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Abstract

Quantum dots (QDs) are used as nanometer-sized in situ charge probes for surfaces exposed to
plasma. Excess charges residing on an electrically floating surface immersed in a low-pressure
argon plasma are detected and investigated by analysis of variations in the photoluminescence

spectrum of laser-excited QDs that were deposited on that surface. The experimentally
demonstrated redshift of the PL spectrum peak is linked to electric fields associated with
charges near the QDs’ surfaces, a phenomenon entitled the quantum-confined Stark effect.
Variations in the surface charge as a function of plasma input power result in different values of
the redshift of the peak position of the PL spectrum. The values of redshift are detected as 0.022
nm and 0.073 for 10 and 90 W plasma input powers, respectively; therefore indicating an
increasing trend. From that, a higher microscopic electric field, 9.29 x 105 Vm~! for 90 W
compared to 3.29 x 10° Vm~! for 10 W input power, which is coupled to an increased electric
field in the plasma sheath, is sensed by the QDs when plasma input power is increased.

Keywords: quantum dot, photoluminescence, surface charge, low pressure plasma,

plasma charging, dusty plasma

(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmas containing nano- to micrometer-sized dust particu-
lates, designated as complex or dusty plasmas, are of immense
importance due to either the potential threat or advantage-
ous role of the nanoparticles in different research areas
and technologies. Dust particles are, for instance, advant-
ageous for the creation of self-organized plasma crystals
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[1] and plasma-assisted fabrication of nanostructures and
polymers [2, 3]. Recently, detrimental effects of dust partic-
ulates for contamination control purposes in high-tech [4] and
semiconductor [5] industries have been observed and studied.
Plasma charging of particles, either levitated or adhered to sur-
faces, is the process that determines the dynamics of contam-
inating particulates in ionized media such as those in litho-
graphy scanners [6] or those with respect to spacecraft char-
ging during the atmosphere re-entry [7]. Connected to that,
electrically floating surfaces are known to accumulate negat-
ive charge, i.e. an excess of electrons, when exposed to, for
instance, radiofrequency (RF) [8, 9] or extreme ultraviolet-
induced [10] plasmas since the electrons possess higher mobil-
ity compared to ions. Charge accumulation on these surfaces
is studied to account for various phenomena such as particle

© 2022 The Author(s). Published by IOP Publishing Ltd
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lofting [11]. Crucial in these applications is the fundamental
understanding of charging of particle-laden surfaces immersed
in plasmas, for which so far a comprehensive model predicting
the charging dynamics does not exist. Also, experimental data
on electric fields surrounding the surfaces as well as accurate
surface charge measurements are scarce.

The amount of (negative) charge on a surface in con-
tact with plasma is determined by the balance of incoming
and outgoing ion and electron fluxes; those can be meas-
ured experimentally [12] and modeled numerically [13]. Fur-
thermore, particle charge on a surface can be calculated
using the ‘shared charge model’ [14]. According to this
model, the charge density depends on the plasma sheath elec-
tric field around the surface. This sheath electric field was
modeled by Sheridan et al, assuming a planar, collisionless
and dc sheath in a plasma where the electrons are described
by a bi-Maxwellian distribution [14]. Simulations of Kim
and Economou illustrate a two-dimensional sheath profile at
an interface between an insulator-conductor floating surface
exposed to a high-density plasma [15].

The sheath electric field was measured spatially resolved in
RF driven argon plasmas by using either microparticle probes
under hypergravity conditions [16] or by deploying laser-
induced fluorescence-dip spectroscopy by Barnat and Hebner
[17]. In the latter technique, laser-excited Argon Rydberg
levels are Stark-shifted due to the electric field around the
probe. Similarly, Stark-shifted energy states of an ‘artificial
atom’, i.e. of a quantum dot (QD), can in principle be used for
electric field measurements near a surface since their discrete
energy level structure is also subject to electric-field-induced
shifts and alterations [18].

Although the electric field profiles around an electrically
floating and biased object were measured [19], an in sifu meas-
urement of the plasma sheath electric fields on a particle-laden
surface facing a plasma has not been performed yet. Experi-
mentally investigating the plasma sheath electric fields with
surface-deposited QDs would provide unique insights into
the charging mechanisms of nanoparticles. Experimental data
regarding the charging of nanoparticles are scarce in the lit-
erature, partly because a particle’s charge decreases with its
size, which necessitates high-resolution diagnostic methods
[20]. The problem of charging of particles residing on plasma-
facing surfaces was considered both theoretically [21] and
experimentally [22] only for micrometer-sized particles and
not for nanometer-sized particles which pose an increasing
challenge in future contamination control applications.

