Investigation of Purcell enhancement of quantum dots emitting
in the telecom O-band with an open fiber cavity
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Single-photon emitters integrated in optical microcavities are key elements in quantum com munication
applications. However, optimizing their emission properties and achieving efficient cavity coupling remain
significant challenges. In this study, we investigate semiconductor quantum dots (QDs) emitting in the telecom
O-band and integrate them in an open fiber-cavity. Such cavities offer spatial and spectral tunability and intrinsic
fiber-coupling. The design promises high collection efficiency and enables the investigation of multiple emitters
in heterogeneous samples. We observe a reduction of the decay times of several individual emitters by up to a
factor of 2.46(2) due to the Purcell effect. We comprehensively analyze the current limitations of the system,

including cavity and emitter properties, the impact of the observed regime where cavity and emitter linewidths
are comparable, as well as the mechanical fluctuations of the cavity length. The results elucidate the path towards

efficient telecom quantum light sources.

I. INTRODUCTION

The technological realization of quantum communication
networks relies on versatile single-photon sources as a key
building block. Recent research has explored various ap-
proaches to these quantum emitters [1,2]. In the context
of technological applications, there is particular interest in
the emission in the telecom wavelength regime, which fa-
cilitates long-distance transmission through optical fibers.
Furthermore, emitters embedded into optical microcavities
are intensively studied and were demonstrated to show high
emission performances in terms of brightness [3,4], single-
photon purity [5] and indistinguishability [3,6—8]. Within
microcavities, the emission is directed into the cavity mode
and enhanced due to the Purcell effect [9].

One promising platform for single-photon emission are
semiconductor quantum dots (QDs) [10]. Especially the
GaAs/InAs material system has exhibited high-quality emit-
ters in the near-infrared (NIR) spectral regime [7]. In recent
years, these emitters were also successfully realized in the
telecom regime, specifically in the O-band [11-13] and the
C-band [14]. Furthermore, QDs on the same platform were al-
ready successfully integrated into various microcavities, such
as micropillars [7], waveguides [15], circular Bragg gratings
[16-18], photonic crystals [19], or open cavities [3,20].

Among these, open cavities stand out due to their spatial
and spectral tunability, enabling the investigation of several
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different emitters in the same cavity. They also allow for the
distinction of cavity and emitter properties, in addition to
acquiring comparable data sets to draw conclusions about the
reproducibility and the statistical distribution of the fabricated
emitters. In contrast, most of the other microcavity approaches
rely on integrated photonic structures with fixed geometries
and dedicated cavities for distinct emitters. Therefore, open
cavities give manifold research possibilities [21] in the field of
scanning-cavity microscopy [22], but also allow a transition to
integrated, fiber-pigtailed devices [23-25]. For semiconductor
QDs, one of the outstanding emitter performances overall was
demonstrated with QDs within an open cavity emitting in
the NIR regime [3,26]. From a technological standpoint, an
open cavity based on an optical fiber has the advantage that
the emitted light is intrinsically fiber-coupled. While for other
QD-cavity approaches the transfer to the telecom regime was
demonstrated recently [4,27], for fiber-cavities, however, this
step was still missing.

In this work, we comprehensively study the emission from
QDs in the telecom O-band (around Ay = 1310 nm) embed-
ded in an open fiber cavity. By combining intrinsic fiber
coupling and the cavity enhancement, we address two key
elements relevant for future quantum network applications.
We present a systematic characterization of the fundamental
cavity and emitter parameters. Additionally, through deter-
ministic preselection of QDs, we directly compare emitter
properties inside and outside the cavity for several emitters.
We measured the Purcell enhancement, observing decay time
reductions of up to a factor of 2.46(2). This value reflects
the influences of the emitter and cavity linewidth, the sample
quality, and the vibrational noise. To model our experimental
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FIG. 1. (a) Schematic of the cavity setup: A QD sample with
a bottom distributed Bragg reflector (DBR) together with a laser-
machined single mode fiber (SMF) with a concave profile and DBR
coating form a tunable microcavity. The fiber’s cladding is cropped
to minimize the impact of small tilts on the minimal cavity length.
A simulation of the fundamental cavity mode’s energy distribution
is shown. (b) Photograph of the setup taken during alignment at
room temperature. The fiber is held above the semiconductor sample
and is mirrored in the surface. (c) Image of the sample surface cap-
tured with an optical microscope. The deterministically fabricated
gold markers are visible and the respective QD location is indicated
(red circle). (d) Photoluminescence scan (collected through the fiber)
of the sample surface to find the QD position between the gold
markers. (e) Resonant scanning cavity microscopy image over the
same area as in (d), spectrally filtered around the QD emission. (f)
Atomic force microscopy scan of the sample topography. (c)—(f) are
displayed in the same orientation.

conditions, we include the limiting effects of finite emitter
and cavity linewidths and extend the existing theory of the
Purcell enhancement of a fluctuating cavity, achieving good
agreement with our measurement results.

II. METHODS

A fiber based Fabry-Pérot cavity was formed by the tip
of an optical single mode fiber and a semiconductor sam-
ple [see Figs. 1(a) and 1(b)] mounted in a bath cryostat
(AttoLiquid). The end facet of the fiber was processed by
CO;-laser machining [28]. The resulting concave profile
was coated (Laseroptik GmbH, Garbsen, Germany) with a

dielectric distributed Bragg reflector (DBR). We used fibers
with two different types of coatings corresponding to trans-
missions of Thper1 = 1000 ppm and Tgpe;» = 100 ppm (DBR
consists of 13 and 17 pairs of Nb,O5/SiO,). The respective
radii of curvature were RCfper,; = 34.3um and RCjpern =
43.7um. The semiconductor sample was grown by metal-
organic vapor phase epitaxy (MOVPE). On a GaAs substrate
(n-doped), a DBR was grown (35 pairs of AlAs/GaAs,
Toer ~ 1500 ppm). After another 193.7nm (&1/2-i¢/n)
thick GaAs layer, InGaAs QDs were grown in Stranski-
Krastanow growth mode. The QDs were topped by an InGaAs
layer serving as strain reducing layer (SRL) and ensuring
the emission in the O-band at around 1310 nm [12]. On top,
a GaAs capping layer (295.6nm = 3/4 - A¢/n) finished the
sample. All layers above the DBR form a thin membrane in-
side the resonator with the total thickness Lyem =~ 5/4 - Ag/n.
This membrane thickness fixes the cavity mode to an air-like
mode [29,30]. The ratio of the transmissions of the fiber and
sample DBR was designed for a QD sample transmission of
100 ppm (for 35 pairs of AlAs/GaAs). However, the measured
transmission of the sample DBR deviated significantly from
the design value. This led to a strongly over-coupled cavity
and the designed, optimized outcoupling (for the 1000 ppm
fiber coating) and the optimized outcoupling with Purcell en-
hancement (for the 100 ppm coating) was not achieved in this
experiment.

