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ABSTRACT: Quantum optical circuits can be used to
generate, manipulate, and exploit nonclassical states of light
to push semiconductor based photonic information technol-
ogies to the quantum limit. Here, we report the on-chip
generation of quantum light from individual, resonantly
excited self-assembled InGaAs quantum dots, efficient routing
over length scales >1 mm via GaAs ridge waveguides, and in
situ detection using evanescently coupled integrated NbN
superconducting single photon detectors fabricated on the
same chip. By temporally filtering the time-resolved
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luminescence signal stemming from single quantum dots we use the quantum optical circuit to perform time-resolved
excitation spectroscopy on single dots and demonstrate resonance fluorescence with a line-width of 10 + 1 ueV; key elements
needed for the use of single photons in prototypical quantum photonic circuits.
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N onclassical light can be generated by resonant excitation
of individual quantum emitters to scatter single photons
with coherence properties determined primarily by the
excitation laser source." By carefully tailoring the local optical
mode density experienced by the emitter, coherent and
incoherent nonclassical light can be preferentially routed into
low loss waveguide modes and distributed on a chip into a
quantum photonic circuit.”~> In recent years strong quantum
light—matter couplings in such photonic nanostructures have
been shown to produce effective interactions between photons
leading to remarkable phenomena such as photon blockade,®™®
needed for optical transistors,”'® photonic quantum gates,""">
and ultrafast optical switching with only a few control
photons.”> While the generation and routing of quantum
light on a semiconductor chip has already been demonstrated
by several groups,'*™'° the ability to generate and route single
photons on-chip and detect them in situ with near unity
quantum efficiency’” would represent a major step toward the
realization of semiconductor based quantum optical circuits.
Hereby, superconducting single photon detectors (SSPDs) are
particularly useful due to their very high detection efficien-
cies,"* ™! low dark count rates,*> sensitivity from the visible to
the IR,* and picosecond timing resolution.”*** Single photon
detection in such devices arises from the formation of a normal
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conducting hotspot in the thin superconducting nanowire.”®
Since the bias current is slightly subcritical (typically ~0.95I;),
the local heating arising from single photon absorption results
in the breakup of Cooper pairs, local switching of the nanowire
to a normal conducting state, thus giving rise to a measurable
voltage pulse in the external readout circuit. The possibility to
integrate SSPDs onto dielectric””*® and plasmonic*® ™"
waveguides facilitates evanescent coupling to waveguide
photons, pushing the single-photon detection efficiency toward
unity. Both the generation of cluster states of photonic qubits
for one-way quantum computation®> and the measurement
based teleportation schemes® rely on having such a near
perfect detection efficiency.

As depicted schematically in Figure la the samples
investigated consist of a linear GaAs (core)—AlGaAs/air
(cladding) multimodal ridge waveguide into which a single
layer of optically active self-assembled InGaAs quantum dots
(QDs) is embedded at its midpoint, 125 + 5 nm below the
surface. A single-frequency tunable diode laser (line-width < 1
MHz, modulated at ~3 GHz to produce 290 =+ 70 ps pulses at a
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Figure 1. (a) Sample structure combining a 2 mm long GaAs ridge waveguide (FDTD simulation of the fundamental mode profile as an inset)
containing a single layer of InGaAs QDs, as shown in the AFM image on the top right, which are evanescently coupled to an NbN-SSPD. An SEM
image of the SSPD is shown on the lower panel. (b) PL intensity detected in confocal geometry for excitation in the wetting layer at 1347.7 meV
(blue curve) and at X5* (red curve). In the text we focus on the two quantum dot transitions labeled X; and X,. The corresponding excited state
transitions that we study are labeled X}, X7, and Xj**, respectively. (c) Instrument response function (IRF) of the electrically modulated
excitation laser, detected on-chip using the SSPD. The signal is plotted in units of counts per detected laser photon (cts/1). (d) Typical time
transient of multiple quantum dots excited in the wetting layer and detected on-chip using the integrated SSPD. The IRF is shown in red, whereas
the integration window used to extract the intensity originating solely from the QD emission is indicated by the yellow shaded region.
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Figure 2. (a) Time-resolved on-chip PL intensity as a function of energy difference AE,, between the laser E,,, and the X, transition Ex. The lines