Pioneered recently by Marvi et al [23], photoluminescent
nanoparticles have been used to visualize interactions between
plasma and a substrate surface. In that work, the idea of using
the photoluminescence (PL) of semiconductor QDs as a dia-
gnostic method for surface charging of nanoparticles due to
plasma interaction was proposed. Furthermore, Pustylnik et al
[24, 25] have theoretically shown that a layer of QDs deposited
on the surface of a microparticle could provide the possibility
of measuring the surface charge of microparticles in plasmas.

In this paper, we further develop the diagnostic tool that
visualizes the charging of a plasma-exposed surface using

PL spectra of nanometer-sized QDs. For this purpose, PL
spectra of QDs deposited on an electrically floating substrate
have been recorded before, during, and after plasma expos-
ure. Distinctly, in this study, reproducible measurements are
performed to quantify the values of the electric-field-induced
redshift of the peak of the PL spectrum of the QDs, pre-
viously characterized as Stark shift [23]. These values of
Stark shift are measured at various plasma conditions (i.e. at
different input powers). Moreover, the measured values of
Stark shift are interpreted using a statistical surface charge
model. A Langmuir probe is used to extract plasma paramet-
ers (e.g. electron temperature) at the conditions of the Stark
shift measurements. These plasma parameters are then used
for estimations of the sheath electric field using traditional RF
sheath theory.

The current present paper is organized as follows: First,
an overview of the experimental methodology is presented in
section 2. Together with a detailed description of the experi-
mental setup, the measurements of the PL spectra of the QDs,
are explained in that section. Next, in section 3, the experi-
mental results and observations of QD PL spectra from these
nanocrystals as exposed to low-pressure RF plasma in various
conditions are provided. Finally, section 4 contains the inter-
pretation of the experimentally investigated phenomena.

2. Methods

2.1. Quantum dot photoluminescence

QDs are semiconductor nanocrystals characterized inherently
as zero-dimensional quantum wells for charge carriers. The
optical characteristics of these QDs are dependent, among
other parameters, on their size. QDs typically have a core—
shell structure. The main semiconductor in the core determ-
ines the properties, whereas the shell stabilizes those. A QD
nanocrystal is optically excited upon receiving a photon whose
energy exceeds the energy gap between the valence and con-
duction bands, followed by the generation and confinement of
an electron—hole pair. In the next stage, the electron-hole pair
relaxes back to the bound states of the QD’s corresponding
quantum well; finally, the recombination of the electron and
hole leads to the emission of a photon with an energy equal
to the width of the band gap. As a consequence of charge
carrier relaxation, the energy of an emitted photon is lower
than that of an excitation photon. Since in this work, the emis-
sion from an ensemble of QDs with a certain size distribu-
tion is observed, the associated PL peak is broadened corres-
ponding to the size distribution. A PL emission peak of an
ensemble of QDs can be characterized by three values: The
central wavelength, the integrated intensity, and the full-width
at Half-Maximum (FWHM).

Measurements of the QD PL spectrum and analysis of the
above-mentioned values allow using QDs as in situ charging
probes. In this work, the QDs are deposited on a substrate and
exposed to a low-pressure RF argon plasma. Optical excitation
is performed by a laser. The charges on the surface of an elec-
trically floating substrate create the electric field. This electric
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Figure 1. Schematic representation of the experimental setup.

field affects the PL of the QDs due to the quantum-confined
Stark effect [26], which allows to obtaining the information
on charging from the PL spectra.

The QDs used in this work were commercially avail-
able (NanoOpticalMaterials) colloidal CdSSe-ZnS gradient-
alloyed shell QDs. In this specific type of QDs, blinking effects
were nearly suppressed and the quantum yield was enhanced
by constructing a band structure that confines the exciton
within the core [27, 28]. Therefore, the Auger effect, as a non-
radiative process responsible for blinking, was suppressed.
The peak of the PL of the QDs was at A\, =540+ 10 nm
and FWHM = 34 nm; their core radius and shell thickness
were 2.2 nm and 0.9 nm, respectively, and their molecular
mass 1.21 x 103 mgmol~!. For each QD sample, 1 pl of the
original colloidal solution with 4 mgml~! concentration was
drop-cast on a reflective silicon substrate, therefore resulting
in a surface density of about 1.1 x 10~!'! molmm~2 and a
layer thickness of 350 nm, assuming the QDs were homogen-
eously dispersed. The relative dielectric constant of the QDs
was approximately [29] €, = 6.19. After total evaporation of
the solvent, a layer of QDs remained on the substrate. The
silicon substrate with the QDs was clamped to a stainless-
steel substrate holder which was electrically insulated from the
grounded walls of the vacuum vessel. Therefore, in this config-
uration, the QD sample acquired floating potential with respect
to the surrounding plasma. The PL of the drop-cast QDs on the
sample stimulated by laser excitation was continuously recor-
ded before, during, and after plasma exposure. The PL was
temporally and spectrally resolved with 0.075 s and 1.5 pm
maximal temporal and spectral resolution, respectively, using
the experimental setup described below.

