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1 | INTRODUCTION

The rapid development of the new technologies and global world
economy is remarkably accompanied by exponential increase of the
energy demand. In 2010, it was predicted the growth by 56% till
2040.' However, the conventional energy sources based on fossil fuel
resources are limited and strongly dangerous for our environment.?
For this reason, many research activities in the last decades have been
addressed to the renewable energy technologies and eco-friendly
energy sources, identified as a good alternative. In particular, the solar
radiation is commonly considered as an abundant, cheap, clean, and
sustainable energy source. However, the performances of solar energy
converters to date are still less competitive than the conventional
power generators. One of the best solution to improve their perfor-
mances could be the development of renewable energy sources based
on hybrid systems, offering advantages in terms of cost, reliability, and
efficiency.a’4 In this context, the solid-state devices like thermionic-
photovoltaic (TIPV) converters have been proposed for the conversion
of concentrated solar energy. In general, thermionic converters are
experiencing an interest if solar

increasing integrated with
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Thin films of various borides, nitrides, and barium fluorides were tentatively deposited
by pulsed laser deposition and by magnetron sputtering in order to develop the
components of thermionic-photovoltaic devices for the high-temperature thermal to
electrical conversion by solid state. To improve the device performance, the materials
characterized by a low work function were selected. In the present work, the chemical
composition and work function of obtained films were investigated by X-ray
photoelectron spectroscopy and ultraviolet photoelectron spectroscopy techniques.
The values of work function were determined from the cut-off in the He | valence
band spectra. Different films were compared and estimated on the basis of X-ray

photoelectron spectroscopy and ultraviolet photoelectron spectroscopy results.

borides, nitrides, thermionic-photovoltaic, UPS, work function

concentrations.” TIPV converters consist of 3 main elements: electron
emitter (cathode), collector (anode), and thermophotovoltaic (TPV)
cell. The main characteristics of the emitter are the enhanced capabil-
ity to emit electrons and the selective thermal emittance, which should
be able to satisfy the specific requirements of the PV cell in terms of
radiation absorption. Basically, an ideal cathode must have a low work
function ¢, in order to emit a large amount of electrons, but it must be
higher than that of anode ¢, in order to allow the collection of elec-
trons guaranteeing a correct output voltage.

In the present work, thin films of various borides and nitrides were
deposited by pulsed laser deposition (PLD), a versatile technique for
the controlled deposition of nanostructured films of numerous mate-
rials on various substrates,” with an aim to improve the cathode and
anode performances in TIPV devices. The thermionic electron emission
properties of lanthanum hexaboride (LaB¢) and cerium hexaboride
(CeBy) films are well established. For this reason, they were considered
as good candidates in terms of low work function (¢ = 2.5-2.6 eV) and
high melting point (T, > 2000°C).2? Another valid alternative could be
represented by nitride films, in particular, the amorphous carbon
nitride (CN,) and hydrogenated aluminium nitride (AIN:H), because
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their work function can be even lower.'%! In the TIPV, the cell could
play itself the role of thermoionic anode. GaAs was selected for the
development of the TPV cell, but it is characterized by ¢ = 4.6 eV for
p-type; thus, it could not provide the necessary condition ¢, > ¢..
Therefore, its work function was tentatively reduced with an ultra-thin
film of BaF,, deposited by RF magnetron sputtering. The aim of the
present work was the exploration by using X-ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) tech-
niques, how the surface chemical composition and work function
depend on different growth parameters. The work function ¢ was cal-
culated by using the formula: ¢ = hv (He 1) = Ecutofr, Where Eqioff is the
energy of the cut-off level in the valence band spectrum excited by He
I line.2? In order to avoid the low kinetic energy cut-off caused by the
spectrometer, the work function ¢ was measured following the
method proposed by Martinez et al,'? developed to determine the
influence of a negative bias (V) on the potential barrier at insulator-vac-
uum surface. This method consists in the acquisition of UPS spectra
applying a series of negative bias voltages V. Because the photoemis-

sion threshold linearly depends on the square root of the absolute
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value of negative bias applied to the sample, as described by the clas-

sical Schottky model for a potential barrier, the work function value
was calculated from the plot of Ecueorr = f( | V | ¥/2).

2 | EXPERIMENTAL

21 |

Thin films of borides (samples LB1, LB2, LB3, and CeB) and nitrides
(samples AIN1, AIN2, AIN3, and CN) were deposited onto Si and
SiO,/Si substrates by PLD, equipped with an ArF excimer laser
(Lambda Physik COMPex 102) operating at 193-nm wavelength and
7-ns pulse duration. The commercial targets of LaBé, CeB6, AIN, and

Sample preparation

C (purity 99.95 wt%) were employed for the deposition. The pulse
deposition rate was kept constant at 10 Hz, whereas the energy pulse
was 80 mJ for borides and 60 mJ for nitrides. Carbon nitride films were
grown by RF plasma assisted PLD,*® in a reactive atmosphere of N,/Ar
flux (16/32 sccm) with a rf power of 20 W. Deposition temperatures,
operating pressure, and time are listed in Table 1.

