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Controlling the polarization state of light at a fast speed is important in both classical and quantum
regimes. Here, we present an easily integrated compact tunable linear polarization-state generator of sin-
gle photons in the telecom wavelength band on a periodically poled lithium niobate on insulator (PPLNOI)
chip. The linear polarization of single photons can be continuously rotated by applying a transverse elec-
tric field utilizing the electro-optic (EO) effect. With strong light confinement and the large EO coefficient
in the PPLNOI ridge waveguide, dramatically reduced driving voltage and fast-speed modulation is real-
ized. Moreover, quantum entanglement is well maintained during the switching of polarization states, as
proved in the time-energy entanglement measurement. The scheme holds promise for realizing integrated

quantum optics.
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I. INTRODUCTION

Quantum-information science is a rapidly developing
field of interdisciplinary research, which is closely related
to quantum mechanics and information theory. Over the
last decades, quantum photonics has become a thriving
research field, promoting both fundamental investigation
of quantum phenomena and applied quantum technologies
[1,2]. However, complex quantum-optics solutions imple-
mented in bulk optics have serious drawbacks, such as
integration difficulty, conversion inefficiency, and stabil-
ity weakness. An effective approach to overcome these
limitations is to adopt photonic integrated circuits, e.g.,
waveguide structures, which offer many advantages com-
pared to bulk optics. The emerging technology of lithium
niobate on insulator (LNOI) [3] has provided an ideal
platform for such a purpose, and enabled a variety of
important functionalities, such as compact single-photon
sources [4,5], quantum memories [6,7], and single-photon
frequency conversion [8,9].

Fast and precise controlling of the polarization of indi-
vidual photons has been essential in polarization-entangled
photon sources [10—12], quantum communication [13,14],
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as well as quantum computing [15]. Recently, a vari-
ety of progresses have been achieved in single-photon
polarization control techniques [16—18], providing a solid
strategy for high-performance quantum-information pro-
cessing. However, based on phase retardation between o-
and e-polarized waves in electro-optic bulk media, the case
is that linear polarization is only preserved in a set of
orthogonal directions, e.g., vertical and horizontal states.
As for other directions, the output polarization is either
elliptical or circular. Access to pure linearly polarized sin-
gle photons is critical for various applications. For exam-
ple, the proposed quantum-computer applications rely on
photons with distinct energy and polarization vectors. In
addition, a common requirement raised for several opto-
electronic applications, e.g., (bio)dermatology [19], optical
quantum computers, is also in need of linearly polarized
light for their operation. Moreover, fully linearly polarized
single photons can also be used to realize multibase vector
quantum key distribution. Therefore, it is crucial to keep
single photons fully linearly polarized while maintain-
ing their quantum characteristics during the polarization
control.

Here, we report on the manipulation of single pho-
tons’ polarization in a periodically poled lithium nio-
bate on insulator (PPLNOI) ridge waveguide at the
telecommunication wavelength, while preserving their
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fully linear polarization characterization. In this con-
figuration, we demonstrate the rotation of single pho-
tons’ linear polarization through the transverse electro-
optic (EO) effect, with the advantages of integration,
low drive voltage, as well as fast-speed response.
Their quantum characteristics is maintained after the
polarization control, as shown in the time-energy
entanglement measurement. Combined with previously
demonstrated manipulation of single photons’ ampli-
tude [20], frequency [8,9], path [16], and phase
[21,22], the fast linearly polarization control scheme
described here can add to the complete control of single
photons.

II. THEORY AND EXPERIMENT

In our scheme, the control of the polarization state is
achieved using a PPLNOI ridge waveguide (HC Photon-
ics, Co.). The cross-section view of the PPLNOI ridge
waveguide is sketched in Fig. 1(a), whose dimension is
6.0 um (width) x 5.0 um (height) x 10 mm (length). The
ridge waveguide located between two parallel 2.5-um
deep grooves is fabricated using optical grade dicing on
a chemomechanically thinned PPLN layer (5.0 um thick)
[23,24]. The poling period, A, of the PPLN is 20.5 ym with
a duty cycle of 50%, which is designed to fulfill quasi-
phase matching (QPM) in the telecommunication band.
The optical axis is along the z axis. With high refractive-
index contrasts, light transmitted along the x axis of the
ridge waveguide can be strongly confined. Then, a metal
(Ni or Cr) electrode is deposited on both side walls to form
the transverse electrode.