2.2. Experimental setup

A schematic representation of the experimental setup is shown
in figure 1. The experiments were conducted in a cylindrical

vacuum vessel, 30 cm in diameter and 45 cm in height.
Ilumination laser light was introduced into the chamber
through a quartz window. The PL of the QD-sample was
observed at 90° with respect to the illumination through
another quartz window. The vessel lid contained a gas inlet
which was used together with a mass flow controller to feed a
steady flow of 1 SCCM Argon gas to the experimental volume.
Simultaneously, the vessel lid contained an electrode that was
electrically insulated from the rest of the vessel by a Teflon
ring. This 12 cm diameter circular electrode was driven with a
sinusoidal voltage of 13.56 MHz. This voltage was delivered
by an RF generator (Barthel RFG-13-100-L) synchronized
with an automatic matchbox (Barthel MCi-300) with powers
ranging from 10 to 90 W. The rest of the vessel served as a
grounded electrode.

The vacuum vessel was pumped out at the bottom by a
turbo-molecular pump backed by a rotary roughing pump. The
base pressure inside the vessel was 3 x 10~3 Pa. During the
experiments, the pressure inside the vacuum vessel and thus
inside the measurement volume was set to 4 Pa by a butter-
fly valve (VAT 61332-KAAH) operated in the vacuum line—
bypassing the turbo-molecular pump—between the vacuum
vessel and the rotary roughing pump.

The plasma exposed QDs on the sample was excited using
a temperature-controlled pulsed laser system consisting of a
laser diode (Thorlabs L405G1) with a wavelength of 405 nm,
together with a laser diode driver (Thorlabs ITC4005) enabling
pulse-width modulation and pulsing of the laser diode corres-
ponding with square pulses delivered by the signal generator
(Keysight 33 509B). The laser beam was collimated and dir-
ected to the QD layer deposited on the silicon substrate using
a mirror and a collimator lens.

PL of the QDs was collected using a pair of confocal
lenses (with identical focal lengths of fi = f, = 200 mm, see
figure 1) and focused onto the 250 pm wide entrance slit of
the monochromator (Acton Research SpectraPro275), where it
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was spectrally resolved. Afterwards, the spectrum was recor-
ded by an ICCD camera (Andor iStar 334 T) mounted directly
behind the monochromator. The camera recorded a time series
of spectra synchronized with the laser pulses. The laser was
pulsed in order to allow the recording of both the background
emission and the PL signals of the excited QDs for consecut-
ive pulses. A band pass filter (central wavelength = 540 nm,
FWHM = 50 nm) ensured the collection of PL emission light
only, by attenuating most of the plasma emission which could
otherwise induce additional noise.

As the PL spectra of the QDs are temperature-induced
effects [30] resulting from, in our case, heat fluxes from the
plasma, measurement and recording the temperature of the
QDs is essential. Therefore, a temperature sensor (PT-1000)
was installed in the substrate holder to record the temperature
trend. The data were stored in a PC and analyzed with in-house
developed scripts. A delay generator (Stanford Research Sys-
tems DG645) was used for temporal modulation of the input
RF signals driving the plasma as well as synchronization of
the pulsed laser and the ICCD camera system.

Plasma parameters such as the electron temperature (7,),
the floating potential (V), and the plasma potential (V)
were measured using a Langmuir probe (Impedance P2516i).
The software delivered by the supplier interpreted the -V
characteristic curves of the probe and calculated the above-
mentioned plasma parameters. The Langmuir probe and the
floating substrate were simultaneously inside the chamber
where the probe was positioned a few centimeters apart from
the sample with the QDs. This configuration enabled the meas-
urement of the local values of the bulk plasma parameters
in the vicinity of the floating substrate. The aforementioned
plasma parameters were used to approximate the electric fields
in the plasma sheath formed around the floating substrate, as
will be discussed later.

2.3. Measurement and fitting procedure

Figure 2 represents a typical measurement of a PL spectrum
together with the fit for a pristine QD sample. The fitting
procedure will be described below. For the measurements,
the ICCD camera served as a master device with which the
plasma and laser pulses were synchronized via the delay gen-
erator. In order to acquire a sufficient amount of PL light and
to ensure optimal signal-to-noise ratio, each acquisition con-
sisted of 100 accumulated individual spectra, repeated con-
secutively for background (without laser excitation) and PL
(with laser excitation) measurements. Each PL measurement
was subtracted from the average of its previous and next back-
ground measurement to reconstruct the PL spectra (black dots
in figure 2).