TABLE1 Deposition parameters (Tgep, Pressure P and deposition time t), surface chemical composition, and work function ¢ of the investigated

samples
Sample etz A€ P, mbar t, min B 1s La 3ds/2 C1ls O1s Si 2p La/B o, eV d, nm
LB1 400 28 x10°° 180 21.3 8.6 24.8 44 14 0.4 3.3 6.0
After 30 s of ion sputtering
23.6 14.2 494 3.0 0.6 34
LB2 500 2.8 x107¢ 240 16.1 5.2 36.0 42.3 0.4 0.3 34 8.7
After 30 s of ion sputtering
19.8 11.0 17.8 49.5 1.8 0.6 83
LB3 500 8.7 x 1077 90 8.9 4.5 47.3 30 9.3 0.5 2.8 5.0
After 30 s of ion sputtering
14.8 11.9 12.8 39.87 20.7 0.8 3.0
Tdep °C P, mbar t, min B 1s Ce 3ds/2 Cis O1s Ce/B b, eV d, nm
CB 500 2.5x107° 270 19.8 6.7 30.5 43 0.34 3.4 17.0
After 30 s of ion sputtering
26.1 14.2 14.1 45.7 0.54 3.4
After 90 s of ion sputtering
26.4 17.5 13.1 43.1 0.66 3.1
Ve € P, mbar t, min Al 2p C1is N 1s O1s Si 2p Al/N ratio b, eV d, nm
AIN1 500 53x107° 45 20.6 12.8 4.6 454 16.7 4.5 3.3 1.6
After 30 s of ion sputtering
26.7 1.1 4.6 46.3 21.3 5.8 3.0
AIN2 400 3.3x10°° 45 19.8 12.9 2.1 44.8 20.5 9.4 3.3 1.3
After 30 s of ion sputtering
23.9 1.1 2.2 495 23.4 11.6 3.3
AIN3 600 67x10°¢ 45 21.3 122 36 416 21.6 5.9 31 14
After 30 s of ion sputtering
25.2 1.1 4.0 458 23.9 6.3 2.8
ez K€ P, mbar t, min C1is N 1s O1s Si 2p C/N ratio b, eV d, nm
CN 350 43x107t 45 7.9 1.3 47.7 43.2 6.1 4.0 0.3
Taeps °C P, mbar t, min Ba3ds,, F1s As2p3 Ga2p3 O1s Clils Ba/F ratio b, eV d, nm
BF1 RT 1.7 x 1072 100 131 22.8 2.8 17.3 29.6 14.4 0.6 34 0.5
After 30 s of ion sputtering
6.1 2.9 30.7 39.6 20.7 - 2.1 3.5
BF2 RT 1.7 x 1072 200 27.7 34.3 1.2 8.0 234 54 0.8 3.5 0.8
After 30 s of ion sputtering
16.3 7.6 13.9 33.8 28.3 2.1 34
BF3 RT 1.7 x 1072 300 27.2 31.7 0.8 2.7 20.5 171 0.9 3.5 2.0
After 30 s of ion sputtering
25.3 14.3 114 21.7 27.3 1.8 34
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The thin films of fluorides (samples BF1, BF2, and BF3) were
deposited by RF magnetron sputtering. The chamber was evacuated
to 1.5 x 107 mbar and back-filled with Ar flux to 1.7 x 1072 mbar.

The RF power input to the BaF, target was kept constant at 100 W,
with a negative substrate bias of 375 V with respect to ground. The
substrate holder rotated during the deposition at a speed of 60 rpm,
whereas the deposition time varied from 100 to 300 seconds.

2.2 | Surface characterization

The surface analyses were carried out by using an ESCALAB 250Xi
(Thermo Fisher Scientific, UK), equipped with a monochromatic Al Ka
source for XPS, an ultraviolet He (I and Il lines) lamp for UPS and a
6-channeltron spectroscopic detection system. XPS/UPS measure-
ments were carried out at 90° take-off angle and electrostatic or
electromagnetic lens mode, resulting in 1-mm diameter of analyzed
sample area. The samples were fixed on the standard sample stage
by using metallic clips, guaranteeing the electrical contact between
the films and the apparatus ground.

