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Organic fluorophores are excellent single photon sources, combining high brightness, lifetime-limited
linewidths and useful emission wavelengths. A key factor in their performance as photon emitters is their
dynamic frequency tunability, which can be used to render the emission from multiple molecules indistin-
guishable. In this work we demonstrate dynamic tuning of dibenzoterrylene molecules embedded in
anthracene crystals through the application of uniaxial strain fields. By bending a piezoelectric strip in two
opposite directions in linear steps, we impose an escalating compressive or tensile strain on the molecular
crystals, resulting in two opposite dynamic detunings of the dopant dibenzoterrylene emission wave-
length. To validate that the tuning mechanism is strain, we performed a similar measurement using an
identical strip that was depolarised by annealing in which the tuning was absent. Finally, we simulated the
effect of strain on the dopant dibenzoterrylene emission wavelength by combining molecular dynamics
and density functional theory techniques to determine the strain tuning rate which matched well with that

rsc.li/nanoscale found experimentally.

1 Introduction

Integrated photonics is a promising platform for exploiting the
quantum behaviour of light on a chip for quantum technology
applications." Most efforts in this area exploit the quantum
nature of single photon states. Therefore, making quantum
photonics useful for practical applications demands bright,
stable single photon sources. The indistinguishability of the
generated photons is essential in many quantum technology
schemes, for example, in various quantum key distribution
protocols®> and optical quantum computing schemes.?
Consequently, if photons from multiple sources need to inter-
act, the ability to tune independent sources into resonance
with each other becomes important.

A promising approach for achieving single photon sources
is fluorescent organic molecules that can absorb and emit
photons. These fluorophores can be doped into organic crys-
tals to form a host-guest ensemble, held together by inter-
molecular van der Waals forces. In these systems the coupling
between the fluorescent molecules and vibronic modes is rela-
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tively suppressed and the main dephasing mechanism is

caused by liberation of the molecules themselves."?
Consequently, spectral diffusion was decreased resulting in
lifetime-limited emission at low temperatures.

Dibenzoterrylene is a widely used fluorophore and can be
embedded in para-dichlorobenzene,® para-terphenyl,” or, as we
use in this work, anthracene (Ac) crystals. DBT in Ac emits
photons between 780 nm and 795 nm, which, when cooled
down to a temperature below 3 K, have narrow linewidths of
around 50 MHz.®° Furthermore, DBT-doped Ac crystals can be
easily grown with a highly controlled level of the dopant con-
centration and the morphology of the generated crystals'® can
be engineered to result in bright, stable single photon
sources'' capable of emitting indistinguishable photons.'?

A key factor in using indistinguishable photons for obtain-
ing quantum information is the ability to dynamically tune the
sources to resonate with each other, allowing for inter-
ference."”® In most types of quantum emitters this has been
based on engineering the energy gap of the emission tran-
sition either through the use of the Stark effect or through the
application of strain on the material containing them."**® The
mechanism of strain tuning is based on the deformation of
the molecule which changes the wave function and electronic
potential. This does not affect the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecule orbital
(LUMO) identically, hence the energy gap between them
changes. This is the energy gap of the emission transition.
Previously, the effect of pressure induced strain has been
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studied in pentacene molecules embedded in p-terphenyl
crystals.'>?® Also, acoustic strain has been applied to DBT-
doped Ac crystals which resulted in a modulation of the fluo-
rescence from molecules.”! In this paper, we show a reversible
dynamical tuning of DBT single photon sources through the
application of controlled uniaxial strain on the crystals’ geome-
try. We analysed the effect of this strain on the linewidth distri-
bution of molecules and performed a similar experiment on a
substrate that has been annealed to remove the piezoelectri-
city. To support our results theoretically, we also carried out
simulations to estimate the tuning rate that emerges per unit
of strain which is in good agreement with our observations.