The position of the PL peak was determined using the fol-
lowing fitting procedure. After averaging the data over 100
repeated measurements, the PL peak was fitted using a double
skewed Voigt function developed specifically for this proced-
ure (see appendix A). This double skewed Voigt distribution
(¢v) consisted of a weighted distribution of a Gaussian and

% 10°
3t ¢ Measured data ]
= Fit: Peak: 545 nm FWHM: 34.9 nm
2.5¢F i
5 ;
s 20 i
2 i
.5 I
E) 1.5 : b
R= i
= 1l ! Peak ]
i position
0.5}
0 1 1 L L N 1 1 L L
500 510 520 530 540 550 560 570 580 590

Wavelength (nm)

Figure 2. PL emission spectrum of the QDs: The recorded data
(black dots) and the modified Voigt fitting (red curve). The
wavelength at which the PL intensity reaches maximum indicates
the PL peak position.

a Lorentzian probability density function (¢ and ¢;) mul-
tiplied by their respective cumulative distribution functions
(®, and ®;) as indicated in the following expression:

dv(x) =2(1 =1)o6(x) s (acx) + 2ner(x)Pr(arx), (1)

here 7 is the Voigt weight factor and a¢ and a; are the skew
parameters of the Gaussian and Lorentzian probability dens-
ity functions, respectively. This double-skewed Voigt distri-
bution approximated the data with R? of 0.9998. The primary
reason for developing this specific set of fitting functions was
asymmetry in the measured data caused by non-linearities of
the image intensifier of the ICCD camera, skewing the spec-
trum of the PL emission. The PL peak position was assigned
to the peak and the PL intensity to the integral of the skewed
Voigt function resulting from the fit.

Next, variations of the PL peak position and peak intens-
ity were determined during each experiment. Figure 3 exem-
plary shows two respective PL peaks: One at the beginning
of a typical experiment, and the other the QDs’ PL emission
after 76.5 s of plasma exposure (red dots). It is visible that the
peak slightly shifts towards a longer wavelength, indicating a
‘redshift’, while the peak intensity slightly decreased.

Multiple trials of exposing QDs to plasma were performed,
during which the PL peak positions were measured in sev-
eral plasma pulses of equal duration and subsequently aver-
aged over these pulses. This averaging scheme was designed
to track the PL peak position and intensities precisely, enabling
further quantitative analysis when the input power of the
plasma was subject to change. With this procedure, the PL
peak position was determined with a 0.002 nm error.
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Figure 3. PL emission spectrum of the QDs before (blue dots) and
after 76.5 s (red dots) of plasma exposure: the peak has experienced
a 0.15 nm shift. The peak intensity has slightly

declined.

3. Results

3.1. Time-resolved PL spectra: the ‘slow shift’ and the ‘fast
shift’

As illustrated in figure 4, the two main features of the PL
spectrum, the peak position, and the peak intensity are subject
to change due to exposure of the QDs to plasma. At the begin-
ning of the experiments, before any plasma exposure, both
the peak position and the peak intensity are constant. At the
moment when the plasma is switched on, an immediate shift of
about 0.04 nm in the peak position towards longer wavelengths
is observed (see figure 4(a)). Afterwards, a gradual, ramp-like,
and relatively slow shift of 0.11 nm in total proceeds as the
plasma affects the QDs on an extended time scale of 76.5 s.
Marking the switching off of the plasma, an immediate shift
of the peak position is observed, which is symmetrical—equal
in magnitude but reverse in direction—to the initial immedi-
ate shift. Finally, a gradual and, again, relatively slow shift
towards the initial values sets in. However, the peak position
reaches a stable value slightly higher than that for the pristine
QD sample. Similarly, the trend in the integrated intensity of
the PL peak appears to show a gradual decrease during plasma
exposure. Both slow trends—of the PL peak position and of
the integral intensity—are characterized by very similar time
scales. The PL intensity also does not recover to its value for
the pristine QD sample (see figure 4(b)).

We term the immediate increase/decrease of the PL peak
position at the moment of switching the plasma on/off ‘fast
shift’. The gradual and ramp-like shift occurring on the longer
time scale, we term the ‘slow shift’. Obviously, the trend in
the slow shift follows the trend in the substrate temperature
(see figure 4(a)) which rises during plasma exposure and expo-
nentially declines after the exposure is stopped. Therefore, we

5478 298.5
L & fo o a
54775 }i\\ 06%01}‘2\5[ shift ( )
& pEe 1298
E 547.7 g
g g
= 547.65 2975 &
£ z
S 547.6 =
1297
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547.5 L 1 1 1 L 1 L 1 L 2()65
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298

°12975
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Temperature (K)

297

. . . . . . 296.5
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Figure 4. Temporal evolution of (a) the peak position (left axis,
black dots) together with substrate temperature (right axis, red
curve) and (b) the integrated intensity (left axis, black dots) together
with the substrate temperature (right axis, red curve). The
experiment included 76.5 s of plasma exposure (pink region).

attribute the slow shift to temperature-induced effects caused
by the thermal plasma load on the substrate surface. The time
scale of the fast shift is much shorter than that of the temperat-
ure evolution of the substrate and, therefore, we attribute this
shift to the quantum-confined Stark effect caused by plasma-
induced surface charges.