The XPS investigations were performed at a pressure of approx-
imately 1-5 x 1077 mbar in the analysis chamber, which was
increased up to 1 x 1077 mbar during the ion sputtering with an
ion gun EX06, which was set to 1 keV and sample current of 3 pA
to limit the possible degradation of the samples. At these experimen-
tal conditions, the sputtering rate was approximately 0.11 nm/sec-
ond. The spectra were collected at 20 eV constant pass energy.
The binding energy (BE) scale was calibrated by positioning the C
1s peak from the surface contamination at BE = 285.0 eV with an

accuracy of +0.1 eV.
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The UPS measurements were carried out at a pressure of approx-
imately 2 x 1078 and 5 x 1077 mbar for He | and II, respectively. The
spectra were collected at 2 eV pass energy. In order to check the
contribution of the surface contamination, the spectra were also
registered after a short surface cleaning (30 seconds) by ion sputtering.
The work function ¢ of the samples was calculated by measuring the
characteristic cut-off energy in the He | spectrum, as shown in
Figure 1. A negative bias of 2, 5, 10, and 15 V was applied to shift
the spectra from the spectrometer threshold. The E .o Vvalues
measured at different bias voltages were plotted as Ecyofr Vs [V[Y?
(Figure 1), as it was suggested in Martinez et al.'? From these
plots were extrapolated the values of the work function ¢ at zero bias.

Spectroscopic data were acquired and processed by the Avantage
v.5 software. Shirley background subtraction and mixed Lorentzian/

Gaussian peak shape (30%) were used for the peak fitting.

3 | RESULTS AND DISCUSSION

3.1 | Boride films

The obtained XPS results revealed the presence of C, O, Si, B, La, or Ce
in the LB and CB samples (Table 1). C 1s signal was primarily assigned

to the adventitious carbon, because it was strongly reduced after

Al 2p )
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30 seconds of ion sputtering. Si 2p signal at BE = 99.5 eV was attrib-
uted to the substrate. It was detected only in LB films, because their
thickness estimated from XPS depth profile (not included) was below
10 nm. It should be noted that the absence of Si—O bond indicated
the complete coverage of substrate surface. The thickness of CB sam-
ple was approximately 17 nm; therefore, the Si 2p signal from sub-
strate was absent.

La 3d, Ce 3d, and B 1s spectra are shown in Figure 2. All these
borides had a similar shape of B 1s signal, composed by 2 peaks
positioned at BE = 189.3 and 192.0 eV and assigned to borides and
oxy-borides, respectively.'* The identification of La species by the
peak-fitting of La 3d spectrum is complicated due to the presence of
strong shake-up satellite and plasmon peaks.'® The La 3ds,, signal
was decomposed into 3 synthetic peaks (Figure 2) positioned at
BE = 835.9, 837.7, and 839.4 eV and assigned to the main peak and
satellites, respectively. However, the BE value of the main peak can
be attributed for either boride and oxide. Also, in the Ce 3d spectrum
are present strong shake-up satellites (Figure 2). The main peak of Ce
3ds,, was found at BE = 882.4 eV with a satellite at BE = 886.3 eV.
Also, from this spectrum, it is quite complicated to discern the contri-
bution of the oxides and borides. Therefore, the discussion of the
XPS results is limited to the B 1s signal and the atomic ratios of La/B
and Ce/B, focusing the main attention on the correlation between
boride concentration and work function. As it is shown in the Table 1,
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the La/B and Ce/B atomic ratios resulted very different from the
stoichiometric one (nominal ratio 0.16). Also, after removing 0.5 nm
of material by ion sputtering, a deficiency of B was still present. This
can partially derive from a preferential sputtering due to the significant
mass difference between La and B atoms.!® A large content of oxygen
in the bulk of all films (Figure 3) was most probably due to the favorable
tendency for La oxidation.*® As it can be expected, operating at a lower
pressure (sample LB3), the oxygen content slightly decreases, but at the
same time, the La/B ratio becomes worse. In any case, the different
stoichiometry suggests the presence of various chemical compounds
from the La—B—O and Ce—B—O family. It should be noted that the
atomic ratio of the 2 species lporidge/loxide, Calculated by the peak
fitting of the B 1s signal, depends on the growth parameters. A major
content of borides was found in LB3 and CB films, where lyorige/
loxide = 0.54 and 0.49, respectively, whilst this ratio was 0.23 and
0.19 in LB1 and LB2 samples, respectively. These results can be cor-
related with UPS investigations, where almost all boride films, before
and after sputtering, had the same work function ¢ = 3.3-34 eV,
except of LB3 characterized by the lowest work function ¢ = 2.8-
3.0 eV, before and after sputtering. This is not a surprise, because
the XPS quantification evidenced a higher concentration of borides
in LB3 sample. Moreover, it should be noted that after a longer
sputtering (90 seconds), CB film had a lower work function
¢ = 3.0 eV. This is most probably due to the removal of the surface

contaminants, because the lporige/loxide ratio remained unchanged.

