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I. The advantage of the arbitrary phase controller.

In this work, we have proposed an effective strategy for on-chip deterministic arbitrary phase
controlling. With our method, the phase controlling ranges from 0 to m can be achieved
theoretically, and the phase controlling range from 0 to m/4 is proved experimentally by
femtosecond laser direct writing method. Different from those traditional methods based on
MZI and MRR, our method has excellent phase fabrication error resistance. The “capacity of
resisting fabrication error” refers to the robustness to the machining length error when
preparing the structure. Specifically, the length change of the three-waveguide structure does
not affect the phase controlling in a certain range because the arbitrary-phase-controller is
achieved. Our experiment demonstrates the fabrication error resistance of the phase controller
within a certain range of length in the section 2 and section 5. We compare our work with

existing reports of the other phase controlling in the main text of Table 1.

We also summarize and detailed the novelty and innovative points of our work in

following Figure S1.
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Figure S1. The advantages of the phase controller
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The on-chip deterministic arbitrary phase controlling based on the three-waveguide coupled
configuration has the enhanced resistance against fabrication errors, which is possible to
achieve large-scale integration and the quantum gate operations in optical permutation-group
circuits. We show the substantial advantage with respect to solutions in Figure S2, and show

the splendid resistance against fabrication errors of our research from origin in Table S1.
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Figure S2. The comparison between different phase controllers. (a) The dual independent waveguides,
which is hard to produce a phase difference at same propagation length. (b) The conventional thermo-
optical phase controller. The phase crosstalk exists in this controller caused by the temperature field. The
red area shows the distribution of the temperature field of the thermo-optical phase controller. (¢) The
three-waveguide configurations. The phase difference is arbitrary with different z and different d in the

phase controller.

We further show the substantial advantage with respect to solutions in Figure S2. For two
identical waveguides, it is hard to produce a phase difference at same propagation length

because the two waveguides will accumulate the same dynamic phase, as shown as Figure
4
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S2(a). Therefore, although the dual independent waveguide structure shown in Figure S2(a)
can ensure the phase stability under the same propagation length, it will lose the ability to
control the phase difference. The three waveguide configuration is shown as Figure S2(c). The
different phases can be realized at the same transmission length z by adjusting the structural
parameter d in the three-waveguide configuration. At the same time, at the transmission
positions corresponding to different phase platform, the phase controller can also realize
different phase control with the same structural parameter d. Moreover, it can be verified that
the three-waveguide configuration are more resistant to error than single waveguide earlier.

These are advantages that the dual independent waveguides don’t have.

We also compare our phase controller with the conventional phase controller. For example,
the thermo-optical phase controller is currently used on both femtosecond direct writing
platforms and silicon-based platforms, as shown in Figure S2(b). The thermal optical phase
controller changes the optical field phase by heating the waveguide to change its refractive
index. Heating waveguide will produce a wide temperature field near the corresponding
waveguide. If the gap between the waveguide is large to avoid phase crosstalk generated by
the temperature field, it will lead to a decrease in chip integration. However, if the distance
between waveguides is reduced, the phase crosstalk caused by temperature field is inevitable,
which makes it difficult to calibrate each phase controller during the experiment. Although it
has been shown that the effect of thermal crosstalk can be reduced by preparing thermal
isolators[17], it makes the preparation of photonic chips more complicated. The phase
controller based on the three-waveguide configuration solves the problem of thermal crosstalk
from the root because the phase controller does not contain a heating electrode. This is our

advantage over traditional phase controller.

