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ABSTRACT

We present a microfabricated neutral atom source for quantum technologies that can be easily integrated onto microchip devices using well-
established micro-electromechanical systems fabrication techniques, and contrast this to conventional off-chip ion loading mechanisms. The
heating filament of the device is shown to be as small as 90� 90 mm2. Testing of the 171Yb fluorescence response is found to be in the low
tens of milliseconds, two orders of magnitude faster compared to previous literature at a power of milliwatts, making it desirable for low-
power device packages. We demonstrate how the evaporation material can be capped in vacuum to work with materials such as Ba that oxi-
dizes easily in air, which can avoid the need for ablation lasers in the loading process. We calculate oven lifetimes to be over 10 years of con-
tinuous use for commonly used ion species in quantum technology.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0271048

The advent of quantum technology has demonstrated many use
cases for individual trapped ions and trapped atoms in small scale
devices. Some of the areas that can best utilize these include, but are
not limited to, quantum computing,1 sensing,2 and metrology.3

However, to best realize a quantum device using trapped ions and
atoms, scalability and deployability must be taken into account. This
includes careful considerations as to how the device is designed, kept
under vacuum, maintained, and loaded. Furthermore, the ion/atom
loading mechanism should provide a high trapping rate without add-
ing complexity and size to the device.

In typical ion trapping experiments, atomic ions are generated by
photoionization of thermally sublimated neutral atoms4 or magneto-
optically trapped (MOT) atoms,5 or by direct loading of ionized atoms
assisted by laser ablation.6 This ablation approach is more common
for materials that oxidize easily in air, as a metal salt can be used as an
ablation target. In many experimental configurations, the neutral atom
source is positioned to the side of the trap surface. In other setups,
backside loading—with the atom sources beneath the substrate—is
used to prevent electrical shorts between small electrode gaps due to
contaminants and to scale the trapping system.7 Efficient loading of
ions from atomic ovens has been demonstrated,8 predicting that 1lg
of calcium would allow for a decade of continuous operation.

Low-power, fully complementary metal-oxide-semiconductor
(CMOS)-compatible micro-hotplates have already been demonstrated
for gas sensor applications.9 Offering power consumption as low as
20mW at 400 �C, the power dissipation of these micro-heaters is negli-
gible compared to the rest of the ion trap. CMOS-compatible micro-
hotplates will be useful for a scalable quantum computer and can be
integrated into a wafer that houses other components such as digital to
analog converters (DACs) or photodetectors. However, for a proto-
type, a simple platinum-based micro-hotplate is much more suitable,
due to less overhead for the CMOS process and more flexibility of layer
thickness. Loading from a 1.5mm-diameter microfabricated hotplate-
based silicon-based atomic oven10,11 and an even larger fused silica-
based atomic oven12 located externally have been demonstrated, but
neither oven is suitable for integration into a microfabricated ion trap.

In order to facilitate greater scalability, here, we demonstrate the
use of micro-scale atomic ovens as an atom source, microfabricated
using well-known MEMS techniques, and propose a use case of how
this can be integrated into an ion-trap microchip by die or wafer bond-
ing as shown in Fig. 1. The microfabrication process of this atomic
oven consists of fabricating plate-shaped micro-heaters and depositing
ytterbium source material, which generates an atomic flux when
heated on the heater plate. In this approach, the microfabricated
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atomic ovens can be easily wafer or die bonded to an ion trap micro-
chip with a backside loading slot to allow the atomic flux originating
from the back of the substrate into the loading zone. By integrating
this on-chip, we significantly reduce the footprint compared to con-
ventional ion loading mechanisms and also provide orders of magni-
tude faster response times compared to previous thermally sublimated
atom sources, for which a short response time of approximately 12 s13

is described for a conventional macroscopic oven controlled with a
digital feedback loop implemented in a microcontroller. Because of its
size and design, the power dissipation is on the order of ten milliwatts,
and small trap electrodes fully exposed to the oven would be heated on
the order of tens of millikelvin by thermal radiation and conductivity.
Furthermore, we show that capping the oven in vacuum did not affect
the measured atomic flux, showing this oven can be used with materi-
als that oxidize easily in air such as Ba, providing a significantly smaller
overall device package compared to laser ablation loading by avoiding
the need for an ablation laser.