that we focus on are marked X}, X7, and Xj**. (b) Spectrally filtered, off-chip detected PL intensity for the same range of excitation energy as
probed in the on-chip measurement. The two highlighted lines X; and X, correspond to the QD transitions presented in Figure 1b. (c) Top panel:
Integrated on-chip PL intensity for times >0.5 ns plotted as a function of AE,,. The on-chip signal is plotted in units of integrated counts per
detected laser photon (i-cts/1). Middle/bottom panel: PL intensity detected in off-chip geometry along the two lines marked in (b). The five
common resonances that we focus on are highlighted by the gray shaded regions and labeled with respect to the spectrum shown in Figure 1b. (d)
High-resolution scan with on-chip detection of resonance Xj.

3% duty cycle) is focused onto the waveguide surface, using the integrated SSPD** we determined the propagation
producing a diffraction limited spot with ~3—35 self-assembled losses to be 6.6 + 0.5 dB/mm. A simulated photonic mode
QDs within the focal volume (Figure 1a). The light generated
and scattered by the excited QDs is then guided along the ridge
waveguide over a distance Ax = 1040 + 1 ym and evanescently

profile for a wy,; = 20 yum wide waveguide is shown as an inset
of Figure la, demonstrating the strong confinement of light in

coupled into the nanowires of an integrated SSPD as shown in the waveguide; this gives rise to near-unity absorption of

. . . . 35
the scanning electron microscopy image in Figure la. By waveguide-photons in the active detection region.” Therefore,
varying Ax while recording the QD photoluminescence (PL) this simplistic quantum optical circuit provides a test bed for
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all-optical generation, distribution, and detection of nonclassical
light on the photonic chip.

First, we performed off-chip detected confocal PL measure-
ments for various positions along the waveguide in order to
identify regions with only a few sharp emission lines originating
from individual dots. Typically, the emission intensity recorded
from the QDs near the edge of the waveguide can be more
readily measured in this off-chip geometry since a larger
fraction of the total emission emerges from the sample surface.
This can clearly be seen in the spatially resolved luminescence
images presented on similar samples.”® Although the waveguide
coupling efficiency for such dots is limited, they provide the
potential to determine their spectral emission characteristics in
off-chip PL measurement. Therefore, we focus intentionally on
dots close to the periphery of the waveguide to facilitate on-
and off-chip measurements of the same quantum emitter.
Typical results of such off-chip detected confocal PL measure-
ments are presented in Figure 1b that compare emission
spectra recorded from one such position with the laser
frequency tuned into the wetting layer at E;; = 1347.7 meV
(blue curve) and quasi-resonant excitation via an excited QD
resonance, labeled X3 * in Figure 1b, at Eyy« = 1302.8 meV (red

curve). For this excitation position and both excitation energies
we observe pronounced emission from the same line labeled X;
in Figure 1b at Ey = 1263.5 meV and weaker emission from the

line labeled X, at Exy = 1268.2 meV. As shown in the

Supporting Information (section S2), the intensity of both
emission lines increases linearly with the excitation power (P)
according to I o« P" with exponents of m = 0.96 + 0.02 and
0.99 + 0.04, respectively, identifying both features as arising
from single exciton transitions.*® We will continue to probe the
absorption properties of X; and X, using PL—excitation (PLE)
spectroscopy later in Figure 2a,b with both on-chip detection
via the integrated SSPD and off-chip detection via an imaging
monochromator (see methods). The bottom axis of Figure 1b
shows the energy difference AE,, = E,, — Ex between the

detection energy (E,,) and the X, ground state emission
energy. Whereas the emission lines X; and X, are attributed to
ground state transitions of two different QDs, the lines X,
X§4, and X{** marked in Figure 1b are identified as arising
from excited QD states, an attribution supported by the PLE
measurements discussed below.