The QD sample was investigated within two setup con-
figurations: The micro-photoluminescence (uPL) and the
scanning cavity microscope. Both were realized in the same
bath cryostat. For the cavity setup, the in- and outcoupling
of the light is realized via the utilized fiber. Between the two
mirrors the cavity mode forms (Fig. 1(a) shows a schematic
of the microcavity together with a numerical simulation of the
cavity mode field). The sample position could be controlled in
all three spatial dimensions (X, y, z) by a precise piezo electric
positioning system with subnanometric resolution (attocube
ANSI100 series). The same setup was also used for the sample
investigation under uPL, where the top fiber is substituted
with a microscope objective (NA = 0.82). On the grown sam-
ple, positions of several suitable QDs were first preselected by
low temperature in-situ photolithography [31]. Subsequently,
gold markers were deposited. Figure 1(c) shows an image
of the sample surface with markers captured by an optical
microscope. This allows a one-to-one comparison of the same
QD under uPL or when placed in the fiber-cavity [20]. The
use of gold markers blocks the light emission locally making
the markers visible when acquiring spatial photoluminescence
scans as in Fig. 1(d). Figure 1(e) shows a resonant scanning
cavity microscopy image at a fixed cavity length matching the
QD transition. The signal was additionally filtered spectrally
using a 1250 nm long-pass to eliminate the background lu-
minescence outside the cavity’s stopband. In total, three QDs
were studied on this sample in detail, which we name QD A,
B, and C. If not stated otherwise, all presented measurements
were performed within the bath cryostat at 4 K.

Figure 1(f) shows an atomic force microscopy (AFM)
scan (40 um x 40 um) of an exemplary part of the sample
surface. Prominently, there are bumps with a typical height
of 150nm which are also visible in the image captured by
the light microscope [Fig. 1(c)]. Besides the bumps, the rms
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FIG. 2. (a) Transfer matrix simulation of the cavity system. The simulation is based on the refractive index profile displayed in the top panel
and results in the energy distribution shown in the bottom panel. The chosen dimensions correspond to the longitudinal mode order m = 8 in
the air gap of the cavity, which is the last mode observable in the experiment when the fiber gets in contact with the substrate. The inset shows
the weighted E-field intensity distribution in the membrane (grey area) in detail and the position of the QD is indicated (red vertical line).
(b) Cumulated rms displacement as a result of the Fourier analysis calculated for noise estimation. The measured noise baseline (dashed black
line), the raw data (blue line), and the background corrected data (orange line) are displayed. (c) Result of a cavity scan over one free spectral
range. The two fundamental resonance dips are fitted with Lorentzian fits (green) and a finesse of F = 1695 is extracted. (d) Comparison of the
cavity and emitter linewidth. The cavity spectrum (blue line) is obtained by zooming into (c) whereas the QD spectrum (red crosses) is a result
of a g'V-measurement conducted with a Michelson interferometer. Both line shapes are fitted by Lorentzian fits (FWHM: Av,,, = 12.2 GHz

and Av., = 7.4 GHz) displayed by the filled areas (green and red).

surface roughness amounts to §; = 2 & 1 nm within an area of
3um x 3 um (larger than the lateral area of the cavity mode).

III. RESULTS AND DISCUSSION

In a first step, we performed a thorough study of the cavity
parameters, both experimentally and by numerical simula-
tions at Ao = 1310 nm. Figure 2(a) displays the electric field
distribution in the cavity obtained from a simulation with
a transfer-matrix model. The top panel shows the refractive
index profile along the z-axis. All values are adapted from
the design parameters of the structures and were used as
input for the calculations. On the left side the fiber mirror
(Nb,0s5/Si0y) is represented whereas the right part comprises
the QD layer and the semiconductor DBR (AlAs/GaAs). The
uneven distribution within the fiber DBR stack leads by design
to two stopbands, one around 1310 nm and the second around
1550 nm. In this work, for the O-band quantum dots, only the

first stopband is used. Both mirrors are separated by a small
air gap (refractive index n = 1). The bottom panel shows the
simulated effective energy distribution through the very same
structure. By integration, one can extract the effective energy
distribution length [30,32]
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This integral equals the longitudinal part of the integration of
the mode volume and the factor of 2 compensates the filling
factor of 1/2 of the standing wave in longitudinal direction. In
Fig. 2(a) the 8 longitudinal mode order within the air gap is
shown, corresponding to the lowest mode order observable in
the experiment when the fiber comes into contact with the sub-
strate. At this mode, an effective energy distribution length of
Lefi sim = 7.25 um is simulated. In the experiment, we extract
the cavity length at the same resonance as Lopiexp ~ 9.86 um.



Here, the optical cavity length

Lair+Linem
Lopt = Lpen,ﬁb + / n(z)dz + Lpen,sc
0

= Lpen,ﬁb + Lair + Lmem “ NGaAs T Lpen,sc (2)

comprises the optical lengths of the air gap and the
membrane [compare Fig. 1(a)] as well as the respective
frequency penetration depths Lpe, = ¢t/2 of the fiber and
the semiconductor mirror, where 7 is the group delay
[33]. For the given situation of the 8™ resonance we find
Lpen,ﬁb = 1.05 wm, Lair =8- )\0/2 =5.24 um, Lmem * NGaAs =
2.5 20/2 = 1.64 um, and Lyensc = 1.96 um which sums up to
Loptsim = 9.89 um matching the experimental result to a high
degree.

