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Abstract: The stable on-chip deterministic arbitrary-phase-
controlling of signal light in micro/nanometer spatial scale
is an extremely important basis for large-scale and high-
density integrated photonic information processing chips.
Conventional phase-controlling methods face with serious

Rui Ma, Chu Li, Qiuchen Yan, and Xinyi Wang contributed equally to this
work.

*Corresponding author: Xiaoyong Hu, State Key Laboratory for Meso-
scopic Physics & Department of Physics, Collaborative Innovation Center
of Quantum Matter & Frontiers Science Center for Nano-Optoelectronics,
Peking University, Beijing 100871, P.R. China; Peking University Yangtze
Delta Institute of Optoelectronics, Nantong, Jiangsu 226010, P.R. China;
Collaborative Innovation Center of Extreme Optics, Shanxi University,
Taiyuan, Shanxi 030006, P.R. China; and Hefei National Laboratory, Hefei
230088, P.R. China, E-mail: xiaoyonghu@pku.edu.cn.
https://orcid.org/0000-0002-1545-1491

Rui Ma, Chu Li, Qiuchen Yan, Xinyi Wang, Ruiqi Wang, Yufei
Wang and Yumeng Chen, State Key Laboratory for Mesoscopic Physics
& Department of Physics, Collaborative Innovation Center of Quantum
Matter & Frontiers Science Center for Nano-Optoelectronics, Peking Uni-
versity, Beijing 100871, P.R. China,

E-mail: giuchenyan@pku.edu.cn (Q. Yan)

Yan Li, Jianwei Wang and Qihuang Gong, State Key Laboratory
for Mesoscopic Physics & Department of Physics, Collaborative Innova-
tion Center of Quantum Matter & Frontiers Science Center for Nano-
Optoelectronics, Peking University, Beijing 100871, P.R. China; Peking
University Yangtze Delta Institute of Optoelectronics, Nantong, Jiangsu
226010, P.R. China; Collaborative Innovation Center of Extreme Optics,
Shanxi University, Taiyuan, Shanxi 030006, P.R. China; and Hefei National
Laboratory, Hefei 230088, P.R. China, E-mail: li@pku.edu.cn (Y. Li),
jianwei.wang@pku.edu.cn (J. Wang)

Cuicui Lu, Laboratory of Advanced Optoelectronic Quantum Architecture
and Measurements of Ministry of Education, Beijing Key Laboratory of
Nanophotonics and Ultrafine Optoelectronic Systems, Center for State Key
Laboratory of Chips and Systems for Advanced Light Field Display, Inter-
disciplinary Science of Optical Quantum and NEMS Integration, School of
Physics, Beijing Institute of Technology, Beijing 100081, P.R. China,
E-mail: cuicuilu@bit.edu.cn. https://orcid.org/0000-0001-7789-1946

Che Ting Chan, Department of Physics and Institute for Advanced Study,
The Hong Kong University of Science and Technology, Clear Water Bay,
Kowloon, Hong Kong, P.R. China, E-mail: phchan@ust.hk

limitation of unavoidable crosstalk, length distortion, and
fabrication error. To date, it is still a great challenge to
achieve deterministic and wide-range on-chip arbitrary-
phase-controlling. Here, we report an effective strategy of
three-waveguide coupled configuration to realize on-chip
deterministic arbitrary-phase-controlling (ranging from 0
to 2x) by combing the dynamic phase and the geometric
phase. Based on this strategy, quantum gate operations in an
optical permutation-group circuit are successfully realized
in femtosecond-laser direct writing sample. To extend the
feasibility of this method, on-chip silicon-based determin-
istic arbitrary-phase-controlling in the optical communica-
tionrange is also experimentally verified. Our work not only
paves the way for fundamental research in chip-scale novel
optical devices but also promotes the study of topological
quantum computing.

Keywords: deterministic arbitrary-phase-controlling; opti-
cal permutation circuit; optical chip; three-waveguide con-
figuration

1 Introduction

The large-scale and high-density integration of nanopho-
tonic devices is one of the essential bases of ultracom-
pact integrated photonic chips, which have great potential
application in ultrahigh-speed and ultrabroad-band infor-
mation processing [1]-[10]. The deterministic arbitrary-
phase-controller with a small footprint is a vital step for
the realization of large-scale and high-density integration.
Conventional on-chip phase-controlling methods predom-
inantly rely on electro-optic or thermo-optic controlling
approaches [11]-[19], exemplified by configurations such
as the Mach-Zehnder interferometer (MZI) and micro-ring
resonator (MRR) [20]-[24]. While these methods enable
arbitrary-phase-controlling, the precision and feasibility
are deteriorated by unavoidable crosstalk, length distortion,
and fabrication errors in waveguides. Moreover, phase con-
trolling at shorter wavelengths is more sensitive to the alter-
ations and defects above [25]-[30]. Since the temperature-
induced refractive index change of the target waveguides
is mainly achieved by applying voltage over the controller
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electrodes, it influences the refractive index of surrounding
waveguides at the same time, deteriorating the phase con-
trolling ability of nearby MZIs. Such effect is even more seri-
ous on more integrated chips where the gaps between unit
devices shrink. This not only limits the integration scale of
the integrated photonic chip to a great extent but also brings
great difficulties to the debugging process. When consid-
ering the computing capacity, existing on-chip calculation
based on MZI or MRR only executes the addition and the
multiplication operations that belong to the Abelian group
but has difficulties in non-Abelian group operation that is
more promising in sophisticated computing. For example,
the permutation operation is a classic non-Abelian oper-
ation, and non-Abelian braiding can be achieved through
the cascade of permutations, which is an important infor-
mation processing operation in topological quantum com-
puting. It is still a great challenge to achieve the determin-
istic arbitrary-phase-controllers with a small footprint for
the non-Abelian operations, which are very important for
future information processing.