2 Experimental methods
2.1 Crystal growth

DBT-doped Ac crystals were grown using a co-sublimation tech-
nique, detailed in ref. 10. An example crystal is shown in
Fig. 1b. The growth took place inside a vapour deposition
chamber with independent temperature control of the two cru-
cibles containing DBT and Ac, respectively. Fine tuning of
these temperatures allowed for a specific dense DBT-doping
within the Ac crystal. After the growth process, a single crystal
of several microns thick and a millimeter across was placed
onto the strain setup.
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Fig. 1 (a) Photograph of a piezoelectric strip containing a molecular

crystal. As the strip bends, unidirectional strain is enforced on the
crystal. The strain direction deviates from the crystal a axis by 10°. (b)
White light microscope image of an anthracene crystal doped with
dibenzoterrylene (DBT) molecules. (c) Molecular structure of DBT and a
Jablonski diagram of the ground (Sp) and the first excited (S;) states.
Carbon atoms are shown in dark gray and hydrogen atoms in light gray.
(d) Cryogenic confocal microscope setup. See the main text for details.
(e) Depiction of the strain mechanism in our experiment. Positive
voltage on the active piezoelectric strip compelled it to bend down-
wards, resulting in a compression of the molecular crystal. Negative
voltage compelled it to bend upwards, leading to a decompression of
the crystal. Finally, the positive voltage on the inactive sample did not
enforce any strain on the emitters.
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2.2 Strain setup

We used a piezoelectric crystal to apply strain to the Ac crystals
in a controlled and reproducible way. A photograph of this
setup is shown in Fig. 1a, while it is presented schematically
in Fig. le. A piezoelectric bending strip (RS PRO, EB-T-320),
consisting of two piezo crystals sandwiched together, was fas-
tened at both ends to a stainless steel mount. When a positive
voltage was applied, the bending strip became concave (or
convex for a negative voltage). An Ac crystal selected from the
above growth process was placed on a 150 pm thick polished
glass layer, attached to the bending piezo. The lateral dimen-
sions of the glass layer were matched with those of the piezo-
electric strip, which were ~15 mm x 1.5 mm. The crystal was
held in place using a poly-vinyl acetate (PVA) coating, which
also protected the crystal from sublimation or oxygen intru-
sion. This setup transferred the movement of the bending
piezo to either a contraction or stretching of the crystal,
placing the molecules under compressive or tensile strain.

To isolate the effects of strain on the DBT emission from
possible Stark tuning* (due to the application of an electric
field) we used a second strip with no piezoelectric effect. This
inactive sample was identical to the above strip; however, it
was heated to 600 K for two hours before mounting to depolar-
ise the material and effectively remove the bending motion
when a voltage is applied.

To calculate the amount of strain that we expected to apply per
unit V, we used the piezoelectric voltage constant, defined as>

&
_Q/Ael

where ¢ is the strain along the long axis, ¢ is the applied charge
on the electrodes and A is the electrode area. The strip was
formed by two ceramic piezoelectric materials stacked on top of
each other with an intermediate titanium layer, and thus can be
approximated as an equivalent capacitor. In that case, g =C x V
where V is the applied voltage and C the strip’s capacitance.
Substituting this into eqn (1) and rearranging we find

831 (1)

g31 X CXV
=
Ael

(2)

Using the values found on the piezoelectric strip technical spe-
cifications® of C = 795 pf and g3, = 12.1 mV m N™*, we estimated
a strain of 4.03 x 107°% per V for a strip at room temperature
without the layer of glass on top. Based on previous measure-
ments conducted on similar piezoelectric elements, we estimated
that at 2.6 K the generated strain should be 10 times lower than
at room temperature. Also, after measuring the resonant fre-
quency of its mechanical oscillations with and without the glass,
we found that the glass increased the equivalent force constant k
by 30%, which should impose a similar reduction in strain.
These factors reduce the expected strain to 2.81 x 107°% per V.

