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Defects in wide-bandgap semiconductors are promising qubit candidates for quantum communi-
cation and computation. Epitaxially grown II-VI semiconductors are particularly promising host
materials due to their direct bandgap and potential for isotopic purification to a spin-zero nuclear
background. Here, we show a new type of single photon emitter with potential electron spin qubits
based on Cl impurities in ZnSe. We utilize a quantum well to increase the binding energies of donor
emission and confirm single photon emission with short radiative lifetimes of 192 ps. Furthermore,
we verify that the ground state of the Cl donor complex contains a single electron by observing
two-electron satellite emission, leaving the electron in higher orbital states. We also characterize
the Zeeman splitting of the exciton transition by performing polarization-resolved magnetic spec-
troscopy on single emitters. Our results suggest single Cl impurities are suitable as single photon
source with potential photonic interface.

I. INTRODUCTION

Impurities [1] in wide-bandgap semiconductors are an
essential building block for quantum photonic devices [1–
3]. These isolated impurities generate single photons that
exhibit transform-limited linewidths [4, 5] and small in-
homogeneous broadening [6, 7] through their radiative
optical transitions. They also provide isolated bound
electrons [8] or holes [9] that can serve as spin-photon
interfaces with long coherence times [10, 11]. Further-
more, semiconductor fabrication and integration meth-
ods allow efficient spin-photon interfaces [12–14]. Hence,
these platforms could satisfy major requirements of scal-
able quantum technology by combining pristine radiative
properties with long-coherence time spin qubits in a prac-
tical setting.

Zinc Selenide (ZnSe) is an appealing material as the
host crystal because it possesses a direct optical bandgap
of 2.8 eV and a large natural abundance of nuclear spin-0
isotopes. The direct band gap allows efficient radiative
transitions that can generate bright excitonic emission.
Both single fluorine (F) donors [15] and single nitrogen
(N) acceptors [9] have been optically isolated in this host
material. Ensemble measurements have also revealed the
potential for optically active spin qubits [16]. Recently,
the growth of isotopically purified (Zn,Mg)Se/ZnSe quan-
tum well structures was also demonstrated [17]. Spin pu-
rification of the host crystal further resulted in extended
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spin coherence times [18]. Moreover, donor-bound exci-
tons in nanostructured pillars have been used to demon-
strate indistinguishable single photon emission between
two independent emitters [6], two-photon entanglement
[7], and optical pumping of the donor spin [19].

Most studies on impurity-bound exciton emission in
ZnSe have focused on the fluorine (F) impurity, which
possesses a nuclear spin of 1/2 and a smaller atomic ra-
dius compared to selenium (Se) atoms. The small radius
causes self-compensation and is expected to lead to more
complex defect formation in the host lattice [20]. On
the other hand, chlorine (Cl) has an atomic radius closer
to that of Se and is therefore more suitable as a dopant
with a low probability of self-compensation [21]. This
enables Cl doping levels that cover a wide range of den-
sities between 1016 cm−3 and 1019 cm−3. But all past
work on Cl impurity bound exciton emission was in the
large ensemble regime, and single Cl donor bound exci-
ton emission has yet to be studied. Additionally, Cl has
a nuclear spin of 3/2 and therefore offers distinct oppor-
tunities with respect to F for coupling to the nuclear spin
degree of freedom.

II. RESULTS

Here we isolate single Cl impurities in ZnSe and show
that they act as an efficient single photon source with
a potential to act as a spin qubit. Optical isolation of
single bound excitons requires a sufficiently low density
of impurity atoms and sufficiently large exciton binding
energy to separate bound exciton emission from the free
exciton emission. We achieve these requirements by using
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FIG. 1. (a) Crystal structure of ZnSe with a single Cl impurity replacing a Se atom. (b) Energy band diagram showing the
ground state (D0) and excited state (D0X), along with the bound exciton and two-electron-satellite emission, shown as blue
and red arrows. (c) Layer structure of the grown material with in-situ doped Cl impurities in the ZnSe quantum well.

a quantum well that is delta-doped with a low concentra-
tion of Cl impurities. Quantum confinement on the order
of the Bohr radius of the bound exciton results in an in-
crease in the exciton binding energy and therefore allows
us to better separate the free exciton and bound exciton
emission in energy [22–24]. We show fast and stable sin-
gle photon emission from single Cl donor bound excitons.
We also confirm the existence of a single electron ground
state by observing two-electron satellite transitions and
observing the Zeeman splitting with the application of
a magnetic field in the Faraday geometry. These results
establish Cl impurities in ZnSe as a promising optically
active qubit system.

