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In this Letter, we propose a fabrication technique based
on femtosecond laser secondary direct writing (FSLSDW)
that allows us to statically reset the beam-splitting ratio of
directional couplers. By modifying the interaction region
with a second inscription, the coupling coefficient of the
reconstructed devices can be indeed changed continuously
within the range of 0.49-2.1 rad/mm, thus enabling a com-
plete tunability of the reconstructed splitting ratio from
zero to full power transfer between the waveguides. This
powerful reconstruction capability facilitates the arbitrary
reset of an imperfect device, from any initial splitting ratio
to the correct one. In the future, such static control method
could potentially solve the fabrication error problem in
the manufacturing of high-fidelity large-scale integrated
photonic quantum chips. © 2021 Optical Society of America

https://doi.org/10.1364/0L.439178

The directional coupler (DC), an integrated device capable of
performing power exchange between two adjacent waveguides
via evanescent coupling [1,2], is a vital component of quantum
photonic integrated chips (QPICs) [3-5]. Recently, numerous
promising technologies have been proposed for the fabrication
of DCs on chips [6-9]. The femtosecond laser direct writing
(FsLDW) technology [10—12] plays an important role in manu-
facturing QPICs, being a maskless, real three-dimensional (3D)
technique, which provides high flexibility and having a fast
production capability [13—15]. The FsSLDW-based chips made
up of multiple DCs demonstrate a thrilling ability to process
information in quantum computing and simulation [1,16,17].
This excellent capability of the QPIC [16-18] is highly depen-
dent on the splitting ratio accuracy of the DCs that form them
[19,20]. However, the DCs fabricated by any technology are
affected by inevitable fabrication errors, owing to the limitations
of processing equipment and environment [21,22]. For com-
plex devices made of several DCs, such imperfections would add
up, thus causing a degradation of the chip performance or loss of
operation in the worst case.
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To solve this issue, a Mach—Zehnder interferometer with
a phase control could replace a passive DC, acting in fact as a
two-port device with a tunable splitting ratio. In this respect,
several control schemes have been proposed [23-25]. Thus, in
2019, a successful implementation of a reconfigurable multi-
functional lithium niobate photonic integrated chip, based on
the electro-optic effect of crystals, was presented [23]. In 2020, a
low thermal crosstalk and low-operating-voltage thermal-phase
shifter, based on the thermo-optic effect in glass, were demon-
strated [24]. These active control methods have significantly
improved the fidelity and chip dynamic operations, but they
have also increased the device complexity and caused additional
power consumption. However, an active reconfiguration of cir-
cuit properties is not required, but only a compensation for the
fabrication tolerances, passive control schemes, based on multi-
ple laser scans, are very interesting as they can achieve the goal
without introducing any further elements into the circuit layout
[26,27]. In 2020, adjustment of the propagation constant of
a waveguide was demonstrated using multi-scanning, which
makes the beam-splitting ratio (BSR) of DCs change for about
0.3 [25]. However, in this case, the maximum power transfer of
DC:s could not reach 100% because of the detuning between
the coupled waveguides, which poses a challenge in achieving
a full-period control. Therefore, it is necessary to develop a
new control method with high adjustment capability without
introducing additional electrodes to fabricate high-fidelity
QPICs.

Here, we propose a static control method to reset the BSR
of the DCs via reconstructing the coupling spacing using the
FEsLSDW. The coupling coefficient of the reconstructed DC can
be continuously changed in the range from 0.49 to 2.1 rad/mm,
with a stable maximum achievable power transfer and initial
phase. Owing to this powerful reconstruction ability, imper-
fect devices with the initial BSR of 52.3:47.7 and 10.5:89.5
can be altered to BSRs of 50.2:49.8 and 0.3:99.7, respectively,
which are very close to the commonly used splitting ratios of
50:50 and 0:100. Furthermore, this study demonstrates that
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the reset of imperfect devices can achieve the full range of BSR,
irrespectively of its initial value, by adjusting the coupling dis-
tance between the two waveguides. This static control method
is advantageous as it is a simple process, presenting no thermal
crosstalk and no extra power consumption. Furthermore, it is
suitable for resetting the 3D device and thus overcoming the
problem of the QPICs manufacturing tolerance.

