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Abstract

Establishing a highly efficient photon-emitter interface where the intrinsic linewidth
broadening is limited solely by spontaneous emission is a key step in quantum optics. It
opens a pathway to coherent light-matter interaction for, e.g., the generation of highly
indistinguishable photons, few-photon optical nonlinearities, and photon-emitter quan-
tum gates. However, residual broadening mechanisms are ubiquitous and need to be

combated. For solid-state emitters charge and nuclear spin noise is of importance and
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the influence of photonic nanostructures on the broadening has not been clarified. We
present near lifetime-limited linewidths for quantum dots embedded in nanophotonic
waveguides through a resonant transmission experiment. It is found that the scat-
tering of single photons from the quantum dot can be obtained with an extinction of
66%, which is limited by the coupling of the quantum dot to the nanostructure rather
than the linewidth broadening. This is obtained by embedding the quantum dot in
an electrically-contacted nanophotonic membrane. A clear pathway to obtaining even
larger single-photon extinction is laid out, i.e., the approach enables a fully determinis-
tic and coherent photon-emitter interface in the solid state that is operated at optical

frequencies.

In the optical domain, the high density of optical states implies that the interaction be-
tween a single optical mode and an emitter is usually weak. As a consequence, single-photon
sources, nonlinear photon-photon interactions, and photonic quantum gates are inefficient.
These limitations can be overcome by placing single quantum emitters in photonic nanos-
tructures where the routing of photons into a guided mode can be highly efficient. Addi-
tionally the interaction between a single photon and a single quantum emitter needs to be
coherent, which entails that a distinct phase relation is maintained when a single photon is
scattered from the emitter, i.e., incoherent broadening mechanisms must be efficiently sup-
pressed. Such a lifetime-limited photon-emitter interface enables indistinguishable single-
photon sources,** quantum optical nonlinearities at the single photon level*® and may
find applications in quantum many-body physics.*? Consequently, many different solid-state
quantum platforms are currently under development, each of which is based on a specific

SITTHIS

quantum emitter and with its own strengths and weaknesses. A coherent and determin-

istic photon-emitter interface may be a building block for complex architectures in quantum
communication, towards the ultimate goal of distributed photonic quantum networks. 018

Epitaxially grown quantum dots (QDs) embedded in GaAs membranes are the basis for a

particularly mature platform, as they are now routinely integrated into a variety of nanopho-



tonic structures.™ By molding the photonic environment of QDs at their native nanoscale
the emitted single photons can be coupled to a guided mode with near-unity efficiency® and
made highly indistinguishable.*!' The access to lifetime-limited resonance linewidths is a
stricter requirement than that of indistinguishability of subsequently emitted photons since

the former requires suppression of both slow drift (charge or spin noise)*

and fast pure
dephasing (phonon decoherence).” Remarkably, this can be obtained by embedding QDs
in electrically-contacted bulk semiconductor structures.?* However, exposed etched surfaces
present in nanophotonic structures may pose a problem since they could induce charge noise
in the samples. Here, we address this issue and demonstrate near lifetime-limited photon-QD
interaction in a nanophotonic waveguide. This is an essential step towards a deterministic
on-chip few-photon nonlinearity, which could form the basis of, e.g., a deterministic Bell-state
analyzer®? and a prerequisite for coupling multiple QDs.

Figure (a) shows the layout of the experiment. Two types of coherent measurements are
performed on a QD that is efficiently coupled to a waveguide: resonant fluorescence (RF)
and resonant transmission (RT) measurements. In RF, the QD is excited at the emitter’s
resonance frequency wy from free-space and subsequently emits photons into the guided mode
with a probability determined by the [-factor. The photons are subsequently coupled out
of the waveguide at a distant location with a circular grating and detected.

In RT, the QD is excited through the waveguide by a weak laser and the interference
between the scattered and incident photons is recorded. RT measurements on a QD were
first reported in Ref. 26l For a QD ideally coupled to the waveguide (8 = 1) and in the
absence of dephasing (I'; = 0), the scattered and incident light interferes destructively and
incident single photons resonant with the QD transition are reflected, as sketched in Fig.[Ij(c).
When detuned off-resonance, the photons do not interact with the QD and are consequently
transmitted. A finite pure dephasing rate I'y effectively smears out the energy levels and
partially destroys the quantum coherence between the scattered and transmitted photons.

