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Efficient optical interfacing of spin-bearing quantum emitters is a crucial ingredient for quantum net-
works. A promising route therefore is to incorporate host materials as minimally processed membranes
into open-access microcavities: it enables significant emission enhancement and efficient photon collec-
tion, minimizes deteriorating influence on the quantum emitter, and allows for full spatial and spectral
tunability. Here, we study the properties of a high-finesse fiber Fabry-Pérot microcavity with integrated
single-crystal diamond membranes by scanning cavity microscopy. We observe the spatially resolved
effects of the diamond-air interface on the cavity-mode structure: a strong correlation of the cavity finesse
and mode structure with the diamond thickness and surface topography, prevalent transverse-mode mix-
ing under diamondlike conditions, and mode-character-dependent polarization-mode splitting. Our results
reveal the influence of the diamond surface on the achievable Purcell enhancement, which helps to clarify

the route towards optimized spin-photon interfaces.
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L. INTRODUCTION

Quantum networks built from individual optically
addressable spins in solids interfaced with single photons
[1,2] promise a variety of emerging applications, rang-
ing from secure communication over large distances to
distributed quantum computing, which could become the
basis of a future quantum internet [3]. A key building
block for this is an efficient interface between the spin and
photons to enable deterministic transfer of quantum states
between stationary and flying qubits [4—7]. The most pow-
erful approach in this respect is to couple quantum emitters
to optical microcavities and harness the Purcell effect to
enhance the emission [8,9]. This reshapes the emission
pattern into a single, well collectable mode, increases
the emission fraction into the coherent zero-phonon line
(ZPL), and broadens the transition due to the shortening of
the excited state lifetime such that spectral fluctuations can
be masked to improve photon indistinguishability.
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Nitrogen-vacancy (N-V) centers in diamond are a prime
candidate material system in this respect that stands
out due to its exceptional spin-coherence properties, the
availability of a nuclear spin quantum register [10], and
lifetime-limited optical transitions that permit the gener-
ation of spin-photon entanglement [11]. Several cavity
architectures have been investigated to demonstrate the
basic principle of Purcell enhancement of N-J center
emission [12—18]. Due to the high sensitivity of N-J cen-
ters to fluctuating electric fields, a promising approach to
achieve narrow optical transitions inside a cavity is based
on open-access Fabry-Pérot microcavities with incorpo-
rated minimally processed single-crystal membranes [19—
24], see Fig. 1(a). This approach has led to successful
experiments, both with N-V [21,24], Si-V [25,26], and
Ge-V centers [27] in diamond, as well as with rare earth
ions in oxide crystals [28]. However, the desired net
improvement of the collection of lifetime-limited N-V
center ZPL photons has not been achieved to date. In
earlier work, either the collection efficiency was rather
low [24], or the N-V emission linewidth was more than
2 orders of magnitude above the lifetime limit [21].

© 2023 American Physical Society
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FIG. 1. (a) Schematic drawing of the cavity setup: a planar
mirror (blue) carrying a diamond membrane can be moved lat-
erally to select a region of interest. A cavity is formed together
with a fiber mirror that can be nanopositioned along three axes
to record raster-scanning images. (b) Microscope image of a
bonded membrane. A thinned-down part for subsequent char-
acterization lies within the region framed by the semicircle
shadow. (c) AFM measurement of the membrane showing an
rms roughness of oyys = 0.4 nm. Simulation of the electric field
inside the cavity for a diamondlike (d) and an airlike (¢) mode.
The refractive-index profile (orange dashed line) highlights the
air-diamond (AD) interface. (f),(g) Simulated cavity resonance
frequency as a function of the mirror separation for a diamond
thickness of 6035 nm (diamondlike) and 6103 nm (airlike),
respectively. The probe wavelength of subsequent measurements
A = 639.7 nm is indicated by a dashed blue line.

This emphasizes the further need to understand limita-
tions and improve the experimental realization of such
systems.

