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Single epitaxially-grown semiconductor quantum dots have great potential as single photon sources for
photonic quantum technologies, though in practice devices often exhibit nonideal behavior. Here, we
demonstrate that amplitude modulation can improve the performance of quantum-dot-based sources.
Starting with a bright source consisting of a single quantum dot in a fiber-coupled microdisk cavity, we use
synchronized amplitude modulation to temporally filter the emitted light. We observe that the single
photon purity, temporal overlap between successive emission events, and indistinguishability can be greatly
improved with this technique. As this method can be applied to any triggered single photon source,
independent of geometry and after device fabrication, it is a flexible approach to improve the performance of
systems based on single solid-state quantum emitters, which often suffer from excess dephasing and
multi-photon background emission.

S
olid-state quantum emitters are potentially bright, stable, and monolithic sources of triggered single
photons for scalable photonic quantum information technology1,2. Source properties which must be opti-
mized for applications include the fraction of photons emitted into a useful optical channel, the repetition

rate at which the source is operated, the degree to which multi-photon emission is suppressed, and the extent to
which the single photons are identical. One specific solid-state system that has drawn considerable interest is the
InAs/GaAs quantum dot (QD) heterostructure. Despite significant development of these sources, achieving good
performance with respect to all of the aforementioned parameters can be challenging3,4. For example, the high
refractive index contrast between GaAs and air requires modification of the geometry to prevent most of the QD
emission from remaining trapped within the semiconductor. The existence of radiative states within the QD
heterostructure that are spectrally resonant with the transition of interest can limit the single photon purity of the
emission. Interactions between the excitonic transition and electronic carriers and phonons in the host semi-
conductor can cause dephasing that prevents the emitted photons from being perfectly indistinguishable.

Researchers have developed a number of tools to address these limitations. Nanofabricated photonic structures
can ensure that a significant fraction of the QD emission is collected5–10. Optical excitation resonant with excited
states of the QD can limit multi-photon emission11, increase the coherence time, and improve the degree of
indistinguishability12–14. Purcell-enhancement of the radiative rate through modification of the QD’s electromag-
netic environment15 can also produce single photon wavepackets that are more indistinguishable12,14,16; further-
more, it increases the maximum repetition rate at which the source can be operated.

Here, we describe a different approach to improving the performance of QD single photon sources (SPSs).
Rather than influencing the QD radiative dynamics, we instead use temporal filtering through electro-optic
amplitude modulation to process and purify the QD emission. Synchronized modulation of single photon
wavepackets has recently been demonstrated for both atomic17,18 and QD systems19, but those works focused
primarily on demonstrating that modulation was possible and the variety of wavepacket shapes that it could
produce. We begin by demonstrating a bright, fiber-coupled SPS (. 20% overall collection efficiency into the
fiber) based on a QD in a microdisk cavity, and then show that the ability to temporally select portions of the
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emitted signal can lead to large improvements in the purity and
indistinguishability of the source. In particular, we demonstrate an
improvement in the single photon purity by a factor as high as 8,
enough temporal separation between successive emission events to
achieve a 0.5 GHz repetition rate source, and an improvement in the
two-photon wavepacket overlap by a factor of 2. In contrast to other
approaches which require modification of the source, this technique
can be applied to any existing solid-state triggered SPS, regardless of
the device geometry and excitation method (optical or electrical),
and can thus be a versatile resource when implementing solid-state
SPSs in quantum information applications.

Results
Efficient fiber-coupled single photon source. We use a self-
assembled InAs QD embedded in a GaAs microdisk cavity (Fig. 1a)
as a triggered SPS. Our main objective is to produce a bright
source under pulsed excitation. We use relatively small diameter
(D *; 2:9 mm) devices to obtain a high QD spontaneous emission
coupling fraction b into the resonant whispering gallery modes
(WGMs) of the microdisk. Efficient outcoupling of the WGMs is
achieved using a fiber taper waveguide (FTW), an approach previ-
ously used to create fiber-coupled microdisk-quantum-dot lasers20

and waveguide SPSs21. Out-coupling of a WGM through the FTW
is quantified by an efficiency g, whose value is experimentally
determined by measuring the transmission spectrum of the cavity
[see Supplementary Information]. The overall collection efficiency
of photons into each channel of the FTW is j 5 bg, in the limit of
unity QD radiative efficiency.

