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Surface noise analysis using a single-ion sensor
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' Department of Physics, University of California, Berkeley, Berkeley, California 94720, USA
*Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 1 July 2013; revised manuscript received 21 May 2014; published 20 June 2014)

We use a single-ion electric-field noise sensor in combination with in situ surface treatment and analysis tools,
to investigate the relationship between electric-field noise from metal surfaces in vacuum and the composition
of the surface. These experiments are performed in a setup that integrates ion trapping capabilities with surface
analysis tools. We find that treatment of an aluminum-copper surface with energetic argon ions significantly
reduces the level of room-temperature electric-field noise, but the surface does not need to be atomically clean
to show noise levels comparable to those of the best cryogenic traps. The noise levels after treatment are low
enough to allow fault-tolerant trapped-ion quantum information processing on a microfabricated surface trap at

room temperature.

DOI: 10.1103/PhysRevB.89.245435

I. INTRODUCTION

Electric-field noise and the associated energy dissipation
near surfaces and interfaces present challenges in many
fields of science and technology. This includes modern
nanoelectronics [1,2], superconducting electronics [3], studies
of noncontact friction [4], microtraps for ions [5] and ultracold
atoms [6], detection of Casimir forces [7], and tests of general
relativity [8,9]. It is, therefore, imperative to gain a better
understanding of the sources of such noise, so that appropriate
solutions can be adopted.

In particular, electric-field noise near the electrode surfaces
of ion traps has been known to cause unexpectedly high heating
of the motional modes of laser-cooled, trapped ions [10].
The ion motion serves as a bus for quantum information in
multi-ion quantum gates, and thus the noise has been a major
impediment in efforts to realize trapped-ion based quantum
information processors [11]. Such applications require the
use of quantum error correction [12,13] which makes heating
rates of the ion motion below 10 quanta/s desirable [11]. In
addition, nascent efforts to realize hybrid quantum systems,
where single atoms or ions can exchange quantum information
with solid-state quantum devices [ 14—17], require minimizing
the amount of electric-field noise from surfaces of metals in
vacuum [18].

As a result of the technological importance of the electric-
field noise from surfacers, there are significant ongoing efforts
to understand and eliminate it. The noise has strong tempera-
ture dependence [19,20] and shows a f~“ frequency spectrum
with typical values of « close to 1 [5,19,21-24]. Recently,
the noise level near aluminum-copper surfaces was reduced
after in situ pulsed-laser treatment [23]. A more significant
reduction in the noise near a gold surface was achieved after
argon plasma sputter treatment of a trap surface in vacuum,
and analysis of an identical surface revealed that the treatment
removed carbon contamination [5]. The latter work suggests a
strong influence of carbon contaminants on the noise, but the
actual mechanisms are not yet understood. Promising models
for the noise exist [10,21,25-27], but experimental input is
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necessary for the models to be further refined and adapted to
the complexity of surfaces found in typical experiments.

While the noise reduction in [5] is a major advance
toward scalable trapped-ion based quantum computing, such
work also shows that trapped ions can serve as ultrasensitive
detectors of certain surface properties. Detectors operating in
the quantum regime can offer unparalleled levels of sensitivity
[28]. Such systems can be used to measure weak forces
[29,30], magnetic fields [31], and charges [32]. In the case
of trapped ions, experimentalists have achieved extremely
accurate control in preparing and measuring the ion quantum
state [11]. Thus, by measuring the effect of electric-field noise
on the motional quantum state of the ion, one can probe the
noise in the frequency range from 100 kHz to a few MHz with
remarkable sensitivity [10,30]. Such studies will ideally be
performed in combination with other surface-characterization
and modification tools to provide complementary information
about the surface.

Here we combine a single-ion noise sensor in the
same apparatus with surface analysis tools. We use sin-
gle “°Cattrapped ions to measure electric-field noise near
the aluminum-copper electrodes of an ion trap, sputter
treat the electrode surfaces using an Artion beam, and corre-
late the noise spectra with the surface composition determined
using in situ Auger spectroscopy. After Ar'treatment, the
heating rate for the motional state of a “’Ca™ion trapped at 950
kHz is 3.8(0.5) quanta/s, low enough to allow fault-tolerant
quantum information processing. We find that the carbon and
oxygen levels of the treated surface increase on waiting in
ultrahigh vacuum but the noise level does not, and thus surfaces
do not need to be atomically clean or oxide free to show such
low noise levels.

