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Abstract.
We have demonstrated a capacitively-coupled, RF microplasma inside the 3D

electrode structure of an ion microtrap device. For this work, devices with an
inter-electrode distance of 340 µm were used. The microplasmas were operated
at ΩRF /2π = 23 MHz, in both He and He:N2 gas mixtures, over a range
of RF amplitudes (140 V to 220 V) and pressures (250 mbar to 910 mbar).
Spectroscopic analysis of the He I 667 nm and Hα 656 nm emission lines yielded
the gas temperature and electron density, which enabled calculation of the mean
ion bombardment energy. For the range of operating parameters studied, we
calculated mean He+ energies to be between 0.3 eV and 4.1 eV. While these
energies are less than the threshold for He sputtering of hydrocarbon adsorbates
on Au, we calculate that the high energy tail of the distribution should remove
adsorbate monolayers in as little as 1 minute of processing. We also calculate that
the distribution is insufficiently energetic to have any significant effect on the Au
electrode surface within that duration. Our results suggest that the microplasma
technique is suited to in situ selective removal of surface adsorbates from ion
microtrap electrodes.

Keywords: ion trap, microplasma, microdischarge, motional decoherence, spec-
troscopy
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1. Introduction

Trapped atomic ions are an important physical system
for investigating quantum information processing [1],
quantum simulation [2], quantum metrology [3],
and optical atomic clocks [4]. The ability to
store and cool ions, virtually isolated from the
surrounding environment, has been essential for taking
advantage of their quantum behaviour [5]. In
the aforementioned applications, several sources of
decoherence can hinder high-fidelity coherent control
of the ions’ quantum state; one of the foremost
is motional decoherence [6–9]. Minimising this
to negligible levels in microfabricated ion traps is
paramount for development of quantum technologies
based on trapped ions. Motional decoherence is due
to fluctuating electric fields [6, 8, 10], however the
exact origin of this electric field noise is still not well
understood.

Ions in microfabricated traps [7], where the ion-
electrode distance (d) is typically in the range 80 µm 6
d 6 250 µm, are particularly sensitive to this noise,
which has been found to scale as ∼ 1/d4 [6, 8, 11, 12].
Moreover, resultant heating rates are routinely well
above that which would be expected from Johnson
noise, giving rise to the term “anomalous heating”
[8]. For example at d 6 365 µm, ion heating
rates in room-temperature traps have been shown to
be more than three orders of magnitude above the
value expected from Johnson noise [8, 13]. Cooling
of trap electrodes with liquid N2 to 150 K [9], and
with liquid He to 6 K [14], was observed to reduce
room-temperature heating rates by 1 and 7 orders
of magnitude respectively. However even at low
temperatures the motional heating rate is still notably
above the level due to Johnson noise alone. For
example, in [14, 15] the measured heating rates at
cryogenic temperatures were still 3 orders of magnitude
greater than the value expected from Johnson noise.

Models have shown that the observed scaling
of heating rates with distance can be explained by
fluctuating patch potentials [6, 8] or by thin dielectric
layers (i.e. native oxide or hydrocarbons) on electrodes
[10]. The latest experimental results [12, 16] support
the latter model. It is noted that a clean Au
surface exposed to air would acquire 0.4 monolayers of
hydrocarbon coverage within a few minutes, and that a
vacuum-bake procedure can increase coverage to a few
monolayers [10]. In addition, ion microtraps of planar
electrode geometry have been used to investigate the
influence of electrode surface composition on trapped
ion heating rate. A correlation was observed between
the removal of carbon adsorbed on electrode surfaces,
and a hundred-fold reduction of the heating rate
[17, 18]. A further investigation concerned noise due
to carbon adatom diffusion on Au surfaces [19], which

showed a model for electric field noise in line with
measurements.

We have developed monolithic ion microtrap
devices which are in the form of a linear, segmented
trapping array [20–22]. These devices have a 3D
electrode structure which maximises the depth and
harmonicity of the trapping potential. However,
this 3D structure also makes it inappropriate for
treatment of Au electrode surfaces by the ion beam
method discussed above. In addition to removing
contaminants, an energetic beam (e.g. with Ar+

energies of 300 - 2000 eV [17, 18]) will also remove
Au electrode material since the sputtering threshold
for Au with Ar+ is 15 eV [23]. Redeposition of Au on
dielectric surfaces, intended as insulating gaps in the
electrode structure, risks the creation of an electrical
short thus failing the device.

In contrast, a gentler approach to surface process-
ing has been investigated previously by introducing a
coil near the surface of the trap to generate an Ar
inductively-coupled plasma [24]. The ion bombard-
ment energies produced were approximately 20 eV,
which should be compared to 30 eV threshold for sput-
tering the Nb electrodes of the trap in question. There-
fore, the process is more likely to be selective in the
sputtering of only hydrocarbon material from the elec-
trode surface. Using this method, a four-fold reduction
in heating rate was reported. We adopt an alternative
approach which avoids the need for an inductive coil
in the system. Instead, we generate a capacitively-
coupled, RF microplasma by using the ion trap elec-
trodes themselves. We show this to be suited to in situ,
low-energy, selective sputtering of only the hydrocar-
bon contaminants on electrode surfaces, and not the
Au of the electrodes themselves. This could be a use-
ful technique in future studies of electric field noise,
for separating the effects of surface cleanliness from
any due to electrode surface order [25].

This paper presents measurements to assess
the suitability of using a microplasma for selective
sputtering of adsorbed hydrocarbon contaminants
from electrode surfaces in an ion microtrap device. In
order to do this, the mean ion bombardment energy
(εbom) and particle fluxes need to be determined. The
quantity εbom depends on two essential parameters of
the microplasma, namely the gas temperature (T ) and
the electron density (ne). We used optical emission
spectroscopy (OES) to obtain both of these plasma
parameters. Due to the small length scales of a
microplasma, diagnosing the parameters can be very
difficult without perturbing the plasma. OES is
an established, non-intrusive method which is well-
suited to measuring these parameters, despite the small
length scales involved [26, 27]. On determining these
plasma parameters, εbom was calculated using a model
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that incorporates high-voltage collisional sheaths with
a capacitively-coupled, radio-frequency (RF) discharge
[28]. Furthermore, particle fluxes incident on the
electrode surface were determined, permitting surface
cleaning times to be estimated.

Section 2.1 describes the apparatus used to obtain
the spectroscopic measurements from a microplasma
in the ion microtrap device. Central to the method
presented is that T and ne are determined from
measured spectral linewidths. Section 2.2 details
several different broadening mechanisms which need
to be accounted for. The methods used to determine
the parameters T and ne are described in section 2.3.
Section 3 describes the method for calculating εbom and
surface adsorbate removal times. Data from both pure
and mixed-gas microplasmas is presented in section 4.
The use of the technique for surface treatment of ion
microtrap electrodes is considered in section 5.