Performing on-chip PLE spectroscopy using the integrated
SSPD is complicated by the fact that it is sensitive to all light
propagating within the waveguide mode (ie, no spectral
filtering). Moreover, the SSPD detects any background signal
originating from laser stray light scattered at the back surface of
the sample as well as laser light that is directly coupled into the
waveguide. In an effort to reduce the impact of scattered laser
light we polished the back surface of the sample and sputtered
an amorphous silicon absorber layer to reduce the index
contrast and, thereby, the impact of scattering. Furthermore,
this layer also absorbs the scattered excitation laser light (see
methods). In addition, we utilized pulsed laser excitation in
combination with temporal filtering of the SSPD signal to
separate the directly scattered laser light from the QD
luminescence. Figure lc shows a typical example of the time-
resolved SSPD signal following excitation next to the waveguide
where all QDs have been completely removed by etching. In
this case, only scattered laser light reaches the SSPD, and the
time-resolved SSPD signal reveals a Gaussian instrument
response function (IRF). The temporal resolution of +70 ps

given throughout this Letter reflects the resolution of the high-
frequency detection electronics since the SSPD response is
much faster (~70 ps).** In strong contrast, upon exciting the
waveguide region containing QDs via the underlying wetting
layer we observe an exponentially decaying SSPD signal that
can clearly be seen in Figure 1d. The deconvolution of the
observed SSPD signal with the IRF reveals a clear
monoexponential decay with a lifetime of 7yp, = 0.80 + 0.07
ns, typical for the InGaAs QDs in this sample.*® In order to
completely separate the QD signal from the laser stray light, the
detected time-resolved SSPD signal was temporally integrated
for times >0.5 ns onward, as illustrated by the yellow shaded
region in Figure 1d.

This technique to distinguish the on-chip QD-PL signal from
scattered laser light reaching the SSPD facilitates the
investigation of the PLE response of the X| transition. Thereby,
the excess laser energy AE, = E,, — Ex was tuned over a

range of 17.0 meV < AE < 52.5 meV in steps of 0.1 meV. The
corresponding time-resolved transients for on-chip detection
and the AE-dependent off-chip multichannel PLE data showing
the X, and X, peaks are presented in Figure 2a,b, respectively.
For large excess excitation energies AE,, = 47.5 = 52.5 meV, a
strong on-chip signal is observed with closely spaced sharp lines
in PLE, which we attribute to WL 0D—2D bound-continuum
transitions®’ (see Figure 2a,b). Moving to more resonant
excitation energies (AE,,, = 46.0 + 1.0 meV), we
simultaneously observe a suppression of luminescence in both
on- and off-chip measurements. This observation reflects the
absence of continuum transitions®’ for more resonant
excitation. For excess laser energies in the range AE, < 44.0
meV the PLE spectrum exhibits several discrete absorption
resonances on a weak background (see Figure 2a,b). The three
resonances labeled X{*, X5*, and X{** in Figure 2a will be
focused on later in the discussion related to Figure 2c. Most
interestingly, we observe a group of long time-transients labeled
X3, for AE,,. < 25.0 meV in Figure 2a and corresponding weak
QD emission features as shown in Figure 2b. These states are
tentatively attributed to p-shell transitions of the QD emission
lines X, and X,, consistent with the expected orbital
quantization energy AE,_, ~ 20 meV for such InGaAs
QDs.*® This identification is further supported by the fact
that no additional PLE resonances are observed in the on-chip
data for AE,,. < 17.5 meV down to the s-shell transition. We
note that the increasing background observed in the off-chip
measurement for AE,. < 17.5 meV (Figure 2b,c bottom
panels) arises from scattered laser light at the sample.

