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ABSTRACT. RbInSe: is attracting growing interests as a secondary semiconductor compound in
Cu(In,Ga)Sez-based solar cells in virtue of the recent investigations on absorber post-deposition
treatments with alkali metal salts that have resulted in significant efficiency improvements.
However, the detection of the RbInSe> phase on the surface of chalcopyrite absorbers is very
challenging due to its nanometric thickness and to the limited information available about its
fundamental properties. In this context, this work expounds a detailed analysis of the vibrational
properties of RbInSe: that combines first-principle calculations with multiwavelength Raman
scattering spectroscopy and provides a methodology for the detection and identification of very
thin layers of this material employing solely optical measurements. As a result, we present here
the classification of the different vibrational modes together with the fingerprint Raman spectra of
RbInSe; thin films measured under five different excitations (close to and far from resonance).
The employment of a 442 nm excitation wavelength is found to be the most adequate strategy for
the detection and characterization of the RbInSe; phase in view of its resonance with the bandgap
of the material and its low penetration depth. Additionally, the purity of the deposited thin films
as well as the possible influence of the subjacent layers on the Raman spectra of the compound are

also investigated by analyzing the presence of secondary phases and by measuring RbInSe; thin



films deposited onto Mo-coated soda-lime glass, respectively. These results set the basis for the
future evaluation of the suitability of Raman spectroscopy as a fast and non-destructive
characterization technique for a reliable identification and characterization of the nanometric

layers of RbInSe; in Cu(In,Ga)Se>-based solar cells.
INTRODUCTION

RbInSe; thin films have recently attracted considerable interest since they may be playing an
essential role in the so-called RbF post-deposition treatments (PDTs) carried out on the absorber
layer of high efficiency Cu(In,Ga)Se> (CIGSe) solar cells."* Alkali-based PDTs have been the
driving force boosting the performance of the CIGSe technology in the recent years and have led
to a continuous approach of the efficiency of the devices towards the Shockley-Queisser limit.>”
However, the origin of the beneficial effects of PDTs on CIGSe devices is still not well-understood
and additional research is required to shed light on the underlying mechanisms. The possibility of
one of these mechanisms being related to a PDT-induced modification of the surface morphology
and composition of the absorber layer is widely discussed. In particular, different groups have
shown that the co-evaporation of RbF and Se onto CIGSe absorbers leads to the formation of thin
nanometric RbInSe; layers (as well as of several other compounds such as GaF3, different oxides
and hydroxides) at their surface.!** However, up to now, the detection and identification of such
thin RbInSe> layers on top of the CIGSe absorbers has required the use of rather advanced
characterization techniques like X-ray photoelectron spectroscopy (XPS) or high resolution
transmission electron microscopy (TEM).'® In addition, the limited knowledge available regarding
the fundamental properties of RbInSe; further complicates the detection of this phase. To the best
of our knowledge, only two publications have investigated the properties of this material through

1'° or a thin film.!! In the former article, the authors investigated

the analysis of either a single crysta
the crystal structure of a RbInSe, single crystal processed via the reactive flux method and
employed X-ray diffraction (XRD) data to calculate its band structure.' In the latter article, the
structural (XRD) and optical (UV-Vis measurements) properties of a thermally co-evaporated
RbInSe; thin film were analyzed.!! In addition, the phase formation energies of the different
species in the Rb-In-Se system as well as the possible intrinsic defects in RbInSe; were discussed
based on first-principle calculations. These works have revealed that RbInSe; crystallizes in a

monoclinic Bravais lattice where two-dimensional layers are separated by Rb" cations!® and that



this material has a direct 2.8 eV bandgap with a relatively high absorption coefficient above the

absorption edge (> 10* cm™).!!

