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ABSTRACT

Low pressure-plasmas, in particular magnetron sputtering discharges, are increasingly used for the deposition of wide band gap semiconductor
nitrides films (e.g. GaN or AIN) considering many benefits they exhibit with respect to conventional CVD techniques. Plasma-based solutions enable
the dissociation of N2 molecules into N-atoms under conditions that would not be possible with thermal process. However, as the dissociation rate
remains quite small due to the strong nitrogen triple bond, it is somewhat complicated to determine and correlate the N-atoms density in the gas
phase with that of the grown film in low-pressure discharges. Therefore, ns-TALIF has been carried out to determine the absolute density of N-
atoms as a function of the pressure (fens of Pa range) in a Radio-Frequency sputtering plasma reactor used for GaN deposition. The TALIF set up
has been optimized using @ monochromator and adequate signal processing to enhance the detection limit, enabling the measurement of N-atoms
density as low as 10" cm™ at 15 Pa. These measurements have been completed with electron density measurements performed in the same
pressure range using microwave interferometry, thus providing quantitative data on both electron and N-atom densities that can be used for

fundamental understanding, process optimization, and modeling of magnetron discharge intended for nitride semiconductor deposition.

Nitrogen-based plasmas are widely employed to produce or
functionalize thin films that can address various industrial applications
encompassing  microelectronics',  photonics?,  opto-electronics®,
photodetectors®,  telecommunications®, ~ photovoltaics®,  energy
storage’, sensors® and so on. Recently, a particular type of nitrides,
namely GaN and AIN, respectively belonging to the family of wide and
ultra-wide bandgap semiconductors (both spanning from ~2 up to ~6
eV), have drawn a lot of attention from the scientific community as they
became necessary materials for devices that have to withstand higher
voltages, frequencies and temperature compared to Silicon?.

Such nitrides are produced through various technics including
molecular beam epitaxy (MBE) and metal organic chemical vapor
deposition (MOCVD). Nevertheless, these processes suffer from the
drawbacks of operating at high temperature (> 800 °C) or making use
of toxic precursor gases in large quantities. This makes these processes
expensive and not environmentally friendly. Therefore, reactive
sputtering has been considered as a good candidate for nitrides as it is
more convenient than the abovementioned processes in the sense that
it operates at a much lower temperature (as low as room temperature)
and does not require toxic gas precursors (e.g. TMGa (Ga(CHz)s) or
NHs). Indeed, it simply requires a target made of the material of interest
(e.g. Ga or Al) reacting with a plasma producing N-atoms trough N2
dissociation. Several groups have demonstrated the growth of both
materials using reactive sputtering'©".
demonstrated that textured (c-axis) polycrystalline GaN thin films can

be obtained using RF reactive magnetron sputtering under Ar/Nz
-118

In our previous work, we

atmosphere at room temperature with growth rate as higha 3 A.s
We showed that the working pressure had the most influential impact
on the structural quality of the films. Under our conditions, we notably
found that pressure values up to 20 Pa enable to produce high quality
films, which was somewhat unusual, as sputtering processes are known
to be efficient under very low-pressure regime (i.e. a few Pa). These

results have led us to question the fundamental aspects driving the
synthesis of GaN films that exhibit such quality while working at room
temperature. Moreover, regarding the high demand on such nitride
materials and the potential of sputtering processes in providing a low-
cost and greener solution for their widespread production,
implementing plasma diagnostics for both process optimization and
fundamental understanding is highly required. In particular, the
determination of the absolute density of nitrogen in magnetron
sputtering discharges may be of importance from several perspectives
as it can help to: (i) determine the flux of particles reaching the
substrate; (i) adjust the stoichiometry of the film, (iii) optimize the
growth rate; (iv) compare different sputtering systems based on
absolute data and (v) discharge modeling as a useful input data.
However, it is well known that the dissociation of N2 molecules to
generate atomic nitrogen species in a plasma is a tough task to achieve
due to the strong N=N bond. Therefore, most of the time, Nz is mixed
with argon to enhance its dissociation'”?°.For instance, Tabbal e? al.
have measured a dissociation degree of 2.5% at a pressure of 7.5 Torr
with Ar mixing ratio of 95% in a surface-wave-sustained plasma?.
Many authors have characterized N2 plasmas using several methods
such as calibrated OES?, OES actinometry”, NO ftitration®, VUV-
absorption? or TALIF?2, However, these were mainly conducted in
plasma discharges working under moderate- to high-pressure regimes
(from hundreds of Pa to atmospheric pressure) such as inductively
couple plasma (ICP)? or micro-hollow cathode discharges®. As far as
magnetron sputtering discharges are concerned, only a few studies are
dealing with N-atoms density determination especially when
considering the restriction on detection limit inherent to the low-
pressure conditions. Even if TALIF seems to be well adapted to low-
pressure plasmas since collisional quenching of excited states that
prevails at high pressures can be discarded, the major drawback at
lower pressures is that the strong background emission from N2 FPS
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overlaps with weaker fluorescence signal due to lower density of N-
atoms and thus making the measurement of the N-atoms absolute
density challenging.