Table S1. Comparison of fabrication tolerance

Phase controller Fabrication tolerance Fabrication technique
Straight waveguide 0 nm Electron beam lithography
MZI1 0 nm Electron beam lithography

0.004-fold the radius (about 20nm for 5-

MRR Electron beam lithography

pum radius)
About 1 mm Laser direct writing
Our work
About 10 pm Electron beam lithography

For the straight waveguide phase controller, the phase controlling is on the basis of the



dynamic phase, depending on the waveguide length. Therefore, the fabrication tolerance of
the straight waveguide is 0 nm. For the MZI phase controller without the electro- or thermal-
optical tuning, the phase controlling is on the basis of the dynamic phase, depending on the
waveguide length. Therefore, the fabrication tolerance is 0 nm. For the MRR phase controller
without the electro- or thermal- optical tuning, the phase controlling is on the basis of the
resonance response, depending on the ring radius. The fabrication tolerance is 0.004-fold the
radius (about 20nm for 5-um radius). With the electro- or thermal- optical tuning, MZI and
MRR phase controller has a large feature size. The serious crosstalk is unavoidable in

practical large-scale integration application.

Last, the phase controller based on the three-waveguide configuration also has the ability to
control light intensity at the same time. As shown as Figure. 1(c)(d) in the main text, for the
same phase platform, the normalized light intensity gradually increases from 0O to 1 and then
returns to 0 during the platform period. At different positions z in the same plateau platform,
the phase controller embodies the ability of light intensity control. For different phase
platform, the phase is different, but the intensity in the same platform period follows the same
change law. This shows that in the phase controller, the intensity and phase are two
independent dimensions. By selecting different transmission lengths z and structure parameter
d, the light intensity and phase can be controlled simultaneously. This further shows that the
three-waveguide configuration can not only be used as a phase controller, but also has the

ability of control light intensity.

II. The phase analyses and comparison between the dual-waveguide configurations and

the three-waveguide configuration.

In our work, we present an effective strategy utilizing a three-waveguide coupling
configuration to realize on-chip deterministic arbitrary phase controlling. Here, we make a
comparison between the dual-waveguide configurations and the three-waveguide
configuration as shown as the Figure S3. The Figure S3(a) shows the three-waveguide
configuration realizing on-chip deterministic arbitrary phase controlling. However, the dual-
waveguide configuration only realizes on-chip deterministic /2 phase controlling because the
phase shift of m/2 is only introduced in the evolution process of this dual-waveguide

configuration.
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Figure S3. (a) the three-waveguide configuration which realizes on-chip deterministic arbitrary phase
controlling; (b) the dual-waveguide configuration which only realizes on-chip deterministic #/2 phase

controlling.

The evolution process of the three-waveguide configuration and dual-waveguide
configuration are analyzed in the research. The Figure S4 shows the optical field intensity and
the phase distributions in the two configurations. The difference of phase between the
waveguide O and waveguide Q are obtained as shown in Figure S4(c) and Figure S4(e).
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dual-waveguide configuration; (c) the difference of phase between the waveguide O and waveguide Q in
the dual-waveguide configuration; (d) the optical field phase in waveguide O, waveguide Q in the three-
waveguide configuration; (e) the difference of phase between the waveguide O and waveguide Q in the

three-waveguide configuration.

II1. The theory of the on-chip arbitrary-phase-controller resisting the fabrication error.

In the text, we introduce the on-chip deterministic arbitrary phase controller resisting the
fabrication error based on a three-waveguide system. The theory of the two identical dual-
waveguide configurations and the three-waveguide configuration are described in detail in the

main text. Here, the theory of the deterministic arbitrary phase controller will be given in

detail.
0 1 2
The Hamiltonian for the three-waveguide system is givenby = 1 0 1 | in the main
0
2 1

text, simply obtaining the eigenvalues and eigenvectors of the system, seen from Equation (3)

(4) (5) in the main text.