This allows on-resonance photons to be transmitted and broadens the QD resonance, cf.



illustration in Fig. [I](c).

The resonant scattering leads to a Lorentzian extinction dip in the transmission spectrum,
whose depth depends on the effective emitter-waveguide coupling efficiency S and the pure
dephasing rate of the emitter I'y. Here 5 # 1 is due to the photons that are not scattered
into the waveguide mode, including the fraction of photons that are emitted into the phonon

sideband.“™2® The power dependent transmission intensity on resonance is given by*

(B-2)8
(1+27)(1+S)’

T=1+ (1)
where v, = I'y/I" is the pure dephasing rate relative to the homogeneous linewidth I" and
S = n./n. quantifies the effective saturation of the QD transition. Here n, is the mean
photon flux per emitter lifetime of the input field normalized by a critical input flux
1+20,/T
= — 2
ne= = )
which represents the number of photons in the waveguide per emitter lifetime resulting in
an excited state population of 1/4 for the QD. The corresponding width of the Lorentzian
trough is given by

FRT - (F + QFd) V 1 S (3)

A larger dephasing rate I'y causes the extinction dip to both widen and lessen, as resonant
photons that would otherwise be reflected are transmitted instead, whereas a non-ideal
coupling (8 < 1) only reduces the depth for a fixed decay rate. It is therefore possible to
extract both 5 and I'; in the weak excitation limit (n, < n.) from Eq. (1)) if the homogeneous
linewidth is known independently from lifetime measurements. The 5% dependence of T in
Eq. makes the minimum transmission a sensitive probe of the effective g-factor whereas
the dephasing rate I'y; can be extracted from the measured linewidth. At larger incident

powers the QD transition is power broadened, as seen from Eq. , and results in a decrease



of the transmission extinction.

In the following experiment the waveguide sample featured weak reflections from the ter-
mination ends, meaning that weak cavity resonances were modulating the spectral response
of the system. Consequently, the transmission response has a Fano spectral character, #4930
which slightly modifies the Lorentzian profile that Eq. describes. See supplementary
information for detailed expressions for the Fano resonances that were used to model the
experimental data.

The experiment is conducted on a single QD located near the center of a 600 nm wide and
175 nm thick planar GaAs nanobeam waveguide, cf. Fig. (b) for the electric field profile. The
QD is approximately 15 pm away from the collection grating out-coupler, cf. Fig. (a) for
the outline of the sample. The QD is embedded in a p-i-n diode (see Ref. 21 for details) and
held at a temperature of 1.7 K in order to stabilize the local charge environment and suppress
phonon broadening.**4%28 Charge stabilization is essential in order to achieve narrow optical
linewidths.*! We consider a bright neutral exciton line of the QD with an emission wavelength
around 920.86 nm. The decay rate measured under p-shell excitation is v = 5.49 £ 0.02ns ™!
(see inset in Fig. [2) corresponding to a natural linewidth of I' = v/27 = 0.870 £ 0.003 GHz
and a lifetime of 7 = 1/ = 182ps. For comparison the decay rate recorded on QDs in an

unstructured part of the sample was around v = 3.5ns™!.

This corresponds to a Purcell
factor of 1.6 in the nanobeam waveguide, which is consistent with simulations for a QD
located within 20 nm from the waveguide center.

The large decay rate (short lifetime) of the QDs found both in bulk and nanostructures
for the present wafer can be attributed to a large QD oscillator strength.* Indeed a lower
bound on the internal quantum efficiency of the QDs was determined from measurements
on similar QDs in photonic-crystal waveguides. Here we observed an inhibited decay rate
of v; = 1.2ns7! for a QD spectrally tuned to inside the photonic band gap region. For

comparision we observed an enhanced decay rate of up to 7. = 13.5ns™! for a QD coupled to

the photonic-crystal waveguide. From these measurements we can extract a lower bound on



the of internal quantum efficiency of &~ 92%, i.e., it can be excluded that the short lifetimes
originate from non-radiative recombination.