The simulation of the field distribution shows the opti-
mized design of the DBRs. In particular, the reflection phases
of the DBRs are tuned, such that the membrane’s interface
inside the cavity lies in a field node, minimizing the scattering
losses from the growth-related rough semiconductor surface.
This optimization likewise fixes the cavity to an air-like mode,
with a homogeneous energy distribution over the entire cavity
(air gap and membrane) [30]. An alternative approach would
have been to position an antinode on the membrane surface,
theoretically leading to a higher energy density within the
membrane. However, the same membrane thicknesses also
result in increased transmission through the underlying DBRs,
which in turn lowers the finesse. Consequently, we made the
deliberate choice to avoid this configuration and the associated
additional scattering losses. The QD is positioned in a field
maximum to maximize the coupling strength [compare inset
Fig. 2(a)].

In practice, there are mechanical vibrations which induce
fluctuations in the cavity resonance frequency (due to cavity
length shifts). For one, there is a contribution due to the finite
stability of the used positioning systems. Additionally, exter-
nal sources could further increase the noise level. By suitable
isolation of the experiment, the external sources can be re-
duced to a minimum. In order to quantify the fluctuations for
our system, we measured the reflectance signal of the cavity
tuned to the flank of a resonance at A = 1310 nm. Here, small
fluctuations translate into intensity signal variations almost
linearly. The cumulated noise spectrum shown in Fig. 2(b)
was obtained via Fourier analysis. It can be seen that the
major noise contributions are within the range of 10 to 200 Hz.
Most probably, these correspond to mechanical resonances
of the positioning system at cryogenic temperatures. Simul-
taneously, it can be extracted that the total rms-displacement
adds up to oy & 56 pm. This value corresponds to the most
stable conditions observed in our experiments. In contrast, the
maximal jittering of the cavity length was found to be on the
order of two cavity linewidths o, & 850 pm. Under typical,
optimized conditions the jitter is below 300 pm. Recently, sta-
bilities better than 20 pm rms were reached [34—36], although
the values crucially depend on the design of the cryo system.

Furthermore, we tuned the cavity length while recording
the cavity reflection signal. The cavity length was continu-
ously varied by applying a triangular voltage signal to the
z-piezo. The voltage amplitude was chosen such that the scan-
ning range covered more than one free-spectral range (FSR)

of the cavity. One exemplary result is shown in Fig. 2(c).
Two main dips are visible. These correspond to two consec-
utive longitudinal cavity resonances which occur whenever
the length of the air gap matches the resonance condition
given by the incident wavelength (L, = mA /2, where m de-
notes the mode number). In between these main resonances,
other deviations from the signals baseline can be observed.
These can be attributed to higher order transverse modes with
imperfect mode matching [37]. Additionally, a high contrast
(up to Cimp = 91 %) was observed. This indicates excellent
impedance matching for fiber 1 (see also Appendix B).

By fitting the main resonances in Fig. 2(c) with two
Lorentzians (shown in green) the finesse can be extracted
as the fraction of the FSR over the linewidth. Here, F =
1695 + 12 was found for fiber 1 (Zfper,; = 1000 ppm). On
average over several measurements with this fiber, we found
a mean finesse of 1788 £ 179. For the low-transmittive fiber
2 (Thber2 = 100 ppm), we found a mean finesse of 3062 =+ 47.
Generally, the finesse is determined by the losses L, present
in the cavity on either the semiconductor side (superscript sc)
or the fiber side (superscript fib). The finesse can be calculated
as [38, p. 441]

JR (Ul Vi G ) 3

1= (- £8) (1 - £8)

To understand the limitations of our system, we analyzed the
different contributions: The transmission losses at the mirrors
Lirans, the scattering losses L, and the losses due to absorp-
tion within the material £,. All parts sum up to the total loss

Etot = Etrans + £scat + Eabs . (4)

The losses are determined by the quality of the two cavity mir-
rors. In a reference setup at room temperature, we combined
the fiber tip with a planar dielectric mirror. Using a symmetric
cavity with mirror coatings of Tper 2 = 100 ppm on both sides,
we identified the losses associated with the fiber coatings £,
By measuring a reference finesse of 27460 [corresponding to
total losses of 228 ppm = 2L via Eq. (3)], we found that
losses other than the transmission are nearly negligible for the
fiber coatings. On the other hand, we measured the transmis-
sion of the semiconductor sample (QD membrane 4+ DBR)
as Ly = 1496 £ 38 ppm. Additionally, the semiconductor
surface introduces significant scattering losses. Via the AFM
measurements [see Fig. 1(f)] we found an rms-roughness of
S, =2+ 1nm. Using this value we estimate the scattering

losses [39]

2
Lcar = (47f%> . 5)

For our target wavelength Ag = 1310 nm, we estimated the
maximum scattering losses to be L5, = 368 = 92 ppm. The
roughness is intrinsically limited due to the advanced MOVPE
growth in order to obtain QDs emitting in the O-band. In total,
we find for coatings Tfper,; = 1000 ppm and Tiiper2 = 100 ppm
theoretical finesse of Fipeo,1 = 2194 and Fipeor = 3200. This
is in good accordance with the typically measured finesses
stated above.



In a second step, we studied a quantum emitter within
the cavity. The interaction is decisively determined by the
linewidth of the emitter and the cavity. In Fig. 2(d) one cavity
resonance from Fig. 2(c) is shown in detail. The x-axis is
translated into frequency space and the dip is flipped for
comparability with the emitter spectrum. The Lorentzian fit
(green area) yields a cavity linewidth as full width half max-
imum (FWHM) Avgy = 12.20 £ 0.09 GHz. In comparison,
also an exemplary spectrum of the emission from QD A is
shown in Fig. 2(d). The lineshape was obtained via a g'"-
measurement with a Michelson interferometer. There a QD
linewidth (FWHM) Ave, = 7.4 £+ 0.1 GHz was observed (red
area).