2. Experiment and method

2.1. Experimental setup

This work used ion microtrap devices of a monolithic,
3D electrode geometry, similar to that described in
our earlier publication [20]. The devices are made by
metallisation and micromachining of a 350 µm-thick
SiO2-on-Si wafer [21]; the Au electrode pattern is laid
down on the SiO2. Figure 1a illustrates the cross-
sectional format and material system of the electrode
microstructure. Figure 1b shows an example chip
packaged in a ceramic leadless chip carrier. For this
investigation, two architectures of microtrap were used.
The first is a linear array of three trapping zones (figure
1c) [20], whereas the second has seven trapping zones
and a spatially separated ion loading zone (figure 1d);
hereafter these are referred to as type A and type B
microtraps respectively.

A microtrap device was cleaned with a low-power,
oxygen microwave plasma asher for 2 minutes, after
which it was exposed to atmosphere for up to 1
day. Following this, it was contained under vacuum
in a stainless steel chamber, similar to the form of
that detailed in [22], where the ceramic carrier forms
the electrical feedthrough for the vacuum (see figure
2). This procedure is almost identical to that used
to package a device for ion trapping experiments.
Hydrocarbon surface adsorbates accumulate on the
Au electrodes during exposure to air (and also during
vacuum bakeout when preparing a device for ion
trapping) [10]. In contrast to [22], butyl rubber under
pressure forms the vacuum seal between the stainless
steel and ceramic chip carrier. This sealing method
is sufficient for pumping down to pressures P =
10−7 mbar yet it permits rapid and straightforward
swapping of devices under test. The vacuum pumping

and gas lines are so configured as to permit pumping
of the chamber, as well as the introduction of gas and
gas mixtures at controlled partial pressures.

A capacitively-coupled RF microplasma is created
in the 340 µm-wide microtrap aperture by applying
a voltage (of amplitude 130 V 6 URF 6 230 V and
frequency ΩRF /2π = 23 MHz) to the RF electrodes
of the device (see figure 1a). The RF signal source
is a National Instruments PXI 5404 with variable
attenuator (Minicircuits ZX73-2500-S+) for amplitude
control. This signal is amplified (Minicircuits ZHL-
5W-1) and drives a tank circuit which includes the
microtrap. A bi-directional coupler (Minicircuits
ZFBDC20-61HP+) between the amplifier and the tank
circuit samples the forward and reflected powers which,
with the measured build-up factor of the tank circuit,
are used to calculate URF on the electrodes. The
microplasma could be achieved with He and a He:N2

gas mixture where both gases were from sources of
99.999 % purity. Testing with N2 alone was also
possible, but this required URF beyond the range of
the specific test chips used in this study. To generate
the microplasma, the DC electrodes of the device
(see figure 1a) were grounded and the compensation
electrodes were unconnected. It was observed that by
leaving the Si bulk (ρ = 2.6 × 10−3 Ωcm) electrically
floating, a more homogeneous and stable microplasma
was produced in the aperture.

The apparatus used to record the optical emission
spectrum from the microplasma is illustrated in figure
2; this is similar to others reported [26, 29–31]. A pair
of achromatic lenses image the microplasma emission
into a multi-mode fibre. The lenses and fibre are
fixed with respect to each other, however this assembly
can be translated in three dimensions which affords
some spatial resolution. Another achromatic lens
couples the imaged light from the fibre into to an
imaging spectrometer (Horiba iHR550). The spectrum
is detected by an electron-multiplying CCD camera
(Andor Newton DU971N-FI), and the extent of the
microplasma generated is monitored by a CMOS
camera (Thorlabs DCC3240M).

At the operating parameters studied, microplasma
emission was relatively weak. To record a spectral
lineshape with sufficient signal-to-noise at a specific
set of microplasma operating parameters, 10 sequential
EMCCD exposures, each of 10 s duration, were aver-
aged. Sequential acquisitions permitted the detection
of any time-varying microplasma instability. Without
a microplasma operating, the mean background spec-
trum was recorded using the same detection parame-
ters. The lineshape with background subtracted was
used for analysis and determination of the plasma pa-
rameters.
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Figure 1. a) Schematic diagram showing the cross-sectional format of the trap chip aperture. This single-segment cut-out shows
the material system of the ion microtrap. These features are identical for both type A and type B traps. Note that electrodes are
on both front and back sides of the 3D micro-structure. b) Example of a type A microtrap in an electronic package. c) Front-side
electrode layout of microtrap type A. The magnified inset shows the detail of the RF and DC electrodes around the trap aperture.
Rotating the chip around the trap axis (z) by 180◦ would result in the same image from the back-side electrode layout. Chip
dimensions are 8.4 mm × 8.4 mm with a 2.6 mm long aperture. d) Front-side electrode layout of microtrap type B; as in c), the
back-side layout is identical. Chip dimensions are 11.0 mm × 8.4 mm with a 6.4 mm long aperture.

2.2. Optical diagnostics

To determine the gas temperature (T ) and the
electron density (ne), the linewidths of two spectral
features emitted by the microplasma were analysed;
specifically these were the He I 667 nm line and
the Hα 656 nm Balmer Line [32]. In some
microplasmas (where ne 6 1012 cm−3), the Stark
broadening of the He I 667 nm line is negligible
[33]. However, in the experiments reported here
(1014 cm−3 6 ne 6 1015 cm−3), the Stark broadening
of the He I 667 nm line must be taken into account
[34]. Therefore, both measured spectral lines depend
on T and ne. The Hα 656 nm line is particularly
sensitive to ne and is well documented in the literature
[35, 36]. Despite no deliberate introduction of H into
the system, the Hα line was evident and was attributed
to dissociation of trace water vapour [37, 38] in the
vacuum.

The spectral spread of optical emission from
the microplasma consists of Lorentzian and Gaussian

components which convolve to yield a Voigt profile.
The linewidth of the Gaussian component, ∆λG, is
defined as

∆λG = (∆λ2
I + ∆λ2

D)1/2 (1)

where ∆λI and ∆λD are the contributions arising from
instrument and Doppler broadening respectively. The
spectrometer property ∆λI , verified to be of Gaussian
form, was measured using He-Ne laser radiation prior
to each data run. A fit (using a Levenberg-Marqardt
algorithm) to the resultant spectral lineshape gave
values in the range 0.029(4) nm. The linewidth of the
Lorentzian component, ∆λL, is a combination of van
der Waals, resonance and Stark broadening, which are
quantified by linewidth contributions ∆λVW , ∆λR and
∆λS respectively:

∆λL = ∆λVW + ∆λR + ∆λS . (2)

In the analysis that follows, equations quoted from the
literature often contain particular quantities in non-SI
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Figure 2. a) Experimental setup for optical emission spectroscopy. A pressure gauge (not shown) measures the vacuum and
gas pressures in the chamber. The light emitted by the microplasma is imaged using a lens pair (with unit magnification) into a
multimode fibre (50 µm core diameter, 0.22 NA). From the fibre, light is imaged (with magnification of 0.7) into a 0.55 m imaging
spectrometer, where the detector array is an electron-multiplying CCD (pixel size of 16 µm). The spectrometer entrance slit width
was set to 34 µm, and a 1200 lines/mm grating was used to achieve a measured resolution of 0.029(4) nm. Images of the microplasma
were recorded by a CMOS camera at normal incidence to the trap aperture. b) Example of trap type A generating a He microplasma
at P = 390 mbar, ΩRF /2π = 23 MHz and URF = 154 V. c) Example of trap type B generating a He microplasma at P = 400 mbar,
ΩRF /2π =23 MHz and URF = 160 V. The electrode boundaries are overlaid on the images in b) and c). Exposure time was 93 ms
for both images.

units for ease of use. In this section, wavelengths and
linewidths are in units of nm. Other parameters with
non-SI units are specified; otherwise SI units apply.

