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Abstract
Laser-stimulated electron photo-detachment (LSPD) from nanoscale dust particles is predicted
to strongly depend on the particle size. A theory of the electron photo-detachment from charged
spherical metallic nanoparticles is presented. This theory is relevant to laser-stimulated
photo-detachment applied to measurements of charge of nanoparticles in plasmas. Our theory
predicts that the charging of nanoparticles in plasma leads to the appearance of an additional
electric field, causing a change in the potential barrier at the particle boundary and consequently,
a change in the effective work function, due to the Schottky effect. In this case, the critical
wavelength of the laser depends not only on the work function, but also on the charge of the
nanoparticles and their size.
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(Some figures may appear in colour only in the online journal)

Dusty plasmas can be found in astrophysical environments
(the interstellar medium, cometary tails and planetary ring
systems [1, 2]), laboratory plasma experiments [3, 4], mag-
netic fusion devices [5], and industrial applications such as
semiconductor material processing [6, 7] and synthesis of nan-
omaterials in plasmas [8, 9]. In all these environments, the
interactions of dust particles with the plasma result in form-
ation of a sheath, which governs their charging. These inter-
actions involve fluxes of electrons and ions from the plasma to

∗
Author to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

the particles and may also be accompanied by electron emis-
sion from these particulates back to the plasma. The latter can
be driven by thermionic emission and/or field emission as well
as photoemission mechanisms, which depend on particle char-
acteristics such as surface temperature andmaterial properties.
This charging affects the transport and dynamic behavior of
dust particles in the plasma, including their self-organization
into coherent structures. Particle charging can also affect the
growth of nanoparticles. A complete understanding of such
processes requires knowledge of both the spatial and temporal
variations of particle charging in the plasma. In this regard,
the measurement of the charge of dust particles is a challen-
ging problem. In this paper, we focus on laser-stimulated elec-
tron photo-detachment (LSPD) of electrons from dust particles
which was already demonstrated as a promising method for
the determination of the particle charge in plasma in real time
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Figure 1. Schematic of electron LSPD from dust particles in plasma
[21]. A recharging of nanoparticles by plasma electrons is not
shown.

and in situ [10, 11]. There are certain aspects of this method
for dust particles which still need to be addressed, for example
the dependence of electron photo-detachment on particle size.

Laser radiation with photon energies exceeding the binding
energy of electrons captured by particles (typical values of the
affinity energy,∼2–4 eV [12]) will cause photo-detachment of
electrons (figure 1). This process is generally like the photo-
detachment of electrons from negative ions, which was extens-
ively studied both theoretically and experimentally, in the
presence and absence of plasma [13–15]. This LSPD pro-
cess in plasma is determined by two key parameters: the
binding energy of photoelectrons and the photo-detachment
cross section. In addition, for dielectric dust particles the
photo-detachment may also be affected by the sticking coef-
ficients of electrons arriving from the plasma to the particle
surface. These ideas were already expressed in the literature
[10, 16–19].

In this letter, we theoretically explore the dependence of
the electron photo-detachment threshold on the charge and the
size of the dust particle. The charging of nanoparticles leads
to the appearance of an additional electric field, leading to a
change in the potential barrier at the particle boundary and
consequently, a change in the effective work function due to
the Schottky effect [20]. In this case, the critical wavelength
of the laser (minimum energy required for detachment which
is the red border of the photoelectric effect) depends on the
charge of the nanoparticles and their size. Finally, we propose
an experiment to validate these predictions.

Particles in a non-equilibrium weakly ionized plasma are
charged to a local floating potential, φ s, when the total cur-
rent of electrons and ions per particle vanishes [22, 23]. In the
absence of the electron emission from the particle, its floating
potential is given by

|φ s|=
kTe
e

ln

[(
MTe
mTi

)1/2/(
1+

e |φ s|
kTi

)]
, (1)

where Te,Ti are electron and ion temperatures in plasma;m,M
are electron and ion masses, respectively. For dusty plasma

Figure 2. Scheme of Schottky barrier reduction for a charged
spherical metal particle.

cases considered here, particles are charged negative, i.e. elec-
trons are sitting on the particle surface. We shall call these
electrons on the surface acquired by particles in the plasma
excess electrons. For spherical particles of radius R, the charge
obtained in the plasma Q can be deduced from the particle
capacitance:

Q= 4πε0Rφ s. (2)

For an excess electron to detach from the particle, it should
overcome a potential barrier which is formed in the vicin-
ity of the conductive (metal) particle boundary (figure 2) and
changes with the distance from the particle, r. This potential
barrier is determined by the interaction potential of this emit-
ted electron with the sum of the image force fields [24],