In this paper, we use nanosecond (ns)-TALIF to probe N-atomsin
a low-pressure plasma. The detection limit of the diagnostic is
determined and noticeably enhanced by using a monochromator and
adequate signal processing. This approach enables to detect N-atoms
densities as low as 10" cm™. These experiments have been carried out
in a sputtering plasma reactor used for GaN deposition under Ar/N2
environment. The main goal of this study is to provide quantitative data
that can be used for fundamental understanding, process optimization,
and modeling of magnetron discharges intended for nitride
semiconductor deposition.

Figure 1 shows (a) the schematic representation of the reactor,
the laser generation system and the light detection apparatuses used
for TALIF experiments and (b) the two-photon excitation and
fluorescence schemes of N- and Kr-atoms adopted in the present
study. Experiments were carried out in a RF magnetron-sputtering
reactor under deposition conditions used for polycrystalline GaN thin
films'®. The plasma was ignited thanks to a 2”-circular magnetron
sputtering source (Torus® - Kurt J. Lesker Company) that houses a
liquid gallium target. In this sputtering process, Ar and Nz gases
(99.9999% purity) were used to maximize the ejection of Ga-atoms
from the target and to produce N-atom precursors in the gas phase,
respectively. The magnetron was powered by a 300 W - RF generator
(13.56 MHz) connected to an impedance matching box (TRUMPF PFG
300RF - Huttinger Elektronik). The system achieved a base vacuum
pressure of about 107 Pa through a dry (nXDS-10iR scroll Pump) and a
turbo-molecular pump (Alcatel ATP-900). This study focuses on
determining the N-atoms absolute density as a function of the working
gas pressure (from 2 to 32 Pa). In parallel, we performed microwave
interferometry (MiWitron 2650 - f= 26.5 GHz) to determine the
electron density using the same system and procedure described in the
work of Ouaras et a/?’. This was done to assess the correlation
between the variation trend of N-atoms density and that of electrons
as a function of the pressure. We chose the pressure as the varying
parameter for two reasons: (i) it is the most influential parameter
affecting the GaN crystalline quality in our experiments®, and (i) its
variation allowed us to interrogate the TALIF measurement capacity by
determining the detection threshold of N-atoms under low-density
regime. For all TALIF experiments, the other plasma operating
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Figure 1. Scheme of the ns-TALIF experimental set-up (a) and two-photon excitation and fluorescence scheme of N- and Kr- atoms (b).

conditions were kept constant, namely a total gas flow of 20 sccm, an
Ar/N2 flow ratio of 5:2 and a RF power of 100 W.

