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P H Y S I C S

Coherence in cooperative photon emission 
from indistinguishable quantum emitters
Zhe Xian Koong1*, Moritz Cygorek1, Eleanor Scerri1, Ted S. Santana2, Suk In Park3, 
Jin Dong Song3, Erik M. Gauger1, Brian D. Gerardot1*

Photon-mediated interactions between atoms can arise via coupling to a common electromagnetic mode or by 
quantum interference. Here, we probe the role of coherence in cooperative emission arising from two distant but 
indistinguishable solid-state emitters because of path erasure. The primary signature of cooperative emission, 
the emergence of “bunching” at zero delay in an intensity correlation experiment, is used to characterize the 
indistinguishability of the emitters, their dephasing, and the degree of correlation in the joint system that can be 
coherently controlled. In a stark departure from a pair of uncorrelated emitters, in Hong-Ou-Mandel–type inter-
ference measurements, we observe photon statistics from a pair of indistinguishable emitters resembling that of 
a weak coherent state from an attenuated laser. Our experiments establish techniques to control and characterize 
cooperative behavior between matter qubits using the full quantum optics toolbox, a key step toward realizing 
large-scale quantum photonic networks.

INTRODUCTION
Cooperative photon emission can arise between quantum emitters be-
cause of photon-mediated interaction via a shared electromagnetic 
mode. This can occur with indistinguishable atoms, or artificial 
atoms, which emit identical photon wave packets and cannot be spa-
tially distinguished. Atomic indistinguishability leads to entangled 
multiparticle states referred to as Dicke states (1). In ensembles of 
densely packed atomic or solid-state emitters, Dicke states can yield 
sub- and superradiant emission with modified temporal, spectral, 
and directional properties (2–6). At the few-emitter level, coopera-
tive emission has been observed with emitters positioned closely 
(interatomic separation  < , the photon wavelength) in free space 
(7, 8) or coupled to one-dimensional waveguides (9–14). Dicke 
states offer intriguing potential to engineer quantum states for 
applications in quantum information processing (15–19) and pre-
cision metrology (20, 21).

Atomic correlations can also occur from quantum interference 
between distant quantum emitters. This is commonly achieved by 
using a beam splitter to erase the which-path information from 
two indistinguishable emitters, providing a route to realize scalable 
quantum networks (22–27). Similarly, interference in the far field of 
spatially separated sources of indistinguishable single photons also 
gives rise to entanglement and Dicke states (28–30). Compared to 
the spontaneous emission from a single atom or a group of distin-
guishable atoms, a signature of the atomic entanglement that under-
lies cooperative emission is a change in the second-order intensity 
correlations; for instance, “bunching,” rather than “antibunching,” 
arises at zero delay in a Hanbury Brown-Twiss (HBT) interferometer 
(10, 12–14, 31–33). While cooperative emission and in particular 
sub- and superradiance have been extensively explored in both 
theory and experiment, coherent control of the correlations and 
the effects of indistinguishability and dephasing have yet to be 

investigated. Furthermore, higher-order intensity-intensity correla-
tions that characterize the coherence (34) of cooperative emission 
remain unexplored.

Here, we report on the cooperative emission from two proximate 
semiconductor quantum dots (QDs) that can be tuned into reso-
nance electrically. Collecting the emission using a diffraction-limited 
focus at /2 leads to the erasure of spatial and spectral distinguish-
ability of the photons, creating emitter entanglement between the 
two dots, although the separation between them exceeds the wave-
length of the emitted photons,  > . The ability to tune the emitter 
via an applied bias allows us to contrast the photon statistics of 
distinguishable to that of indistinguishable emitters. Following the 
detection of a first photon, the detection probability of the subse-
quent photon is halved in the former case, because only one emitter 
remains excited and can contribute to photon emission. By contrast, 
for cooperative emission from indistinguishable emitters, where 
both emitters are involved in both photon emission processes, the 
emission rates for the first and the second photon are identical. 
As emission with a constant rate defines Poissonian statistics, the 
second-order correlation function then resembles that of a weak 
coherent state from an attenuated laser (35).

We probe the different statistics of distinguishable versus in-
distinguishable emission via second-order intensity correlations and 
with a Hong-Ou-Mandel (HOM)–type interferometer (36). For both 
measurement configurations, we observe increased (zero-delay) 
correlations and Poisson-like photon statistics under continuous 
wave (CW) and pulsed driving. Compared to strict resonance 
fluorescence, we observe a reduced level of correlation using non-
resonant excitation (into the phonon sideband, blue-detuned from 
the zero-phonon line) due to increased emitter dephasing and time 
jitter of the exciton population. Time-resolved resonance fluorescence 
of the independent (spectrally detuned) QDs and the correlated 
indistinguishable QD system reveals identical lifetimes, i.e., we 
observe no reduction in the emission lifetime, as would be expected 
for superradiance (2). This indicates that the zero-delay peak in the 
HBT experiment is not a sufficient witness of superradiant emission 
with collective rate enhancements but is a sensitive probe of 
cooperative emission. Our work establishes techniques from the 
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quantum optics toolbox to control and characterize collective light- 
matter interactions.

