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Picosecond pulse shaping of single photons using
quantum dots

B.C. Pursley® ', S.G. Carter® 2, M.K. Yakes?, A.S. Bracker? & D. Gammon?

Quantum dots (QDs) are an excellent single-photon source that can be combined with a spin
quantum memory. Many quantum technologies require increased control over the char-
acteristics of emitted photons. A powerful approach is to trigger coherent Raman photons
from QDs with a A energy-level system, such as the spin singlet-triplet system in two
coupled QDs. The temporal and spectral behavior of single Raman photons can be varied
simply by modifying the excitation source. Here, we demonstrate control of the single-photon
pulse shape in a solid-state system on a timescale much shorter than the radiative lifetime, in
addition to control of the frequency and bandwidth. We achieve a photon pulse width of 80
ps—an order of magnitude shorter than the exciton lifetime. Possible applications include
time-bin encoding of quantum information, matching photons from different sources, and
efficient single-photon transfer in a quantum network.
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ndium arsenide quantum dots (QD) are one of the best

sources of single photons available due to their bright, high-

purity emission!™. In addition, by injecting a single electron
or hole, they can also serve as quantum spin memories. They have
been embedded in a variety of electronic and photonic hetero-
structures in order to control the charge state®, enhance the
emission rate®8, increase the collection efficiency’'!, and obtain
a spin—photon interface!>~1”. For many applications in quantum
technology, there is a need to carefully tailor the properties of
emitted photons. For example, photons from different quantum
systems must be matched both spectrally and temporally'® in
order for two-photon measurement-induced entanglement to
occur. Moreover, the more difficult but much more efficient
approach of using a deterministic protocol for entanglement and
teleportation of quantum information between nodes in a
quantum network also requires that the emitted photons be
temporally symmetric!>?’, The emission and absorption pro-
cesses must be reversible so that a photon can be transferred to a
stationary qubit without loss.

One powerful approach to address this challenge is to use
coherent spin-flip Raman emission in a A energy-level
system?!=2%, in which the drive laser and spontaneous emission
coherently take the system from one spin state to another. In this
process, the Raman photon properties are determined by the laser
and by the spin properties, i.e., energy separation and coherence.
Previous work has demonstrated that this technique can be used
to tune the emitted photons up to ~0.5 meV in photonic crystal
cavities for both a single QD! and a quantum dot molecule
(QDM)?® and that the photons are highly indistinguishable?”. We
also expect that the temporal behavior of the photons from spin-
flip Raman emission in QDs can be controlled. For detuned
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Raman emission, the temporal profile of the photon should follow
that of the laser pulse, allowing for photons with arbitrary tem-
poral profiles. In contrast, for two-level systems, the properties of
the emitted photons are typically determined by the properties of
the QDs. Recent results have also shown that coherent Rayleigh
scattering from QD two-level systems can result in highly
coherent emission determined by the properties of the laser,
including control of the temporal profile’s. However, this tech-
nique has so far been restricted primarily to resonant scattering
limited by the QD linewidth, with emission times at least as long
as the spontaneous emission time. Detuned Raman spin-flip
emission has the advantages of a large bandwidth, spectral
separation between the emitted photon and the laser pulse, and a
ground-state spin system for quantum memory. This technique
has been used with trapped ions and atoms in optical cavities to
control single-photon wavepackets on a timescale of 0.1-1 ps?*3°.

Here, we demonstrate pulse shaping of single photons down to
the picosecond timescale, varying the emission time over an order
of magnitude and producing temporally symmetric photons. We
confirm single-photon emission and achieve Raman photon
pulses of 80-ps duration—an order of magnitude shorter than the
exciton lifetime.

