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Introduction
Unlike the microelectronics field where Transmission Electron Microscopy (TEM) is extensively used

in failure analysis, process development, and metrology [1], in the photovoltaic field TEM is rarely used

because materials such as amorphous hydrogenated materials [2][3] or perovskite structures are very

unstable under the electron beam, posing great challenges and requiring special care in establishing

characterization methodologies. Local information provided by TEM techniques thanks to their high

spatial resolution could provide a better understanding of physico-chemical mechanisms and therefore

lead to improved manufacturing processes to have more efficient solar cells. The purpose of this article

is therefore to report, detail and limit as far as possible the electron beam irradiation damage in order

to have a characterization as relevant as possible. The aim of the article is to propose methods that can

be used on standard microscope with no major instrumental modification. We propose a methodology

to study amorphous aluminum oxide / amorphous hydrogenated silicon nitride (a-AlOx/a-SiNx:H)

passivation stacks deposited respectively by Atomic Layer Deposition (ALD) and Plasma Enhanced

Chemical Vapor Deposition (PECVD) on p-type crystalline silicon (c-Si). In c-Si solar cell, passivation

layers are used to preserve the electronic properties by limiting the surface recombination. This

dielectric passivation stack has allowed to move from the Al-BSF (Aluminium Back Surface Field)

device to the PERC (Passivated Emitter and Rear Cell) device. Nowadays, a-AlOx/a-SiNx:H is also

a good candidate to passivate the rear side of two-terminal perovskite/silicon tandem cells [5]. The

well known thermal oxidation (a-SiO2) of the c-Si surface carried out at temperature between 800-

1000◦C is no longer accepted in terms of industrial thermal budget and therefore has to be avoided in

order to decrease the cell process cost. Deposited at temperatures between 200°C and 300°C, ultrathin

a-AlOx provides chemical passivation by reducing c-Si dangling bonds at the interface and offers a field

effect passivation mainly through intrinsic negative fixed charges which drastically decrease the surface

recombination velocity. The control of these negative fixed charges remains difficult because their origin

is believed to be diverse (vacancies, interstitial atoms, coordination, traps) [6][7][8]. a-SiNx:H is an

anti-reflective layer, as well as an hydrogen reservoir which improves the chemical passivation at the

c-Si/a-AlOx interface. Moreover it acts also as a capping layer improving the thermal and chemical

stability of a-AlOx. In this work, in order to understand the electron-beam sensitivity during Scanning
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TEM coupled with Electron Energy Loss Spectroscopy (STEM-EELS), we carry out a detailed electron-

beam irradiation damage study of the c-Si/a-AlOx interface. The importance of the electronic dose

and the accelerating voltage in the formation of this damage will be argued. Useful information will

be given to limit the dominant irradiation damage by modifying STEM-EELS acquisition parameters.

Finally the composition of the interface will be analyzed thanks to these optimized analysis parameters

and then discussed.

Material and methods
The passivation stack composed of a-AlOx and a-SiNx:H was symmetrically deposited on a polished

crystalline silicon (c-Si) test cell (also called lifetime samples) by Lebreton et al.[9]. Lifetime samples

are intended for research and development purposes, the rear side of the studied solar cell architecture

being processed on both sides of the wafer. The p-type (100) c-Si Float Zone (FZ) substrate was double-

side polished, with a resistivity of 3 Ω.cm and a thickness of 280 µm. After dipping the latter into 5%

HF, a-AlOx deposition using Trimethylaluminum (TMA) and water was carried out by Thermal-Drift

Atomic Layer Deposition (TD-ALD). For these samples, the thermal drift conditions mean that the

deposition is carried out when the temperature of the substrate increases from 200◦C to 250◦C during

60 ALD cycles (corresponding to a layer of 6 nm). This variation of the temperature during deposition

enables the surface recombination velocities below 10 cm.s−1 (typical value required to have solar cells

with a power conversion efficiency higher than 20% [10]) and prevents the formation of blisters (defects

studied and characterized by Lebreton et al. [11]) that degrade the optical and electrical properties

of such a passivation stack. The as-deposited a-AlOx layer brings a chemical passivation of the c-Si

surface, the advantage of a-AlOx is that it also provides a field effect passivation which is activated

by an annealing step in a forming gas atmosphere during 30 minutes at 380◦. The a-SiNx:H capping

of 75nm is performed by Plasma Enhanced Chemical Vapor Deposition (PECVD) at 420◦C and is

followed by a final annealing step done at 380◦C for 20 minutes which simulates an electroplating

metallization step [12].