( 1=(-101) 1=~ 2 3)
42— 2— _[g 2 2 1
,=(1,-— 2 281+2,1 22—(2— 8 12+ 22) (4)
1(=3 2+8 12+ 3?) 2

= —4 2+ 2= 58 2+ 2 1
\ 3_<1’_ 1(3 2+m) ’1> 3_5(2+m) (5)

If light is incident into waveguide O at where z is equal to zero, the initial state vector can be

A

expressed as  —g = (1,0,0) . Expanding it in terms of the eigenvectors, it takes the form as

1
0= 1+ 2+ 3. It can be calculated that the parameters =3

1 _ 1

5, and 5.
412= 22= 5 [8 12+ 2 4 12— 22+ , (8 12+ 52
1(3 2-J8 12+ 22) 1(3 2+J8 12+ 22>

For simplicity, we introduce the parameter =-2 to represent the ratio between the two
1

2+ 2+

different coupling strengths. By substituting , = ; into the previous expression, and
replacing ~ ~ 1~ 2~ 3, the evolution function for the state vector from

waveguide O in the O-P-Q three-waveguide system can be obtained. Furthermore, the

evolution process of the state vector in the three-waveguide system can be expressed as



Equation (6) shows.
= 171+ 72+ 373 #6)

With the mathematical substitution , = 1, the evolution process of the state vector could

be written as Equation (7):

2\ 1
52-3V8+ 2+4
10 2+16+ 4—(10 — 3)V8+ 2
2 — 2 _
. 5 3V8+ 2+4 4 V8 + 2 ~1(—Er ),
10 2+16+ 4= (10 — 3V8+ 2 3 -8+ 2
52-3V8+ 2+4
10 2+16+ 4—(10 — 3)V8+ 2
52+3V8+ 2+4
10 2+16+ 4+ (10 — 3)V8+ 2
. 52+3V8+ 2+4 4— 2+ B8+ 2 ~1(+for )
10 2+16+ 4+ (10 — 3V8+ 2 3 +V8+ 2
52+3 VBF 2+4
10 2+16+ *+ (10 — 3V8+ 2
The following relationship can be proved mathematically:
52-3V8+ 2+4 . 52+3 V8+ 2+4 1
10 2+16+ 4—(10 — 3V8+ 2 10 2+16+ *+(10 — 3V8+ 2 2
52-3 8+ 2+4 4- 2— \B¥ 2
10 2+16+ *4—(10 — 5V8+ 2 3 -8+ ?
52+3V8+ 2+4 4— 2+ \/m_o

+ .
10 2+16+ 4+(10 — 3V8+ 2 3 +8+ 2

For the above formula, it can also be transformed into the following form, which is relatively

simple. The mathematical substitutions are introduced:

B 52-3V8+ 2+4 4— 2— 8+ 2
10 2+16+ *—(10 — 3V8+ 2 3 —V8+ 2




3 52-3V8+ 2+4
10 2+16+ 4—(10 — 3)V8+ 2
And then Equation (7) can be simplified:

3 1
— (Z 1ty VB 2)
= %(_8+2)1 0
3 1
- (G gt

Then the evolution functions of the optical fields in waveguides O and Q from @, are
obtained:

(o= Gk er 2) B

4
52-3V8+ 2+4 1 1
+ 72 (3 afEr 7)) )
10 2+16+ *4—(10 — 3V8+ 2 2
1
(o= (3 1+g B 2)a:(25)
N 52-3V8+ 2+4 1,
10 2+16+ 44— (10 — °)V8+ 2
1
2 (E e 2) (8)

In fact, with the Equation (7), the relationship between phase value and parameters

, K1, and
can also been obtained:

1
= - (0
52-3V8+ 2+4 1 —
"02+16+ 4—(10 - 3»HVB+ ? [E( —vB 2) !

52+3+V8+ 2+4 1 —
102416+ 4+ (10 — VB < 2 [5( —/er?) 1]}

1 52-3V8+ 2+4 1 —
/{__ ( 1)+10 2+16+ 4—(10 — 3)V8+ 2 E( A 2) 1]
52+3V8+ 2+4 1 —

"0 2+16+ 4+ (10 - VB 2 [5( ~8r ) 1]}}
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Further, a degradation explain should also be given. With setting = 0 corresponds to the
absence of coupling strength in the O-Q dual waveguide configuration, the O-P-Q three-
waveguide system degenerates into the O-P and P-Q dual-waveguide configurations,
accumulating a geometric phase of m. The instructions are given here. With setting = 0, the

