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Many modern-day quantum science experiments rely on high-fidelity measurement of fluorescent sig-
nals emitted by the quantum system under study. A pernicious issue encountered when such experiments
are conducted near a material interface in vacuum is “laser-induced contamination” (LIC): the gradual
accretion of fluorescent contaminants on the surface where a laser is focused. Fluorescence from these
contaminants can entirely drown out any signal from, e.g., optically probed color centers in the solid state.
Crucially, while LIC appears often in this context, it has not been systematically studied. In this work, we
probe the onset and growth rate of LIC for a diamond nitrogen-vacancy center experiment in vacuum, and
we correlate the contamination-induced fluorescence intensities to micron-scale physical buildup of con-
taminant on the diamond surface. Drawing upon similar phenomena previously studied in the space optics
community, we use photocatalyzed oxidation of contaminants as a mitigation strategy. We vary the resid-
ual oxygen pressure over 9 orders of magnitude and find that LIC growth is inhibited at near-atmospheric
oxygen partial pressures, but the growth rate at lower oxygen pressure is nonmonotonic. Finally, we dis-
cuss a model for the observed dependence of LIC growth rate on oxygen content and propose methods to

extend in situ mitigation of LIC to a wider range of operating pressures.

DOI: 10.1103/PhysRevApplied.22.024067

L. INTRODUCTION

Modern quantum science experiments often deploy a
combination of vacuum environments, engineered material
interfaces, and high-intensity light to achieve the degree of
control and stability necessary for sensing, computation,
and simulation. Vacuum plays the dual role of enabling
cryogenic operation and mitigating harmful contaminants
on material surfaces. These surfaces can limit qubit perfor-
mance in a variety of ways: adsorbates on electrode sur-
faces generate electric field noise in ion traps [ 1-3]; charge
traps in diamond limit stability of near-surface nitrogen-
vacancy (N-V) centers [4,5], surface-related two-level sys-
tems limit superconducting qubit scalability and optome-
chanical resonator lifetimes [6—8]. While vacuum and low
temperature alone sometimes ameliorate these issues and
enable access to more desirable physical regimes, the intro-
duction of high-intensity light can counterproductively
generate surface contamination that shortens experimen-
tal lifespans. Here, we characterize this “laser-induced
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contamination” (LIC)—the progressive accumulation of
photochemically bonded, fluorescent matter at the site of
a laser focused onto a surface—and its effect on visible
wavelength color center experiments.

The N-V center in diamond is an optically addressable
qubit known for its stability in ambient conditions. Despite
the ostensible convenience of atmospheric conditions, vac-
uum and cryogenic operation of N-J centers provide many
advantages, and in some cases is required. A variety of
condensed-matter phenomena that are targets of sensing
experiments only manifest at low temperatures [9,10].
Molecular targets (e.g., spin labels and biomolecules) can
be susceptible to photodamage that is exacerbated at ele-
vated temperatures or pressures [11,12]. Low-temperature
operation also facilitates spin-photon entanglement [13],
single-shot readout [14], and decreased spin relaxation and
decoherence rates [15—17]. Additionally, improving spin
coherence and charge stability of the shallow N-V used
in nanoscale magnetometry experiments is an outstand-
ing challenge that should benefit from the advanced level
of surface characterization (e.g., LEED, XPS, NEXAFS)
[18,19], treatment (e.g., annealing, surface cleaning)
[20,21], and control (over, e.g., surface adsorbates

© 2024 American Physical Society
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FIG. 1. (a) Schematic of vacuum chamber and experiment. A

diamond sample with near-surface N-J centers resides inside a
vacuum chamber outfitted with oxygen and nitrogen leak valves,
a residual gas analyzer (RGA), and pressure gauges. An ambient
microscope objective transmits 532-nm wavelength laser excita-
tion and collects red fluorescence from both N-Vs and LIC. Inset
shows a schematic view of the photochemistry underlying LIC:
organic molecules, oxygen, and the diamond surface react under
intense light immediately adjacent to the N-J under study. (b)
Total fluorescence and N-V spin contrast plotted as a function
of exposure time to laser illumination in vacuum. LIC-induced
fluorescence eventually drowns out N-V fluorescence, reducing
spin contrast to near zero. (c) Atomic force microscopy image
and linecut (top) of laser-induced contamination grown on bulk
diamond after 2 days of nearly continuous illumination.