The structure of the interface in such stack needs to be characterized with a local investigation
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technique, transmission electron microscopy (TEM) has been chosen in this study to complete other

macroscopic characterizations [11][13]. TEM requires specific sample preparation to get electron trans-

parent lamella. Using Focused Ion Beam (FIB), these lamella were lifted out as cross sections through

the epi-layer using an adaptation of the Schaffer et al. method [14]. A FEI Helios NanoLab 600i

was used to perform the lift-out technique that allows to have the least damage of the sample and to

have the best atomic resolution in STEM and HRTEM. The first step of the FIB preparation is the

orientation of the sample to have the desired [110] zone axis to observe low index family planes edge

on. Then, a platinum layer was deposited first by using the electron beam and then by using the ion

beam. Indeed, electron beam induced deposition is less energetic than ion beam induced deposition

and allows to preserve the sample surface. Initial wedge-milling was performed using a gradual decrease

of gallium ions voltage from 30 kV, 16 kV, 8 kV to 5 kV with the cleaning cross section (CCS) pattern.

Compared with the classic lift-out FIB pre-milling described by Bals et al.[15], which uses parallel

pre-milling with a constant voltage at 30kV, the wedge-milling that we used allows to preserve the

area of interest against amorphization [16] and to limit gallium implantation by decreasing the tension

at each milling step. The thinning was carried out in staircase profile, each voltage corresponding to

a step of the stair ; this allows us to see the progress of the thinning. Once the 5 kV of ion beam

was reached, we used a 5kV electron beam during milling to monitor the thinning process. A contrast

reversal allowed us to monitor the thickness of the lamella. The last thinning steps were done at 2 kV

and 1 kV with Rectangular Cross Section pattern and the thickness monitoring with electron beam

at 2 kV. This technique is much longer (around 4 hours) than the classical one but gives high quality

and thin (≤ 70 nm) electron transparent area over 6 µm length for STEM analysis. This method has

been chosen because FZ silicon used as a substrate in this study is more likely to be contaminated

than Czochralski silicon. Indeed, the increased purity of the material leads to a higher sensitivity to

contamination. Thus, this is a real challenge both for preparation (ion beam) and for observation

(electron beam and carbon contamination).

A JEOL ARM200F aberration corrected STEM with a probe size of 0,1 nm was used for chemical

imaging and spectroscopy. The real probe size is however larger than this theoretical one due to the

probe shape and some lateral extension within the thin lamella, especially throughout the amorphous
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layer. STEM-HAADF images were taken before and after STEM-EELS acquisition to check if there

was any change in contrast or in the structure due to electron beam damage. Electron energy loss

spectroscopy (EELS) was performed with a GIF Quantum ER detector in STEM mode, using a 30

mrad convergence and 39 mrad collection angle. Energy resolution was measured at the full width at

half maximum of the zero loss peak (ZLP) to be between 0.4 and 0.5 eV for all our experiments. A

dispersion of 0.05 eV/ch was chosen to study the Energy Loss Near-edge fine Structures (ELNES) of

Al L2,3 and Si L2,3 edges. This dispersion was chosen to track any modification of the silicon oxidation

number that could be deduced from the modification of the Si L2,3 edges ELNES signal. The a-AlOx

electron beam sensitivity forced us to study the L2,3-edges rather than the high energy K-edges of

aluminium which would imply longer exposure times and consequently more damage to the interface

and the passivation stack. The EELS spectra were recorded by using DualEELS and Spectrum Image

(SI) acquisitions. DualEELS is a system directly implemented in the EELS spectrometer which allows

the acquisition for each pixel of two energy loss spectra from different energy ranges. We used it

in two different ways, either by recording ZLP and plasmon peaks on the first energy range and Al

L2,3-edge and Si L2,3-edge on the second range to deconvolve spectra or by recording Al L2,3-edge

and Si L2,3-edge on the first range and the O K-edge on the second range to study the evolution

of the fine structures of these edges which are more than 400 eV apart (as presented in Figure 3).