Here, we propose an effective strategy, three-
waveguide coupled system, to realize on-chip deterministic
arbitrary-phase-controlling, which has the enhanced
resistance against fabrication errors and is able to achieve
large-scale integration and the quantum gate operations in
optical permutation-group circuits. The three waveguides
are arranged in the configuration of an isosceles triangle
to realize the deterministic arbitrary-phase-controlling
based on the dynamic phase and the geometric phase.
The dynamic phase accumulates from the eigen-energetics
and travel time of the intervening state evolution. The
geometric phase is usually determined solely by the
geometry of the traversed loop [31]. In optics, the phases
accumulated during the evolution process of Hamiltonian
is also considered to be the geometric phase [32]. The
dynamic phase is introduced in the configurations when
the light travels along waveguides and the geometric

Table 1: The comparison of different phase controlling methods.
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phase is introduced when the light is coupled between
waveguides. Geometric phase is considered to be stable,
capable of resisting sample fabrication errors, such as the
non-Abelian braiding configurations based on the Berry
phase [33]-[41]. As for the waveguide system, the geometric
phase controlling ranges only single value 0 or z [32], [42],
[43]. We compare the phase controlling schemes as shown
in Table 1.

The proposed deterministic phase-controller based
on three waveguides can change the phase by adjusting
the coupling parameters of the waveguides, significantly
reducing the crosstalk problem of traditional thermo-optic
controlling from origin. Our phase-controller has lower
energy consumption and higher computing power because
no external electrodes is contained. The phase controlling
ranging from 0 to 2z can be achieved, and our measured
results of femtosecond-laser direct writing samples and the
on-chip silicon-based samples confirm the feasibility of this
strategy. Quantum gate operations in optical permutation-
group circuit are successfully realized, maintaining its out-
standing ability of stability in quantum state. Our work not
only paves the way for fundamental research in chip-scale
novel optical devices but also advances the study of topolog-
ical quantum computing.

2 Results

2.1 Theory of on-chip deterministic
arbitrary-phase-controller

Consider a dual-waveguide configuration composed of two
identical waveguides denoted as O and Q, as illustrated
in Figure 1(a). The transmission of the optical field within
them follows the form of the Schrédinger-like equation,
ie, H2)|y(2) = —i% |w(2)). The Hamiltonian can be then

Citation Phase controlling  Configuration Application Phase controlling Limited by
method platform range fabrication error
[17], [18] Dynamic phase Mach-Zehnder interferometer Femtosecond laser direct  0-27 Yes
writing
[25], [26], [28], [29] Mach-Zehnder interferometer  Silicon-based 0-2r7 Yes
[32] Geometric phase Waveguides Femtosecond laser direct ~ Only 0, = No
writing
[43] Two identical dual-waveguide Silicon-based Only 0, = No
This work Dynamic phase + Three-waveguide Femtosecond laser direct ~ 0-27x No

geometric phase

writing or silicon-based
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Figure 1: The Schematic diagram of waveguide coupling system. (a) The dual-waveguide configuration composed of two identical waveguides.

L, IL, 11T show that the coupling coefficient changes with the distance between waveguides. No matter what the coupling coefficient is, the dual-wave-
guide configuration can only realize z/2 phase controlling; (b) the two identical dual-waveguide configurations. For the coupling shown by I and II,
the two identical dual-waveguide configurations can only realize  phase controlling; (c) the three-waveguide configuration, the structure parameter
d represent the distance between the waveguide P and the plane determined by the waveguide O and waveguide Q. The coupling coefficient
decreases with the increase of d, then the arbitrary-phase-controlling can be achieved; (d) the optical field intensities in waveguide O, wavegquide Q,
and the phase distributions in waveguide Q of the three-waveguide configuration, which is obtained by solving the Schrodinger equation

in the waveguide configuration and angling the function. Corresponding to each coupling, the phase platforms are obvious.