According to the coupled mode theory (CMT) [28,29], the
BSR of DCs is closely related to the coupling coefficient (k),
coupling length (L), and propagation constant (8) of wave-
guides [30,31]. Assuming that light is injected in only one input
portofthe DC, the BSR satisfies the following equation [25,32]:

PZ 2 .2 K
BSR = -y (— L ) .
2 X sin 8X + ¢ (1)
where
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AB =By — B2| is the difference between the two waveguide
propagation constants f; and B, and P; () denotes the
output power of Waveguide 1 (Waveguide 2). ¢y is the initial
phase caused by the coupling occurring in the bending regions
in DCs. Theoretically, the change of any of these parameters,
i.e., k, L, and B, can modify the BSR of the DCs. However, in
the photonic circuit to be repaired, the initial devices fabricated
by the first laser direct writing have a fixed size, so it would be
difficult to change L. In addition, Eqs. (1) and (2) show that
when AB # 0,8 < 1, and therefore BSRyax < 1. This indi-
cates that the input light could not be completely transferred
from one waveguide to the other, thus making it difficult to
realize a DC with a BSR of 0:100. In conclusion, it is observed
that the best parameter to act on in an already existing DC is the
coupling coefficient, since its modification would enable a full
BSR tunability without requiring a change in size of the device.
According to the CMT, the coupling coefficient of DCs sisfies
the following relationship [28,32]:

_d
K =kKie 9, (3)

Here, k; and d4; are suitable constants, 4 is the distance
between the centers of two coupling waveguides in the coupling
region. According to Egs. (1)—(3), it is feasible to reset the BSR
of the DCs by controlling the coupling distance between the two
waveguides in the interaction region.

The proposed method to reconstruct the coupling dis-
tance using the FsSLSDW is shown in Fig. 1(a). The gray lines
represent the initial waveguides (IWGs) fabricated using the
FsLDW for the first time. The initial directional couplers
(IDCs) composed of IWGs have a fixed coupling length, Lo,
and a fixed coupling distance, 4. Two additional waveguides are
inscribed in the coupling region using FSLSDW to change d.
The combined waveguide (CWG) obtained by inscribing the
secondary waveguide (SWG) with FsSLSDW close to the IWG
has a new cross-section size and geometric center. As shown in
Figs. 1(b)-1(d), when the SWGs are on the inner side of the
coupling regions, the geometric centers of the two CWGs get
closer to each other, and the 4} is reduced to dywg. Conversely,
when the SWGs are outside the coupling regions, the geometric
centers of the two waveguides get farther, and the 4} is increased
to diyc. Therefore, the reconstructed directional couplers
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Fig. 1.  Schematic diagram of the reconstruction of the DCs
coupling distance by FsSLSDW. (a) Initial DCs and reconstructed
directional couplers (RDCs), where Ly and L are the lengths of
IWGs and SWGs in the coupling regions, respectively. (b)—(d) are the
cross-sectional diagrams of the two waveguides in the coupling regions

of DCs.

(RDCs) composed of CWGs have a new coupling spacing dyg
or dyyc.

In the experiment, the femtosecond laser pulse (pulse width
of 290 fs, wavelength of 1029 nm) from the amplifier (Light
Conversion, Carbide 5 W) was focused 170 nm below the sur-
face of boroaluminosilicate glass (Corning, Eagle 2000) using
a dry objective lens (NA =0.75, 40x) to prepare IWGs and
SWGs with the same parameters. The repetition rate, single-
pulse energy, and scanning speed used were 1 MHz, 0.24 pJ,
and 40 mm/s, respectively. As shown in Figs. 2(a) and 2(c),
the distance 4 between the two IWGs in the coupling region
is always 8 um. Furthermore, as shown in Figs. 2(al)-2(a3),
when the SWGs are inscribed on the inner side of the coupling
region, the variation of the distance between the IWGs and
SWGs is 2Ad;, with Ad; < 0. The transverse dimension of
the CWGs increases gradually with an increase in |2Ad; |, while
the distance between the geometric centers of the two CWGs
(dwe = do + 2Ad;) decreases gradually.