Figure 1a illustrates the atomic structure of a ZnSe
crystal with a single Cl impurity. In its intrinsic form,
zinc and selenium atoms are arranged in a face centered
cubic lattice where each zinc atom is surrounded by 4
selenium atoms. A single Cl impurity replaces a Se atom
[20, 25] when chlorine impurities are introduced into the
lattice via in-situ doping or ion implantation. The Cl
impurity serves as a neutral electron donor, consisting
of the positively charged chlorine core and an additional
single bound electron, shown in Figure 1a. This extra
donor-bound electron may serve as a stable single photon
emitter with an electron spin ground state.

Figure 1b shows the level structure of the Cl impurity.
Optical excitation above the ZnSe band gap produces
free excitons in the quantum well. These excitons can
become bound to the Cl impurity, forming an impurity
bound exciton state (D0X). This state can radiatively
decay back to the donor electron 1s ground state, emit-
ting a photon around 440 nm. The bound exciton can
also recombine and leave the donor electron in the higher
energy 2s, 2p states through an Auger recombination pro-
cess, emitting a longer wavelength photon. The observa-
tion of two-electron-satellite establishes the presence of
an electron ground state.

Figure 1c shows the epitaxial layer structure of
the sample used in this work. The sample is com-
posed of a 4.6 nm ZnSe quantum well embedded in a
(Zn0.88Mg0.12)Se barrier on the top and bottom, each

with a thickness of 31 nm. To achieve controlled doping
of impurities while sustaining the high crystalline qual-
ity, we grow a thin Cl delta-doped layer in the middle
of the ZnSe quantum well. The delta-doped layer has a
Cl sheet concentration of approximately 109 cm−2. The
overall structure was grown on a GaAs substrate covered
with a 10 nm ZnSe buffer layer.

We performed optical measurements with a home-built
confocal microscope using an objective with a numerical
aperture of 0.82. We mounted samples on an XYZ piezo
stage and maintained the sample temperature at 3.6 K
in a closed-loop helium cryostat. A 405 nm wavelength
continuous wave diode laser, whose energy is larger than
the bandgaps of the barrier and the quantum well, was
used for excitation. We analyzed the photoluminescence
signal with an imaging spectrometer (Princeton Instru-
ments, SP-2750) with a spectral resolution of 15 pm or
single photon detectors (Micro Photon Devices, PDM se-
ries). To optically isolate individual impurities in the
bulk material, we used confocal collection to a single-
mode fiber.

The photoluminescence spectrum from the sample is
shown in Figure 2a. We observed broad emission from
the heavy-hole free exciton (labeled as FX, centered at
436.7 nm) and negatively charged trion (X−) in the quan-
tum well [26]. In addition to these lines, we observed a
sharp localized emission line at 440.4 nm from excitons
bound to neutral donors (D0X). As we move the posi-
tion of the sample, we observe different localized lines
appear in the spectrum at different spectral locations. In
contrast, the energy of free exciton and trion lines re-
main constant throughout the sample. Figure 2b shows
an image of the photoluminescence from a representative
D0X line, recorded by filtering the sample photolumines-
cence through a bandpass filter centered at 441 nm with
a passband of about 1 nm, demonstrating the spatially
localized nature of the D0X emission.

Figure 2c plots a histogram of the energies of 29 emis-
sion lines acquired at different locations in the sample
relative to the free exciton emission. The mean distri-
bution of the emissions is shifted by 15 meV relative to
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FIG. 2. (a) PL spectrum obtained with above band excita-
tion, demonstrating free exciton (FX), trion (X−) and bound
exciton (D0X) emission. (b) Image of localized photolumi-
nescence from a single bound exciton complex. (c) Histogram
showing the distribution of binding energies of D0X lines, with
an average binding energy of 15 meV and a standard devia-
tion of 6 meV. (d) Photoluminescence excitation spectrum of
bound exciton line.

the free exciton line. This binding energy is reasonable
assuming a similar Bohr radius (about 3 nm) for the free
exciton and bound exciton, leading to about a 2-3 times
increase in the D0X binding energy compared to reported
bulk values of 7 meV [27]. Using the distribution of emis-
sion energies, we calculate the standard deviation of the
binding energy as 6 meV. The observed inhomogeneous
broadening is possibly caused by fluctuations of the donor
positions within the well, local thickness fluctuations of
the quantum well and local strain variations [28, 29].