Figure 1A shows the schematic of our experiment: A confocal 
microscope with a diffraction-limited focus is used for both optical 
excitation and photon collection from two QDs. Not shown in the 
schematic is a hemisphere solid immersion lens (SIL), with index of 
refraction n = 2.0, which is placed on top of the sample to increase 
the collection efficiency from the QDs (37). Crucially, the focal spot 
is optimized to ensure equal excitation and collection from both 
emitters, erasing the spatial distinguishability of each emitter. This 
is illustrated graphically in Fig. 1B, in which two identical QDs, each 
with spontaneous emission rate , emit photons with wave vector 
k orthogonal to the separation between the emitters r. The indis-
tinguishability of detected photons ensures that, upon measurement 
of a single photon from a two-emitter system initially in the doubly 
excited state∣e1, e2⟩, the wave function collapses to the maximally 
entangled Dicke state  (1 /  √ 

_
 2  (∣ e  1  ,  g  2  ⟩ + ∣ g  1  ,  e  2  ⟩) )  (cf. Fig. 1C and Materials 

and Methods). The entanglement enables both emitters to coopera-
tively take part in the second photon emission process, which 
enhances photon coincidences compared to the emission from 
uncorrelated emitters (38). Here, the entanglement is induced by the 
measurement process. In contrast, entanglement between emitters 
in the superradiant regime arises from free radiative decay alone 
(1, 2). Figure 1D shows examples of the second-order correlation 
function g(2)() near zero time delay (cf. section S1) for CW driving 
of (i) a single quantum emitter that exhibits perfect antibunching 
g(2)(0) = 0 (blue curve); (ii) two distinguishable quantum emitters 
that exhibit g(2)(0) = 0.5 (gray curve); and (iii) two indistinguishable 
quantum emitters with different dephasing rates d =  and 10 
(purple and red curves, respectively). An instructive example for 
which an analytic solution is available is the special case of incoherent 
pumping with equal pump and decay rates p = , where one obtains 
a delay-time dependence of cooperative emission of the form

   g   (2) ( ) = 1 − ( e   −2  −  e   −(2+   d  )  ) / 2  (1)

This yields the “antidip” at  = 0 with a width determined by the 
dephasing d. As the main effect of dephasing here is to reduce the 

coherence between states with a single excitation in either emitter 
and therefore the correlations, the strong dependence of the g(2)() sig-
nal on the dephasing further highlights the importance of interemitter 
entanglement for the enhancement of photon coincidences.

RESULTS
Tuning two near-degenerate QDs into resonance
The sample consists of self-assembled InGaAs QDs embedded in a 
Schottky diode to control the QD charge state via Coulomb blockade 
(38) and allow a small range of energy tuning via the DC Stark effect 
(39). Details on the device design are found in Materials and Methods. 
The self-assembly process leads to random spatial positions and 
an inhomogeneous distribution of QD energies and spontaneous 
emission lifetimes (). We therefore search the sample for the 
unlikely situation in which two QDs (i) are close enough to each 
other to optically couple to the same focal point, (ii) have very similar 
transition energies and , and (iii) have different permanent dipole 
moments such that the QDs can be tuned into resonance with a 
vertical electric field. We choose to work with negatively charged 
exciton (X1−) transitions, which, unlike neutral excitons, lack fine- 
structure splitting. Figure 2A shows the photoluminescence (PL) 
(using nonresonant excitation) for our chosen QD pair (X1− transi-
tions) as a function of gate bias. The three line cuts at different 
applied biases in Fig. 2B demonstrate the ability to tune the two QDs 
to the same emission wavelength using only the applied gate voltage. 
The resonance is found at VG = −0.540 V. Here,  ≈ 971 nm in 
free space while inside the GaAs (with index of refraction n ≈ 3.67), 
GaAs ≈ 265 nm. Fixing VG = −0.460 V (where both QDs are spec-
trally distinguishable, detuned by  ≈ 70 eV), we spatially map the 
precise locations of the two QDs by scanning the sample position 
while recording the emission spectra. Assigning the peak at lower 
(higher) wavelength to be QD1 (QD2), we obtain the spatial profile 
of each QD, as shown in Fig. 2C. Gaussian fits to the intensity versus 
scanner position gives the spatial separation of the two QDs:  = 
256.1 (1) nm. We note that for the two QDs in GaAs,  ≈ GaAs, 
beyond the expected range for substantial superradiant emission 
enhancement (2). Here, we define the origin (X,Y) = (0,0) as the 
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Fig. 1. Dicke states and cooperative emission from two indistinguishable quantum emitters. (A) A schematic of the sample and spectroscopy setup, showing 
common-mode optical excitation and collection from two negatively charged InGaAs QDs embedded in an intrinsic (i-) GaAs region of a gate-tunable Schottky diode 
structure with an Ohmic contact to an n-doped (n++) GaAs layer. (B) Detection of photons with wave vector (k) emitted from two indistinguishable QDs, spatially separated 
along (r) by  and equally coupled to the same driving field, projects the system into the symmetric state (∣e1, g2⟩ + ∣g1, e2⟩). The spontaneous emission rate of a single 
QD is . (C) Schematic of the two-atom Dicke ladder, showing the bright transition from the doubly excited state (∣e1, e2⟩) to the symmetric state and subsequently to 
ground state (∣g1, g2⟩). Transitions via the antisymmetric state (∣e1, g2⟩ − ∣g1, e2⟩, blurred arrows) are not directly monitored. (D) Second-order correlation function (g(2)()) 
measured using the HBT setup (top) indicates the emergence of the antidip around the zero delay due to cooperative emission from two indistinguishable emitters, each 
with a pure dephasing rate of d. BS: 50:50 Beam splitter.
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optimal spatial position to ensure equal collection from both QDs. 
For all subsequent experiments, we perform all measurements at this 
position and use the Stark shifts to render the emitters degenerate 
or detuned.

