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Thin or ultra-thin dielectric layers have been widely used in various applications such as capacitors, 
piezo-electrics, and solar cells. This study explains the mechanism and chemistry of creating nano- 
and micron-sized openings in atomic-layer-deposited aluminum oxide-based dielectric layers using 
the alkali metal salt selenization technique. The necessary components for this mechanism are 
excess methyl groups present in the dielectric layer, supply of selenium and alkali metals, and a 
minimum annealing temperature. It is shown and explained that to create openings in the dielectric 
layer, heavier alkali halide metal salts require less energy, or - in other words - a lower annealing 
temperature. The overall hypothesis is explained via a thermodynamic approach with supportive 
thermochemical reactions. Thus, an easy way to engineer the dielectric layer to form openings at low 
temperatures is presented, beneficial for various applications like photovoltaics, optoelectronics, or 
micro-electro-mechanical systems (MEMS).
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Nowadays, aluminum oxide (AlOx) is one of the most preferred dielectric layers for optoelectronic applications1, 
micro-electro-mechanical systems (MEMS)2, or various other applications in the semiconductor industry3. 
Another prominent usage area of AlOx is the solar cell industry, in which it is applied to passivate the rear or 
front interface of thin film-based solar cells4–7. There are various ways to apply this passivation layer. One of the 
most preferred is atomic layer deposition (ALD) because its working principle is relatively simple, and it offers 
homogeneously deposited layers. It is based on gaseous chemical precursors that react with the surface with 
sequential varying pulses; a detailed explanation of the process is described in8.

The significant passivation properties of the AlOx layer for the rear surfaces of solar cells have been proved 
by many research groups, see9–11. One challenge when applying a dielectric layer is to ensure the current flow, 
i.e., to avoid blocking the flow. This is achieved by making the layer sufficiently thin, so tunnelling is possible, 
or by making contact openings in the dielectric layer. To create these openings, lithography techniques, either 
nanoimprint or e-beam, are commonly used12,13. However, lithography is an expensive and time-consuming 
tool to reach this aim. Hence, industrially viable approaches have been sought and found in recent years14,15. 
Selenization of prepared AlOx layer in presence of alkali metals is one of these approaches. It is based on spin-
coating or evaporation16 the alkali halide metal salt solution on the dielectric layer, followed by exposure to 
selenium. In the case of CIGS solar cells, the openings emerge naturally during the absorber layer deposition9 or 
selenization prior to absorber layer deposition17.

In this present contribution, the mechanism and chemistry behind the formation of these openings are 
studied in detail. A model based on the chemical potential of the various alkali metal compounds and elemental 
gaseous selenium is presented and experimentally verified by applying different temperatures, annealing times, 
and alkali salts to make the contact openings in the AlOx layer. With thermal desorption gas chromatography-
mass spectrometry measurements (TD-GC-MS), the formation of dimethyl diselenide (DMDSe, C2H6Se2) was 
verified, and correlated to the formation of the openings in the passivation layer.
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Experimental details and characterization methods
Sample preparation
The samples are always made on the same substrate, i.e., soda-lime glass (SLG) with Si (O, N) barrier and 300 nm 
thick Molybdenum (Mo) layer. The Si(O, N) suffice as alkali barrier and no alkali is coming from the glass. 
Dielectric layers, 4 nm and 6 nm, are deposited via ALD at 300 °C by using tri-methyl aluminum (TMA) as 
the precursor and H2O as the reactant. By Woollam RC2 spectroscopic ellipsometer, the deposition rate was 
extracted to be 0.17 nm/cycle (previously measured for growth on silicon wafers), and the growth rate is assumed 
to be constant. The alkali halide metal salt solutions are prepared by mixing the pure alkali salt powder with de-
ionized water and spin-coated on the dielectric layers at 3000 rpm until all the water on the surface is gone, 
and only the salt crystals are left: ~10 s. The selenization is realized in a quartz furnace at various temperatures 
(200 °C to 540 °C), and pure selenium pellets are used as the selenium source. (Fig. 1)

The layer sequence of the final structure is the following for all the samples with alkali barrier, except the ones 
for TD-GC-MS: SLG/Si(O, N)/Mo/AlOx/Alkali salt. For the samples without alkali barrier, no salt is deposited. 
For the TD-GC-MS measurement, the selenium is deposited in the same quartz furnace prior to AlOx layer, 
and the sequence is the following: SLG/ Si(O, N) (barrier layer)/Mo/Se/AlOx/Alkali halide metal salt. For TD-
GC-MS measurement, one more type of structure is used. This time the substrate is altered to SLG without the 
barrier to test the sodium ion coming from the glass instead of depositing the halide alkali salt.