K
5) where f is the propagation the Hamiltonian becomes H =
K K

constants of the waveguide, and x is the coupling takes the form |y (z)) = [¢0(z), ¢Q(z)], where ¢,(z) and

expressed as H = . Its eigenvector

coefficient between the two waveguides, which changes
with the distance between waveguides. Since the two
waveguides are identical, setting f§ = 0 eliminates the
propagation constant for a simplified analysis. In this case,

d)Q(z) represent the wave functions in the two waveguides,
respectively. The eigenvalues of the system are found to be
A==k, and the corresponding eigenvectors are as
Equation (1) shows.
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The solutions of the Equation (1) are odd-mode and
even-mode in the dual-waveguide configuration, respec-
tively. The change of any mode, light intensity, and phase
in the system can be obtained by linear superposition of
this series of odd mode and even mode. If the light is
incident into waveguide O at z = 0, the initial state vec-
tor can be written as ¢,_, = (1, 0. Expanding it in terms
of the eigenvectors, the vector can be written as ¢,_, =
L0 =2 D"+, -] = “75 (w1 + ). Thus, the evo-
lution process of the state vector in the dual-waveguide
configuration can be described as Equation (2) shows:

@, = %(Wle_i“ + erircz)

_ % [, )7 e 4 (1, =17 el<?] @

1 [ e 4 elx? cos(kz)
~2\e ¥z ez | T\ _isin(kz)
When the light completely transfers from waveguide O
to waveguide Q, it is easy to obtain xz = % because @, =

0 0
< ) = ( _i”). Therefore, in the evolution process of
—i —e 2

this dual-waveguide configuration, a phase shift of z/2 is
introduced. It is observed that during the light transfer
process, there is always a z/2 phase difference between
waveguide Q and waveguide O. This phase shift is indepen-
dent of the distance that the light travels in the waveguides
and is referred to as geometric phase. In addition, if two

(v =(-10,1)"

4K,

2 — k2 — Ky /8K % + K2 )

v, =11,-

b}

3 K, <—3K2 +1/8Kk% + K22>
—4K% + K2 — Ky /8K % + K2
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identical dual-waveguide configurations are parallelly cas-
caded, a three-waveguide configuration is formed, as shown
in Figure 1(b). We label these three waveguides as O, P,
and Q, assume that there is no coupling strength between
waveguides O and Q, and only consider the interactions
between the O—P and P-Q pairs of dual-waveguide config-
urations. Based on the above analysis, if light is incident
from waveguide O and eventually outputs from waveguide
Q, it will acquire two geometric phases of z/2 in the trans-
mission process through the O-P and P-Q pairs of dual-
waveguide configurations. Consequently, the light output
from waveguide Q will experience a combined geometric
phase of # due to the superposition of two z/2 geometric
phases.
However, if the coupling strength between the 0-Q
pair of the dual-waveguide configuration in the aforemen-
tioned three-waveguide system is taken into consideration,
the accumulated phase will change. The schematic of this
three-waveguide system is illustrated in Figure 1(c). For
ease of calculation, we assume that the coupling coefficients
within the O—P and P-Q pairs of dual-waveguide configura-
tions are denoted as k', and the coupling coefficient within
the 0-Q dual-waveguide configuration is «,. Similar to the
case of two waveguides, the propagation constants § for
the three waveguides are also set to be zero for simplicity,
so that we can eliminate the dynamic phase brought by
propagating along the identical three waveguides. When
the light is incident from waveguide O and output from
waveguide Q, the waveguide P serves as an intermediary
for controlling the light. In this case, the Hamiltonian for
the O—P-Q three-waveguide configuration is given by H =
0 K1 Ky
k; 0 k| simply obtaining the eigenvalues and eigen-
Ky Kk 0

vectors of the system, shown in Equations (3)-(5).

M=K (©)

A= ;<K2 —\/8Kk2 + x22> @

w3 =|1,-—

If light is incident into waveguide O where z is equal
to zero, the initial state vector can be expressed as ¢,_, =
(1,0, 0). Expanding it in terms of the eigenvectors, it takes

K (31(2 +1/8K2 + K22>

Al A= ;<K2+\/8K‘12+K‘22) (5)

the form as @,_, = Ay, + By, + Cy4, where A, B, C are
the coefficients related to the coupling coefficient x; and
k,. Furthermore, the evolution process of the state vector
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in the three-waveguide configuration can be expressed as
Equation (6) shows.

@, = AWle_MlZ +BW2e—MZZ + Clllse—i/13z (6)

For simplicity, we introduce the parameter a = ’;—j
to represent the ratio between the two different cou-
pling strengths. By substituting k', = ax; into the previous
expression, and replacing 4, B, C, vy, y,, Y3, the evolu-
tion function for the state vector from waveguide O in
the O—P-Q three-waveguide configuration can be obtained.
Since the light is incident from waveguide O and output
from waveguide Q, the evolution functions of the optical
fields in waveguides O and Q are particularly crucial to
analyze the input and output states of light in the three-
waveguide configuration. The evolution functions of the
optical fields in waveguides O and Q from ¢, are shown in
Equations (7) and (8).