In this work, we perform a systematic study of the cav-
ity performance in the presence of diamond membranes
at room temperature. We use scanning cavity microscopy
[29-31] at a high finesse of up to 20 000 to probe extended
areas of a membrane. We observe a spatial variation of
the cavity mode character and identify spatially local-
ized mode mixing [32,33], mostly present in diamondlike
regions. We model the observed losses based on surface
scattering, absorption, and mirror transmission, and find
that we need to assume a larger surface roughness than
measured. Additionally, we include bulk absorption in our
model and find good agreement with the expected absorp-
tion for the used diamond. Furthermore, we observe an
increase of the cavity loss for airlike modes with increasing
diamond thickness. We suggest that the mismatch between
the mode’s curved phase front and the planar diamond-air
interface can be the origin. Finally, we study the polar-
ization modes of the cavity and observe an increased

polarization mode splitting with a dependence on the
mode character. This reveals birefringence of the mem-
brane, which we interpret as a signature of the local strain
distribution in the material.

Our results show that mode mixing, wave-front curva-
ture, and polarization mode splitting are key contributions
to the performance of cavities with integrated membranes.
We analyze how these effects depend on geometrical prop-
erties of the membrane and the cavity, providing guidance
to achieve optimized spin-photon interfaces.

II. METHODS AND MATERIALS

Our experiments are performed using a fiber-based
Fabry-Pérot cavity, which is schematically illustrated in
Fig. 1(a). It consists of a macroscopic plane mirror and a
concave mirror that is processed at the end facet of an opti-
cal fiber by CO;-laser machining [34]. We use two differ-
ent fiber tips F'4 (F'g) that show concave profiles with small
ellipticity, characterized by radii of curvatures (ROCs) of
33.1 (55.2) wm along one half axis and 30.5 (48.7) pm
along the orthogonal one. The fiber end facets are coated
by ion-beam sputtering with a distributed Bragg reflector
(DBR) (Laseroptik GmbH, Garbsen, Germany), designed
for a center wavelength at 637 nm. Numerical simulations
using a transfer-matrix model along with the measured
layer thicknesses of the DBR stacks yield transmissions
of 52 (57) ppm for the fiber mirrors at a wavelength of
A = 639.7 nm that is used for the experiment. The plane
mirror (M) consists of a superpolished fused silica sub-
strate (oyms < 0.2 nm), coated for a transmission of 57 ppm
(see the Supplemental Material [35] for details on the cav-
ity mirrors as well as the expected and measured finesse of
the assembled cavities without the presence of a diamond
sample).

We study two CVD-grown single-crystal diamond sam-
ples of general grade (Cornes Technologies, San Jose,
CA, USA) and electronic grade (element 6) quality. While
most approaches propose the use of ultrapure, electronic
grade diamond samples, also samples with a higher natu-
ral abundance of nitrogen have yielded N-J centers with
very promising optical coherence properties recently [36].
Also, we choose here to study one of the two samples being
nonoptimal in order to clearly identify and quantify limit-
ing factors. Such factors can still affect optimized samples,
but would be difficult to differentiate without this compari-
son. The main sample of this study (general grade quality)
is structured using an inductively coupled plasma reactive
ion etching (ICP RIE) procedure, resulting in a mem-
brane with a minimal thickness of approximately 5 pm,
as described in Ref. [23]. Characterization on 4 x 4 um?
subregions of the membrane with an atomic force micro-
scope (AFM)—as an example shown in Fig. 1(c)—reveals
a surface roughness of o, = 0.4 — 0.5 nm after the final

064057-2



SCANNING CAVITY MICROSCOPY OF A SINGLE-CRYSTAL...

PHYS. REV. APPLIED 19, 064057 (2023)

etching steps. We bond the membranes onto plane mir-
rors via van der Waals forces. Initial interference fringes
observed under a light microscope, indicating an air gap
between the membrane and the mirror, broaden during
the bonding procedure, and the final result for the general
grade sample depicted in Fig. 1(b) shows almost no fringes
(see Ref. [23] for details on the bonding procedure).