The substrate temperature is measured to rise 1.1 K dur-
ing 76.5 s of plasma exposure. The rate of the temperature-
induced redshift is approximately 0.1 nm K~! according to
this measurement. This value was cross-checked by externally
heating the substrate with the QDs without any plasma expos-
ure, where the trend of the slow shift corresponded exactly to
that of the temperature [23] while the fast shift observed in
the plasma exposure experiments did not occur. Recently, a
detailed evaluation of the thermal balance of surface-deposited
QDs was published [25]. The results practically rule out any
transient thermal effects that could obscure the quantum-
confined Stark effect.

According to the observations described above, the fast
shift and the (temperature-induced) slow shift occur on
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Figure 5. Temporal evolution of the peak position (left axis, black dots) and the integrated intensity (right axis, red dots) of the spectrum of
the PL of the QDs at different plasma exposure times (pink regions): (a) 76.5 s, (b) 30's, (c) 18 s and (d) 4.5 s. The horizontal red dashed

line represents the peak position before plasma exposure.

different timescales which allows us to undoubtedly distin-
guish between them. The following section presents a different
set of experiments in which we could reduce the slow shift to
negligibly small magnitudes in order to better investigate the
fast shift.

3.2. Stark shift

To isolate the Stark shift, the time during which the QD sample
was exposed to the plasma was shortened step by step. As the
plasma exposure time was decreased, the QDs had lesser time
to attain temperature rise, which would induce observable red-
shifts. Initially, the QDs, and the substrate they were depos-
ited on, were exposed to the plasma for 76.5 s (see figures 3
and 4). In further experiments, the exposure time was consec-
utively set to 30, 18 and 4.5 s as can be seen in figures 5(b)—(d)
respectively. As demonstrated in figure 5, the slow shift is still
clearly visible at the plasma durations of 76.5, 30, and 18 s.
The temperature of the substrate and, therefore, of the QDs
was measured to rise 1.1, 0.6, and 0.3 K during 76.5, 30, and
18 s of plasma exposure, respectively (see figures 5(a)—(c)).

For the last experiment (figure 5(d)), the exposure time was
set to 4.5 s only, which was sufficient to gather enough data
and, at the same time, to diminish the temperature effect. Also,
at 4.5 s plasma duration, the PL peak position recovered to
the value it had before the plasma exposure. Hence, for a suf-
ficiently short plasma exposure time (4.5 s and shorter), the
temperature effects become negligible and pure Stark shift can
be observed. The PL peak intensity, nevertheless, has a longer
(about 20 s) recovery time and relaxes to a value that is slightly
below the initial one (figure 5(d), red dots). This effect was
already reported by Marvi ef al [23] and can be attributed to
the damage of the QDs by impinging plasma ions.

3.3. Quantifying Stark shift

To quantify the Stark shift of the PL peak position, a more
enhanced set of experiments involving averaging over multiple
cycles of measurements was conducted. The QDs were then
exposed to 100 short plasma pulses each lasting 0.7 s. Tem-
perature increase over multiple plasma pulses was prevented
by separating the exposure periods by ~15 s, allowing the
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Figure 6. Stark shift measured for a short plasma exposure. The
QDs’ PL peak position during plasma exposure (0.7 s, pink dots)
and non-exposure (yellow dots) time intervals. The pink and yellow
areas and lines indicate the standard deviation and the average of the
data points, respectively. For the specific plasma parameters of

50 W and 4 Pa, the Stark shift is measured to be 0.046 nm.

temperature of the substrate to decrease. As a result of this
averaging scheme, the PL peak position was determined
within a maximum standard error of the mean of just 0.002 nm.
The value of Stark shift was, afterwards, calculated by sub-
tracting the average peak positions during plasma exposure
from those during non-exposure time intervals. As illustrated
in figure 6, the value of Stark shift for specific plasma para-
meters of 50 W input power and 4 Pa gas pressure is meas-
ured to be 0.046 nm. In figure 6, the PL peak positions for
each measurement are represented with pink (plasma exposure
time interval) and yellow (non-exposure time interval) dots.
Besides that, the heights of the colored areas correspond to
the standard deviations for respective measurement intervals
and the solid lines indicate the average of the respective meas-
urement intervals.

3.4. Stark shift depending on the plasma input power

We applied the procedure described in the previous subsection
to systematically measure the dependence of the Stark shift on
the plasma input power. The input power of the plasma ranging
from 10 to 90 W was increased in steps of 10 W and the value
of the Stark shift was measured for each input power. In this
set of experiments, the gas pressure was maintained constant
at 4 Pa.