2.3 Optical setup

All optical measurements were conducted in the confocal
microscope setup shown in Fig. 1d. A continuous-wave (cw) Ti:
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sapphire laser (MSquared, SolsTiS) was used for the excitation
of DBT. The laser was coupled onto the table using a polaris-
ation maintaining fibre and collimated using an aspheric lens.
The beam passed through a polariser and a 785(5) nm band
pass filter (BPF) to clean up the polarisation and remove any
unwanted background light from the fibre, before passing
through a half-wave plate (HWP) used to control the polaris-
ation of the excitation laser. A 90%:10% reflection:
transmission beam splitter (BS) was used to combine the exci-
tation and collection beam paths. Two galvanometric scanning
mirrors were then used to scan the angle of the beam. Two
lenses, L1 and L2 (focal length of f; = f, = 15 cm), in a “4f”
arrangement and then translated this angle into scanning
across the sample, without the beam being truncated by the
aperture of the lens, were used to focus light onto the sample
(C330TMD-B, Thorlabs, NA = 0.7). The lens and sample were
located on the variable temperature insert of a liquid helium
cryostat (Optibath, Oxford Instruments). To avoid any
unwanted Stark tuning effects, the strip’s side where the
crystal was set was commonly grounded with the inner
chamber surface of the cryostat.

For the collection of the generated single photons, the
same optical path was used in a reversed order up to the beam
splitter. The reflected output of the beam splitter was directed
onto an 800 nm long-pass filter (LPF) to remove any reflected
excitation laser. The collected photons were then coupled into
a multimode fibre and sent to a silicon avalanche photodiode
(APD, Laser Components, Count T).

2.4 Simulations

We also performed simulations to model the effect of Ac strain
on the DBT emission spectrum. First, we constructed a 5 x 5 x 3
monoclinic Ac cell, in the centre of which we replaced three
Ac molecules with one DBT molecule as shown in Fig. 5. The
placement was implemented as described by Nicolet et al. in
the orientation that corresponds to the emitter’s most
common (main) site.”> Then, we performed a molecular
dynamics (MD) simulation using an NPT Berendsen algorithm
with its thermostat and barostat relaxation times set at 0.1 ps
and 0.5 ps, respectively. The simulation step was set at
5 x 10~* ps. For the bonded intramolecular potentials of the
Ac molecules the MM3 model was used,>*® as presented by
Grandi¢ et al.*” The bond potentials of DBT were taken to be
similar to those found in a model of terrylene inside a para-
terphenyl crystal,”®?® as suggested by Nicolet et al>® A free
space geometric optimisation of DBT was performed via
density functional theory calculations and then a similar free
space MD simulation was carried out. The parameters of the
model were optimised to achieve a minimum disagreement
between the generated DBT geometries in these two cases. For
the van der Waals (vdW) interactions we used the Buckingham
potential. For the potentials between the Ac atoms and between
DBT and the Ac molecules, the parameters were based on the
W99 model.””*° For the vdW interactions between the DBT
atoms we used parameter set IV from the model developed by
Williams et al.®* Additionally, electrostatic interactions were
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considered using the reaction field method and partial
charges were derived from free space DFT calculations.

The average DBT positions that were generated from the
MD simulation of an Ac-DBT crystal cell were fed into a DFT
single point energy calculation to estimate the energy levels of
the molecule’s lowest unoccupied molecular orbital (LUMO)
and its highest occupied molecular orbital (HOMO). By sub-
tracting these we were able to calculate the wavelength of the
emission in the unstrained case. The calculations were per-
formed with the B3LYP functional group®**® and a valence
triple-zeta basis set from the Karlsruhe group.** Also, to
reduce the computational cost of the analysis, the potential
functionals estimated the  RIJCOSX
approximation.

Finally, we compressed the crystal’s initial geometry with
constant steps first along its a axis, and then along its b axis.
For each compressed geometry we repeated the same pro-
cedure of MD and DFT calculations and calculated the
observed frequency tuning with respect to the unstrained case.
All the MD simulations were performed on dlpoly 4.09 and all
the DFT calculations were performed using ORCA 4.2.1.>%%7

were
35,36

using

3 Results and discussion
3.1 Single photon emitters

A single DBT/Ac crystal was placed into a cryostat and cooled
to 2.6 K. Cooling to cryogenic temperatures reduces the
phonon population of the Ac crystal and consequently mini-
mises the thermal dephasing experienced by the DBT mole-
cules.* This in turn reduces the linewidth of the zero-phonon
line (ZPL) transition, both allowing the molecules to be spec-
trally isolated in a highly-doped crystal and enabling a precise
measurement of the wavelength shift due to strain. The
inhomogeneous distribution of DBT in Ac is centered around
785 nm,’ with the exact wavelength of a molecule being depen-
dent on its local environment.

