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Trapped-ion applications, such asin quantum information processing’, precision
measurements?, optical clocks® and mass spectrometry’, rely on specialized high-
performanceion traps. The last three of these applications typically use traditional
machining to customize macroscopic 3D Paul traps®, whereas quantum information
processing experiments usually rely on photolithographic techniques to miniaturize
the traps and meet scalability requirements®°. Using photolithography, however, it is
challenging to fabricate the complex 3D electrode structures required for optimal
confinement. Here we demonstrate a high-resolution 3D printing technology based
on two-photon polymerization (2PP)" that is capable of fabricating large arrays of
high-performance miniaturized 3D traps. We show that 3D-printed ion traps combine
the advantages, such as strong radial confinement, of traditionally machined 3D traps
with on-chip miniaturization. We trap calciumions in 3D-printed ion traps with radial
trap frequencies ranging from 2 MHz to 24 MHz. The tight confinement eases ion
cooling requirements and allows us to implement high-quality Rabi oscillations with
Doppler cooling only. Also, we demonstrate a two-qubit gate with a Bell-state fidelity
0f 0.978 £ 0.012. With 3D printing technology, the design freedomis greatly expanded

without sacrificing scalability and precision, so thation trap geometries can be
optimized for higher performance and better functionality.

lontraps?are animportant tool in awide range of fields, such as mass
spectroscopy’, precision metrology?®, optical ion clocks®and quantum
informationscience’. Until about a decade ago, charged particles have
typically been confined in macroscopic ion traps®. These macro 3D
traps feature a near-harmonic trapping potential, high trapping effi-
ciencyandalarge trap depth, which keeps particlesinadeep potential
well (Fig. 1a). However, machining constraints limit the fabrication
of miniaturized, complex electrode structures that are required to
build large-scale trapped-ion quantum processors. Furthermore, the
relatively large ion-electrode distance of macro 3D traps (approxi-
mately 1 mm) limits the electric field strength for a given voltage and
thus the trap frequency.

These difficulties motivate the development of surface traps based
on planar electrode structures amenable to microfabrication®® (see
Fig.1b).Surface traps are compatible with well-established microelec-
tromechanical systems (MEMS) and complementary metal-oxide-
semiconductor (CMOS) microfabrication techniques, thus allowing
for miniaturizationand scaling to large arrays with complex 2D struc-
tures, as well as enabling integrated photonic ion-light interfaces.
Compared with 3D geometries, the arrangement of surface trap elec-
trodes in a single plane leads to large anharmonicities in the poten-
tial and reduces the trap depth substantially®>*. Also, the deviation
from the quadrupole potential for 2D geometries reduces the trap

frequency™, which, in turn, requires trapping ions closer to the elec-
trodes to maintain reasonable trap frequencies for quantum com-
puting operations. The proximity of the ion to the electrode surfaces
exposes the ion to electric field noise caused by the electrodes. This
noise heats up the ion motion and can be a notable source of errors
for quantum gates™*. To overcome these challenges, there have been
efforts to build 3D ion traps compatible with microfabrication tech-
niques using stacked wafers” ™, but the design flexibility remains
limited®*.

Here we demonstrate a new approach to fabricate miniaturized
3D Paul traps (Fig. 1c) that combines the efficiency of macro 3D traps
with the scaling advantages of surface traps**?. In particular, we use
high-resolution 3D printing based on 2PP (ref. 11), which enables com-
plex, microarchitected and nanoarchitected designs with submicron
resolution for a variety of applications®*?. Compared with surface
traps, 3D-printed Paul traps achieve a larger trap depth, a more har-
monic trapping potential and higher trap frequencies.

As the main performance criteria for 3D and surface traps, we ana-
lyse the depth and curvature of their effective confining potential.
For asufficiently large drive frequency of the rapidly oscillating radio
frequency (RF) trappingfield, confinement canbe described by a static
ponderomotive potential-pseudopotential®. Figure 2a compares the
pseudopotential of a miniaturized 3D trap with that of a surface trap,
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Fig.1|Comparison of Paul trap variants. Schematics and representative
pictures of aconventional 3D Paul trap (a), asurface trap (b) and a3D-printed
vertical Paul trap (c). The basic structure of aconventional 3D Paul trap (a)
consists of four RF electrodes and two end-cap DC electrodes, with a characteristic
lengthscale of 1mm. It requires precision machining and is thus challenging to
scale.Asurfacetrap (b) usually has two RF electrodes witha characteristic

while holding the ion-electrode distance, drive frequency and RF volt-
age amplitude constant. Especially visible is the substantial reduction
inthe pseudopotential depth of the surface trap. Further, we find that
the pseudopotential of the 3D configuration is more harmonic (see Sup-
plementary Information) and provides alarger trap frequency thanits
planar counterpart.