Equation (7) degenerates as:

)

V2
= E S0 ()2 e
1
- (3 2)
And it can be calculated that =% and =—g when setting = 0. According to the

condition of the light completely transfers from waveguide O to waveguide Q: % W2 = > it

iseasy toget = ( 8 ) This is consistent with the conclusion mentioned above.
-1

Further, the influence of dynamic phase on the three-waveguide phase controller can be
discussed. The propagation constant of the waveguide is set to 0 in the previous discussion. If
a non-zero propagation constant is introduced into the phase controller, the dynamic phase
will affect the phase. It is well known that if the propagation constant in a straight waveguide
is a constant, then the dynamic phase will accumulate uniformly and continuously as the light
propagates through the waveguide. Therefore, if a non-zero propagation constant is
introduced into the three-waveguide configuration, the original plateau will tilt under the
influence of the dynamic phase. For example, a non-zero propagation constant is introduced
into waveguide Q to analyze the effect of the dynamic phase when the propagation constant of
waveguide O and P are 0. We calculated the distribution of output optical field intensity and
phase caused by the waveguide Q propagation constant =1 when ;=1 and =3 as
shown as Figure S5(a)(b). It is can be found that the original phase platform has been tilted
after considering the larger propagation constant. Figure S5(c)(d) shows the phase distribution
of a three-waveguide with = 0 and a single waveguide with = 1, respectively. The phase
change shown in Figure S5(b) is the superposition of the two phase changes shown in Figure
S5(c)(d), which shows that the waveguide propagation constant affects the slope of the phase

platform.
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phase distribution of a single waveguide with = 1.

It can be further proved that the influence of the propagation constant on the three-waveguide
configuration is less than that on the single waveguide through theoretical calculation and
simulation, as shown in Figure S5(b)(d), because the slope of the single-waveguide phase
distribution is significantly greater than that of the three-waveguide configuration. The slope
of the single-waveguide phase distribution is -1, and the slope of the three-waveguide
configuration phase distribution is about -0.5. Because the three waveguides are coupled
together as a whole, the change in the propagation constant  of a single waveguide will be
averaged out by the multi-waveguide system, so that the final effect on the three-waveguide
system is weaker than that on the single waveguide. This further demonstrates that multi-

waveguide coupled systems are more resistant to error than single waveguide systems.

The effect of various fabrication errors on the three-waveguide configuration is also further
discussed in the supplementary information V and VI. In the main text, we discuss the
influence of the waveguide length fabrication error on the three-waveguide configuration due
to the appearance of the plateau. In the following, we will further discuss the influence of the
fabrication error of the waveguide radius on the laser direct writing platform and the relative
position of the double-layer waveguide on the silicon-based platform, and further explain the

tolerance of our device to the preparation error.

IV. The relationship of waveguide coupling strength with waveguide spacing in the

experiment based on the laser direct writing platform.

12



In our work, the phase-controlling range from 0 to m/4 is demonstrated experimentally by
using femtosecond laser direct writing method. The coupling coefficient between waveguides
is calibrated by experiment in the experiment. The fitted coupling coefficient as a function

of the gap distance d between adjacent waveguides is shown in the Figure S6.

07FV T T T T T T T T T

06

04 r

k/mm-1

03 r

01r

8 9 10 11 12 13 14 15 16 17 18
d/um

Figure S6. Fitted coupling coefficient as a function of the gap distance d between adjacent waveguides.

V. The extra result of the simulation and experiment based on the laser direct writing

platform.