As figure 7 shows, the plasma-induced shift of the peak pos-
ition of the QD PL spectrum with varying plasma input powers
is represented by black circles. An increasing trend is observed
in the value of the Stark shift as a function of input power. For
the lowest power value of 10 W, the Stark shift of the PL peak
position was measured to be 0.022 4 0.002 nm. This value of
the Stark shift gradually rises to the value of 0.073 £ 0.001 nm
at the plasma input power of 90 W.
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Figure 7. The amounts of Stark shift of the QDs’ PL peak position
measured as a function of plasma input power (black circles) at a
constant pressure of 4 Pa. The detection limit of the current
experimental scheme is 0.01 nm (shaded area).

4. Discussion

First, the slow shift is attributed to the temperature effects
of the plasma on the substrate and the QDs. As depicted in
section 3.1, a monotonous redshift on long timescales of tens
of seconds is observed when the QD sample is immersed in
the low-pressure plasma environment. Concomitant with this
redshift of the PL peak position, the integrated intensity of the
PL peak is observed to decrease with a similar linear trend
on long timescales. Lattice dilation, i.e. thermal expansion of
the QDs, contributes to the slow shift of the PL peak position
[31]. The reduction in PL peak intensity is comprised of a
recoverable and a non-recoverable part. The recoverable part
is ascribed to temperature effects [32], whereas effects of ion
damage play the main role in the non-recoverable part of the
PL peak intensity [23].

Experiments with short plasma exposure times allowed to
exclude the slow shift and to investigate the dependence of
the fast shift on the plasma input power. This fast shift is
attributed to charging effects, i.e. to the electric fields gener-
ated by charged species, in this case, electrons, residing on
the QD-coated substrate. The reason for the accumulation of
electrons on the substrate, once it is immersed in the plasma,
is that the mobility of electrons is much higher compared to
that of ions. At steady state surface charge density, the elec-
tron and ion fluxes towards the surface are balanced. The latter
condition can only be satisfied when the floating potential, V¢,
is negative with respect to the surrounding plasma [33]. The
electric field, induced by the surface electrons, will cause the
quantum-confined Stark effect (QCSE) [34—36] on the discrete
quantum states of the QDs.

The electric-field-induced fast redshift (A)) is expressed as
[37]:

2 meE\?
A)\:O.03)\2(hc)l(me*+mh*)a4< 7: ) )
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where e, h, a, m,* and m;,* indicate the elementary charge,
Planck’s constant, the QD core radius, the effective electron
mass, and the effective hole mass, respectively. The QCSE is
caused by modification of the electron and hole energies as
a result of which, the recombination energy becomes lower.
The electric field ‘pulls’ the electron and hole to the opposite
sides inside the QDs, leading to a reduction of the band gap
and therefore to a redshift in the overall PL spectrum [38]. We
use this effect for sensing the surface charges in plasma.

Marvi et al [23] proposed a model explaining quantitat-
ively how the experimentally observed Stark shift is correl-
ated to plasma charging of the floating surface. Using this ‘dis-
crete charge model’, it was confirmed that the observed Stark
shift can be explained by the electric field created by surface
charges.

As the electrically floating substrate, with QDs deposited
on it, is immersed in the plasma, a sheath is formed around it.
The average normal component of the plasma sheath electric
field on the substrate surface is Egpeqn = 0/ €9, Where o is sur-
face charge density. The local electric field is, however, sub-
ject to fluctuations. Therefore the actual value of the electric
field sensed by the QDs is larger. The fluctuations are mainly
due to the redistribution of electron configurations on the
sample and the inherently discrete nature of the charge process
[21, 39].

We calculate the statistics of the local electric field res-
ulting from the surface charge by taking into account mul-
tiple random configurations of electrons on the surface at con-
stant ¢ and evaluating the electric field at the position of
a single point-like QD. The resulting Stark shift of the PL
peak position caused by the microscopic electric field of each
randomly dispersed configuration of electrons is then calcu-
lated using equation (2). Typically, a few million random elec-
tron configurations are evaluated to calculate the statistics of
the local electric field—with each configuration consisting of
thousands of quasi-static electrons. The observed fast shift is
measured over long (typically 0.7 s) measurement time and
is therefore averaged over all possible electron configurations
and over many radiation acts. It was shown [23, 24] that in
this case the measured Stark shift—d,,,..,—would correspond
to the average of the Stark shifts of all electron configura-
tions. In other words, dyean = AN(Epns), where E,, is the
root-mean-square electric field averaged over all the electron
configurations.