The observed emitter linewidth is about as large as the
cavity linewidth. Therefore, the system is in the transition
from the so-called bad cavity regime (Avgy 3> AVeny) to the
bad emitter regime (Ave,y <K Aven). In the latter, the cav-
ity acts as a spectral filter for the emitter fluorescence. As
a consequence, the indistinguishability of the emitted pho-
tons is increased [40], whereas the Purcell enhancement is
limited to the overlapping fraction of the spectrum which
will be discussed below. Based on the characterization of
the emission spectra, the finesse measurement, and the noise
analysis, we studied preselected QDs in the cavity. First, the
dispersion curve shown in Fig. 3(a) was recorded. A red
laser (A = 615 nm) was used for above-band excitation of the
sample. The emitted signal was recorded with a spectrometer
over a spectral range between 1300 nm and 1327 nm [x-axis
in Fig. 3(a)]. While lateral position, excitation power, and
environmental conditions were not changed, the cavity air gap
L was varied with a stepsize of 1 nm over a range of about
1.5 um [indicated by the positioning system, proportional to
y-axis in Fig. 3(a)]. Each horizontal line in the plot corre-
sponds to one recorded spectrum at a certain cavity length.
The color code indicates the respective detected photon counts
per second collected from the cavity. The chosen z-range con-
tains three cavity modes corresponding to the simulated mode
orders in the air gap m = 8to 10 [indicated in Fig. 3(a)]. The
upper two show an approximately linear evolution within the
recorded spectral range. This allows to extract the optical cav-
ity length as Lope = AjA2/(2(A2 — Ay)) [41], where A, are
two neighboring resonance wavelengths for two consecutive
modes in one spectrum in the linear regime. Consequently,
a rescaling of the y-axis is possible. The set value of the z-
position is translated into a spectrally measured optical cavity
length L. The lowest mode (i = 8), however, clearly differs
from a linear slope. This is a clear indication that the fiber
tip started to touch the semiconductor surface. In that case,
the change of the piezo positioner (set value) did no longer
linearly transfer to the actual optical cavity length. The cor-
responding length of contact Leoneace = 9.93 um is indicated
in Fig. 3(a). Further, a compensation for the nonlinearity of
the dispersion allows us to calculate the length after contact.
The indicated Lpe,s = 9.86 um corresponds to the conditions
of the decay-time measurements presented below (see Fig. 4).

Additionally, in Fig. 3(a), one can observe high count rates
for specific cavity lengths. The bright spots correspond to
lengths when the cavity is in resonance with a transition from
the selected QD. Due to off-resonant cavity feeding, there is
also emission into the mode besides these particular spots,
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FIG. 3. (a) Dispersion plot as a result of a cavity length scan. m
indicates the longitudinal mode order in the air gap. (b) Compari-
son of spectra: reference (blue), reconstructed within the cavity by
summing up all cavity lengths (orange, with offset +1.0) and one
emission line filtered by the cavity at cavity length Ly, (green, with
offset +2.0). (c) g®-measurement recorded in a Hanbury-Brown
and Twiss type setup under pulsed above-band excitation (fex. =
76 MHz, Aexe = 780nm).

however at a much lower rate (see the logarithmic color scale).
Furthermore, when the fiber gets in contact, the intensity
increases since the cavity stability is strongly improved.
Figure 3(b) shows a comparison of the spectra of QD A
inside the cavity (orange) and the reference spectrum (blue)
acquired in the u-PL configuration. From the cavity scan,
the expected free-space QD spectrum can be reproduced by
summing up all individual spectra of the scan. Additionally, a
single spectrum (green) from the scan at Ly, is displayed. To
identify the electronic configuration of the present transitions,
power and polarization dependent spectra were taken. We
expect the QD to emit predominantly from charged states,
since a fine structure splitting was not observed. The ref-
erence spectrum shows two dominant lines (1304.4 nm and
1306.9nm) which both are also clearly visible within the
reconstructed cavity spectrum. Inside the cavity, further tran-
sitions are increased in intensity probably due to a different
polarization of the excitation light. The resonance in the spec-
trum for fixed length is set to match the selected emission line
at A = 1307.4 nm. Consequently, only this one line appears
in the spectrum. This fact emphasizes the cavity’s capability
to strongly filter the emission. Notably, when in contact for
m = 8, a small spectral shift can be observed for all reso-
nances (for example from 1306.9 nm to 1307.4 nm; see also
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FIG. 4. Result of a decay time measurement. Data is shown for
both the reference setup (blue dots) and the cavity setup (orange
dots). The measurements were performed with the same emission
line from QD A. The exponential decays are fitted (solid lines).
Additionally, the instrumental response function (IRF) which was
considered in the fit is shown (dash-dotted gray line).

Appendix D). Most probably, this can be attributed to in-
creased strain within the semiconductor due to the touching
fiber tip.

In Fig. 3(c) a g®-measurement under pulsed excitation
(fexe = 76 MHz, Aex. = 780 nm) of the investigated QD tran-
sition recorded in the cavity is shown. By summing up the
coincidences for the central peak and 10 side peaks (normal-

ized to the Poisson level), a raw value of g2) (0) = 0.31 is

obtained. By fitting, gg)(O) = 0.04 can be extracted which
considers the background due to detector dark counts and the
peak overlaps. This confirms a high single-photon purity of
the photons emitted from the cavity. Additionally, a small
bunching due to blinking can be observed on longer time
scales (considered for normalization but not shown in the
plot). From that, we determine that the QD is in an optically
active state 95 % of time which is a typical value for all
investigated transitions within this study.

A central figure of merit for quantum emitters within a
micro-cavity is the Purcell enhancement. One way to observe
this is by comparing the decay time of a transition inside
(Tcay) and outside (t.r) the cavity. Since the Purcell effect
only enhances the transition rate of the resonant, radiative
decay channel, the value for the effective Purcell factor can
be calculated as [42, p. 284]

1
Fp off = (Tref - 1) — (6)

where ngg denotes the quantum efficiency, which is mainly
determined by the blinking of the emitters. Therefore, we use
NQE ~ 0.95.