First, we find the orientation of DBT molecules within the
Ac crystal through polarimetry measurements. We set the exci-
tation laser wavelength to 780 nm and scanned the excitation
spot across the sample with galvo mirrors to produce a fluo-
rescence map of the sample. This was repeated as the angle of
a HWP in the excitation path was varied, changing the polaris-
ation of excitation light. The better the overlap between the
polarisation direction of excitation light and the direction of
the molecular transition dipole, the greater excited state popu-
lation, and therefore the higher the measured fluorescence.*®
Fig. 2a shows the measured average fluorescence as a function
of excitation light polarisation angle, showing a clear polaris-
ation dependence. The measurement was performed on four
different bright spots and the estimated intensity was averaged
over them for each polarisation angle. The DBT molecules
have a fixed dipole orientation relative to the Ac crystal;>® we
found that the Ac crystal a-b plane was parallel to the piezo
surface and its a axis formed an angle of 10(5)° with the piezo
long axis.
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Fig. 2 (a) Polar plot of the normalised counts, averaged from four

different molecules as the polarisation of the excitation laser is varied,
showing the expected response of the linear dipole of the molecule. A
cos? curve has been fitted to the data points. (b) Detected photons with
increasing excitation power from a single molecule (data points)
showing saturation behaviour according to egn (3) (solid line). (c) The
evolution of the fluorescence excitation spectrum of the molecule for
different values of excitation power, showing power broadening of the
line. (d) Histogram of the low-power linewidth of 32 identified mole-
cules for two different values of the positive straining voltage, 0 V and
+40 V, showing no significant change in the distribution.

Next, we verified the presence of DBT molecules with a
narrow ZPL linewidth. We optimised the collection for a bright
spot on this map and scanned the laser wavelength from
783 nm to 783.1 nm to observe multiple peaks in the fluo-
rescence excitation spectrum. Each Lorentzian peak in the
spectrum corresponds to the excitation of the singlet Sy o — S; 0
transition of a single molecule, and the subsequent collection
of the red-shifted emission on S;, — Sp.-o transition(s).
The second label corresponds to the vibrational sub-level of
the relevant singlet electronic state. The energy level diagram
in Fig. 1(c) shows the excitation (green) and collected emission
(red) transitions. A single molecule was selected with a central
ZPL frequency of 382 875.5 GHz and this process was repeated
for increasing excitation power. The maximum fluorescence
count rate of the molecule R saturated as is typical for a
quantum emitter,*® shown in Fig. 2(b). This can be fitted with
a saturation curve of the form

S
R=Reo—— (3)
14+S

where R, is the count rate at infinite power, and S is the satur-
ation parameter defined as S = p/ps,c with p being the illumina-
tion power and pg,. being the saturation power. From the data
we find a saturation power of pg,c = 0.6(2) pW, which corres-
ponds to an estimated saturation intensity of Iy, = 364(5) mW
cm > when accounting for the spot size of the microscope and
the expected transmission of the cryostat windows and asphe-
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ric lens. Fig. 2c shows the line scans at increasing power,
showing an increase in both the count rate and linewidth. The
low-power linewidth of 32 molecules identified through fitting
Lorentzian functions to laser frequency scans (such as those in
Fig. 2¢) is shown in Fig. 2d. Modeling this as a Weibull distri-
bution we find a mean value of 57.2(6) MHz with a standard
deviation of 17.4(7) MHz. For reference, the lifetime (Fourier)
limit of DBT in Ac is around 40 MHz. After verifying the pres-
ence of narrow molecules we moved on to applying strain.