In our work, we verified the phase controlling capability of the three-waveguide
configurations the resistance to fabrication errors based on the laser direct writing platform.
Here, the simulation results about the three-waveguide configurations are shown as following
to show the stronger phase controlling capability and the resistance to fabrication errors based
on the laser direct writing platform (by using Beamlab software). We present the distribution
of output optical field intensity and phase in the three-waveguide configurations as Figure S7.
It can be found that the intensity of the optical field in the three-waveguide structure changes
periodically, but the phase maintains the plateau characteristics. The Figure S7(a) shows the
distribution of the optical field intensity in the three-waveguide configurations at y=0 (The
controlling waveguide P is not on the cross-section y=0, so the controlling waveguide P is not
visible in the Figure S7(a)), and the Figure S7(b)-(e) shows the phase distribution in the three-

waveguide configurations with different structural parameter d. The simulation results show
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that the three-waveguide configurations can realize stronger phase controlling from 0.367 to
0.6m and has a phase plateau of about 1.5 mm, which is consistent with the results predicted

by our theory.
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Figure S7. The simulation results about the three-waveguide configurations based on the laser direct
writing platform. (a) The distribution of the optical field intensity in the three-waveguide configurations at
y=0 when d=6 pm. (b)(c)(d)(e) The simulation phase result of the three-waveguide configurations when
d=6 pm, d=7 pm, d=8 pm, d=9 um, respectively. The simulation phase results show the stronger phase

controlling from 0.367 to 0.6w and has a phase plateau of about 1.5 mm.

The resistance to fabrication errors of the three-waveguides configurations is also further
verified by simulation. The dynamic phase error is caused by the difference of waveguide
propagation constant between the two arms of the interferometer, and the difference of
waveguide propagation constant is a small amount relative to the propagation constant of each
waveguide itself. Therefore, the dynamic phase difference induced by the propagation
constant difference is very small in our three-waveguide coupling configuration. The
supplementary calculation and simulation are carried out to illustrate the impact of inevitable
defects in waveguide machining on our phase controllers. Since the inevitable defects in

waveguide will affect the propagation constant of the waveguide, the discussion of the defects
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can be provided by discussing the transmission of the optical field in the waveguide under

different propagation constant. Here are details.
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Figure S8. The calculation and simulation to illustrate the impact of inevitable defects in waveguide

machining. (a)-(d) The calculation to waveguides with different propagation constant. (¢) The simulation to
the single waveguide with propagation constant = 0.3. (f) The simulation to the phase controller with
propagation constant difference A = 0.3. (g) The simulation to the single waveguide with propagation

constant = 0.6. (h) The simulation to the phase controller with propagation constant difference A =

0.6.

The Figure S8(a)-(d) shows the calculation to waveguides with different propagation constant.
Since our phase controller is a dual-arm interferometer, we are concerned about the difference
in propagation constants between waveguides due to defects. In supplementary information
III, we proved that the waveguide propagation constant affects the slope of the phase platform.
In experiments, the difference of propagation constants between waveguides caused by
inevitable defects is often a small amount about 1073 In the calculation, we consider that the
waveguide propagation constant is of the same order as the coupling coefficient. We

calculated the different phase changes caused by varying propagation constant when ;=1
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and = 3. It can be found that when is less than 0.4, the phase platform basically does not
change (the phase change inside the platform is about 0.011), while when beta is close to 1,
the phase change inside the platform is about 0.071. This shows that when the perturbation of
the propagation constant is within a certain range, the change of the plateau period of the
system is small and can be ignored. We further illustrate this with simulations as shown as
Figure S8(e)-(h). We simulate a two-arm interferometer consisting of a three-waveguide phase
controller and a single waveguide, and a phase interferometer consisting of two independent
single waveguides, respectively, analyzing the phase changes caused by the difference of
propagation constants in the three-waveguide phase controller and the single waveguide. It is
can be found that the phase plateau slope change caused by the difference of propagation
constant in a three-waveguide phase controller is much smaller than that caused by the same
propagation constant in a single waveguide. This shows that the three-waveguide phase
controller is more resistant to the influence of fabrication errors than the single waveguide. In
addition, the perturbations of the propagation constant also have practical significance in the
experimental process. When all three waveguides are embedded in the same refractive index
environment (i.e., silicon oxide), their propagation constants are identical. However, exposing
the upper waveguide to air alters its surrounding medium, leading to a propagation constant
that differs from those of the lower waveguides. This introduces an effective perturbation to
the three-waveguide system. We demonstrate that perturbations in the propagation constant
affect the slope of the phase platform in the previous discussion. Therefore, if the upper
waveguide is not buried, the resulting variation in propagation constants will cause the phase
platform to tilt. In contrast, when the upper waveguide is buried, the phase platform remains

level and well-defined in experiments.