We use a custom-developed nanopositioning stage to
control the cavity. It can be built cryocompatible and
achieves very high passive stability and fast scanning
speed [37,38]. In order to select a position on the sam-
ple, the plane mirror can be moved laterally, while the
fiber can be scanned additionally along all three dimen-
sions using piezoelectric actuators to perform the scan-
ning cavity measurements. To probe the cavity, we cou-
ple light of a tuneable diode laser (TDL) (7optica DL
pro 637) at a wavelength of A = 639.7 nm into the cav-
ity fiber and measure the transmission behind the plane
mirror using an avalanche photodiode (APD) (Thorlabs
APDI130A2/M) connected to a 12-bit digital storage oscil-
loscope. To obtain spatially resolved maps, we raster scan
the fiber laterally on an area of about 60 x 60 wm? over
the sample and modulate the cavity length at each posi-
tion over multiple free spectral ranges (FSRs) at a rate of
200 Hz. The maximum transmission is recorded at each
position, leading to a two-dimensional image that shows
relative changes of the cavity transmission as a function
of the position on the membrane, which we refer to as a
cavity-transmission scan. To obtain the cavity finesse, we
modulate the cavity length at a reduced rate of typically
20 Hz and probe two consecutive fundamental resonances,
which we fit with Lorentzian lines. From this we calculate
the finesse from the ratio of the resonance distance and the
average FWHM. Due to piezo nonlinearity and hysteresis,
such measurements have an uncertainty of approximately
10% unless calibrated with care. For these measurements,
we align the polarization of the input light with one of
the two cavity polarization modes to probe an isolated
resonance.

The presence of the diamond-air interface leads to a
hybridized mode structure [6,19,23,39]. Depending on the
diamond thickness, the cavity standing-wave light field
can either fulfill the boundary condition for the air gap
part where a field node should form at the interface,
called an airlike mode, or match for the mode in the
diamond part where a field maximum at the interface
is present, a so-called diamondlike mode, see Figs. 1(d)
and 1(e). Since both conditions cannot be met simultane-
ously, hybridized modes form, whose dispersion, finesse,
and loss strongly depend on the mode character [19,39].
For such a hybridized diamond-air cavity, the mode dis-
persion, i.e., the frequency-dependent shift of the cavity
resonances, deviates from the linear behavior known from
a bare Fabry-Pérot cavity and shows a varying slope for
different diamond thickness at a fixed wavelength. As

shown in a simulation of cavity resonances in Fig. 1(f),
the dispersion exhibits the smallest slope for a configu-
ration with predominant diamondlike character, and the
steepest slope for a predominant airlike configuration as
in Fig. 1(g). To maximize the coupling to color centers in
the membrane, diamondlike modes are beneficial because
they show a larger electric field inside the diamond [39] as
it can be seen by comparing Figs. 1(d) and 1(e). However,
for this configuration, the scattering loss at the diamond
surface becomes maximal, requiring a trade-off depend-
ing on the surface-roughness level. Furthermore, a recent
study observed additional loss associated with diamond-
like modes, which could not be conclusively explained
by surface scattering [40]. In general, a comprehensive
investigation of the cavity performance and its relation to
the diamond surface topography would be desirable, while
experiments to date report only punctual measurements of
cavity performance on diamond membranes, mostly under
airlike conditions.

I11. RESULTS AND DISCUSSION

A. Mode-character-dependent cavity loss

We study the spatially varying effect of the dia-
mond membrane on cavity modes by performing laterally
resolved cavity-transmission measurements as described
above. To increase the imaged area, 16 of such scans
are performed at neighboring positions on the membrane
with slight overlaps at the edges and consecutively stitched
together.

The final transmission scan obtained with fiber mirror
F4 is shown in Fig. 2 along with a height map of the
membrane taken with a home-built white-light interfero-
metric microscope (WLI). Notably, the cavity transmission
in Fig. 2(b) exhibits distinct bright and dark fringes that
match the shape of the height map in Fig. 2(a), evidenc-
ing the correlation between the cavity transmission and the
membrane thickness. Since the composition of the cavity
mode changes with the diamond thickness at a periodicity
of L/ 2ny) [39], with ny; = 2.41 the refractive index of dia-
mond, our measurements reveal the relative change of the
cavity transmission as a function of the hybridized mode
composition. To compare the thickness change of the dia-
mond membrane obtained from the WLI measurement to
the structure observed in cavity transmission, we estimate
the region covered by the cavity scans (see Supplemental
Material [35]). This region is indicated by the blue frame
in Fig. 2(a). For a horizontal line at the central y position
of this region, the WLI image shows a thickness change of
AV 2 780 nm. Roughly seven bright fringes along the
x axis in the central y position of the cavity scan yield a
thickness change of A7 = (7 — 1) x 1/ (2ng) ~ 800 nm,
thus showing good agreement with the WLI measurement.