TABLE 1. Results of multiple time-resolved single-photon
counting measurements. The decay times are extracted by mono-
exponential fits.

QD# A (nm) Tref (I'IS) Teav (I'IS) Tref /Tcav FP, eff
QD A*  1306.2 1.007(3) 0.409(3) 2.46(2) 1.54(2)
QDB 13050 0.632(2) 0.433(1) 1.460(6) 0.484(6)
QD C 12859  0.821(2) 0.521(1) 1.575(5) 0.605(5)

#Shown in Fig. 4.

As mentioned above, due to the deterministic preselection
and the flexible cavity design, we were able to directly com-
pare the cavity and free-space emission cases. For both setups,
we performed time-resolved single-photon counting. Figure 4
displays the results for one measurement of QD A at Ly
[compare Fig. 3(a)]. The direct comparison between cavity
and reference decay is shown. Mono-exponential functions
of the form f(t) = Aexp (—t/7gec) + cvg Were used to fit the
decays. This fit function considers the normalization factor
A, the decay time constant tge. and the constant background
Cvg- The fits were restricted to the decay region minimizing
the fitting error on the decay time constant. From the fits, the
decay times can be extracted. The values for several QDs are
given in Table I.

The comparison between reference and cavity measure-
ment leads to the estimation of the Purcell enhancement. In
our measurements, we find a maximal reduction of the decay
time of up to a factor of 2.46(2), corresponding to Fp eff =
1.54(2).

Due to the flexible cavity design, it was possible to inves-
tigate emitters distributed over a rather broad spectral region.
The lifetime shortening differed for different emitters and also
for different measurements at the same emitter. The latter
was mainly caused by altering noise conditions. Usually, a
more stable cavity resulted in a larger shortening of the de-
cay time. Therefore, we did an analytical description of this
situation where the emitter-cavity interaction is described by
the overlap of the emitter’s and cavity’s density of states.
These are characterized via their corresponding full widths
at half maximum in frequency units Avc,, and Avey. The
cavity linewidth is determined via the finesse as Avg,, (F) =
¢/(2 Legr ). In our approach, the emitter properties of the QDs
are mainly fixed after the epitaxial growth. On the other hand,
the open-cavity design is maximally tunable. Consequently,
we particularly considered the influence of the cavity condi-
tions on the Purcell enhancement in a theoretical approach.

The ideal Purcell factor of a cavity, considering the finite
cavity decay rate but excluding vibrational noise, can be cal-
culated as [43,44]

R()Av
Fpigeal = ——— o, (7
VO(RO + AUcav)
with an effective emitter-cavity coupling rate
R 33y 2¢c/M
0 =
213, AT 2W3 Legr 70 (AVeay(F) + Aver)
6. :
_ m}—)fo, if Aveay(F) > Aven ®

n A Vem Y0, if AVem > AVcav(]:')y

3 3,27 .
NGansT > WoLet



where A is the wavelength, F the cavity finesse, wg the beam
waist of the Gaussian cavity mode, ¢ the speed of light, yy
the free space emission rate of the emitter, and ng,as the
refractive index of the membrane material (GaAs). All in-
cluded variables beside the emitter linewidth are either design
parameters or directly determined by them. Additionally, the
bad cavity regime (Ave,y > Avep) and the bad emitter regime
(AVem > Avgyy) are distinguished. In the bad cavity regime,
where Avgy > Ry, the ideal Purcell factor can be approxi-
mated as Fp igeas = Ro/y0 and the typical linear dependence
on the finesse follows [29].

Still, this estimation assumes entirely stable cavity condi-
tions. In reality, however, fluctuations of the cavity resonance
frequency are present (see Fig. 2(b) and discussion). These
fluctuations of the cavity length lead to a decreased spectral
overlap between emitter and cavity mode, which causes a
decrease of the ideal Purcell enhancement.

In order to obtain a more general expression, we evaluate
the mode overlap in presence of an rms-jitter . Assuming a
Gaussian distribution, the derivation of the Purcell factor can
be reevaluated (see Appendix C) which yields

Ry Aveyy

_ 9
Yo(Ry + Aveyy) ®

FP,eff=

where

33y
=53 2,2
2nGaAsn w()

1 (Aveay (F) + Ave)?

Vimo ( 8(oc/(Luh))’ )

erfc(AvcaV(}-) + Avem).
2V20¢/(Legh)

For the bad cavity regime (Avey 3> AvVen) the result given
in [34,35] is reproduced. The expression here extends the
description of a fluctuating cavity to a full picture in both
regimes.

Due to the enhanced light-matter interaction and well col-
lectible mode in the cavity, the emission efficiency is typically
increased by the cavity which enabled in the past the detection
of record values of emission rates [3,4,26]. In order to quantify
the brightness, we analyzed the different parts of our setup
(for more details on the following see Appendix A). The
total efficiency 1 is a composite of the excitation efficiency
Nexc» the quantum efficiency 7nqg, the influence of the cav-
ity 7caviy as well as both the setup 7sp and the detection
efficiency 7nge:

Rs

(10)

Ntot = Nexc * 1QE * Ncavity * Msetup * Ndet - (1 1)

We measured 7sewp = 0.23 and ngee = 0.77. For the cavity,
calculations yield 7cayiey = 0.11 which comprises the proba-
bility of an emission into the cavity mode, the transmission
through the cavity mirror and the mode matching into the
single mode fiber. These depend on the Purcell factor Fp s,
the transmission ratio through the fiber mirror Thper/ Lo, and
the fiber profile RCpper, respectively. Among these experi-
mentally determined factors, the most significant losses occur
due to the high losses on the semiconductor side compared

Cavity linewidth Avcay in GHz
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FIG. 5. The effective Purcell factor Fp ¢ in dependence of the
cavity finesse. Via Eq. (8), both bad cavity and bad emitter ap-
proximation as Fp igeal & Ro/y0 are indicated accordingly for QD A
(solid grey line). The curve not considering any noise (solid red
line) marks the upper limit [c = 0, full term in Eq. (7)] whereas
the blue areas indicate the experimental conditions corresponding
to o = 56pmto 850 pm [via Eq. (9)]. Additionally the result from
Fig. 4 is displayed (black cross in circle, error bars are too small to
be visible) as well as mean results for both fibers (green and orange
crosses).

to the transmission into the fiber. Additionally, the quantum
efficiency determined by the blinking behavior ngg = 0.95
has to be considered. Due to the above-band pumping, a
clear estimation of nexc is not possible. Therefore, we find
Ntot = Nexe + 0.019.