Results

Energy-level system of a doubly charged QD molecule.
The sample consists of two InGaAs QDs separated by a thin
vertical tunnel barrier and embedded in a diode heterostructure
(Fig. 1a)*"32, Biasing the diode allows us to tune the charge con-
figuration of the QDM such that one electron is stable in each QD
(Supplementary Fig. 1). Coherent tunneling of the two electrons
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Fig. 1 QDM two-electron charge configuration. a Schematic diode band structure and b energy-level diagram of the QDM two-electron charge
configuration where one electron resides in each quantum dot. The electrons are tunnel coupled through a thin barrier (details in Methods) forming spin
singlet (S) and triplet (T, T4, and T_) ground states. The S and T states form two overlapping A systems with two exciton states through vertical (V,
solid) and horizontal (H, dashed) linearly polarized optical transitions. € Schematic bias dependence of the lowest ground and excited energy levels for a
QDM charged with two electrons. When both electrons reside in one quantum dot, they form a spin singlet and anti-cross with S, pushing the energy level
down by the exchange splitting (A.,). The boxed region corresponds to the bias range where two electrons are stable in the QDM, determined by d
differential reflectance spectra. All energies are given relative to the triplet transition energy (1307.8 meV) and labeled as AE
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Fig. 2 Spin-flip Raman in a QDM. a Emission spectrum of the QDM at a bias of =10 mV for a series of laser detunings, stepping across the triplet transition.
The laser (L) and triplet (T) transition energies are indicated on the left, centered at AE=0, where AE is the emission energy minus the triplet transition
energy (1307.8 meV). The inset energy-level diagram illustrates the Raman (R), singlet PL (S), and triplet PL (T). b Emission spectrum colormap as a
function of bias and AE, with § =-25peV. ¢ Linewidth of R and S as a function of bias

between the two QDs leads to an exchange splitting (A ~ 160 ueV)
between the spin singlet (S) and the three degenerate triplets
(Ty, T,, and T_). Optical transitions from the S and T, states to the
exciton states form two overlapping A systems with selection rules
shown in Fig. 1b. Transitions of the T, and T_ are circularly
polarized and do not couple directly to the A systems. The ST, A
system is similar to a single electron or hole in a single QD in a
transverse magnetic field but has some potential advantages. The
exchange splitting in the ground state of the QDM can be varied
over several orders of magnitude and exists even at zero magnetic
field*>**. In addition, as a spin memory, the QDM sgstem is less
sensitive to fluctuating electric fields or nuclear spins™>.

Figure 1c displays the energies of the ground states and excited
states as a function of bias, with the region where there is one
electron in each QD outlined with a rectangle. The optical
transitions of the singlet and triplet are displayed as a function of
bias and laser detuning in the differential reflectivity’ map of
Fig. 1d, showing the tuning of the transitions and the bias range
where the two-electron configuration is stable. The intensity of
the signal decreases by 50% at the center of this stability range
due to weak optical pumping, in which the laser excites one spin
state and drives the population to the other spin state?>343%, The
sample structure is designed (Methods) such that fast spin
relaxation from tunneling to the n-doped region prevents
complete optical pumping, providing a convenient way to reset
the Raman spin-flip cycle and continue to emit photons.

Spin-flip Raman emission. Spin-flip Raman is a two-photon
inelastic scattering process involving a transition between the spin
singlet and triplet ground states. The Raman emission has linear
polarization opposite to that of the drive laser (see Fig. 1b and the
inset to Fig. 2a), which allows polarization rejection of scattered
laser light while retaining all of the Raman emission. Figure 2a
shows the emission spectrum for a fixed bias (—10 mV) as the
laser frequency is tuned through the triplet resonance. There are
two emission lines, both of which involve a spin-flip transition of
the QDM, and both of which are enhanced in intensity on
resonance. One is shifted from the laser by the exchange splitting
(Aex) and tracks the laser frequency. This line, labeled “R” for
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Raman, only involves a virtual transition to the exciton state and
is not dephased by exciton dynamics. The other line, labeled “S”
for singlet, is fixed at the singlet transition frequency and involves
the excitation of a real population in the exciton state, followed by
emission, i.e., quasi-resonant photoluminescence (PL). In what
follows, we compare the properties of these two lines, first under
continuous-wave (cw) excitation and then wunder pulsed
excitation

In Fig. 2b, ¢, we fix the laser detuning 25 ueV below the triplet
transition (6=—25peV) and scan the bias through the two-
electron charge stability region. Near the stability edges, the
linewidth of both the Raman and PL is very broad. This can be
explained by relaxation of the ground-state spin through rapid
cotunneling to the heavily doped electron layer®’. In the middle
of the stability region where cotunneling is weaker, both
linewidths are an order of magnitude narrower. The PL linewidth
has a minimum of ~3 peV. Throughout the middle of the stability
region, the Raman linewidth is ~1.7 ueV, which is 57% of the PL
linewidth. This is an indication that the Raman emission
linewidth is not necessarily determined by the transition
linewidth and can instead be determined by the ground-state
spin dynamics and the laser properties*®. The Raman linewidth is
still much larger than the laser linewidth (~neV) due to various
effects including spin relaxation and nuclear spin interactions. As
we show next, when the laser linewidth is made larger than the
Raman linewidth using pulsed excitation, the Raman emission
reflects the laser linewidth and is not limited by the ground-state
dynamics, in contrast to the PL, which remains the same.