To evaluate the expected performance gain, we must also account
for the trapping mechanism of Paul traps. In particular, the pseudo-
potential fails to describe the motional frequencies of the ion in the
effective trap potential when the motional frequency approaches
one-fifth of the frequency of the applied trapping RF field. This break-
downis characterized by the so-called stability parameter g (see equa-
tion (6) in Methods) and occurs at approximately g = 0.5. Although
micro 3D traps with their harmonic potential are expected to tolerate
alarger stability parameter g than surface traps, the higher motional
frequency may lead to trap instabilities. To compensate for this, we
may increase the drive frequency to maintain a constant q. In Fig. 2b,
we illustrate the associated trade-offs assuming the same RF voltage
amplitude U for both surface and 3D configurations. Under this
assumption, we compare the calculated trap frequency holding either
the drive frequency or g constant. We see that, for the same U, micro
3D trapsindeed offer larger trap frequencies. In particular, assuming
typical parameters for a surface trap indicated by point 1in Fig. 2b,
the same drive frequency will lead to a five-fold increase in trap fre-
quency forthe3Dtrap (point 3 versus point1in Fig. 2b). If we keep the
stability parameter g constant, the trap frequency is doubled for the
micro 3D trap (point 2 versus point 1in Fig. 2b). Increasing the trap
frequency is beneficial in many aspects, as it reduces motional heating,
allows fasterion movement and reduces cooling complexity. Alterna-
tively, we may assign priority to power consumption, whichisimpor-
tant for large arrays of traps. Here the micro 3D trap configuration
achieves the same trapping parameters, that is, trap frequency and
stability parameter, with about an order of magnitude less power than
surface trap designs. Another option to use the higher efficiency of
3D trapsistoincrease the ion-electrode distance, d, to reduce the
effects of surface-induced electric field noise while maintaining a
similar trap frequency.

Finally, we note that trap anharmonicity, combined with shifts
in the trap minimum—for instance, those induced by dielectric

lengthscale onthe order of 100 pmand can be produced by microfabrication
techniques, allowing for large and scalable trap arrays. However, constraining
electrodestoasingle plane distorts the desired quadrupole potential, reducing
itsefficiency. A3D-printed Paul trap (c) can have four RF electrodes creating a
quadrupole field while being of similar size and scalability as surface traps.
Scale bars,1 mm (a); 100 um (b,c).

charging—leads to changes in trap frequencies. We find that the har-
monic potential in 3D-printed traps suppresses this effect by orders
of magnitude compared with surface traps (see Supplementary
Information).

In this work, we design and fabricate 3D-printed micro linear Paul
traps using a commercial Nanoscribe two-photon lithography sys-
tem (see Fig.3a,band Methods) and characterize their performances
by confining *°Ca* ions at room temperature. The first trap, labelled
3D-100-Au-V, consists of four gold-coated RF electrode blades on a
sapphire substrate with a height of 300 um between the top of the
RF electrodes and the substrate (see Fig. 3c). The distance between
opposing RF electrodes is 200 pm, resulting in an ion-RF electrode
distance of 100 pm. The second trap, labelled 3D-75-Al-V, is of similar
geometry but with areduced ion-RF electrode (aluminium-coated)
distance of 75 pm (see Methods). As shown in Fig. 3f, nine planar direct
current (DC) electrodes of trap 3D-100-Au-V are placed on the sub-
strate surface to adjust the potentialina 600 um x 600 pm square. We
use a configuration in which neighbouring RF electrodes are driven
out-of-phase, whereas opposing electrodes are in-phase with respect
to each other. By choosing anidentical amplitude for all RF electrodes,
their vertical electric fields cancel out. The nine DC electrodes pro-
vide confinementin the vertical direction, allowing us to cancel stray
fields, and make it possible to choose the orientation of the effective
quadrupole potential.

The traps are fabricated by first creating 3D polymer structures
using 2PP and then coating the polymer with a 1-um-thick Au or Al
layer using electron-beam evaporation (Fig. 3a,b and Methods). To
isolate individual electrodes, we print undercut features below the
top surfaces of the electrode to keep them electrically isolated after
the metal coating. The undercut cross-section is shown in Fig. 3d.
The electrical paths connecting the electrodes to wire-bonding pads
are 3D-printed using a similar shadowing method to allow routing
flexibility. To increase the robustness for electrical isolation, we add
overhanging sidewalls on both sides of the T-shaped cross-section
of the electrical paths, as shown in Fig. 3e. The flexibility of printing
trap structures and electrical paths in this maskless one-step process
resultsinaturnaround time from design to aworking device of one to
two days. These short turnaround times enable us to rapidly iterate
and improve trap designs.
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Fig.2|Performance comparison of 3D trap versus surface trap. We use the
geometries sketchedinFig.1a,bandfix theion-electrode distancesat100 pm
forbothtraps.Inthe3D trap, the two pairs of opposing RF electrodes are driven
with opposite polarity. a, Pseudopotential for the 3D (blue) and surface (red)
traps atan 80-MHz drive frequency and 150-V RF voltage amplitude. Black
dashed lines show quadraticfits. b, Trap frequency versus drive frequency
(solid lines), assuming a constant RF voltage amplitude U =150 V. Grey dashed
lines mark a constant stability parameter g (see equation (6) in Methods).
Vertical grey dashed-dotted line at 80 MHz denotes the parameter set usedina.
Pointlidentifies viable surface trap parameters; point 2 (point 3) corresponds
to holding the stability parameter g (drive frequency) constant. For the 3D trap,
maintaining constant g predicts doubling of the trap frequency compared with
thesurface trap, whereas keepingthe drive frequency constantyields a fivefold
increase.