O(a,ky.z) = cos(]z)e%li’(l(a_ Vera)e + Ke™119%2 . 25in(Lz)

(7
Q(a,ky,z) = —isin(]z)eii'(l(“' Vara)e + Ke 1% . 25in(Lz)

(8)
where z represents the optical transmission distance in the
three-waveguide configuration, and all the parameters J,
K, and L are related to the three-waveguide configuration

. 5a—3aV/8+a*+4 3 1 2
with K = =cakiz+ ;K V8+a
10a+16+a' —(10a—a*) V3+a’ J= ezt K ’

and L = %Kl V8 + a?. The optical field intensities in waveg-
uide O, waveguide Q, and the phase distributions in waveg-
uide Q, which is obtained by Equation (8) in the waveguide
configuration, are shown in Figure 1(d). Defining the length
of the waveguide as z, when the light first reaches the high-
est transmission in the 0—P—-Q three-waveguide configura-
tion, both the intensity and phase distributions can be nor-
malized. It is observed that the optical field intensity vari-
ation exhibits periodic characteristics. By choosing appro-
priate parameter values for a and «, it is able to achieve
complete transmission of optical field intensity from waveg-
uide O to waveguide Q, similar to the two identical dual-
waveguide configurations. For instance, when the optical
field intensity in waveguide O reaches its second minimum,
i.e,, the intensity in waveguide O approaches zero, while the
intensity in waveguide Q becomes maximum, concentrat-
ing almost all the energy in this three-waveguide configu-
ration. Furthermore, unlike the = phase in the two iden-
tical dual-waveguide configurations, this three-waveguide
configuration can achieve arbitrary phase accumulation at
the output port of waveguide Q within the range from 0
to 2z, as indicated by the yellow line in Figure 1(d), which
is also obtained by Equation (8). Moreover, although the
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light intensity changes as the light is transmitted, the phase
remains the same, which shows that the solved phase vari-
ation curve for waveguide Q exhibits periodic plateau char-
acteristics. During these plateau phases, the optical field
phase in waveguide Q remains constant, providing stable
phase values over a certain evolution range, as explained
in the subsequent Equation (9). The dynamic phase and
the geometric phase are combined to produce the stable
phase values here. Therefore, through the 0—P-Q three-
waveguide configuration, the stable phase control within a
certain range of optical transmission distance z is achieved.
This phase can be controlled arbitrarily by changing the
ratio a between the two different coupling strengths x; and
Kk, in a three-waveguide configuration, significantly enhanc-
ing the flexibility in manipulating the optical field.
Changing the values of a and «; will alter the distribu-
tion of output optical field intensity at different positions in
the 0-P-Q three-waveguide configuration. Figure 2(a) illus-
trates the variation of optical field intensity in waveguide Q
with respect to changes in a when x; = 1. It is noteworthy
that the phase variation also exhibits periodic characteris-
tics, and its periodicity is consistent with that of the optical
field intensity. Changing the values of a and -, will similarly
affect the phase output. Figure 2(b) and (c) demonstrates
different phase changes caused by varying parameters a.
As the coupling ratio a increases, the phase value control-
ling capability of the 0—P-Q three-waveguide configuration
gradually enhances, resulting in a larger phase value shift.
The phase shift is caused by the hopping of light between
different waveguides. Since a phase shift occurs during each
hopping, it is represented in Figure 2(c) as a series of dis-
continuous phase plates. When the light in the waveguide
is fully transmission, the corresponding mode is not an
eigenstate of the system, but a linear superposition of a
series of eigenstates. This multi-eigenstate effect will enable
arbitrary controlling of different phases. However, the theo-
retical calculation results show that the coupling coefficient
k; does not affect the phase value controlling capability,
and it only influences the periodicity of phase and opti-
cal field intensity variations in the three-waveguide con-
figuration. This indicates that the 0—P-Q three-waveguide
configuration possesses the capability for arbitrary-phase-
controlling. We can then derive the relationship between
phase value and the three-waveguide configuration param-
eter and the optical transmission distance in the three-
waveguide configuration z, seen in Equation (9).

% sin(akyz) + Ksin[Nz] + Msin[Nz]
@ = arctang ——%
-3 cos(ak;,z) + Kcos[Nz] + Mcos[Nz]
C)]
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where all the parameters K, M, and N are related to
the three-waveguide configuration parameters a, ki,

5a>—3aV/8+a*+4 5a*+3aV/8+a*+4

T 10a*+16+a'—(10a-a*) VB+a®’ T 10a+16+at +(10a-a) VBt
1
and N = i(a —V8+ az)rcl.

Equation (9) represents the analytical expression of the

phase controlling capability of the 0—P-Q three-waveguide
configuration. We designed a dual-arm interferometer to
test the phase shifting capability of our device, as shown

DE GRUYTER

in Figure 2(d), where one arm is a three-waveguide
configuration and the other arm is a dual-waveguide
configuration, and the phase difference between the two
arms is experimentally measured, which is obtained by the
interference experiment measurements from the output
optical field at the end of the circuit. By utilizing the 0-P-Q
three-waveguide configuration and an O—Q dual-waveguide
configuration of equal length for interference, where the
geometric phase in the 0-Q dual-waveguide configuration