The discrete charge model allows the calculation of the
local electric field for a given o which is connected with the
average normal component of the sheath electric field. The
sheath electric field, in its turn, is calculated assuming a quad-
ratic potential drop profile across the sheath thickness, lead-
ing to a linearly increasing electric field [40] in the sheath
from the bulk plasma towards the surface. Plasma paramet-
ers measured by the Langmuir probe (appendix B) are used to
determine the potential drop and roughly estimate the sheath
thickness using Child-Langmuir law for RF plasmas [41]. The
sheath thickness estimations are cross-checked with camera
images taken from the plasma sheath close to the substrate.
The potential drop across the floating sheath of an RF plasma,

also known as the floating potential under RF bias, is expressed

as [8]:
kT, |1 2mm, eV
VfRF — 7 |:2 ln ( M ) - 1111() (kTe >:| 5 (3)

where T,, m,, M and V are the electron temperature, electron
mass, ion mass (in this case, argon), and the amplitude of
the RF voltage across the sheath, respectively. Here, I is the
zero-order modified Bessel function. The first term on the
right-hand-side of equation (3) represents the floating potential
under DC conditions while the second term represents the RF
self-bias. T, is measured by the Langmuir probe. V|, however,
cannot be reliably measured for a floating electrode. There-
fore, to obtain an absolute upper limit estimation of V. (and
corresponding Eg.q,), we used the amplitude of the RF sig-
nal (Ugr) measured by the oscilloscope on the RF electrode.
The actual value of Vj,, lies therefore between the DC float-
ing potential measured by the Langmuir probe and the voltage
obtained from equation (3) with V| = Ugp.

From the Langmuir probe measurements, the electron tem-
perature is 7, = 1.5 eV &£ 0.1 eV and the amplitude of the
RF signal (measured by an oscilloscope) is Ugr = 178 V for
50 W plasma input power. Together with a sheath thickness of
d; ~ 0.6 mm, the plasma sheath electric field at the location of
the substrate is approximated to be Egjeqn = 5.8 x 10° Vm™!,
for the conditions explained in detail in section 3.3. Illustrated
in figure 8 is a statistical evaluation of the microscopic electric
field that is yielded by the discrete charge model for the above-
mentioned values and conditions of the plasma. In figure 8(a),
a histogram of the electric fields associated with 10° configur-
ations of 3000 electrons on the surface, randomly distributed
on a 10! m~2 square sample in the center of which a QD
resides. A root-mean-square electric field of E,,,,; = 6.8 x 10°
V m~! would consequently induce a Stark shift of the PL peak
position of d,,.q, = 0.05 nm (figure 8(b)). Also, as the corres-
ponding Stark shift values in figure 8(b) indicate, the average
sheath electric field would induce only a non-observable Stark
shift of geam = 3.4 x 10~ nm.

The measured value of Stark shift of the PL peak posi-
tion was 0.046 nm (see figure 6) for the conditions mentioned
in section 3.3 is very close to the maximal Stark shift value
Omean = 0.05 nm figure 8. The same statistical calculations
are performed assuming the absolute minimum for the float-
ing potential (i.e. DC floating potential). In this case, the min-
imum 6., = 0.0034 nm would be one order of magnitude
lower than in the case assuming the upper limit Vy,, result-
ing in the calculated Stark shift value to fall below the experi-
mental detection limit of 0.01 nm.

As the Stark shift values are measured at different plasma
input powers, the effect of the plasma conditions on the detec-
ted value of Stark shift is demonstrated (see section 3.4). It
has been observed that the value of the Stark shift increases
with the plasma input power (see figure 7). In order to study
the effect of these plasma parameters on the charge of the
surface, the plasma sheath electric field and the microscopic
electric field are calculated using the discrete charge model
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Figure 8. Statistical evaluation of the microscopic electric field
E s at the location of a QD associated with quasi-stationary
electrons on the substrate surface (a) and the corresponding

histogram of QD photoluminescence Stark shifts (b). Over 10°
different electron configurations are integrated for these evaluations.

for both upper and lower limits of V. Finally, the minimum
and maximum Stark shifts corresponding to those under each
input power of the plasma are calculated. As illustrated in
figure 9, the maxima and minima of the calculated values of
Stark shifts are compared with the measured values as a func-
tion of plasma input power. The calculated minimal values of
Stark shift, all falling below the detection limit, differ about
one order of magnitude from the corresponding measured val-
ues. The experimental Stark shift values are close to the max-
imal calculated values suggesting that, in this particular case,
the amplitude of the RF voltage between the floating substrate
and surrounding plasma is close to Ugp.

The increasing trend in the value of Stark shift with increas-
ing plasma input power of the plasma is confirmed by the cal-
culations. As the input power is increased from 10 W to 90 W,
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Figure 9. Maximum (red upward triangles) and minimum (blue
downward triangles) calculated values of Stark shift based on the
discrete charge model as a function of plasma input power at the
constant pressure of 4 Pa together with the measured values of Stark
shift (black circles). The minimum calculated values all fall under
the experimental detection limit.

the plasma sheath electric field is enhanced. This enhancement
is mainly due to the increase in the amplitude of the RF
voltage oscillations accelerating the electrons in the plasma.
Consequently, more charge is induced on the surface and a
larger number of electrons resides on the same surface area
(i.e. more surface charge density). This trend as a function of
plasma power is confirmed by the measurements of the floating
potential by the Langmuir probe as can be seen in figure B1.
The higher surface charge density leads to a stronger micro-
scopic electric field, which is increased from 3.29 x 10° to
9.29 x 10° Vm~! when the plasma power is increased from
10 to 90 W. This increase causes the calculated value of Stark
shift to increase from 0.011 to 0.091 nm, a trend which is also
clearly corresponding to the same upward trend in the meas-
ured values of Stark shift (see figure 9).