For trapping in trap 3D-100-Au-V, we apply RF drive to the RF elec-
trodes at w,¢/21 = 51.6 MHz. Depending on the chosen RF voltage
amplitude, we observe radial trap frequencies w,/2m ranging from
2.09 MHzto 24.15 MHz (see Fig. 4). At 24.15 MHz, our highest measured
trap frequency, g = 0.903 (see Methods), is near the theoretical limit
0f 0.911 (a = 0.0018; Methods), demonstrating operation throughout
the stability diagram.

We further characterize the cooling performance at various trap
frequencies. For this, we measure the mean phonon number of one of
the two planar modes oriented 45° with respect to the horizontal main
coolingbeam near 397 nm. The mean phonon number 7is determined
through laser spectroscopy on the S < D transition. If the ion is near
the motional ground state, absorption on the red sideband (the laser
detuning A = -w,/2m) associated with annihilating a phonon is sup-
pressed compared with absorptiononthebluesideband (A = +w,/21),
leading to the creation of a phonon™. Figure 5a explores the tempera-
ture after Doppler cooling for different radial trap frequencies. The
datamatchwellwiththe theoretical Doppler cooling limit with no free
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parameters'. In particular, Fig. 5b shows the measured red and blue
sideband spectra at A = +21.29 MHz after Doppler cooling, revealing
that an average phonon number of 7 = 0.5is reached.

Achieving small motional excitation isimportant, as motion modu-
lates the laser frequency experienced by theion, thereby causing gate
errors®®%_ Forinstance, the carrier Rabi frequency that determines the
speed of single-qubit operations is®

0=0, [1 - Z nin,.ZJ, 1)

in which n, is an effective Lamb-Dicke parameter, n; is the phonon
number of motional mode i for the addressedion and Q, is the overall
coupling strength. In existing trapped-ion quantum computers, this
can cause gate errors on the order of 102, For this reason, often, several
motional modes are cooled to the ground state to reduce the error
rate*® using, for example, resource-intensive resolved sideband cool-
ing. Thelarge trap frequencies of 3D-printed traps mitigate thisissue.
In particular, assuming a trap frequency of 20 MHz and using the *°Ca*
optical qubit near the Doppler limit, this effectis expected toadd only
2 x107totheerror rate of t-pulses. Figure 5¢c shows Rabi oscillations
measured at 21.29 MHz trap frequency after only Doppler cooling.
The contrast of the Rabi oscillations decay from 0.994:3:3% for the
first oscillation t0 0.993'3:3% for the 11th oscillation, implying an
error rate of $107* for a t-pulse. The reduction in contrast can be
explained by laser intensity noise and residual overlap between
the uncooled vertical axial motion and the 729 nm beam. However,
we also point out here that a reduction of the Lamb-Dicke para-
meter increases the laser power requirements for driving sideband
transitions.

Having demonstrated single-qubit operations, we are also inter-
ested in whether these traps support multi-qubit operations. We test
this in trap 3D-75-Al-V with a smaller ion-electrode distance of 75 pm
(see Methods) and implement a Mglmer-Sgrensen two-qubit gate™
with agate time of 100 ps using the axial centre-of-mass (COM) mode
(w,/21 =3 MHz) as the bus. Measuring populations and analysing coher-
ence using single-qubit rotations (see Fig. 5), we deduce a Bell-state
fidelity of 0.978 + 0.012. The fidelity is not limited by motional heating
of 0.1 quanta ms™at a trap frequency of 3 MHz (see the heating rate
data in Supplementary Information) but rather by the coherence of
the qubit states {S,,,, m;=-1/2} and {Ds,, m;=-1/2}.

Finally, itisimportant thations can be stored for extended periods
of time. Using trap 3D-75-Al-V, we find that two-ion crystals of *°Ca*
and **Ca’* can be stored for hours, whereas the ions exchange posi-
tions roughly every 7 min, corresponding to a pressure of 4 x 10 ™ Torr
(see Supplementary Information).

Discussion

Although very high trap frequencies have been achieved with lighter
ions®, our trap frequencies exceed typical values, for both macro 3D
traps®® and surface traps, by a factor of four. As a result, operational
timescales such as splitting, merging and shuttling of ion crystals
would be accelerated in such traps. We also note that the impact of
surface noise is reduced at high trap frequencies (see Supplementary
Information).

Furthermore, higher trap frequencies also promise to reduce cool-
ingrequirements and, thereby, to accelerate the cooling processitself.
Inparticular, both 7 and are reduced withincreasing trap frequency
w such that, according to equation (1), the impact of a finite phonon
number on gate fidelity is expected to scale with 1/w?. We estimate that,
for the optical qubitin*°Ca’, trap frequencies of 10 MHz are sufficient
toachieve error rates below 10 only with Doppler cooling. This regime
is well within reach of miniaturized 3D traps. For instance, assuming
anion-RF electrode distance onthe order of 50 pm, adrive of amplitude
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Fig.3|3D printing processand SEMimages ofa3D-printed trap (3D-100-Au-V).
a, Simplifiedillustration of the 2PP set-up used for 3D printing microion
traps. Afemtosecond laser (780 nm) is focused into aliquid photoresist by a
microscopy objective. Galvo mirrorsraster-scanthe focal spotin the horizontal
(x-y) plane to polymerize the designed trap geometry in a layer-by-layer fashion
and amotorized three-axis stage translates the substrate in the vertical axis (2).
The motion stage also moves laterally to extend the writing area by stitching
togetherindividual sections printed within the field of view of the objective.
Anacousto-optic modulator (AOM) gates the laser on and offand a dichroic
mirror (DM) reflects the 780 nmbeam, yet allows a charge-coupled device (CCD)
camerato monitor the printing process. The 3D-printed trap structure s later