(@) 6 1w ()10 a=0.7, k1=1 1.0 a=1.2, k1=1
12 05 05
0.67 —_ —_
S E E
N 8 & 00 2 00
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Figure 2: The theoretical and experimental results of the three-waveguide configuration. (a) The distribution of output optical field intensity of
waveguide Q with respect to changes in the 0-P-Q three-waveguide configuration when k; = 1, the line at @ = 11s the area where the singularity
appears in the theory in the O-P-Q three-waveguide configuration when a = 1. (b) The distribution of output optical field phase of waveguide Q

with respect to changes in the O-P-Q three-waveguide configuration when k', = 1, the line at a = 1 is the area where the singularity appears

in the theory in the O-P-Q three-waveguide configuration when a = 1. (c) The different phase changes caused by varying parameters a when k, = 1;
(d) the designed circuits for experimental verification of the arbitrary phase value controlling capability of the O-P-Q three-waveguide configura-
tion. The red box shows the cross section of the phase controller, which consists of a three-waveguide configuration and a dual-waveguide
configuration with the same length; (e) the output optical field intensity distribution in experiments for the O-P-Q three-waveguide configuration.
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remains fixed at /2 and does not vary, the phase differences
between the O-P-Q three-waveguide configuration and
the 0-Q dual-waveguide configuration can be measured,
allowing to determine the controlling capability of
waveguide P on the 0—P-Q three-waveguide configuration.
The phase analyses and comparisons between the
dual-waveguide configuration and the three-waveguide
configuration are discussed in the Supplementary
Information II.

Assuming that the phase difference between the
0-P-Q three-waveguide configuration and the O-Q con-
figuration is ¢, when the light beam is split and incident
into both configurations, the light output from waveguide
Q in the 0-P-Q configuration and the light output from

waveguide O in the 0-Q configuration together form a set
ip
of states represented by iz

v

tional coupler, this set of states can be described by the

. Through a 1:1 direc-

1 i
matrix U = % ( . 1), and the output stateis given by y =
i
ip
%U . Therefore, the calculated optical field intensi-

ties from the two output ports of the directional coupler are
L= %IO(1 +sin @) and I, = %10(1 —'sin @). By measuring
L _ lising

the ratio of I; to I,, i.e, n = r = g’ the phase shift ¢
can be determined. Using the laser direct writing waveguide
platform for experiments, the output optical field intensity
distribution is obtained and shown in Figure 2(e). Detailed
results can be found in Table 2:

The results indicate that the O—P-Q three-waveguide
configuration will exhibit different phase accumulations
for various coupling ratios a. We also measured the accu-
mulated phase generated by phase controllers with opti-
cal path lengths of 5.8 mm and 6 mm, respectively, find-
ing minimal phase differences between them. This demon-
strates that the deterministic arbitrary-phase-controlling is
achieved and the fabrication error resistance of the phase
controller within a certain range of length. The periodic
variation of phase value and optical field intensity in the
waveguide Q, as shown in Figure 1(d), allows to theo-
retically derive the length range of phase preservation.

R. Ma et al.: On-chip deterministic arbitrary-phase-controlling = 2639

Experimentally, we measured the positions of the first and
second occurrences of maximum optical field intensity
in the waveguide Q at 1.7mm and 5.8 mm, respectively.
Based on this, it can be inferred that the phase controller
can achieve a phase shift within approximately a 1 mm
range, which is further verified by numerical simulation
in the Supplementary Information V. This phase control
significantly enhances tolerance to fabrication errors in
the micron/nano scale in the field of micro/nano-optics,
improving the tolerance of errors by three orders of mag-
nitude, which is demonstrated theoretically in Supplemen-
tary Information III, and the further simulation results are
shown in Supplementary Information V and VI. In addition,
as calculated in the Supplementary Information III, setting
a = 0 corresponds to the absence of coupling strength in
the 0-Q dual-waveguide configuration. In this case, the
0-P-Q three-waveguide configuration degenerates into the
0-P and P-Q dual-waveguide configurations, accumulat-
ing a geometric phase of z. This aligns with the previous
discussion.

2.2 Permutation circuits

Based on the on-chip arbitrary-phase controller, we con-
structed an on-chip optical permutation circuit, shown in
Figure 3(a). The main component of the circuit consists of
four waveguides, labeled «, g, y, and {. Waveguides «a, y,
and g lie in the same plane during the initially and final
evolved states, while waveguide ¢ is in a different plane.
This structure appears as a “I” shape in cross section, and
the three-dimensional (3D) structure of the permutation cir-
cuit is depicted in Figure 3(b). The controlling of light in the
permutation circuit shown in Figure 3(a) involves four dif-
ferent coupled controlling processes, denoted as configura-
tions Couplel, Couple2, Couple3, and Couple4. Couplel con-
sists of waveguides « and y forming O—Q dual-waveguide
configuration; Couple3 involves waveguides y and g form-
ing 0-Q dual-waveguide configuration; Couple4 comprises
waveguides @ and y forming O-Q dual-waveguide config-
uration. Therefore, the light goes through Couplel, Cou-
ple3, and Couple4 will accumulate a geometric phase of
7/2 each time. In contrast, configuration Couple2 involves

Table 2: The output optical field intensity distribution and the phase controlling for O-P-Q three-waveguide configuration.