The atomic flux of an oven required to achieve a certain number
density NðTÞ is given approximately as8 JatomðTÞ ¼ NðTÞ�vðTÞpr20
in s�1, where T is the temperature of the oven, �v ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8kBT=ðmpÞp
is

the mean thermal velocity of the atoms, and r0 is the distance to the
oven. With an integrated oven having a distance of approximately
0.5mm to the ion trap, compared to tens of millimeters for an external
oven, long lifetimes can be achieved with relatively small sources. An
atom flux Jatom ¼ 38� 103 results in a number density of 100 cm�3

calculated using the temperature calculated below and listed in Table I,
which is sufficient to trap a Ca ion within seconds.8 Trapping rates are
proportional to the number density.14 The expected mass flux Q

from a surface is calculated in g � cm�2 � s�1 using the equation15

Q ¼ 0:058PvðTÞ
ffiffiffiffiffiffiffiffiffiffi
M=T

p
, where M is the molecular weight, T is the

temperature in K, and PvðTÞ is the vapor pressure of the metal at a
given temperature in Torr. Alcock et al.16 give the vapor pressure as
log 10ðp=atmÞ ¼ A� BT�1 � C logT reproducing the vapor pressure
with an accuracy of 5% or better. Previous literature17 indicates a
higher vapor pressure may be achieved for thin layers on curved surfa-
ces and micro-particles. However, for the area of the hotplate, a thick-
ness of approximately 100 nm, and low curvature of the reasonably flat
hotplate, we expect the bulk and thin film vapor pressure to be within
a few percent of each other. We, therefore, have assumed that the bulk
vapor pressure is equivalent to that of thin films. The required temper-
ature to achieve a number density in the trapping location of 100, 105,
and 108 cm�3 is given in Table I for a selection of elements.

Depending on the element, 0.5–1.5 ng is required for running the
oven continuously over 10 years for a number density of 100 cm�3,
calculated by multiplying the required atomic flux by the atomic mass
of the atom and the runtime of 10 years. A low-duty cycle operation
would increase the lifetime, and the micro-heater can heat up within
tens of milliseconds. However, only source material in sight of the ion
can be considered active. For a loading slot aperture at 175mm from
the ion trapping position and a distance of 330lm from the oven to
the aperture, the active area18 of the oven is 1þ 330=175 � 3 times
the size of the loading slot. However, even for a small loading slot of
15mm � 5mm, a layer thickness of only 182–780nm is required.
Although making the micro-hotplates larger than the active area does
not improve oven lifetimes, larger micro-hotplates allow easier deposi-
tion of the source material and allow lower current densities for the
heating element.

The resistivity and maximum current density of the heating ele-
ment limit the maximum power. By substituting the current density
I ¼ jwt and resistivity R ¼ ql=ðwtÞ into Ohm’s law, it can be shown
easily that the power dissipation P ¼ I2R ¼ ðjwtÞ2ql=ðwtÞ ¼ j2qwlt
¼ j2qAt is a function of the current density q, area A ¼ wl, and
thickness t of the heating element and is design-independent.
Electromigration is an important issue for micro-heaters, as these are
operated at high temperatures. The literature19 gives a maximum cur-
rent density of �3:5� 105 A=cm2 for platinum-based heating ele-
ments. Using a 500 nm-thick platinum layer, we need an area of
�1500mm2 for 1mW heating power. There has been extensive
research into heating element designs capable of providing good tem-
perature uniformity.9,20 These are designed in such a way as to com-
pensate for the fact that most of the thermal flux is located at the
corners, due to heat conduction through the arms and much lower
heat flux due to thermal radiation and convection through air.