[22—24]) that is accessible in an ultrahigh vacuum exper-
iment. Fluorescent LIC is a persistent barrier to such
progress; it has been observed in many vacuum N-J exper-
iments, but to our knowledge is not yet discussed in the
literature.

An example of LIC and its adverse impacts on N-V cen-
ter experiments is depicted in Fig. 1. Here, LIC forms
when a green (532-nm wavelength) laser is focused on
a diamond surface held in the vacuum chamber depicted
in Fig. 1(a). As LIC-induced background fluorescence
accrues over time, it masks the spin-state-dependent flu-
orescence of the N-J center [Fig. 1(b)], ultimately limiting
the duration of the experiment. Moreover, the physical
accumulation of contaminants at the site of measurement
[characterized using atomic force microscopy (AFM) in
Fig. 1(c)] confounds study of other surface-related phe-
nomena [20,25] and hinders vacuum experiments that
require proximity to a target, such as scanning N-J" mag-
netometry [26].

Although not actively studied in the solid-state qubit
community, LIC has been extensively characterized in

the context of optics in space (primarily in the ultravi-
olet [27-31] and near-infrared [32-34] regimes). In the
vacuum of space, LIC has the harmful capacity to reduce
transmission through optical components and introduce
wave-front error, threatening the commissioned lifetime of
many satellite-based experiments where routine cleaning
cannot occur (e.g., gravitational-wave observation [35,36],
LIDAR-based surveys of planets and moons [37], atmo-
spheric dynamics and aerosol measurement [38,39], etc.,
for a summary see Ref. [31]). This research community has
identified hydrocarbon precursors for LIC and developed
mitigation strategies tailored primarily to silica [30,39,40],
often exploiting the well-established capacity for reac-
tive oxygen species to degrade hydrocarbon contaminants
[41,42].

In this work, we use the chamber depicted in Fig. 1 to
systematically explore the conditions for LIC growth in
an N-V center experiment. Inspired by progress on miti-
gating LIC in the aforementioned UV and IR space-based
experiments, we expose a diamond surface to varying
levels of oxygen and measure the resulting LIC growth
under green laser illumination. Here, we report four cen-
tral observations, which we believe pertain to all optically
addressable solid-state systems (e.g., see the Supplemen-
tal Material [43] for LIC on silicon). First, we report
significant LIC-induced fluorescence on diamond at room
temperature for oxygen pressures ranging from 10~% mbar
to 1072 mbar. Second, LIC fluorescence levels and phys-
ical volumes of LIC are correlated, in line with studies
of LIC on other surfaces [39,40,44]. Third, the accumu-
lation of LIC during N-J measurements is reproducibly
controlled by residual oxygen concentration. This accumu-
lation rate depends nonmonotonically on oxygen content:
LIC growth is slow in a low oxygen environment, dramat-
ically faster at intermediate oxygen pressures, and fully
inhibited at near-atmospheric pressures (consistent with
routine LIC-free operation in ambient conditions). Fourth,
we demonstrate that illumination under oxygen-rich envi-
ronments can be used as an in situ method to remove LIC
in systems where contamination is unavoidable. We end by
conjecturing possible mechanisms for LIC consistent with
its ubiquity and observed kinetics and pathways for more
efficient mitigation.

II. EXPERIMENTAL SETUP

An electronic grade (100) diamond substrate (Element
Six) with an epitaxial layer of approximately 100 nm of
CVD-grown, isotopically purified (99.998% '>C) diamond
was implanted with '*N and oxygen-terminated using stan-
dard preparation procedures for shallow N-J center stud-
ies [43]. While LIC grows on the bulk diamond surface
[Fig. 1(c)], we primarily used fabricated 670-nm diam-
eter nanopillars to achieve more efficient excitation and
fluorescence collection for N-Vs and LIC alike.
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Measurements were performed in a stainless-steel
vacuum chamber [Fig. 1(a)] with a water-dominated
background pressure of 7 x 10~® mbar, and sample tem-
perature was 298 K. To control oxygen content, 99.999%
molecular oxygen (Airgas OXR33A) was admitted into the
chamber via an all-metal leak valve (Vacgen LVM) with
electropolished stainless-steel lines (Superlok USA). Oxy-
gen partial pressure was measured using a residual gas
analyzer (SRS RGA200) at low pressures, and multiple
pressure gauges at higher pressures.