As shown in Figs. 2(c1)-2(c3), when the SWGs are outside
the coupling region, the variation of the distance between
the IWGs and the SWGs is 2Ad!, with Ad; > 0. The
distance between the geometric centers of the two CWGs
(d\’W o= dy + 2Ad)) also increases gradually due to the increase
in |2Ad!]. The overlap integral of the CWGs mode fields in
the coupling region varies with the geometric center of CWGs
since the mode field and the geometric centers of the CWGs
nearly coincide. In particular, it increases gradually as the center
distance of the CWGs decreases, as shown in Figs. 2(b1)-2(b3),
while the opposite occurs when the distance increases, as shown
in Figs. 2(c1)-2(c3). For preserving the single-mode oper-
ation of CWGs, [2Ad;| (|2Ad!|) can vary within the range
of 0-3 pm. Therefore, the reconstructed coupling spacing
is adjustable within the range of 5-11 pum (initial coupling
spacing dy = 8 pm), and the overlap integral of the two wave-
guides in the coupling region is adjustable within the range of
24.4%-56.7% (initial overlap 40.2%).

The coupling coefficient of the DC with the reconstructed
coupling distance can thus be reset within a large range, while
the maximum achievable transmittance and initial phase remain
relatively unchanged. In the experiment, the transmission
and BSR of the devices were measured using the 808 nm con-
tinuous laser (CNI, MDL-III-808L). The transmission of
the IDCs and RDC:s satisfies Eq. (1), as shown in Fig. 3(a).



Fig. 2.  Experimental diagram of the reconstruction of the DCs
coupling distance by FsSLSDW. (al)—(a3) and (b1)—(b3) cross-sectional
micrographs and mode field distributions of the two CWGs when
SWGs are inside the coupling region. (c1)—(c3) and (d1)—(d3) are
cross-sectional micrographs and mode field distributions of the
two CWGs when SWGs are outside the coupling region. 4 is the
initial coupling distance between the two IWGs. 2Ad; (2Ad)),
2Ad, (2Ad3), and 2Ads (2Ad}) represent the distances between
SWG and IWG, which are —1 pm (1 pm), —2 pm (2 pm), and
—3 pum (3 pm), respectively. The geometric center of CWGs can be
approximately considered to be the average of the geometric centers of
IWGs and SWGs, so the distance between SWGs and CWGs is Ad;.
Calculated overlap percentages between the mode field distributions
are provided in (b1)—(b3) and (d1)-(d3).

When 2Ad; = 0 pum, the oscillation period and coupling coef-
ficient of the RDCs and IDCs are almost identical. However,
the oscillation periods and coupling coefficients vary signifi-
cantly with the change in 2Ad;. The maximum transmittance
of all the DCs is close to 100% because the two waveguides
in the coupling region have identical propagation constants.
The coupling coefficient variation trend of RDCs with the
reconstructed coupling distance is in agreement with Eq. (3), as
shown in Fig. 3(b). When the coupling distance increases from
5 to 11 pum (initial coupling distance dy = 8 pm), the coupling
coefficient decreases from 2.1 to 0.47 rad/mm (initial coupling
coefficient kg = 0.89 rad/mm). Since only the coupling regions
of the DCs are reconstructed, the initial phase generated by the
coupling effect in the bending regions does not change with the
reconstruction of the coupling distance. When the coupling
length is 0 mm, all the curves meet at almost the same point,
and Trans. & 0.45, as shown in Fig. 3(a). It can be seen from
Eq. (1), that when Trans. &~ 0.45, §=1, and L =0mm, a
@o ~ 0.78rad is observed. As shown in Fig. 3(c), the initial
phase is almost stable at 0.78 rad for different coupling dis-
tances, and the standard deviation is only 4.6%. In addition,
the writing of the SWGs causes the mode size mismatch of the
IWGs and CWGs, which increases the overall RDCs loss. When
the distance between SWG and IWG gradually increases from 0
to 2.7 wm, the overall RDC loss increases gradually from 1.29 to
2.23dB. The overallloss of IDC is about 1.24 dB.