φ im =− e2R3

4πε0r2 (r2 −R2)
,r> R, (3)

and the electric field induced by the surface charge,

EQ =

{
1

4πε0

Q
r2 , r⩾ R

0, r< R
. (4)

For typical parameters of non-equilibrium dusty plasmas,
the microscopic field in plasma Epl ∼ Te/ΛD can be neglected

compared to EQ, whereΛD =
(

ε0kBTe
nee2

)1/2
is the Debye screen-

ing length in plasma. Then, the potential barrier in the vicinity
of the charged metal particle can be expressed as

∆W(R,Q,r) = φ im −φ sf,

and can be rewritten as

∆W(R,Q,r) =− e2R3

4πε0r2 (r2 −R2)
− e

4πε0

r̂

R

Q
r2
dr

=− e2R3

4πε0r2 (r2 −R2)
+

eQ
4πε0

(
1
r
− 1
R

)
. (5)

Here, φ sf is the contribution to the potential barrier from
the surface potential. The extremum condition for the potential
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Figure 3. (a) The position of the potential barrier extremum in the vicinity of the particle boundary determined by solving equation (7);
(b)—the corresponding values of the barrier decrease (8), due to the Schottky effect. Calculations were carried out for a nonequilibrium
nitrogen plasma with Ti = 300 K and for two cases of electron temperature Te = 1 and 2 eV. The corresponding floating potentials are
φ s =−2.62 and −4.75 V.

barrier is when it does not change with the distance from the
particle (figure 2),

∂∆W(R,Q,r)
∂r

= 0. (6)

Using equations (2) and (5), it follows from equation (6)
that

eR3
(
2r2 −R2

)
r(r2 −R2)

2 = 4πε0R |φ s| , (7)

where φ s is defined by equation (1). Hence, it is possible to
determine the position of the extremum, r= rm, where rm is
the solution of the equation (7). At this extremum, the poten-
tial barrier (equation (5)) acts as the Schottky barrier reduc-
tion ∆WSch (R,Q) in the vicinity of a charged spherical metal
particle:

∆WSch (R,Q) = ∆W(R,Q,rm) . (8)

Let us assume, for definiteness, that spherical nanoparticles
are in a nonequilibrium weakly ionized nitrogen plasma with
ion temperature Ti = 300 K. Calculations were carried out for
two cases of electron temperature Te = 1 and 2 eV. The cor-
responding floating potentials areφ s =−2.62 and −4.75 V.
Figure 3 shows the calculated positions of the potential bar-
rier extremum ∆r= rm −R (figure 3(a)) and the correspond-
ing values of the decreasing potential barrier due to the Schot-
tky effect,∆WSch (R,Q) (figure 3(b)).

The potential barrier reduction described above decreases
the energy threshold required for the electron photo-
detachment. This effect can be important for the application
of the photo-detachment technique to charge measurements of
dust particles in dusty plasmas, especially for nanoparticles.
Let us consider an experiment in which a tunable laser is used
to irradiate nanoparticles immersed into a plasma. The laser
wavelength is scanned from long to short wavelengths. The

electrons will be detached from the dust particles only when
the wavelength matches or exceeds the energy of the potential
barrier. For a negatively charged particle, the potential barrier
reduction is expected to change the wavelength of the tunable
laser at which the electron photo-detachment occurs (so-called
red border).

The energy threshold at the red border of the photoemis-
sion depends on the type of emitted electrons: excess electrons
acquired by the surface exposed to the plasma or ‘bulk’ elec-
trons from the particle material. In the former case, the pro-
cess of photoemission (aka photoelectric effect) is by photo-
detachment which has the threshold defined as the ‘affinity’.
In the latter case, the process of photoemission is ‘ioniza-
tion’ (see, for example [25].). The difference between the
photo-detachment and the photoemission is determined by
their corresponding values of the potential (energy) barrier,
W(R) [25], which can also be affected by the particle size
(figure 3).

For a spherical metal particle, W(R) is the effective work
function. The value of the W(R) for the electronic affinity is
given by [25]:

WA (R) =W∞ − 5
8

e2

4πε0R
, (9)

whereas, for the emission of the bulk electrons [25–27]:

WI (R) =W∞ +
3
8

e2

4πε0R
. (10)

Here, W∞ is the work function of the bulk material. With
increasing particle radius >10 nm, WA (R)≈WI (R)≈W∞.
For smaller nanoparticles with sizes R< 10nm, the difference
between WI (R) and WI (R) becomes significant [25]. Hence,
the corresponding red borders for photo-detachment are as fol-
low: for the laser frequency,

ωA,I,cr =WA,I (R)/ℏ, (11)
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Figure 4. Red borders for electron affinity and ‘ionization’ for silver (a) and lithium (b) nanoparticles of different radii, without considering
the Schottky effect.

where ℏ is the reduced Plank constant, and for the laser
wavelength,

λA,I,cr = 2π c/ωA,I,cr. (12)

Indices A and I in equations (11) and (12) and below cor-
respond to the cases of photo-detachment of attached electrons
and photoemission of bulk electrons corresponding to effect-
ive work functions described by equations (9) and (10).