The RF spectrum is presented in the top panel of Fig. [2) which was measured by scanning
the frequency of a narrow-band CW laser over the QD resonance at a fixed bias voltage of
V' =0.2V. The incident laser and collection are co-polarized transversely to the waveguide
mode where the spatial separation between the QD and the collection grating is sufficient
to extinguish the excitation laser by more than a factor of 200. The lineshape is well mod-
elled by a Lorentzian with a linewidth of I'rp = 1.12 £ 0.03 GHz. The RF experiment was
conducted at an excitation intensity of S = 0.13 of the saturation level, meaning that power
broadening amounts to a linewidth increase of 6%. The Lorentzian lineshape is evidence
that the additional broadening is dominated by pure dephasing, and we estimate a pure
dephasing rate of I'y = 0.14I". The observed nearly transform-limited linewidth shows that
electrical gating of planar nanophotonic structures may overcome residual broadening due
to charge noise.*

The RT measurements on the same QD at a low excitation power of S = 0.02 are pre-
sented in the bottom panel of Fig. 2l Here the laser frequency is fixed at w /27 = 325.457 THz
while the QD transition frequency wg/27 is tuned by the voltage over the p-i-n diode. A
coarse frequency-voltage scan is used to calibrate the local frequency axis. We observe a nar-
row extinction of the resonant transmission with a linewidth of I'ryr = 0.96 + 0.07 GHz, which
is only broadened by 10 % relative to the natural linewidth. The transform-limited linewidth
implies that a record-high extinction of AT = 0.66 £ 0.04, which is more than 1.5 times
larger than previously reported for solid-state emitters integrated into nanophotonic waveg-
uides. #8135 The extinction quantifies the strength of coherent interaction between a single
photon and the QD and is therefore an essential figure-of-merit for quantum-information
processing.*

The transmission spectrum in Fig. [2| is modelled with the full spectral model* that

accounts for the effective g-factor, pure dephasing I';, and coupling to Fabry-Pérot modes



in the waveguide arising from residual reflections from the termination of the waveguide
structure. This coupling leads to an extra phase shift and results in the asymmetric Fano-
like lineshape observed in Fig. 2 We extract § = 0.51 £ 0.04 and a pure dephasing rate
of I'y = (0.06 £0.04)1", i.e. the transmission response is nearly transform limited. For
comparison the calculated pure dephasing rate is I'; =~ 0.01I' based on the contributions
from phonons,*¥ which is consistent with the experimental results. We note that the 600 nm
wide nanobeam supports three guided modes at the operation wavelength of 920 nm, and
the extracted [ is therefore to be considered an effective coupling efficiency, i.e. the coupling
to the dominating mode can be even higher.

The analysis reveals that the linewidth recorded from the RF data (I'gp = 1.12 £ 0.03 GHz)
is slightly larger than the value obtained from the RT measurement (I'gy = 0.96 £ 0.07 GHz).
The two experiments are conducted with different experimental conditions: in the former case
15.70W (corresponding to 13.5 photons/lifetime) of laser power is directed to the waveguide
while in the latter only 26 pW of optical power travels through the waveguide. It is therefore
plausible that the higher excitation intensity applied in the RF experiment may introduce
a slight inhomogeneous broadening, e.g., due to light-induced activation of charge defect
states introducing spectral diffusion.”*?¥ Excitingly such broadening seems to be absent in
the RT experiment, where the only remaining decoherence mechanism is pure dephasing,
which broadens the zero-phonon line and can potentially be suppressed at low temperatures
by phonon engineering.”¥ Note that the phonon sidebands effectively rescale the B-factor,
and may be improved by enhancing the radiative decay rate through, e.g., Purcell enhance-
ment.™ Consequently our work shows that the planar nanophotonic platform grants access to
all required tools for constructing a fully deterministic and coherent photon-emitter interface
(6 ~1,T; ~0) at optical frequencies.

