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Freeform direct-write and rewritable photonic
integrated circuits in phase-change thin films
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Photonic integrated circuits (PICs) with rapid prototyping and reprogramming capabilities promise revolutionary
impacts on a plethora of photonic technologies. We report direct-write and rewritable photonic circuits on a low-
loss phase-change material (PCM) thin film. Complete end-to-end PICs are directly laser-written in one step with-
out additional fabrication processes, and any part of the circuit can be erased and rewritten, facilitating rapid
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design modification. We demonstrate the versatility of this technique for diverse applications, including an optical
interconnect fabric for reconfigurable networking, a photonic crossbar array for optical computing, and a tunable
optical filter for optical signal processing. By combining the programmability of the direct laser writing technique
with PCM, our technique unlocks opportunities for programmable photonic networking, computing, and signal
processing. Moreover, the rewritable photonic circuits enable rapid prototyping and testing in a convenient and
cost-efficient manner, eliminate the need for nanofabrication facilities, and thus promote the proliferation of pho-

tonics research and education to a broader community.

INTRODUCTION
The application of photonic integrated circuits (PICs) is rapidly
spreading in diverse technology domains, ranging from computing
(1-3), communication (4-6), sensing (7-9), and quantum technology
(10-13). Traditionally, PICs are fabricated in thin-film materials, in-
cluding silicon (4, 14, 15), silicon nitride (16, 17), indium phosphide
(18, 19), and lithium niobates (20, 21), using top-down nanofabrica-
tion processes including lithography, etching, and deposition on tools
installed in cleanroom facilities. Compared with electronics, where
prototypes can be rapidly built by students using discrete elements
plugged into a breadboard, photonics research faces the barriers of
the limited accessibility to fabrication facilities, the high costs associ-
ated with the fabrication process, and the extended design-to-device
turnaround time. The environmental impact and chemical waste gen-
erated by the top-down fabrication process of PICs are also a concern.
The combination of these barriers impedes widespread innovation
and throttles the broader impact of photonics research and education.
Moreover, there is a growing interest in programmable PICs to
realize highly flexible photonic networks for emerging applications,
including optical computing, optical interconnect for neural network
accelerators (15, 22-24), and quantum computing (25-28). Now,
programmable PICs are realized through a network of tunable com-
ponents, including phase shifters, directional couplers, and interfer-
ometers, connected in a highly complex architecture (29-31). The
programmability of those schemes has been limited to switching and
rerouting the network, while freeform reconfiguration of the system’s
functionality remains difficult to achieve. As the complexity increas-
es, programmable PICs face overwhelming challenges of scalability,
programming precision, and flexibility, which limit their practicality
and increase cost (32-34).
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Here, we report a simple, fast-turnaround, and low-cost approach
to creating and reprogramming PICs that could shift the paradigm in
photonics research, prototyping, and education. By eliminating the
reliance on traditional fabrication processes, our technique enables
researchers to explore a wider space of design possibilities and system
functionalities more rapidly. Moreover, such a technique will allow
researchers and students who do not have access to nanofabrication
facilities to prototype and reuse PIC designs and thus democratize
photonics research to a broader community. It will enable more stu-
dents and educators to engage in hands-on experimentation, thereby
fostering innovation and knowledge dissemination and generating a
broader impact to promote workforce development in photonics.

Our technique is based on direct laser writing (DLW) on phase-
change material (PCM) thin films. The method writes the PICs in
only one optical patterning step and without using any traditional li-
thography and etching processes. The PICs are created by using
PCM’s marked refractive index contrast between the two nonvolatile
phases, amorphous and crystalline, which are reversibly switchable
using optical pulses (35). We have demonstrated direct writing of
functional PICs consisting of a full package of building-block pho-
tonic components, including waveguides, gratings, ring resonators,
couplers, crossings, and interferometers. These direct-write PICs are
also rewritable, allowing convenient erasure and recreation of the cir-
cuits either partially or entirely, thereby completely changing their
functionality to suit very different application scenarios.

Previously, laser writing to control phase transition in PCMs has
been used in optical storage, such as rewritable compact disks (35).
Free-space optical switching of PCMs has also been used to realize re-
configurable metasurface (36, 37), programmable silicon photonics
(38), rewritable color displays (39), and polariton nanophotonic devices
(40). Laser patterning of photonic circuits has been reported, including
femtosecond laser writing of waveguides in silica (41-45) and chalco-
genide glasses (46-48) and a programmable III-V semiconductor-
based photonic device (49). However, the photon-induced refractive
index contrast for glass waveguide application is small, typically less
than 0.1 (46-48). This limitation constrains not only the footprint of the
devices but also their potential applications. On the other hand, optical
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patterning in ITI-V semiconductors is volatile, necessitating continuous
laser irradiation for sustainability. In addition, none of the above tech-
niques creates complete end-to-end PIC systems with multiple recon-
figurable functions, as we report here.