To confirm the indistinguishability and cooperative emission of 
the two QDs when degenerate, we obtain resonance fluorescence 
under CW driving and measure the second-order correlation 
function g(2)() with the HBT interferometer. Figure  2D shows 
g(2)() for three scenarios at an excitation power (P) of P/Psat ≈ 0.1, 
where Psat is the excitation power at saturation (40). When the QDs 
are detuned and only QD1 is addressed resonantly, g(2)(0) → 0, 
indicating single-photon emission. To equally drive the QDs when 
they are detuned ( ≈ 3.9 eV), we excite both emitters slightly off 
resonance with a laser detuned by ±/2 and obtain g(2)(0) → 0.5, 
as expected for two distinguishable emitters emitting uncorrelated 
single photons. Last, g(2)(0) for resonance fluorescence from the two 
degenerate QDs ( = 0) reveals the emergence of a zero-delay 
antidip, in agreement with previous reports for superradiant emission 
(10, 12, 13). This signature confirms cooperative emission from in-
distinguishable QDs. We note that the slight bunching in coincidences 
away from the zero delay for the single-emitter case is due to spectral 
fluctuations. This is not observable for the two-indistinguishable- 
emitters case as their spectral fluctuations are not fully correlated. 
We fit the experimental data to an analytical equation (c.f. Eq. 1), 
convolved with the Gaussian instrument response function [full 
width at half maximum (FWHM) = 0.240 ns] and obtain a decay 
time of (2)−1 = 0.880 (22) ns, dephasing time of    d  −1  = 0.199 (10) ns  
and hence a coherence time of (2 + d)−1 = 0.162 (9) ns, indicating 
the 1/e width of the antidip. While we observe g(2)(0) ≈ 0.87 from 
the data/fit, upon deconvolution, we obtain g(2)(0) ≈ 1, as expected 
from collective emission from two indistinguishable emitters.

Last, as we increase the driving strength, we observe Rabi oscilla-
tions in the g(2)() coincidence histogram along with the zero-delay 
antidip. These results, depicted in section S3, show excellent agree-
ment with simulated data produced by our model in section S1.

Coherent control of cooperative emission
To manipulate the Dicke ladder populations and probe the transient 
emission behavior, we perform resonance fluorescence and time- 
resolved measurements using a pulsed laser. Figure 3A shows 

coherent Rabi oscillations in the detected emission count rate as a 
function of pulse area for each emitter (when detuned) and for both 
QDs when degenerate. Each QD exhibits the same excitation power 
to Rabi frequency conversion and similar count rates, while the 
degenerate case yields the identical power to Rabi frequency con-
version and the measured count rates are a sum of the individual 
QD count rates. Fixing the excitation power corresponding to a pulse 
area of /2, we measure the temporal emission profile for each case 
with a time-resolved resonance fluorescence measurement, as illus-
trated in Fig. 3B. Here, we observe nearly identical temporal profiles 
and lifetimes in each case: T1 = 0.668 (1),0.635 (1), and 0.643 (1) ns 
for emission from QD1, QD2, and both QDs when degenerate, 
respectively. These results confirm that the temporal properties of 
the cooperative emission process are unchanged from the independent 
QDs; superradiance with a modified temporal profile is not observed, 
as expected for QDs with  ≈ GaAs.

Figure 3C presents g(2)() for resonance fluorescence at a pulse 
area of /2 for four representative cases, with each dataset offset by 
a few nanoseconds on the x axis for clarity. A zoom-in around zero 
delay (without x-axis offset) is shown in Fig. 3D. Overall, the pulsed 
resonance fluorescence behavior is analogous to that obtained 
under CW driving. At zero delay, we observe g(2)(0) → 0, g(2)(0) ≈ 0.5, 
and g(2)(0) → 1 for an individual emitter (QD1), distinguishable 
emitters ( ≠ 0), and indistinguishable QDs (resonance fluorescence, 
RF), respectively. For the individual-emitter case (QD1), the two QDs 
are detuned by ∼100 eV. Integrating the coincidences within a 10-ns 
window around the zero delay, we obtain   g =10 ns  

(2)  (0 ) = 0.051 (1) , 
0.510 (2), and 0.672 (1) for each respective case. Restricting the 
integration window to 0.3 ns, while the   g =0.3 ns  

(2)  (0)  values for emis-
sion from QD1 and distinguishable QDs remain the same, we instead 
obtain a much higher   g =0.3 ns  (2)  (0 ) = 0.904 (5)  for two indistinguish-
able QDs, approaching the theoretical maximum of 1. Comparison 
of these two integration windows of   g   

(2) (0)  for the degenerate QDs 
suggests that the cooperative emission is sensitive to the degree of 
indistinguishability or dephasing between the two emitters. This ef-
fect is easily visualized by comparing the g(2)(0) peak for the indistin-
guishable QD (RF) to a reference peak (e.g., at  = 12.44 ns, black plot), 
as shown in Fig. 3D. Here, we observe narrowing of the zero-delay 
peak compared to the side peaks at 12.44 ns. We then fit the experi-
mental data (zero-delay peak) with Eq. 2 (convolved with the Gaussian 
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Fig. 2. Tuning two near-degenerate QDs into resonance. (A) PL spectra (nonresonant excitation) of negatively charged exciton transitions from QD1 and QD2 as a 
function of applied gate voltage (VG). (B) Individual PL spectra at VG = −0.46, −0.54, and −0.58 V. The QDs are tuned into degeneracy at VG = −0.54 V. (C) Spatial profile of 
both QDs at VG = −0.46 V accounting for the ×2 magnification of the SIL. The Gaussian fits (solid lines) to the experimental data (circles) give the separation of two QDs of 
 = 256 nm. (D) Top: Second-order intensity correlation for emissions from both QDs (QD1 + QD2) reveals an antidip around zero time delay for the case at zero detuning 
( = 0) and a dip showing a g(2)(0) ≈ 0.5 for nonzero detuning ( = 3.9 eV). Bottom: Second-order intensity correlation (g(2)) for emission from QD1 reveals dip at the zero 
delay, showing a g(2)(0) ≈ 0.06, signifying single-photon emission.
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instrument response function with FWHM = 0.240 ns) to extract 
the dephasing parameter d

   g Pulsed  (2)  ( ) = ( e   −  +  e   −(+   d  )  ) / 2  (2)

Using the measured lifetime, −1 = 0.643 (1) ns, we extract a 
dephasing time of    d  −1  = 0.280 (7) ns  and hence a coherence time 
of ( + d)−1 = 0.195 (3) ns from the fit. By contrast, in the absence 
of dephasing (d = 0), the width of the zero-delay peak (given by Eq. 2) 
is the same as that of the side peaks (equal to the radiative lifetime 
−1), resulting in   g Δτ  (2)  (0) = 1  for any integration time . This 
supports the interpretation that the degradation in   g   

(2) (0)  at larger 
 is related to emitter dephasing.