Two reconstruction strategies have been proposed to realize
the reset of imperfect devices by benefitting from the advantages
of the wide range of coupling coefficient adjustments. In the first
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Fig. 3.  Variation trend of maximum transmission, coupling coef-

ficient, and initial phase with coupling distance in RDCs. (a) When
Ly = Ly, the transmission of IDCs and RDCs changes with the length
of CWGs. (b) and (c) are curves of the coupling coefficient and initial
phase varying with reconstructed coupling distances, respectively.

one, the SWGs and IWGs in the coupling regions have identical
lengths (Lo = L), and the coupling distance of the two CWGs
varies with the position of the SWGs, as shown in Fig. 4(a).
According to the gray curve in Fig. 3(a), when Ly =1.83 mm
(Lo = 2.73 mm), the theoretical value of the initial BSR of DC
should be 50:50 (0:100). However, the actual value of the initial
BSR is 52.3:47.7 (10.5:89.5) owing to the fabrication error,
as shown at point A0 (B0) in Fig. 4(c). The process of resetting
the BSR with FsLSDW is demonstrated, because the device
is repaired to a near ideal BSR of 50.2:49.8 (0.3:99.7), while
the reconstructed coupling spacing is 7.95 um (8.75 pum), as
shown in point Al (B1) in Fig. 4(c). The solid and dashed lines
in Fig. 4(c) indicate that the initial BSR of the devices can be
reset to any final BSR when the coupling spacing is varied from 6
to 10 pm. In addition to the full range reset strategy mentioned
above, we also propose another strategy that can realize multiple
reset to achieve better repair results. When the reconstructed
distance is fixed, multiple resets of BSR of DCs can be realized
by extending the length of the secondary waveguides several
times (0 < Ls < L), asshown in Fig. 4(b). Specifically, when
the reconstructed distance is 1 pm (—1 pm), the relationship
between the BSR and length of SWGs is shown by the blue
(red) line in Fig. 4(d). Here, CO represents the initial BSR of the
devices, and C1-C4 represent several relevant values that can
be targeted in the process of resetting the BSR of the devices.
These two methods of resetting the BSR of directional coupler
provide the possibility to solve the problem of fabrication errors.

In summary, this Letter proposed a static control scheme to
reset the BSR of DCs based on the reconstruction of coupling
spacing by FsSLSDW to solve the problem of fabrication error in
the process of photonic quantum chip manufacturing. In this
study, the DCs were fabricated with an initial coupling dis-
tance of 8 pum in the Corning Eagle 2000 using a femtosecond
laser. We showed that the coupling distance can vary from 5 to
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Fig. 4. Repair and reset of imperfect devices. (a) The schematic

diagram of BSR resetting by fixing the SWG length and changing the
coupling spacing. (b) The schematic diagram of BSR resetting by fixing
the reconstructed distance and changing the length of SWGs. (c) The
relationship between the reset BSR and the reconstructed coupling
spacing. (d) The correlation between the reset BSR and the length
of SWGs.

11 pm by reconstructing two I'WGs in the coupling region. The
coupling coefficient of a reconstructed device can be changed
continuously within the range of 0.49-2.1 rad/mm (the initial
coupling coefficient is 0.89 rad/mm), while the maximum
transmission and initial phase remain almost unchanged. The
error repair of the non-ideal device is demonstrated by employ-
ing the above control scheme, and the initial BSR of the device is
reset to any final BSR several times. This static control method
is advantageous as it involves a simple process, without thermal
cross talk, and without extra power consumption, and it can
be applied to the control of 3D photonic devices. This method
can potentially solve the fabrication error of photonic quantum
devices. In addition, the imperfect chip can be repaired in real
time by combining this static control method with some pho-
tonic integrated chip detection technology, and it can be used
to fabricate a high-fidelity 3D large-scale photonic quantum
integrated chip.
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