The paper is structured as follows: in Sec. II we describe
the setup in which these experiments were performed and the
fabrication procedure for the ion trap we used. We then present,
in Sec. III, experimental results from the different tools in our
setup, and we discuss our findings in Sec. I'V.

Our experiments proceeded in the following way: after
installing the trap in a vacuum, we baked the vacuum system
and used a single ion to measure electric-field noise near the
trap surface. We then analyzed the chemical composition of
the surface in sifu, sputter treated the trap surface, and analyzed

©2014 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.89.245435

N. DANIILIDIS et al.

the chemical composition and electric-field noise near the trap
surface at various stages after the initial treatment.

II. EXPERIMENTAL SYSTEM

A. Trapping apparatus

We performed the experiments in a multifunction vacuum
system consisting of a 12-in. spherical chamber, which allows
surface treatment, characterization, and ion trap operation,
without breaking the vacuum (see Fig. 1). A microfabricated
ion trap is mounted on a manipulator and can be rotated around
the z axis. Depending on the trap orientation, the trap chip
is facing an objective with numerical aperture ~0.3 for ion
fluorescence collection (+y direction), an Artion gun (45°
with respect to the y axis), or an Auger/low-energy electron-
diffraction (LEED) unit (—y direction, OCI microengineering,
BLD-8000), which allows us to characterize the elemental
composition of the trap surface. A residual gas analyzer (RGA,
ExTorr XT100M) is installed in the same chamber, with its axis
at 45° with respect to y on the yz plane and allows us to analyze
the residual gases in the chamber.

The static voltages for trapping are generated by low-noise
digital-to-analog converters (AD660). To reduce electronic

(b)

FIG. 1. (Color online) (a) The vacuum system, integrating a
surface trap (center) attached to a filter board (yellow, left), mounted
on a 360° rotational holder (rotation about the z axis), an Auger and
low-energy electron-diffraction spectrometer (bottom), an Ar™ gun
(behind the xy plane), an observation channel (above), and a residual
gas analyzer (RGA, upper right). The laser direction (blue arrow) is
at a 7° angle with the trap axis [oriented along (—1,0,1)], defined
by the radio-frequency trap electrodes (black lines on the trap). For
clarity, the center of the coordinate system is offset with respect to
the trapping position. (b) Photograph of the mounted trap.

PHYSICAL REVIEW B 89, 245435 (2014)

noise injected to the trap electrodes, we filter the static voltage
signals using sixth-order low-pass filters with insertion loss
higher than 90 dB in the frequency range between 200 kHz
and 1 MHz. The last filtering stage resides inside the vacuum
and consists of 47-nF (AVX, X7R dielectric) capacitors on a
printed circuit board (made of Rogers 4350), which supports
the trap chip carrier, as well as 0.68-nF (AVX, X7S dielec-
tric) capacitors, which are wire-bonded on the chip carrier.
The wirebonds attached to the electrodes of our trap contribute
an Ohmic resistance of approximately 5 2 to the impedance
connected between our trap electrodes and the ground. We
estimate the real part of the in-vacuum filtering capacitor
impedance to be 0.1 € at 1 MHz and the real part of the
impedance of filtering capacitors outside our vacuum system
to be 0.8 © at 1 MHz.

The entire vacuum system, including the electronics for the
radio-frequency and static trapping potentials, can be housed
inside a Faraday cage providing more than 40 dB of attenuation
for electromagnetic fields in the range of frequencies between
200 kHz and 1 MHz, in which we have performed electric-field
noise measurements. As mentioned in the introduction, and
elaborated in Sec. III, we used single ions to measure electric-
field noise near the trap surface. We measured the electric-field
noise without the Faraday cage prior to sputter treatment of
the surface and measured noise both with and without the cage
after treatment. This allowed us to estimate the technical (i.e.,
non-surface-related) noise level in the absence of the Faraday
cage to be between 2% (at 200 kHz) and 20% (at 1 MHz) of
the total electric-field noise prior to treatment.