2.2.1. Doppler broadening
The velocity distribution of ions and atoms in the
microplasma leads to a range of Doppler shifts
associated with any spectral line. The resultant
Doppler broadening contribution to the linewidth,
∆λD, is well documented [26, 34, 39, 40], and can be
written as

∆λD = 2.918× 10−20λ0

(
T

M

)1/2

(3)

where λ0 is the centre transition wavelength, T is the
temperature of the emitters and M is atomic mass of
the emitter. Here T is assumed to be equal to the
gas temperature in the microplasma due to the high
collisional frequency between the emitters and neutral
atoms.

2.2.2. Resonance broadening
Resonance (or self) broadening [41] occurs due to
collisions with neighbouring identical species, where
the transition giving rise to the spectral emission has
an upper or lower energy level with an electric dipole
coupling to the ground state [39]. The associated
contribution to linewidth, ∆λR, can be calculated
using [32,34,41]
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∆λR = 8.61× 10−28

(
gL
gU

)1/2

λrfrλ
2
0nemit (4)

where gL(U) is the statistical weight of the lower (up-
per) level of the transition, λr and fr are respectively
the resonance wavelength and the oscillator strength of
the transition coupling to the ground state, and nemit
is the density of emitter atoms in the ground state (in
cm−3).

2.2.3. Van der Waals broadening
Van der Waals broadening results from the dipole of the
excited emitter particle interacting with the induced
dipole of the surrounding ground state atoms during a
collisional process. The equations and relationships to
quantify this broadening mechanism are detailed in [39]
and reproduced here. The associated contribution to
spectral linewidth, ∆λVW , is given by

∆λVW = 8.18× 10−19λ2
0(R2α)2/5

(
T

µ

)3/10

ng (5)

where R2 is a transition-dependent constant (in units
of the Bohr radius a0), α is the average polarisability
(in cm3), µ is the emitter-perturber reduced mass (in
amu) and ng is the neutral gas density (in cm−3). Here
R2 can be calculated as R2 = R2

U −R2
L, where L(U) is

the lower (upper) energy level of the transition,

R2
L(U) =

n∗2L(U)

2
(5n∗2L(U) + 1− 3lL(U)(lL(U) + 1)). (6)

The orbital quantum number of the transition level
is denoted by lL(U) and the square of the effective
quantum number n∗2L(U) is

n∗2L(U) =
IH

IIP − EL(U)
(7)

where IH is the ionisation potential of hydrogen, IIP
is the ionisation potential of the emitter atoms (both
in cm−1) and EL(U) is the energy of the lower or upper
levels of interest (in cm−1). The average polarisability
of the emitter can be estimated using

α =
9

2
a3

0

(
3IH
4Eex

)2

(8)

where the Bohr radius a0 is in units of cm, Eex (in
cm−1) is the energy of the first excited level of the
perturber particles.

2.2.4. Stark broadening
Due to the presence of charged perturbers in the
microplasma such as ions and electrons, the Stark effect
can broaden the spectral emission. The magnitude of
the effect varies across different species. The Stark
broadening contribution to the linewidth, ∆λS , for H
lines in an non-equilibrium discharge (as in this work),
can be written as [42]

∆λS,H = 2.05× 10−11n0.63
e (9)

where ne is in cm−3. For He I lines, the analysis
in [43] permits the Stark broadening of these lines to
be calculated as

∆λS,He = 2ω0

(
ne
ne,0

)[
1 + 1.75α0

(
ne
ne,0

)1/4

×

(
1− 0.068n1/6

e T−1/2
e

)]
,

(10)

where the electron impact half-width 2ω0 (in nm) and
the ion broadening parameter α0 can be found for a
range of values of the reference electron density ne,0
(in cm−3) and Te [43, 44].

2.3. Lineshape fitting procedure

This section describes how the plasma parameters
T , ne (which are necessary for calculating εbom)
were determined from spectral emission at a specific
combination of P and URF . A particular problem with
fitting a Voigt function to a spectral feature is that the
Gaussian and Lorentzian components can vary over a
wide range, yet produce very similar lineshapes [26].
For example, the Hα 656 nm lineshape is a function of
T and ne, but due to the low signal-to-noise ratio of this
emission, multiple solutions are possible. Therefore a
two-line Voigt function was fitted (using a Levenberg-
Marquardt algorithm) to a spectrum consisting of the
Hα 656 nm and the He I 667 nm lines; the linewidths
are dependent on T and ne, which were free parameters
in the fit.

The function fitted to the two-line spectrum was

fV,H,He = fV,H + fV,He (11)

where the Voigt lineshape fV,x (x ∈ {H,He}) is given
by [26]

fV,x =
2ln2∆λL,x
π3/2∆λ2

G,x

×∫ +∞

−∞

exp(−t2)(
2(ln2)1/2 (λ−λ0)

∆λG,x
− t
)2

+
(

(ln2)1/2 ∆λL,x

∆λG,x

)2 dt.

(12)
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The lineshapes fV,H and fV,He have components ∆λL
and ∆λG appropriate for the Hα and He I spectral
lines. The constants associated with fitting a Voigt
lineshape to these spectral features are listed in table
1.

Table 1. Constants, defined in the text, which are used in the
fitting procedure outlined in section 2.3. He and Hα denote the
He I 667 nm and Hα 656 nm transitions respectively. In lines 9
- 12, the subscripts a and b denote values corresponding to an
electron temperature Te = 20000 K and 40000 K (1.72 eV and
3.45 eV) respectively, which covers the range in the experiments
reported here. These ω0 and α0 are referenced at ne,0 =
1018 cm−3.

Transition Symbol Value Reference

He gL 1 [41]
He gU 3 [41]
He λr 58.4334 nm [41]
He fr 0.2762 [41]
He IIP 198311 cm−1 [41]
He EL 171135 cm−1 [41]
He EU 186105 cm−1 [41]
He Eex 171135 cm−1 [41]
He ω0a 3.66 nm [44]
He ω0b 3.29 nm [44]
He α0a 0.52 [44]
He α0b 0.56 [44]
He, Hα IH 109737 cm−1 [39]
Hα EL 82259 cm−1 [45]
Hα EU 97492 cm−1 [45]

Since the Hα emission arises from a trace gas, ∆λR
was neglected in that instance. Using the relations
shown in equations (1) - (3), (5) and (9), ∆λG,H and
∆λL,H are described by

∆λG,H = (∆λ2
I + 5.129× 10−13λ2

0T )1/2 (13)

and

∆λL,H =

(
4.652×10−11 Pλ

2
0

T 7/10

)
+(2.05×10−11n0.63

e ),

(14)
where ne is in cm−3.