For pulsed excitation (76 MHz), we found for the studied
transition of QD A a maximum countrate at the detectors
of 80kHz. Therefore, we estimate 7o, meas, max ~ 0.001 and
consider a small excitation efficiency of 7ex. < 0.06 in order
to be consistent in our evaluation. This is reasonable, since
the influences of the above band pumping cannot be precisely
modeled and are a source of a significant uncertainty in this
loss estimation. In perspective, resonant excitation schemes
could be used to determine the influence of the excitation in
more detail.

Figure 5 summarizes our obtained results. The effective
Purcell enhancement in dependence on the finesse is dis-
played. Using our experimental parameters, both the bad
cavity and the bad emitter approximation Fp igeas & Ro/0
(solid grey line) are given according to Eq. (8). The case of a
cavity without any noise (0 = 0) is indicated by the solid red
line, whereas the shaded blue areas indicate the experimen-
tally accessible region for low noise (oyin = 56 pm to oy, =
300 pm) and high noise (o, t0 Omax = 850 pm) according to
Eq. (9). The transition from bad cavity to bad emitter regime
and the maximum of the effective Purcell enhancement are
indicated by vertical lines at Av,p,, and the emitter-cavity cou-
pling rate 2g, (calculated from the free-space emission rate,
see Appendix C).



In addition to the results of the calculations, measured
Purcell enhancements and finesses are shown. For fiber 1
with a mean finesse of 1788 &+ 179, we find a mean Purcell
enhancement of 0.83(31) (green cross) and for fiber 2 with
finesse 3062 &+ 47, we find 0.72(4) (orange cross). The mean
and standard deviation are derived from 10 measurements of
different transitions of QDs A, B, and C. The measured value
for the maximal Purcell enhancement (see result of Fig. 4)
is plotted separately (black cross in circle). Overall, we ob-
serve good agreement between the calculated and measured
Purcell enhancement, with minor deviations. These can be
attributed to three effects not considered in the theoretical
description. First, an imperfect dipole overlap can reduce
the Purcell enhancement (included by an overlap factor £ in
Appendix C). This effect becomes increasingly important as
the cavity linewidth becomes more narrow and a significant
polarization splitting of the cavity mode is observed. Second,
the QD’s position inside the membrane may deviate from
the maximum field intensity. Third, the reference decay time
is already shortened by the QD’s placement in front of the
bottom DBR. Depending on the distance between emitter and
DBR, the expected decay time is already reduced by a factor
of up to 1.07 compared to emission in GaAs bulk material
(see Appendix E). All three effects are not included in the
simulation shown, but could be easily incorporated if the
respective parameters were determined.

In summary, we demonstrated an open fiber-cavity work-
ing with QDs emitting in the telecom O-band. Due to the
flexible design and the deterministic preselection we were
able to compare the emission of several emitters inside and
outside the cavity. We measured a reduction of the decay time
inside the cavity of up to 2.46(2) due to Purcell enhancement.

Current limitations of our system are the emitter linewidth,
the maximal achievable finesse, the minimal achievable cavity
length, and the cavity stability. Firstly, a reduction of the emit-
ter linewidth would lead to a linear increase of the achievable
effective Purcell factor, provided that the cavity linewidth
can stay equally small. A narrower emitter linewidth could
potentially be achieved by using a gated QD structure. Future
implementations may also include the realization of resonant
or quasi-resonant excitation schemes. Secondly, the maximal
finesse is currently limited by the surface roughness and sur-
face defects due to the advanced MOVPE growth of the QDs.
A possible improvement could be realized by surface passiva-
tion [45,46]. Thirdly, the minimal achievable cavity length is
limited by the profile depth, the fiber tilt and the penetration
depth into the mirrors. A reduction of any of these factors
could enable shorter cavity lengths, which would increase the
Purcell enhancement in the bad emitter regime according to
Eq. (8). Likewise, the cavity linewidth (top x-axis in Fig. 5)
is larger for shorter cavity lengths and therefore the transition
into the bad emitter regime occurs at higher finesse. Lastly, the
fluctuations of the cavity due to mechanical vibrations pose
a challenge. Our study contains a consistent analysis which
shows that for an optimized system the noise is currently
not a major limiting factor. It is conceivable, that our in-situ
noise analysis enables further improvements in handling the
fluctuations, i.e., by post-selection or active locking. In total,
the presented system can be a promising building block for
quantum technological applications.
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APPENDIX A: ESTIMATION OF THE BRIGHTNESS

As enumerated above, the total collection efficiency con-
sists of five factors

Ntot = Mexc * TIQE * Ncavity * Msetup * Mdet (Al)

the excitation efficiency 7xc, the quantum efficiency nqg, the
influence of the cavity 7cayiy, the Setup nserwp, and the detection
efficiency nqe. Among these, the influences of the cavity can
be again split into another three factors

Ncavity = ?lmode * Mtrans * 1fib, (A2)

which describe the percentage of emission into the cavity
mode, the transmission rate through the fiber mirror, and the
coupling efficiency into the single mode fiber, respectively.
Therefore, the total collection efficiency is

Ntot = Nexc * TIQE * Mmode * Mtrans * Mfib * Msetup * Tdet (A3)

and the determined values of the individual components are
listed in Table II.