The fabrication of the atomic oven is described in this section.
The main structural part of the micro-hotplate is formed by the 2lm-
thick wet oxide that is thermally grown on the wafer [Fig. 2(a)]. On
top, a 10/500/10nm-thick Ti/Pt/Ti layer is sputtered and photographi-
cally patterned using ion beam etching [Fig. 2(b)]. After resist strip-
ping, a 1lm-thick PECVD silicon oxide layer is deposited as
passivation [Fig. 2(c)]. To integrate easily with ion trap microchips, we
can deposit an Au layer at this point and etch this using ion beam etch-
ing to expose the hotplate and bonding pads. This allows for easy die
bonding onto our ion trap chip with a loading slot. One dry etching
step is used to etch down to the bonding pads of the heater through
the silicon dioxide [Fig. 2(d)] and another to define the structure of the

FIG. 1. (a) Schematic showing an ion trap with an integrated atomic oven for load-
ing ytterbium. (b) Design of the atomic oven prototype.

TABLE I. Temperature (K) to achieve a number density in the trapping location of
100, 105, and 108 cm�3 for different elements commonly used in ion trapping.

Element,
N (cm�3)

Ba Be Ca Cd Mg Sr Yb
Temperature, T (K)

100 461 802 451 278 369 411 385
105 545 940 530 326 433 484 452
108 669 1135 646 394 525 591 549
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micro-hotplate [Fig. 2(e)]. These steps can be combined, but depend-
ing on the thickness of the wet oxide, there can be a long exposure of
the Ti/Pt/Ti layer to the etching chemistry, which can cause problems
such as resputtering or contamination of the chamber. After resist
removal, the hotplate structure is released using XeF2 etching
[Fig. 2(f)]. As XeF2 is highly selective between Si and all other materials
used, no photoresist is necessary. This leaves the heating element float-
ing and thermally isolated from the Si substrate. This step completes
fabrication of the micro-hotplate, and the ytterbium can be deposited
along with any capping layers. We sputtered 500 nm Yb onto the oven
utilizing a shadow mask (LESKER PVD 75 & Yb sputter target
EJTYBXX303A2). On some ovens, we additionally deposited �5 nm
Bi or indium tin oxide (ITO) on top of the Yb without breaking vac-
uum as a capping layer to protect the Yb against oxidation. This
becomes more important when using elements such as Ba that rapidly
oxidizes in air. Bi and ITO were chosen as capping layers due to their
relatively low evaporation temperatures at a pressure of 10�6 mbar of
approximately 410 and 500 �C, respectively.

Figure 3 shows an SEM image of the fabricated micro-hotplate at
500� magnification. Figure 4 shows a photograph of a heated micro-
hotplate with the inlay showing a 20� magnification microscope
image of the hotplate at the power dissipation of 38mW operated in
air, where the main mode of heat transport is through air. Thermal
glow was first observed at 24mW power dissipation.

A fluorescence test was carried out to verify that atomic flux was
emitted from the micro-oven. The test system consists of a hexagonal
vacuum system with a printed circuit board (PCB) on which a micro-
oven test chip is mounted. The oven is connected to the PCB traces
with ribbon bonds that are wired to a vacuum feedthrough with cop-
per wire. One laser port allows laser access perpendicular to the oven
surface, and another on the top of the chamber allows imaging of the
oven from the top down. A 399nm wavelength laser beam is colli-
mated out of a fiber. The laser beam is aligned to pass over the micro-

oven position and is approximately 2mm from the oven surface. An
ion gauge in vacuum allows for accurate monitoring of the pressure of
the chamber. The test was carried out at a pressure of 9� 10�7 mbar.
The oven is connected to a variable direct current (DC) power supply
and ammeter in series.

It is well-known that the Yb 1S0-
1P1 transition is excited by a

399 nm wavelength and also fluoresces at this same wavelength.21

Therefore, we expect to see an increase in 399 nm light intensity when
the atomic flux from the micro-oven hits the laser beam. To image
this, a conventional CMOS camera is used that is modified by remov-
ing the built-in UV filter. The results of this are shown in Fig. 5.