To experimentally demonstrate that the   g   
(2) (0)  value for coopera-

tive emission is sensitive to dephasing, we excite the degenerate QDs 
using pulsed nonresonant, phonon-assisted excitation [NR, orange 
plot in Fig. 3C] and observe reduced bunching compared to strict reso-
nance fluorescence:   g =0.3 ns  

(2)  (0 ) = 0.624 (7)  and   g =10  ns  
(2)  (0 ) = 0.556 (4)  

within 0.3- and 10-ns integration windows, respectively. In addition, 
fitting the data to Eq. 2 results in a coherence time of 0.043 (2) ns, 
significantly shorter than that observed with coherent driving. We 
ascribe this reduction to reduced indistinguishability between the 

two QDs when using incoherent excitation, likely due to decoher-
ence from the phonon-assisted transitions as well as increased charge 
noise and time jitter. Additional detailed spectroscopy results (power 
dependence and detuning dependence) under pulsed coherent and 
incoherent excitation are included in sections S4 and S5, respectively. 
In the case of coherent driving of two indistinguishable QDs, we 
observe an oscillating   g   

(2) (0)  value as we vary the excitation power 
of the resonant pulse, demonstrating the ability to coherently 
manipulate the populations on the Dicke ladder.

Last, we note that the bunching around zero delay demonstrates 
entanglement between the two QDs. In the absence of detector jitter, 
the limit g(2)( → 0) indicates the degree of the instantaneous entan-
glement immediately after the first-photon detection event as it is 
related to the occupation of the Dicke state (cf. Materials and Meth-
ods or section S2). However, in a realistic experimental setting, this 
limit is largely determined by finite detection jitter [with g(2)(0) = 1 
for perfect detectors] and thus is not a reliable metric. Therefore, we 
consider the integral of the entire zero-delay peak, relative to the 
adjacent uncorrelated side peaks, as a more representative indicator 
of the degree of entanglement. This quantity   g   

(2)   has the further 
advantage of being resilient to details of emitter dephasing that 
determine g(2)( → 0). The degradation in   g   

(2)   due to the increase in 
the dephasing under nonresonant excitation (at saturation) results 

A B

DC

Fig. 3. Coherent control of two QDs. (A) Emission intensity as a function of excitation power and pulse area from QD1 (blue), QD2 (green), and both dots when degenerate 
(purple) under pulsed resonance fluorescence, RF. (B) Time-resolved emission profiles of the emission from the degenerate QDs (top) and individual emitters (bottom, 
QD1 and QD2) exhibit similar lifetimes of T1 = 0.643 (1) and 0.668 (1),0.635 (1) ns, respectively. The pulse area is /2 for each measurement. (C) Second-order intensity 
correlation of the emission under resonant excitation [QD1 (blue) and both QDs at nonzero detuning ( ≠ 0, gray) and zero detuning ( = 0, RF, purple)] and nonresonant 
excitation for the degenerate QDs (NR, orange). (D) Zoom-in of the zero-delay peaks in (C). The data for “Reference” are the side peak at 12.44 ns for the RF case. 
Measurements for RF,  ≠ 0, and QD1 are taken at the pulse area of /2, while measurement for NR is taken at the saturation power.
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in a lower value of   g  =10 ns  
(2)   ≈ 0.56  compared to that under resonant 

excitation   g =10 ns  
(2)   ≈ 0.67  (at a pulse area of /2). Correcting for 

both the laser leakage and the detection jitter, we obtain the associated 
entanglement fidelities (to the maximally entangled symmetric 
Dicke state), upon a detection of a single photon for both cases to be 
F ≈ 0.56 and F ≈ 0.60, respectively. Please refer to section S6 for a 
detailed discussion.

Higher-order intensity correlations of cooperative emission
Next, we probe the coherence of the cooperative emission by inter-
fering subsequently emitted photons in a conventional HOM-type 
interferometer setup. The measurement setup consists of an unbalanced 
Mach-Zehnder interferometer with a delay to match the temporal 
separation of the excitation pulses, i.e., T = 12.44 ns. To quantify 
the interference visibility VHOM(), we define

   V  HOM  ( ) = 1 −  g ∥  (2) ( ) /  g ⊥  (2) ()  (3)

where in the case of single-photon input, VHOM(0) is the ratio of 
coincidences at zero delay when photons in the two paths of the 
interferometer are rendered indistinguishable (  g ∥  (2) (0) ) and distin-
guishable (  g ⊥  (2) (0) ) in polarization. This polarization control of the 
input photons is achieved by rotating the half-wave plate in one arm 
of the interferometer. While VHOM() gives the single-photon indis-
tinguishability for a single-photon indistinguishability for a single- 
photon input, it provides a measure of the degree of coherence (34) 
of the photons from both emitters.

Figure 4 (A and B) shows the results of the experiment for the 
emission from only QD1 and from both QDs when degenerate, 
respectively, under CW resonant driving. The temporal postselected 
indistinguishability for QD1 yields VHOM(0) → 1, as expected for an 
individual emitter. However, for cooperative emission from both 
QDs, we observe a maximum visibility of VHOM(0) ≈ 0.5. This 
result signals a significant change in emitted light, from being anti-
bunched (sub-Poissonian) for a single QD to having Poissonian-like 

statistics due to cooperative emission. Notably, the 1/e width of 
VHOM, which gives the coherence time of the emission, for the coop-
erative case (≈1.15  ns) is comparable to the single-emitter case 
(≈1.34 ns). Using the coherence time window (CTW) (41–43), i.e., 
the integrated area of VHOM, as the figure of merit, we find that the 
CTW for the single-emitter case [1.37  (1)  ns] is more than twice 
that of the cooperative emission [0.53 (1) ns], reflecting the differ-
ence for each case in both the VHOM(0) values and 1/e widths. 
Beyond the time-averaged picture, Fig. 4 (C and D) shows the result 
of HOM-type interference for the emission from QD1 and both 
QDs under pulsed resonant driving, respectively. For QD1, we 
observe VHOM = 0.40 (1) for the non-postselected (10-ns integration 
window) visibility and a maximum postselected (0.1-ns integration 
window) visibility of VHOM = 0.79 (10). These results indicate 
partial distinguishability between successively emitted photons from 
QD1. Similarly, compared to VHOM = 0.5 obtained from the CW 
measurement and VHOM = 0.37 (2) in the 0.1-ns integration window, 
degradation in the non-postselected visibility for the cooperative 
emission is observed: VHOM = 0.20  (1) within a 10-ns integra-
tion window.