To understand how the composition of the hybridized
cavity mode affects the cavity losses in more detail, we
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FIG. 2. (a) Surface topography of the etched diamond mem-
brane. The blue frame indicates the region where cavity-
transmission scans are performed. Black contour lines with a
stepsize of 156 nm are used to highlight the height profile of
the membrane. (b) Cavity-transmission map of the blue framed
region in (a).

proceed with measuring the cavity finesse and the mode
composition for points along a horizontal line, covering
several bright and dark fringes in Fig. 3(a). As shown in
Fig. 3(b), the cavity finesse spans values between 200 and
5500 and follows closely the cavity-transmission measure-
ments. In order to link each measurement position with the
character of the hybridized mode, we investigate the dis-
persion of the cavity mode. To this end, we couple light
from a white-light laser (Fianium Whitelase SC450) into
the cavity and measure transmission spectra with a spec-
trometer (Andor Shamrock) for different cavity lengths.
The mode character is derived from the slope of the mode
dispersion at the wavelength A = 639.7 nm of the probe
laser used for the finesse measurements. Here, a steep slope
corresponds to a mode with high airlike character and a flat
slope to a mode with high diamondlike character [19]. We
define the mode character by assigning a value of 1 for the
steepest slope (airlike, A) and 0 for the lowest slope (dia-
mondlike, D) with corresponding values in between (see
Supplemental Material [35]).

The results are shown together with a corresponding
measurement of the finesse in Fig. 3(c). The mode charac-
ter follows closely the finesse and the transmission of the
cavity, proving that the losses of the cavity are dominated
by effects associated with the character of the hybridized
mode. To evidence the strong correlation between the cav-
ity losses and the mode composition again over a larger
region of the membrane, we scan the fiber similar to the
lateral transmission measurements across the membrane
and measure the finesse of the cavity at each position. The
resulting finesse scan in Fig. 3(d) confirms the correlation
between cavity finesse and mode composition obtained
along the single line described above.

We repeat the measurement with a second fiber mirror
Fp since we observed high losses for the first fiber mirror

already without diamond membrane. Taken at a slightly
different position, the measurement shown in Fig. 3(e)
again reflects the shape of the membrane. The finesse spans
values between approximately 3000 and slightly above
20000, which remains lower than the value observed for
the cavity without membrane F°2° = 32400 (see Supple-
mental Material [35]). To understand the contribution of
different sources of loss, we analyze a line cut through the
data shown in Fig. 3(e) and fit it with a model contain-
ing mode-dependent mirror transmission, scattering losses
at the diamond-air interface, and absorption from the dia-
mond [39], see Fig. 3(f). Therefore, we describe the finesse
F = 27/ Lo with the effective losses [39]

2

E
Zﬂl;x’a ﬁf + ﬁm + Escat (Gnns) + Eabs (Otd).
R4

max,d

£eff =

Here, £ (L) are the losses due to transmission at the
planar (fiber) mirror that we extract by a transfer-matrix
model using the measured DBR-layer thicknesses from the
manufacturer. The scattering loss [39]

2mngt,
Lcar = sin’ ( Iy d d) X

0

(1 +n)(1 = np)* (4o’

na * ( Ao ) ’
originates from the diamond surface roughness o,s. Scat-
tering can also occur on the diamond-mirror interface,
depending on the termination of the mirror coating. Here,
the mirror is terminated with a layer of high refractive
index, leading to a field node at the surface such that scat-
tering can be omitted. In addition, we include absorption
loss Laps = 24ty described by the absorption coefficient
oy of the diamond sample. For the general grade diamond
sample, which contains an increased nitrogen concentra-
tion > 100 ppb, a broadband absorption with ooy ~ 0.1 —
0.5 cm~! is expected [41].