The coupling length = 6 mm

The coupling length = 5.8 mm

d/pm Theory ¢ (*x)

I, I, Phase ¢ (* ) I, I, Phase ¢ (* )
00 0 3.6 3.4 0 3.1 3.0 0
18 0.25 5.1 0.7 0.27 5.8 1.0 0.25
19 0.14 4 1.6 0.14 35 1.5 0.13
20 0.05 3.1 24 0.04 3.0 24 0.04
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Figure 3: The permutation lines and experimental results. (a) The controlling of light in the permutation circuit. All four configurations Couple1,
Couple2, Couple3, and Couple4 are shown; (b) the 3D structure of the permutation circuit; (c), (d) the experimental results of the permutation circuit
shown in Figure 3(a), with input light from the waveguide a and g, respectively; (e), (f) the experimental results of the permutation structure with
the auxiliary waveguide &; (g) the experimental results of single-photon incident the permutation circuit with input light from the waveguide « or f,
which demonstrates the circuit can still realize the permutation function when the single photon is injected with different structure parameter d.

longer 0-Q dual-waveguide configuration consisting of
waveguides y and ¢. Light is first incident from waveguide y
and evolves to waveguide ¢, then evolves back from waveg-
uide ¢ to waveguide y. This process is equivalent to under-
going two coupling processes of the 0—Q dual-waveguide
configuration, similar to the controlling discussed earlier in
the cascaded O-P and P-Q dual-waveguide configurations,
resulting in a geometric phase of z.

In this permutation circuit, the exchange of two input
states can be achieved. The light incident from waveguide

a will undergo a three-coupling process including Couplel,
Couple2, and Couple3 and eventually be output from waveg-
uide f. This process is abbreviated as a-1-2-3-f. On the
other hand, light incident from waveguide £ will undergo a
two-coupling process including Couple3 and Couple4 and be
output from waveguide a. This process is abbreviated as
f-3-4-a. Therefore, the two processes will result in a phase
difference of 7/2. This fundamental circuit, composed of
the 0-Q dual-waveguide configuration and cascaded O-P
and P-Q dual-waveguide configurations, can accumulate



DE GRUYTER

an integer number of z/2 geometric phases. In the experi-
ments, we fabricated the samples shown in Figure 3(b) using
femtosecond laser direct writing technology. The experi-
mental results are depicted in Figure 3(c) and (d), where it
can be observed that the light incident from waveguide «
can almost exit from waveguide f, and the light incident
from waveguide f can almost exit from waveguide a. This
indicates that the permutation process can be realized using
this network. In addition, another experiment is also per-
formed based the permutation circuit. An extra auxiliary
waveguide £ is introduced in the Couplel, then the waveg-
uide a, &, y in the Couplel process consists an O—P-Q three-
waveguide configuration, which will support the determin-
istic arbitrary phase. Figure 3(e) and (f) shows the exper-
imental results of another permutation structure with the
auxiliary waveguide €. It can be found the auxiliary waveg-
uide & almost no effect on the intensity in the permutation
circuit. The experimental results of single-photon incident
the permutation circuit are shown in Figure 3(g). The num-
bers of single photons exiting as the coupling coefficient
between the waveguide £ and « or y increases are shown
in Figure 3(g), and the numbers of single photons exiting
in the permutation structure without the auxiliary waveg-
uide £ are shown in the Figure 3(g). The above single pho-
ton experiments show that the number of exiting photons
does not change with the addition of waveguide &, and the
process of permutation is always achievable based on the
circuit.

R. Ma et al.: On-chip deterministic arbitrary-phase-controlling = 2641

2.3 The implementation of
arbitrary-phase-controller and
quantum-gate chip based on
the permutation circuit

The above permutation circuit achieves the accumulation
of a fixed value of z phase. However, by introducing the
arbitrarily phase controller designed in the Section 2 into
the fundamental circuit, it becomes possible to realize the
permutation circuit chip with accumulation of arbitrary
phases. In the coupling process of Couplel of the funda-
mental circuit, we added an auxiliary waveguide &. In
this case, the Couplel process becomes an O—P-Q three-
waveguide configuration, where waveguide « corresponds
to the input waveguide O, waveguide y corresponds to the
output waveguide Q, and waveguide £ corresponds to the
control waveguide P. The permutation circuit structure is
shown in Figure 4(a). In this case, the light incident from
waveguide a1 will undergo a three-coupling process, Cou-
plel, Couple2, and Couple3, and be output from waveguide
p1. In the processes of Couple2 and Couple3, the light will
accumulate fixed geometric phases of z# and z/2 succes-
sively. The phase generated by the Couplel process can be
controlled to any arbitrary phase 8 by adjusting the coupling
ratio a in the @ — & — y three-waveguide system. On the
other hand, the light incident from waveguide 2 will be
output from waveguide o2 with a fixed z phase. Therefore,
the entire permutation circuit can achieve phase controlling

(a) al
y1 5 é1
1
p1
. a2
input
. z v2 iz 7} output
T ' = S -
y =N\
g2 @ @ ® @
(b) (c) without modulation x 10* d=18 ym x 10*
5
/"DU{
0

d=19 ym

x 10%

Figure 4: The arbitrary phase controller and quantum gate chip based on permutation circuits. (a) The permutation circuit. The number @@@®
represents the four configurations Couple1, Couple2, Couple3, and Couple4; (b) the 3D structure of the permutation circuit; (c) the experimental results
with input light from the waveguide a1 and f2 at the same time. Different phase controlling results can be obtained with different structural
parameters d when light outputs from the waveguide a2 and 1 at the same time.
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given by ¢p = <7r+§+9) —n =7 +0. Clearly, ¢ can be
further manipulated by controlling the coupling ratio of the
three-waveguide configuration.