160 Vand frequency 150 MHz (g = 0.5) yields aradial trap frequency of
30 MHzfor*°Ca"ions, sufficient to maintain linear orientation for sev-
eralionsataxial frequencies of 10 MHz. Thus, future quantum comput-
erswould notrequire sideband cooling, which reduces cooling cycles
from many milliseconds to several hundred microseconds®. Because
cooling, splitting, merging and shuttling occupy most of the duty cycle
of present trapped-ion quantum computers based on a quantum
charge-coupled device (QCCD) architecture®*, such computers could
be greatly sped up using 3D-printed ion traps.

The successful trapping of ions in a 3D-printed ion trap opens a
new path towards flexible and scalable miniaturized ion traps. In
view of large-scale applications, we investigate the reproducibility
of the 3D printing method (Fig. 6a-c). We print 200 central regions
ofthe same trap design. The 2.2% variationin the in-plane and out-of-
plane directions is probably dominated by measurement errors
owing to the uncertainty of the small-angle tilt when mounting sam-
ples for scanning electron microscope (SEM) imaging (see Methods).
Figure 6d shows the surface roughness of the Au coating on the
3D-printed polymer DC electrodes. The average surface roughness
measured is 6.5 nm, with a peak-to-valley roughness of 30.6 nm, com-
pared with the control measurements of 9.1 nm and 58.5 nm, respec-
tively, for the Au-coated sapphire substrate surface of the same sample.
Common types of fabrication defect are summarized in Methods. Most
fabrication defects such as stitching inaccuracies, dust particles and
residual solvents can be alleviated by printing only the RF electrodes

metal-coated after the developing, cleaning and drying processes. b, Enlarged
view of the trap structure during 2PP printing, corresponding to the region
highlighted by the black rectangleina. ¢, SEM image of a3D-printed vertical
linear Paul trap (3D-100-Au-V). Scale bar,200 pm. d, Cross-sectional schematic
oftheshadow mask design between electrodes, highlighted by means of the
top red dashed rectangleinc.e, Cross-sectional schematic of the electrical
pathsincluding side walls toimprove the robustness of electrical isolation,
highlighted by means of thebottom red dashed rectangle in c. Scale bar, 30 pm.
f, Top-view SEMimage of trap 3D-100-Au-V. The two RF* electrodes carry the
same RF signal as the two RF~electrodes but with opposite polarity. Static
voltagesareapplied tothe DCelectrodes.

onmicrofabricated Sisubstrates with pre-patterned DC electrodes and
electrical paths, as shown in Fig. 6e. This hybrid approach increases
theyield and reduces the printing time from 14 hfor the entire design—
including the electrical paths and wire-bonding pads—to 30 min for
only the RF electrodes. Also, the expanded fabrication freedom
allows the research community to explore trap designs that cannot
berealized using traditional fabrication methods. In Fig. 6f, we show
an example of a 3D-printed trap with a substantial reduction in the
surface area near the ion. It would be interesting to study how such
extreme geometries affect the electric surface noise experienced by
the ion®* and thus to learn more about the causes of surface electric
field noise.

Themotivation for our workis to enable high-performance trapped-
ion quantum computers, especially based on the QCCD architecture
(see Fig. 6h). The 3D-printed ion trap platform offers several options
towards this goal. We may make use of the higher trap efficiency to:
(1) increase confinement, which reduces cooling requirements and
accelerates splitting and merging of ion crystals; (2) increase the ion—
electrode distance and thus substantially reduce motional heating;
or (3) reduce trap drive power to ease thermal management, which
is especially relevant in future large-scale arrays. Finally, a weighted
combination of (1), (2) and (3) might be beneficial for specific reali-
zations. Thus, 3D-printed traps seem to be an attractive technology
for large-scale devices. In this context, we estimate that array den-
sities in excess of 1,000 traps per cm? can be fabricated, ideally on
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substrates that house integrated photonic circuits to control the
ions to allow scalable optical control®%, As a first step towards the
goal, we fabricate traps with horizontal RF electrodes that can trap
ion strings parallel to the substrate (Fig. 6g and Supplementary
Information).
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Miniaturized 3D-printed traps may also influence other disciplines
than quantum information processing. For instance, we predict that
they may be used as ultracompact low-power mass spectrometers
attractive for space applications. In precision metrology, 3D-printed
trap arrays may substantially improve the signal-to-noise ratio and
thus would increase the stability of, for instance, optical ion clocks®.
More fundamentally, the superior harmonicity of 3D traps allows
stable trap frequencies without laser cooling, which is also a very
important consideration for precision metrology applications.
Trap anharmonicity has also been a substantial hurdle for previous
efforts to realize quantum information processing with trapped
electrons in Penning traps®*°. Here the efficiency of harmonic
3D traps provides a critical component for present efforts to use
trapped electrons for fast and high-fidelity quantum information
processing*..