The setup shown in Fig. 1b is used to measure the low-temperature
micro-photoluminescence spectrum of a microdisk-QD device
shown in Fig. 1c, where a bright excitonic line is observed on top

of a broad cavity mode at 969 nm. The relatively low quality factor
mode (Q 5 1900; see inset transmission spectrum) results in a
Purcell factor FP 5 2, as determined by measuring the emission
lifetime when the QD is on-resonance with the mode and far-
detuned from it (inset to Fig. 1c). The brightness of the QD source
is determined through the excitation power-dependent intensity of
the filtered signal, which is directly measured with a Si single-photon
avalanche diode (SPAD), as shown in Fig. 1d. The right vertical axis is
the measured count rate at the detector, while the left axis is the
photon count rate coupled to the forward channel of the FTW,
factoring in the losses due to spectral filtering, detection efficiency
of the SPAD, and the transmission of the FTW (see Methods). At
saturation, a collection efficiency j 5 11.9% 6 0.6% into the forward
channel of the FTW is estimated. Ideally, collection into the back-
ward channel will equal that into the forward channel; for this device,
we measure a slight reduction (by 14%) in the backward channel
(inset of Fig. 1d), most likely due to asymmetric losses in the setup.
This yields j 5 10.2% 6 0.6% for the backward channel, so that if
both channels are combined, the overall collection efficiency into the
FTW is < 22%.

The single-photon nature of the collected QD emission is demon-
strated by measuring the second-order photon correlation function
g(2)(t) using a Hanbury-Brown and Twiss (HBT) setup [see Supple-
mentary Information for details]. Even at Psat, the pump power for
which the emission is highest, we observe (upper panel of Fig. 1e) a
clear suppression of the correlation peak at zero time delay, with
g(2)(0) 5 0.16 6 0.01 , 0.5. We also characterize the indistinguish-
ability of the single photon emission using a Hong-Ou-Mandel
(HOM) interferometer12,22, where consecutively emitted photons
are overlapped on a beamsplitter. As discussed in Ref. 12 and in
the Supplementary Information, the degree of indistinguishability

Figure 1 | Bright, fiber-coupled microcavity-QD single photon source. (a) Scanning electron microscope image of the GaAs microdisk cavity.

(b) Experimental setup [details in the Supplementary Information]. The 10:90 directional coupler allows for simultaneous measurement of the forward

and backward channels of the FTW. Typically, the emission spectrum is monitored through the backward channel while the forward channel is spectrally

filtered to select the desired QD transition, which is then used in subsequent photon correlation measurements. HBT 5 Hanbury-Brown and Twiss setup;

HOM 5 Hong-Ou-Mandel interferometer. (c) Photoluminescence (PL) spectrum for a QD-microdisk device. The left inset shows the PL decay of the

QD line at 969 nm, both when the cavity is detuned (black) and on-resonance (red). The right inset shows a transmission spectrum of the microdisk.

(d) Spectrally-filtered QD emission as a function of pump power, where the right y-axis shows the detected count rate on a Si SPAD and the left y-axis

shows the corresponding photon count rate collected into the forward direction of the FTW. Psat is the pump power at which the QD emission is highest.

The inset shows the measured PL spectrum from both the forward (blue) and backward (red) direction of the FTW. (e) Upper panel: Second-order

correlation function measured at Psat. Lower panel: Photon indistinguishability measurement. The suppression of peak 3 with respect to peaks 2 and 4 is

due to the two-photon interference effect with V 5 0.39 6 0.05 [see Supplementary Information]. Error bars in (d) come from the fluctuation in the

detected count rates, and are one standard deviation values. The uncertainty in the g(2)(0) values is given by the standard deviation in the area of the peaks

away from time zero, and leads to the uncertainty in V.
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is experimentally related to M~
A2

A2zA4
, where A2,3,4 are the areas of

the peaks labeled in the lower panel of Fig. 1e. For our QD SPS with
g(2)(0) 5 0.16 6 0.01 at 0.5Psat (Fig. 2(d)), M , 0.57 can only occur if
there is two-photon interference (see Methods). M 5 0.40 is
observed in Fig. 1e, indicating a degree of indistinguishability that
is quantified by the two-photon wavepacket overlap V 5 0.39 6 0.05.