The above permutation network was experimentally
implemented using laser direct writing technology for on-
chip waveguides. The schematic of the permutation circuit
and its 3D structure are shown in Figure 4(b). We con-
structed two identical permutation circuits. In the upper
circuit, the light incident from waveguide al undergoes
the three-coupling process including Couplel, Couple2, and
Couple3 and is output from waveguide f1. In the lower
circuit, the light incident from waveguide f2 undergoes
the processes of Couple3 and Couple4 and is output from
waveguide a2. The two output beams from f1 and a2 are
then injected into a 1:1 directional coupler to obtain two
output beams, I; and I,. By measuring the intensity ratio
of I, and I,, the phase difference between the two pro-
cesses can be obtained. The experimental results for the
output optical field intensity ratio are presented in the
Table 3, and the experimental intensity ratio is shown in
Figure 4(c). This permutation circuit can achieve arbitrary
phase controlling during the permutation process, and the
experimental results are in good agreement with theoretical
calculation.

Due to the manipulation of the input light in the per-
mutation process, specifically for waveguides a1 and f1
(or a2 and f2), it is equivalent to manipulating the initial
states of the system. This process can be described by the
quantum gate G = 0
eld
tation circuit can generate an arbitrary phase difference ¢
between the two initial states and perform a permutation
operation. If the light is incident into waveguides a1 and g1
(or @2 and f2) as two quantum states |0) and |1), the overall
input quantum state of the system can be written as a|0) +
P11). Through this permutation circuit with arbitrary-phase-
controlling, the phase-protected manipulation of the quan-
tum state «|0) + fei?|1) can be achieved. This paves the
way for further development of silicon-based topological
quantum computing systems in the future.

1
O)’ representing that the permu-
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2.4 The on-chip silicon-based phase
controller based on the three-waveguide
configuration

The three-waveguide configuration can not only be fab-
ricated and applied to the laser direct writing platform
as a phase controller but also can be further extended to
the silicon-based photonic chip as a deterministic phase
controller. We designed and manufactured an on-chip
silicon phase controller based on the three-waveguide
configuration. The complete experimental circuit of the
phase controller is as shown in Figure 5(a), and the phase
can be calculated by measuring the light intensity of the
output [44], [45]. The phase controller consists of two silicon
waveguides on a Silicon-on-Insulator (SOI) substrate and a
silicon oxide layer between the waveguides. The interlayer
coupling coefficient between the upper waveguide and the
lower waveguide is mainly determined by the thickness
of the silicon oxide layer, i.e., the thicker the silicon oxide
layer, the weaker the coupling coefficient between these
two layers waveguides. Figure 5(b) and (c) is the optical
microscope image and the scanning electron microscope
(SEM) image of the three-waveguide configuration. The sim-
ulation results of the phase controlling FDTD are shown in
Figure 5(d) and (e). When the interval between the top and
bottom waveguide layers is different, the simulation results
show that different phase controlling can be achieved in
the second and third fully transmittance regions, covering
the phase range of 0-2z. We further verified the above
results through experiments. Similar to the laser direct writ-
ing platform, the phase controlling capability of the three-
waveguide configuration is determined by measuring the
phase difference between the three-waveguide configura-
tion and a single waveguide in a two-arm interferometer. As
shown as Figure 5(a), before the incident phase controlling
region, the injected light is evenly divided into two beams
and injected into a three-waveguide phase controller and a
single waveguide, respectively, and then phase controlling
is performed in the three-waveguide controller. Both the
light controlled through the three waveguides controller
and the light that is not phase-controlled through a single

Table 3: The output optical field intensity distribution and the phase controlling.

d/pm Theory ¢ (*x) Theory I, TheoryI, Experimental I, Experimental I, Experimental ¢ (*7)
18 0.25 0.85 0.15 0.82 0.18 0.25
19 0.18 0.70 0.30 0.7 0.29 0.18
20 0.04 0.56 0.44 0.55 0.45 0.05
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Figure 5: The on-chip silicon-based three-waveguide configuration phase controller. (a) The on-chip silicon phase controller based on the three-
waveguide configuration. The circuit of the waveguides is shown by the blue line in the figure, and the three-waveguide configuration is shown by
the red short line. The interlayer coupling coefficient between the top and bottom waveguide layer is determined by the thickness d of the silicon
oxide layer. All three waveguides are buried in a silicon oxide layer. (b) The optical microscope image of the three-waveguide structure. (c) The scan-
ning electron microscope image of the three-wavequide structure. (d), (e) The simulation and experimental result of the on-chip silicon phase
controller based on the three-waveguide configuration when d = 0.25 pm and d = 0.4 pm. The parameter d corresponds to phases controlling

in the three-waveguide configuration.

