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High-Resolution Single Photon Level Storage of Telecom
Light Based on Thin Film Lithium Niobate Photonics

Cagin Ekici,* Yonghe Yu, Jeremy C. Adcock, Alif Laila Muthali, Heyun Tan, Zhongjin Lin,
Hao Li, Leif Katsuo Oxenlgwe, Xinlun Cai, and Yunhong Ding*

This study presents an experimental analysis of high-resolution single photon
buffers based on low-loss thin film lithium niobate (TFLN) photonic devices
operating at room temperature. While dynamically controlling writing and
reading operations within picosecond timescales poses a challenge, the
devices are capable of resolving 102.8 + 4.6 ps time step with -0.89 dB loss
per round-trip and 197.7 + 6.6 ps time steps with -1.29 dB loss per round-trip,
respectively. These results imply that the devices are at the cutting edge of
on-chip technology, performing in the current state of the art at the single
photon level. Both of the single photon buffers do not introduce any
detrimental effects and provide a high signal-to-noise ratio (SNR). The
room-temperature, low-loss, and voltage-controlled TFLN buffers combine
scalable architecture with relatively high buffering capacity in the
sub-nanosecond regime and are expected to unlock many novel photonics
applications such as temporally multiplexed single photon sources.

1. Introduction

Quantum photonic memories are crucial
for quantum information science, where
they can be exploited as a bridge be-
tween photonic systems operating at differ-
ent speeds to facilitate synchronization.['?]
For example, they can be used to opti-
mize two-photon interference from distant
sources in a quantum network,#! to buffer
gates of probabilistic nature, and to convert
photon pair sources to on-demand photon
sources through time-bin multiplexing.[>*]
The buffers, furthermore, can also be uti-
lized to temporally stagger photons so
that detrimental interference effects in spe-
cific parts of the network are circum-
vented. To date, optical buffers based on
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recirculating loops,!”! slow-light,[®] coupled
resonator optical waveguides,!! and Bragg scattering four-wave
mixing!!% have been reported. However, all these techniques ei-
ther have an excessive loss that make them unsuitable for quan-
tum photonic implementations or rely on complicated experi-
mental setups, e.g., relying on several nonlinear processes to take
place.l'!]

The main contenders to these all optical solutions are media-
based quantum photonic memories (MBQPM), which utilize
atom-photon interaction featuring the reversible mapping of
quantum states of light onto matter.['?l However, they suffer from
several drawbacks, such as requiring cryogenic temperatures, 3]
are technically challenging to implement, and generally operate
at specific wavelengths, i.e., have severely limited bandwidth. An-
other issue with the MBQPM is that photon retrieval is a chal-
lenging process, resulting in a lower efficiency.'* Furthermore,
they generally have time-bin resolution in the order of several
nanoseconds, rather than picoseconds. Operating in the picosec-
ond regime can be useful in applications such as time-bin multi-
plexing of photon pair sources, as higher speeds equate to lower
single photon losses.

Since MBQPM approaches increase the complexity of the
quantum systems, they hinder the practicality and scalability
of the experiments. The natural candidate to overcome this is-
sue is an entirely integrated photonic-based realizations, which
are expected to play a crucial role quantum photonic technology
as it develops from few-qubit architectures to systems process-
ing hundreds of qubits.">7] These platforms offer remarkable
advantages, such as enhancements in efficiency, robustness,
while many integrated photonic platforms have been used to

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 1. a) Schematics of the experimental setup of two recirculating 100 ps loop and 200 ps loop with a optical micrograph of the TFLN chip (100
ps loops). b) Electro-optic bandwidth (S,;) measurement. Abbreviations: FPGA: Field-Programmable Gate Array, VOA: Variable Optical Attenuator, PC:
Polarization Controller, UC: Ultrafast Comparator, EA: Electronic Amplifier, TFLN S-PB: TFLN Single Photon Buffer.

demonstrate quantum information processing capability.*®!
Among them, the silicon photonic platform of particular impor-
tance and is the subject of numerous quantum applications.!]
Recently, high-resolution silicon on-chip single photon buffer-
based on voltage driven microdisc resonator in the add-drop con-
figuration with -0.72 dB/100 ps has been demonstrated, how-
ever the system can only be controlled with 200 ps time steps.[2°]
The TFLN platform, on the other hand, has emerged as a strong
contender with a unique set of capabilities for high-speed, low-
loss applications.?12] Additionally, lithium niobate (LN) is an
excellent crystalline host for rare-earth ions, making it one of the
best candidates for on-chip quantum memories.[>*] Notably, er-
bium (Er) doped LN exhibits coherence times on the order of mi-
croseconds (ps), essential for achieving sufficient storage times
and high-efficiency storage for multiple temporal modes. In ad-
dition, it allows for a compatible interface between the memory
and fiber-based communication systems, thanks to the 1.5 pm
transition of Er ions.[?]