DISCUSSION
In summary, we coherently control and probe two QDs coherently 
coupled by a photon-mediated interaction enabled by the indistin-
guishability of their photon wave packets and path erasure of their 
spatial positions. We find that both g(2)() and lifetime measurements 
are necessary to fully describe the nature of the coherent coupling; 
g(2)() on its own is not a sufficient witness of superradiance. Com-
pared to incoherent driving, we demonstrate that coherent driving 
enables both increased emitter indistinguishability and control of 
the populations on the Dicke ladder. We find that after emission of 
the first photon, both emitters are in an entangled state, as signified 
by g(2)(0) → 1. Furthermore, we show that g(2)() is a sensitive probe 
of the dephasing of the emitters. For coherent driving, the dephasing 
likely originates from emitter coupling to the solid-state environment 

A B C D

Fig. 4. HOM-type interferometry of cooperative emission. (A and B) Normalized photon coincidences for the case where input photons from only QD1 (A) and from 
both QDs (B) are prepared in parallel (  g ∥  (2)  , blue) and perpendicular (  g ⊥  (2)  , orange) polarization, under CW resonant excitation. (C and D) Normalized photon coincidences 
(  g ∥  (2)  ,   g ⊥  (2)  ) for input photons from QD1 (C) and both QDs (D), under pulsed resonant excitation. The measurement in (A) and (B) and in (C) and (D) is done at P/Psat ≈ 0.1 and 
pulse area of /2, respectively. Bottom: The corresponding interference visibility VHOM, calculated from the expression  1 −  g ∥  (2)  /  g ⊥  (2)   for each case.
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[phonon-induced dephasing (43–45) or charge and spin noise 
(46)], which can be at least partially mitigated with improved device 
quality, choice of charge state, and Purcell enhancement. Last, our 
measurements reveal Poissonian-like statistics of the cooperative 
emission, analogous to a weak coherent state from an attenuated 
laser (35). This result demonstrates the coherence of the coopera-
tive emission and evokes the analogy between cooperative emission, 
in which indistinguishable atomic dipoles are locked in-phase, and 
lasing (2). Exciting prospects would be to increase the number of 
cooperative emitters using scalable approaches and include spin 
control of the coherently coupled emitters. This would create more 
intermediate states on the Dicke ladder, allow better understanding 
of the collective behavior of interacting many-body systems, and 
provide a potential route to tailor the cooperative behavior and har-
ness collective light-matter interaction effects for photon-mediated 
applications.

MATERIALS AND METHODS
Sample structure
The experiments are performed on self-assembled InGaAs QDs 
embedded in a GaAs Schottky diode for deterministic charge con-
trol via the applied gate voltage. The gate voltage induces DC Stark 
shift and shifts the emission wavelength of the emitter, with a typi-
cal linear response of 1 to 2 eV/mV. A broadband planar cavity 
and glass SIL (not shown in Fig. 1A) are used to enhance the photon 
extraction efficiency (37). Specific details of the sample heterostructure 
are described in (47).

Spectroscopy setup
The sample is kept at a temperature of 4 K in a closed-cycle helium 
flow cryostat. A polarization-based dark-field confocal microscope 
is used to excite and collect the resonance fluorescence from the 
QDs while suppressing the scattered laser light (typical extinction 
ratio ≈107) (48). The photons are sent to either a spectrometer 
(resolution of 40 eV) equipped with a liquid nitrogen–cooled 
charge-coupled device or a pair of superconducting nanowire 
single-photon detectors with a nominal detection efficiency of 90% 
at 950 nm and a time jitter of ≈100 ps. For HOM measurements, we 
spectrally filter the phonon sideband using a grating filter with an 
FWHM of 120 (1) eV and 45 to 50% fiber-to-fiber transmission 
efficiency. The CW experiments are done with a narrowband 
(submegahertz linewidth) diode laser, while the pulsed driving is 
achieved with a mode-locked femtosecond laser, stretched to ~40-ps 
pulse width, with an 80-MHz repetition rate. Emitter lifetime 
and photon correlations (HBT and HOM) are made with a time- 
correlated single-photon counting system.

Coincidence measurements under cooperative emission
Photon coincidences provide a useful tool to characterize coopera-
tive emission. To derive the signatures of cooperative emission, we 
consider the light-matter interaction between two QDs described as 
two-level systems, where ∣gi⟩ and ∣ei⟩ are ground and excited states 
of the ith QD. Introducing the QD operators    i  

+  =∣ e  i  ⟩⟨ g  i  ∣  and   
 i  

−  =∣ g  i  ⟩⟨ e  i  ∣  as well as photon creation and annihilation operators 
  a k  †    and ak, the light-matter interacting Hamiltonian is

    H  I   =  ∑ k     ħg [  (    e   ik·r/2    1  −  +  e   −ik·r/2    2  −  )    a k  †   + h . c . ]   (4)

If the two QDs are fully distinguishable, then the emission of pho-
tons can be described by nondegenerate perturbation theory. The 
signal registered at the detectors is then simply a sum of the individ-
ual detection events

   g indep.  
(2)  (t,  ) =    

 ∑ i,j=1  2   〈   i  
+ (t )   j  + (t +  )   j  − (t +  )   i  

− (t ) 〉
   ─────────────────────   

 ∑ i,j=1  2   〈   i  
+ (t )   i  

− (t ) 〉〈   j  + (t +  )   j  − (t +  ) 〉
    (5)