All materials were chosen to conform to low outgassing
standards (ASTM E595-77), as is typical practice for many
vacuum experiments. A material inventory of the cham-
ber and discussion of potential contaminant precursors is
contained in Ref. [43].

III. CHARACTERIZING LIC FORMATION RATE

Our in situ probe of LIC was a home-built confocal
microscope with 532-nm wavelength excitation and 652 —
1042 nm wavelength collection using a 0.7-NA objec-
tive. We focused 1.5 mW of laser power (approximately
430 kW /cm?) continuously [43] on near-surface N-Vs in
a series of nanopillars and tracked the buildup of fluo-
rescence over time. Figure 2 compares characterization
via confocal fluorescence measurements (under a lower
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FIG. 2. (a) A confocal fluorescence image of LIC-
contaminated nanopillars, taken at a low (92 wW) laser
power to minimize additional contamination during the scan.
Comparison to standard N-V fluorescence suggests counts are
almost entirely (>95%) due to LIC. (b) SEM image of the
pillars shown in (a) after removal of sample from chamber.
Contamination is visible on pillar tops, likely forming in the
region of highest field intensity (off center in this case [43]). (c)
An enlarged region of the SEM image in (b). The bottom right
pillar, which was not contaminated, is shown for comparison. (d)
Scatter plot of estimated contaminant volume versus measured
pillar fluorescence. A clear correlation is apparent.

excitation power of 92 wW) and via ex situ scanning
electron microscopy (SEM). Figure 2(a) is a fluorescence
image of 16 nanopillars contaminated under varying illu-
mination times (3—12 h) and oxygen pressures (10~ to
1072 mbar). After these exposures, LIC dominates the
observed fluorescence. For comparison, typical N-V fluo-
rescence rates for the excitation power used in Fig. 2(a)
are approximately 50 kcts/s. We note the appearance of
LIC-induced fluorescence on timescales that interfere with
N-V experiments is not unique to this setup: the exam-
ple depicted in Fig. 1(b) was produced with a different
chamber and sample, yet shows similar growth dynamics.

Figure 2(b) shows the same pillars as Fig. 2(a), imaged
via SEM after removal from the vacuum chamber. A
bright mound of contamination is visible on each nanopil-
lar, from which contaminant volume can be estimated.
Figure 2(c) is an enlarged region of Fig. 2(b). Figure 2(d)
is a scatter plot of measured fluorescence and LIC vol-
ume estimated from the SEM image for 22 different pil-
lars. The plot reveals a correlation between fluorescence
intensity and the physical size of deposits. From this
trend, we extract an LIC volume-to-fluorescence ratio for
our setup of approximately 9 x 1073 um? s/Mcts under
92 wW of excitation, which corresponds to approximately
6 x 10~* um? s/Mcts at the 1.5 mW used in Fig. 3. With
this calibration, we use LIC fluorescence intensity growth
as a proxy for volume growth (see Fig. 3), a technique also
deployed by the broader community [29,39,44]).

IV. ROLE OF OXYGEN IN CONTAMINATION
RATE

We next examine the dependence of LIC formation on
molecular oxygen partial pressure. Figure 3(a) plots the
increase in fluorescence after 200 min of illumination at
constant 1.5 mW as a function of measured partial pres-
sure Po,. A control experiment using nitrogen gas confirms
that the effect is due to only total oxygen content, rather
than pressure-related effects alone [43]. We identify three
different LIC formation regimes.

Regime I: For P, < 5 x 10~ mbar, the LIC growth
rate increases as Po, increases. Figure 3(b) shows four
representative curves of fluorescence as a function of illu-
mination time. The onset of LIC growth is immediate,
but the rate increases with increasing Pp,, until growth is
fastest at Po, ~ 4.6 x 10~° mbar.