First, the detection efficiency is specified by the supplier of
the detector as

Naet = 0.77. (A4)

Second, the setup efficiency was measured from the inner side
of the cryo feedthrough to the detector input, comprising a
fiber connection over multiple levels of our building, to be

Nsetup = 0.23. (A5)

Third, the emission into the cavity mode (also called g-factor)
is given by [47, p. 204]

Yeav _ F P, eff
Yo + Veav 1+ FP, eff’

Nmode = ,B = (A6)

TABLE II. Extraction efficiency broken down by individual loss
sources.

Eft. Source
NQE 0.95 meas.
Nmode 0.61 calc. from meas.
Nirans 0.35 manufacturer and meas.
Nfib 0.54 calc. from meas.
Nsetup 0.23 meas.
Tdet. 0.77 manufacturer
Mot 0.019




where y.,y and y; are the emission rate into the cavity mode
and the free space emission rate. Fp ¢ is the effective Purcell
factor as it is defined in Appendix C. With Fp me,s = 1.54 we
obtain

Nmode = 0.61. (A7)

Fourth, the transmission rate through the fiber mirror is given
by the ratio of the losses transmitted through the fiber mirror
over the total losses of the cavity

I Tiip
trans — .
‘ClOt

(A8)

With our experiment results Ty, = 1000 ppm and Ly =
Ll + L35, = 1010 ppm + 1864 ppm = 2874 ppm  the trans-

mission rate is

Nirans = 0.33. (A9)

This ratio can be significantly improved by a lower trans-
mission mirror on the semiconductor side and the use of
the higher transmissive mirror on the detection side, i.e., the
fiber side.

Fifth, the last contributing factor of the cavity is the mode
matching efficiency into the fiber mode, which is given by [28,
Eq. (10)]

4
(o o+ )"+ ()
where w,, = 2.50 um is the mode waist at the fiber mirror,
wy = 4.8 um is the radius of the mode field in the single mode
fiber specified by the manufacturer, ny = 1.45 is the refractive
index of the fiber material specified by the manufacturer, and

RC = 34.3 ym is the measured radius of curvature of fiber 1.
With these parameters

(A10)

Nfib =

Nfip = 054, (Al 1)
leading to a total cavity extraction efficiency of
Neav = 0.11. (A12)

Sixth, the quantum efficiency nqg equals the probability of the
excited state decaying into the observed radiative decay chan-
nel. From the blinking we observed in the g(z)-measurement,
we expect the quantum dot to recombine radiatively in 95 %
of all cases, such that

noe = 0.95. (A13)

Due to the above band gap excitation, a reasonable estimation
of the excitation efficiency of our excited state is not pos-
sible. Therefore, we compare our deduced efficiencies with
our measured photon rate. We measured a maximum photon
count rate of 80 kHz in our experiment, which equals a total
extraction efficiency of

80kHz
76 MHz

From that we can calculate the remaining seventh factor, the
excitation efficiency, to be

Nexe = 0.06.

= 0.0011. (A14)

Ntot,meas,max =

(A15)

APPENDIX B: IMPEDANCE MATCHING

In this section we like to compare the depth of our res-
onance dip with calculations for the impedance matching of
our cavity. The contrast of the resonance dip is given by the
observed loss channel £f® in comparison to all other loss

channels £® and £ . It can be calculated as [37, Eq. (19)]

tot tot*

orfib _ pfib _ psc)?
Cimp —1— ( trans tot > tol) = 0.908, (Bl)
(Lot + L35)
where E{‘r‘;ns = 1000 ppm is the transmission through the fiber
mirror, £* = 1010 ppm the total losses on the fiber side, and
Ly, = 1863 ppm the total losses on the semiconductor side.

This contrast is in excellent accordance to our measured con-
trast of

Cimp, meas = 0.912. (B2)

In perspective this measurement can be an easy way to deter-
mine the loss ratios of the cavity and we showed in addition to
the other measurements that our estimations of the losses are
reasonable and congruent.

APPENDIX C: DERIVATION OF THE EFFECTIVE
PURCELL FACTOR

In this section we like to present how we derived the
equations for the effective Purcell factor (Egs. (7) and (9) in
the main text). The effective Purcell factor is defined as the
fraction of the rate of emission from the cavity mode y,,, over
the free space emission rate ). The effective cavity loss rate
can be calculated as [43,44]

RAw,
Yeav = — ) (C1)

R+ chav
where Awc,, equals the cavity linewidth and R is the effective
coupling rate between the emitter and the cavity. The latter
depend on the density of states of the emitter and the cavity
and can be calculated using Fermi’s golden rule

27, [ 2
R= ?é IMi2|"g(w)Aw) dw (C2)
0
and, averaged over all possible dipole orientations, the free
space emission rate is

3
m 1 Mzwem

773 M Pg(w) = 3 3 heon (C3)

Yo =
where &2 is the dipole overlap in the cavity, |My,|*> =
;ﬁzhw/ (2€9Vp) is the transition matrix element, g(w) the den-
sity of states of the emitter, equal to g(w) = a)ngO / (%) in
free space, and A(w) the density of states of the cavity [47,
pp- 201-203]. If the cavity and emitter resonance are displaced
by §, with a probability density function of this displacement
PDF (§), the cavity emission rate becomes

= hz%‘ / (/ |M2] g(w)A(w+5)PDF(5)d3) do.

(C4)



For a perfectly stable cavity on the emitter resonance, the
PDF (8) = 6pjirac (6) (Where Spjrac denotes the Dirac delta func-
tion) and Eq. (C4) equals Eq. (C2).