Pulse-shaping Raman photons. The coherence of the Raman
process allows properties of the laser, such as pulse shape as well
as detuning, to be mapped onto the emission. In Fig. 3a, b we
show the spectra at fixed bias (~10 mV) and detuning (6 = 35
peV) with cw excitation, and also with a 320-ps Gaussian pulse.
Under cw excitation (Fig. 3a), the laser linewidth is narrower than
the measured Raman and PL linewidths. For the 320-ps laser
pulse (Fig. 3b), the laser’s spectral linewidth (Apyiee=6peV) is
mapped onto the Raman emission, broadening the emission to
approximately three times the cw linewidth. The PL linewidth
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Fig. 3 Pulse-shaping spin-flip Raman. a, b Spectrum of the laser, Raman
emission, and singlet PL for a the cw laser and b a 320-ps pulsed laser, with
§=-35peV. ¢ Temporal profile of the laser (L), the Raman (R), and the
singlet (S) emission with § =-50 peV. d The second-order correlation
function for pulsed (black line) and cw (gray line) excitation under similar
conditions with fits (solid and dashed red lines, respectively). For cw
excitation, the rise time was 3 ns; for pulsed, the rise time was 9 ns

remains unchanged as expected because the incoherent nature of
PL erases information about the excitation source.

In Fig. 3¢, the corresponding temporal shapes of the laser, the
Raman, and the PL are plotted. The intensity of the singlet PL
decays exponentially with a lifetime of 0.8 ns due to spontaneous
emission. In contrast, the Raman intensity exactly tracks that of
the laser. For pulses resonant with the triplet (not shown), the
emission intensity does not follow that of the laser pulse and
instead matches the PL temporal profile. Resonant Raman
emission is more complicated because the PL and Raman
emission are at the same energy and the sharp spectral response
should modify the temporal behavior of pulsed Raman.
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Fig. 4 Temporal tuning. Temporal profile of the Raman emission at a § = -
50 peV for a series of laser pulse widths and a double pulse; b 6 =—-35 peV
with a 6-ns square-wave pulse. Solid lines are the laser intensity and the red
circles are the Raman intensity. All laser pulses in a are symmetric
Gaussian pulses. The asymmetry in the measured spectra arises from the
response of the detector. The smaller detuning in b and a laser power of 1
uW were chosen to bring the equilibrium emission near saturation where
the spin relaxation time should be the limiting factor (Supplementary
Note 1). A value of 2.3 ns for the spin relaxation time was extracted from a
fit (dashed gray line), in agreement with the rise time of the second-order
correlation function measured with cw excitation (Fig. 3)

We verified that the detuned Raman emission consists of no
more than one photon at a time by obtaining the second-order
correlation function g@(f) (Fig. 3d) for both pulsed and cw
excitation. The two-photon probability g(z)(O) is ~0.13 for both
cases. The rise time away from =0 represents how quickly a
second Raman photon can be emitted. We expect that this rise time
is determined by spin relaxation in the case of this A system. Since
the rise time is slower for pulsed excitation (9 ns) than for cw (3 ns),
we suspect that continuous interaction of the cw laser with the QD
can more rapidly reset the spin system. Aside from cotunneling-
induced spin relaxation, optical processes such as Stokes Raman or
detuned absorption of the singlet transition can reset the spin
system. These processes can occur continuously for a cw laser but
are limited by the pulse repetition rate for pulsed excitation.

In Fig. 4a, we demonstrate that the temporal profile of the
Raman emission tracks that of the laser for pulses of over 1-ns
width down to 80 ps, which is the limit of our electronic pulse
generator. This is an order of magnitude faster than spontaneous
emission. The emission is temporally symmetric with any
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asymmetry in the data due to the finite response of the detector.
In addition, we also demonstrate in the bottom trace of Fig. 4a
that more complex lineshapes are possible with an example of
two 160-ps pulses separated by 600 ps. For pulse separation less
than the spin coherence time, we expect that this intensity profile
still represents the wavepacket of a single-photon split between
two time bins®.