Since b approaches 50% in these devices (half into each of the
clockwise and counterclockwise modes), improving the brightness
of this source requires an increase in g, which is estimated to be
<25% in the current devices [see Supplementary Information].
This would require improved overlap between the FTW and micro-
disk WGMs, through adjustment of the microdisk and FTW dimen-
sions. While the demonstrated brightness of < 11% (22%) into one
(both) channel (channels) of the fiber is smaller than the collection
into the first optic in recent demonstrations7,9, it has the advantages
of being directly fiber-coupled, exhibiting Purcell enhancement with
a relatively low g(2)(0) value at saturation, and having indistinguish-
ability with a two-photon wavepacket overlap of 39%. Direct fiber
coupling enables the source to be easily interfaced with other optical
components and physical systems for more sophisticated experi-
ments, as it ensures a high brightness of spectrally isolated photons
in ubiquitously-used single mode optical fiber [more details in the
Supplementary Information]. For example, recent quantum fre-
quency conversion experiments involving a QD SPS have made
use of such a source23. Here, we use this fiber optic interface to easily
connect with an electro-optic amplitude modulator, which we use in

the following sections to manipulate the purity, repetition rate, and
indistinguishability of the QD SPS.

Improving the purity of the single photon source. A non-zero value
of g(2)(0) is commonly measured in QD SPSs, and indicates the
presence of temporally coincident multi-photon emission (within
the timing resolution of the system). Such emission can originate
from other spectrally-resonant radiative transitions in the system
that arise due to the nature of the QD confinement, which
supports a quasi-continuum of (multi)excitonic transitions whose
emission can be enhanced by the presence of a cavity mode24–26.
Another process that can lead to g(2)(0) . 0 is carrier recapture on
a time scale comparable to the QD radiative lifetime, which can
enable the emission of more than one photon per excitation
pulse11,27,28. In this section, we show how amplitude modulation
can reduce the multi-photon contribution, thereby improving the
purity of the QD SPS.

The modified setup is shown in Fig. 2a. The trigger output of the
832 nm excitation laser is used to synchronize an electronic pulse
generator whose output drives a fiber-coupled, 980 nm band electro-
optic modulator (EOM). Spectrally-filtered QD emission is fed into
the EOM, and its output is sent to the HBT setup for photon cor-
relation measurements. The pulse generator produces optical pulses
of width Tmod . 350 ps, measured as the full-width at the 1/e point.
The separation between the EOM gates and the incoming QD emis-
sion can be controlled with ps resolution.
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Figure 2 | Improved single photon purity using amplitude modulation. (a) Schematic of the amplitude modulation setup. EOM 5 electro-optic

modulator. (b) QD lifetime traces under no modulation (blue) and 370 ps modulation (red). (c) Calculated transmission through the EOM as a function

of modulation width Tmod, for varying T1. The left y-axis shows the maximum possible transmission, while the right y-axis includes

1.9 dB of insertion loss through the EOM. The highlighted point is the expected transmission level assuming T1 5 625 ps and for the 370 ps modulation

used in subsequent experiments. (d) Pump-power-dependent second order correlation measurements, without modulation (top) and with modulation

(bottom). (e) Modulation-width-dependent second order correlation measurement at 0.5Psat. The shaded gray region corresponds to

g(2)(0) 5 0.16 6 0.03, measured for no modulation. The uncertainty in the g(2)(0) values in (d) and (e) is given by the standard deviation in the area of the

peaks away from time zero.
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Figure 2b shows the QD lifetime measured with and without
amplitude modulation, where the modulation produces Tmod 5

370 ps 6 20 ps, and its extinction level is .20 dB. Amplitude modu-
lation is expected to reduce the overall source brightness, both
through its temporal gating function and broadband insertion loss.
The transmission through the temporal gate can be estimated by
considering the overlap of the EOM response and the QD emission
[see Supplementary Information]. Assuming that the EOM gate
position is optimal and that the QD emission follows a decaying
exponential, Fig. 2c shows the expected transmission level through
the EOM for varying values of the radiative lifetime T1 in the case of
no insertion loss (left y-axis) and the measured 1.9 dB insertion loss
(right y-axis). For the measured T1 < 625 ps and Tmod 5 370 ps, the
maximum and expected transmission levels are 36% and 23%,
respectively.