In this context, this work investigates the vibrational properties of RbInSe> thin films employing
multiwavelength Raman scattering spectroscopy in order to obtain the fingerprint spectra of the
material and set the basis for the future evaluation of the suitability of Raman spectroscopy as a
fast and non-destructive characterization technique for a reliable detection, identification and
characterization of very thin layers of RbInSe> in Cu(In,Ga)Se>-based solar cells. The experimental
results are correlated with first-principle calculations, which allows the classification of the
vibrational modes of RbInSe,. Furthermore, the homogeneity and phase purity of the RbInSe> thin
films are assessed by means of Raman spectroscopy by investigating the presence of possible
secondary phases. Finally, the influence of a MoSe; subjacent layer on the Raman spectra is also

analyzed.
EXPERIMENTAL DETAILS

RbInSe: thin films were deposited onto soda-lime glass (SLG) substrates using a one-stage thermal
co-evaporation process. Some of the substrates were coated with an 800 nm thick Mo layer
deposited by DC-sputtering. Elemental Se and In as well as RbF were evaporated onto the
substrates from separate sources in order to be able to adjust the evaporation rates to obtain the
desired composition of the thin film. The substrate temperature was set to 550 °C. After finishing
the deposition process, all the samples were rinsed in diluted ammonia to wash off possible
residues of fluorine compounds and excess Rb. A more detailed description of the deposition
procedure can be found in Ref. 11. The results on detailed structural, compositional and
morphological analysis of the thin films used for the experimental study below were also presented
in Ref. 11. Note that the present study was carried out with a samples from the very the same
deposition run as the sample characterized in Ref. 11 ensuring the applicability of the results of

that study to the samples discussed in the present study.

Raman scattering spectra were acquired using a FHR640 and an iHR320 spectrometer (Horiba
Jobin-Yvon) coupled to a CCD detector and optimized for the UV-Vis and near IR spectral regions,
respectively. The measurements were performed in backscattering configuration through an
Olympus objective coupled to a special probe designed at IREC. The excitation was performed
using solid-state (532 and 785 nm) and gas (325, 442 and 632.8 nm) lasers. The dependence of the



spectra with the laser power density was analysed for each excitation laser line and the highest
energy without an influence on the sample was selected for the subsequent study (values around
25 W/cm? were used in most cases). The excitation laser lines were selected taking into account
the band gap of RbInSe> (2.8 eV!! which corresponds to 442 nm) so that three of them had energies
below the bandgap (785, 632.8 and 532 nm), one had a higher energy (325 nm) and one perfectly
matched the bandgap energy leading to resonant conditions (442 nm). Such multiwavelength
excitation analysis has allowed obtaining fingerprint Raman spectra measured under different

conditions which can be used as a reference in the further analyses of the RbInSe, compound.
LATTICE DYNAMICS CALCULATIONS

The Raman scattering spectrum of the RbInSe: crystal structure has been calculated from the first-
principles lattice-dynamics calculations as implemented within the Vienna ab initio simulation
package (VASP).!? Structural optimization has been performed using the Perdew, Burke, and
Ernzerhof (PBE) generalized gradient approximation functional.!® A plane-wave cut-off of 520 eV
and a ['-centred (2x2x2) k-point mesh have been employed. The projector augmented wave
(PAW)! potentials used in the calculations were constructed so that they treated the (4s2 4p6 5s1),
(552 5pl), and (4s2 4p4) shells as valence states for Rb, In and Se, respectively. The calculations
were carried out on a 64-atom supercell. The calculated lattice parameters for the RbInSe>
compound are in close agreement with the experimental lattice parameters (¢ = 11.502 A, b =
11.496 A, ¢ = 16.469 A).!" Hence, the latter were chosen for the spectral calculations. Internal
structural parameters were converged to within 10 eV or until the magnitude of the forces on the
ions were below 10 eV/A for the phonon calculations. The off-resonant Raman activity calculator
was used to determine the derivative of the polarizability (or macroscopic dielectric tensor) with

respect to the normal mode coordinate: dP/dQ."?



Table 1. Raman scattering one-phonon peaks of RbInSe: obtained from first-principle calculations
and the analysis of the experimental spectra.

Calculations Experimental
No. Raman shift Raman shift FWHM
(cm™) (cm™) (cm™)

1 4.7

2 17.0

3 22.8

4 43.8

5 47.0

6 57.8

7 61.6

8 69.9

9 71.0

10 78.4 79.5 4.5
11 89.5 90.5 5.0
12 92.8 95.1 5.9
13 99.1

14 102.0 102.6 7.7
15 113.05 114.3 5.5
16 175.8 179.7 6.1
17 181.0

18 183.7 186.9 6.3
19 195.6 198.0 7.2
20 201.8

21 203.7 203.3 7.9
22 222.3 211.2 10.1
23 228.5 224.4 7.0
24 237.9 238.0 6.5




RbInSe; has a monoclinic structure with space group C2/c and 16 atoms in the primitive cell,
similar to the TIGaSe; structure.'® Group theory analysis yields 48 phonons in the zone centre I'-

point, which are collected in the following irreducible representation:!’