3.2 | Nitrides

The chemical composition of nitride films reported in Table 1 displays
the presence of Al, N, O, Si, and C in AIN samples and C, N, O, and
Si in CN sample. The thickness of these films was very small, approxi-
mately 1.5 nm for AIN samples and only 0.3 nm for CN sample. This
result was confirmed by the presence of Si and O, which compose
the substrate (Si wafer covered with a SiO, layer of 4.0 nm). The Si
2p signal was fitted by 2 synthetic peaks, positioned at BE = 99.5
and 103.0 eV and assigned to Si® and SiO,, respectively. The presence
of the underlying Si° confirms that a very thin nitride film was
deposited.

Al 2p, C 1s, and N 1s spectra of AIN and CN samples are shown
in Figure 3. From Al 2p peak in AIN samples at BE = 74.5-74.8 eV, it
is impossible to identify the chemical state of Al due to the overlap
of AIN and aluminium oxides.”” However, the formation of nitride
was confirmed by the N 1s peak at BE = 398.0-398.3 eV, typical
for oxynitrides.*®? The calculated atomic ratios of Al/N (Table 1)
evidenced an excess of Al that was partially oxidized. The situation
was more or less the same for CN sample, where was registered a
high excess of C (nominal ratio C/N = 0.75). The C 1s region was
fitted by 3 synthetic peaks (Figure 3), positioned at BE = 285.0,
286.8, and 289.3 eV and assigned to C—C bond, a sp?> C=N or
C—O bonds and oxidized carbon,?° respectively. Only a single peak
at BE = 398.2 eV was registered in the N 1s spectrum, which is
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typical value for oxynitrides. The obtained value of work function
was high, ¢ = 4.0 eV; however, it indicates that the deposited film
contributed to reduce the work function of substrate ¢ = 4.8 eV.?!
A better situation was found in AIN, where the work function of
the samples AIN1 and AIN2 ¢ = 3.3-3.4 eV was comparable with
LB samples and was further reduced down to 2.8-3.1 eV at higher
deposition temperature of 600°C, that favors the formation of Al
nitride.°

3.3 | Barium fluoride

The films of BaF, were tentatively deposited onto GaAs substrate in
order to reduce its work function. The XPS analysis of the BaF samples
revealed the presence of C, O, Ga, and As, beside of Ba and F (Table 1).
The presence of C was related to the carbon contamination, which was
completely removed after 30 seconds of ion sputtering. The presence
of Ga 3d and As 3d signals indicates that the deposited films were very
thin. In fact, their thickness was estimated to be approximately of 0.5,
0.8, and 2.0 nm for the samples BF1, BF2, and BF3, respectively. This
result was correlated with increasing deposition time. The Ba 3ds/,»
peak (Figure 4) was positioned at BE = 780.3 eV, which can be
assigned contemporaneously to fluoride?? or oxide,?® whereas a single
F 1s peak was positioned at BE = 684.7 eV assigned to fluoride.?!
However, except in the thinnest film, the atomic ratio of Ba/F was
not stoichiometric, indicating that also Ba was partially oxidized. The
work function of the BF samples, calculated from UPS (Table 1), was
independent on the thickness and unexpectedly high, even if these
results are encouraging because the initial work function of GaAs
¢ = 4.77 eV?* was significantly reduced.

Finally, the comparable values of work function for borides and
nitrides were found by applying the Richardson-Dushmann's fit for
the thermionic measurements. These results will be published

elsewhere.

4 | CONCLUSIONS

Thin films of borides, nitrides, and fluorides with low work function
were deposited by PLD and magnetron sputtering. In order to optimize
the deposition parameters, the chemical composition and work func-
tion of the samples were investigated by XPS and UPS. The obtained
results highlighted some critical aspects: (1) high concentration of oxy-
gen in the films, which brought the formation of oxy-borides and oxy-
nitrides; (2) the films were characterized by a non-stoichiometric com-
position with an excess of metals. Nevertheless, the work function of
deposited films resulted to be sufficiently low: ¢ = 3.3-3.5 eV. These
values were further reduced to ~ 2.8 eV, when the amount of borides
and nitrides slightly increased. XPS results evidenced that the quality
of borides and nitrides is improved by operating in ultra-high vacuum
at higher temperatures, whereas the thickness of the films is directly
proportional to the deposition time. In the TIPV application, in order
to have an efficient energy conversion, the emitter work function must
be in the range of 2.5-2.7 eV. Therefore, the obtained work function
value is sufficiently compliant with the request specifications. Con-

versely, a work function than 2.0 eV is expected for the TIPV anode.

s an
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The barium fluoride films, although reduced the work function of
the GaAs substrate (TPV cell) by 1.3-1.4 eV, are far from the requested
values. Most probably, it depends from the high content of incorpo-
rated oxygen. Therefore, in the near future, it will try to act on deposi-
tion parameters to reduce the oxygen partial pressure as well as the

thickness of the films, preferably monolayers.
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