For all loss contributions, knowledge of the diamond
thickness and the local mode character are important.
Therefore, we evaluate a measurement of the cavity mode
dispersion at one location, i.e., the mode frequency shift
as a function of the mirror separation, and fit a simula-
tion to the measured dispersion to obtain the thickness
0 = 5.96 pm. For the other locations along the line, we
make use of the known mode composition change from
diamondlike (D) to airlike (4) between a local finesse
minimum and maximum, corresponding to a thickness
change of A/ (4n,;) ~ 66 nm. We interpolate the mem-
brane thickness along the line by a linear increase between
consecutive extrema.

We then perform a fit [42] based on the described
model and the interpolated thicknesses for the finesse data
along the blue line in Fig. 3(e) with the surface roughness
oms and the absorption coefficient «; as free parame-
ters. The result is plotted in Fig. 3(f) together with the
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(a) Cavity-transmission scan on the membrane. Each pixel shows the maximum cavity transmission from several fundamen-

tal mode orders. (b) Finesse of the cavity for points along the blue line in (a). Each data point shows the average of 50 measurements.
The black curve shows the transmission data from (a). (c) Cavity finesse [data from (b)] and composition of the hybridized mode
obtained by measuring the mode dispersion for each point. (d) Cavity finesse scan on the same region. (¢) Cavity finesse scan using
a different cavity fiber mirror achieving a higher finesse on a slightly different position on the membrane. (f) Measured cavity finesse

along the dashed blue line in (e). The red line shows a fit.

measured data. We note that the deviation between fit
and data around pixel 75 originates from a local defect
present on the membrane, which can be seen at the
respective position in Fig. 3(e). From the fit we obtain
a roughness of oy = (1.02 £ 0.03) nm and an absorp-
tion coefficient of oy = (0.19 +0.01) cm~!'. While the
absorption coefficient lies within the expected range, the
predicted surface roughness is higher than the measured
values of o;ns & 0.4 — 0.5 nm [23]. Therefore, we con-
clude that we still miss further loss contributions. Possible
origins can be surface absorption due to sp?> carbon and
surface defect states, and loss originating from the mis-
match between the curved cavity mode phase front and
the planar membrane surface (see below). We note that
by adding an antireflection coating on the membrane, one
could separate loss originating from roughness and surface
absorption.

B. Increased cavity losses due to transverse mode
mixing
In most spatial maps of the diamond membrane, we
observe sharp lines of constant mode character where
the cavity finesse and transmission are significantly lower
than in the surrounding. Similar but less severe behav-
ior has been observed also for bare mirrors, and resonant

transverse-mode mixing has been identified as the origin
[32,33]. It occurs when higher-order transverse modes of
a neighboring longitudinal mode order g — 1 become reso-
nant with a fundamental cavity mode of order ¢, and when
boundaries such as the mirror surfaces do not match the
phase fronts of Hermite-Gaussian modes, such that scat-
tering leads to a coupling and hybridization of (near-)
resonant modes. The effect is strongly dependent on the
cavity length, and at large mirror separation, where low-
order transverse modes fulfill the mode-mixing resonance
condition, it becomes more dominant. To analyze the effect
in the presence of a diamond membrane, we record trans-
mission maps of one area [similar to Fig. 3(a)] and change
the air gap of the cavity over a large range. Six different
scans are shown in Fig. 4(a). As we increase the effective
cavity length, we observe an overall transmission decrease
as well as the sharp mode-mixing lines, which become
increasingly prominent. Notably, also at shortest mirror
separation, we always observe mode-mixing lines in dia-
mondlike regions, while they only appear at large distance
in airlike regions.

To see whether the overall decrease in transmission
with increasing mirror separation correlates with the cavity
finesse, we perform finesse scans on an airlike subregion
for three different cavity lengths, see Fig. 4(b). We observe
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by changing the air gap on an airlike region. (c) Cavity finesse of the empty cavity (upper panel) for different cavity length and finesse
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shows the average of at least 100 measurements and the orange curve in the central panel shows a model based on additional losses for
airlike modes coming from the mode curvature at the diamond-air interface. For easier comparison, the range of shown cavity lengths
in the upper panel corresponds to the effective cavity lengths resulting from the membrane thickness and the air gap of the lower two

panels.

no significant drop of the maximum finesse for the differ-
ent cavity lengths, and only a weak sign of mode mixing
within the studied cavity length range. This indicates that
the transmission drop is dominated by mode matching.