Amplitude modulated QD emission is then sent to the HBT setup,
and g(2)(t) is measured as a function of excitation power, as shown in
Fig. 2d, with the unmodulated g(2)(t) measurements provided for
reference. A clear suppression in the g(2)(0) values after modulation
is observed, with improvements ranging from a factor of eight at a
pump power of 0.15Psat to a factor of two at 0.75Psat. The measured
count rates on the Si SPADs after modulation are typically <20% of
the value before modulation.

The basic function of the modulator is to select a portion of the QD
emission with a user-defined width and center position. Thus, if the
desired single photon emission has a different width and/or temporal
position with respect to multi-photon processes, the amplitude
modulation can discriminate between the two, removing the
undesired multi-photon emission. To gain a better understanding
of how the timescale for single-photon and multi-photon emission
differ in this device, we measure g(2)(0) as a function of Tmod at an
excitation power of 0.5Psat, as shown in Fig. 2e and in the
Supplementary Information. The nearly monotonic increase in
g(2)(0) with increasing modulation width shows that in this device,
multi-photon emission is spread over a timescale of a few ns.

The separation in timescales for single- and multi-photon emis-
sion most likely depends on specific characteristics of the device in
question, including the pumping scheme and properties of the cavity
mode and its detuning with respect to the QD exciton state.
Recapture processes in the QD that lead to multiple photon emission
events from the QD excitonic line within a single excitation
pulse11,27,28 represent one scenario in which such temporal separation
may occur. Alternately, recent studies25,26 have examined the differ-
ences in temporal behavior between single exciton and multi-
excitonic transitions of the QD, and have observed that the emission
processes can be delayed with respect to each other.

The temporal filtering provided by amplitude modulation can also
be useful in QD SPSs that operate at higher repetition rates. For a
source with pure single photon emission, the maximum repetition
rate depends on the radiative dynamics of the QD, including the
carrier capture time and QD radiative lifetime T1. Purcell enhance-
ment to shorten T1

29 and rapid quenching of the QD emission at a
timescale , T1

30 have been used to approach GHz repetition rates.
However, processes that lead to multi-photon emission can be a
limitation. Considering the aforementioned carrier recapture pro-
cesses, even if they still allow photons to be emitted one at a time,
multiple emission events per excitation cycle will degrade the on-
demand functionality of the source. Experimentally, researchers
have attributed various features in g(2)(t) data to such processes11,28.
For example, while measurements of QD SPSs under above-band
excitation do exhibit a pronounced antibunching dip (because
photons are emitted one-by-one), emission events that are asyn-
chronous with the excitation trigger lead to an overall background
in g(2)(t) at other times. Such behavior is exhibited in our data with-
out amplitude modulation (upper graphs in Fig. 2d), and suggests
that a higher repetition rate source would benefit from suppression of

events between the peaks. The data taken after amplitude modulation
(lower graphs Fig. 2d) clearly shows such suppression, with essen-
tially no photon counts present in the regions between successive
peaks.

To demonstrate this technique in conjunction with a high repe-
tition rate QD SPS directly, we optically pump the device by an
adjustable repetition rate 775 nm source (Fig. 3a) whose trigger out-
put is synchronized to the 980 nm EOM that modulates the gener-
ated QD emission. The limit on the useful repetition rate is evident in
the bottom right inset of Fig. 3a, which shows how the collected QD
emission level scales with repetition rate, in the case of no amplitude
modulation. For rates up to 0.5 GHz, the number of collected
photons increases nearly linearly, while faster repetition rates are
precluded by the dynamics of the QD. Figure 3b shows a measure-
ment of g(2)(t) under this 0.5 GHz excitation rate, without modu-
lation (left) and with Tmod 5 450 ps 6 20 ps (right). The modulated
data displays a strong reduction in the overlap between peaks in
g(2)(t) [see Supplementary Information for additional data]. We also
find that suppression of g(2)(t) in the regions between the peaks does
not necessarily require Tmod , T1; the Supplementary Information
shows g(2)(t) data in which the coincidences between peaks are
strongly suppressed even for Tmod 51.5 ns . T1 5 625 ps. In this
scenario, amplitude modulation can be a valuable resource in puri-
fying and temporally separating the single photon emission, with an
overall transmission level that can be . 60% (Fig. 2c). On the other
hand, as we describe in the following section, more aggressive ampli-
tude modulation with Tmod , T1 can be used to improve the indis-
tinguishability of the source.
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Improving the indistinguishability of the single photon source.
The generation of indistinguishable photons is an important require-
ment for several applications in quantum information technology,
such as linear optics quantum computing31, which relies on the two-
photon interference effect of single photon pulses at a beamsplitter.
When two indistinguishable photons enter a beamsplitter at the
same time, they bunch together and leave from the same exit
port22. This can only be achieved if the photon pulses are Fourier-
transform limited, that is, the coherence time (T2) of the interfering
photons is limited only by their radiative lifetime (T1), such that V 5