To verify that the observed D0X emission originates
from a bound state of the quantum well free exciton, we
perform a photoluminescence excitation measurement.
We use a tunable laser with a fixed pump power of 100
nW. We tune the laser emission over the free exciton
line and monitor the emission from a D0X line. In the
absence of an above-barrier laser, a moderately n-doped
quantum well has been shown to develop a low-density
hole gas. Applying an appropriate above-barrier laser
supplies a sufficient electron concentration in the quan-
tum well [30–32]. During this measurement, we inject
a weak above-barrier laser (about 3 nW at 405 nm) in
addition to the pump laser. At this power, the above-
barrier laser produces negligible photoluminescence for
the integration times used, however, it helps control the
carrier densities in the quantum well. Figure 2d shows
the photoluminescence excitation spectrum of a D0X line
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FIG. 3. (a) Spectra showing the TES line with increasing
resonant pump power. The horizontal axis represents energy
separation below the D0X line. Spectra are offset for clar-
ity. Dashed lines represent the background used to integrate
the TES emission. (b) Background corrected and integrated
counts from the TES line.

as we tune the pump laser over the free exciton line. We
observe strong emission from the D0X line when the
laser is resonant with the free exciton. This enhance-
ment suggests that free excitons in the quantum well
non-radiatively relax to form donor-bound excitons at
the impurity.

Figure 3 shows the observation of two-electron satel-
lite emission in the presence of resonant excitation, which
can be used as an additional tool to identify donor bound
exciton emission. The top panel shows the PL signal ob-
tained with a weak above-barrier laser while varying the
power of a resonant pump laser tuned to the D0X line. In
this measurement the counts contributed by the above-
barrier laser are no longer negligible due to the longer in-
tegration times used. Two-electron satellite (TES) emis-
sion 19.6 meV below the D0X line emerges, and its inten-
sity increases as we increase the resonant pump power,
shown in Figure 3a. Satellite emission appears lower in
energy by an amount equal to the spacing of the n=1
and n=2 orbitals of the D0 electron determined by a Hy-
drogenic donor model as illustrated in Figure 1b. The
observed 19.6 meV separation between the TES line and
the D0X line is consistent with past studies on chlorine
donors in ZnSe [27]. The weak nature of this emission
is due to the predominant relaxation of the D0X state
to the 1s ground state of the donor electron. The back-
ground corrected integrated intensities of the observed
TES line with increasing resonant pump power shows
saturation, shown in Figure 3b. The observation of two-
electron satellite emission supports the presence of an
electron ground state, which may be useful as a poten-
tial spin qubit.

To confirm that the emission originates from a two-
level system, we perform intensity-dependent photolumi-
nescence measurements. Figure 4a shows the emission
intensity of both the free exciton and bound exciton line
as a function of pump intensity. The bound exciton line
exhibits an emission intensity saturation at pump powers
above 5 µW. In contrast, the free exciton line exhibits
no saturation behavior. The inset of the figure shows
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FIG. 4. (a) Power dependent emission intensity of the bound
exciton (blue) and free exciton (red). The inset shows a log
scale view of the data. (b) Second-order auto-correlation func-
tion obtained from the D0X line, demonstrating single photon
emission.

the log scale power dependence of both curves. Both
D0X and FX lines are fitted for excitation powers up to
1 µW, showing nearly linear dependence on the excita-
tion power, with P0.98 and P1.06, respectively.

In order to demonstrate single-photon emission, we
perform second-order correlation measurements using a
beam splitter and two single photon detectors. To con-
firm that the emission is due to a single quantum emitter,
we studied the photon statistics of the D0X line. Figure
4b shows the results of the second-order auto-correlation
measurements performed on the single line. We used a
frequency-doubled Ti:Sapphire laser emitting at 405 nm
with a pulse repetition rate of 76 MHz to excite the emit-
ters. Then, we coupled the collected emission to a single
mode fiber to have spatial filtering. The spectral filter-
ing is performed by using narrow slits and a monochro-
mator. Noise contributions from unfiltered background
emission and detector dark counts are subtracted [33].
The second-order correlation exhibits clear anti-bunching
with g(2)=0.06, which confirms that the emission line cor-
responds to a single photon emitter.

To characterize the donor-bound exciton state’s life-
time, we perform time-resolved fluorescence measure-
ments using 3 ps optical pulses. The D0X emission is
recorded by a single photon detector with timing jitter
on the order of 100 ps. Figure 5a shows the histogram of
photon arrival times obtained from a single bound exci-
ton along with the bi-exponential decay fit. To mitigate
the slow timing response of the detectors, we reconvolved
(EasyTau software, Picoharp) the detector impulse re-
sponse recorded at the D0X emission wavelength with
a custom defined decay function. We extracted the pa-
rameters of the decay function by fitting the reconvolved
function to the measured data. Extracted data shows a
biexponential decay, with a dominant fast decay time of
192 ps and a weak contribution from a slower component
with a decay time of 2.49 ns. The fast decay time is con-
sistent with previously reported values for other group-7
impurities in ZnSe [27] and indicates the possibility of re-
alizing a bright and efficient single photon interface with
chlorine donor bound excitons in ZnSe. The origin of the

slow component may be caused by the repopulation of
the D0X state from longer-lived nearby trapping states
and is a matter of further investigation.