Spectrum image [17] is a 3D data set i.e at each x-y position (navigation space) which forms a pixel

of the image an entire spectrum is stored along the z axis (signal space) e.g., if we sum over several

pixels in a area containing one material (like silicon) it will increase the signal-to-noise ratio providing

better definition of the considered ELNES. During data treatment, Principal Component Analysis

(PCA) was applied to extract the main components of our SI which were hidden by noise using the

temDM MSA software routine for DigitalMicrograph available at www.temdm.com. Indeed, PCA is a

well known multivariate statistical analysis allowing the isolation of meaningful variations from noise.

The profiles and maps displayed on Figure 2 and Figure 3 were obtained thanks to a processing tool

included in DigitalMicrograph called Multiple Linear Least-Squares (MLLS) fitting [18]. The latter

routine aims at decomposing the considered spectrum as a linear sum of theoretical or experimental

reference spectra. As the shape of the c-Si and a-AlOx ELNES of our EELS measurements had the
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same characteristics as the literature references, we have directly taken the references in our data.

Furthermore, MLLS fitting bring better results when the reference data are recorded with the same

acquisition conditions as those applied to the studied materials.

Results
As explained before, the goal of this article is to analyze the c-Si/a-AlOx interface from a passivation

stack a-AlOx/ a-SiNx:H over c-Si which is highly sensitive to the electron beam. Previous High Resolu-

tion TEM (HRTEM) experiments (not shown here) indicated a high sensitivity of a-AlOx and a-SiNx:H

layers. Indeed, a-AlOx can crystallize into γ-Al2O3 under the electron beam, as determined by many

authors [2][3][19] and a-SiNx:H can undergo huge morphological modifications with the formation of

bubble-like defects as reported by Liu et al. [20]. It was thus very difficult to have faithful HRTEM

images of the stack and the c-Si/a-AlOx interface, even by limiting the electron dose. However, we can

see in Figure 1.a) that the a-SiNx:H and the a-AlOx/a-SiNx:H interfaces are very sensitive even when

using STEM. Indeed, in this image acquired at 200 keV, some parts of the a-SiNx:H bulk started to

be extensively damaged and it also started to loose its adhesion with a-AlOx under the beam while

c-Si/a-AlOx interface and a-AlOx remained intact. That is the reason why, we took this image as a

reference to measure c-Si/a-AlOx interface and a-AlOx thickness.
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Figure 1: STEM-HAADF images before and after EELS Spectrum Image recording. a) STEM-
HAADF before EELS. b) STEM-HAADF after STEM-EELS at 200keV. c) STEM-HAADF image
after STEM-EELS at 80 keV.

From the latter image (Figure 1.a)) the thickness of a-AlOx was measured to be 6.2 nm as expected

from the deposition process. We were also able to measure an interfacial layer contrast of 1.3 nm at

the c-Si/a-AlOx interface meaning that there is the formation of another chemical compound between

c-Si and a-AlOx. STEM-EELS studies were carried out to explain this contrast and the acquisition

parameters of the spectra had to be adjusted to take the beam sensitivity into account. We started

STEM-EELS experiments at an acceleration voltage of 200 keV, spectra were acquired in the black

box area represented in the drawing of Figure 1 thanks to the EELS SI technique (as described in

experimental part). The acquisition begins in c-Si (at the tip of the green arrow in Figure 1.b) and

7



Figure 1.c)) and ends in the middle of the a-AlOx layer(at the tip of the red arrow in Figure 1.b)

and Figure 1.c) ). Figure 1.b) shows a STEM-HAADF image recorded after STEM-EELS SI, the

electron beam leaves huge degradation marks which begin in the c-Si and the degradation becomes

more important closer to the interface. From a structural point of view, we can observe a loss of

crystallinity near the interface in the c-Si: some crystal planes are missing. Furthermore, HAADF

contrast over the entire degraded area is much darker than c-Si HAADF contrast, which indicates

that in addition to the loss of crystallinity, there is also the formation of chemical compound other

than silicon. Thus, to overcome this damage, we decided to decrease the accelerating voltage keeping

constant all other parameters (condenser aperture, spot size, exposure time, pixel size) which leads

to a decrease in the probe current and therefore in the electronic dose received by the sample. The

STEM-HAADF image in Figure 1.c) displays a clear improvement, the crystal structure of silicon is

preserved and there is no visible change in contrast. All the EELS experiments which are presented

in the rest of this article were carried out with the same dose of 1.03 × 107 e/Å2. The electron dose

for our EELS experiments is given by:

DEELS = i× t
e× S

in which e is the electron charge in Coulomb (C), i (C/s) is the current given by the manufacturer

as a function of spot size and condenser aperture, t is the exposure time, and S represents the pixel

area in Å2. Note that the a-SiNx:H layer and therefore the a-AlOx/a-SiNx:H interface already very

sensitive to STEM-HAADF imaging, as mentioned above, are all the more sensitive in STEM-EELS.