Below, we perform a more specific analysis of the phase controller's tolerance for preparation
errors. In the laser direct writing process, the radius parameter of the waveguide is possible
may have some fabrication error. The laser direct writing fabrication error of the waveguide
radius is generally 20-30 nm, and no more than 50 nm. Therefore, the different waveguide
radius is also simulated to verify the resistance to fabrication errors of the three-waveguide

phase controller. The Figure S9(a) the effect of fabrication error of the waveguide radius.
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Figure S9. The simulation results about the resistance to fabrication errors and the bandwidth of the three-
waveguide configurations based on the laser direct writing platform. (a) The simulation results about the
resistance to fabrication errors of the three-waveguide configurations based on the laser direct writing
platform. (b) The simulation results about the bandwidth of the three-waveguide configurations based on

the laser direct writing platform.

The above simulation results show that the three-waveguide configurations have almost the
same secondary full transmission plateau and phase controlling ability with different
waveguide radius. At present, the maximum fabrication error of waveguides fabricate by the
laser direct writing platform is about 50 nm. If the waveguide with 4 um radius is taken as the
reference, the three-waveguide configurations phase controlling capability and plateau period
with the waveguide radius of 3.95 pm and 4.05 pm are almost identical to those of the three-
waveguide configurations with the 4 um waveguide radius. This proves that the waveguide
phase controlling capability and plateau period are almost completely unaffected by the
fabrication error of the waveguide radius, even under the maximum error 50 nm of the current
laser direct writing waveguide machining. However, when the fabrication error reaches 500
nm (Such a large radius offset can hardly be called an “error”), the waveguide phase
controlling value of the secondary full transmission plateau changes, but the plateau is still

almost identical. This further shows that the three-waveguide phase controller has strong
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resistance to fabrication errors.

In addition, we further analyzed the bandwidth of the three-waveguide phase controller
fabricated through simulation. The simulation results are shown in the Figure S9(b). Four
different bands of light are chosen to simulate the same three-waveguide phase controller. The
phase controller operates at the wavelength of 785 nm. When a light with a wavelength
similar to 785 nm enters the phase controller, the phase controller can still work. The Figure
S9(b) shows that the phase controller has the similar response to the 808 nm light and 785 nm
light. When the wavelength of the incident light deviates far from the operating wavelength of
the phase controller, it is difficult for the phase controller to have a perfect response.
Therefore, the ability of the phase controller to controlling the 633 nm light or the 900 nm is
completely different from that of the operating wavelength 785 nm. However, the
characteristics of the phase plateau region will still appear with the change of wavelength.
This shows that the phase controlling capacity of the controller is different for the light with
large deviation from the operating wavelength, but the characteristics of the plateau period

will still be retained. The further elaboration is given in supplementary information V1.

In our experiments, in order to evaluate the quality of our waveguides machined, we have
collected the CCD images that the signal light transport in the waveguide, showing the
uniform scattering light from the waveguide. It verifies that our waveguides are well
fabricated and no scattering centers capable of dephasing the guided modes. We present a
straight waveguide profile under optical microscope as shown as Figure S10(a). The mode
field of the straight waveguide and the mode field of the three-waveguide configurations are

shown as Figure S10(b)(c), respectively. This shows that our waveguides are well machined.
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Figure S10. The comparison of mode field between the straight waveguide and the three-waveguide
configurations system shown in experiment. (a) The straight waveguide profile. Inside each circle is a
straight waveguide. (b) The mode field of the straight waveguide and there is almost no scattering. (c) The
mode field of the three-waveguide configurations. The mode field in the three-waveguide configurations is
similar to that in the straight waveguide. It verifies that our waveguides are well fabricated and no

scattering centers capable of dephasing the guided modes.