In order to show the nonlinear interaction with the QD, power dependent RT measure-
ments were carried out. For each incident power a transmission spectrum similar to Fig.

is recorded and the extracted transmission minimum and linewidth are presented in Fig. [3



We note that the neighboring peak in Fig. influences the analysis of the linewidth at
higher powers, which induces fluctuations in the data in Fig. |3 The experimental data are
well explained by the theory for power broadening: as the excitation power increases, the
coherence of the scattered light is reduced and the transmission converges towards unity (cf.
Fig. B[(a)). Correspondingly the linewidth broadens, cf. Fig. [3[b). The description of the
modelling of the data is given in the Supplementary Information. The characteristic input
power determining the saturation of the coupled QD corresponds to that on average ~ 1.6
photons in the waveguide interact with the QD per emitter lifetime, cf. Eq. .

Finally, the robustness of the observed behavior to temperature is mapped out in detail.
Figure (4] shows RT measurements at a low power of P = 0.7nW and as a function of
temperature. The spectra are acquired by keeping the resonant laser fixed and scanning the
voltages across the p-i-n diode. We find a nonlinear temperature dependence of the central
position of the resonance, see the inset of Fig. (a), which is explained by the temperature
dependence of the band edge of the semiconductor material. From the data series we can
extract the temperature dependence of the decoherence processes. Figure shows the
recorded temperature dependence of the linewidth and the corresponding pure dephasing
rate obtained by modelling the transmission spectra. The temperature dependence of the
transmission extinction is shown in Fig. (c) Up to about 10K, the linewidth remains
nearly transform limited and the pure dephasing rate is therefore small. The linewidth
broadens significantly at higher temperatures, which reflects the cross-over between different
temperature regimes in the pure dephasing rate, as predicted by theory.2?

We have demonstrated that highly efficient and coherent quantum light-matter interac-
tion can be obtained in nanoscale planar waveguides, by using electrically-contacted GaAs
nanophotonic structures with embedded InAs QDs. In particular, we present lifetime-limited
linewidth measurements of QDs as recorded in a resonance transmission experiment. The
coherent and efficient coupling manifests itself in a large scattering extinction at the single-

photon level of up to AT = 0.66, which is more than 1.5 times larger than what has been



previously reported. Future work will focus on increasing the g-factor even further, which
can be straightforwardly done by decreasing the waveguide width in order to be in the
single-mode regime. Consequently, a clear path-way to a high-cooperativity photon-emitter
interface is laid out, which may enable photonic quantum gates implemented on a fully solid
state platform.®* Furthermore, the exploitation of coherent nonlinear quantum optics and

collective effects provides an interesting future direction.

Acknowledgement

We thank Laust Raahauge for help with the numerical simulations of mode profiles. We
gratefully acknowledge financial support from the European Research Council (ERC Ad-
vanced Grant “SCALE”), Innovation Fund Denmark (Quantum Innovation Center “Qubiz”),
and the Danish Council for Independent Research. R.S.; A.D.W. and A.L. acknowledge sup-
port within the DFG SFB ICRC - TRR 160 Z1 project and BMBF - Q.com-H 16KIS0109.
M.C.L., L.S.; and R.J.W. acknowledge nancial support from NCCR QSIT and from SNF
Project No. 200020,75748.

Supporting Information Available

The following files are available free of charge.

1 Resonant transmission formulas

To derive the transmission spectrum of coherent light through the waveguide with an em-
bedded QD we closely follow the theory in Refs. 430, which considers the transmission of
light through a two-level system in a weakly-coupled optical cavity. We here recap the rele-
vant equations and derive an analytical expression for the full transmission spectrum, which

accounts for both the coherently transmitted light under weak excitation and the incoherent



part under higher power.
In the studied waveguide weak reflections at the terminations result in a low-Q cavity
that modulates the spectral response of the nanobeam waveguide. The bare transmission

coefficient through the cavity without the QD is

1 1

tg = . ~ —,
0 1+w 1+

(4)

where Aw = w — wy is the detuning between the laser frequency w and the QD transition
frequency wy and ¢ is the detuning between the QD and the cavity resonance. Since the QD
linewidth is much narrower than the cavity linewidth x, we approximate the detunings in
the denominator with a single phase factor £ varying over the narrow scanning range around
the QD resonance.