3.2 Strain tuning measurement

We then proceeded to apply strain to the sample. We began by
applying a positive voltage to the piezoelectric strip up to +60 V
in steps of 5 V. For each voltage we scanned the excitation
laser from 783.0 nm to 783.1 nm and collected the emitted
photons. Fig. 3a shows the intensity of measured light from
the sample as a function of laser detuning®® and applied
voltage. The expected amount of strain (see section 2) for each
voltage value is presented on the right side axis of the plot.
Fig. 3b shows a zoom-in of a small frequency range, with fewer
voltages, demonstrating the presence of Lorentzian features
corresponding to individual molecules being excited.

As the voltage increases we see a clear shift in the central
frequency of the lines. Tracking individual molecules from 0 V
to +60 V we find a linear red-shift in the molecular frequency
with voltage. A histogram of tuning rates is presented in Fig. 4,
where we see a Gaussian distribution centered at —10.57(3)
MHz per V with a standard deviation of 0.56(3) MHz per V.

We repeated the measurement of the low-power linewidth
through fitting Lorentzian functions to the frequency scans at
a voltage of +40 V. Again, modelling as a Weibull distribution
we find a mean linewidth of 56.5(6) MHz with a standard devi-
ation of 17.7(8) MHz. A histogram of this data is shown in
Fig. 2d. This is very similar to initial measurements, indicating
that tuning through the application of strain does not intro-
duce excess dephasing and would be suitable for applications
requiring lifetime-limited photons.*'**

Next, we followed the same procedure only this time with
negative voltage values, ranging from 0 V to —60 V. Since the
negative voltage results in a bending of the strip in the oppo-
site direction, the strain that is induced on the crystal is also
oppositely directed. The detected detuning across a segment
of the total number of emitters is shown in Fig. 3c. Similar to
the positive voltage case, there is a linear shift of the spectral
peaks, only this time towards higher frequencies (blue detun-
ing). Again, through linear fitting we derived the tuning rates
for this case as well and presented them in Fig. 4. We see a
similar Gaussian distribution, with an average of 10.31(2) MHz
per V and a standard deviation of 0.28(2) MHz per V. The two
distributions are well overlapped demonstrating that reversing
the sign of the voltage bias applies the opposite strain to the
molecules.

As the measured tuning is linear with this voltage is strong
evidence we are not observing Stark tuning;'* however, in
order to fully rule out Stark tuning as a mechanism for this
tuning effect, we replaced the sample with an inactive piezo-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Density plot of the intensity of collected light as a function of laser detuning®® and the applied positive voltage. The right axis of the plot
shows the estimated strain for each voltage value, calculated from the expected strain per unit V for this piezoelectric device (see section 2). There is
a clear linear frequency shift as the voltage increases. (b) Impact of the positive straining voltage on the fluorescence excitation spectrum across a
sampled frequency window. Each red curve corresponds to the measured spectrum at a different applied voltage. There is a linear change of the
position of the peaks towards smaller frequencies. (c) As in (b) but for the negative straining voltage. A similar linear displacement of the peaks can
be seen here towards higher frequencies. (d) As in (b) but this time using the inactive sample. There is no steady change in the spectra of the emitters
with voltage, which implies that the tuning seen in the previous cases occurred due to the applied strain.
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Fig. 4 Extracted tuning rates for the case of the positive voltage on the
main sample, the negative voltage on the main sample and the positive
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electric strip. We performed another positive voltage measure-
ment in exactly the same way as before using this sample. In
Fig. 3d we present a section of the corresponding emission spec-
trum for every voltage that we used. There is almost no change in
the position of the spectral peaks, as expected, which is another
strong indication that the tuning presented above is due to the

This journal is © The Royal Society of Chemistry 2023

strain that is applied to the crystal. This is more visible in Fig. 4
where the tuning rates are shown for this sample as well. This
time, the mean value of the distribution is —0.41(3) MHz per V,
two orders of magnitude lower than those in the previous
sample, with a standard deviation of 0.38(3) MHz per V.