For the determination of the N-atoms density, we performed ns-
TALIF measurements. We used a tunable dye laser (Cobra-Stretch -
Sirah Lasertechnik) pumped by the second harmonic of a 500
mJ.pulse™” Nd:YAG laser at 10 Hz that provides a pulse with a width of
10 ns (Quanta-Ray Lab-Series170-10 - Spectra-Physics). The dye laser
beam was processed by two Beta Barium Borate (BBO) crystals, which
yielded a laser beam with three harmonics separated using two fused
silica Pellin-Broca prisms. We selected the desired third harmonic that
was tuned in the regions of interest, i.e., 204 and 207 nm for Kr
(204.221nm) and N (206.767 nm) atoms, respectively. A typical energy
value obtained for this harmonic is about 0.2 mJ.pulse™. The obtained
pure UV-C radiation, that entered the reactor through a UV-fused
silica window 2 cm above the cathode, was focused in order to have a
beam diameter of 500 pm in the center of the reactor thanks to a lens
with a 750 mm focal length (Figure 1.a). Subsequently, the laser beam
exits the reactor through a second UV-fused silica window. Its diameter
was adjusted using a 50 mm focal length lens to illuminate the
calorimeter sensor (J-IOMB-LE - Coherent) connected to an
oscilloscope (TDS 3052, 500 MHz, 5 GS s™' - Tektronix) that was placed
at the laser line's end, ensuring continuous measurement of the laser's
energy. To determine the absolute density of N-atoms, we used the
same experimental procedure as that thoroughly described in the work
of E. Bisceglia et a/*°. The only difference with their work is that the
fluorescence collection system was modified here by adding a
monochromator (Model SP-2155, Princeton Instruments) before the
fluorescence detector (photomultiplier tube, PMT - Hamamatsu,
H11526-20-NF). This was necessary to better isolate the fluorescence
lines and get rid as much as possible of the background plasma emission
(notably from N2 (FPS)) that strongly competes with the weak TALIF
signal. Additionally, bandpass filters corresponding to N-atoms
(Semrock FF02-740/13-25) and Kr-atoms (Semrock FF02-586/15-25)
fluorescence wavelengths were placed in front of the entrance slit of
the monochromator to block any stray light. Finally, different
combinations of neutral density filters were used: (i) to properly adjust
the laser energy and verify the quadratic dependence of the TALIF
signal on the laser energy, and (i) select the right laser energy to
perform TALIF experiments (Figure 2). We should mention that all the
TALIF measurements were averaged over 250 laser shots for each
wavelength.
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To determine the absolute densities of nitrogen from the collected
fluorescence signals, a calibration procedure was performed using
krypton gas. To this end, the reactor was first pumped down to 10° Pa
for several hours to remove any impurities that could obscure the
fluorescence measurement. Then, the reactor was filled with Krypton
at a constant pressure of 100 Pa. An example of the Kr fluorescence
temporal signal at the resonance wavelength (204.221 nm) at a laser
energy of 77 pJ is shown in Figure 2.ai. In this example, the effective
lifetime of the laser-excited state of Kr is 29.5 ns, which is close to its
naturallifetime, i.e. around 34 ns “°. The temporal integral of the TALIF
signal at each wavelength around the resonance was then performed
to retrieve the absorption profile at a given laser energy (Figure 2.ay).
The experimental absorption profile was well fitted by a Gaussian
function, and was dominated by laser line width with negligible
contribution from Doppler broadening of N-atom. The spectrally-
integrated Gaussian profile was then plotted as a function of the
square of the laser energy (Figure 2.as). A slope of a value of 1must be
retrieved if the double integral of the TALIF signal is proportional to
the square of the laser energy. This condition is known as the
“quadratic regime” and allows us to check the validity of the TALIF
formula used for the calculation of the N-atoms density under our
experimental conditions. In fact, besides the fluorescence and non-
radiative decay (collisional quenching), no other effects should be
involved in the depletion of the laser-excited state (e.g.
photoionization or amplified stimulated emission). In this work, a slope
of 0.99 was obtained with good accuracy, which satisfies the
abovementioned condition (Figure 2.as). The same procedure was
carried out for N-atoms to capture the corresponding temporally- and
spectrally-integrated TALIF signals by appropriately selecting the
laser energy. Figure 2.b1 depicts a typical fluorescence signal of
nitrogen at resonance (206.767 nm) for a laser energy of 262 pJ,
obtained at a pressure of 26 Pa. Regarding the low-pressure
conditions under which plasma experiments were performed, the
signal-to-noise ratio (SNR) in this case is lower than in the case of Kr as
the generated nitrogen density was close to the TALIF detection limit.
a. Krypton