The following equations are written in angular frequency Aw and decay rates ~ in units
of s7! and can be converted to frequency through Av = Aw /27 and T' = v/27. The coupling
between the QD and the waveguide is quantified by 5 = Y/ (Ywg + Vraa) that describes the
collection efficiency of photons into the detected waveguide mode that is scattered from the
QD. Here v = 7wy + Yrad is the total decay rate of the QD and 7,, and 7,4 is the decay
rate into the waveguide mode and other radiation modes, respectively. The electric field
amplitude of the transmitted a’ , and reflected al, output fields are related to the input

field af, via the coupled mode equations

agut = _toa;nn —1 %tos—,
s (5)
oy = (1= to)a, — iy [ =55tos.
The steady state solution for the expectation values of the atomic operators s = |g)(e| and
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5, = (le){e] —|g){g|)/2 can be derived to be

4 ’iQtoSz
5. =——o . ,
Ywg to + Jrad | 331 _ 2iAw

Twg g Twe
1 1
S, =—= | — ==
2 \1+02/2

where the excitation Rabi frequency is related to the input field amplitude 2 = af, \/Vwg/2

and the critical Rabi frequency is

(2 _ 172080 + (rad + toYwe + 290)*[rad + s Re(to)]

¢ 8‘t0’2[7rad + 2’7d + ng Re<t0)]

The transmission and reflection coefficient can now be calculated by

-l
o )
)

which for the general expression for the transmission coefficient gives

a8y

D= U /ndl + (fo - LBy + 207 — iBw)]

“ . (9)

We have here inserted the 5 factor and introduced the number of photons in the input field
per lifetime of the emitter n, = 2(£/ywg)? and the correspondingly critical photon number
ne = 2(Qe/Ywg)?. Using these definitions together with Eq. we can calculate the critical
photon number for a QD on resonance with the cavity (0 = 0) and at the transmission

minimum (Aw = 0)

1+ 2v/y

The transmission in Eq. and (9) only account for the coherently transmitted light

valid under weak excitation. At higher powers incoherent emission from a finite excitation

11



of the QD contributes to the transmitted intensity, which can be calculate as

IDincoh 2 2 )rad‘<57>‘2
=1 t 4 = 11
a’ 2 (| | |T| <airn>2 ’ ( )

using that the total scattered and emitted intensity has to add to one. The last term
account for coherent scattering into other modes than the waveguide mode of interest. The
total normalized transmission is then given by

5Rncoh 1
T — 2 i 12
(‘t’ MR (12

Evaluating Eq. we arrive at an analytical expression for the full transmission spec-

trum where £ acts as Fano parameter that modifies the shape of the spectral response

T [(7 + 29)((8 — 1)*7 + 2794) + 4Aw?](1 + £?) (13)
(7 + 27a)% + 4Aw? + 4ByAwE + [((B — 1)y — 274)* + 4Aw?] £

In the limit of £ — 0 the transmission converges to a simple Lorentzian

(B —2)By(v + 2va)

T—1+ ,
(7 + 27a)* + 4Aw?

(14)

where the minimum transmission depends on the 3 factor and the relative dephasing rate
(see Eq. (1)) and in the ideal case (8 = 1, 74 = 0) the transmission is zero at the QD

transition frequency.

2 Analysis of Power Series

We here describe the analysis of the power series in Fig. [3] Each transmission spectrum in
the power series is fitted with Eq. from which we extract the minimum transmission,
the linewidth, and the Fano factor £&. The Fano factor is nearly power independent with

a mean value of £ = 0.16 and a standard deviation of 0.05. The power dependence of the
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transmission minimum and linewidth can be described by Eq. and , respectively. Due
to the residual peak, the transmission minima are more reliable than the linewidth at high
power, i.e. we fit only the transmission data. We fix the relative dephasing rate at the
value obtained from Fig. [2| and extract a critical power of P, = 13.1nW and an effective
£ = 0.42+£0.01. The S factor is treated as an adjustable parameter since the multimode
nature of the waveguide led to a higher sensitivity to alignment and the power series was
extracted under slightly different alignment conditions than the low-power data.