I =104, & 104, & 148, @ 14B,, (1)
where A, @ 2B, are the acoustic modes and the rest are optic modes split into 94, @ 12B,
infrared and 104, @ 14B, Raman active modes.'” This way, up to 24 peaks are expected in the
Raman spectra of RbInSe;. The calculated frequencies of the Raman modes and their symmetries
are presented in Table 1. A Lorentzian instrumental broadening was applied to simulate the Raman
spectrum and a good matching was observed with the experimental spectra (Figure 1a) as will be

discussed below.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Raman scattering analysis. The Raman scattering spectra of the RbInSe; thin films measured
under the different excitation wavelengths (except for the one obtained with the 325 nm laser) are
presented in Figure 1b. A good correlation can be observed between the experimental spectra and
the one obtained from first-principles calculations (Figure 1a), even in the relative intensity of the
different peaks. The main difference between them, though, lies in the band close to 150 cm™
detected in the three spectra measured with excitation wavelengths corresponding to energies
below the bandgap of RbInSe; (785, 632.8 and 532 nm) which is not present in the calculated
spectrum. This issue will be discussed later on. Besides sharing the presence of the band at 150
cm, the three spectra measured with excitation energies below the bandgap of RbInSe; look quite
similar and display comparable relative intensities of all the peaks. In contrast, the spectrum
measured under a blue (442 nm) excitation wavelength (i.e. under resonant conditions) exhibits an
increased intensity in the peak located at 115 cm™ and lower intensity in the peak at 239 cm™. Note
that the overall shape of the Raman spectra of RbInSe> measured under resonant conditions is also
similar to the spectra of the RbGaSe, compound.'® However, the vibration frequencies in the
gallium containing compound show a blue shift of about 15 — 40 cm™, which indicates stronger
In—Se bonding interactions in RbInSe, compared to RbGaSe,. Interestingly, the band detected at
150 cmt is observed to disappear in this spectrum whereas the peaks in the 190 — 230 cm range

became more pronounced. These changes in the relative intensity of the peaks are related to the



way in which the different types of vibrations, longitudinal or transversal, that originate such peaks
interact with the excitation light. As the excitation light approaches resonance, the peaks associated
with longitudinal vibrations became more intense than those associated with transversal vibrations
due to the Frohlich electron—phonon interaction.!® Additionally, owing to the different resonance
conditions of the secondary phases and the main phase, the intensity of their corresponding peaks
may vary in a different way when changing the excitation wavelength which also contributes to
the observed differences. In fact, the employment of multiwavelength excitation has been shown
to be a powerful technique for the detection of secondary phases in complex compounds like

kesterites.?
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Figure 1. (a) Calculated Raman scattering spectra of RbInSe>. A break was made in the Y-axis to
elucidate the low intensity peaks. (b) Raman scattering spectra of RbInSe: thin films deposited on
SLG substrate measured under different excitation wavelengths. MP denotes the multi-phonon
peaks. The numbers on the peaks correspond to those shown in Table 1.



On the other hand, the measurements carried out under UV (325 nm) excitation wavelength show
a high dependence on laser power density. A broad band at around 250 cm™ is detected even with
the lowest possible power density (close to 0.3 W/cm?). Increasing this value up to ~3 W/cm? leads
to a clear evolution of the spectra with time in which the intensity of the peak at 254 cm™!, which
is related to the amorphous Se phase,?! keeps rising (see Figure 2). This denotes an easy
decomposition of the RbInSe> compound under UV excitation. However, it should be noted that
the lowest power density employed (0.3 W/cm?) is already more than one order of magnitude

higher than the average power density of the UV part of the solar spectrum (AM 1.5).
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Figure 2. Evolution of the Raman scattering spectra of RbInSe> with the UV excitation time.