Insummary, we have designed and fabricated 3D-printed ion traps
that combine high trap frequency and deep harmonic potential with
miniaturization and scalability. With continuous improvement in
resolution and speed, 3D printing opens anew path of ion trap devel-
opment with greatly expanded geometric freedom and submicron
control of features that may be optimized for functionality beyond
thelimits of photolithography. We predict that the 3D-printed ion trap
platformwith integrated photonics would accelerate the development
of quantum information processing systems as well as on-chip mass
spectroscopy, precision metrology and optical clocks, especially if
3D printing can be integrated into the foundry-based microfabrica-
tion workflow.
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Methods

Paul trap equations
InPaul traps, ions experience astatic potential plus atime-dependent
potential%

D, ,2,8) = Dgppiic + Doe

N 2
U(:%(wrft)m’th’y“C'zz)' *

= %(Ax2+By2 +Cz%)+

Here we assume that the static and time-dependent potentials share
the same principal axes. The coefficients A, B, Cand A’, B/, C’ satisfy the
Laplace equations A@,,,.= 0 and A@= 0. The motion of a particle
with mass m and charge Ze in the x-axis is described by the following
equation:

Ze o  Ze
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Further simplification leads to the standard Mathieu differential
equation:
2

d’x
—= +[a-2qcos(2§)]x=0 (4)
ae? q ¢
with {=w,t/2and
a=4ZeUA/mw?2, (5)
q=-2ZeUA Imw 3. (6)

Without loss of generality, we can set g > 0. The stable solution of
the Mathieu equation has a characteristic exponent § that depends
onaand g, leading to the trap frequency w = €. In the lowest-order
approximation inwhich (lal, ¢ <1,

B=Ja+q?/2. (7)

The motionoftheion canthereby be described by aponderomotive
potential, which is also known as the pseudopotential:

1
UDS= 4me f(Frf)Z' 8
r

F.¢is the magnitude of the RF force acting on the ion. When the
lowest-order approximation is no longer valid, that is, when g= 0.5,
the characteristic exponent §f can be extracted numerically.

Additive manufacturing of microion trap

We use acommercial 3D printing system Nanoscribe GT2 to print trap
electrodes, electrical paths and wire-bonding pads in one process on
sapphire substrates of size 5 mm x 5 mm x 2 mm. During the printing
process, anegative-tone acrylate-based photoresist (IP-S, Nanoscribe
GmbH & Co.KG) is placed on top of the substrate. A 780 nm femtosec-
ond laser is focused inside the liquid photoresist through a directly
immersed 25% objective (numerical aperture 0.8). The laser focal spot
isscanned in 3D to cross-link the photoresist inthe designed trap geom-
etry. After 3D printing, the remaining liquid photoresist is washed
off by soaking in a developer (propylene glycol methyl ether acetate,
Sigma-Aldrich) for 4 handrinsed withisopropanol. After fully drying,
the samples are coated with anominally 1-pum-thick metal filmusing an
evaporation angle of 30° with respect to the normal of the substrate
surface, whichis mounted on a rotating chuck.

Repeatability and accuracy. We test our final design iteration for
repeatability and accuracy in the printing process. 200 (20 x 10) ion

trap central regions are printed using 2PP 3D printing, with eachregion
of 455 um x 455 pm in-plane and 300 pm out-of-plane. The ion trap
array is printed on Si wafer and then developed and post-processed.
Theiontrapsarethensputter-coated withapproximately 60 nm of Au
andimaged using SEM. For best resolution, acomposite SEM imageis
prepared by stitching 50 individualimages each showing a2 x 2 central
region of the trap array (Extended Data Fig. 1).

Optical profilometry results for the same 200 printed ion traps are
showninFig. 6aand Extended DataFig.2. Theimage shows the repro-
ducibility of the 2PP printing process. A Zygo profilometer is used
with a20x objective and green light forimaging. The sample tilt owing
to mounting is corrected using the Zygo software and the results are
coloured for different z-heights.

We also characterize the printing accuracy by measuring the dimen-
sions of selected features in SEM images and comparing them with the
computer-aided design (CAD) model. Extended Data Fig. 3a compares
the experimentally measured dimensions of various features—trenches,
electrodes, electrical paths—in a single trap with their CAD-derived
dimensions. The near one-to-one correspondence between CAD and
measured dimensions for both in-plane and out-of-plane features
reflects the excellent print quality. Extended Data Fig. 3b depicts the
variation in experimentally measured feature dimensions relative to
their CAD values across 90 ion trap samples. Width of aDC electrode,
height of RF electrodes and angle between RF electrodes are selected
asrepresentative in-plane, out-of-plane and angular features, respec-
tively. Across 90 ion trap samples, we observe very low variationin each
measured feature relative toits CAD dimension. The non-zero average
in-plane variation is probably a result of imperfect mounting of the
trap samplesinside the SEM, whichleads to aslightly tilted horizontal
plane and lower-than-expected in-plane length measurements. To
validate this hypothesis, Extended Data Fig. 3¢ presents results from
several remounting attempts: in-plane dimensions of the same feature
aremeasured acrosstenion trap samples. This systematic variationis
attributed toimperfect mounting. Each time the sampleisremounted,
aslighttiltisintroduced, biasing in-plane measurementsin away that
is difficult to correct. All measurements are taken using the SEM and
analysis is performed using the ImageJ software.