In this paper, we experimentally demonstrate on-chip TFLN
single photon buffers implementing high-speed, low-loss, and
voltage-controlled interferometric switching, embracing the re-
quirements for a scalable high-resolution single photon buffer.
We demonstrate two TFLN-based buffers featuring recirculating
loops controlled by high-speed and low-loss switches. The first
features a 1.4 cm-long loop with a round-trip time of 7, = 102.8
+ 4.6 ps, and the second features a 2.8 cm-long loop with round-
trip time of 7, = 197.7 + 6.6 ps. Both allow the storage of photonic
states with a resolution of their characteristic storage time 7;, up
to 147 = 1.4 ns and 97 = 1.8 ns, with internal storage efficiencies
of 5.3% and 6.3%, respectively. The presented buffers can be fur-
ther exploited to process time-bin encoded quantum information
at higher rates. Recently, quantum computational advantage has
been demonstrated by utilizing the similar building blocks, i.e.,
fiber-based recirculating loops, but at a much slower rate.2°!

2. Device Design and Characterization

The design of the proposed device is based on a commercial
TFLN platform, which consists of a 360 nm thick x-cut LN thin
film to exploit the largest electro-optic tensor component ry; of
LN, satisfying single transverse mode operation at telecommuni-
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cation band, on a 500 pm thick quartz handle with a 2 pm thick
buried SiO, in between. In addition, using x-cut TFLN allows to
design the traveling wave electrodes of the modulator to be on
the sides of the waveguides and be simply fabricated by lithog-
raphy and liftoff process. The devices include a high-speed op-
tical switch and an optical delay line (Figure 1a). To achieve a
large bandwidth, we use capacitance-loaded traveling-wave elec-
trodes with a length of 4 mm. Further details of this design can
be found in ref. [27]. We characterize the electro-optic response
of the fabricated device at a telecom wavelength of 1550 nm, us-
ing a vector network analyzer (Agilent N5227A) and find that
the switches exhibit a 3-dB electro-optic bandwidth more than
40 GHz (Figure 1b). The measured fiber-to-fiber insertion loss is
less than -6.2 dB (including coupling loss).

3. Experimental Setup and Results

The measurements are carried out on devices under test with a
loop round-trip time of 102.8 + 4.6 ps and 197.7 + 6.6 ps, us-
ing the experimental setup illustrated in Figure 1a. Weak coher-
ent pulses (1550 nm, 16 ps pulse duration) with off-chip aver-
age photon number of p = 0.3 are injected into the devices with
100 MHz repetition rate (the relatively slow repetition rate pre-
vents single photon detectors being saturated). The utilization
of weak coherent pulses is due to the their practicality and cost-
effectiveness in generating pulses probabilistically at the single
photon level. These states have found extensive application in
various areas, including quantum key distribution systems, /28]
testing single photon detectors,?*3% characterizing quantum
memories via coherent-state quantum process tomography,!l
and characterizing single photon level storages.!'!]

Electrical signals, generated via an FPGA, control the interfer-
ometric switch for storage and retrieval operations. The electri-
cal controlling signals are fed into an ultrafast comparator to ob-
tain a fast fall-rise time and further amplified to match the V,
of the TFLN switch before being applied to the device through
high speed radio frequency probe arms via micropositioners. Af-
ter a given storage and retrieval delay, photons are detected by a
superconducting nanowire single photon detector (SNSPD) and
recorded by a time-tagger (T'T) to produce a real-time histogram
of the detection event.