B. Trap fabrication

In this work, we used a microfabricated surface electrode
trap, trapping ions at a distance of 100 um from the nearest
electrode. The trap consists of a fused quartz chip on which the
electrode pattern was etched using a combination of pulsed-
laser weakening and hydrofluoric acid etching (performed
by Translume, Ann Arbor, MI) [33]. The design of the trap
chip is shown in Fig. 2. The gaps between electrodes are
approximately 10 um wide and 50 pum deep. After the
substrate was etched, we cleaned it in Piranha solution at
120°C and evaporated a metal film combination of 15-nm Ti,
500-nm Al, 30-nm Cu, 15-nm Ti, 500-nm Al, and 30-nm Cu, in
an electron beam evaporator with vacuum better than 3 x 107°
torr, without allowing the aluminum surfaces to oxidize in
air before the copper layer evaporations. The copper layers
serve the purpose of preventing oxidation of the aluminum
surfaces while the evaporator vacuum is broken between the
two aluminum layer evaporations.

Subsequently, we mounted the trap on a chip carrier without
allowing it to come into contact with any solvents. The chip is
mechanically held onto a Kyocera 84 pin ceramic leadless chip
carrier (CLCC). The CLCC is mounted onto the in-vacuum
filter board using a socket constructed from Vespel and makes
electrical contact with the filter board using Fuzz Button® pins.
After assembly we baked the vacuum system with the trap at
160°C for three weeks, to achieve vacuum close to 2 x 10710
torr (3 x 1078 Pa). Between the electron beam evaporation
and the vacuum bake, the chip was exposed to air for close to
72 h.

245435-2
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FIG. 2. (Color online) The trap used in this work. (a) Schematic
of the trap electrodes. The surface trap has two long, symmetric
electrode rails along the trap axis for rf confinement (RF) and 21
electrodes used for the static confinement (E1-E21). The rf electrode
can also be biased at a static potential. In the experiments described
here, ions were trapped near the center of the trap (at the center
of electrodes E5 and E15). The electrodes are wire bonded using
25-um-diameter Pd wire at the pads near the periphery of the chip.
(b) Optical microscope image of the trapping region. Electrodes E1
to E8 and E11 to E18 are shown. The trapping position, next to

g 9

electrodes ES and E15, is marked by an “x.

We trapped single ions along the trap axis, at the position
defined by the line connecting the centers of electrodes ES
and E15 (see Fig. 2). Typical trap frequencies were between
200 kHz and 1 MHz in the axial direction and approximately
2.5 and 3.5 MHz in the radial directions, respectively. Ion
heating rates, and thus the electric-field noise, were only
measured along the axial direction, as we discuss in Sec. III.

III. EXPERIMENTAL RESULTS

After baking, we used single ions to measure the electric-
field noise of the trap and performed surface analysis using the
Auger spectrometer. Following this, we treated the trap surface
using an Artbeam and reanalyzed the surface. We then used a
single ion to measure the noise spectrum after a 40-day waiting
period and recorded Auger spectra from the surface within a
few days from the noise measurement. Finally, we repeated the
ArTsurface treatment, noise measurement, and Auger analysis
steps one more time, all within a few days of each other. We
performed both Ar*treatment runs under the same conditions.
The argon pressure was 10~* torr, the ion beam energy was
300 eV, the angle of incidence was perpendicular to the trap
surface, and the beam flux was 2 x 10" m~2s~!. We carried

PHYSICAL REVIEW B 89, 245435 (2014)

out each treatment step for a total of 20 min, resulting in an
estimated removal of 10 nm of material from the surface.