3.3 Simulated tuning

To overcome the limited precision of our DFT calculations
(107" eV), which is much higher than the maximum observed
tuning of 4 x 107° eV, we simulated the result of larger
amounts of strain on the crystal to calculate the tuning rate.
This effect should be the same in the small strain regime
where our experimental measurements reside. By simulating
the system under higher ambient pressure we were able to
determine the amount of strain that occurs. Combining this
with the corresponding tuning that is presented in the
literature,>">* we estimate that a strain step of 0.031% is large
enough to resolve the case where the strain is applied along
the crystal’s b axis. Since, as we shall see, strain along the b
axis results in a lower tuning rate compared to strain along the
a axis, this step should be large enough for both cases. This is
the strain step that we used to simulate strain tuning along
both the a and b crystal axes.

In Fig. 5d we present the change in the frequency derived
from the simulations for 5 strain steps. The orange points
correspond to straining along the crystal’s a axis and the blue
points to strain along its b axis. As with the above experiment,

Nanoscale, 2023,15,177-184 | 181
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Fig. 5 (a)-(c) Projection of the 5 x 5 x 3 crystal cell that was used in

our simulations on each of its a, b and c crystal axes. The DBT atoms are
in the centre of the cell and are presented with grey colour. (d)
Simulated detuning due to strain along the crystal's a (orange points)
and b (blue points) axes and linear fittings in each of these cases
(dashed grey lines).

we see a linear relationship between the applied strain and fre-
quency tuning. Fitting straight lines to this we find tuning
rates of —84(4) GHz per 0.01% of strain along the a axis and
—33(4) GHz per 0.01% of strain along the b axis. These results
are comparable with previously published values of frequency
tuning when changing the ambient pressure, estimated as 10
GHz per 0.01% strain.”"*®* From the experimental positive
voltage tuning rate from Fig. 4 we observed that 1 V causes a
detuning of 10.57(3) MHz. From our simulations we found
that this detuning can occur from a strain of 1.26(6) x 10 %%
along the a axis. Therefore, we can estimate that we are intro-
ducing a strain of 1.26(6) x 107°% per V applied to the piezo,
which is the same order of magnitude as the expected strain of
2.81 x 107°% per V for this device at cryogenic temperature
(see section 2). The discrepancy could arise from the strain
relief, from the effect of fixing the strip on the metallic holder,
from changes in the mounting materials used when cooled to
a low temperature, or from a combination of the above.

4 Conclusions

Single DBT molecules in Ac crystal hosts are promising single
photon sources with many potential applications. In this work
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we demonstrated a strain mechanism to achieve dynamical
tuning of these sources in a repeatable way, reaching average
tuning rates of —10.6 MHz per V and —10.1 MHz per V for the
positive and negative voltage regimes, respectively. In contrast
to other tuning mechanisms which lead to quadratic tuning
coefficients, like those based on the Stark effect, this tuning is
linear, which allows both a red shift and a blue shift of the
photon frequency. We have also developed a method of com-
bining MD and DFT techniques to estimate the expected fre-
quency shift with a relatively low computational cost. In the
future, we will improve our setup to be able to apply strain
with varying magnitudes and directions to further explore the
molecular response to its environment. For instance, it has
been shown that fabricating quantum dot emitters on top of
lead magnesium niobate-lead titanate (PMN-PT) actuators can
lead to large in plane strain fields of an order of ~0.15% or
higher, corresponding to a linear tuning range of ~242
GHz.*>™* By attaching our crystals on such a substrate we
could potentially achieve much higher degrees of strain
tuning, which could hold promise for modifying the lifetime
of molecular vibrations.*® Another step forward is to simulate
the effect of strain along an abstract direction in relation to
the crystal axes by numerically studying the diffusion of the
strain field across the crystals. Finally, implementing a piezo-
electric layer either on top or below integrated waveguide struc-
tures would enable differential tuning of separate molecules
on the same chip using strain. One could also envisage creat-
ing integrated photonic devices in piezoelectric materials such
as thin-film lithium niobate, which could then be functiona-
lised with molecular crystals. Implementing strain tuning in
integrated structures while retaining narrow emission line-
widths would be an important step forward in the fabrication
of commercial quantum emitters based on single molecules.
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