Following the emission of a photon, one QD will be in its ground 
state and can thus no longer contribute to the immediate emission 
of a second photon, i.e.,    i  

−    i  
−  = 0 . Hence, only emission processes 

from different emitters i ≠ j contribute to the numerator, whereas 
all emission processes contribute to the denominator. For initially 
uncorrelated and distinguishable QDs with exciton populations n1 
and n2 at time t, the zero-delay coincidences are therefore

   g  indep.   
(2)  (t, 0 ) =   2  n  1    n  2   ─ 

 ( n  1   +  n  2  )   2 
   ≤   1 ─ 2    (6)

where the limit 1/2 is reached for n1 = n2.
However, when the QDs are indistinguishable, both QDs feed 

into the same electromagnetic field modes, and a signal measured at 
the detector can no longer resolve from which QD a detected pho-
ton originated. To describe the measurement process, it is instruc-
tive to rewrite the light-matter interaction

   H  I   =  ∑ k     ħg  √ 
_

 2  (  k  −   a k  †   +   k  +   a  k  )  (7)

in terms of operators    k  ±  = ( e   ik·r/2    1  ±  +  e   −ik·r/2    2  ±  ) /  √ 
_

 2   , which describe 
the dipole operator responsible for driving the photon mode with 
wave vector k.

In our setup, we predominantly detect photons emitted perpen-
dicular to the plane containing the QDs, i.e., photons with wave 
vectors k ≈ k0, where k0 is a reference wave vector with k0 ⊥ r and 
modulus ∣k0∣ matching the common transition frequency of the QDs. 
In this situation, e±ik · r ≈ 1 so that the photon modes picked up by 
the detector are driven by the dipole operators    S  

±  = (  1  ±  +   2  ±  ) /  
√ 

_
 2   , describing transitions through the symmetric Dicke state 

 ∣   S  ⟩= (∣ e  1  ,  g  2  ⟩+ ∣ g  1  ,  e  2  ⟩) /  √ 
_

 2    (cf. Fig. 1C).
In particular, the second-order coherence takes the form

   g  coop   
(2)   . (t,  ) =   

〈   S  
+ (t )   S  

+ (t +  )   S  
− (t +  )   S  

− (t ) 〉
   ─────────────────   

〈   S  
+ (t )   S  

− (t ) 〉〈   S  
+ (t +  )   S  

− (t +  ) 〉
    (8)

With occupation ne1, e2 of the doubly excited state ∣e1, e2⟩ and occupa-
tions nS of the symmetric state ∣S⟩, the zero-delay coincidences are

   g  coop.   
(2)  (t, 0 ) =   

 n   e  1  , e  2     ─ 
 ( n   e  1  , e  2     +  n  S  )   2 

    (9)

which, for initially uncorrelated states with equal exciton popula-
tions, results in   g coop.(t,0)=1  (2)   .

The decisive difference to the situation of independent emitters 
is that the emission of the first photon does not impede the emission 
of a second photon. Instead, both emitters cooperatively contribute 
to both emission processes, leading to zero-delay coincidences that 
exceed the limit of 1/2 for independent emitters.
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A minimal model for calculating the time dependence of g(2)(t, ) 
is given in section S1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8171

REFERENCES AND NOTES
 1. R. H. Dicke, Coherence in spontaneous radiation processes. Phys. Rev. 93, 99–110 (1954).
 2. M. Gross, S. Haroche, Superradiance: An essay on the theory of collective spontaneous 

emission. Phys. Rep. 93, 301–396 (1982).
 3. C. Bradac, M. T. Johnsson, M. van Breugel, B. Q. Baragiola, R. Martin, M. L. Juan, 

G. K. Brennen, T. Volz, Room-temperature spontaneous superradiance from single 
diamond nanocrystals. Nat. Commun. 8, 1205 (2017).

 4. J. Rui, D. Wei, A. Rubio-Abadal, S. Hollerith, J. Zeiher, D. M. Stamper-Kurn, C. Gross, 
I. Bloch, A subradiant optical mirror formed by a single structured atomic layer. Nature 
583, 369–374 (2020).

 5. A. Angerer, K. Streltsov, T. Astner, S. Putz, H. Sumiya, S. Onoda, J. Isoya, W. J. Munro, 
K. Nemoto, J. Schmiedmayer, J. Majer, Superradiant emission from colour centres 
in diamond. Nat. Phys. 14, 1168–1172 (2018).

 6. M. Scheibner, T. Schmidt, L. Worschech, A. Forchel, G. Bacher, T. Passow, D. Hommel, 
Superradiance of quantum dots. Nat. Phys. 3, 106–110 (2007).

 7. R. G. DeVoe, R. G. Brewer, Observation of superradiant and subradiant spontaneous 
emission of two trapped ions. Phys. Rev. Lett. 76, 2049–2052 (1996).

 8. J. Eschner, C. Raab, F. Schmidt-Kaler, R. Blatt, Light interference from single atoms 
and their mirror images. Nature 413, 495–498 (2001).

 9. A. F. van Loo, A. Fedorov, K. Lalumiere, B. C. Sanders, A. Blais, A. Wallraff, Photon-mediated 
interactions between distant artificial atoms. Science 342, 1494–1496 (2013).

 10. A. Sipahigil, R. E. Evans, D. D. Sukachev, M. J. Burek, J. Borregaard, M. K. Bhaskar, 
C. T. Nguyen, J. L. Pacheco, H. A. Atikian, C. Meuwly, R. M. Camacho, F. Jelezko, E. Bielejec, 
H. Park, M. Lončar, M. D. Lukin, An integrated diamond nanophotonics platform 
for quantum-optical networks. Science 354, 847–850 (2016).