The TE <> TM mode conversion mechanism in the
PPLNOI ridge waveguide is similar to that in bulk PPLN
experiencing transverse EO effect [25]. When a transverse
(y-axis) electric field is applied along the PPLN crys-
tal, the optical axes of each of the positive and negative
domains are alternately rearranged at small rocking angles
of 6 and —6 about the x axis. The deviation angle 9 is
proportional to the applied electric field intensity, £, and
has the form of 6 ~ ys5,E/[(1/n.)?> — (1/n,)?], where ys,
is the EO coefficient, and 7., n, are the extraordinary
and ordinary refractive indices, respectively. Meanwhile,
the operating wavelength satisfying the QPM condition is
given by A = A(n, — n.), and is consequently temperature
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dependent, where A is the period of PPLN. Therefore, the
operating wavelength can be adjusted by temperature con-
trol. At the QPM wavelength, the output polarization is
rotated by an angle of 2N6 with respect to its horizontal
or vertical initial state, where N is the number of domains
that the optical wave propagates through. Notably, the lin-
ear polarization state of light remains in this configuration,
which makes QPM PPLN an actual linear polarization
rotator or generator.

Using quantum theory, the physics of our experiment
can be described by the following effective Hamiltonian
[20]:

H = ih(xE,a},a, — Hee), (1)

where E, is the electric-field amplitude of pump lasers,
and a; (af) is the annihilation (creation) operator for
the wave at frequency w;, where s represents signal pho-
tons. H and V represent the quantum polarization states
in the horizontal and vertical directions, respectively. y =
ysif W wsE, /(2¢) x /ngyngzeiAkon is the coupling coeffi-
cient, where E), n are the transverse electric field ampli-
tude and refractive index, respectively. ¢ is the speed of
light in vacuum, and w denotes angular frequency. f(x)
is the structural function of PPLN, and it can be writ-
ten as Fourier series: f(x) = Y g exp( — iG,x), where

m

G,, = 2mm/ A is the reciprocal lattice vector (m is the order
of QPM). g, is the amplitude of reciprocal lattice vec-
tor. Akgo = ks — kg 1s the phase mismatch of the EO
polarization coupling process. H.c. denotes a Hermitian
conjugate. Using the Heisenberg equation of motion, the
coupled mode equations describing the EO process can be
obtained from Eq. (1):

dasH A~

7l xEpa,y, (2a)
dasV A

L = )y, (2b)

Equation (2) indicates that the linear polarization state
of single photons can be controlled by the EO effect,
specifically, by the applied voltage on the PPLN.

FIG. 1. (a) Cross-section view
of the PPLNOI ridge waveguide.
(b) Experimental setup of the
integrated waveguide device for
polarization control. FG: function
generator; PC: polarization con-
troller; PBS: polarization beam
splitter; PM fiber: polarization
maintaining fiber.
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The experimental setup is depicted in Fig. 1(b). Light
from a tunable continuous (cw) laser (15201600 nm) is
used as the pump laser. A polarization controller (PC) is
used to adjust its polarization. Light is injected into the
integrated waveguide device, which includes an in-line
polarized beam splitter (PBS), polarization maintain (PM)
optical fiber with a pigtail end, a PPLNOI ridge waveguide,
a function generator (FG), and a temperature controller
with an accuracy of 0.1°C. The input light is kept TM
polarized. The output is collimated by a short focal-length
lens to free space, which is then injected into a detector
after passing a PBS.