Discussion

How short temporally, or broad spectrally, we can make the
Raman pulse will be limited by detuning and the magnitude of
Acx. The linewidth of the laser pulse Apyse must be less than 6 in
order to avoid the complications of resonant excitation. In
addition, A,y should be less than A so that reverse spin-flip
transitions are unlikely and to avoid spectral overlap between the
laser pulse and the Raman. We can engineer A., over multiple
orders of magnitude, but larger values of A, typically result in
shorter spin relaxation times?®3*3>40 For the conditions of
Fig. 4a with 6 =50 peV, the pulses should be longer than 40 ps to
avoid these limits. With larger § and A.,, the Raman pulses could
be made even shorter.

The other limit of how long temporally, or narrow spectrally,
we can make the Raman pulse, while retaining a single photon,
will be determined by a combination of the spin relaxation time
and the Raman spin-flip transition rate. In Fig. 4b, the temporal
profile of Raman emission is displayed for a long 6-ns square
pulse, in which a clear decay is observed. For negligible spin
relaxation, the emission should decay to zero with the Raman
spin transition rate because only one photon can be emitted until
the spin is reset. With significant spin relaxation over this time-
scale, another photon can be emitted, so that there is little decay
before reaching a steady-state intensity, which will obviously
contain multiple photons. By modeling the data in Fig. 4b, we
obtain a spin relaxation time of ~2.3 ns under these conditions
(Supplementary Note 1), which is consistent with the rise time of
¢®(z) under cw excitation. For the shorter pulses in Fig. 4a, there
is a small but significant probability of spin relaxation. This may
explain, at least in part, the value of g?)(0). The spin relaxation
time can be increased by enlarging the tunnel barrier to the n-
doped region or by decreasing A.. For this study, it was con-
venient to limit the spin relaxation time to a value comparable to
the spontaneous emission time in order to defeat optical pumping
and effectively reset the Raman emission process. For some
applications, a long spin memory is required in which case the
spin state would need to be reset optically?”4!,

The brightness of the Raman emission is also of great impor-
tance. For detuned Raman emission, there are three factors
that can affect the efficiency. First, there is the collection
efficiency, which is an issue common to all QD emission. Second,
there is the Raman process efficiency, which is reduced by
competing processes that can occur, such as PL or detuned
Rayleigh scattering (Supplementary Fig. 2). Third, there is the
initialization fidelity into the proper spin state before each pulse.
As discussed in detail in Supplementary Note 2, the first two
factors can be substantially improved using microcavities with
Purcell enhancement, and the last factor can be improved with
fast spin initialization. Currently, the brightness of detuned
Raman emission is low, with approximately 10~* photons emitted
into the collection objective per pulse for 80-MHz excitation with
320-ps pulses. This gives a detector count rate of hundreds of
counts/s. However, through the improvements mentioned above
and in Supplementary Note 2, the brightness of Raman emission
could be as high as with other optical excitation techniques®!!.

We have demonstrated that the temporal profile of photons
emitted from QDs can be controlled over a wide range of
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timescales, from over 1 ns to 80 ps or less, using Raman spin-flip
emission with a QDM. The same approach could also be taken
with spin-flip Raman on an electron or hole spin in a single QD.
This technique can be used to match the temporal profile of
emitters with naturally different lifetimes and also allows for
simple generation of time-bin-encoded photons*2. The ability to
arbitrarily control the photon wavepacket is particularly important
for producing time-symmetric photons essential for deterministic
transfer of quantum states'”, which may allow for efficient scaling
up of the number of qubits in a quantum network. Combined with
spectral tuning of photons, this technique will be a valuable tool
for applications in quantum photonic technologies.