It is important to note that for the detachment of excess elec-
trons acquired by particles in plasma and for the emission of
bulk electrons from the particle, the Schottky barrier reduction
∆W(R,Q)Sch, the position of the maximum rm and the corres-
ponding frequency shifts of the red borders (equation (11)) are
the same and defined as

∆ω =∆W(R,Q)Sch/ℏ. (13)

However, the shifts of the wavelengths corresponding
to the red boundaries of electron affinity and ‘ionization’
(i.e. the effective work function) will be different and can be
expressed as

∆λA,I (R,Q) =−
∆ωλ2

A,I,cr

2π c
. (14)

From equations (9)–(12) it follows that for laser radiation
irradiating negatively charged metal nanoparticles, λA ⩾ λI is
satisfied and therefore, the wavelength

λ̃A = λA+∆λA (R,Q) (15)

corresponds to the red border of the electron photo-detachment
of spherical charged nanoparticles. Here, λA is the wavelength
corresponding to the red border for the photo-detachment
in the case of a flat uncharged surface. ∆λA (R,Q) is the
wavelength shift defined by equation (14), which depends on
the particle size and charge and is determined by Schottky
effect.

To illustrate the effect of particle size on the red borders,
we consider silver and lithium nanoparticles with the work

functions correspond to the case of uncharged flat surface,
W∞ = 4.5 and 2.9 eV, respectively [28]. The corresponding
red borders for electron affinity and ‘ionization’ for these nan-
oparticles of different radii, without considering the Schottky
effect, are shown in figure 4. In addition, figure 5 shows vari-
ations in the critical laser wavelength at which electron photo-
detachment occurs when metal nanoparticles of different sizes
are irradiated.

From the above analysis, it follows that measurement of the
wavelength at which electron photoemission from uncharged
particles of knownmaterial occurs should allow one to determ-
ine the size of the particles. Moreover, measurement of the
shift of the red border for photo-detachment for charged
particles allows one to find the charge Q acquired by the
particles in plasma. The measured value of ∆λ(R,Q) is
uniquely determined by the radius of the particles and their
charge. Thus, the LSPD diagnostic should allow measure-
ments of both size and charge of particles in dusty plasma.
However, given that the dependence of the red border shift on
the radius of nanoparticles is much stronger than the depend-
ence on their charge, in practice it is better to use the method
considered in this work to determine the charge of nano-
particles for nanoparticles of a known size.

Ideally, the applicability of the LSPD approach for particle
size and charge measurements requires the absence of heating
of particles by absorbed laser radiation, electron thermal emis-
sion, and the reverse charging of particles in the plasma. To
fulfill the first two requirements, optimal characteristics of the
laser pulse are required at which complete photo-detachment
of electrons occurs while thermal emission is still negligible. It
is possible that the cross section for photo-detachment of elec-
trons depends not only on the size of the particle and its charge,
but also on its temperature. At the same fluence and other
parameters of the laser pulse, heating and radiation cooling
do not depend on the radius, since the particle mass, absorp-
tion power of laser radiation and radiation losses all scale by
r3p, [29], while heating and cooling in collisions with plasma
and buffer gas particles∝ rp2 can be neglected during the pulse
time.
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Figure 5. Calculated changes in the red border of the laser radiation wavelength for the electron affinity, at which the photo-detachment of
electrons from silver (a) and lithium (b) particles of different radii starts. A weakly ionized nitrogen plasma at Ti = 300 K is considered.

Finally, we hope to experimentally validate the presen-
ted theory and explore its implications for charge and size
measurements of dust particles in plasma using LSPD. The
particle charge can be determined from a saturation of LSPD-
induced changes of the electron density in the plasma (similar
to [11]), while the size of particles can be deduced from the
determination of the red border for the photo-effect. For nano-
particle generation, we propose to use a gas aggregation source
(GAS) of metal nanoclusters utilizing ion-induced sputtering
of a metal target substrate or electrode. Such GAS can be
implemented as RF-biased discharge [30] or a magnetron-type
plasma source [31] and [32]. These sources provide control-
lable generation of nanoparticles with relatively narrow size
distributions. Depending on their operating conditions and the
synthesis/growth time, the size of generated nanoparticles can
be varied in the range of 1–100 nm. The generated nano-
particles can be injected into a characterization volume [33]
which can be filled with a plasma generated by an external
source. The size of the injected particles during the photo-
detachment could be monitored by ex-situ analysis or by in-
situ detection such as laser-induced incandescence diagnostics
[33, 34] or four-wave mixing techniques [35].