A simultaneous deconvolution of the Raman scattering spectra of RbInSe> measured under
different excitation wavelengths into individual Lorentzian peaks was performed. As an example,
the spectrum measured under blue laser (442 nm) excitation is presented in Figure 3. This
deconvolution methodology has been previously applied to the analysis of different materials,??>*
enabling the resolution of low intensity and highly overlapped peaks. Here, the positions of all the
peaks found for RbInSe: from the proposed deconvolution of the broad bands are collected in
Table 1. Although small discrepancies exist between the frequency of the calculated and the
experimentally measured vibrational modes, these are below 5 cm™ in all cases. This indicates that

the initial parameters and the model employed are well-suited for the calculations performed in

this work. Table 1 also shows the full widths at the half maximum (FWHM) of the different peaks.



The relatively low FWHM values suggest that the analyzed thin film possesses a good crystalline
quality. An exception is observed in the peak located at 211.2 cm™ which exhibits a higher-than-
average FWHM. This can be related to the overlapping of various peaks at this spectral position
that are not fully resolved during the deconvolution. It should be noted that, in addition to the one-
phonon peaks collected in Table 1, a series of multiphonon (MP) peaks were also detected, mainly
in the spectra measured under resonant conditions (442 nm excitation) (see Figure 1b). These peaks

are presented in Table 2 with their possible decipherment to the constituent one-phonon modes.
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Figure 3. Fitting (red curves) of the experimental Raman spectrum (black curves) of RbInSe; using
Lorentzian functions (green curves). The difference between the fitted and experimental spectra
are shown with the blue curve. The spectrum was measured under 442 nm excitation wavelength.
The break in the Y axis has been included to emphasize the low intensity peaks.

Table 2. Multiphonon peaks found in the Raman scattering spectra of RbInSe> measured under
resonant 442 nm excitation wavelength.

Raman_ 1shift FWHIM Decipherment
(em™) (em™)

249 10.9 71.0+179.7
259 9.0 22.8+238.0
265 8.4 79.5+179.7
317 11.6 79.5+238.0
330 8.5 90.5+238.0
359 7.3 179.9x2
415 24.0 179.9+238.0
435 22.1 198.0+238.0
449 19.9 211.2+238.0
471 16.3 238.0x2




Secondary phases. According to previous results, the formation energy of the ternary RbInSe»
compound is comparable to the formation energies of different binary compounds.!'! As such, the
formation of secondary phases along with the main RbInSe> phase during the synthesis process
can be expected. Among the different possible secondary phases, In-Se based and Rb-Se based
compounds are the most likely to be formed.!' Additionally, as observed in the Raman spectra
measured under UV excitation, peaks related to elemental Se can also appear in the spectra.

Regarding Rb-Se compounds, only very limited information can be found in the literature. The

25,26

published works mainly cover the experimental investigation and first-principle

calculations!!?728

of their structural, electronic, and optical properties. However, no information
about the Raman spectra of Rb-Se compounds has been published, which complicates the
investigation of their possible influence on the Raman analysis of RbInSe>. However, since the
investigated thin films were deposited under the same technological conditions described in,!
where the analysis of XRD patterns did not show the presence of any Rb-Se compound, we can

assume the absence of these secondary phases in our samples, too.

In the case of the In-Se system, different structural and compositional polymorphs are expected.
Interestingly, most of them present their main Raman peak in the 100 — 150 cm™! range.?°3* Thus,
this observation suggests that the band found at 150 cm™! in the spectra measured in this work is
probably originating from compounds related to In-Se phases. However, the two constituents
peaks (at 145 and 153 cm™) found for this broad band do not strictly correspond to any compound
from the In-Se system such as a-InzSes, y-InoSes, InSe or InSe> whose main Raman peaks are
located at 104, 151, 114 and 150 cm™, respectively.?*3!3 This points towards the 150 cm™ band
being formed by a mixture of different structural and compositional polymorphs and/or amorphous
In-Se secondary phases which strongly complicates their detection and analysis by XRD.
Moreover, these phases were not detected in the previously published X-ray diffractograms of the
RbInSe; layer!!' despite being detected in the Raman spectra presented here. The non-intrinsic
nature of this band at 150 cm™ is in agreement both with the first-principle calculations of the
Raman modes of RbInSe; presented above and with its rising intensity with the increasing
excitation wavelength. What is more, different species in the In-Se system have a lower bandgap

than RbInSe; (in the range 1.2 — 2.4 eV, depending on their composition and structure)*'-** which