Common fabrication defects. We encounter several fabrication
defects during our manufacturing process. Surface roughness on
the RF electrodes (Extended Data Fig. 4a) originates from the 0.4-pm
layer-by-layer printing, producing periodic out-of-plane ripples. It
canbereduced by using afiner layer height when processing the CAD
modelfor printing, at the cost of printing speed. Stitching defects arise
from combining several fields of view when printing large features
(Extended DataFig. 4b). Eachfield of view is 455 um x 455 pum and there
is an overlap of 5 um between adjacent fields. The stitch line appears
as aresult of acombination of overcuring in the overlapped regions,
variability in stage movement and substrate height variations or tilt.
Such defects can be reduced by using a higher-precision 3D printer.
Dust particles may adhere to the traps during fabrication, potentially
causing electrode shorts (Extended Data Fig. 4c). We have developed
severalin-house cleaning protocols to minimize dust and debrisonion
traps during printing and processing. Operating in a cleanroom envi-
ronment further reduces these defects. Residues from drying solvents
are another source of contamination during post-processing after
printing (Extended Data Fig. 4d). These defects can be mitigated by
using cleanroom-grade, high-purity solvents and incorporating further
rinse steps. We further characterize the surface roughness of metal
coating. An SEM image of the zoomed-in Au coating on a 3D-printed
structure is shown in Extended Data Fig. 4e. Further characterization
is performed using atomic force microscopy (AFM). AFM images of
1-um-thick Au coatings on the surface of the sapphire substrate and on
the 2PP-printed polymer are shownin Extended Data Fig. 5. The average
roughnessis 9.1 nm for Au on sapphire and 6.5 nm for Au on polymer.
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The peak-to-valley roughnessis 58.5 nm for Auon sapphireand 30.6 nm
for Auon polymer. From these values, we conclude that the Au coating
roughness is dominated by the grain structure from electron-beam
evaporation and that substrate waviness from 3D printing contributes
negligibly to the surface texture of the coating.

Au coating uniformity on 3D-printed RF electrodes. High-aspect-ratio
structures are hard to coat conformally using line-of-sight vapour depo-
sitiontechniques. We use electron-beam evaporation to deposit Auon
3D-printed traps at an evaporation angle of 30° relative to the substrate
surface normal, with the traps mounted on a rotating chuck. X-ray
micro-computed tomography (XCT) imaging is used to characterize
the coating uniformity and coverage on the RF electrodes (Extended
DataFig. 6). We use a ZEISS Versa 510 XCT machine with 80-keV energy
X-rays and 3,201 projections are taken with a 60-s exposure time. The
effective voxel size is 0.39 pm. We observe that the Au coating is very
uniform and completely covers the RF electrodes.

Electrical isolation of the 3D-printed trenches. Focused ion beam
(FIB) SEM cross-sectional images of the printed trenches are shown
in Extended Data Fig. 7. Extended Data Fig. 7a,b depicts the trench
geometry isolating electrical paths outside the central region of the
trap and Extended Data Fig. 7c,d illustrates the trenches beneath the
central DC electrodes. Before milling, a protective carbon layer (dark
layer in Extended Data Fig. 7 on top of the bright Au layer) is depos-
ited to minimize FIB damage. The backscattered electron (BSE) SEM
images (Extended DataFig. 7b,d) enhance the contrast of the nominal
1-pm-thick Au layer. The brighter BSE SEM signal in the trenches is an
artefact of the FIB process, which resultsin some redeposition of Au-C
intheinner trenches. These results confirm that the double-overhang
trench design provides robust electrical isolation between electrodes,
signal paths and the substrate.

Fabrication scalability of 3D-printed ion traps. A fully 3D-printed
trap design, including the centre trap electrodes, electrical paths and
wire-bonding pads, takes about 14 h to print, whereas the centre RF
electrodes only take 30 min. Present microfabrication technologies
caneasily produce surface electrodes and electrical paths, but produc-
ing high-aspect-ratio RF electrodes with high surface smoothness and
suspended horizontal structures (see Supplementary Information)
is challenging. Therefore, a hybrid fabrication route could be used to
increase fabrication throughput and yield. Figure 6e and Extended
Data Fig. 8 demonstrate that we can accurately align and 3D-print RF
electrodes on prefabricated Sisubstrates featuring defined surface DC
electrodes, electrical paths and wire-bonding pads using microfabri-
cated trenches with undercut—astraightforward and well-established
process in microfabrication facilities. Thousands of prepatterned sub-
strates can be fabricated on asingle wafer and diced before 3D printing
the trap structures directly on them. This hybrid method combining
traditional microfabrication and 2PP-based 3D printing canreduce the
3D printing time to 30 minand increase the fabricationyield. Moreover,
itcanalsoallow the possibility of printing on advanced substrates with
through-substrate vias, so high-density electrical connectivity canbe
achieved by flip-chip bonding for future quantum computing archi-
tectures, such as a QCCD. Printing directly on chips with integrated
photonicsis also feasible.

Vertical 3D-printed ion traps
Designing and fabricating micro 3D ion traps require great engineering
effort. The 14th design iteration refers the trap shown in Fig. 3 (ion-
electrode distance 100 um, Au-coated). We denote it 3D-100-Au-V.
The 17th design iteration is shown in Extended Data Fig. 9, withion-
electrode distance of 75 pm, Al-coated. We denote it 3D-75-Al-V.