Regime II: A distinctly different regime occurs for
approximately 5 x 1073 < Py, <2 mbar. Figure 3(c)
plots representative fluorescence growth curves in this
regime. Once contamination starts, the rate of LIC growth
is similar to the peak growth rate observed in regime I.
However, onset of contamination is delayed, with a delay
time that increases as Po, increases. In Fig. 3(a), this effect
manifests as an abrupt decrease in the average level of
fluorescence after 200 min.
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FIG. 3. (a) Average change in fluorescence (fl.) and calculated LIC volume (using the correlation from Fig. 2) after 200 min of

laser illumination at various oxygen partial pressures. Each filled marker is the mean fluorescence increase averaged over multiple
nanopillars contaminated at the same partial pressure. Error bars are 68% confidence intervals. Unfilled markers are derived from
observations of single nanopillars. Inset shows degradation of LIC under successive light exposures in an oxygen-rich (regime III)
environment. An SEM image of the treated pillar shows a top surface free of detectable contaminants, implying that the laser exposure
physically removes LIC. (b) Representative LIC growth curves for regime I. Increasing oxygen pressure increases the growth rate.
Error bars are smaller than the size of data points. Details of how fluorescence was sampled, averaged, and compared are given within
the Supplemental Material [43]. (c¢) Representative LIC-induced fluorescence growth curves for regime II. Increasing oxygen delays

the onset of LIC growth.

Regime [II: Finally, LIC ceases to form for Pp, >
2 mbar. In this regime, LIC is fully inhibited. Addi-
tionally, exposing existing LIC deposits to light removes
their associated fluorescence, and subsequent SEM imag-
ing confirms physical removal of contaminants [see inset
in Fig. 3(a)].

V. MODEL FOR CONTAMINATION

Our results provide valuable insight into the forma-
tion mechanisms of LIC. The strongly nonmonotonic
dependence of LIC growth rate on oxygen content sug-
gests photoactivated molecular oxygen must participate
in competing growth and etch processes on the dia-
mond surface. At high oxygen content, etching of LIC

is consistent with photocatalyzed oxidation of an organic
or graphitic contaminant. Carbon-based composition com-
ports with reported spectroscopy of macroscopic LIC in
other systems [30] and our Auger-electron spectroscopy
measurements [43]. The threshold pressure for oxidation
is consistent with results for UV-catalyzed LIC on vacuum
windows [39] suggesting inhibition occurs via gaseous
oxidation independent of substrate. At lower oxygen pres-
sures, oxidation is not the dominant process. Many other
processes involving a variety of reactants (e.g., oxygen,
organic LIC precursors, water, dangling bonds on the
diamond surface, etc.) are plausible.

Here we outline one model of competing reactions
involving oxygen, hydrocarbons, and surfaces [42,45,46],
and show that our model can qualitatively reproduce the
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behavior depicted in Fig. 3. Rate equations, numerics, and

potential variants of the model can be found in Ref. [43].
Our model supposes the LIC process consists of three

reactions with first-order kinetics, all photocatalyzed:

(A) A surface-limited growth reaction at the vacuum-
diamond interface between adsorbed oxygen and adsorbed
LIC precusors (rate-limiting at early times and/or low Py, ),
obeying Langmuir-Hinschelwood kinetics [47].

(B) An oxygen-independent reaction at the vacuum-
LIC interface where gaseous LIC precursors attach to
LIC deposits directly. This reaction dominates once seed
contaminants have sufficiently large surface area.

(C) An oxidation reaction that consists of photoacti-
vated oxygen decomposing LIC.

We now discuss how this model can qualitatively produce
the regimes in Fig. 3:

Regime I: Dynamics in Fig. 3(b) are primarily driven
by reaction 4: as P, is increased, more oxygen adsorbs
onto the diamond surface and encourages LIC growth via
reaction A. At late times, all surface-mediated sites where
reaction 4 can proceed are depleted. Reaction B is indepen-
dent of adsorbates and thus dominates. Fast, linear growth
occurs [see late times in Fig. 3(b), Po, = 1.6 x 107> mbar
or Fig. 3(c)].