The He I 667 nm line depends on ∆λI , ∆λD, ∆λR,
∆λVW and ∆λS . From equations (3), (4), (5) and (10)
the He line is also a function of T and ne. The Voigt
function in equation (12) can then be re-written with
∆λG,He and ∆λL,He in the form

∆λG,He = (∆λ2
I + 1.282× 10−13λ2

0T )1/2 (15)

and

∆λL,He =(
3.537× 10−11 Pλ

2
0

T 7/10

)
+

(
5.811× 10−10Pemitλ

2
0

T

)
+

2ω0ne
1018

(
1 + α0n

1/4
e 1.75× 10−4.5

(
1− 0.068n1/6

e T−1/2
e

))
,

(16)

where Pemit is the partial pressure of the emitters and
ne is in cm−3. The Stark broadening parameters ω0

and α0 are referenced at ne,0 = 1018 cm−3 and the
values used in this work can be found in table 1. A
linear interpolation between documented values was
used in order to determine the parameters for a given
Te. Equation (16) depends on Te, which in turn is a
function of T . The method used to calculate Te for
a given T can be found in Appendix A.1. Since Te
cannot be solved analytically, then for each iteration
of the fitting routine, a new value for Te is calculated
numerically (using a Newton-Raphson method). An
example of a fit used to determine ne and T is shown
in figure 3. For ease of comparison to other published
data, ne and T can be applied to the relevant equations
in section 2.2 to calculate broadening contributions
∆λD, ∆λVW , ∆λS and ∆λR.

3. Quantifying surface effects

Once T and ne have been measured, three plasma
parameters must be calculated, to enable subsequent
calculation of the principal parameters of interest.
Appendix A describes the detail of how the electron
temperature Te(T ), the ion velocity us(T, ne) and
density ns(T, ne) at the sheath edge were calculated.
From these three parameters, the average surface
bombardment energies for ions can be calculated using
models set out in [28] and [46]. Additionally, the
flux of particles with sufficient energy to sputter
surface adsorbates can be determined; in turn, this
can be used to estimate times required to clean the
microtrap electrode surfaces from adsorbates. The
discharge studied in this work is a low-frequency,
capacitively-coupled discharge at high pressure and
with high-voltage, collisional sheaths. This specific
regime permits some standard approximations in the
calculations. In the equations presented in this section,
all quantities are in SI units. However, specific values
for energies are quoted in eV to be consistent with the
literature on this topic.

3.1. Calculating the ion bombardment energy

In a collisional microplasma, the maximum sheath
thickness sm is greater than the mean free path λi of an
ion [28]. As an ion is accelerated across the sheath, the
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Figure 3. Examples of He I 667 nm and Hα 656 nm spectral line data observed at plasma parameters of P = 590 mbar, ΩRF /2π =
23 MHz and URF = 182 V. From the fit to both lineshapes (see equations (11) - (16)), T = 323(12) K and ne = 5.8(7)×1014 cm−3,
where the errors are 1σ statistical from the fit only. a) Hα 656 nm line data (blue points) and Voigt lineshape fitted using equations
(12), (13) and (14). Broadening contributions: ∆λI=0.0261 nm, ∆λD= 0.0085 nm, ∆λV W =0.0207 nm, ∆λS=0.0408 nm. The
studentised residuals are shown below the lineshape. b) He I 667 nm line data (blue points) and Voigt lineshape (red line) fitted using
equations (12), (15) and (16). Broadening contributions: ∆λI=0.0261 nm, ∆λD= 0.0043 nm, ∆λV W =0.0183 nm, ∆λR=0.0473 nm,
∆λS=0.0046 nm. The studentised residuals are shown below the lineshape.

resulting collisions dissipate energy and lead to lower
surface bombardment energies. Here λi is calculated
using the hard sphere model via [28]

λi =
kBT

σP
(17)

where kB is the Boltzmann constant and σ is the
collisional cross-section for the particular particle
interaction in question [28]. For a He-He collision
σHe−He = 1.36×10−19 m2 [46]. For a He+-He
interaction we calculate the mean of the energy-
dependent cross-section in the 1-10 eV range to be
σHe+−He = 3.10×10−19 m2 [28, 47].

The typical mean free path of an ion is in the sub-
micron range. In addition, the time-varying sheath
thickness is given by [28]

s(t) =

[
1.43ε0

(
2eλi
πM

)1/2
Vs(t)

3/2

ensus

]2/5

(18)

where e is the electronic charge, M is the ion mass,
ε0 is the free-space permittivity, and Vs(t) is the time-
varying sheath voltage.

Since the discharge is of low-frequency character,
i.e. the RF drive frequency is much less than the ion
plasma oscillation frequency, the ions respond to the
instantaneous electric field. Furthermore, the electron
energy relaxation time (∼ 3 ps) is shorter than the
RF period (43 ns) and as a result, the electron energy
distribution is strongly modulated by the applied RF
field. Therefore, the sheath can be approximated as
a succession of DC sheaths at different points in the
RF phase [27]. The sheath voltage Vs for a low-
frequency plasma with high-voltage sheaths, i.e. where
eVs � kBTe, is [28]

Vs =

{
URF sin(ΩRF t), 2nπ < ΩRF t < (2n+ 1)π,

0, (2n− 1)π 6 ΩRF t 6 2nπ.

(19)
For the plasma regime in this work, the ion
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bombardment energy, and the flux energy distributions
of the ions and neutrals discussed in section 3.2, can
be found following the analysis of Hagelaar et. al. [46].
The time-varying mean ion bombardment energy γ is
given by

γ =
eE

ngσHe+−He
. (20)

Here, ng is the gas density, σHe+−He refers to collisions
in the sheath and the electric field E in the sheath
is [28]

E =

(
3ensus

2ε0(2eλi/πM)1/2

)2/3

s2/3, (21)

where s has a time dependence according to equation
(18). The time-averaged mean bombardment energy

εbom = 1
t

∫ t
0
γdt is calculated using equations (18), (20)

and (21). The sheath voltage is effective at accelerating
the ions to the electrode over only half of the RF cycle
(equation (19)), thus

εbom =
eE0

πngσ

∫ π

0

(sin θ)2/5dθ, (22)

where θ = ΩRF t and E0 is the electric field when
Vs = URF .

3.2. Estimating the adsorbate removal time

As ions are accelerated in the sheath, collisions
result in a flux of both neutral atoms (with time-
varying energy distribution Γn(ε)dε) and ions (with
time-varying energy distribution Γi(ε)dε) impacting
upon the electrode surface. Approximate surface
processing times can be calculated for both the ions
and neutral atoms; this relies on knowing the time-
averaged particle flux incident on the electrode surface,
Φx where x ∈ {i, n}.

Noting the current continuity condition [28] and
subsequently that

∫∞
0

Γi(ε)dε = nsus, then at an
instantaneous value of sheath voltage, the time-varying
energy distribution of the ion flux at the surface is

Γi(ε)dε =
nsus
γ

exp

(
− ε

γ

)
dε. (23)

To calculate Φi in an oscillating low-frequency sheath,
the instantaneous ion flux must also be time-averaged
over half of the RF cycle. After accounting for the 50 %
duty cycle of the sputtering process, Φi is given by

Φi =
1

2π

∫ εup

εth

∫ π

0

nsus
γ0(sin θ)2/5

×

exp

(
−ε

γ0(sin θ)2/5

)
dθdε.