However, in our calculations we model the cavity instabil-
ity by a Gaussian distributed jitter

1 ( 52 ) (©5)
exp| —— |,
J2ro, P\ 7202

w
where o, denotes the rms-deviation of the line jitter § in
angular frequency units (or in general in the same units as
§ and w).
Inserting these definitions into the fraction to calculate the

effective Purcell factor leads to

Vcav

Yo
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27 uhod, 260 R+ Awcy

00 <,
. /0 (/_w V(w) 8(@) Alw + 5)PDF(8)d5> dw

=K Deay 1 (C6)
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prefactor R ™

It is noteworthy, that the coupling strength, or rather the
mode volume V(w) in general depends on the frequency w.
However, if we shift the integral to the resonance frequency
® = wy + o and replace the integration variable by @ = w —
wp, the integral is

/OO </OO 0t @) A@ +5)PDF(5)d8) 4@
o e Vg + ) & “
(CT

The cavity’s mode volume V (wy + @) is almost constant if
the resonance frequency wy is much larger than the integration
over @, i.e., wp > @. On the one hand, using this approxima-
tion we can extract the constant V(wg + @) =~ V(wo) = Veay
from the integral and, on the other hand, we can extend the
lower bound of the integral over @ to —wy — —oo. The
integral left to be solved is

1= /w <[oo (w0 + @) g(@)A (B +8)PDF(8)d8) do

=) (o) (CS)
and the prefactor of the integral [see Eq. (C6)] is
323
_ g2
K prefactor — é U)gmvcav
_ 52 37203
(%4 )3n3Vcav
33
=& =5 (C9)
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Here the cavity’s mode volume is given by the Gaussian mode
waist wg in the semiconductor membrane and the effective
cavity length Leg as Vo, = 1 /4nw§Leff. The mode waist in
the membrane can be calculated as [30, Eq. (20)]

A
Wo = (; [(Lair + Limem/NGaas) - RC

1

2
- (Lair + Lmem/"GaAs)z] ;) s (CIO)

where RC, Let, Lair, and Liyem equal the radius of curvature
of the fiber mirror, the effective energy distribution length, the
length of the air gap, and the membrane thicknesses as defined
in the main text. Also R is proportional to the integral I, with
the prefactor Fyrefactor

2 MLl , 37
2E()Vcav

2
R = ?g 1= vol = FprefactorVOI- (C11)
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The density of states are represented by normalized
Lorentzian functions [47, p. 202]

B o Awen/2 @ + (Dwem/2)?
and
2
A(Z)) _ 1 (Awcay/2) (C13)

T AWy /2 & + (Awcay/2)*

where Awc,y and Awer, equal the full width at half maximum
of the cavity and emitter line, respectively.
With this the solution of the integral

wo e ((chav + Aa)em)2>

I= :
Vano, P 4202

Awcay + A
. erfC(M) (Cl14)
2«/5%,
and for a perfectly stable cavity
2600
Ii— (C15)

B T (Aweay + ACf)em).

It can become handy to rewrite these solutions either in or-
dinary frequency units with the resonance frequency vy, the
resonance linewidths Avg,y and Avey, and the line jitter o,
or in spatial units by expressing the Lorentzian resonance
function in terms of a cavity length changes ALy, ALy and
the spatial line jitter o. For the former, the result is

Vo ex (A Veav + AVem)z
V2o, P 4202

erfc( Avegy + Al)em>
2«/501)

I, =

(C16)

and

21)()

—_—, (C17)
7T (Aveay + Aver)

Iv, §=0 =



whereas for the latter,

I Leff (ALcav + ALem)2
= - ex
L J2To P 4.202
ALcy + AL
-erfc(u) (C18)
220
and
2Letr
Ismo = (C19)

W(ALcav + ALem) .

To convert the angular frequencies to ordinary frequencies,
one has to divide wy, 0, A®Wcay and Aweny, by 27 and to con-
vert the ordinary frequency units to spatial units, one divides
0y, Aveyy and Avey by ¢/(Leg)). Furthermore, vy = ¢/A and
the cavity linewidth can be expressed through the finesse F as
Aveyy = ¢/(2LetF) or ALcyy = A/ (2F).

Expression in cavity QED parameters

Conventionally these solutions are expressed using the an-
gular frequency parameters: k = Awg,y the cavity linewidth
(FWHM), y 4+ y* = Awen, the total emitter linewidth
(FWHM) comprising the lifetime limited linewidth y and the
pure dephasing rate y*, and g the emitter-cavity coupling rate.
The latter is defined as

8(p. 2) = gou(p, 2) (C20)

where gy = Mjp/h and u(p,z) is the spatial distribution
of the mode in cylindrical coordinates (the Gaussian mode
distribution). One can calculate [47, pp. 199, 201]
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In total, this leads to the well known formula for the effective
Purcell factor of a perfectly stable cavity [43,44]
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and for a Gaussian jitter it leads to
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Using our experiment parameters (emitter lifetime
y/(2mr) = 0.16 GHz, wavelength A = 1.31wm, refractive
index n = ngaas = 3.41, mode waist wy =2.28 um [c.f.
Eq. (C10)], and cavity length Leg = 7.25 um) in Eq. (C21),
we can calculate a theoretical value for the emitter-cavity
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FIG. 6. Shift of the emitter resonance, when the fiber tip gets in
contact with the quantum dot sample. Three resonance spectra are
displayed: When the emitter is out of the cavity (blue) or the fiber is
not in contact with the sample (orange) the emission is at 1306.9 nm.
When the fiber is in contact with the sample (green), the emission is
shifted by 0.5nm to 1307.4 nm. This shift is most likely due to the
induced mechanical strain.
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FIG. 7. Results of the numeric simulation of the emission rate in
front of a 10 layer GaAs/AlAs DBR. The enhancement is dependent
on the dipole orientation. For a dipole oriented parallel to the mirror
surface the blue dash-dotted line is depicted, for a perpendicular
oriented dipole the orange dashed line. For a random orientation the
statistical average is plotted as solid green line. The influence at the
aimed QD position (red area) is negligible.

coupling rate of

80 _115GHz, (C28)
2

indicated in Fig. 5.

APPENDIX D: RESONANCE SHIFT
FOR FIBER IN CONTACT

In the main text, we discuss the shift of the resonance
frequency due to the contact of the fiber with the quantum
dot sample. Figure 6 provides a detailed view of this effect.
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APPENDIX E: LIFETIME SHORTENING
IN FRONT OF THE DBR

We estimated the influence of the DBR fabricated below
the QDs from a numeric, finite-element simulation using
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