Regime II: For P, 2 5 x 1073 mbar, two effects sub-
due the initial growth rate. First, adsorbed oxygen dis-
places adsorbed LIC precursors, which impedes growth via
reaction 4. Second, gaseous oxygen starts etching exist-
ing LIC (via reaction C), slowing net growth. Still, when
enough LIC eventually forms at late times, reaction B
dominates and the same maximal growth rate is observed.
Rather than complete elimination of LIC, inhibition first
manifests as the delayed onset seen in Fig. 3(c).

Regime III: Finally, when Py, is high enough, reaction
C dominates and LIC ceases to form.

VI. MITIGATION METHODS

A. Prevention

Our measurements indicate that standard vacuum prac-
tices do not necessarily avoid LIC. Hence, in addition to
undergoing species-insensitive outgassing tests, vacuum
materials should be screened for chemical composition
and/or compatibility in an LIC test chamber (as is already
done in experiments with particularly stringent reliabil-
ity requirements such as LISA, LIGO, etc. [27,37,48,49]).
To theoretically predict which materials are prone to pro-
ducing LIC, direct chemical analysis of composition and
formation is necessary. While the small volumes in this
experiment are not resolvable via many in situ characteri-
zation methods, additional analysis of LIC absorption and
fluorescence (e.g., spectral shifts during growth or kinetics

as a function of wavelength) could further elucidate reac-
tion mechanisms.

B. Oxidation

For N-V experiments, venting with oxygen and remov-
ing LIC with the same laser used for spin readout is
considerably less invasive than sample removal and ex sifu
cleaning. This study suggests boosting the reactivity of
residual oxygen in vacuum is key to inhibition of LIC at
lower pressures. To that end, introducing atomic or ozone-
based oxygen treatments [19] may increase the effective
etch rate by many orders of magnitude [32]. Alternatively,
ultrahigh vacuum chambers may incorporate load locks for
the explicit purpose of periodic cleaning with oxygen and
light without partial venting.

C. Substrate control

A parallel substrate-specific route towards inhibition
requires more detailed study of LIC growth rate as a func-
tion of surface preparation. Surface roughness, suscepti-
bility to charging, baking to remove adsorbates, changing
surface termination, and protective capping layers likely
affect the kinetics of LIC formation (and in some cases,
have already been shown to do so. See the Supplemental
Material [43] for preliminary evidence that conductivity
of a silicon substrate may affect LIC formation and a
brief review of LIC mitigation in other contexts [31,39]).
Finally, we note that while LIC formation reactions are
photocatalyzed (and thus temperature is not a primary acti-
vation mechanism), a small Arrhenius coefficient may still
have a large and beneficial effect when anticipating the
likelihood of LIC for cryogenic experiments.

VII. CONCLUSION

In conclusion, we have shown the phenomenon of laser-
induced fluorescence often seen in vacuum quantum sci-
ence experiments is due to the photocatalyzed accretion of
physical material, a process also observed in space optics
experiments. The contamination growth rate varies widely
and nonmonotonically with oxygen concentration; oxygen
can either encourage or inhibit contamination due to mul-
tiple competing processes, but is an effective mitigant at
high enough pressures. We propose one set of compet-
ing reactions involving the diamond surface, contaminants,
adsorbed oxygen, and gaseous oxygen that qualitatively
reproduces the behavior we observe.

As lasers and vacuum become an indispensable element
in increasingly complicated quantum science experiments,
deep technical understanding of failure mechanisms is
essential. Our approach suggests several pathways towards
elimination of one particularly destructive mechanism.
Moreover, light-induced surface deterioration in diamond,
especially in vacuum, is known to limit shallow N-V spin
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coherence and charge stability. While these changes are
not well understood, we suspect the origin of these effects
may be closely related to early-time LIC-related processes.
Controlled experiments probing this chemistry will there-
fore be critical to enabling both LIC-free operation in
vacuum and tackling these more subtle, yet fundamental
limitations to defect centers in the solid state.
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