A. Surface composition

In Fig. 3, we show the Auger spectra of the trap surface
at various stages, taken with an incident electron energy of
2 keV. The electron beam generated by our Auger spectrometer
has a diameter of approximately 4 mm, and consequently the
spectra represent the average composition over such a diameter
centered around the trapping region. The spectra were taken
after carefully positioning the Auger electron beam to within 1
mm of the center of the trapping region. We identify aluminum,
copper, carbon, and oxygen peaks on the Auger spectra of the
trap after the vacuum bake. After treatment, we additionally
identify traces of argon, entrapped on the trap surface; iridium
thorium and lutetium, a result of outgassing of the Auger
spectrometer surfaces; and palladium, resulting from partial
overlap of the Auger beam with the wirebonds.

After baking, both carbon and oxygen were present on the
trap surface. After treatment, the carbon and oxygen KLL
peaks (i.e., involving electronic transitions between K and L
shells) [34,35] were reduced by approximately 90%, but their
ratio remained unchanged [Figs. 3(b) and 3(c), label B]. In
addition, the chemical shift of the Al(LM M) peak indicates
that the aluminum oxide was removed. After the wait period
of 40 days, the carbon peak increased roughly by a factor of
2, whereas the oxygen peak increased by a factor of 5, and
the aluminum partially oxidized [Figs. 3(b) and 3(c), label
C]. Thus, in this period carbon compounds were readsorbed
or diffused to the surface, and some oxidation of the trap
surface took place. After the second Ar™treatment step, both
carbon and oxygen peaks were reduced by a factor of 2, but
a significant amount of oxygen remained [Figs. 3(b) and 3(c),
label D].

We use the strengths of the copper M V'V peak (involving
transitions between the M shell and the valence band), alu-
minum and aluminum oxide L M M peak, carbon K LL peak,
and oxygen K L L peak to quantify the elemental composition
and surface coverage with carbon and oxygen. From the
Cu(MVYV) and Al and AlbO3(LM M) peaks, we determine
that the surface atomic composition had almost equal amounts
of copper and aluminum throughout our study. The comparison
between aluminum and copper is straightforward, because the
low-energy peaks do not rely on the sensitivity of our electron
analyzer, which depends strongly on the electron energy, as
seen in Fig. 3.

To quantitatively analyze the carbon and oxygen content,
we have to correct for the difference in the energy-dependent
sensitivity between the hemispherical retarding-field electron
analyzer and cylindrical mirror analyzers for which Auger
peak intensities are tabulated [34,35]. By rescaling the peak
intensities by a factor proportional to the peak energy, E,
as expected for a generic retarding-field analyzer [34], we
obtain coverage between 0.01 and 0.1 monolayers of carbon
and oxygen throughout our study. However, such a low level of
coverage cannot explain the large increase in the aluminum and
copper peaks after treatment, shown in Fig. 3(a) [34,36]. To
circumvent this inconsistency, we need to take into account the
low sensitivity of our analyzer at high energies, already noted

245435-3
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FIG. 3. (Color online) (a) Copper and aluminum peaks after the
vacuum bake (A) and after Ar*sputter treatment (B). At low energies,
the peaks corresponding to oxidized AI(LM M) and Cu(MVV)
dominate (V represents valence-band electronic states). At higher
energies, the Cu(LM M) and Al(KLL) peaks are three orders of
magnitude weaker, due to poor sensitivity of the analyzer at high
energies (note the expanded vertical axis). (b) Auger spectra showing
the C(KLL) and O(KLL) peaks at different stages of surface
treatments: after the bake (red, A), after the first treatment (blue,
B), after 40 days in vacuum (black, C), and after the second treatment
(green, D). In addition to carbon (270 eV) and oxygen (515 eV),
traces of thorium and iridium (energies of 225, 245, and 255 eV)
appear in B, a result of outgassing of the Auger filament. Lutetium
(320 and 330 eV), possibly from the LEED fluorescent screen, is also
visible in B. Traces of argon (200 and 215 eV) are visible in B, C, and
D. A palladium peak, coming from the Pd wirebonds used, appears
at 335 eV in C. The appearance of the palladium peak is a result of
the large width of the Auger electron beam. Vertical axis units for
all figures in (a) and (b) are the same. (c) Evolution of the signal
strengths of oxygen (blue, circle) and carbon (black, diamond) in (b)
normalized to the pretreatment carbon value.