To compare the fluorescence response time to the literature, an
experiment was set up to trigger a voltage pulse accurately and detect
fluorescence on an appropriate timescale. The test was carried out in
the hexagonal vacuum chamber as described before, with the micro-
fabricated oven mounted on a PCB in the same way inside the vacuum
chamber. The optimal voltage was found to achieve weak fluorescence
by applying a voltage using a variable power supply. A PMT (photo-
multiplier tube) was positioned into the oven. Using an field-
programmable gate array (FPGA), we can trigger a 3.5V pulse from a

FIG. 2. Fabrication process flow for micro-heaters. Note that the adhesion layers
and photolithography steps are not shown in the schematics. Positive photoresist
was used for all the lithography steps. All schematics not to scale.

FIG. 3. SEM images with 500� magnification of the fabricated micro-hotplate
before depositing ytterbium.

FIG. 4. Photograph of heated micro-hotplate with inlay showing a 20� magnifica-
tion microscope image of the hotplate at the power dissipation of 38 mW operated
in air. Two probes apply current to the atomic oven, and two are used to measure
the potential difference across the heating filament.
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signal generator and record the PMT counts over this time period. The
pressure in the chamber was approximately 6�10�6 mbar. The
applied voltage pulse delivers a 3.5V square wave with an on time of
200ms. At 3.5V, the measured applied current is 3.1mA, resulting in
a power dissipation of 10.8mW. The trigger is delayed 50ms from
when the PMT starts recording data. The presence of background
counts is mainly due to laser scatter inside the chamber. Figure 5(c)
shows that a fluorescence response begins within 10ms after applying
a voltage, and after 20ms, the fluorescence is already more than half-
way toward a steady state count value, which is two orders of magni-
tude faster than in previous literature.13 This can be further improved
by applying a higher voltage. The test was repeated with the laser
blocked to confirm that the emission detected was from fluorescence
and not faint oven glow. The result was a constant count value across
the square wave pulse, further verifying our results. Therefore, it is not
necessary to filter wavelengths to distinguish between fluorescence and
thermal radiation. It was also noted that the capping layers had no
effect on the fluorescence response, and all ovens showed strong fluo-
rescence regardless of the presence of Bi and ITO capping. This further
adds to the ability of this oven design to be used with materials such as
Ba that oxidizes easily in air.

In this paper, we have presented the fabrication of a microfabri-
cated atomic oven with a very fast-response time. The oven produces a
strong flux of ytterbium at a power dissipation of just 10.8mW as dem-
onstrated with a fluorescence test. The oven is capable of reaching suffi-
cient temperatures to produce a flux for commonly used ions and

neutral atoms, such as Ba, Be, Ca, Cd, Mg, Sr, and Yb. Furthermore, ele-
ments like barium that oxidizes quickly can be covered with a capping
layer. While we have not demonstrated this for barium, we demonstrate
capping ytterbium ovens with a � 5nm layer of ITO and Bi. The cap-
ping layer evaporated quickly and did not hinder the observed fluores-
cence. For capping materials other than Yb, further tests should be
carried out to ensure good adhesion and no formation of hard-to-evapo-
rate interface alloys. The microfabricated oven we have demonstrated is
designed to be integrated easily into large-scale quantum technologies
such as trapped ion quantum computing where spatial constraints, fluo-
rescence response time, and long-term operation capabilities are essential
for scaling research into usable technology. We discuss how this device
can be integrated easily into a trapped ion microchip with a backside
loading slot as small as 15lm� 5lm through die bonding. The integra-
tion of the oven into a surface ion trap was, however, outside of the scope
of the project, as it would have required a redesign of the bondpads to
match the footprint of the current traps. Furthermore, we calculated an
oven lifetime to produce an atom number density at the ion loading
region of 100 cm�3 to be over 10 years of continuous operation.
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FIG. 5. Micro-oven fluorescence test with the oven turned off (a) and with current
applied showing strong fluorescence (b). The inhomogeneity of the fluorescence is
likely due to Yb coating on the sidewalls of the oven. (c) The fluorescence response
of a microfabricated oven. The red line denotes the input voltage, and blue shows
the counts received at the PMT. These data are averaged over 200 runs.
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