(24)

Here, γ0 is the instantaneous mean ion bombardment
energy when E = E0, and εth = 12.3 eV is the
sputtering threshold (see section 4). εup is the absolute
upper limit of the ion energy (i.e. no collisions when
crossing the sheath at maximum potential), which is
given by

εup =
M

2

(
2smeE0

M
+ u2

s

)
. (25)

Typically, 330 eV 6 εup 6 500 eV.
The bounds of the neutral flux energy distribution

Γn(ε)dε for an instantaneous sheath voltage are given
in [46]. The upper and lower limits respectively are
given by

Γn(ε)dε <
σHe+−He
σHe−He

(
1 +

2γ

ε
+

2γ2

ε2

)
Γi(ε)dε (26)

and
Γn(ε)dε >

σHe+−He
σHe−He

Γi(ε)dε. (27)

Φn is calculated in a similar fashion to Φi as above,
at both limits of Γn(ε)dε. From these two limits, a
mean value of Φn is calculated. In doing so, this
requires calculation of σHe+−He [28, 47] in the range
εth 6 ε 6 εup; we use a mean value (weighted with
respect to Γn(ε)dε) of σHe+−He = 2.1× 10−19 m2.

The removal of an adsorbed hydrocarbon layer is
described by the rate equation [48]

dNa
dt

= −ΦxσaNa(t), (28)

where Na is the adsorbate surface density and σa
is the sputtering cross-section calculated following
the approach of [48, 49]. Note that a limitation
of this approach is that it does not take into
account redeposition of the sputtered material through
processes such as back-diffusion and back-scattering
[50,51].

Solving equation (28) gives Na = N0 exp(−t/τa),
where N0 is the initial adsorbate surface density and
τa = (Φxσa)−1 is the time constant for the process.
The time taken to reach a target surface density for
the adsorbate, Nt, is then given by

tclean =

(
ln
N0

Nt

)
τa. (29)

An estimate of Na(t = 0) = N0 for a hydrocarbon
adsorbate was made on the basis that the average H-
C bond length is 110 pm [52]; assuming a grid of
these bonds in two monolayers, we estimate N0 =
4.1 × 1019 m−2. In reality, the hydrocarbon density
will depend on the exact structure of the hydrocarbons
themselves and the adsorption sites that exist on the
electrode surface.
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4. Results and discussion

In the remainder of this paper we quote values for
energies, electron density and pressure in eV, cm−3

and mbar for consistency with the literature on this
topic.

It is advantageous to maximise the microplasma
coverage of electrodes, to minimise redeposition
of sputtered particles [51] onto trapping electrode
surfaces. Figures 2b,c present two example images to
illustrate the coverage that was attained. Quantitative
data on the electrode coverage for a single trap chip
of each type is presented in figure 4. This shows
that adequate coverage of the trapping zones can be
achieved for trap type B at 330 mbar 6 P 6 440 mbar.
In trap type A the microplasma covers both sides of the
aperture less symmetrically than in type B, resulting
in incomplete trapping zone coverage. However at
data points corresponding to P = {390, 450, 490} mbar
coverage is almost complete. Improved coverage would
result from a higher URF , but this was not possible due
to limitations of the particular test device used here.

Four microtrap chips, two of each device type,
were used to make repeated spectroscopic measure-
ments in a pure He microplasma. Figure 5a shows
the voltage amplitudes URF at which the plasma spec-
troscopic measurements were recorded. These ampli-
tudes do not correspond to the threshold for plasma
breakdown, but instead to the conditions where the
microplasma had the greatest coverage and homogene-
ity over the extent of the device aperture. The spec-
troscopy measurements were recorded over a pressure
range of 350 - 910 mbar for trap type A and a range of
290 - 490 mbar for trap type B. Two primary factors
limited the ranges of URF and pressure. First, the mi-
croplasma can become delocalised; we observed light
emitted outside the aperture and along the tracks on
the surface of the device. Secondly, there was also the
risk of generating a microplasma at the wirebonds that
make the electrical connection from the ceramic chip
carrier to the trap. In both cases, a plasma constric-
tion could sputter the electroplated Au and result in
electrical shorts. With the normal microplasma oper-
ating conditions established, the plasma was confined
to the microtrap aperture when struck.

The gas temperature T and electron density ne
were determined using the methods in section 2 and the
results can be seen in figure 5b,c. For a microplasma
maximally distributed in the trap aperture, T shows
a positive correlation with pressure, ranging from
around room temperature up to as much as ∼ 460 K.
This is to be expected from pressure alone, however
note that for some data sets, the increase in URF
accompanying the pressure increase (see figure 5a) is
also expected to raise T [33,40,42,53]. Typical values of
T for microplasmas under similar conditions have been

reported in the range 300 K . T . 600 K [32, 33, 54].
A low gas temperature in the microplasma is beneficial
since it decreases the possibility of thermal damage to
the microtrap. The error bars in figure 5 comprise
uncertainties due to the statistics of the fit (1σ), the
Stark and instrument broadening components, and in
some instances a small but noticeable deviation from
the ideal Voigt lineshape.

It has been pointed out in other work [55] that
semiclassical theory calculations of neutral atom Stark-
broadened linewidths agree with experiment to within
± 20 %. From analysis of the fitting routine, we
estimate that this contributes additional uncertainties
of only ± 2 % to T and ± 1 % to ne. We estimate
that the uncertainty in the instrument broadening
contributes uncertainties of ± 1 % in T and ± 2 %
in ne. For a few data points, the results of the
fitting routine appear to suggest values of T below
room temperature. However, in those instances we
observe that the wings of the He I lineshape deviate
by a small amount from the ideal Voigt profile (the
cause of this is not known). In such cases, the
fit overestimates the Lorentzian component and thus
underestimates T . From further analysis, we estimate
that the associated systematic errors in T and ne are
+ 45 K and + 4×1013 cm−3 for those particular points.
In those cases, these errors are added to the upper error
bounds of both quantities. For those points, T then
extends above room temperature.

Micro-scale plasmas operate at a much higher
pressure than those on a larger scale. As a result, they
can also obtain higher densities of charged particles.
The results for the measured ne are presented in
figure 5c. A weighted, linear, least-squares fit to the
measured ne showed a weak positive correlation with
increasing pressure and voltage over the ranges tested.
This observed trend is consistent with literature [53,
56].

Using the data in figures 5b,c, the time-averaged
mean bombardment energies εbom were calculated and
are displayed in figure 5d. The results show that
within the voltage and pressure ranges tested, the mean
ion bombardment energy is 0.3 eV 6 εbom 6 2.1 eV
(this is the range covered by the data and associated
error bar extremes). These results are consistent
with εbom calculated using numerical simulations of
He microplasmas operating in a regime similar to
that reported here. For example, simulations of
microplasmas in a device with a 200 µm electrode
spacing, operating at 200 V 6 URF 6 400 V, ΩRF /2π=
13.56 MHz and P = 1000 mbar, have shown mean
bombardment energies that ranged from 1 eV 6
εbom 6 3 eV [27].