The short fabrication turnaround time of our 2PP-based 3D printing
approach allows us to rapidly iterate trap and electrical path design.

During these iterations, we learned design rules that allow us to
increase manufacturability and improve the full trap performance.
The RF and DC electrode design changed little during the iterations,
indicating the reliability of the electromagnetic simulations. Changes
were made to overcome the challenges associated with printability,
electricalisolation and fabrication yield. We explored hollow traces,
for which only the sidewalls of the traces were printed, and found
thatthese had poorer fabrication quality than filled-in ones but took
longer to print; flat and tapered undercuts of different dimensions;
different electrode spacings; and different supports for undercuts
at corners. The design motifs and fabrication protocols that allow
us to generate reliable electrical routes can be easily translated to
future trap designs.

There were no changes in the geometry near the ion trapping loca-
tionuntil the16th designiteration. Trap 3D-100-Au-Vis well coveredin
Fig.3.Compared with trap 3D-100-Au-V, we have made several changes
to trap 3D-75-Al-V: (1) the ion-RF electrode distance is reduced from
100 pm to 75 um; (2) the coating material is changed from Au to Al;
(3) the sidewall structure on the substrate is optimized to give a higher
yield; (4) thelead to the centre DC electrode is removed so that the DC
electrode layout is more symmetric. The electrical connection to the
centreelectrodeisinstead established by the whole metal plane onthe
substrate. In this configuration, there is no ground plane in the trap
because every electrode canbe biased relative to the true ground. With
amore symmetric DClayout, some higher-order DC potential multipole
expansion terms canbe eliminated eveninthe presence of small errors
inelectrostatic simulation while simultaneously increasing the voltage
efficiency to generate the axial confinement, thatis, achieving a higher
axial frequency at the same maximum applied voltage. Supplementary
Informationincludes contour plots of voltage solutions in the top view
oftrap 3D-75-Al-V for each first-order multipole (x,yand z) and for the
multipole governing the axial confinement.

Trap structural response. We also simulate the structural response of
thetrap electrodesto the electrostatic forces from the applied voltages
and find that deformation of the trap electrodes should be well below
0.2nmat200 VDC voltage.

Measurement scheme

lons are created in the trap by photoionizing neutral Ca atoms ther-
mally evaporated from a Ca oven. We confine “°Ca* ions at heights of
130-190 pm above the DC electrode plane in both traps 3D-100-Au-V
and 3D-75-Al-V. The planar motional modes are cooled using a horizon-
tal (parallel to the substrate surface) 397 nm beam detuned by 20 MHz
to the red from the 4°S,,-4°P, cooling transition, whereas a vertically
oriented 866 nm repumper beam on the 3°D,,-4?P,, transition pro-
vides some partial cooling of the vertical axial mode. The planar trap
frequencies are measured by sideband spectroscopy on the [47S,,,
m,=-1/2) & |32D5/2, m,=-5/2) Zeeman transition using 729 nmlightin
ahorizontal configuration.

We use capacitive dividers to measure the RF voltage amplitudes
of two RF electrode pairs, with electrodes within each pair driven in
phase. Each capacitive divider has aratio of 3 pF:100 pF. We balance two
out-of-phase amplitudes using tunable capacitors*>. DC electrodes are
configured to create vertical confinement, compensate stray electric
fields and remove the degeneracy between the two planar motional
modes parallel to the substrate.

Two-qubit gate. To demonstrate multi-qubit operations of trapped
ionsina3D-printed trap, weimplement aMglmer-Sgrensen gate® on
the optical transition {S,,, m;=-1/2} to {Ds,, m,= -1/2} in trap 3D-75-Al-V,
in which the shared axial COM motional mode is used as a quantum
busto generate entanglement.

Toincrease the coupling to the gate transition and eliminate Am = +1
transitions, the magnetic field is 45° to the axial direction. The 729 nm



laser beam is parallel to the axial mode and is focused through our
imaging objective. The set-up configurationis shownin Extended Data
Fig. 10.

The two ions are illuminated with a bichromatic 729 nm laser light
with frequencies of w, = w, * (6, + w.), here w, is the qubit transition
frequency, w./2m =3 MHz is the axial COM mode frequency and
6,/21=10 kHz is the gate detuning. Changing to aninteraction picture
and performing the rotating-wave approximation, inthe Lamb-Dicke
regime, the time-dependent Hamiltonian is

H=-hnQ,S,(ae’" +a'e ).

Here npisthe Lamb-Dicke factor (=0.04), Q, is the Rabifrequency on
the carrier transition, S, = 0\ + o?is the collective spin operator and
a and a' are the phonon annihilation and creation operators on the
axial COM mode. After the gate time ¢, = 21/6, =100 ps, the spin and
motion decouple and this Hamiltonian yields the unitary operation
U=exp(i(/4)o, ® 0,) that creates maximally entangled states when
0y =064/2n.