In contrast, we observe that losses under airlike condi-
tions increase for thicker diamond membranes. To study
this effect, we use a second diamond sample of electronic
grade quality, which features several membranes with dif-
ferent thicknesses and that was bonded on a second cavity
mirror Mg (see Ref. [23] for details on the sample). We
perform cavity-transmission scans on regions of different
thicknesses between 6 um and 19.5 pm and measure the
cavity finesse on bright (high airlike character) and dark
(high diamondlike character) regions. As depicted in the
central panel of Fig. 4(c), the cavity finesse on bright
regions shows a strong decrease with increasing membrane
thickness, dropping significantly faster than expected for
bulk absorption. At the same time, we observe no drop
of the cavity finesse on dark regions (diamondlike condi-
tions) with increasing membrane thickness, shown in the
lower panel of Fig. 4(c). We note that for the investi-
gated effective cavity lengths, the empty cavity shows a
stable finesse (see Fig. 4(c), upper panel), which is valid
even for longer cavity lengths (for details see Supple-
mental Material [35]), thus ruling out effects related to
the cavity fiber, i.e., clipping losses, as the origin of our
observation. A plausible explanation is the shape mismatch
of the diamond-air interface with the curved wave front
of the cavity mode [19], which becomes more prominent
with increasing membrane thickness. There, the membrane
thickness approaches the Rayleigh range of the cavity
mode, and the curvature of the phase front at the diamond

surface increases. Under such conditions, the cavity mode
can no longer fulfill airlike conditions over the entire mode
cross section, and an electric field at the interface will be
present at the outer parts of the mode. This effectively
reduces the airlike character of the mode and thus leads
to increased scattering loss and mode mixing. As shown
in the central panel of Fig. 4(c), we can model the behav-
ior with a simple estimate where we calculate the diamond
or air character based on the weighted fraction of electric
field present at the diamond-air interface due to the wave-
front curvature for a given cavity and membrane geometry
(see Supplemental Material [35]). Since the occurrence of
mode-curvature-related effects scales with the ratio of the
radius of curvature of the fiber mirror to the diamond thick-
ness rather than with just the thickness, these effects can
also be relevant for experiments with thinner membranes.
Consistent with this picture, we observe no significant
change of the cavity finesse under diamondlike conditions
for increasing membrane thickness, as the overall losses
are much higher and thus the relative change smaller.
Beyond this general trend, which is present on the entire
membrane and for any air gap, our measurements show
that the diamond leads to significant resonant coupling
between different transverse modes. To directly reveal the
mode coupling, we use the cavity with fiber mirror £ and
the general grade sample to scan laterally in fine steps over
a region where the transmission drops sharply and record
the cavity modes at each position. We show transmission
maps on three different areas where mode coupling occurs
in Figs. 5(a)-5(c). To display the coupling of higher-
order modes to the fundamental mode, we record cavity-
transmission spectra taken by varying the cavity length,
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(a)~(c) Cavity-transmission scans of areas with resonant mode coupling. Blue arrows indicate the location and direction of

the scans shown in (d)(f). (d) Cavity-transmission spectra under airlike conditions for positions along the blue arrow in (a). The color
is changed after each avoided crossing for better visibility. (¢) Transmission spectra under diamondlike conditions along the arrow
shown in (b). Coupling between the fundamental mode and a series of higher-order modes leads to a strong decrease of the cavity
transmission. (f) Cavity-transmission spectra for positions along the arrow shown in (c).

for each position along three different linear paths indi-
cated in Figs. 5(a)-5(c), see Figs. 5(d)-5(f), respectively.
At locations where a fundamental mode and a higher-order
mode would show degeneracy, avoided crossings appear,
and the transmission drops. Figure 5(d) shows the cavity
spectra for a scan across an airlike region. The first spec-
trum (red, bottom) features one prominent fundamental
mode and a second, higher-order mode approaching from
the left. When both modes would become degenerate, the
coupling leads to an avoided crossing. In this example, a
second avoided crossing with another transverse mode and
larger coupling is visible at small spatial distance.