In our work, we constructed an on-chip optical permutation circuit based on the on-chip
arbitrary phase controller resisting the fabrication error. In order to prove that the third extra
waveguide introduced in the permutation circuit mainly realizes phase controlling, a set of
supplementary experiments were carried out. Figure S11. shows the experimental results of
the permutation circuit without the third extra waveguide  and the results of another
permutation structure with a third waveguide . It is can be found that the three waveguide
systems with different structural parameters d do not affect the function of the on-chip optical
permutation circuit. For three cases such as =18 pym, =19 uym and =20 um, the
permutation operation is not affected, and the three-waveguide system has attached an

additional phase to it in this case.
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Figure S11. (a)(b) the experimental results of the permutation circuit without the third extra waveguide ;

(c)(d) the experimental results of the permutation circuit with the third extra waveguide when the

geometrical parameter = 18 pm; (e)(f) the experimental results of the permutation circuit with the third
extra waveguide when the geometrical parameter = 19 pm; (g)(h) the experimental results of the
permutation circuit with the third extra waveguide ~when the geometrical parameter = 20 pm.

VI. The extra result and verification of the stability of the on-chip silicon-based three-

waveguide configurations.

In our work, the three-waveguide phase controller can not only be used as a phase controller
based on the laser direct writing platform, but also on the on-chip silicon-based system. Some
simulations and experiments based on the on-chip silicon-based system are supplemented to

show the excellent phase controlling capability of the three-waveguide configuration.

We design and fabricate the on-chip silicon phase controller based on three-waveguide
configurations (as shown in Figure 5 in the main text). The FDTD simulation results of the

phase controlling are shown in Figure S12. When the interval between the upper and lower
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layers d=0.2 um, the simulation results show that the phase controlling of 1.39w and 0.92xn can
be achieved in the second and third light fully transmission regions, respectively. When the
interval between the upper and lower layers d=0.25 pm, the simulation results show that the
phase controlling of 0.26m and 1.66m can be achieved in the second and third light fully
transmission regions, respectively. The simulation results also show that the phase controlling
of 1.925n and 1.215x can be achieved in the second and third light fully transmission regions,
respectively when d=0.35 um. The phase controlling of 1.871 and 1.16w can be achieved in
the second and third full transparent regions, respectively, when d=0.4 um. The results of 0-2x

can be covered.
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Figure S12. The results of FDTD simulation of the on-chip silicon-based three-waveguide configurations.
(a) The phase distributions in waveguide C of the three-waveguide configuration when d=0.2 pm, the
length of the plateau period is about 10 um; (b) The phase distributions in waveguide C of the three-
waveguide configuration when d=0.25 um, the length of the plateau period is about 15 pum; (c) The phase
distributions in waveguide C of the three-waveguide configuration when d=0.35 um, the length of the
plateau period is about 20 um;(d) The phase distributions in waveguide C of the three-waveguide
configuration when d=0.4 pm, the length of the plateau period is about 20 pum.

When the thickness of silicon oxide layer d is different, the plateau length of phase controller
is different, which is proportional to the complete coupling length zj (zq is the length of the
waveguide when the light first reaches the highest transmission in the three-waveguide

configuration). These simulation results further prove that our three-waveguide phase

21



controller has excellent resistance to fabrication errors.
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Figure S13. The simulation verification of the robustness of the on-chip silicon-based three-waveguide
configurations. (a) The fabrication error w between the top layer and the bottom layer waveguides; (b) The
simulation result in the output waveguide of the three-waveguide configuration when w=50 nm; (c) The

simulation result in the output waveguide of the three-waveguide configuration when w=-50 nm.