Methods

Sample structure. Two vertically stacked InGaAs self-assembled dots were separated
by a tunnel barrier composed of GaAs/Al, 3Gay;As/GaAs (3 nm/3 nm/3 nm) using
molecular beam epitaxy (Fig. 1). The spin relaxation rate (and the amount of optical
pumping) increases with the exchange splitting and also depends on the spacer layer
thickness between the n-type layer and the QDs. By adjusting the relative thickness of
the Aly3Gag;As layer in the barrier in a series of samples, we optimized the spin
exchange energy and spin relaxation rate for this study. For this sample with A¢, ~
160 peV, we found that the spin relaxation rate was large enough to avoid sifniﬁcant
optical pumping but small enough to give narrow Raman linewidths?®3435%0, Using
the partial cap and In-flush technique, the dots were truncated to nominal heights of
1.9 nm and 2.8 nm*. The larger thickness of the second dot allows for alignment of
the electron energy levels at a field where one electron is stable in each dot. The QDs
were embedded in a diode heterostructure and grown on top of a distributed Bragg
reflector (DBR) and an n-type GaAs substrate. The DBR provides improved collection
of emission, while the diode allows for deterministic control of the charge config-
uration of the dots. The Si-doped DBR consists of ten periods of AlAs/GaAs, 82-nm
and 69-nm thick, respectively. The diode structure is n—i-n—i-p (91 nm/114.7 nm/10
nm/21 nm/40 nm) with the dots located 40 nm into the first intrinsic layer. Silicon
was used for the n-type dopant, beryllium for the p-type. The purpose of the second
n-type layer is to reduce the current through the device at the bias where one electron
is stable in each QD.

Measurement methods. The sample was mounted in a ceramic chip carrier and
placed in a closed-cycle He cryostat at a temperature of 4 K. An objective lens was
used to achieve a 1-um spot size for excitation. In all experiments, the incident laser
light was vertically polarized. For differential reflectivity (Fig. 1d), the sample bias
was modulated with a square wave at 317 Hz with an amplitude of 100 mV, while a
cw laser was tuned through the resonances. Reflected laser light passed through a
nonpolarizing beam splitter and was sent through a single-mode fiber to an ava-
lanche photodiode. The generated voltage signal was demodulated using a lock-in
amplifier with a 300-ms time constant.

For Raman spectra measurements, the emission was filtered through a
horizontal linear polarizer followed by a scanning Fabry—Perot interferometer
(FPI) locked to a tunable reference laser. The resolution and free spectral range of
the FPI are 1 peV and 440 peV, respectively. The reference laser was ~50 meV
below the QD emission energy, with its frequency monitored by a precision
wavemeter, and a short-pass filter prevented the reference laser from getting mixed
in with QD emission. As the reference laser was scanned, the FPI maintained its
lock, providing a calibrated scan of the interferometer. The filtered emission was
sent to a spectrometer for detection on a CCD with a 1-s (Fig. 2a), 4-s (Fig. 2b and
Fig. 3a), or 16-s (Fig. 3b) exposure time. In Fig. 2, spectra were taken as a function
of bias and detuning using 200 nW. In Fig. 3a, b, the sample was held at —~10-mV
bias, —35-peV detuning, and 200 nW (cw) or 30 nW (320-ps pulse) of incident laser
power.

Pulsed measurements of the QD emission were performed with either a mode-
locked Ti:Sapphire laser (TSL) producing ~300-ps pulses at a repetition rate of ~81
MHz or with a cw diode laser passed through a fiber-coupled electro-optic
modulator with >10-GHz bandwidth. An arbitrary waveform generator with a
sampling rate of 50 GSamples/s was used to produce electronic pulses to drive the
modulator, producing pulses as short as 80 ps. The spectral measurement in Fig. 3b
was taken with the mode-locked laser since leakthrough of the cw diode laser
through the modulator produced sharp features in the spectra. Time-resolved
measurements were performed with the modulated cw laser, with emission only
going through the spectrometer with ~70-peV resolution in order to avoid the
strong temporal broadening of the FPI. The emission was resolved in time using a
silicon photon-counting module with 50-ps timing response and also a longer
~200-ps tail that gives an asymmetric temporal response. This fast detector has a
few percent quantum efficiency at 950 nm and was used with a time-correlated
single-photon counting module with 4-ps resolution. The second-order correlation
functions g®)(7) in Fig. 3d were measured with a Hanbury Brown—Twiss
interferometer and two Si photon-counting modules with higher quantum
efficiency (~23%) and lower timing resolution (~300 ps). The average cw laser
power was 10 uW. For pulsed laser measurements of g(z)(r), the repetition rate of
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the TSL was doubled to ~162 MHz with an external optical delay line and an
average laser power of 300 nW.

Data availability. The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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