Under diamondlike conditions, mode mixing is
observed to be more severe, and it can include a large
number of consecutive avoided crossings such that the
transmission drops almost completely, see Fig. 5(e). Here,
the laser power is increased to saturate the APD outside
the avoided crossings such that the modes can still be
detected while mixing. A further example with a large spa-
tial region of mode mixing is shown in Fig. 5(f). Here, one
can observe the coupling of both polarization modes. For
calibration of the cavity length changes, each spectrum is
recorded over more than one FSR.

The alignment of mode mixing resonance contours with
the diamond membrane topography can be understood by
the different effect of the membrane on the frequency of

different transverse modes [43]. Due to the larger Gouy
phase of higher-order modes compared to the fundamental
mode, their diamond- and airlike mode character occur for
different membrane thicknesses, such that thickness vari-
ations will lead to a large variation of mode frequency
differences, and transverse-mode resonance conditions will
follow isocontours of constant membrane thickness.
Several contributions add to the mode mixing, such as
imperfect mirror shape and misalignment of the cavity
[see, e.g., Figs. 3(d) vs 3(e)], which can be both minimized.
The origin of the membrane-induced mode mixing is due
to imperfect surface topography such as a wedge, but also
due to the shape mismatch between the planar diamond-air
interface and the parabolic wave front of the cavity mode
[19]. Due to this curvature, an exact airlike condition with
zero field at the entire interface cannot be achieved. This
introduces interface-induced mode mixing also for airlike
modes. For a plano-concave cavity geometry, the wave-
front curvature approaches a planar shape close to the waist
on the plane mirror, such that for thin membranes, one can
largely avoid diamond-induced mode mixing [25,40].

C. Polarization mode splitting and birefringence

Finally, we investigate how the diamond membrane
affects the polarization modes. For cavity mirrors with bro-
ken rotational symmetry, an intrinsic polarization mode
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splitting is present [44], which is also the case for the cav-
ities used here. For the empty cavity, we measure a mode
splitting of 6 = vgpit/vrsr = 3.82 x 10—, which is consis-
tent with the measured ellipticity of the concave profile
of the fiber (see Supplemental Material [35]). On the dia-
mond membrane, we observe a significantly increased and
spatially varying mode splitting spanning values between
8§ =5x10"*and 5 x 1073, Figure 6(a) shows a finesse
scan of the investigated region of the membrane for ref-
erence of the mode character. From cavity-transmission
spectra on two locations with different mode character, we
find a significant difference in the polarization splitting, see
Fig. 6(b). When measuring a map of the polarization split-
ting on the same area as shown in Fig. 6(a), we observe
fringes with the same shape as for the cavity finesse, see
Fig. 6(d). Positions with low finesse, i.e., diamondlike
character, show a large splitting, and positions with air-
like character show a smaller splitting. We suggest the
mode-character-dependent energy distribution as an origin
of this variation in the splitting and model it with the rela-
tive intensity in the diamond that was already used for the
effective losses as

2
ndEmax,d )
= 0_

E2

max,a

A fit of this model to a line of the data from Fig. 6(d) is
shown in Fig. 6(e) and yields 8y = (1.86 £ 0.04) x 1073,
Despite a few outliers and a nonperfect line shape, the fit
confirms the mode character as a major contribution to the
variation of the polarization splitting.

Even the smallest observed values for the polarization
splitting within regions with high airlike character are
increased compared to the empty cavity. We attribute this
to birefringence of the diamond, which originates from
local strain. The observed diamond-induced mode splitting
in airlike regions of § = 0.001 corresponds to a refractive
index difference of An = A/t; x §/2 =5 x 1072, indicat-
ing an elevated local strain level.