On this basis, we further study the resistance of the three-waveguide configuration to
fabrication error. Whether on the laser direct writing platform or on the on-chip silicon-based
system, it is very easy to manufacture perfectly identical waveguides, which have small
propagation loss. Therefore, the most important fabrication error for an on-chip silicon-based
three-waveguide configuration is not the parameters of the single waveguide itself, but the
relative positions of the top layer and the bottom layer waveguides. It is difficult for the top
layer waveguide to accurately align the center of the bottom layer two waveguides
experimentally. The Figure S13(a) shows the fabrication error w between the top layer and the
bottom layer waveguides. The fabrication error is about 20-30 nm in the fabrication process.
The fabrication error of 50 nm was selected for simulations and experiments, which is much
larger than the actual fabrication error 20-30 nm. The FDTD simulation result is shown in
Figure S13(b)(c) when the thickness of the silicon oxide layer d=400 nm. Whether w=50 nm
(50 nm to the right) or w=-50 nm (50 nm to the left), the FDTD simulation result is almost
exactly same as that when w=0 as shown in Figure S12(d). We further demonstrated this

through experiments. The Detailed results can be found in Table S3:
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Table S3. The simulation verification of the robustness of the on-chip silicon-based three-waveguide

configurations.

Experimental ¢ (*7)
d/pm Theory ¢ (*m)

w=0 nm w=-50 nm w=50 nm
0.2 -0.7 -0.68 -0.67 -0.79
0.25 -0.75 -0.67 -0.70 -0.63
0.4 0.80 0.82 0.84 0.79

We measured the accumulated phase generated by phase controllers with different w, finding
minimal phase differences between them. This demonstrates the resistance to the fabrication

error w between the top layer and the bottom layer waveguides.

In addition, we further prove that the on-chip silicon-based phase controller has a very wide

bandwidth through simulation. The simulation results are shown in the Figure S14.
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Figure S14. The simulation results of the bandwidth of the on-chip silicon-based three-waveguide
configurations. (a) The simulation results of the phase controller with the wavelength range from 1450 nm
to 1650 nm; (b) The simulation results of the phase controller with the wavelength range from 1300 nm to

1800 nm.

In the wavelength range from 1450 nm to 1650 nm, the phase controlling plateau period is
partially overlaps for the different wavelengths of light, and the phase value is almost equal in
the second fully transmittance region. This shows that when the central wavelength of the
incident light is 1550 nm, the phase controller can play the same controlling role for the light
within the 200 nm bandwidth. However, in the wavelength range from 1300 nm to 1800 nm,
the phase controlling value of the phase controller is also almost equal to the light with the
three different wavelengths of 1300 nm, 1550 nm, 1800 nm, but the phase controlling plateau
period is no longer overlapping. The phase controller no longer acts on all light in this
wavelength range. Therefore, the bandwidth of the phase controller is at least 200 nm. Further,
the phase controlling capability of the three-waveguide phase controller is the same for all
wavelengths of light for the same plateau, and the phase controlling value is not affected by
the change of wavelength. However, the position of the plateau region will change with the
change of wavelength, which will affect the bandwidth of the device. Due to the long plateau
period of the three-waveguide phase controller, the controller has a wide bandwidth, which

further explains the advantages of the three-waveguide phase controller.

VII. The schematic of the optical measurement setup.

The schematic diagrams for femtosecond laser direct writing measurement and on-chip

measurement are as shown as Figure S15.
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Figure S15. the schematic of the optical measurement setup. (a) the optical measurement setup based on the

femtosecond laser direct writing platform; (b) the optical measurement setup based on the on-chip silicon
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photonic chip platform.

For the femtosecond laser direct writing platform, we adopt the optical measurement setup as
shown in Figure S15 (a). The light emitted from the laser passes through the fiber and enters
the sample. Then the light passing through the sample is collected by the objective lens and
finally enters the CCD.

For the silicon-based on-chip platform, we adopt the optical measurement setup as shown in
Figure S15 (b). The light emitted from the laser passes through the fiber and enters the optical
fiber cone platform. After the signal light is coupled into the sample through the transmitting
port of the optical fiber array, the light passing through the sample exits from the collecting

port of the optical fiber array and finally enters the spectrometer.
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