 11. R. E. Evans, M. K. Bhaskar, D. D. Sukachev, C. T. Nguyen, A. Sipahigil, M. J. Burek, 
B. Machielse, G. H. Zhang, A. S. Zibrov, E. Bielejec, H. Park, M. Lončar, M. D. Lukin, 
Photon-mediated interactions between quantum emitters in a diamond nanocavity. 
Science 362, 662–665 (2018).

 12. J.-H. Kim, S. Aghaeimeibodi, C. J. K. Richardson, R. P. Leavitt, E. Waks, Super-radiant emission 
from quantum dots in a nanophotonic waveguide. Nano Lett. 18, 4734–4740 (2018).

 13. J. Q. Grim, A. S. Bracker, M. Zalalutdinov, S. G. Carter, A. C. Kozen, M. Kim, C. S. Kim, 
J. T. Mlack, M. Yakes, B. Lee, D. Gammon, Scalable in operando strain tuning 
in nanophotonic waveguides enabling three-quantum-dot superradiance. Nat. Mater. 18, 
963–969 (2019).

 14. A. S. Prasad, J. Hinney, S. Mahmoodian, K. Hammerer, S. Rind, P. Schneeweiss, 
A. S. Sørensen, J. Volz, A. Rauschenbeutel, Correlating photons using the collective 
nonlinear response of atoms weakly coupled to an optical mode. Nature Photonics 14, 
719–722 (2020).

 15. H. H. Jen, M.-S. Chang, Y.-C. Chen, Cooperative single-photon subradiant states. Phys. Rev. A 
94, 013803 (2016).

 16. G. Facchinetti, S. D. Jenkins, J. Ruostekoski, Storing light with subradiant correlations 
in arrays of atoms. Phys. Rev. Lett. 117, 243601 (2016).

 17. J. Perczel, J. Borregaard, D. E. Chang, H. Pichler, S. F. Yelin, P. Zoller, M. D. Lukin, 
Topological quantum optics in two-dimensional atomic arrays. Phys. Rev. Lett. 119, 
023603 (2017).

 18. A. Asenjo-Garcia, M. Moreno-Cardoner, A. Albrecht, H. J. Kimble, D. E. Chang, Exponential 
improvement in photon storage fidelities using subradiance and “selective radiance” 
in atomic arrays. Phys. Rev. X 7, 031024 (2017).

 19. I. Shlesinger, P. Senellart, L. Lanco, J.-J. Greffet, Time-frequency encoded single-photon 
generation and broadband single-photon storage with a tunable subradiant state. Optica 
8, 95 (2021).

 20. R. Krischek, C. Schwemmer, W. Wieczorek, H. Weinfurter, P. Hyllus, L. Pezzé, A. Smerzi, 
Useful multiparticle entanglement and sub-shot-noise sensitivity in experimental phase 
estimation. Phys. Rev. Lett. 107, 080504 (2011).

 21. L. Pezzè, A. Smerzi, M. K. Oberthaler, R. Schmied, P. Treutlein, Quantum metrology 
with nonclassical states of atomic ensembles. Rev. Mod. Phys. 90, 035005 (2018).

 22. C. Cabrillo, J. I. Cirac, P. García-Fernández, P. Zoller, Creation of entangled states of distant 
atoms by interference. Phys. Rev. A 59, 1025–1033 (1999).

 23. C. Simon, W. T. M. Irvine, Robust long-distance entanglement and a loophole-free bell 
test with ions and photons. Phys. Rev. Lett. 91, 110405 (2003).

 24. S. D. Barrett, P. Kok, Efficient high-fidelity quantum computation using matter qubits 
and linear optics. Phys. Rev. A 71, 060310(R) (2005).

 25. D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, D. N. Matsukevich, L.-M. Duan, 
C. Monroe, Entanglement of single-atom quantum bits at a distance. Nature 449, 68–71 
(2007).

 26. H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S. Blok, L. Robledo, T. H. Taminiau, 
M. Markham, D. J. Twitchen, L. Childress, R. Hanson, Heralded entanglement between 
solid-state qubits separated by three metres. Nature 497, 86–90 (2013).

 27. A. Delteil, Z. Sun, W.-b. Gao, E. Togan, S. Faelt, A. Imamoğlu, Generation of heralded 
entanglement between distant hole spins. Nat. Phys. 12, 218–223 (2016).

 28. L. Mandel, Photon interference and correlation effects produced by independent 
quantum sources. Phys. Rev. A 28, 929–943 (1983).

 29. R. Wiegner, J. von Zanthier, G. S. Agarwal, Quantum-interference-initiated superradiant 
and subradiant emission from entangled atoms. Phys. Rev. A 84, 023805 (2011).

 30. R. Wiegner, S. Oppel, D. Bhatti, J. von Zanthier, G. S. Agarwal, Simulating superradiance 
from higher-order-intensity-correlation measurements: Single atoms. Phys. Rev. A 92, 
033832 (2015).

 31. F. Dolde, I. Jakobi, B. Naydenov, N. Zhao, S. Pezzagna, C. Trautmann, J. Meijer, 
P. Neumann, F. Jelezko, J. Wrachtrup, Room-temperature entanglement between single 
defect spins in diamond. Nat. Phys. 9, 139–143 (2013).

 32. B. Machielse, S. Bogdanovic, S. Meesala, S. Gauthier, M. J. Burek, G. Joe, M. Chalupnik, 
Y. I. Sohn, J. Holzgrafe, R. E. Evans, C. Chia, H. Atikian, M. K. Bhaskar, D. D. Sukachev, 
L. Shao, S. Maity, M. D. Lukin, M. Lončar, Quantum interference of electromechanically 
stabilized emitters in nanophotonic devices. Phys. Rev. X 9, 031022 (2019).

 33. S. Wolf, S. Richter, J. von Zanthier, F. Schmidt-Kaler, Light of two atoms in free space: 
Bunching or antibunching? Phys. Rev. Lett. 124, 063603 (2020).