T2/(2T1) 5 1. V quantifies the degree of two-photon wavpacket
overlap, and in the limit of a pure SPS (g(2)(0) 5 0), V 5 1 implies
perfectly indistinguishable photons.

The coherence time of single photons emitted from QDs is limited
due to several dephasing processes which reduce their indistinguish-
ability through lower T2 values. Resonant excitation13,32,33 and Purcell
enhancement can bring the photons closer to the Fourier-transform
limit12,16, through the reduction of dephasing processes and the radi-
ative lifetime, respectively. Electrically-injected structures in which
dephasing was filtered out through fast Stark shifting have also been
demonstrated34. As a new approach that is independent of the
specific device geometry and excitation wavelength, here we dem-
onstrate that amplitude modulation can improve the indistinguish-
ability of our SPS through two means. The first is through the
improved purity of the SPS, as we have detailed in the previous
section. The second is through selection of the coherent portion of
the single photon wavepackets, which increases V from T2/(2T1) to
T2/(2Tmod). Conceptually, this is similar to spectral filtering within
the homogeneous linewidth of the QD, which has been predicted to
improve photon indistinguishability35.

Figure 4a shows the experimental setup used for photon indistin-
guishability measurements. For each repetition period of the 832 nm
excitation laser, we generate a pair of pulses with a delay Dt 5 2.2 ns,
equal to the delay in the HOM interferometer, thus enabling the
interference between the consecutively emitted photons. The same
delay is introduced to the output of the electronic pulse generator
which drives the EOM. For these measurements, we use the same
device as in the previous section, but a shift in the spectral position of
the cavity mode with respect to the QD transition resulted in a longer
radiative lifetime T1 5 770 ps 6 20 ps, and higher antibunching
value g(2)(0) 5 0.29 6 0.04 [data in the Supplementary
Information]. Figure 4b shows the result of the HOM measurement
on the spectrally filtered QD emission without amplitude modu-
lation. Examining the peak areas A2,3,4 results in M 5 0.49, less than
the value M 5 0.61 expected for the measured g(2)(0) value if there
was no two-photon interference.

Next, we performed a HOM measurement after amplitude modu-
lation. We measured Tmod 5 380 ps 6 20 ps, which is approximately
half the QD T1 value, and suggests that a factor of two increase in V
should be expected. We first measured the auto-correlation of the
modulated QD emission as g(2)(0) 5 0.20 6 0.04 [see Supplementary
Information], again evidencing an improvement in the purity of the
SPS. Figure 4c shows the result of the HOM experiment, where the
correlation peaks are now well-separated due to the modulation. We
estimate M 5 0.31, which is smaller than the value M 5 0.58
expected for this device if there was no two-photon interference.
Our measured value M 5 0.31 yields V 5 0.65 6 0.06, which corre-
sponds to a coherence time T2 5 500 ps 6 50 ps given Tmod <
380 ps. In comparison, the unmodulated case has M 5 0.49 and
g(2)(0) 5 0.29 6 0.04, which gives an unmodulated value V 5 0.32
6 0.05 that is consistent with the ratio T2/2T1 for T2 <500 ps and
T1 <770 ps. Thus, the two-photon wavepacket overlap V is
increased by a factor of two, as expected based on the change from
T1 to Tmod produced by amplitude modulation. V after modulation
approaches the value of <0.8 achieved in previous works12,14,16

through quasi-resonant excitation and larger Purcell enhancement.