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 2. Single photon level storage in the 7 = 100 ps device: a) Normalized histogram counts as a function of storage time. b) The peak amplitudes
of the normalized histogram counts. A linear fit reveals a loss of —0.89 dB/100 ps. c) second order correlation function g (0) of the read-out single
photons for different storage times. Single photon level storage in the 7 = 200 ps device: d) Normalized histogram counts as a function of storage time.
e) The peak amplitudes of the normalized histogram counts. A linear fit reveals a loss of —1.29 dB/200 ps. f) second order correlation function g( (0)

of the read-out single photons for different storage times.

The experimental results of single photon level storage with
our TFLN chip are shown in Figure 2. Normalized histogram
counts for the reference pulse (no round-trip) and the first five
round trips are depicted in Figure 2a and in Figure 2d for illus-
trative purposes for 100 ps and 200 ps time steps, respectively.
The storage loss performance of the single photon buffers as a
function of storage time are exhibited in Figure 2b,e. Each peak
value after a round-trip has been fitted the line with a slope —0.89
dB for a length of 1.4 cm and the line with a slope —1.29 dB for a
length of 2.8 cm. This implies a —0.28 dBcm™ loss in the waveg-
uide part, —0.51 dB loss in the interferometer region.

The measured background noise floors are shown by the dot-
ted lines in Figure 2b,d, demonstrating a high SNR value. Sub-
sequently, in order to demonstrate that our buffers do not intro-
duce factors such as thermal noise, random phase modulation,
or other decoherence processes that might negatively impact the

Adv. Quantum Technol. 2023, 2300195 2300195 (3 of 6)

system, we measure the second-order correlation function g (0)
by introducing a 50/50 fiber optic beam splitter before the de-
tection. The results are depicted in Figure 2¢,f. g (0) remains
approximately constant at around one for each round-trip, indi-
cating the absence of any detrimental effects. In addition, even
though the presence of loss leads to an overall reduction in the
signal strength, the distributions still follow a Poisson distribu-
tion. However, in Figure 2f, g®(0) shows a slight increase. This
observation can be attributed to the fact that g (0) increases as
the signal component decreases and the noise component in-
creases. The deviation from the optimal situation might be ob-
served in Figure 2e as background noise exhibits a positive slope
toward the end of the storage.

In addition, for a comprehensive assessment of pulse disper-
sion and distortion, our buffers are illuminated with a high-
intensity laser pulse (pulse duration of 16 ps, average power

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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Figure 3. Autocorrelation results obtained from the 200 ps device for vari-
ous round trips: 0, 1,5, 10, and 14. The inset plot displays the experimental
data along with the corresponding Gaussian fits for different round trips
a) 1,b) 5, ¢) 10, d) 14. The widths of these Gaussian fits are depicted as a
function of round trips, ~ 16.3 ps.

P,,,=12 dBm, and a repetition rate of 100 MHz) to conduct auto-
correlation measurements (on the 200 ps device) as a function of
round-trip. The findings in Figure 3 demonstrate the robustness
of the system. The inset plots in Figure 3 provide a closer view of
the experimental data along with the corresponding Gaussian fits
for different round trips: a) 1 round-trip, b) 5 round trips, c) 10
round trips, and d) 14 round trips. Notably, even after 14 round
trips—equivalent to a propagation distance of approximately 40
cm——pulse broadening effects are negligible. Furthermore, the
switching process itself does not introduce any observable pulse
distortion. These outcomes indicate the stability and fidelity of
our system, which is a crucial figure of merit in the context of
numerous quantum implementations, particularly those reliant
on the indistinguishability of photons, such as quantum interfer-
ence.

Note that, in Figure 2a,d the extinction ratio between reference
pulse and leakage in the reference (0™") time-bin is 14 dB. Further-
more, the broadened widths of the observed distributions can be
attributed to the jitter introduced by the detection electronics. The
effects of the SNSPD and the TT become apparent in the broad-
ened distributions.

Table 1 provides an overview of integrated devices designed
for single photon (level) storage, highlighting key representative
results such as storage efficiency (SE), i.e., the ratio of retrieved
photons to the stored input photons, and resolution. This com-
parison emphasizes the need for a storage medium featuring res-
olution on the order of picoseconds with increased SE.