Although the density of generated metal nanoparticles in
GAS’s is predicted to be rather small ⩽108–109 cm−3 (e.g.
for copper nanoparticles of ⩽1–6 nm [32, 36]), the detection
of photodetached electrons with electrostatic Langmuir probes
or microwave interferometry is feasible but can be challen-
ging. For example, if copper clusters with a 6 nm diameter
are injected by the GAS into a nitrogen plasma with paramet-
ers considered for figures 3–5, then from equation (2), these
particles will be charged to about five and ten electron charges
for the floating potential of −2.65 and −4.75 V, respectively.
Under such conditions, assuming a plasma electron density of
1010–1011 cm−3 (typical for glow discharges) and an injec-
ted dust particle density of ∼108 cm−3, a complete photo-
detachment of electrons would result in changes of less than
10% of the electron density in the plasma. For these simplified

considerations, the depletion of the plasma electron density by
dust particles was not considered.

Note that in recent electron photo-detachment studies [11],
LSPD from silicon and carbon-like nanoparticles of 100–
300 nm resulted in an increase of the plasma electron density
comparable to the magnitude considered in the above analysis.
These changes were successfully measured using microwave
cavity resonance spectroscopy [11]. For the validation of the
theory of the red border changes presented in this paper, LSPD
will need to be applied to much smaller metal nanoparticles of
less than 10 nm (figure 4).

For implementation of the LSPD in the proposed experi-
ments, a tunable pulsed laser system such as a PowerLite 8020
Nd:YAG laser which pumps a horizon optical parametric oscil-
lator can be employed.With the output wavelength in the range
of 192–2750 nm, laser pulse duration of∼10 ns, bandwidth of
3–10 cm−1 and pulse energy of 0.1–130 mJ, this tunable sys-
tem can produce photons with energies of 0.5–6.4 eV. Such
short pulse duration is sufficient to maintain the LSPD on a
shorter timescale than a recharging of dust particles by plasma
electrons. This energy rangewould cover the range of affinities
and work functions for metal particles. A natural requirement
for an accurate interpretation of the experimental data is that
the width of the emission line of the tunable laser should be
noticeably thinner than the changes in the critical wavelength
shown in figure 5. Control over the laser pulse energy, photon
energy and the beam size should allow us to obtain the neces-
sary conditions for electron photo-detachment. By varying the
energy or the laser spot size the laser intensity can be var-
ied. For our example, for the above tunable laser system, the
range of available laser intensity is 103 Wcm−2 ⩽ IL ⩽ 5 ×
1010 Wcm−2. Use of laser intensities higher than 107 Wcm−2

may be unwanted to prevent heating of particles to thermionic
emission temperatures and to avoid effects of multi-photon
induced photo-detachment [37, 38].

It is important to mention that there is obviously a limit-
ation on the detection limit for the proposed LSPD. Among
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other factors mentioned above, this detection limit is determ-
ined by the resolution of the spectrometer used for measure-
ments. Since modern spectrometers can reliably resolve in the
angstrom range, a shift of the red border of 1 nm scale (e.g.
figure 5) should be possible to resolve. Of course, variations
of the electron temperature may additionally complicate meas-
urements and obscure the actual shift. In this theoretical study,
we assumed a steady state plasma. Our goal is to set a theoret-
ical basis for experiments. Experiments are needed to validate
these predictions and feasibility of such measurements.

In conclusion, the Schottky effect is predicted to decrease
the energy of photons required for electron photo-detachment
from metal particles negatively charged in plasma. It is shown
that the critical wavelength of the laser at which the photo-
detachment starts (the red border of the photoelectric effect)
depends not only on the work function, but also on the charge
of nanoparticles and their size. Our theory predicts that the
smaller the size of the nanoparticles, the stronger the shift of
the red border of the photo-detachment. This result is import-
ant for measurements of the charge and size of dust nano-
particles using a LSPD technique. Such measurements can
provide valuable information required for modeling of plas-
mas for synthesis of nanomaterials and material processing
applications. The particle charge can be determined from the
measurement of a saturation of the electron density changes
due to the photo-detachment using for example, microwave
interferometry [11]. Then, the size of particles can be deduced
from the measured red border for photoemission. The presen-
ted theory can also guide the selection of the LSPD laser
wavelength and analysis of measured results.

Data availability statement
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