Characterization methods
The existence, size, shape, and population of the openings are detected by scanning electron microscopy (SEM) 
imaging and energy-dispersive X-ray spectroscopy (EDS) analysis with a Tescan and Bruker SEM with secondary 
electron detector. The acceleration voltage is different from sample to sample and ranging between 10 kV and 
15  kV. The outgassing during the selenization is detected via thermal desorption gas chromatography mass 
spectrometry (TD-GC-MS). For this measurement, the prepared samples are crushed into small pieces to fit into 
the thermal desorption tubes. The tubes are loaded in a Markes TD-100 thermal desorption. Then, the tool is 
heated up to 250 °C under a continuous He flow and held for an isothermal period of 10 min. The evolved gases 
are transferred to a GC setup (Thermo® trace ultra, Agilent DB5-MS column) coupled to an ISQ7000 quadruple 
MS detector. Components are identified by the NIST-MS library and selenium-containing compounds were 
attributed with MF and RMF factors > 850. Both total ion current (TIC) and ion-selective chromatograms were 
extracted.

Fig. 1. Sample preparation sketch. The dielectric layers are deposited by ALD. Then, the alkali halide salt 
solution is spin coated on the dielectric layer. Afterwards, the sample is selenized in a quartz furnace to create 
the openings in the dielectric layer.
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Results and discussion
Creation of the openings
In this study, the alkali halide salt selenization technique is used to create the openings in the AlOx dielectric 
layer. In our previous study, we showed that during the CIGS deposition, contact openings can be realized in 
the AlOx dielectric layer during the absorber layer deposition process9. There are three features in this process 
that play a crucial role: selenium (at a certain temperature), alkali salt solution (at a certain concentration), 
and trapped (methyl-containing) gases inside the non-stoichiometric ALD AlOx layer which contains precursor 
traces. The details of the nature of the trapped gases can be found elsewhere18. In order to test the role of these 
three features, four experimental sets are prepared. The schematic representations of the experiments are shared 
in Fig. 2, while the SEM images of realized experiments are shared in Fig. 3.

Fig. 2. Schematic depiction of the experimental evidence. (a) ALD deposition onto an SLG substrate with 
barrier showing the formation of blisters in the dielectric layer. (b) ALD deposition onto an SLG substrate 
with barrier followed by a pre-annealing step to release the blisters in the layer; afterward, alkali salt is spin-
coated, and then the substrate is selenized (no openings formation). ALD deposition onto an SLG with barrier 
followed by spin coating of alkali solution annealed in (c) N2 atmosphere at 540 °C (no openings formation) or 
(d) selenized at 540 °C (openings are formed). (e) ALD deposited alumina layer onto SLG with barrier without 
alkali salt deposition step is selenized at 540 °C (no openings formation). (f) ALD deposited alumina layer onto 
SLG without any barrier was selenized at 540 °C (openings are formed).
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Here following several key experiments will be described with the aim of understanding the reaction 
mechanism responsible for the holes’ formation. Unless specified differently, all the substrates are SLG with a 
barrier to prevent the diffusion of Na+ into the material. When an alumina layer is grown onto the substrate, 
some blisters are observed but no openings are formed (Fig. 2a and S1). When the same ALD deposition is 
followed by a pre-annealing at 540 °C in a nitrogen atmosphere to release the blisters, an alkali treatment and 
a selenization at 540 °C again no openings are formed (Fig. 2b). As shown by Fig. 3-a, the openings creation is 
obstructed if the AlOx layer is pre-annealed. The particles on the surface are pure selenium particles, verified 
with the EDS.