RESULTS

Direct-write and rewritable PICs

Figure 1A illustrates the concept of direct writing, erasing, and rewrit-
ing PICs. The PIC is written on a standard oxidized silicon substrate,
which is coated with a 200-nm-thick SiO, layer covering a 30-nm-thick
Sb,Se; layer on a 330-nm-thick Si3sNy film. The SiO, capping layer
protects and prevents oxidation of the Sb,Ses layer. Waveguiding in
the Sb,Se; film is achieved by using the crystalline phase (cSb,Ses) as
the high-index core and the amorphous phase (aSb,Ses) as the clad-
ding (Fig. 1B). This binary phase configuration, that is, no mixed
phases, enables the confinement of the fundamental transverse elec-
tric (TEy) optical mode within a cSb,Se; waveguide, assisted by the
underlayer of SisNy4, as shown in the simulated mode profile in
Fig. 1C. We directly write the circuit layout on a blank cSb,Ses thin
film using a commercial laser writing system (Heidelberg DWL 66+,
405-nm laser), mainly to leverage its precision stage and computer
control system for large-area writing. Alternatively, a homebuilt sys-
tem using an off-the-shelf laser diode is sufficient to write a smaller
area (note S2). To write the PICs, the focused laser beam with a power
of 27.5 mW is scanned across the film at a speed of 3.0 mm*/min, in-
ducing a controlled phase transition from cSb,Ses to aSb,Se; (note S2)
to create the claddings and define the core. This laser-controlled phase
transition creates a circuit with a resolution limited by optical diffrac-
tion. Figure 1D shows a series of rectangular aSb,Ses structures cre-
ated by DLW with varying widths ranging from 1 pm to 200 nm. The
minimum achievable feature size is 300 nm, exceeding the resolution
reported in previous works (37-40). Moreover, the circuit layout can
be erased either locally or globally. Local erasure is achieved by scan-
ning the laser beam at a lower speed (0.1 mm?%/min) with a reduced
laser power of 15 mW, inducing a phase transition from aSb,Se; back
to cSb,Ses in desired areas (Fig. 1E). This capability enables modifica-
tions and corrections to the PIC design. Alternatively, global erasure

can be accomplished by heating the whole substrate to above 180°C,
promoting a complete phase transition across the entire PCM film.
Thereby, the DLW technique provides very versatile capabilities for
writing and rewriting phase-change PICs in freeform without using
any advanced fabrication tools.

Direct-write PIC components

We first demonstrate the DLW of high-quality building-block compo-
nents of PICs. The first example (Fig. 2A) is a racetrack ring resonator
coupled with a bus waveguide connected to input and output grating
couplers, all directly written with DLW. The resonator has a width of
1.2 pm and a radius of 120 pm with a gap of 350 nm to the bus wave-
guide (Fig. 2B). The pair of grating couplers couple light from optical fibers
into the bus waveguide (Fig. 2C) with an efficiency of —14 dB. Figure 2D
shows the measured transmission spectrum through the bus wave-
guide, showing the resonances of the ring resonator with an intrinsic
quality factor is Q; ~ 12,700, corresponding to a propagation loss of
2.8 dB mm . The loss in the cSb,Se; waveguide is mainly attributed
to the scattering induced by the grain boundaries in the waveguide, as
in-plane crystalline grains within the cSb,Se; region can be observed
with high-resolution electron microscopy (note S3). These grains,
typically a few micrometers in size, are also randomly oriented (50).
Because of the optical birefringence of cSb,Se; (39), these randomly
oriented grains result in the uneven absorption of laser energy during
the DLW and limit the smoothness of the waveguide. The scattering
loss can be mitigated when a lower erasure temperature is used to
form larger crystal grains with sizes on the order of tens of microme-
ters, which we have observed. Further mitigation of the loss will re-
quire improved optical PCMs with finer polycrystalline structures.
Nevertheless, the propagation loss of the cSb,Ses; waveguide is consis-
tent with the reported values of dielectric waveguides integrated with
Sb28e3 (50—53).