We first show the result of controlling the operating
wavelength by adjusting the temperature of our device.
Figure 2(a) shows the experimentally measured QPM
wavelength for EO coupling, and the tuning slope is
—0.53 nm/ °C. In practical applications, an excellent linear
dependence of the operating wavelength on temperature is
advantageous. We also measure the fast modulation rate of
EO polarization coupling by applying a sinusoidal voltage
of 100 MHz, as shown in Fig. 2(b). This shows the efficient
mode conversion and the relatively high-speed operation
capability of our device for EO coupling.

Then we demonstrate the linear polarization rotation
characteristics of our device with efficient and linear EO
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tuning. The operating wavelength is 1576.5 nm when the
temperature is set at 65 °C, and the output of PPLNOI is
monitored by a polarimeter. The modulation of the out-
put versus the applied voltage measured by the polarimeter
is shown in Fig. 3(a). The half-wave voltage is approxi-
mately 7 V. Thus, the voltage-length product of our device
is 7V - cm. The performance has been improved from our
previous version [26]. The presence of an offset angle at
zero voltage can be attributed to the strain-optic effect,
which can be easily compensated for by applying a bal-
ancing voltage. Figure 3(b) shows the polarization state of
the output with respect to the applied voltage. A trajectory
of the polarization evolution trajectory measured using the
polarimeter is presented using the Poincaré sphere. As
can be seen, the polarization well remains on the equa-
torial plane as the applied voltage varies, indicating the
linear polarization at all rotation angles. It is measured that
the rotation angle of the linearly polarized output has a
good linear relationship with the applied voltage, which
is consistent with theory.

To demonstrate the device’s ability to control single-
photon polarization states, we use the photon pairs
generated from spontaneous parametric down-conversion
(SPDC) other than weak coherent pulses. In the process
of photon-pair generation, we use a 5-cm-long PPLN

FIG. 3. (a) Rotation angle of the lin-
early polarized output varied with the
applied voltage. (b) Output polarization
state represented on a Poincaré sphere as
the applied voltage varies.
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waveguide with a poling period of 19.0 um to utilize the
type-0 QPM scheme and its weak dispersion characteris-
tics in the telecommunication band. As shown in Fig. 4(a),
a TM-polarized 1557-nm cw laser amplified by an erbium-
doped fiber amplifier is frequency doubled in a PPLN
waveguide by second-harmonic generation (SHG). The
1557-nm fundamental laser in the output is suppressed by a
wavelength division-multiplexing (WDM) with an extinc-
tion ratio of 180 dB and the 778.5-nm double-frequency
component is launched into the second PPLN waveguide
to serve as the pump for the SPDC process. The residual
pump light (second-harmonic photons) and other fluores-
cence components are eliminated by another WDM with
an extinction ratio of about 180 dB. The idler (1537.5 nm)
and the signal (1576.5 nm) photons are then transferred to
the corresponding dense wavelength-division multiplexing
(DWDM) channels using a set of DWDM filters. The sec-
ond PPLN is type-0 QPM, and the polarization of the pump
light and two single photons are the same. The signal pho-
tons are injected into our device as mentioned before. After
passing a lens and a PBS, the output signal photons are
injected into a single-photon detector. On the other opti-
cal path, the idler single photons are injected into the other
single-photon detector without any processing, except for
increasing the delay with a long single-mode fiber.

Firstly, we remove the Mach-Zehnder interferometers
(MZlIs) in Fig. 4(a) to carry out EO linearly polarization
coupling experiment of single photons. In this experiment,
the photon-pair generation rate is set to 0.01 per detection
gate. Each detection result is accumulated for 100 s with
the dark count subtracted. The ability to control the single-
photon polarization state can be observed by making coin-
cidence counting measurements on single-photon detector
1 (SPD1) and SPD2 under different applied voltages. We
set the orientation of the PBS so that only the TE or TM
mode passes, and then measure the coincidence counting
of the two single photons. The measured interference, as
shown in Fig. 4(b), shows a clear sinusoidal relationship

ridge waveguide

Sy,

Lens PBS Collector

FIG. 4.

with an average fitted visibility of V'=96.3 £ 2.65%, sug-
gesting that our device can efficiently rotate the linear
polarization state of single photons. The maintenance of its
linear polarization state during the control of their polar-
ization state can be inferred from the result as shown in
Fig. 3.