During the proposed microplasma processing
procedure, it is essential that while contaminants
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a)

b)

Figure 4. Example of aperture coverage in the axial direction (∆z) attained for a) trap type A and b) trap type B, using a He
microplasma at Ω/2π = 23 MHz. For ease of displaying multiple data points at identical pressures, the data is binned into consecutive
pressure ranges (20 mbar in type A and 10 mbar in type B). For each data point, the error bars denote the plasma extremes and the
boxed region indicates where the plasma symmetrically covers both sides of the aperture in the axial direction. The shaded region
in each figure corresponds to the trapping zones of each device, which are the principal electrodes requiring surface processing. a)
Trap type A aperture coverage data taken at URF 6 150 V is in blue and URF > 150 V is in red. b) Trap type B aperture coverage
data taken at URF 6 190 V is in blue and URF > 190 V is in red.

get removed, there is little or no damage to the
actual electrode surface. The energy threshold for
sputtering of amorphous hydrocarbons by He, εth, can
be calculated using the equation [57]

εth =

[
7.0

(
MC

MHe

)−0.54

+ 0.15

(
MC

MHe

)1.12
]
εsb, (30)

where MHe and MC are the masses of He and C
atoms respectively, and εsb = 2.8 eV is the surface
binding energy for amorphous hydrocarbons [58].
From equation (30), εth was calculated to be 12.3 eV;
figure 5d demonstrates that the microtrap devices
operate in a regime where εbom is well below this
threshold, and indeed substantially below the 57 eV
threshold for He sputtering Au [23]. Consequently,
the processing procedure for removal of adsorbed
hydrocarbon contaminants will be reliant on the upper
tail of the energy distribution.

The estimated sputtering time constants, τa =
(Φxσa)−1, for hydrocarbon surface adsorbates are

presented in figure 6. Estimates for processing times
tclean, to achieve an arbitrary target adsorbate density
Nt of 1 mm−2, were calculated using equation (29)
and a calculated value for σa. Up to 500 eV, σa
is only weakly dependent on projectile energy, so we
approximate it with the mean value in that range,
σa = 1.52 × 10−20 m2 [48, 49]. The auxiliary axis
of figure 6 also shows the data scaled to tclean for
Nt = 1 mm−2. The estimated surface processing times
varied upwards from ∼ 60 s over the P and URF
ranges tested. Equation (29) shows that to reduce the
adsorbate density by an extra factor of 100 requires
an increase in tclean of only 4.6τa. Figure 6 indicates
that the flux of neutral atoms can have a substantial
effect on the electrode surface that is comparable, if not
greater, than the effect of the ions themselves. Other
simulations and experiments have shown that fast
neutrals can significantly contribute to the sputtering
effect on the electrode surface [59–62]. For instance, in
an O2 plasma sputtering a Cr surface at P = 0.01 mbar,
30 % of the total rate of sputtering was attributed to
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Figure 5. Measurements to determine the average ion bombardment energy with He at ΩRF /2π = 23 MHz. Four individual devices
were used (denoted by subscripts I - IV in the legend). a) Operating URF values for a microplasma confined to the aperture with
maximum coverage, for trials 1-4 in trap type A (circles) and trials 5-7 in trap type B (diamonds). b) T , and c) ne, as measured
from Voigt lineshapes fitted to the He I 667 nm and Hα 656 nm lines, using the URF from (a) and the method in section 2.3. d) εbom
calculated from measured results in (a-c) via time-averaging of equation (22). The uncertainties in εbom values are propagated from
those in T and ne, which are described in the text. The legend shown in a) applies to all plots. Between trials with the same device,
removal from vacuum and subsequent pre-trial preparation could contribute to the spread of pressure-voltage characteristics. Minor
defects (e.g. surface quality and wirebonding) in devices of the same type will also contribute to differences in these characteristics.
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Figure 6. Estimated time constants τa for removal of hydrocarbon surface adsorbates on the microtrap electrodes. The estimates
are based on fluxes calculated from measured plasma parameters. The τa due to ion flux are in open symbols, whereas those due to
neutrals are in filled symbols. The latter are based on the mean of the upper and lower limits of the neutral flux. Error bars are
propagated from the uncertainties in the spectroscopic measurements. The data is shown for He using trap types A and B (circles
and diamonds respectively) and for trap type B using He with 1 % N2 and 2 % N2 (squares and stars respectively). The separated
axis on the right of the graph shows the estimated time required to remove two monolayers of hydrocarbon adsorbates and reach a
target adsorbate surface density of Nt = 1 atom/mm2. The coloured horizontal lines indicate surface cleaning times of 1 s (dashed),
1 minute (solid), 1 hour (dotted) and 1 day (dashed and dotted).

neutrals [61]. As the pressure increases and the ion
undergoes more collisions in the sheath, the relative
proportion of fast neutrals generated is expected to
increase.

For trap type B, since the microplasma approaches
a homogeneous spread at higher voltages, the ions are
more energetic and the estimated surface processing
time is less than that for trap type A. For a
microplasma that is well distributed in the aperture
of trap type A, the optimal processing parameters are
likely to be around P = 360 mbar and URF = 160 V
for around 40 minutes. For trap type B, the optimum
condition would be to operate the microplasma at P =
350 mbar and URF = 200 V, with tclean = 60 s.
However, it should be noted that the model presented
here is merely an approximation, since it does not
account for the exact nature of the transportation

of sputtered impurities. This same approximation
was made in other work modelling microdischarges
in coplanar geometries [60]. Sputtered contaminants
could become negatively charged and confined within
the plasma. Alternatively, after several collisions the
sputtered particles can leave the plasma and diffuse
in all directions to insignificant surfaces [51]. Finally,
sputtered material may be redeposited on the electrode
surfaces via back-diffusion or back-scattering processes
[51]; in that case a greater tclean would be required.

The effect of the microplasma on the electrode
material itself can be estimated by considering the
time constant for removal of gold surface layers, τAu =
(ΦHe,maxσHe−Au)−1. Here, ΦHe,max is the maximum
neutral He flux density in the range ε > εth = 57 eV
(the Au sputtering threshold), and σHe−Au = 1.42 ×
10−20 m2 is the calculated sputtering cross-section for
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He with Au [48, 49]. In similar fashion to before,
we calculate a weighted mean of σHe+−He = 1.2 ×
10−19 m2 for energies greater than εth = 57 eV. For
the optimum processing parameters above, ΦHe,max '
9.2× 104 m−2s−1 (trap type A) and ΦHe,max ' 7.1×
1010 m−2s−1 (trap type B). Thus for the microplasmas
observed in this work, we estimate τAu,A ' 7.8×1014 s
and τAu,B ' 1×109 s (where subscripts A and B denote
the trap type), which are orders of magnitude greater
than τa. These values of τAu show that sputtering of
Au is expected to be negligible. To avoid electrical
breakdown, it is important that Au is not sputtered
and redeposited on the insulating SiO2 surface (see
figure 1a).