We continue by focusing on the energy range between 20.0
meV < AE,,. < 45.0 meV, where several pronounced and clearly
separated excited state resonances for both on- and off-chip
detection geometries are observed. The lower two panels of
Figure 2c show the off-chip PLE spectra detecting at the
energies of X; and X, respectively, whereas the upper panel
shows the time integrated on-chip SSPD signal for ¢ > 0.5 ns to
exclude the scattered laser light. When comparing the on- and
off-chip PLE measurements presented in Figure 2c, several
common features can be identified as highlighted by the gray
shaded regions. For example, at AE, = 20.0 meV a clear
resonance is observed in the on-chip signal shown in the upper
panel of Figure 2¢, while simultaneously a clear resonance is
observed in the PLE spectrum detecting on X, (Figure 2c
middle panel). In total, we focus on two distinct PLE
resonances (X¥, X§*) for X, and on the three resonances
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Figure 3. (a) Time-resolved resonance fluorescence signal obtained from X;, as detected in on-chip geometry using the integrated SSPD. The data is
color coded in counts per detected laser photon (cts/1). (b,c) Integrated RF signal of X, and Xj for a time-window from 0.5 to 5.0 ns (blue squares)
showing a Lorentzian line-shape (red solid line) with a fwhm of 10.2 & 1.3 and 13.0 & 4.3 ueV, respectively. Inset in (b): Linear power dependence
of the RF signal for 0 yeV laser detuning. (d) Autocorrelation function g(z)('r) measured for QD transition X; with an emission energy of E(X;) =
1296 meV under quasi-resonant continuous wave excitation at 1362 meV shown in blue. The deconvoluted fit to the data is shown in red, resulting

in g¥(0) = 0.36.

X¥, X{*, and X§** for X; and marked them in Figure 2¢c. A
high-resolution scan with on-chip detection of X¥ is presented
in Figure 2d, showing a Lorentzian shaped resonance at AE,,, =
22.24 meV. In addition to the highlighted resonances, a number
of weaker features were detected in the confocal PL data
between 23.0 meV < AE,. < 30.0 meV and found to be
correlated with resonances observed in the on-chip PLE in the
same energy interval. In summary, common QD resonances are
observed both in off- and on-chip PLE measurements,
indicating that the integrated SSPD has sufficient sensitivity
to discriminate emission from an individual quantum emitter.
After demonstrating that our on-chip integrated SSPDs are
capable of measuring on-chip PLE, while simultaneously
collecting off-chip PLE of QD excited state resonances, we
continue to demonstrate resonance fluorescence (RF) from the
s-shell transition X,. Hereby, we fine-tuned the excitation laser
in steps of 6E = 1 peV across X; and simultaneously recorded
on-chip time-resolved transients for each laser excitation
energy. As discussed in the Supporting Information (section
$3), resonance fluorescence in such patterned photonic systems
typically requires the use of a second, weak nonresonant laser
tuned above the bandgap of the GaAs waveguide (E = 1.534
eV, P=0.06 + 0.02 W/ cmz) to continuously create free carriers
in the vicinity of the QD under study and, thereby, stabilize the
fluctuating electrostatic environment.***® In Figure 3a, we
present time-resolved transients recorded as a function of
detuning AE,,. = E,,, — Ex, while scanning the laser across the

s-shell resonance X;. We clearly observe resonantly excited QD
time transients over an energy range AE,. = 20 peV with
respect to the QD exciton ground state energy Exl- The

observed signal exponentially decays with a lifetime of 0.70 +
0.07 ns, clearly showing that it arises from QD emission. The
on-chip recorded RF signal, integrated over a temporal range of
0.5—S$ ns, is presented in Figure 3b as a function of excitation
energy AE,, = +60 ueV, exhibiting a pronounced peak at AE,,,
= 0 peV. Fitting the data with a Lorentzian line shape (24/7 X
Apypn/ (4AE,.* + Ap,,,"), with the peak area A) we extracted a
line width of Ay, = 102 + 1.3 peV, in excellent agreement
with values recently reported for off-chip detected RF from
QDs embedded in a free-standing single-mode ridge wave-
guide.* The inset of Figure 3b shows the power dependence of