In addition, another important feature of single-photon
polarization switching is the maintenance of quantum
properties during the conversion. This feature is demon-
strated by measuring the quantum state visibility of the
photon pairs before and after the mode conversion [27].
Time-energy entanglement between the two signal and
idler photons [28] is measured, which is inherent in photon
pairs generated via cw laser pumped SPDC. The time-
energy entanglement can be demonstrated using Franson-
type interferometry. We insert two unbalanced MZIs in
front of the two SPDs, as shown in Fig. 4(a), and then
implement a coincidence measurement. If the relative path
delay between the two arms of the MZI is shorter than
the coherence length of the cw laser, there will be no
single-photon coherence fringe in the MZI’s output, but
a two-photon interference pattern will be observed by
coincidence counting. The measured base vector can be
changed by adjusting the phase of the long arm of the
MZI. For example, the base vector of the signal single-
photon is |a) + € |b), where 6 represents the phase of the
channel. a and b represent the long and short arms of the
MZI, respectively. The state vector of the measurement
basis rotates along the equator of the Poincaré sphere as 0
changes. The coincidence count of the interference image
can be estimated to be

N, o< 14 Veos(by + 0; — 2w, 7), 3)

where V represents the visibility of the interference image.
Subscripts p, s, i represent the pump, signal, and idler,
respectively. T represents the time corresponding to the
optical path difference between the two paths of the MZI.

| ® H Polarizer = VPolarizer|

5 10 15
Voltage (V)

(a) Schematic of single-photon generation and polarization control. (b) Coincidence count as a function of the voltage on the

ridge waveguide. The blue and red lines indicate the PBS orientation that allows the single photon of the TE and TM modes to pass,
respectively. PC, polarization controller; WDM, wavelength division-multiplexing; DWDM, dense wavelength-division multiplexing;
PBS, polarization beam splitter; FG, function generator; MZI, unbalanced Mach-Zehnder interferometer; SPD, single-photon detector.
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FIG. 5. Two-photon interference pat-
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The theoretical visibility can be estimated by [29]

- noo;
T naga; + 2(nay + 2D,) (na; + 2D;)’

(4)

where n represents the mean photon-pair number per detec-
tion gate, which is 0.01 per gate in this experiment.
equals 10 dB, which is the loss from signal and idler chan-
nels, respectively. In addition, D; = D; = 1 x 107° is the
dark count of each pulse gate. From Eq. (4) we can obtain
a theoretical visibility of 98%.

In the experiment, the interference is obtained by chang-
ing the value of 6;. We set the phase of the signal channel
to two sets of noncollinear base vectors, and vary the phase
of the idler channel, and the two-photon coincidence inter-
ference fringe pattern can be obtained. Figure 5(a) shows
the interference pattern before the polarization control, and
the average fitted visibility is V' = 94.5 £ 0.53%. After
the single-photon polarization controller, we measure the
entanglement visibility of the converted photon pairs at
different voltages, respectively, as shown in Fig. 5(b).
The average fitted visibility is V' = 90.1 £ 1.6%, which is
beyond the 71% visibility necessary for the violation of the
Bell inequality and thus excludes local realism from the
quantum theory. The result convincingly shows that quan-
tum correlation is well preserved during the polarization
control. Thus, photon pairs after polarization control can
still be used for quantum-communication tasks.

ITII. CONCLUSION

In conclusion, we demonstrate a linear polarization-state
generator with a high precision based on the PPLNOI
ridge waveguide structure. We succeed in controlling the
polarization of single photons at the telecom wavelength
via reduced voltage and high modulation rate by taking
advantage of the LNOI platform and ridge-waveguide con-
figuration. Moreover, the time-energy entanglement is well
preserved during the control of the polarization state. The
scheme holds promise for realizing integrated quantum
optics.

0 #n2 =« 372 2z 57/2 3x Tn/2
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