To verify that the electrodes were undamaged by
the generation of the microplasma, images of internal
Au surfaces in a type B ion trap were taken before
and after an appropriate surface processing procedure
(duration of 15 minutes, which for that particular
data point was ∼ 27τa). Images were recorded at
five axial (z) positions along the full extent of both
an RF electrode, and also a DC electrode array. At
each z position, three images were recorded along the
x direction because the oblique viewing angle lacked
sufficient depth of focus. In all positions but one, no
difference was observed between the ‘before’ and ‘after’
images (see figure 7a,b). The end of the RF electrode
was the one exception (see figure 7c,d) where a slight
tarnishing near the corner tip was apparent. This effect
is likely due to the localised high field emission which
is a consequence of the electrode geometry. Since the
effect is at a spatial location that is far removed from
trapping zones it is considered to be negligible.

In addition to trials with pure He, gas mixtures
of He and N2 were tested. With N2 it is possible
to chemically sputter the hydrocarbon contaminants
from the electrode surface, as opposed to the physical
sputtering by He. The particular test devices used in
this study were limited in applied URF , due to plasma
formation around wirebond connections outside of the
device aperture. Since N2 has a higher breakdown
voltage than He [63, 64], this limitation restricted the
concentrations of N2 in He to between 1 % and 2 %.
The results for a single data set using a type B trap
can be seen in figure 8. Further testing with the
same trap has shown these results to be repeatable.
The data for the He:N2 mixtures shows the bounds
of εbom in the range 1.2 eV 6 εbom(He) 6 4.1 eV;
these energies are approximately double those evident
in the pure He microplasmas. From P = 400 -
500 mbar, the URF limit of the device under test
was less than the amplitude required to achieve a
microplasma extending across the full length of the
device aperture. Figure 8e shows that, with this
limitation, microplasma coverage of the trapping zones

Before Aftera) b)

c) d)

Figure 7. Sample pictures of electrode internal surfaces before
and after microplasma processing with He at P = 360 mbar,
ΩRF /2π = 23 MHz and URF = 160 V for 15 minutes (∼ 27τa,
where τa = 33 s for these operating parameters). Centre of DC
electrode array a) before and b) after microplasma processing.
Similarly, one end of an RF electrode c) before and d) after
processing. These images were recorded with the electrode’s edge
nearest the aperture in focus.

was almost complete at P = {350, 400} mbar with
1 % N2. To calculate εbom associated with the
He ions the partial pressure of He:N2 gas mixture
was taken into account when calculating the sheath
thickness s in equation (18). The estimated τa for
the He:N2 microplasmas are presented alongside the
values for pure He microplasmas in figure 6. Similar to
before, this also shows the estimated tclean to achieve
Nt = 1 mm−2. This He:N2 data shows lower τa than
for pure He at the lowest pressures, which is due to
achieving higher values of εbom. Estimated cleaning
times are in the range 2 s 6 tclean 6 650 s. These
results suggest that a He:N2 gas mixture could reduce
surface processing times, in comparison to pure He.
A more stringent comparison is to consider only the
data where maximum coverage of the trapping zones
was achieved. In that case, with 1 % N2 in He at
P = 350 mbar and 400 mbar, tclean = 74 s and 43 s
respectively. This is comparable to tclean = 60 s at the
optimum conditions for pure He as stated earlier.

5. Conclusions and outlook

We demonstrated a capacitively-coupled, RF mi-
croplasma inside the 3D electrode structure of an ion
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Figure 8. Measurements to determine the average ion bombardment energy with a He:N2 mixture at ΩRF /2π = 23 MHz. a)
Operating URF values for a microplasma confined to the aperture of trap type B, for N2 concentrations of 1 % (filled circles) and
2 % (empty squares). b) T , and c) ne, as measured from Voigt lineshapes fitted to the He I 667 nm and Hα 656 nm lines, using
the URF from (a) and the method in section 2.3. d) εbom calculated from measured results in (a-c) via time-averaging of equation
(20). The uncertainties in εbom are propagated due to those in T and ne, determined in a similar manner to that for the pure He
data. The axial spatial extent ∆z of the microplasmas in this data set is shown in e); at P = {300, 350, 400} mbar the range bars
are offset slightly from the exact P for clarity.
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microtrap device. The parameters associated with a
He microplasma, i.e. gas temperature T and electron
density ne, were both determined by OES of the He I
667 nm and Hα 656 nm lines, without perturbing the
microplasma. Mean ion bombardment energies were
calculated using the measured T and ne. Our results
suggest that the microplasma technique is suited to in
situ selective removal of surface adsorbates from ion
microtrap electrodes.

Due to the highly collisional nature of the
microplasma, the mean ion energies were found to be
much lower than the sputtering thresholds of both the
hydrocarbons and Au. It was found that in a He
microplasma, 0.3 eV 6 εbom(He) 6 2.1 eV. Testing
with a He:N2 gas mixture indicated that higher ion
energies in the range 1.2 eV 6 εbom(He) 6 4.1 eV
can be achieved. Concerning the suitability of these
microplasmas as a technique for the selective removal
of surface adsorbates from ion microtrap electrodes,
it will be reliant on the high energy tail of the
energy distribution. Estimated surface processing
times were calculated and showed that cleaning times
down to ∼ 40 minutes for type A microtrap chips
should be sufficient for removal of two hydrocarbon
monolayers. For trap type B, corresponding times were
estimated to be 60 s. Under operating parameters
for these results, the microplasma extent across all
trapping zone electrodes was almost complete for type
A and complete for type B. For He:N2 mixtures under
the same electrode coverage condition, the estimated
cleaning time was in the range 43 s 6 tclean 6 74 s.
During these times, the sputtering of Au from the
electrode surface is expected to be negligible, which
was confirmed by optical microscopy.

The principle of the microplasma technique
presented here is widely applicable to other ion traps
with a 3D electrode geometry, both micro-structured
and otherwise. Furthermore, it is possible that the
general principle could also be applied to microtraps
with a 2D electrode geometry. In principle, the
technique should be applicable to a range of metallic
electrode materials.

For effective use as an ion microtrap, the device
must be contained in vacuum at around 10−11 mbar.
Earlier work has shown that hydrocarbons adsorb
onto electrode surfaces during vacuum bakeout to
reach this pressure [17]. Therefore, it is necessary to
conduct the proposed microplasma surface treatment
process after this bakeout, while recovering to a
similarly low pressure after post-processing pump
down. This will require the microplasma gas to be
of the highest purity grade and be introduced via
vacuum-baked gas lines, such that residual gas analysis
of the evacuated chamber shows recovery of the pre-
processing condition. Furthermore, it is necessary that

any gas used does not react with elemental species
in the vacuum. The use of an inert gas such as
He is advantageous for such a procedure. While
the aforementioned procedure is possible in principle,
care will be required in order to achieve the desired
cleanliness for ∼ 10−11 mbar pressure upon post-
processing pump down.