Further, we observe a spatial variation of the inten-
sity ratio of the polarization modes, originating from a
rotation of the cavity polarization axes. To study this obser-
vation in more detail, we measure the intensity ratio of
both polarization modes and calculate the corresponding
polarization angle between the probe laser and one of the
cavity modes by tan(«) = E»/E| = /I/1;, as sketched
in Fig. 6(c). Here I; and [, are the transmitted inten-
sities of the two polarization eigenmodes. As shown in
Fig. 6(f), the extracted angle changes significantly over
the region, showing a completely different pattern than
the topography of the membrane. We ascribe this sig-
nal to the variation of the orientation of the slow axis of
the birefringent diamond, which is consistent with a spa-
tially varying strain. To exclude measurement artefacts,
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FIG. 6. Polarization splitting and rotation of the fundamental
cavity modes. (a) Cavity finesse scan on the diamond membrane.
(b) Fundamental cavity modes on a position with high (blue) and
low (orange) finesse. The data for low finesse is shifted along
the y axis for better visibility. Black dashed lines are Lorentzian
fits on the transmission data. Vertical lines show the different
amount of mode splitting. (c) The intensity ratio of the polar-
ization modes can be used to determine the relative polarization
angle between incoupled light and the cavity polarization modes.
(d) Lateral scan of the polarization splitting in units of FSR. One
finds a larger splitting for modes with higher diamondlike char-
acter. (e) Linecut along the dashed blue line in (d). The red line
shows a fit. (f) Spatial map of the polarization angle obtained
from the same data used for (d).

we have repeated the measurements with a second cav-
ity with the fiber mirror Fz at a slightly shifted position
(see Supplemental Material [35]), and observe the same
pattern. For comparison, we also study a second elec-
tronic grade diamond sample in a cavity. There, we observe
mode-character-dependent polarization splitting between
§=2x10"* and 9 x 107*, resulting in a reduced bire-
fringence of An & 1.6 x 1077 (see Supplemental Material
[35]). This lower level of birefringence together with the
splitting induced by the ellipticity of the fiber mirror can
lead to a polarization mode splitting that remains smaller
than a cavity linewidth as long as the finesse remains
smaller than approximately 5000. We note that we have
observed also electronic grade samples with larger bire-
fringence. This emphasizes the need to carefully select
optimal samples, where 1 to 2 orders of magnitude smaller
strain levels have been reported [45].

It remains an interesting question whether noticeable
strain can originate from the van der Waals bond, e.g.,
for nonperfectly planar interfaces. This contribution could
be quantified by measuring the birefringence before and
after bonding. Given that the nitrogen-vacancy center in
diamond is sensitive to local strain for both the optical as
well as the spin levels [46,47], this might be checked in
following studies by the properties of N-V centers in addi-
tion to the cavity properties. Birefringence can become a
limiting factor for aligning the cavity-mode polarization
with the transition dipole orientation of color centers. This
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can reduce the achievable coupling strength, lead to issues
with circularly polarized transitions, and limit the perfor-
mance of the crossed polarization detection scheme [24].
On the other hand, suitable polarization mode splitting can
be made use of for polarization-selective Purcell enhance-
ment for efficient resonance fluorescence collection
[48,49].

IV. CONCLUSIONS

In our study we use scanning cavity microscopy to
evidence the effects of the topography of a diamond mem-
brane on the cavity modes. The diamond- and airlike
character strongly dominates the mode properties and cav-
ity loss, and we are able to differentiate the different
loss contributions and show the relevance of absorption
loss for samples with increased nitrogen concentration.
We further identify transverse mode mixing as a limiting
mechanism when operating under diamondlike conditions,
and increasing loss of airlike modes when the membrane
thickness becomes comparable to the mirror radius of cur-
vature. Finally, we introduce a technique to sensitively
measure local birefringence and observe a mode-character-
dependent polarization mode splitting. The observed loss
and birefringence effects become smaller for thinner mem-
branes, such that one can target a compromise between
improved emitter coherence for thicker, and improved
cavity performance for thinner membranes. Furthermore,
curvature-related cavity loss at the membrane-air interface
as well as mode mixing depend on the ratio between the
membrane thickness and the mirror radius of curvature,
suggesting an optimal choice for the radius of curvature.
Our results thereby provide insight into the required cavity
geometry and the properties of membranes for optimized
spin-photon interfaces.
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