in relation to the metal peak heights in Fig. 3(a). We achieve
this by rescaling the peak intensities in the range from 50 to
600 eV by factors of the form E/eV + 1.3 x 107%(E/eV)*.
Such rescaling gives more self-consistent results for the

PHYSICAL REVIEW B 89, 245435 (2014)

coverage and the variation of the metal peak heights. This
analysis gives combined carbon and oxygen coverage of
between 0.3 and 1.5 monolayers. Regardless of our choice
for the energy sensitivity of the spectrometer, the carbon and
oxygen coverage after the sputter-treated surface has been
recontaminated is a sizable fraction of the pretreatment value,
as is evident also from the peak heights in Fig. 3.

An RGA analysis of the residual gases in our vacuum
system revealed that the predominant gases which can be
responsible for the increase in the carbon and oxygen levels
were carbon monoxide, at a pressure of approximately 8 x
10~ torr (1 x 10~® Pa), and water vapor at a pressure of
2.5 x 107" torr (3 x 107° Pa). These pressures correspond to
exposure of the treated trap surface to approximately 280 L of
CO and 80 L of H,0, during the 40-day wait period between
the spectra shown in Figs. 3(b) and 3(b) [37].

B. Electric-field noise

In parallel with these measurements, we used laser-cooled
“0Cations to determine the electric-field noise spectral density
atadistance of 100 wm from the trap surface. Laser cooled ions
have typical kinetic energies corresponding to temperature
in the range of 10 uK to 1 mK, far below the equilibrium
temperature of environmental noise sources. Thus, in the
absence of laser cooling, cold ions heat up, with a heating rate
determined by the electric-field noise spectral density at the
ions’ motion frequency [10]. By measuring the rate of change
in the mean population of a particular mode of the ion motion,
denoted here by i, the electric-field noise spectral density is
given by Sg = 4’";’”:%, where m is the ion mass, w is the
frequency of the measured ion mode, and e is the elementary
charge [10,21]. We measured heating rates by laser cooling
the ion, waiting for a variable delay time, and determining
the change in the average population, 71, of one particular
mode of the ion motion. This method determines the noise
spectral density for one particular component of the electric
field, in our case the electric field along the trap axis [direction
%(-1,0,1) in Fig. 1].

We used spectroscopy and resolved sideband cooling
on the §;,2-Ds), transition of the 40Cation to determine
the ion temperature, and thus the heating rate. Before the
Arttreatment of the trap surface, the high ion heating rates
prevented us from sideband cooling to the motional ground
state, and thus the heating rates were measured on ions cooled
to the Doppler limit of the S;/,-Py/» transition. Specifically,
we determined the mean value of the thermal state of the ion
motion by measuring the collapse of Rabi oscillations on the
carrier and sideband transitions [10]. After surface treatment,
the low noise of the trap allowed us to measure the heating rates
on ions cooled to close to their ground state (average initial
population 71 of 0.2 quanta), by monitoring the relative strength
of the red and blue sidebands of the S;,,-Ds/, transition [10].
We confirmed the consistency of these two methods by also
measuring heating rates for Doppler-cooled ions for the trap
after treatment.

Figure 4 shows the heating rates we obtained for the trap.
Before ArTtreatment of the trap surface, we measured heating
rates between 5000(1000) quanta/s and 200(10) quanta/s at
motional frequencies between 246 and 852 kHz (red points).
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FIG. 4. (Color online) Frequency scaling of motional heating in
our trap. Color coding for measured data is the same as in Fig. 3; i.e.,
red filled circles is pretreatment (A), black open squares is 40 days
after Ar* treatment (C), and green filled triangles is after the second
treatment (D). Dashed lines show fits of the form i1 ~ f~(+% (which
corresponds to Sg ~ f7). The extent of each line shows the range
of frequencies over which the fit was performed. The solid line shows
the expected Johnson noise heating for our setup.