5. Conclusions

QDs, deposited on the surface of an electrically floating sub-
strate immersed in a low-pressure RF plasma, were used as
nanometer-sized surface charge probes. In conclusion, the
experiments have shown that:

o The fast (Stark) redshift of the PL peak position of the laser-
excited QDs was caused by electric fields originating from
electrons residing on the surface of the substrate.

e The previously designed discrete charged model
[23] correctly calculated the electric field, typically
6.8 x 105 Vm~!, formed by the surface electrons and the
associated Stark shift of 0.05 nm.

e Increased plasma input power led to an increased value of
Stark shift, 0.073 nm, which was associated with increased
surface charge density as a result of higher plasma input
power of 90 W.
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e The Stark shift of the PL of the QDs deposited on a
plasma-facing surface was therefore capable of tracking the
variations in the surface charge density.

The plasma parameters were measured by a commercial
Langmuir probe and used to estimate plasma sheath electric
fields and the values of Stark shifts by the discrete charge
model. The uncertainty in the RF self-bias measurements led
to calculating only the maximal and minimal possible values
of Stark shifts. The experimentally measured values of the
Stark shift were found to lie close to the maximal calculated
values.
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Appendix A. Double skewed Voigt fitting

In this appendix, the derivation of the double-skewed Voigt
distribution function is explained in detail. A Voigt distribution
function, or a Voigt profile, is a convolution of a Gaussian and
a Lorentzian distribution.

Since the acquired data had an asymmetrical component,
the Voigt profile was modified, accordingly, to be a com-
bination of a skewed Gaussian distribution and a skewed
Lorentzian distribution, resulting in a double skewed Voigt
distribution as used to analyze the data in this paper. This
double-skewed Voigt distribution had the form:

dv(x) =2(1 = n)oc(x) s (acx) + 2ner(x)Pr(arx). (Al)

The Gaussian probability density function around the mean g
with variance o2 is expressed as:

(A2)

and the cumulative distribution function belonging to this
Gaussian probability density function is:

1 X—
P(x) == |1+e , A3
o= [1+er(Z4)] (%)
here, erf (%) is the Gauss error function defined as:
flz) = — / et (A4)
erflz) = —= [ e .
V7 Jo

The probability density function of a skewed Gaussian dis-

tribution with skew parameter ag is then given by:

fo(x) =2¢6(x)Dg(agx). (AS5)

When ag = 0 the function is equal to a regular Gaussian

distribution whereas for ag > 0 and ag < 0 the distribution is
skewed towards the right and left, respectively.

The same procedure is used for a Lorentzian distribution
with a probability density function:

m{u( )1

where p is the location parameter, specifying the location of
the peak, and + is the scale parameter equal to the FWHM of
the Lorentzian distribution function.

The cumulative distribution function of the Lorentzian dis-

tribution function is:
X— [ 1
( gl ) i)

Multiplying the probability density function with the cumu-
lative distribution function results in the skewed Lorentzian
distribution function with skew parameter a, :

Pr(x) =

(A6)
X—p
Y

1
Oy (x) = - arctan

(AT)

fL(X) = 2¢L(X)¢L(CKL)C). (A8)
These skewed Gaussian and Lorentzian distributions can be

combined with weight factor ) to find the double skewed Voigt

distribution of equation (1) or in abbreviated form:

Pv(x) = (1 =n)fc(x) +nf(x). (A9)

Appendix B. The electron temperature and the
floating potential

The electron temperature (T,) and the floating potential under
RF bias (Vy,.) are measured and calculated using the data
from the Langmuir probe and equation (3) for the same val-
ues of plasma parameters (i.e. input power and gas pressure)
discussed in the paper. As illustrated in figure B1, the elec-
tron temperature follows a downward trend, starting from
T, = 2.2 eV for input power of 10 W and descending to 7, =
1.32 eV for 90 W, whereas the floating potential almost lin-
early increases from Vj,, = 84 V for 10 W to Vj,, =240V for
90 W of input power. The gas pressure is kept constant at 4 Pa
throughout these measurements.

These values and their respective trends as a function of
input power and gas pressure of the plasma are essential for
the estimation of the plasma sheath electric field (Epeqs,) and
interpretation of the results regarding Stark shift values in the
same plasma conditions.
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Figure B1. Electron temperature (7, blue circles, left axis) and the
floating potential (Vf,,, red triangles, right axis) as a function of
input power. The gas pressure is set at 4 Pa.
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