When operating the microplasma after the system
bakeout to achieve ∼ 10−11 mbar, water vapour will
be virtually eliminated from the vacuum chamber.
Therefore, the Hα 656 nm line needed for the OES
will be absent, but this is not a significant problem.
The analysis presented here shows that a suitable
combination of P (He), ΩRF /2π and URF can be
predetermined, so that ne and T are well defined
and the resultant εbom and tclean is known. Thus,
it seems reasonable to conclude that with careful
measurements characterising the procedure on an
identical system, spectroscopic measurements during
the actual microplasma processing step after bakeout
are not necessary.

The current study shows that there is experimen-
tal evidence to suggest that a small fraction of ions
and neutrals in the microplasma are sufficiently ener-
getic to remove amorphous hydrocarbon adsorbates.
In principle, it is possible to record the temporal evo-
lution of the sputtering process via optical emission
from the sputtered film, e.g. via CH(A-X) spectral
line at 431 nm [65]. However, our apparatus does not
have the sensitivity to detect such emission due to the
much thinner surface adsorbate film expected on our
devices [66]. Further experimental work with a more
complex apparatus could be done to investigate this,
where the ion microtrap and microplasma system are
incorporated with a surface analysis apparatus. This
would permit analysis of a contaminated surface im-
mediately before and after in situ microplasma pro-
cessing without exposure to atmosphere, similar to the
approach of [17]. However, the true effectiveness of
the microplasma technique for its intended purpose
will only become apparent with a direct comparison
of trapped-ion heating rates measured before and after
processing.

Previous work using energetic ion beams removed
not only the hydrocarbon contamination, but also the
electrode material [17, 18, 25]. The method that we
describe here operates at much lower bombardment
energies, and so offers the prospect for selective removal
of only the surface adsorbates. The technique could
be particularly useful in future studies of electric field
noise, for separating the effects of surface cleanliness
from any due to electrode surface order [25].
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Appendix A. Calculation of plasma parameters

The calculations of the average particle bombardment
energy, the particle flux and the cleaning time all
rely on the knowledge of three plasma parameters,
which themselves are dependent on the electron
density ne and the gas temperature T (i.e. those
parameters measured by spectroscopy). The first of
these parameters is the electron temperature Te(T )
in the bulk of the microplasma; along with ne, this
enables the ion velocity us(ne, T ) and ion density
ns(ne, T ) at the sheath edge to be calculated. This
appendix describes the analysis for determining the
values of Te(T ), us(ne, T ) and ns(ne, T ). Unless stated
otherwise, all equations in this appendix are from
[28] (with appropriate modifications to incorporate
all parameters in SI units). The assumed operating
regime is that of a low-frequency, capacitively-coupled
discharge at high pressure and with high-voltage,
collisional sheaths.

Appendix A.1. Electron Temperature in a High
Pressure Discharge

In the bulk of the microplasma at high pressures, Te
can be found by numerically solving the equation[

Kmi(T )Kiz(Te)
]1/2

uB(Te)
=

π

ng(T )l
, (A.1)

where Kmi and ng are functions of T , and Kiz and
uB are functions of Te. Here Kmi is the rate constant
for ion-neutral collisions in which momentum transfer
occurs. Kiz is the ionisation rate constant, uB is
the Bohm velocity, ng is the gas density and l is the
electrode separation. The Bohm velocity is defined by

uB =

(
kBTe
M

)1/2

(A.2)

where M denotes the ion mass.
The ion velocity in the microplasma bulk, u0, is

required to calculate Kmi:

Kmi = u0σHe+−He,B . (A.3)

where σHe+−He,B = 5×10−19 m2 is the calculated He
ion and neutral atom collisional cross-section in the
plasma bulk [28, 67]. Due to the highly collisional
nature of the discharge, the ions in the microplasma
bulk are assumed to be in thermal equilibrium with
the neutral atoms. Therefore, assuming a Maxwellian
distribution associated with the ions,

u0 =

(
8kBT

πM

)1/2

(A.4)

and so equation (A.3) can be rewritten as

Kmi = σHe+−He

(
8kBT

πM

)1/2

. (A.5)

In contrast, the atom ionisation rate constant Kiz

requires knowledge of the electron velocity in the bulk
of the microplasma, ue. Similar to above, this is
determined by assuming a Maxwellian distribution of
electron energies, thus

ue =

(
8kBTe
πm

)1/2

, (A.6)

where m is the mass of the electron. Strictly speaking,
the microplasma generated should have an electron
energy distribution (EED) that consists of three groups
[27, 53]; a) the low energy electrons that are confined
by the ambipolar potential in the microplasma bulk,
b) the mid-energy electrons capable of escaping from
the discharge, and c) the high-energy electrons due
to accelerated secondary electrons in the sheath.
Here, the high-energy tail of the distribution within
the microplasma bulk can be neglected due to the
short penetration depth when compared to the inter-
electrode distance [27]. The EED is therefore more
accurately described by a bi-Maxwellian distribution.
However, it should be noted that the density of the
mid-energy electrons is several orders of magnitude
smaller than that of the low energy electrons. We
find that the error associated with the average electron
energy, due to neglecting the mid-energy electrons, is
small in comparison to the statistical error in fitting
the spectral lines.

Using equation (A.6), Kiz can be calculated as

Kiz = σ0ue

(
1 +

2kBTe
εiz

)
exp

(
−εiz
kBTe

)
. (A.7)

Here εiz is the atom ionisation energy and σ0 is a
constant associated with the ionisation cross-sectional
area
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σ0 = π

(
e

4πε0εiz

)2

, (A.8)

where ε0 is the permittivity of free space. For a He
discharge εiz = 24.6 eV.

Equations (A.2), (A.5) and (A.7) are substituted
into equation (A.1), along with ng(T ) and l. The
resulting equation is solved numerically using a
Newton-Raphson algorithm to find Te.

Appendix A.2. Ion Density at the Sheath Edge

For a high pressure discharge, the ion density at the
sheath edge ns can be found using u0 and Kmi from
equations (A.4) and (A.5) respectively, in conjunction
with the ambipolar diffusion coefficient Da. At high
pressures, Da is

Da =
kBTe

MngKmi
. (A.9)

The quantities u0, Kmi, Da and l can then be
substituted into the equation

ns
n0

=

[
1 +

(
luB
πDa

)2
]−1/2

, (A.10)

where n0 is the ion density in the bulk of the
microplasma. The quasi-neutrality condition in the
bulk region of the microplasma entails that n0 ' ne.
Thus equation (A.10) can be rewritten as

ns(ne, T ) ' ne

[
1 +

(
luB(T )

πDa(T )

)2
]−1/2

, (A.11)

where the ne and T functional dependencies are
indicated in parentheses.

Appendix A.3. Ion Velocity at Sheath Edge

The ion velocity at a collisional sheath edge, us, is
calculated using

us(ne, T ) =
uB(T )(

1 + πλDs(ne,T )
2λi(T )

)1/2
, (A.12)

where the ne and T dependencies are indicated in
parentheses. Equations (A.2) and (17) give uB and
the mean free path λi respectively. The Debye length
at sheath edge (in m) is given by λDs

λDs =

(
ε0kBTe
e2ns

)1/2

, (A.13)

where Te and ns are calculated using the methods in
the previous two sections.
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