The frequency scaling of these heating rates is i1 ~ f 227023,

which implies a frequency scaling Sy ~ f~127023 for the
noise. As mentioned in Sec. II, a fraction between 2 and 20%
of the noise before treatment was caused by external elec-
tromagnetic interference. This could result in underestimating
the frequency scaling exponent, ¢, by as much as one o. After
treatment of the trap, we find much reduced heating rates
between 30(1) and 3.8(0.5) quanta/s. The ion heating rates
measured 2 days after treatment of the trap (green curve) are
consistent with the values measured 40 days after treatment
(black curve), despite the difference in carbon and oxygen con-
tent of the surface, seen in the Auger spectra. This shows that
copper-aluminum surfaces do not need to be atomically clean
and oxide free to achieve these low electric-field noise levels.

For the treated trap, we also observe a change of the spectral
characteristics of the noise in the frequency range between
200 kHz and 1 MHz. The heating rates decrease with frequency
between 200 and 580 kHz, and at higher frequencies they show
a broad peak centered roughly around 800 kHz. The dropoff
with frequency below 580 kHz has scaling i1 ~ f~1930:28),
implying Sg ~ £~ This scaling is consistent with
what has been measured elsewhere [19,23]. However, the
measured noise levels are close to the values expected from
Johnson noise in our system, and we suspect that at this point
we are limited by technical noise, rather than surface-related
processes. We place a lower bound on the expected noise level
of our setup by assuming the wirebonds and the capacitors
in our setup display Johnson noise, with the real part of
the impedance corresponding to 6-8 2 in the frequency
range where we measured (blue line in Fig. 4). The peak at
higher frequencies is reminiscent of resonant behavior and is
consistent with a resonance in our filter board.

IV. DISCUSSION

It is instructive to compare the electric-field noise mea-
sured in this work with noise measured on other traps. To
partially take into account the f~ noise spectrum, it is
customary to compare w Sg for different traps. In Fig. 5 we
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FIG. 5. Representative electric-field noise measurements for var-
ious ion traps with planar electrode geometries. All measurements
were done at room temperature. Each symbol in the label corresponds
to a different trap. For measurements where noise was reported over
a range of frequencies, we show multiple data points, corresponding
to the extreme frequency values.

summarize w Sg versus the closest ion-electrode distance,
for a number of trap noise measurements reported in the
literature [5,19,20,22,25,38-43]. To compare between ion
traps with different dimensions, one scales the noise with
ion distance from the surface, d, as Sg ~ d~*. This scaling
is expected for noise arising from independently fluctuating,
electrical-dipole-like sources on the surface [21]. Taking this
type of scaling into account, our noise measurements prior to
Ar*treatment fall below the general trend of room-temperature
noise measurements.

In order to compare the noise near the treated aluminum-
copper surface to the noise measured in a treated gold trap
[5] we need to take into account the different frequencies,
f, and ion-electrode distances, d. Such comparisons should
be interpreted with caution, since the frequency and distance
scaling of the noise are not well established. However, the
expected range of scaling exponents provides a range of values
on which to base the comparison. On the one extreme of the
range, we assume a scaling Sg ~ f~%d~* with @ = 1 between
1.68 MHz and 950 kHz, and find that the noise on the Al-Cu
surface is a factor of 2 lower than the noise on the Au surface,
which lies within the range of day-to-day variations in noise
measurements. If, on the other extreme, our post-treatment
noise values are limited by technical noise, and the frequency
scaling with exponent o & 1.5 measured in [5] persists to
240 kHz, the noise from the aluminum-copper surface has to
be a factor of 11 lower than the noise from the gold surface.
The noise values we measured both before and after treatment
suggest that aluminum and copper can be good candidates as
trap fabrication materials.

In summary, we have probed the electric-field noise near
an aluminum-copper surface at room temperature using a
single trapped ion and performed in sifu elemental analysis
and treatment of the surface. We find that surface treatment
leads to significant reduction in the noise level of the surface
exposed to air and baked in a high vacuum, but the noise
does not increase after the surface gets recontaminated in an
ultrahigh vacuum. Thus, aluminum-copper surfaces do not
need to be atomically clean or oxide free to show low noise
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levels, comparable to those reported in [5]. These observations
suggest that the noise level can depend strongly on coverage
by surface contaminants, on the order of one monolayer.
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