The effective lifetime of laser-excited N-atoms (27.1ns) was extracted
from this signal through an exponential fitting of its decaying part. The
temporal integral of the signal at several wavelengths around the
resonance follows a Gaussian profile (Figure 2.b,) as in the case of Kr.
The utility of the Gaussian fit is clearly justified here: as the nitrogen
TALIF signal is weak, the Gaussian fitting allows for smoothing the
profile o be obtained and used for spectralintegration. The plot of the
spectral integral of the Gaussian as a function of the square of the
laser energy, allows verifying the necessary condition of having a slope
of 1(Figure 2.bs). To maximize the SNR of the fluorescence signal in the
case of N-atoms, the highest laser energy within the quadratic regime
was chosen (dotted circle in Figure 2.bs). A key factor for the
determination of the N-atoms density is the natural lifetime Tpar vy of
the fluorescing state of nitrogen. To determine it, the Stern-Volmer
plot®! was used (Figure 2.bs). To apply this method, the pressure of N2
in the chamber was varied between 14 and 33 Pa. The selection of this
pressure range was dictated by the operating limits of the plasma and
the SNR of the TALIF signal. Then, the inverse of the effective lifetime
of the laser-excited state of N was plotted against the gas pressure,
and the data were fitted with a linear function. Finally, by
extrapolating the fitted line to zero pressure T, w»was found to be
27.3+/-1.5 ns. This value is in agreement with the relevant literature®?-
34 For the performance of the TALIF studies under the plasma
conditions of the present study, the peak method was employed, which
considers only one wavelength corresponding of the peak resonance
of the fluorescence line*. Bisceglia e a/. have demonstrated that the
N-atoms densities determined by the peak method and the full profile
method were in perfect agreement. This method allows reducing the
time of recording of the TALIF data by avoiding capturing the entire
absorption profile for each plasma condition. Since the line profile is
Gaussian, the standard TALIF equation was modified by adding the
contribution of the full width at half maximum (FWHM) of the line
profile, which was only recorded for some representative
conditions®*.
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Figure 2. a.Krypton: example of a raw fluorescence signal obtained at resonance (a1), temporally integrated signal measured at several wavelengths around
resonance then fitted by a Gaussian (az), determination of the quadratic regime after temporal and spectral integration of fluorescence profiles for several laser
energies (as). b. Nitrogen: example of raw fluorescence signal obtained at resonance (b1), femporally integrated signal measured at several wavelengths around
resonance, then fitted by a Gaussian (bz), determination of the quadratic regime after temporal and spectral integration of fluorescence profiles for several laser

energies (bs), Stern-Volmer plot to determine the natural lifetime of N (bs).
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Therefore, we used equation (1) for the N-atoms density measurement
via TALIF corresponding to the peak method®. In equation (1), ny is the
density of a species X (X here refers to N or Kr), J'L SFpeak(x) the
temporally integrated fluorescence signal of X, ny the quantum
efficiency of the detector at the fluorescence wavelength of X, Ty the
transmission of the optics at the fluorescence wavelength of X, gy the
two-photon excitation cross section of X, Ay the Einstein coefficient of
the transition from the laser-excited level to a lower state of X, 7y the
experimentally-measured fluorescence decay time of the laser-
excited state of X, Ey the laser energy selected for probing X atom, A5
the laser wavelength chosen to perform TALIF measurements at the
center of the absorption line of X, and vpeaksy the measured two-
photon absorption profile of X. In equation (1), the ratio
g‘,pmk(m/gvpmkw) corresponds to the inversed ratio of the FWHM,
FWHMy,/FWHM ,y*. The values of the parameters of the equation
(1) arelisted in Table 1.

2, 2
fr SFpeak(N) Nir Tir Okr Akr Tkr Exr” Akr” Gvpearcr)

z, 2
Ny Ty oy Ay T Ex° Ay Gvpearm)

Ny = Ngp
t ”(Fpeuk(Kr)

In the following, the systematic error associated with each determined
N-atoms density will not be shown as it is close to 60%, mainly due to
the 50% uncertainty of the value of the two-photon absorption cross
section ratio®. Therefore, only the average values are displayed along
with the statistical error obtained by calculating the standard deviation
from three independent measurements. Figure 3.a presents the
density variation of N-atoms as a function of the N2 pressure in the
reactor. As a reminder, these experiments were conducted in Ar/N2
(5:2 ratio) at a total gas flow of 20 sccm using 100 W of RF power. All
the measurement points in Figure 3.a are accompanied by their
corresponding peak fluorescence profiles obtained at resonance as
represented in Figure 3.a’. TALIF measurements of N-atoms for
pressures below 15 Pa were not possible as the SNR ratio became too
small to distinguish the fluorescence signal from noise. Based on our
estimations, using the current ns-TALIF set-up, the detection limit of
N-atoms is around 10" cm™. In Figure 3.a, we observe a progressive
increase of the N-atoms density from 4x10"to 1.4x10" cm™>by varying
the pressure from 16 Pa to 32 Pa, respectively. Within the investigated
pressure range, the N-atoms density increases by a factor of 3.25
while the pressure increases by a factor of 2. It is noteworthy that the
operation of such plasma source at pressures as high as 30 Pa may be
beneficial for applications in which the strong production of N-atoms
is desirable. For instance, this would represent a way to increase the
growth rate of nitride-based coatings or to improve the efficiency of
nitridation processes while working at relatively low pressure that
ensures low-level of contamination.