Similarly, when no pre-annealing is involved, alkali is deposited through spin-coating and the selenization of 
the previous attempt is replaced by an annealing in N2 atmosphere at 540 °C, no openings are observed (Fig. 2c). 
The SEM image shows no openings in the dielectric layer (Fig. 3-b). The EDS measurement, on the other hand, 
reveals that the NaF salt particles remain on the surface with the absence of selenium in the environment. While, 
if both alkali treatment and selenization are involved without any pre-annealing holes are successfully formed in 

Fig. 3. Top view SEM images of four samples, all of which have a 6 nm thick AlOx layer. (a) Sample with 0.4 M 
NaF, and pre-annealed to remove methyl residues from within the AlOx layer. (b) Sample with 0.4 M NaF salt 
solution, which underwent annealing under nitrogen, i.e., without selenium. (c) Sample with 0.4 M NaF salt 
solution, which underwent standard selenization process, i.e., selenized under 540 °C for 10 min.  (d) Sample 
without the alkali salt solution, which underwent standard selenization. Openings are detected only in the 
samples where all three features in the equation are present: selenium, NaF and methyl residues.
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the alumina layer (Fig. 2d). As can be seen from the SEM picture in Fig. 3-c, openings are created in the dielectric 
layer. To prove the existence of the openings, EDS measurement shows aluminum at 2.2 wt% on the layer and 0 
wt% on the dark part, i.e., the opening (inset). On the other hand, if alkali salt selenization step is removed, and 
only the ALD deposited dielectric layer is selenized, no openings are formed (Fig. 2e). In the absence of the alkali 
salt solution, the creation of the openings is inhibited. It is obvious from the SEM picture shared in Fig. 3-d, there 
are no openings detected in the AlOx layer. The particles on the surface are identified as pure selenium particles 
by EDS. Lastly, when a substrate without any barrier is involved and no alkali is deposited, after the selenization 
process the openings are distinguished (Fig. 2f). The as discussed experimental evidence suggest the need for 
blisters in the dielectric layer, selenium and alkali in order to have the formation of the holes.

Which ion is needed, the cation (Na+) or the anion (F-)?
After identifying the key features for the openings’ creation, we make the elemental analysis to obtain more 
detailed insights into the morphological changes of the surface. We started this analysis with the NaF salt solution. 
The aim is to check whether the cation, Na+, or the anion, F-, is helping the process. To this end, we exchanged 
the fluoride ions with sulfate (SO4

2-) and chloride (Cl-) species and used a 6 nm thick AlOx dielectric layer. We 
also considered the sodium ion coming from the glass by changing our substrate from SLG with barrier to SLG 
without the barrier. For this experiment, we used a 4 nm thick AlOx dielectric layer, because this approach is not 
suitable for thicker AlOx layers, kindly refer to Figure S2 for details. As shown in Fig. 4, openings are created for 
all samples, implying that the cation part is the key reactive component of the process. Even for Na+ ions coming 
from the glass, i.e., no mobile counter ion is involved in the process, openings are detected in the dielectric layer.

Is it possible to use other alkali halide metal salts?
Until so far, we have investigated the openings that are created by sodium-based salt solutions. However, it is 
possible to create the openings with potassium fluoride salt solution as well15. This means that other alkali halide 
metal salts can also be used for this approach.

Considering we applied heat treatment, i.e., selenization, to our substrates, we examined the lattice 
dissociation enthalpies (U0) and size of the unit cells of these salts. The size of the unit cells increases step by 
step from LiF to CsF through the first group of the periodic Table6. On the contrary, the U0 and thermal stability 
decrease from LiF to CsF, (Fig. 5)6. This information suggests that lower selenization temperatures for heavier 
alkali halide metals may be possible.

A systematic temperature variation study was conducted to establish the correlation between the different 
alkali fluoride salt treatments and the required temperature for opening formation. For this purpose, the alkali 
fluoride salts were spin-coated on substrates with a 6 nm thick AlOx dielectric layer. Since we are using Se pellets 
for selenization, the starting temperature of the test was chosen as 200 °C, i.e., the melting point of Se19.

As observed in Fig. 6, the upper SEM images show the as-deposited version of the salt solutions (Fig. 6a to 
d), while the bottom ones show the created openings after selenization at various temperatures (Fig. 6e to h).