We therefore focused only onto the c-Si/a-AlOx interface
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Figure 2: Comparison of EELS spectrum image recording of two scanning methods at 80 keV.
a) and b) are drawing representation of STEM-EELS perpendicular (⊥, scan along the y axis) and
parallel (//, scan along the x axis) scanning over the c-Si/a-AlOx interface respectively. c) and d) are
EELS spectrum corresponding to ⊥scan and //scan respectively showing Al-L2,3-edge with their inset
showing the entire dispersion of the EELS experiments with AlL2,3-edge and SiL2,3-edge. e) and f) are
MLLS profile of STEM-EELS ⊥scan and //scan respectively.
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Besides the dose control, another acquisition parameter has been studied. We have indeed compared

two spectrum image recording techniques on the same sample (same FIB lamella). The first one will

be referred as "⊥scan" because the electron beam passes perpendicularly to the c-Si/a-AlOx interface

along the y axis for recording EELS spectrum as depicted by the black arrows in Figure 2.a). The

second one, referred as "//scan" because the electron beam approaches, scans and records along a line

parallel to the interface along the x axis as illustrated in Figure 2.b). Spectrum c) and d) of Figure 2

and their insets are the result of EELS spectrum image of 1 nm × 10 nm with a pixel size of 0.2 nm ×

0.2 nm and a pixel time of 0.1 s. For both ⊥scan and //scan, spectra were summed along the x axis

for data treatment. Spectrum c) and d) display only the beginning of energy-loss near-edge structure

(ELNES) of Al L2,3-edge to focus on it while their insets show the full range of our EELS experiments

containing the full Al L2,3-edge and the ELNES of the Si L2,3-edge. The edge onset characteristic of Al

L2,3-edge of metallic Al is at 73 eV and it arises by a net shouldering, observed in c) and d) spectrum

of Figure 2. The c) and d) insets in Figure 2 allow, on the one hand, to identify the shouldering of

metallic Al on the whole energy range chosen for our EELS experiments and on the other hand to

understand how and where a-AlOx begins with respect to c-Si in the stacked EELS spectra. Indeed,

the shape of Al L2,3-edge is modified for a-AlOx which is characterized by one peak at 78 eV and

another broad peak at 80 eV. For the c-Si, the Si L2,3-edge is located at 99 eV. Thus, the blue spectra

corresponds to the c-Si and the red spectra corresponds to a-AlOx which begins when the 78 eV peak

starts to appear. The position and shape of these characteristic edge will be analyzed in more detail in

the next paragraph in order to determine the local coordination. On spectra c) and d) from Figure 2,

we can observe that the presence of metallic Al varies according to the recording technique used. The

metallic Al is located in a-AlOx and spreads over the c-Si for the ⊥scan whereas it is located only in

a-AlOx for the //scan. This shows that the presence of metallic Al might be due to and/or enhanced

by an interaction between the electron beam and the structure (more details about this interaction

in the Discussion part). Interestingly this interaction can be limited by using the //scan. The semi-

quantitative MLLS profiles (explained in the experimental part) e) and f) in Figure 2 allows to show

significantly the metallic Al spreading over c-Si and a-AlOx with better precision than using only

EELS spectra. Thus, by using //scan, it reduces the metallic Al spreading in c-Si by a factor of 3.
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The following experiments were therefore carried out by //scan.

Figure 3: STEM-EELS experiment recorded at 80 keV. a) EELS spectrum showing Al and Si L2,3-
edge of c-Si/a-AlOx. b) EELS spectrum showing O K-edge of c-Si/a-AlOx. Those two spectrum allow
to highlight that the c-Si/a-AlOx interface is composed of aluminum silicates (purple spectrum) and
Si-O bonds (green spectrum) at the interface. c) MLLS profile and map showing the interfacial layer.
d) T/(Oc+P) ratio as a function of the distance to the c-Si/a-AlOx interface showing high proportion
of tetrahedrally coordinated Al in the first layer of aluminum silicate.