10



can match with some of the excitation wavelengths employed (532, 632.8 and 785 nm) leading to
resonant or close to resonant measuring conditions and profoundly enhancing the intensity of their
Raman signal. This could explain the clear presence of the 150 cm™ band in the spectra obtained
in this work for such excitation wavelengths. However, it should be noted that working under
resonant conditions enables the detection of residually small amounts of secondary phases,** which
means that the presence of In-Se based secondary phases in the sample analyzed here is almost
negligible. Oppositely, in case of the 442 nm excitation laser, the strong resonance of this
wavelength with the bandgap of RbInSe> phase highly increases the intensity of its Raman peaks
in comparison with those belonging to the In-Se secondary phases resulting in the disappearance
of the band at 150 cm™. Therefore, it can be concluded that the 442 nm excitation wavelength is
the most suitable one for the analysis of the RbInSe> phase without interferences from the peaks

of possible secondary phases.

Alongside with the sample deposited on SLG, a sister sample was deposited on a Mo-coated SLG
substrate. Figure 4a shows the Raman spectra measured under different excitation wavelengths.
Some differences with respect to the spectra shown in Figure 1 are observed. The main difference
can be spotted in the spectrum measured under a 785 nm excitation wavelength where a peak at
291 cm™! appears. This peak is related to the MoSe, phase,*> which is expected to form at the
Mo/RbInSe; interface. It should be noted, though, that the most intense MoSe»-related peak™ is
expected at 242 cm™! so it strongly overlaps with the peaks of the main RbInSe; phase located at
238 cm!. An asymmetric broadening of the band at 240 cm™ is observed in all the spectra
measured under excitation wavelengths lower than the bandgap of RbInSe> (532, 632.8 and 785
nm) which could further confirm the presence of the MoSe, phase. In order to study this, we
compared the differences in Raman shift and FWHM of the band at 240 cm™! for the thin films
deposited on bare SLG and on Mo-coated SLG (Figure 4b and 4c). A sharp shift of the band
towards higher wavenumbers is detected in the thin film deposited on SLG/Mo for excitation
wavelengths > 532 nm (Figure 4b). The relative FWHM of the band at 240 cm™! was calculated as
the ratio of the width of this band and the width of the main peak of RbInSe,, which allows
avoiding the crystalline inhomogeneities and instrument limitations. This value was found to be
higher in the spectra of the sample deposited on SLG/Mo excited with 532 and 632.8 nm
wavelengths while it is comparable to that of the bare SLG sample for 442 and 785 nm excitations.

The latter is probably related to the intensity rise of the MoSe: peak at 242 cm™ which becomes

11



the dominant one, while the peak at 238 cm™ from RbInSe> becomes a shoulder and does not

introduce any significant broadening to the band.
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Figure 4. (a) Raman scattering spectra of RbInSe: thin films deposited on Mo coated SLG
substrate excited with different laser wavelengths. (b) Evolution of the Raman shift of the band
close to 240 cm™ with excitation wavelength. (c) Evolution of the relative FWHM (calculated as a
ratio of the FWHM of the band and main peak of RbInSe:) of the band close to 240 cm™ with
excitation wavelength.

To gain a deeper insight, additional measurements of the Raman spectra of the thin films deposited
on Mo-coated SLG substrate were performed under the resonant blue excitation wavelength after
a mechanical lift-off of the RbInSe: layer and are shown in Figure 5. The lift-off approach has
been widely employed for the analysis of the interfaces in other chalcogenide materials.***! No
differences are found in the spectra measured at the front and back sides of the RbInSe; layer (top
of Figure 5). On the other hand, the spectrum measured at the substrate in the lifted-off region is
similar to the reference spectra of MoSe: phase (bottom of Figure 5). This proves the formation of
a MoSe: phase at the Mo/RbInSe; interface. The fact that MoSe: is also clearly observed in the
spectra of the full samples measured at the top of the thin film with the 532, 632.8 and 785 nm
excitation wavelengths is related to the high penetration of these lasers through the high bandgap