The devices written on phase-change thin film exhibit consistent
and reliable performance. To demonstrate this, we write multiple
Mach-Zehnder interferometers (MZIs) with varied path length differ-
ences, AL, between the two arms (Fig. 2E). The measured transmis-
sion spectrum is shown in Fig. 2E The consistently high extinction
ratio (>20 dB) indicates that the 50/50 beam splitters (Fig. 2E, inset)

SiO, capping
B cSb,Se, D
aSb,Se,
Si;)N,
SiO, box
400 nm 200 nm

400 nm 200 nm

Fig. 1. Direct-write and rewritable phase-change photonic integrated circuits. (A) Artistic illustration of freeform writing and rewriting PICs on Sb,Se; thin film.
(B) The cross-sectional view of a cSb,Ses optical waveguide structure. The waveguide is directly written in the PCM thin film without fabrication processes. (C) The simu-
lated |E|2 profile of the TE; mode in a cSb,Se; waveguide, which is 1.2 pm wide and 30 nm thick, sits on top of a 330-nm-thick SisNs-on-insulator substrate, and is capped
with a 200-nm-thick SiO, for protection. (D) Optical image of aSb,Se; resolution test patterns written on cSb,Sej3 thin film. The minimum feature size achieved is 300 nm.

(E) The same test pattern as in (D) is erased back to cSb,Ses.
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Fig. 2. Direct-write photonic components and their characterization. (A) Optical image of a racetrack ring resonator that is directly written on the Sb,Sej; thin film.
(B and C) The zoomed-in optical image of the waveguide-ring coupling region (B) and the grating coupler (C). (D) The transmission spectrum of the ring resonator as
shown in (A). The spectrum is normalized to the spectrum of a pristine Sb,Ses; waveguide. The intrinsic Q factor is 12,718. (E) Optical image of a direct-write PCM MZI. Inset:
The zoomed-in image of the Y-combiner part in the MZI. (F) Normalized transmission spectra of the MZIs. Spectra have been vertically offset for clarity. (G) A*/free spectral
range versus the length difference between two arms of the MZI, AL. Linear fitting yields a waveguide group index ng of 2.47. a.u,, arbitrary units.

perform very well. Fitting the spectra, we extract a group index
1g = 2.47 for a 1.2-um-wide Sb,Se; waveguide, which agrees well with
the simulated value of 2.43. The characterization of other photonic
building block elements, including directional couplers, waveguide
crossings, and inverse-designed bends with low loss, are included in
note 4.

Programmable interconnect fabric and crossbar matrix

Programmable optical interconnect fabric is a crucial photonic archi-
tecture to enable reconfigurable connectivity in telecommunication,
computing, and network systems (54, 55). Using the DLW technique,
we can create and, on demand, route and reroute such interconnect
fabric. In Fig. 3 (A to C), we demonstrate a 3 X 3 array, which estab-
lishes connectivity between three input and output ports using
cSb,Se; waveguides. We define the connection configuration of the
fabric using a transmission matrix M in Sout = M + Sipn, Where Soy¢ and
Sin represent the output and input intensity vectors, respectively. As
shown in Fig. 3A, we initially patterned the fabric to connect input/
output ports in a configuration of 1 — 2,2 — 1, and 3 — 3. The mea-
surement result of this transmission matrix M shows that the extinc-
tion ratio between desired and undesired connections exceeds 20 dB
(Fig. 3D). We then reroute the fabric by erasing all the waveguides in
the designated connection region (Fig. 3B) and subsequently rewrit-
ing the waveguides to establish new connections with an updated
configuration. As illustrated in Fig.3C, we reroute the switch array
to the configuration of 1 — 2,2 — 3,and 3 — 1. The measured M has
changed accordingly but maintains a high extinction ratio > 18 dB. More
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data on routing and rerouting the optical fabric with other connection
configurations can be found in note S6. In addition, we observe a re-
sidual image from the previous writing even after completely erasing
the pattern. The residual image does not affect the performance of the
newly patterned devices, though. We argue that this residual imprint
can be explained by the optical birefringence resulting from size and
orientation variations in cSb,Se;s crystal grains during the annealing
processes. Specifically, during the laser erasing process, the crystal
grains grow in alignment with the moving direction of the laser spot,
while no preferred growth direction is present during the thermal
erasing process (50).