After having demonstrated that metallic Al can be enhanced by the electron beam and that there-

fore it could be an artifact, we can now analyze the c-Si/a-AlOx interface with more caution. The

EELS spectrometer we used has the DualEELS function which allows to acquire two different energy
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regions of the EELS signal simultaneously with exactly the same parameters. This is typically what

is shown in Figure 3: a) represents the lower energy region with the Al L2,3-edge and the Si L2,3-edge

while b) represents the higher energy with O K-edge. Thus, a spectrum in the lower energy region is

associated with a spectrum in the higher energy region.

Let us describe the lower part: as already said, characteristic ELNES of a-AlOx are one peak at

78 eV and another broad peak at 80 eV, indeed for Al2O3 compounds this region is related to the

studied phase (amorphous, γ, α, β, θ) and should depend on the coordination [21], these two peaks

are even often associated respectively with tetrahedral and octahedral coordination [22][23]. However,

it has been demonstrated experimentally by NMR [24][25] as well as by simulation [26] that three

coordinations can exist in a-AlOx that are tetrahedral (T), pentahedral (P) and octahedral(Oc) and

that their proportion depends on the process conditions and deposition technique used [27]. There

are therefore 2 peaks for 3 coordinations. In EELS, the first peak at 78 eV would correspond to the

tetrahedral coordination [21] while the second one at 80 eV would rather correspond to a mixture of

pentahedral and octahedral coordination. In our case, the peak at 78 eV is the first EELS characteristic

that appears. We can therefore say, that tetrahedral coordination predominates in the first layers of

a-AlOx. To show that, we plot the T/(Oc+P) ratio that is very high at the first layer of a-AlOx

Figure 3.d). Concerning the ELNES of the Si L2,3-edge, its shape did not change along its thickness,

but its intensity gradually decreases to give way to a-AlOx. There is however an area where the

characteristics ELNES of c-Si and a-AlOx coexist (colored in purple in Figure 3.a)).

The O K-edge in Figure 3.b) provides more information about this interfacial region. We can

observe that O K-edge starts before the Al L2,3-edge of a-AlOx i.e. that there is an area where O K-

edge and Si L2,3-edge coexist (green region in Figure 3.a) and b)). This informs us that there is probably

some chemical bond between Si and O. In the purple area of Figure 3.a) and b), the three edges of

Al, Si and O are present simultaneously, which would mean that there is aluminum silicates formation

(Al-O-Si bonds) at the interface. And if we combine information from Figure 3.a) and d) we can see

that tetrahedrally coordinated Al are contained in the aluminum silicate region. To highlight and

quantify the composition in this region, a MLLS map and profile were done in Figure 3.c). Figure 3.c)

shows an MLLS profile and map in which we have added an extrapolation of the aluminum silicate to
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define the c-Si/a-AlOx interface. Indeed, as there is an area where a-AlOx and c-Si coexist (the purple

area), we multiplied the c-Si MLLS data by the a-AlOx MLLS data, these are the purple region on

the MLLS map and the purple curve on the MLLS profile. The interfacial region composed mainly

of aluminum silicate extends over 2.7 nm which is approximately 2 times larger than the interfacial

region measured on the STEM-HAADF image (Figure 1.a)). Indeed, MLLS profile taking into account

EELS data, is more precise than the STEM-HAADF contrast intensity in the image.

Discussion
Figure 1 and Figure 2 tend to prove that our sample has undergone several electron radiation damages

depending to the scan parameters. Before discussing the composition of the c-Si/a-AlOx interface, we

will try to identify what kind of electron damage takes place in our specimen. It should first be noted

that electron radiation damage can be caused either by elastic (electron-nucleus interactions) or inelas-

tic (electron-electron interactions) electron scattering which can be of different types [28][29]. Whether

the degradation is due to elastic or inelastic scattering, it can cause microstructure modification of the

targeted materials creating rearrangement or breaking unstable bonds.

Elastic electron scattering damages include sputtering and knock-on damages. Sputtering corre-

sponds to surface atom displacement and/or ejection in the TEM column. It depends on the incident

energy threshold (E0, also called accelerating voltage) which depends also on the analyzed elements.

As reported by Egerton et al. in [28], light and medium-Z elements like Si, Al, O and N present in the

studied samples are removed by sputtering.