Figure 5b shows the temperature dependence of the
D0X linewidth up to 70 K. The measured linewidth is
well described by a model

Γ(T ) = Γ0 + aT + b [exp(hνLO/kBT ) − 1]
−1
, (1)

that describes the broadening of the bound exciton
linewidth due to interactions with acoustic and optical
phonons [34]. In the model Γ0 is the zero temperature
linewidth, a quantifies the coupling to acoustic phonons,
b quantifies the coupling to longitudinal optical phonons,
and hνLO is the longitudinal optical phonon energy. For
ZnSe hνLO = 31.8 meV, and from the fit we determine
Γ0 = 223 µeV, a = 0.727 µeV/T, and b = 34.0 meV.
The zero temperature linewidth of Γ0/h = 53.9 GHz is
a factor of 65 larger than the expected lifetime limited
linewidth of 830 MHz given by 1/(2π · τ), where τ is the
emitter lifetime. Further improvements to the observed
linewidth could be found using resonant excitation of the
D0X which reduces the density of free charge carriers in
the vicinity of the bound exciton.

Figure 5c highlights the long-term stability of the
D0X . The figure plots the photoluminescence spectrum
over 7 hours under continuous above barrier excitation.
The emission does not display any blinking, though slow
spectral wandering is observed over a timescale of hours.
We calculated the standard deviation of the spectral wan-
dering to be 0.009 nm or ∼ 14 GHz, which is of the
same order as our spectrometer resolution and less than
the observed linewidth. The observed spectral wander-
ing is about a factor of 17 larger than the lifetime limited
linewidth and may also be further improved with reso-
nant excitation of the D0X. These results demonstrate
the potential for developing stable sources of single pho-
tons with chlorine donor bound excitons in ZnSe.

To investigate the spin properties of the bound exciton
complex, we performed magneto photoluminescence mea-
surements on the D0X line for magnetic fields up to 9 T
applied along the growth direction (Faraday geometry).
The optically allowed transitions in this configuration are
presented in Figure 6a. The total spin of the bound exci-
ton ground state is given by the single spin-1/2 electron.
In the bound exciton excited state, the donor electron
forms a spin-singlet with the electron of the exciton, giv-
ing a total spin determined by the spin-3/2 heavy hole
[35]. For increasing magnetic field, two orthogonally po-
larized circular emission lines emerge as expected, shown
in Figure 6b. Spectra indicated by solid (dashed) lines
are recorded for σ+ (σ−) polarization. The energy dif-
ference of the two allowed transitions is proportional to
geff = ge − 3ghh . From the observed energy splitting
between those two transitions, we infer geff = 0.9 which
is in good agreement with previous results obtained from
single fluorine donors in ZnSe [15]. Additionally, we ob-
serve a diamagnetic shift of the D0X emission of 3.25
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FIG. 5. (a) Time-resolved photoluminescence measurement showing a biexponential decay with dominant fast decay component
of 192 ps and slow decay component of 2.49 ns (b) Linewidth of the D0Xemission recorded as a function of temperature. (c)
PL intensity recorded over 7 hrs showing the stability of the emitter.
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FIG. 6. (a) Optical selection rules under applied out of
plane magnetic field. (b) Polarization resolved photolumi-
nescence spectrum recorded at increasing magnetic field in-
tensity, showing the splitting into orthogonal circular polar-
izations.

µeV/T2. The lack of fine structure splitting and the clear
splitting into orthogonal circular polarizations are consis-
tent with the expected Kramers degeneracy of the neu-
tral donor state containing a single electron in its ground
state [35].

III. CONCLUSION

In conclusion, we demonstrated that excitons bound to
single Cl donor atoms in ZnSe quantum wells can serve
as bright and stable single photon sources. Emission of
the bound excitons exhibited clear saturation and single
photon emission was confirmed by observing photon an-

tibunching. The fast radiative recombination time be-
low 200 ps demonstrates the possibility of realizing a
single photon source with a brightness comparable to
state-of-the-art quantum dots. Coupling donor atoms
to photonic structures can further decrease the lifetime
and lead to high-cooperativity cavities. Observation of
a two-electron-satellite and circularly polarized emission
under a Faraday magnetic field indicates a single electron
ground state which could be employed for spin-qubit ap-
plications. Isotopic purification of the host crystal to be
nuclear spin free makes Cl impurities an attractive can-
didate for long-lived memory qubits [17] and provides a
route towards optically bright spin qubits with long co-
herence times. These unique aspects could allow a wide
range of applications in quantum information processing.
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