A more complicated transmission matrix can be achieved by using a
photonic crossbar array, which is a universal architecture for imple-
menting multiply-accumulate (MAC) operation in linear optical com-
puting (56, 57). Figure 3F displays the optical image of a 14 X 14
photonic crossbar array written on the PCM thin film. As proof of con-
cept, we demonstrate the operation of a 3 X 3 subarray to represent a
programmable MAC core. The input vector is encoded by the intensi-
ties of optical signals in multiple wavelength channels, which are sent
into each row of the crossbar array. As illustrated in Fig. 3G, each unit
cell of the crossbar array consists of a row waveguide, a column wave-
guide, and a cross-coupling waveguide, which extracts the input signal
from the row waveguide and couples it to the column waveguide
through optimized directional couplers. Note S4 provides data on the
splitting ratio of the directional coupler with various coupling lengths.
The output of each column waveguide is the weighted sum of the input
signal at each row and is measured incoherently by a photodetector,
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Fig. 3. Programmable photonic switch array and crossbar array. (A) Optical image of a 3 x 3 optical switch array with the initial connection configuration (matrix 1).
The connection region of the optical switch is then erased (B) and rewritten (C) into a new connection configuration (matrix 2). (D and E) The measured transmission
matrix of switch 1 (D) and switch 2 (E). (F) Optical image of a DLW 14 X 14 crossbar array. Inset: The 3 x 3 subarray used for testing. To decrease or increase the transmission
of a specific crossbar element, the cross-coupling waveguide is partially erased (H) or recovered (G), respectively. (I and J) The transmission matrix of the crossbar array
before and after correction. The crossbar array is initially designed to equally distribute the input power into outputs. Because of writing imperfections, the transmission
matrix of the crossbar array has errors (I) and is corrected by DLW to restore the designed functionality (J). (K and L) Transmission matrix after setting the element at the
center and four corners to 0 (K) and then resetting the center matrix element to 0.5 (L).

thus performing the MAC operation for matrix-vector multiplication.
Each matrix element is programmed in the transmission of each unit
cell’s cross-coupling waveguide (see Fig. 3F). The output vector is
obtained by measuring the total output power in each column of the
output channels. A more detailed elucidation of crossbar array imple-
mentation can be found in previous works (56, 57).

For demonstration, we initially designed and direct-wrote the
3 X 3 crossbar array to equally distribute the input power into the

111
111

111
ing imperfections (similar to fabrication variation in conventional
PICs), the matrix represented by the crossbar array exhibits errors,
as shown in the measured results in Fig. 3I. The DLW technique
makes it straightforward to adjust each element by locally modify-
ing the cross-coupling waveguides, thereby correcting the error to
restore the designed functionality (Fig. 3]). It is also easy to repro-
gram the matrix in a grayscale-like fashion by erasing or restoring a
section of the cross-coupling waveguide. As an example, we can set
the element at the center and four corners to 0 (Fig. 3K) and de-
crease the center matrix element to 0.5 (Fig. 3L) to represent the

output to represent the matrix . However, because of writ-
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010
1051

010
phase response of the Sb,Se; waveguide can be found in note S5.

matrix . Further data on tuning the attenuation and

Shaping spectral response of coherent PICs

Coherent PICs universally use interferometric and resonant compo-
nents and require precise spectral responses for filtering and coherent
signal processing (58-60). Because of inevitable fabrication impreci-
sion, it is necessary to shape these components’ spectral responses to
meet these requirements. The DLW technique allows us to incremen-
tally trim the spectral response of a coherent optical filter step by step,
offering a highly controlled method for fine-tuning its performance.
In addition, we can even add new coherent components to change the
spectral response entirely. As shown in Fig. 4A, we first write an MZI,
which has a typical transmission spectral response as measured in
Fig. 4G. We then erase a section of the lower arm of the MZI (Fig. 4B)
and subsequently restore it and add a racetrack ring resonator, as
depicted in Fig. 4C. The resulting transmission spectrum of the ring-
coupled MZI displays features the characteristics of both the MZI
and the ring resonator. Afterward, we erase portions of both the ring
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resonator and the MZI (see Fig. 4D) and rewrite the circuit to a
double-injection ring (DIR) filter (61). In the DIR, the output light
consists of cumulative contributions from two nominally identical
add-drop ring resonators. The first contribution comes from the
drop-port of the ring, with the input light incident from the lower arm
of the original MZI. The second contribution originates from the
through-port of the ring, with the light incident from the upper arm
of the original MZI. As a result, the DIR exhibits a substantially differ-
ent transmission spectrum with a much larger free spectral range
(Fig. 4G). Last, we can trim the DIR spectral response by modifying
its parameters. We adjust the coupling between the output waveguide
and the racetrack ring resonators. This is done by widening the gap
between the waveguides from 350 to 500 nm and reducing the wave-
guide width (Fig. 4F). The transmission spectrum of the modified
DIR (DIR2 in Fig. 4F) changes as expected, thus demonstrating the
spectral tunability of the filter. We note that all measured spectra from
the filter agree well with the numerical models (further details are pro-
vided in note S7). This provides additional evidence of the stability and
reliability of writing and rewriting the phase-change photonic circuits.