Knock-on damages also concern atomic displacement due to E0 but in the material volume. Each

element has a displacement energy threshold Ed in a considered material which can be determined

experimentally or by simulations. This energy depends on the structure and so depends on the crystal-

lography, that’s why, e.g. for Si, Ed can take different values between 13-37 eV depending on the crystal

family plane considered [30][31][32]. Thus, we can determine if the c-Si has suffered from knock-on
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damage by calculating the maximum knock-on energy transfer (Emax) [20][33]:

Emax = 4MeMaE0

(Me +Ma)2

, where Me is the mass of the incident electron and Ma is the mass of the target atom in the material.

The corresponding Emax in Si for E0 = 200 keV and E0 = 80 keV are respectively 15.6 eV and 6.25 eV.

Considering the Ed of Si, knock-on electron damage can occur at E0 = 200 keV. In the literature Ed for

O and Al have been determined only for crystalline or polycrystalline Al2O3 [3][34][35] and as Cooper

et al. [36] demonstrated, it is too complex to predict Ed for amorphous materials knowing Ed for

crystalline materials because it depends on too many parameters (bond energy, elastic strain energy,

average mixing distance...). However, the Ed values of amorphous materials are generally lower than

crystalline materials. Taking into account the Ed values of α-Al2O3, Nakamura et al. [3] determined

that knock-on was ubiquitous for E0 ≥ 300 keV, therefore E0 for a-AlOx will necessarily be below 300

keV.

To avoid these two kind of electron damages, it is therefore necessary as recommended by Egerton

[37] to work below the incident energy threshold E0 by reducing the acceleration voltage when possible.

Thus, concerning knock-on damage, decreasing the accelerating voltage from 200 keV to 80 keV allows

to stop knock-on in c-Si and probably in a-AlOx. However, to stop sputtering damage, an acceleration

voltage below 50 keV should be used which is not convenient with most of TEM. Another way to limit

sputtering and knock-on damage is to reduce the electron dose which has been achieved as explained

before. At this stage, elastic radiation damage does not seem to be the dominant source of degradation.

Radiation damage from inelastic scattering can also be of two types: electron beam heating or

ionization damage (known as radiolysis).

Murray et al. [2] reported that the crystallization of a-AlOx into γ-Al2O3 was due to thermal

process during electron irradiation. It should however be pointed out that a thin film of a-AlOx

started to crystallize at 1073 K [38]. Then, Nakamura et al.[3], demonstrated by the calculation and

experimentally that crystallization cannot happen only by a thermal process because the elevation of

the temperature during TEM analysis did not exceed 6 K. As far as we are concerned, we observed

metallic Al mobility after STEM-EELS experiments (Figure 2) instead of crystallization. However, a
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sole heat treatment could not induce the transformation of a-AlOx into metallic Al. Thus, in our case,

we consider that heating induced by electron beam can be negligible.

Furthermore, the evolution of the thermodynamically stable α-Al2O3 towards metallic Al under

electron irradiation was intensively reported [21][39][40][41] and associated with ionization mechanism.

Berger et al. [42] also characterized metallic thin surface film of Al after STEM hole drilling at

100 keV of Naβ-Al2O3. Some authors [43][44]have exactly the same EELS characteristic of metallic

Al (shouldering of Al L2,3-edge at 73 eV) in a-AlOx (Al L2,3-edge forming one peak at 78 eV and

another broad peak at 80 eV) but the EELS characteristic of Al was expected since they were studying

Al/a-AlOx interface while in our case no metallic Al was expected in the original stack. Indeed, the

presence of metallic Al at the c-Si/a-AlOx interface due to the manufacturing process was not often

observed but it has been reported and characterized by NMR for an a-AlOx deposited by metalorganic

chemical vapor deposition (with different precursors than ours) at 480°C [45]. As shown in Figure 2,

the shouldering at 73 eV in the EELS SI is characteristic of Al metal and the EELS SI (not shown

here) corresponding to the STEM-EELS acquisition at 200 keV of Figure 1.b) showed an enhancement

of the metallic Al. So, a decrease of the acceleration voltage (causing a decrease of the electron dose)

and a changing in scan direction acquisition from ⊥scan to //scan (Figure 2) can modify the metallic

Al spreading at the c-Si/a-AlOx interface. Taking into account those facts, we would suggest two

hypothesis:

i) metallic Al is formed during manufacturing process or by contamination during the process

ii) metallic Al is due to electron beam irradiation.