At 200 °C, we only observed openings for 0.1 M CsF salt solution. The Y-shaped opening results from the 
shape of the salt crystals, i.e., CsF salt particles accumulated as a Y-shape, see Fig. 6a vs. e. This implies that the 
openings are created at the exact locations where the salts are deposited. Hence, controlling the salt deposition 
enables to engineer the distribution of openings. Then we increase the temperature step by step to determine the 
minimum temperature required for each individual alkali to induce the opening within the set timeframe. We 
call this temperature the threshold temperature. As shown by Fig. 6, the threshold temperature for RbF is 250 °C, 
while it is 350 °C for KF and 540 °C for LiF. Since the duration of the CIGS deposition is approximately 10 min, 
we always use the same dwell time in the annealing process. However, for LiF, 10 min was not enough to create 
the openings; in this case, we managed to achieve nano-sized openings after doubling the dwell time (Fig. 6h).

The results of the image analysis and the observed trends in threshold temperatures are summarized in Fig. 7, 
along with each alkali fluoride’s lattice enthalpy.

As shown in the graph, the threshold temperature and lattice enthalpy exhibit a strong positive linear 
relationship, with a calculated Pearson correlation coefficient of 0.989. This high value indicates a nearly perfect 
correlation between the two variables, confirming a significant and consistent linear association. The smaller the 
required energy per mol to dissociate the salt, i.e., the lattice enthalpy (U0), the lower the threshold temperature. 
For instance, U0 for LiF is 1034 kJ/mol, and the required temperature is 540 °C, while it is 200 °C for CsF with 
744 kJ/mol lattice enthalpy. Another comparison can be made between NaF and LiF. Although the observed 
threshold temperature is the same, the time needed to create the openings with LiF is twice compared to NaF, 

Fig. 4. Openings are created by using (a) NaF, (b) Na2SO4, and (c) NaCl salt solutions. (d) For Na ions coming 
from the glass, openings are also visible in the dielectric layer.
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due to the difference in their lattice enthalpies. Thermodynamic properties and reactivity of substances are often 
correlated, as historically reported by Hammett20 for organic compounds, and later extended by Sverjensky 
and Molling21 to inorganic crystals, and Colombara22 to reactive annealing of thin films. Hence, the empirical 
relationship in Fig. 7 provides sound evidence that the formation of openings is driven by a chemical reaction 
involving the alkali salts. It is important to emphasize that lower temperatures may be required to induce the 
openings, depending on the nature of the alkali source. For example, sodium ions released by the glass substrate 
can also create openings, but can do so even at 250 °C, i.e., at much lower temperature than the 540 °C needed 
when using the NaF salt solution. Details of the mechanism are discussed in the following section.

The mechanism and the chemistry behind this process
In this work, holes are spontaneously formed in a thin alumina (AlOx) layer prepared trough ALD in the 
presence of alkali ions and after a selenization process. Interestingly, such openings present a peculiar shape with 
removed alumina pieces oriented to the outer of the hole resembling the remnants of micro-explosions (Figure 
S3). As shown in Fig. 8, TD-GC-MS revealed the formation of gaseous dimethyl diselenide (CH3SeSeCH3) and 
some carbon selenide (CSe2), which suggests that the holes may indeed result from the buildup of an inner 
overpressure.

The mechanism of this process has been explained in detail in "Results and discussion", Fig. 2. In this section, 
the mechanochemistry of this process will be defined with the help of two different models.

Fig. 6. Top-view SEM images of the substrates with as-deposited alkali halides (a– d), and corresponding 
openings in the AlOx layer induced after selenization at 200 °C for CsF, 250 °C for RbF, 350 °C for KF and 
540 °C for LiF (e–h). Images are not correlative.

 

Fig. 5. Periodic table trends of lattice constants and lattice dissociation enthalpies for alkali fluorides, pointing 
to decreasing thermal stability along the group. These trends coincide qualitatively with the corresponding 
empirical trend of decreasing temperature identified as needed to induce the openings.
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Model part 1: the initial idea
During ALD, trimethyl aluminum anchoring steps are followed by water vapor cycles, yielding an AlOx layer 
according to reaction 1. By modifying the number of steps, the total thickness of the alumina layer can be 
controlled23.