4, Outlook

LN photonics is very dynamic area of research and is poised for a
broad range of applications from signal processing to burgeoning
quantum technology. However, propagation loss is a limiting fac-
tor. Therefore, significant efforts have been made to reduce loss,
with major gains in recent demonstrations down to a state of the
art of —0.027 dBem™.35-%7) In parallel with this, the group-velocity
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Table 1. Integrated Photonics Devices for Single Photon (Level) Optical
Buffers/Memories.

Material Delay Resolution SE (%)
Nellty 1.2 ns 100 ps* 13.8
SOI120] 1.2 ns 200 ps 1.2
Er:LiNbO,; %] 200 ns 200 ns 2.83
Ti:Tm:LiNbO, 3] 7 ns 7 ns 2
Eu:Y,SiO; %] 1ps 0.5 ps 15.8
Pr:Y,SiO; 341 5.5 ps 0.5 ps 1
TFLN [This Work] 14ns 100 ps 53
TFLN [This Work] 1.8 ns 200 ps 6.3

*: Can only be controlled with 200 ps time steps.

dispersion (GVD) is a primary concern, as it leads to distinguisha-
bility between pulses, which are stored for different durations. In
simulation, the GVD of our TFLN loop is found to be |D| ~ 400
ps/(nm-km), meaning that an initially unchirped 15 ps duration
pulse disperses by approximately 0.001 ps after 1 cm of propaga-
tion, which is insignificant for both our loops. As an alternative,
one can also take the condition for a slow-light buffer into account
relating the maximum allowable length L and bit rate BI*8]:

1

BlL< ———
151 16log2

1)

where the second order dispersion, #,, is the GVD. Considering
B, = 5.1 x107% s?m of our structure and a bit rate of B = 10'°
Hz, L is found to be = 1.7 km. This implies that over the length
scales of interest, pulse broadening effects can only become vis-
ible when increasing the number of round trips by many orders
of magnitude, as it is demonstrated experimentally in Figure 3.
One of the most demanding characteristics of single photon
buffers is high SE, which is upper bounded by the loss. Another
important figure of merit directly related to the SE is the delay-
bandwidth product (DBP) (or the storage time-bandwidth prod-
uct) indicating the capacity of the device to buffer photonic pulses
into different time bins. This is defined as the product of the de-
lay time at 50% storage efficiency and the bandwidth of the input
pulse.?#] The achieved DBP = 11 for both our buffers suggest-
ing that time-bin multiplexing of photon pair (signal and idler)
sources may be possible using our buffers. The key idea of time-
bin multiplexing is to exploit heralding (detection of idler pho-
ton) to actively store and route the heralded photon (signal) to a
predetermined output time-bin.[*! This makes low-loss storage a
critical ingredient. Hence, our devices can effectively function as
a storage medium for signal photons generated by pulsed lasers
operating at a repetition rate in the GHz regime. They are capa-
ble of catching and releasing signal photons discretely with 100
ps and 200 ps time steps triggered by electrical signals from idler
photon detection events.®! For instance, for a round-trip storage
efficiency r, of 0.82 (100 ps device), a photon generated in the 36
time-bin must traverse the loop 36 times, resulting in a photon
survival probability of only 1.3%, which is not significant. While
for r,=0.74 (200 ps device) a photon generated in 12 time-bin
survives with probability of only 2.6%, which can also be ignored.
On the other hand, with state-of-the-art waveguide loss (—0.027

© 2023 The Authors. Advanced Quantum Technologies published by Wiley-VCH GmbH
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dBcm™), SE would significantly increase, potentially resulting
in DBP that could reach up to 100. This would allow hundreds
of time-bins to be effectively multiplexed, resulting in a near-
deterministic multiplexed single photon source. Moreover, this
improvement in SE would further boost the time-bin encoded
architectures to accomplish quantum computational advantage
without compromising on universality.[*?]

5. Conclusion

Integrated photonics provide an extremely promising pathway
for the development of large-scale quantum systems thanks to
their compact size, high stability and ease of packaging. Mean-
while, dynamic quantum photonic circuits featuring feed for-
ward, such as multiplexed single photon source and entangle-
ment heralding, hold the key to large-scale quantum photon-
ics systems. In this work, we have experimentally demonstrated
TFLN single photon buffers based on recirculating loops which
offer high SNR, low-loss and discrete time-bin buffering capac-
ity (DBP). This is a crucial stepping stone toward feed forward
quantum photonics systems, and eventually large-scale quantum
photonics technology.
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