RbInSe; layer reaching the back interface. Moreover, using the data of spectral dependence of the
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absorption coefficient of RbInSe»,'! it is possible to estimate that the penetration depth of these
excitation wavelengths is >1 um. This analysis shows that the subjacent layers can influence the
Raman spectra of RbInSe> when employing excitation laser with energies lower than the bandgap
of this compound. On the contrary, it is also possible to estimate from the same data that the
penetration depth of the resonant blue laser is not exceeding 100 nm. Thus, the RbInSe; phase can
be detected from a small amount of material further confirming that the 442 nm excitation
wavelength is the most suitable one for detection of the RbInSe;. In this regard, shifting to UV
excitation wavelengths should be even more sensitive, reducing the penetration depth down to a
few tens of nm. However, as it has been shown in the present study, the employment of UV

excitation leads to the decomposition of the RbInSe> layer, even at very low power densities.
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Figure 5. Raman scattering spectra of RbInSe: thin film deposited on a Mo coated SLG substrate
measured from the front and back of the layer, after mechanical lift-off, under blue excitation
wavelength. Spectra measured at the lifted-off region of the sample (subs) and the MoSe: reference
(ref) spectra are presented at the bottom of the graph.

Taking into account the findings presented above of the possible overlap of the Raman peaks of
RbInSe;, with the peaks from subjacent layers, and in connection with the possible application of
the presented Raman spectra for a reliable identification and characterization of nanometric
RbInSe; layers on top of Cu(In,Ga)Se; absorbers, it is worth to make a comparison of the peaks
present in the Raman spectra of these two compounds. A typical Raman spectrum of CulnSe; has

a high intensity peak at 173-175 cm™!, and several less intense peaks (< 10% of the main peak

13



intensity outside of the resonant conditions) in the low wavenumber range below 80 cm™ and in
the high wavenumber range above 200 cm™.**** The latter peaks are not expected to have
significant influence on the detection of RbInSe; while the main peak of CulnSe; can overlap with
the main peak of RbInSe; at 180 cm™'. The detection of RbInSe> can become even more complex
in the case of Cu(In,Ga)Se; absorbers, where Ga incorporation leads to a shift of the main peak of
the compound to higher wavenumbers and therefore closer to the main peaks of RbInSe.*4
Taking into account that the expected thickness of the RbInSe2 layer on top of a post-deposition
treated Cu(In,Ga)Se, absorber is nanometric (< 10 nm),' the intensities of the RbInSe»-related
Raman peaks are not expected to be high even under resonant conditions. In this case, it can appear
that the main peak of RbInSe; will exhibit only a shoulder at the high wavenumber side of the
main CIGSe peak. This could create a problem for the detection of RbInSe; based on the main
Raman peak of this compound. However, the second most intense peak at 114 cm™! measured
under resonant excitation conditions (442 nm) is not overlapped with any of the peaks of the CIGSe

compounds,*?

and has an intensity only 25% lower than that of the main peak. Under these
conditions, the appearance of the peak at 114 cm™ in the Raman spectra of a CIGSe compound
after a PDTs measured under 442 nm excitation can be a direct evidence of RbInSe, formation.

However, this should be checked in further experimental work.
CONCLUSIONS

To conclude, an elaborate analysis of the vibrational properties of RbInSe> thin films has been
performed employing first-principle calculations and multiwavelength Raman scattering
spectroscopy. We presented the classification of the different vibration modes and the fingerprint
Raman spectra of RbInSe> measured under different (resonant and off-resonance) excitation
conditions. The fine fitting of such spectra allowed finding 12 out of the 24 possible Raman peaks
with frequencies close to those corresponding to the calculated vibrational modes. Furthermore, a
detailed analysis of the influence of possible secondary phases and subjacent layers on the Raman
spectra of RbInSe, was performed. This led to the detection of a band that corresponds to In-Se
like secondary phases and, in the case of RbInSe; layers fabricated on SLG/Mo, to the observation
of peaks attributed to MoSe». From these analyses, it has been shown that the employment of a
442 nm excitation wavelength is the most suitable strategy for the investigation and detection of

the RbInSe; phase by Raman spectroscopy since its resonance with the bandgap of RbInSe; avoids

14



interferences from possible secondary phases and its low penetration depth makes the

measurements independent from the subjacent layers.
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