Amplitude modulation is fully compatible with such techniques,
where shorter T1 values would result in higher transmission for a
fixed Tmod (Fig. 2c), and longer T2 values would improve the indis-
tinguishability.

Discussion
In conclusion, we have demonstrated that synchronous amplitude
modulation of QD emission can be an effective approach to improv-
ing its performance as a SPS. We first demonstrate a fiber-coupled
microcavity-QD SPS which exhibits high brightness but whose
application may be limited by imperfect purity and indistinguish-
ability. The temporal filtering provided by the amplitude modulator
allows us to select the portions of the emission for which the behavior
is more ideal. This results in a significant improvement in the single
photon purity of the source, by as much as a factor of 8, and enables
clean operation of the SPS up to repetition rates as high as 0.5 GHz.
Using amplitude modulation to eliminate portions of the single
photon wavepackets that are incoherent improves the two-photon
wavepacket overlap by a factor of 2.
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Though related in some respects, this work is fundamentally dif-
ferent than experiments which have utilized post-selection in con-
junction with triggered sources in order to eliminate detection events
outside of a prescribed temporal window36; the amplitude modu-
lation is physically filtering the quantum dot emission in time,
thereby changing the single photon wavepacket shape and eliminat-
ing multi-photon emission and much of the incoherent portion of
the single photon wavepacket. For many applications, such as in
scalable hybrid quantum information processing, for example, this
physical improvement in the source quality is preferable to post-
selection. In addition, though our approach necessarily reduces the
brightness of the system, efficiencies in excess of 50% can be achieved
depending on the needed modulation width. In our experiments,
typical efficiencies are 30%; when combined with . 20% collection
efficiency and a triggering rate as high as 500 MHz, the overall fiber-
coupled flux of single photons can exceed 30 MHz.

We emphasize the versatility of amplitude modulation, as it can be
applied to either optically (non-resonant or resonant) or electrically
pumped devices, independent of device geometry and the precise
energy level structure of the QD. It can also be used in conjunction
with other methods that improve the performance of SPSs, such as
resonant excitation or Purcell enhancement. Other solid-state
quantum emitters, such as nitrogen vacancy centers in diamond37,38

and colloidal quantum dots39 often exhibit non-zero multi-photon
probability and imperfect two-photon interference; amplitude
modulation may be a valuable resource for those systems as well.
Finally, the ability to temporally filter the emitted signal with adjust-
able width and position provides a new resource to help understand
the dynamics within mesoscopic quantum systems like single semi-
conductor quantum dots.

Methods
SPS brightness estimate. The QD SPS efficiency is estimated by comparing the
number of photons coupled to the FTW at Psat to the expected number of generated
photons. The total detection efficiency of the optical setup f includes the transmission
through the FTW (50%) and spectral filtering setup (50%) and the quantum efficiency
of the SPADs (12.5%), measured using a laser of known power at the QD emission
wavelength. Assuming the QD generates one photon per excitation pulse, the
efficiency of the QD SPS is given by j 5 Isat/(RRep * f), where Isat is the detected count
rate on the SPAD and RRep is the 80 MHz repetition rate of the excitation laser. Error
bars in the measurements come from the fluctuation in the detected count rates, and
are one standard deviation values. The Supplementary Information provides further
details in comparing the fiber-coupled brightness of this source with other works.

Indistinguishability measurements. Analysis of the indistinguishability
measurements is done following Santori et al.12. The mean two-photon overlap V is
linked to:

M~
A3

A2zA4
~

1z2g�ð Þ
2 1zg�ð Þ{

1{eð Þ2R2T2V
1zg�ð Þ R3TzRT3ð Þ ð1Þ

where A3 is the area of the central peak and A2 and A4 are the areas of the inner side
peaks as labeled in Fig. 4b, (1-e) is the visibility of the interferometer, R and T are the
reflectivity and transmission of the beamsplitters, and g* is the probability of two-
photon generation divided by the probability of one photon generation in each pulse;
g* is taken equal to the measured g(2)(0) values. For a pure SPS with g(2)(0) 5 0, M 5 0
for perfect interference with V 5 1, while M 5 0.5 for no interference (V 5 0).
Considering the different g(2)(0) values measured in Fig. 1e and Fig. 4b and c, the
expected M values with no interference are 0.57, 0.58, and 0.61, respectively.
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