A possible cause leading to the increase of the N-atoms density as a
function of the pressure may be the enhancement of the electron
density, which induces a larger dissociation degree of N2 through direct
(i.e., e + N2 = N + N) or indirect mechanisms, e.g., through electron
collisions with vibrationally excited N2 molecules?’. Our measurements
indicate a similar variation trend of the electron density ne with that of
the N-atoms density (Figure 3.b) except that the electron density is
doubled between 16 Pa and 32 Pa, i.e., from 0.5x10" cm3to 1x10" cm™
3, respectively, while N-atoms density increases by a factor of 3.25.
Therefore, while the enhancement of the production of N-atoms is
likely to be attributed to the increase of the electron density, it seems
that other processes may also enter into play. For instance, one may
think about reactions that involved Argon ions and N2 molecules trough
charge exchange reactions (Ar* + N2 = Ar + Nz*) followed by
dissociative recombination (e + N2* = N + N) or that would be the
consequence of reactions of Ar metastable with N2°. This hypothesis
has to be taken cautiously considering the uncertainty in the N-atoms
density measurements described earlier. In the following studies of
ours, further experiments will be carried out to determine the Ar
metastable density as well as to model the discharge for shedding
more light on the key reactions that drive the N-atoms production in
such discharge.

In this letter, we have established the application’s domain
of ns-TALIF for N-atoms density measurements in a RF magnetron
discharge under conditions of GaN deposition. As this work is infended
to provide quantitative data for plasma modeling and fundamental
research, we also determined the electron density simultaneously with
the TALIF measurements. Notably, we have observed that in the range
of low pressures investigated here (16 to 32 Pa), which are higher than
those used in conventional sputtering systems, the N-atoms density
increased by a factor of 3.25 while the electron density exhibited a
two-fold increment within this pressure range. This would suggest that
the production of N-atoms is not only driven by electrons but other
mechanisms as well such as charge exchange reactions between Ar*
and Nz, dissociative recombination of e and N2* or energy exchanges
between Ar metastables and Nz. This enhancement of N-atoms
production when working at such low-pressure range would be
beneficial for applications that target high growth rates.

This work was funded by the French National Research Agency trough
contract No. ANR-22-CE51-0011-01 (GASPE project), No. ANR-IEED-
002-01 and ANR-20-CE51-0020 (ULTRAMAP project); and the Tle-
de-France region (project SESAME DIAGPLAS). Authors would like to
thank the MITI-CNRS - “Réseau des Plasmas Froids” for providing the
MWI. We are grateful fo Marc Malvaux, Cédric Noél and Ludovic
William for their help with the reactor’s transportation, MWI
installation and experimental installation, respectively.

T

Parameter f: Stpeakcer Iy Ty o Ay Ty Ex I vpearcs
Unit au. no unit no unit nounit ns w nm s
X species Kr N Kr N Kr N NA Kr N Kr N Kr N Kr N Kr N
. Pressure
Value 7.96x10°  Variable 0.468 0.4836 0.92 0.92 0.62 117x10¢ 3.38x10¢ 28.7 dependent =127 =259 204.221 206.767 6.28x107? 7.12x10™
:;")cem'"w 10 10 o 1 s 5 50 6 2 10 10 8 8  Nome  None 1% 16
Niemi Niemi ef
Reference Meas. Manuf. Manuf. Meas. Meas. Meas. Meas. Meas. Meas.

etal® al.®

Table 1. Detailed list of the parameters used for N-atoms determination. “Meas.” and “Manuf.” stand for experimentally measured and manufacturer data,

respectively.
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