 2Al (CH3)3 + 3H2O → Al2O3 + 6 CH4 + heat (1)

Fig. 8. TD-GC-MS analysis. Three AlOx samples were prepared trough ALD in the presence of (a) Na+ coming 
from the substrate, (b) CsF and (c) RbF. The last two were spin-coated onto the alumina surface, and all three 
samples were followed by selenization at 250 °C in an inert atmosphere. (Selenium is supplied from the prior 
deposition.) Data supporting Fig. 8is available as supporting excel file named “TD-GC-MS data”.

 

Fig. 7. Correlation between the temperature needed to create the openings (threshold temperature) multiply 
with the needed annealing time and the lattice enthalpies of the alkali fluorides. Data supporting Fig. 7 is 
available as supporting excel file named “Threshold temperature vs. enthalpy data”.

 

Scientific Reports |        (2024) 14:27347 7| https://doi.org/10.1038/s41598-024-78919-w

www.nature.com/scientificreports/



However, as shown with FTIR analysis by Dillon et al.24, some unreacted methyl groups might remain even after 
the water converts the trimethyl aluminum into alumina. This view is supported in our case by the observation 
of enhanced wettability of the alumina by water after ozone treatment. Ozone is often exploited in place of H2O 
to react with Al(CH3)3 and produce Al2O3. As reported by Goldstein et al.25 the -CH3 can react with O3 following 
two different reaction pathways. Oxygen may enter inside the C-H bond forming a hydroxyl group (i) or inside 
the Al-C bond producing a methoxy group (ii). Both reaction mechanisms (i, ii) end up forming Al2O3. The 
wettability change suggests that a surface reaction is ongoing, and it can be justified only by the presence of 
-CH3 terminated surface, (Fig. 9a). Pre-annealing in nitrogen does not show the formation of any openings, as 
it is known that higher annealing temperatures remove -OH and -CH3 groups more effectively24. Lastly, at the 
end of the ALD deposition, several blisters of various sizes of about a few tens of microns are observed (Figure 
S1). Since only two gaseous species are water and trimethyl aluminum, it is likely that the gas trapped inside the 
blisters is trimethyl aluminum. Consequently, the unreacted CH3 might also come from such blisters.

These facts provide indirect evidence that unreacted methyl groups on the alumina surface are linked to 
the release of dimethyl diselenide following a reaction with selenium upon exposure to the alkali solution and 
elemental selenium. Dimethyl diselenide has a boiling point of about 155–157 °C, hence it is present as a gas in 
the reaction environment (540 °C) (Fig. 9b). It is hypothesized that such a gas generates an overpressure inside 
the material which breaks the alumina layer (Fig. 9c). It is worth noting that this simplified model explains the 
peculiar shape of the openings with broken parts oriented towards the outside (Figure S3). The proposed model 
resembles the behavior of a metallic layer (e.g., tungsten) under He+ ions bombardment26–28. In particular, Allen 
et al.26 observed swelling and blistering in tungsten single crystals bombarded with He+ through helium ion 
microscopy. A blister region was sectioned with FIB and observed at TEM, revealing the presence of a bubble 
under the layer surface in proximity to the maximum He+ implantation depth. Similarly, we hypothesize that 
dimethyl diselenide gas builds up into bubbles within the alumina layer and that such bubbles explode upon 
reaching a critical overpressure.

Methods
The spontaneity of the proposed reactions (6,7, 8, 9) was investigated through the thermodynamic calculation of 
the Gibbs free energies of reaction (ΔGr). In particular, the behavior of ΔGr was plotted as a function of pressure 
and temperature through the polynomial method29–31 using the data provided by Kubaschewsky et al.26 (for 
Se, NaOH, NaF, AlF3 and Li2Se). In case of missing data, Eqs. (2–5) were employed (for CH3SeSeCH3, Na2Se, 
Al(CH3)3, Na2Se, Na2Se2 and Li2Se2) starting from tabulated thermochemical data in standard conditions32–36.

First, the Gibbs free energy at Patm and at the desired temperature (T2) (ΔGf° (T2, Patm)) is calculated through 
Eq. (2):

 ∆G
◦
f (T2, Patm) = ∆H

◦
f (T2, Patm)− T2 ·∆S

◦
f (T2, Patm) , with T2 > gt; 298 K (2)

Where ∆Hf
◦ (T2, Patm) and ∆Sf

◦ (T2, Patm) are the enthalpy and the entropy of formation at T2 and at Patm, 
respectively. If not reported in the literature ∆Hf

◦ (T2, Patm) was calculated with Eq. 3 from the reported value 
of ∆Hf

◦ at room temperature and atmospheric pressure and the heat capacity (Cp) which was approximated as 
temperature independent.