waveguide are output and evenly divided into four arms, The results indicate that the O-P-Q three-waveguide
two of which are merged again so that light from the configuration will exhibit different phase accumulations
upper and lower branches can interfere. The phase can for various coupling ratios a. The coupling length L is the
be obtained by measuring the light intensity of the three center in the second fully transmittance regions, and AL
beams. Detailed results can be found in Table 4. is the distance from the center L. We also measured the

Table 4: The phase controlling for on-chip silicon phase controller based on the three-waveguide configuration.

Experimental ¢ (*x)

d/pm Theory ¢ (*x) The coupling length L/pm

AL =0pm AL = —4pm AL = 4pum
0.2 -0.7 26.36 —0.68 —0.65 —0.85
0.25 —0.75 32.80 —0.67 -0.71 —0.67

0.4 0.80 43.08 0.82 0.78 0.81
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accumulated phase generated by phase controllers with
optical path lengths of L and L + AL, respectively, find-
ing minimal phase differences between them. This demon-
strates that the deterministic arbitrary-phase-controlling
within a certain range of length can be achieved by the
phase controller. The phase controlling capability of the
three-waveguide configuration is completely determined
by geometric parameters and has strong stability. The sta-
bility of the phase controller is discussed in detail in the
Supplementary Information VI, and the potential to resist
fabrication errors is further discussed in the Supplemen-
tary Information VI. Compared with the single-layer archi-
tecture of the previous photonic integration platform, we
realize stable optical transmission and phase controlling
between layers based on the two-layer photonic integra-
tion platform and expand the on-chip photonic integra-
tion to quasi-two-dimensional or even three-dimensional
space. The phase controller opens a new sight to design and
machine on-chip novel optical devices with higher integra-
tion and more complex functions.

3 Discussion

We propose and experimentally demonstrate an on-chip
phase controller; which can achieve deterministic arbitrary-
phase-controlling and resist against fabrication errors in
the process of permutation. The phase controlling within a
specific range is solely dependent on the coupling structure
and remains unaffected by the fabrication errors based on
the three-waveguide configurations. The three-waveguide
configurations can be installed in a permutation circuit as
a coupled phase controller, which can realize the phase
protection manipulation of the quantum state. Through the
permutation programming process, we construct a quan-
tum gate. This research paves the way for further develop-
ment of topological quantum computing systems. We also
verified that the on-chip silicon-based phase controller with
the three-waveguide configuration has the advantages of
small size and low energy consumption, which open a new
sight to design and machine on-chip novel optical devices
with higher integration and more complex functions. Fur-
thermore, our work can be combined with metasurfaces. If
the upper waveguide is precisely designed to radiate light
outward while still supporting guided modes, or if a meta-
surface structure is added above the upper waveguide, com-
prehensive control of the optical field can be achieved. This
is accomplished through the coupling between the waveg-
uide and the metasurface, as well as the metasurface’s abil-
ity to further manipulate the radiated light field [46]-[48].
These approaches enable combined control over both the
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guided-mode evolution governed by the lower waveguide-
waveguide coupling structure and the radiation field
governed by the upper metasurface-waveguide coupling
structure, which brings new possibilities for controlling of
the light field in the future.

4 Methods

The phase controlling based on the laser direct writing
platform:

The three-waveguide coupling systems consisting of the
single-mode waveguides are fabricated in borosilicate glass
(Eagle XG, Corning) by focusing pulses generated by a regen-
eratively amplified Yb: KGW femtosecond laser system
(Pharos20, Light Conversion) at a wavelength of 1,030 nm
with a duration of 240 fs, and 1-MHz repetition rate. The
microscope objective (20X, NA = 0.45) focus the pulse with a
power of 330 nJ at a depth of 170 pm below the glass surface
to write the two waveguides on the downer layer, while the
depth of the waveguide on the upper layer is determined
by the parameter d in the main text. We move samples at
a speed of 30 mm/s by using a computer-controlled high-
precision three-axis air-bearing stage (FG1000-150-5-25-LN,
Aerotech). The propagation loss of the straight waveguide is
0.95 dB/cm.

The phase controlling based on the on-chip silicon pho-
tonic chip platform:

The three-waveguide coupling systems consisting of the
single-mode waveguides are fabricated on the SOI (Silicon-
On-Insulator) substrates. The 2cm X 2 cm SOI substrates
were used to fabricate different samples with different sil-
icon oxide thickness. The bottom two waveguides are fab-
ricated by electron beam lithography and ICP (Inductively
Coupled Plasma) etching. Then the silicon oxide with differ-
ent thicknesses and a 220 nm amorphous silicon layer are
deposited on these two waveguides. The top layer waveg-
uide is also fabricated by electron beam lithography and ICP
etching.
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