Concerning hypothesis i), the presence of metallic Al due to manufacturing process would create

positively charged defect sites in a-AlOx which would lower the field effect passivation. This charac-

terization shows us that the manufacturing process might be modified in order to find a way to remove

the metallic Al. We will come back to this point in the last paragraph which deals with the compo-

sition of the interface. In the case of hypothesis ii) we believe that the formation of this metallic Al

corresponds to a radiolysis process of a-AlOx. This process has been described by Knotek-Feibelman

[46] as an interatomic Auger process which implies a loss of three electrons from Oxygen (O2− to

O+). Oxygen in the O+ configuration is forced to desorb from the surface or to move to an interstitial
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position in the lattice. The aluminium ions are left as a metallic plug at the surface in the direction

of the electron beam scan. However, it can be seen that only part of the Al-O bonds has undergone

the radiolysis process since the fine structures of a-AlOx and Al coexist on several spectrum. In amor-

phous matrix, it has been reported that mainly the thermodynamically less stable bonds are likely to

be broken or reorganized by electron excitation process like ionization [47]. It is known that a-AlOx

is composed of AlO4, AlO5, AlO6 basic units. The AlO5 unit is known to be the less stable, it is in

particular involved in the crystallization process of a-AlOx into γ-Al2O3 [3]. Therefore, this unstable

unit could preferentially undergo the radiolysis process. Assuming the radiolysis is the main process

involved in the Al metallic formation, it is known that increasing the acceleration voltage could reduce

these damages. [26,35,46]. In our experiments, we have combined several parameters to control this

radiolysis process: acceleration voltage, dose, scan orientation. A parallel scan orientation combined

with a decrease of the acceleration voltage from 200kV to 80kV, and hence a decrease of the electron

dose, could prevent the Al spreading. This seems contradictory with the decrease of radiolysis dam-

ages when the acceleration voltage is increased but the influence of the dose seems predominant in our

case [28][37][48]. In our experiments, we have chosen to decrease the acceleration voltage in order to

decrease the electron dose and also because Hoex et al. [23] reported interesting EELS results at the

c-Si/a-AlOx working at 80 keV but it would also be interesting to try other experiments at 200 keV

by reducing the dose by modifying e.g. the spot size or the condenser aperture.

Regarding the scan orientation, what could explain the reduction of the radiolysis process from

⊥scan to //scan. First of all, once the metallic Al is formed (or is already present at the interface),

the driving force which allows its spreading is electrostatic [42]. Thus during the first ⊥scan SI, the

electron beam has crossed c-Si and a-AlOx where metallic Al started to spread. At the end of the first

⊥scan SI, the electron beam returns in c-Si (to start its second scan) where the metallic Al species

created before are attracted and/or dragged by electrostatic driving force spreading metallic Al in c-Si.

This mechanism cannot occur by using the //scan since the electron probe stayed in the c-Si during its

first scans. In order to stop the radiolysis process, it would be interesting to use a cryo sample-holder

which would drastically reduce the electron beam interactions and/or using a TEM equipped with an

electron direct detection camera which allows to work with ultra low electron doses.

16



As explained before, the particularity of a-AlOx is that it provides both chemical and especially

field effect passivation by a large contribution of negative charges near the interface. In the following

part, we will discuss how the composition c-Si/a-AlOx can influence the c-Si passivation. Figure 3

allows to determine that some Si-O bonds are present at the interface for a thickness of approximately

0.5 nm but we cannot give the exact oxidation number of silicon since the shape of the Si L2,3-edge is

not modified. Indeed, if the oxidation number of silicon was Si4+, two peaks at 106 and 108 eV would

have been present on the EELS spectra. It is difficult to track down other oxidation signatures of

silicon in silicon oxide (a-SiOx) with EELS, only Batson [49] reported that Si2+ gives way to a broad

and weak peak at 103 eV. Thus, in the 0.5 nm thick interfacial a-SiOx, the oxidation number of Si

can be Si1+, Si2+, Si3+. The thin a-SiOx is therefore oxygen deficient which promotes the presence of

oxygen vacancies that would tend to be positively charged [50][51]. Nevertheless, those positive charges

at the interface could be compensated by the excess of hydrogen intrinsically present in the a-AlOx

or H diffusing from the a-SiNx:H through the ultrathin a-AlOx to the c-Si/a-AlOx interface where it

passivates the dangling bonds of the c-Si and could probably form Al-H pairs in a-AlOx which would

enhance the field effect passivation as those pairs have a charge state of -1 [26]. Note that hydrogen

bonds cannot be characterized with EELS. Whatever the structure or the stoichiometry of a-SiOx,

the basic building block remains tetrahedral[52][53][54]. This tetrahedral coordination influences the

coordination of a-AlOx on its first layers which is also tetrahedral [21][22][23][55] as we have been

able to characterize at the beginning of the purple region by the predominance of the 78 eV peak in

