wavelength A by rigidly shifting the curve of g4
versus A at 298 K by AA. We confirm that this method
functions well by comparing translated 7 = 298 K data
[28] for g44 to T = 77 K data [33] and verifying an overlap.

(a) 100

50

Reflectivity (%)

100

_
O
-

50

Reflectivity (%)

| . | . | . | . | . |
800 850 900 950 1000 1050
Wavelength (nm)
FIG. 6. Reflectivity spectra modeling the (a) top and (b) bot-

tom mirrors composing the microcavity. The respective stop-
bands are centered at A = 930.0 nm and A = 918.7 nm.
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Finally, we comment that the dispersion of g44 of the
semiconductor materials is rather small in the spectral band
of interest, as exemplified in Fig. 5, such that we use their
mean values in the model—we treat the small dispersion
as a measure of the uncertainty in the parameters.

4. Reflectivity spectra of cavity mirrors

The models presented in this work are acquired
using one-dimensional transfer-matrix simulation (Essen-
tial Macleod, Thin Film Center Inc.). For this, an appro-
priate model of the top and bottom mirrors composing
the cavity is essential. In Fig. 6 the simulated reflectivity
spectra of both mirrors is presented.
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