Fig. 9. Depiction of the proposed reaction mechanism. (a) Alumina presents -OH and -CH3 surface 
termination that, upon the addition of alkali ions and selenium, (b) produces gaseous dimethyl diselenide (and 
carbon selenide), (c) whose overpressure opens holes in the thin alumina layer.
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 ∆Ho
f (T2,Patm) = ∆Ho

f (298K,Patm)  (3)

Similarly, ΔSf° (T2, Patm), it can be calculated through Eq.  4 starting from ΔSf° at room temperature and 
atmospheric pressure that is typically reported in the literature.

 ∆S
◦
f (T2, Patm) = ∆S

◦
f (298 K, Patm) + Cp · ln (T2/298) (4)

The pressure dependence of ΔGf° was neglected for solids and liquids whereas it was calculated for gas species 
considering their partial pressures (Px) and the gas moles variation between products and reagents (δ = gas 
moles in the products – gas moles in the reagents) as shown in Eq. 5.

 ∆Gf (T2, P2) = ∆Gf
◦ (T2, Patm) + dRT2ln (Px/Patm) (5)

The partial pressure of Se was assumed equal to the overall pressure during the selenization temperature (i.e., 
~ 0.3–0.6 bar), in other words it is considered that only gaseous selenium species are present.

In principle, given the fact that in the experimental conditions of this work dimethyl diselenide is a gas, 
its partial pressure is missing, hence a wide range of plausible partial pressures were tested to estimate its 
contribution to the spontaneity of the reactions under study (1, 10−1, 10−3, 10−5, 10−7, 10−9 bar).

For CH3SeSeCH3 (g) the Cp and the ΔSf° were not reported for the gas phase, hence the ones for the liquid 
phase were employed. This is a reasonable approximation as it makes the reaction less favored.

In the proposed model, AlF3 is confined to the surface of the alumina layer, where it experiences higher 
degrees of freedom compared to a solid; hence, its state is considered to be akin to a liquid. In analogy, trimethyl 
aluminum was considered to be in liquid form and its ΔHf ° and ΔSf ° were selected accordingly. In case Cp was 
not available, ΔHf° was considered temperature independent. Na2Se2 and Li2Se2 were considered solid at 540 °C 
of operation, due to the lack of their melting enthalpy. All the species that come into play were considered 
anhydrous, which is a reasonable assumption, given the high selenization temperature (~ 540 °C).

Model part 2: thermochemical calculations
In order to explain the reaction mechanism in more detail, some reactions are proposed, and their thermodynamic 
spontaneity is investigated ( “Methods” for further details). Since the thermodynamic calculations are affected 
by the stoichiometric coefficients of the species involved, the understanding of which Se molecule is present 
strongly affects the calculations. Consequently, the Gibbs free energy of formation (ΔGf) for the different 
molecular forms of Se are plotted as a function of temperature at the hypothesized Se partial pressures during the 
selenization process (Fig. 10). Se6 appears as the most thermodynamically favored species in a wide temperature 
range between about 200 °C and 900 °C, including the 540 °C involved during the selenization. The Gibbs free 
energy behavior as a function of pressure and temperature is calculated through the polynomial method29–31, 
following the data provided by Kubaschewsky et al.29, “ Methods” for further details regarding the calculations.

Several reactions are plausible, although many of them yield gaseous species such as H2O, H2Se, O2, SeFx 
that are unlikely to be detected via TD-GC-MS measurement due to their very large volatility, and hence were 
considered unlikely to occur.

As a result, the identified plausible chemical processes entail the direct reaction between alkali (Ak) fluorides, 
molecular selenium, and trimethyl aluminum with (Eqs.  8, 9) or without (Eqs.  6, 7) the -OH superficial 
termination onto the alumina layer. The aggregation state of the species involved refers to 540  °C and the 
reactions that follow are written as they would occur in bulk form.