DISCUSSION

In conclusion, we have presented a flexible, reliable, and cost-effective
technique for directly writing and rewriting photonic circuits on low-
loss phase-change thin films. This technique simplifies the complex
nanofabrication processes typically required for fabricating integrated
photonic devices down to one-step laser writing and enables reusing
the same chip/die. Although we have used a commercial laser writer in
this work, we emphasize that the same results can be achieved with a

MZI 1st erase

D 2nd erase C MZI + ring

much lower-cost laser writing system, which incorporates a laser diode,
a focusing objective, a high-precision motion stage, and a computer
control system (refer to note S2 for further information). This approach
leverages the versatility of the DLW and the nonvolatile, low-loss, and
high-contrast properties of the PCM, offering an unprecedented level
of flexibility. We have demonstrated PICs consisting of a full package
of elementary photonic components, including waveguides, grating
couplers, ring resonators, MZIs, programmable optical switch fabrics,
reconfigurable photonic crossbar array, and tunable optical filters.
Although our demonstrations have been conducted in a near-in
situ fashion, in steps of writing, measuring, modifying, and checking,
real-time reconfiguration and feedback-controlled adaptation (6, 30,
49, 62) of the PICs are entirely feasible.

Furthermore, the application scenario can be expanded by intro-
ducing a multilevel grayscale design (37, 39, 57, 63-65) instead of the
current binary design or by selecting appropriate substrates tailored
to specific applications. For example, the phase-change thin films can
also be integrated on LiNbO3-on-insulator substrates, enabling the
development of programmable electro-optical or acoustic-optical cir-
cuits. These advantages underscore the potential of the DLW tech-
nique in enabling the rapid prototyping and testing of innovative
photonic circuits using only a low-cost tool that is affordable to a wide
range of research and education communities.

MATERIALS AND METHODS

Substrate preparation

To prepare the substrate for DLW, a 30-nm-thick Sb,Se; thin film
sputtered on a 330-nm-thick SizN, on an oxidized silicon substrate at
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Fig. 4. Shaping the spectral response of an optical filter in steps. (A) An MZI written by DLW on a Sb,Ses thin film. (B) Erase part of the bottom arm of the MZI. (C) Add
a ring resonator to the erased region of the MZL. (D) Erase part of the ring resonator and the MZI. (E) Reconnect the device as the DIR filter. (F) Tuning the coupling by in-
creasing the gap between the ring resonator and the top arm of the Y-splitter. (G) The transmission spectra of the optical filter after each reconfiguration step. Spectra
have been vertically translated for clarity. (H) The transmission spectra of the DIR filter before (blue curve) and after (orange curve) tuning the ring resonator coupling.
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room temperature. The whole substrate was then capped with a
200-nm-thick SiO, for protection. After these two steps, the sub-
strate was ready for laser writing.

Laser writing setup

We use a commercial 405-nm direct-writing lithography tool
(Heidelberg DWL66+ with its Hires laser head) for the writing of the
phase-change PICs. The laser power is set to 27.5 mW with a scanning
speed of 3 mm®/min. In addition, a homebuilt laser writing system is
also applied to locally tune, erase, and rewrite the PICs (see fig. S3). In
the homebuilt system, a 637-nm laser diode with a maximum output
power of 170 mW (HL63133DG) is focused onto the substrate using
a 50 objective lens with a numerical aperture of 0.55. To write a sin-
gle spot, a rectangular pulse of 200-ns pulse duration and pulse en-
ergy of 50 n] is used. To erase a single spot, the pulse duration is set to
5 ms with a pulse energy of 333 pJ. The sample was mounted on a two-
dimensional x-y closed-loop motion stage, capable of a minimum
moving step size of 50 nm. By synchronizing the controlled light pulse
with the movement of the substrate on the stage, the desired pattern
can be achieved. More details on the optical setup can be found
in note S2.

Supplementary Materials
This PDF file includes:

Notes S1and S7

Figs.S1to S16

Tables S1 to S4
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