Figure 3. Bonding between (SiO4)4− and (AlO4)5− basic units produces a net negative charge [56][57]

thus improving the field effect passivation.

On top of the c-Si surface, there is a mix between a-AlOx and a-SiOx that forms an aluminum

silicate framework Figure 3. As the passivation stack has undergone several annealings at relatively low

temperature, we would rather be in the presence of a non-stoichiometric aluminum silicate (Al-O-Si*)

[58]. This is coherent with non-stoichiometric a-SiOx found at the interface. The metallic Al that we

found at the interface would be an evidence that the formation of the aluminum silicate occurs through

the reaction of Al, O2 and Si, and therefore that oxidation at the interface is only partial. As we said

above, the metallic Al site could contribute to a decrease in the performance of the device by adding
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positive charges in the a-AlOx.

In addition, in this kind of passivation stack, it has been shown by a light induced field effect

enhancement study that most of the negative fixed charges are in fact trapped charges and the best

candidates for charge trapping in a-AlOx are reported to be interstitial oxygen sites [59][60]. It is also

reported that tetrahedrally coordinated Al specifically contained in amorphous aluminum silicates have

a very strong catalytic activity [55][61][62] and could enhance the field effect passivation [60]. This

last point is consistent with our results (tetrahedrally coordinated Al in aluminum silicate) and could

lead to other investigations.

Finally, one way to improve the performance of the device, would be either to transform the non-

stoichiometric a-SiOx/Al-O-Si* into a stoichiometric and more stable a-SiO2/Al-O-Si which would

bring more Al vacancies (capable of trapping negative charges) and interstitial oxygen negatively

charged [58] or to promote the formation of a stoichiometric a-SiO2 [63][64] to the detriment of the

aluminum silicate.

Conclusion
In this work, we begin by studying electron-beam irradiation on the c-Si/a-AlOx interface. Firstly,

we show that decreasing the acceleration voltage from 200 to 80 keV (reducing simultaneously the

electron dose from 2.67×107 é/Å2 to 1.03×107 é/Å2) during STEM-EELS experiment allows both to

preserve the structure at the interface and to reduce Al metallic spreading. Besides, this Al metallic

was even more reduced by modifying STEM-EELS scan orientation acquisition from y axis orientation

(⊥scan to the interface) to x axis orientation (//scan to the interface). Two hypothesis have been laid

out concerning the origin of the metallic Al at the c-Si/a-AlOx interface. One of the two hypothesis

supported the fact that Al is formed by a radiolysis electron-beam process with a-AlOx. The other

one is more in favor of a manufacturing process dependency origin. In both case, our results show that

this metallic Al is not stable since it can be spread over the stack by the STEM probe. Otherwise, it

could be interesting to establish an experimental plan to test other microscope parameters in order to

go further in the study of electron-beam related artifacts.
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Regarding the composition of the c-Si/a-AlOx interface, an ultrathin a-SiOx layer was found, and

above this ultrathin layer, an aluminum silicate layer was characterized. Due to the presence of a-SiOx

and metallic Al site positively charged, the aluminum silicate is probably non-stoichiometric. At this

interface, the negative charges improving the field effect passivation would therefore be mostly given

by the tetrahedrally coordinated Al which has net negative charges. Finally, to bring more negative

fixed charges, the aluminum silicate and/or the silicon oxide at the interface should be stoichiometric,

which would bring more interstitial oxygen and Al vacancies known to be negatively charged.

To conclude, this article has shown that the characterization of unstable and non-stoichiometric

materials as used in the photovoltaic field is not trivial. These characterizations could be improved

using TEM techniques that are applied in biology filed such as e.g.: cryo-TEM, cryo-sample-holder or

low dose camera [65].
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