 4 Al (CH3)3(l) + 12 AkF(s) + 3 Se6(g) → 4 AlF3(l) + 6 CH3SeSeCH3(g) + 6 Ak2Se(s) (6)

 2 Al (CH3)3(l) + 6 AkF(s) + 2 Se6(g) → 2 AlF3(l) + 3 CH3SeSeCH3(g) + 3 Ak2Se2(s) (7)

 4Al (CH3)3(l) + 2Al (OH)3(s) + 18AkF(s) + 3 Se6(g) → 6 CH3SeSeCH3(g) + 6Ak (OH)(s) + 6AlF3(l) + 6 Ak2Se(s) (8)

 2Al (CH3)3(l) + Al (OH)3(s) + 9AkF(s) + Se6(g) → 3 CH3SeSeCH3(g) + 3Ak (OH)(s) + 3AlF3(l) + 3 Ak2Se2(s) (9)

Both the polynomial method and other calculations were exploited for the estimation of the Gibbs free energy 
of the reactions (cf. section “Methods”). Reactions in Supplementary Table S1 and S2 are normalized in order 
to have the same number of Al(CH3)3 which is believed to be the limiting reagent in order to favor comparison. 
Unfortunately, due to the unavailability of much thermochemical data, the calculations are complete only for Na 
and partially for Li, whereas for the remaining alkali ions no calculations are possible. Due to the large number 
of approximations required (see “Methods”), the end results are only indicative. Despite this, since the difference 
in ΔGr between reactions in Table S1 and Table S2 is rather large, reactions 5a and 5b are considered more likely 
to happen, whereas the difference between reaction 6a and 6b is considered to be too small to identify the most 
spontaneous among the two. TD-GC-MS analyses revealed not only the formation of dimethyl diselenide but 
also CSe2, whose formation can be justified by considering the reaction of CH3SeSeCH3 with Na2Se (Eq. 10) or 
Na2Se2 (Eq. 11) or considering the reaction of Na2Se2 with Al(CH3)3 and NaF (Eq. 12).

 6 CH3SeSeCH3(g) + 18 Na2Se(s) → 12CSe2(g) + 36NaH(s) + Se6(g) (10)

 3 CH3SeSeCH3(g) + 9 Na2Se2(s) → 6CSe2(g) + 18NaH(s) + 2 Se6(g) (11)

 3 Na2Se2(s) + Al (CH3)3(g) + NaF(s) → 3CSe2(g) + 9NaH(s) + AlF3(l) (12)
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Summary and outlook
This study provides a comprehensive investigation into the creation of nano- and micron-sized openings in 
dielectric layers through the selenization of as-prepared aluminum oxide layers in the presence of alkali metals. 
The required temperature and duration of the selenization are different for each halide alkali metal salt, which 
can be explained by the difference in their lattice constants and dissociation enthalpies. The mechanism and 
chemistry of the process are explained as follows: holes form spontaneously in alumina layers if Se and alkali 
salts are present along with residual unreacted methyl groups. Comprehensive reactions are written to explain 
the chemical processes behind the formation of openings. These equations entail the direct reaction of trimethyl 
aluminum with alkali fluorides and selenium with or without -OH groups onto the alumina surface. The 
thermochemistry of the aforementioned reactions was investigated showing the spontaneity of those reactions in 
most of the thermodynamic conditions tested. Our thermochemical assessment is conservative (our conclusions 
sound) since an excess of selenium can lead to a number of alkali-polyselenides with higher stability in lieu of 
the Ak2Se species. This study paves the way to a deeper understanding of the hole formation onto alumina layer 
during a selenization process in the presence of alkali salts. Also, as an example application area, solar cells’ rear 
and front surfaces can be passivated with the chosen alkali metal halide in an industrially viable way by using 
this approach. The type of the dielectric layer can also be altered if the source of the layer consists of methyl-
based gases. By changing the alkali metal halide salt deposition technique with a more controllable approach, 
like slot-dye coating, or spray pyrolysis, the size and distribution of the created openings can also be controlled 
and hence, well-defined openings in the dielectric layer are obtained. Furthermore, dielectric layers have various 
usage areas, and being able to make alterations in the layers at low temperatures can be another advantage of the 
proposed study.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available due to the require-
ment of confidentiality but are available from the corresponding author on reasonable request.
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