 34. M. Rezai, J. Wrachtrup, I. Gerhardt, Coherence properties of molecular single photons 
for quantum networks. Phys. Rev. X 8, 031026 (2018).

 35. J. G. Rarity, P. R. Tapster, R. Loudon, Non-classical interference between independent 
sources. J. Opt. B: Quantum Semiclass. Opt. 7, S171–S175 (2005).

 36. C. K. Hong, Z. Y. Ou, L. Mandel, Measurement of subpicosecond time intervals between 
two photons by interference. Phys. Rev. Lett. 59, 2044–2046 (1987).

 37. Y. Ma, P. E. Kremer, B. D. Gerardot, Efficient photon extraction from a quantum dot 
in a broad-band planar cavity antenna. J. Appl. Phys. 115, 023106 (2014).

 38. R. J. Warburton, C. Schäflein, D. Haft, F. Bickel, A. Lorke, K. Karrai, J. M. Garcia, 
W. Schoenfeld, P. M. Petroff, Optical emission from a charge-tunable quantum ring. 
Nature 405, 926–929 (2000).

 39. R. J. Warburton, C. Schulhauser, D. Haft, C. Schäflein, K. Karrai, J. M. Garcia, W. Schoenfeld, 
P. M. Petroff, Giant permanent dipole moments of excitons in semiconductor 
nanostructures. Phys. Rev. B 65, 113303 (2002).

 40. B. R. Mollow, Power spectrum of light scattered by two-level systems. Phys. Rev. 188, 
1969–1975 (1969).

 41. R. Proux, M. Maragkou, E. Baudin, C. Voisin, P. Roussignol, C. Diederichs, Measuring 
the photon coalescence time window in the continuous-wave regime for resonantly 
driven semiconductor quantum dots. Phys. Rev. Lett. 114, 067401 (2015).

 42. E. Baudin, R. Proux, M. Maragkou, P. Roussignol, C. Diederichs, Correlation functions 
with single-photon emitters under noisy resonant continuous excitation. Phys. Rev. A 99, 
013842 (2019).

 43. Z. . X. Koong, D. Scerri, M. Rambach, T. . S. Santana, S. . I. Park, J. . D. Song, E. . M. Gauger, 
B. . D. Gerardot, Fundamental limits to coherent photon generation with solid-state 
atomlike transitions. Phys. Rev. Lett. 123, 167402 (2019).

 44. A. J. Ramsay, T. M. Godden, S. J. Boyle, E. M. Gauger, A. Nazir, B. W. Lovett, A. M. Fox, 
M. S. Skolnick, Phonon-induced rabi-frequency renormalization of optically driven single 
InGaAs / GaAs quantum dots. Phys. Rev. Lett. 105, 177402 (2010).

 45. A. J. Brash, J. Iles-Smith, C. L. Phillips, D. P. S. McCutcheon, J. O’Hara, E. Clarke, 
B. Royall, L. R. Wilson, J. Mørk, M. S. Skolnick, A. M. Fox, A. Nazir, Light scattering 
from solid-state quantum emitters: Beyond the atomic picture. Phys. Rev. Lett. 123, 
167403 (2019).

 46. A. V. Kuhlmann, J. Houel, A. Ludwig, L. Greuter, D. Reuter, A. D. Wieck, M. Poggio, 
R. J. Warburton, Charge noise and spin noise in a semiconductor quantum device. Nat. Phys. 
9, 570–575 (2013).

 47. A. C. Dada, T. S. Santana, R. N. E. Malein, A. Koutroumanis, Y. Ma, J. M. Zajac, J. Y. Lim, 
J. D. Song, B. D. Gerardot, Indistinguishable single photons with flexible electronic 
triggering. Optica 3, 493 (2016).

 48. A. V. Kuhlmann, J. Houel, D. Brunner, A. Ludwig, D. Reuter, A. D. Wieck, R. J. Warburton, 
A dark-field microscope for background-free detection of resonance fluorescence 
from single semiconductor quantum dots operating in a set-and-forget mode. Rev. Sci. 
Instrument. 84, 073905 (2013).

Acknowledgments 
Funding: This work was supported by the EPSRC (grant nos. EP/L015110/1, EP/M013472/1, EP/
P029892/1, and EP/T01377X/1), the ERC (grant no. 725920), and the EU Horizon 2020 research 

https://science.org/doi/10.1126/sciadv.abm8171
https://science.org/doi/10.1126/sciadv.abm8171


Koong et al., Sci. Adv. 8, eabm8171 (2022)     18 March 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 8

and innovation program under Grant Agreement No. 820423. B.D.G. thanks the Royal 
Society for a Wolfson Merit Award and the Royal Academy of Engineering for a Chair in 
Emerging Technology, T.S.S. acknowledges PNPD/CAPES for financial support. The authors 
in K.I.S.T. acknowledge the program of quantum sensor core technology through IITP 
(MSIT grant no. 20190004340011001). Author contributions: B.D.G. and E.M.G. conceived 
and supervised the project. S.I.P. and J.D.S. fabricated the samples. Z.X.K. and T.S.S. 
performed the experiments. M.C., E.S., and T.S.S. developed the theoretical model and 
performed numerical simulations. Z.X.K., M.C., E.M.G., and B.D.G. cowrote the paper with 
input from all authors. Competing interests: The authors declare that they have no 

competing interests. Data and materials availability: All data needed to evaluate the 
conclusions in the paper are present in the paper and/or the Supplementary Materials. 
Additional data related to this paper is available on https://doi.org/10.17861/638f5d04-9042-
4215-9a0a-fc4d09a9c036.

Submitted 15 October 2021
Accepted 27 January 2022
Published 18 March 2022
10.1126/sciadv.abm8171

https://doi.org/10.17861/638f5d04-9042-4215-9a0a-fc4d09a9c036
https://doi.org/10.17861/638f5d04-9042-4215-9a0a-fc4d09a9c036