the temporally integrated RF signal detected at AE, = 0 yeV
as a function of the excitation laser power. The observed linear
dependence is expected for the 290 + 70 ps pulses used since
the excitation pulse duration exceeds the QD coherence time of
T, = h/AE = 65 + 8 ps, and thereby, coherent Rabi dynamics
are expected to be weak. Similar resonance fluorescence
measurements were made on several different dots within the
waveguide with similar results to those presented in Figure 3a,b.
Figure 3c shows one example RF spectrum from another dot
labeled X; emitting at 1296.6 meV (PL spectra presented in the
Supporting Information section S2). Using a Lorentzian fit (red
solid line) we extract the line width of X; to be 13.0 + 4.3 peV,
identical to the RF signal obtained from X within experimental
accuracy. In order to demonstrate the quantum nature of the
on-chip detected light we performed off-chip measurements of
the photon statistics of X;. Since emission is predominantly
into the WG mode, the signal recorded in off-chip detection is
weak. However, this particular QD emission line exhibits a very
clean ground state emission signal S with little background B,
resulting in an emission coefficient*' of § = S/(S + B) = 0.92 +
0.0S. When filtering X; using a monochromator and sending it
into a Hanbury—Brown and Twiss setup, we measured the
autocorrelation function g®(z), as presented in Figure 3d.
Here, the background corrected* coincidence counts detected
from the QD emission are plotted as a function of time delay,
whereas the red solid line shows a deconvoluted fit to the data.
From the fit we extract a g(z)-value at zero delay time of <0.5
(g®(0) = 0.36 + 0.07), thus indicating the quantum nature of
the emitted quantum dot luminescence. The observation of
antibunched emission from X; which exhibits a clear RF
signature in our on-chip measurements, provides strong
evidence that the on-chip RF signal observed in our
experiments represents nonclassical light in the prototype
quantum optical circuit shown in Figure la.

In summary, we presented the creation, routing, and
detection of quantum light on a single chip. By temporally
filtering the on-chip detected, time-resolved luminescence
signal, we suppress the background generated by the excitation
laser, demonstrating that specific QD excited state resonances
can be observed in both on- and off-chip detection geometries.
Applying this time-filtering technique, we demonstrated
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resonance fluorescence from a single QD with a line-width of
10.2 + 1.3 peV, guided in the optical modes of a GaAs ridge
waveguide and efficiently detected via evanescent coupling to
an integrated NbN-SSPD on the same chip. By measuring the
autocorrelation function of similar QDs using off-chip detection
and simultaneously showing on-chip detected resonance
fluorescence, we prove the nonclassical character of the
detected light. The results of this prototype quantum optical
circuit provide a test bed for all-optical generation, distribution,
and detection of nonclassical light on a common photonic chip.

Methods. Sample Preparation. The samples investigated
were grown using solid source molecular beam epitaxy and
consisted of a 350 um thick GaAs wafer onto which a 2 ym
thick Al,gGag,As waveguide cladding layer was deposited.
Following this, a 250 nm thick GaAs waveguide core was grown
into which a layer of self-assembled InGaAs QDs was
embedded at its midpoint. The growth conditions used
resulted in dots with a typical lateral (vertical) size of 25 + §
nm (5 + 1 nm) as shown in the top-right inset of Figure la, an
areal density of 6 + 1 um™> and PL emission around ~ 1348
meV at 4 K with an inhomogeneously broadened ensemble line
width of 83 meV. After growth, the native oxide was removed
from the sample surface using an HCI dip, and a high quality 10
+ 0.5 nm thick NbN superconducting film was deposited using
DC reactive magnetron sputtering. By carefully optimizing the
deposition temperature, rate, and Nb/N ratio, high quality
superconducting films were obtained on the GaAs substrate
(Tc = 11.9 + 0.2 K), despite the 26% lattice mismatch.**** To
suppress the scattering of laser stray light into the detector, the
backside of the sample was chemically and mechanically
polished using a 5% Br,/Ch;OH solution, and an absorbing Si
layer was grown on the backside of the sample using electron
beam evaporation. As described in detail in the Supporting
Information section S6, scattered laser light on the SSPD is
only an issue for excitation energies below the GaAs bandgap
for which the substrate is transparent. For such below gap
excitation scenarios, the signal-to-background ratio (1) reduces
significantly from # > 420 for above gap excitation, to # < 3 for
sub-bandgap excitation. To circumvent this effect, the polishing
of the sample backside was employed to reduce the RMS
roughness to <20 nm decreasing the diffuse light scattering by 1
order of magnitude. Moreover, we coated the backside of the
wafer with a 1 gm thick amorphous Si-layer to reduce the index
contrast at the rear surface and efficiently absorb photons with
E,. > 12 eV at the back side of the sample (for details see
Supporting Information section S6). While these combined
measures increased 7 by more than 2 orders of magnitude, the
obtained values remained too high for on-chip detection of QD
luminescence via the SSPD. To further suppress the direct
detector illumination by laser stray light originating from the
top, a sequence consisting of 50 # 15 ym Teflon, 12 + 0.5 um
aluminum foil, and 50 um Teflon foil was carefully placed over
the detector under an optical microscope. The complete
sandwich structure (shown in the Supporting Information
section S5) was then fixed to the side of the chip carrier.