We can use the extracted parameters to calculate the coupling efficiency of input light to
the waveguide mode. The number of photons in the waveguide per lifetime n.. is proportional
to the applied optical power P,a = hwn,vy where the coupling efficiency « accounts for the
transmission through the microscope objective, the efficiency of the input grating, and the
waveguide propagating loss. From the extracted parameters we can calculate a critical
photon number of n. = 1.6 from Eq. corresponding to an average of Py, = hwn,y =
1.88nW traveling in the waveguide. The total coupling efficiency is therefore v = Py /Py =
0.14, where the dominating loss mechanism is the incoupling efficiency through the circular

grating.

3 Temperature Dependent Frequency Shift

The temperature dependence of the resonance frequency of the QD shown in the inset of
Fig.[d The overall red shift at higher temperatures can be reproduced by a heuristic model
of the temperature-dependent band edge shift of bulk semiconductors,*® while a minor blue

shift is observed at smaller temperatures.
E,(T) = E,(0) + n{hw) [coth({hw) /2kT") — 1]. (15)

From this fit we extract an average phonon energy (hw) = 6.6 meV and a coupling parameter

n = 0.48, whose difference to literature values® we mainly attribute to the difference in

13



materials used and that we consider a bound state rather than a bulk material.
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Fig. 1: Resonant transmission spectroscopy on a QD in a nanobeam waveguide. (a) Sketch
of the sample, which includes a QD embedded in a nanobeam waveguide that is terminated
with a circular grating out-coupler. For the RF (RT) measurements the QD is excited from
free-space (the waveguide), respectively; in both cases, the output signal is top-collected
from the grating. (b) Calculated electric field profile of the primary mode of the nanobeam
waveguide. (c) Illustration of a QD ideally coupled to the waveguide (green box), in which
case all on-resonance (orange) photons are reflected while off-resonance (red) photons are
transmitted, as described by a Lorentzian lineshape with a width limited by the lifetime of
the QD (green curve). Adding pure dephasing (blue) effectively leads to a smearing out of
the excited state, thereby lowering the efficiency of the light-matter interaction and resulting
in the partial transmission of on-resonant photons and a broadening of the transmission dip
(blue curve). Reducing the emitter-waveguide coupling efficiency reduces the depth of the
dip in both cases.
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Fig. 2: Transition linewidth measurement from the resonance fluorescence (top panel) and
the resonant transmission (bottom panel) configuration for the X0 QD transition.The solid
red curves represent a Lorentzian fit to the data and the Fano resonance model (cf. Supple-
mentary Information for the detailed expression), respectively. A nearby residual peak from
the same QD is modelled with a Lorentzian function as well, and excluded from the analysis.
Inset: Measured decay curve of the QD.
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Fig. 3: Saturation behavior of the resonant transmission. The transmission dip (a) and
the QD linewidth (b) as a function of power. The transition linewidth broadens and the
transmission extinction decreases as the QD saturates at a characteristic input power of
13.1nW corresponding to that on average ~ 1.6 photons interact with the QD within its
radiative lifetime. The homogeneous linewidth I' = 0.87 GHz is shown as a dashed green
line. The red lines are consistent model fits to the purple data points while the blue data
points are omitted in the fit since the extracted values are influenced by the neighboring
transition that is apparent in the data of Fig. [2| and that influences the analysis at elevated
pump power.
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Fig. 4: Temperature dependent resonant transmission. (a) Transmission spectra recorded
at 0.68nW and at a temperature varied from 1.97 to 30K (curves from bottom to top).
The shallow dip and narrow peak observed at the low energy side of the main feature are
attributed to the resonance of another transition and another QD, respectively. The QD
resonance red shifts with temperature (see the inset), thus the voltage needed to map out
the resonance is increased. The red line in the inset is a model fit to the band edge shift (see
Supplementary Information). Linewidth and corresponding dephasing rate (b) and minimum
(c) of the transmission resonance as a function of temperature. The red line is a guide to
the eye, which illustrates the variation of the linewidth.
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