The phase coherence of the entangled state can be verified by apply-
ing an analysis pulse at the end of the gate, which has a variable phase
¢relativeto the entanglinginteraction, and the parity canbe calculated
asT(¢) = P(IDD)) + P(ISS)) - P(IDS)) - P(ISD)), asshown in Fig. 5d. Know-
ing the contrast C of the parity scan, a lower limit of the gate fidelity
canbe established as F= (P(|DD)) + P(|SS)))/2 + C/2. Thefitting of the
parity scangives a contrast of C=0.975 + 0.014 and, using the popula-
tion P(IDD)) + P(|SS)) = 0.980 + 0.019 at the gate time 100 ps, we obtain
alower limit on the Bell-state fidelity of 0.978 + 0.012.

The main sources of gate error in our experiment are spin deco-
herence owing to magnetic field fluctuations and laser frequency
noise (1.3%) and motional heating (0.6%). Motional-heating-induced
error can be reduced by increasing the trap frequency, switching to
the stretch mode, which is expected to have a much smaller heat-
ing rate than the COM mode, or cooling the ion trap to cryogenic
temperatures.

Data availability

Source data are provided with this paper. All other datasupporting the
plots in this paper and other findings of this study are available from
the corresponding authors on request.
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Extended DataFig.1|SEMimage ofanarray of200 3D-printedion trap central regions. Eachregion contains RFand DC electrodes only, with no electrical paths.
Thisimage is created by stitching together 50 individual 2 x 2ion trap section images; slight contrast variations between panels reflect the composite assembly.
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Extended DataFig.2|Optical profilometry measurement on 200 3D-printedion trap central regions. Colour bar represents heightin the out-of-plane
direction (z-axis).
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Extended DataFig. 3 | Repeatability of 3D-printed feature dimensionsin sapphire substrate; out-of-plane measurements (red) to RF electrode heights;
iontrap centralregions. a, Measured dimensions of printed structuresinan angular measurements (yellow) to angles between RF electrodes. Grey bars
iontrap compared with the CAD model dimensions. Blue dots (red triangles) denote the minimum and maximum values of each feature and coloured area
representin-plane (out-of-plane) dimensions. Grey line represents the ideal outlined ingrey show kernel density estimation. ¢, Variation in feature dimensions
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b, Variationin measured in-plane, out-of-plane and angular dimensions of measurements per axis for fourindependent experiments, eachinvolving
selected trap features relative to the CAD model across 90 samples. In-plane sample repositioning, mounting and imaging. Blue (red) dots denote

measurements (blue) correspond to DCelectrode dimensions parallel to the measurements along the x-axis (y-axis).



Extended DataFig.4|SEMimages of fabricationdefects.a, SEM image of the
RF electrode surface at a45° angle, revealing layer-by-layer 2PP-printing-
induced roughness. b, Stitch lines between adjacent fields of view on DC
electrodesandelectrical paths. ¢, Dust particle on anelectrical path, potentially

shorting to the ground plane. d, Residual solvent-impurity contamination on
3D-printedstructures. e, Surfaceroughness of the 3D-printed polymer after
electron-beam Au deposition.
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Extended DataFig.5|AFMimages of Au coatings. a,b, 1-pm-thick Au coating 6.5 nmon polymer. Peak-to-valley roughnessis 58.5 nmonsapphireand
deposited onasapphiresubstrate. c,d, 1-um-thick Au coating depositedon a 30.6 nmon polymer.
3D-printed polymer DCelectrode. Average roughnessis 9.1 nm on sapphireand
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Extended DataFig. 6 | XCTimages. Reconstructed 3D XCT image (top left) of colourscales represent the local coating thickness. The low atomic number
the RFelectrode structure, with a horizontalsslice (top right) and vertical slices polymer substrate isnot detected, so only the metal layer appears.
(bottomrow) through the electrodes. Bright regions denote the Au coatingand
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Extended DataFig.7|FIBSEM cross-sections oftwo trench designs usedin trench basereflects Au-Credeposition during the milling process. c,d, Secondary
trap3D-100-Au-V. a, Secondary electron SEM image of the trench design for electron SEMimage (c) and BSE SEM image (d) of the trench design used in the
theelectrical paths. b, The corresponding BSE SEM image. Surface roughness centralregionoftheiontrap. The thintop layeris aprotective carbon coating
and curtaining artefacts arise from FIB milling and the lighter-grey layer at the applied before FIB milling.
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Extended DataFig. 8 |3D-printed RF electrodes on microfabricated areprocessed on 6-inch wafers and diced into individual chips. ¢,d, SEM images
substrates. a,b, Photographs of microfabricated Sisubstrates featuring (top-down and angled views) of a3D-printed ion trap mounted on these

surface DCelectrodes, electrical paths and wire-bonding pads. The substrates substrates.
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Extended DataFig. 9| Vertical trapiteration17 (3D-75-Al-V).a, SEMimage leadsto 75 pmion-RF electrode distance. b, Design showing the CAD model of
oftheiontrap centralregion. The electrodes are annotated in the image. printedstructures, including electrical paths.
Thedistance between each pair of opposite RF electrodesis150 pm, which



Extended DataFig.10 | Configuration for two-qubit gate measurement.
Magneticfield is tilted by 45° relative to the substrate. 397 nm laser beam
propagates parallel to the substrate, whereas 729 nm and 866 nmbeams
propagate perpendicular toit. Twoionimages are overlaid on the SEM image
oftrap 3D-75-Al-V.
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