The nanowire detectors were then defined using electron
beam lithography with a negative tone resist and reactive ion
etching using a SF¢/C,F; plasma to form two NbN nanowire
meanders, each consisting of 18x, 100 + S nm wide nanowires
separated by 150 + S nm to form two detectors, each with a
width of 4.5 pym and a total length of 30 pm along the
waveguide axis. Of those two detectors, only one has been
employed to measure the data presented in this Letter. A

scanning electron microscope image of one resulting NbN
detector on GaAs is presented in Figure la inset at the bottom.
Subsequently ~2600 ym long, 20 ym wide multimodal ridge
waveguides were defined using photolithography and wet
etching in a citric acid + H,0O, solution. The waveguides were
defined such that a pair of nanowire detectors is centered on
one end, penetrating ~60 um into the waveguide end to ensure
optimum evanescent coupling.'* For future use, single mode
waveguides will be advantageous over multimodal waveguides.
However, as a test bed for such an integrated device,
multimodal waveguides are easier to fabricate and puts less
stringent requirements on the relative position of the
waveguide with respect to the SSPDs. Furthermore, the used
multimodal waveguides with a width of 20 gm also give rise to a
sufficiently high number of potential quantum dots coupling to
the propagating mode.

Device Operation and Characterization. The SSPD was
operated at liquid helium temperatures inside a cryogenic dip
stick. A bias-tee was used to drive a fixed bias current of I =
0.95I¢c = 15.0 pA through the nanowires. At this bias current,
the device shows a dark count rate of <100 cps and an
estimated internal detection efficiency of 0.1—1%. A low noise
voltage source in series with a 50 k€2 resistor was operated as a
constant current source. Voltage pulses arising from single
photon detection events were then amplified using two 30 dB
high-bandwidth amplifiers and detected with a PicoQuant
Timeharp Card 200 time correlated counting module recording
histograms of the time intervals between the trigger signal
provided by a microwave source and the voltage pulse arising
upon photon detection. A continuous wave diode laser source
was sent through a Mach—Zehnder electro-optical modulator
driven by a 3.3 GHz microwave source. In this way, the laser
output was temporally gated into 290 & 70 ps long Gaussian
pulses, as shown in Figure lc, at a repetition rate of 100 MHz
and a duty-cycle of 3%. Using this technique, we temporally
filtered the on-chip detected SSPD signal enabling us to
separate the scattered laser light from the incoherent part of the
QD luminescence signal detected by the SSPD. A detailed
description of the complete experimental setup is given in the
Supporting Information (section S1). For all off-chip detected
confocal PLE measurements the laser was guided through a
pulse shaper with a bandwidth of 1 nm suppressing laser
sidebands. The light emitted by the QDs was collected with a
single mode optical fiber and guided to a 0.5 m focal length
spectrometer. Additionally, a 975 nm short/long-pass filter was
used in the excitation/detection path. In addition, for the broad
PLE sweep presented in Figure 2b, a 980 nm band-pass filter
was employed.
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Description of the experimental setup, detailed PL studies of X;
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