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Stacks by Atom Probe Tomography
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Insulating glazings used in products for the building and automotive market
consist of flat glass with low-emissivity (low-E) coatings. One challenge is

to increase the infrared reflectance of the glazing stack while maintaining a
high transmittance. This can only be achieved if the chemical interdiffusion
between the deposited layers can be controlled and characterized down to
the sub-nanometer level. For that, atom probe tomography (APT) is employed
in this work; technique which allows a precise quantification of the chemical
interdiffusion in 3D and down to sometimes atomic level. However, the

APT specimens prepared using the standard top-to-down configuration are
prone to systematic fracturing due to strong differences in field evaporation
between the layers involved in the glazing stack. The usage of an untypical
cross-section configuration has led to improved yields, but for the latter,
artifacts need to be considered and quantified. In particular, the effect of
artificial layer intermixing at interfaces due to crossover is studied. It is
concluded that Ni diffuses in the Ag layer via grain boundaries already in the
as-deposited state. Hence, this work opens a new perspective in terms of
quantification of interdiffusion at early stages, an important finding for low-E

high transparency for visible light and
high heat reflectivity. One key goal is the
improvement of the energetic perfor-
mance of windows, that is, an increase
of the infrared reflectance while main-
taining a high transmittance in the visible.
These coatings are realized by magnetron
sputtering because this deposition tech-
nique is versatile (metal/dielectric mate-
rial deposited) and compatible with the
glassmaker unit (6.0 x 3.2 m?) allowing
the deposition of layers of hundred to
a fraction of a nanometer. The coated
glass obtained is often thermally post-
treated at temperatures larger than glass-
transition temperature T, (600-700 °C) to
suit the specific application (tempered or
bent glass). However, one challenge is to
maintain the energetic performance of
the coated glass until the final conception
steps of the product. For this purpose,

glass applications.

1. Introduction

Insulating glazings used in products for the building and auto-
motive market consist of flat glass with low-emissivity (low-E)
coatings. The main attributes of these low-E coatings are the

analytical tools that enable monitoring of
the chemical changes at sub-nanometer
level are mandatory.

The low-E stack comprises several thin layers with thick-
nesses ranging from 1 to 30 nm, including the conductive
one, because the emissivity is directly related to the resistivity
according to the Hagen-Rubens relation.l Ag is chosen con-
ventionally as a conductive active layer (10 nm thick) because it
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has the highest electrical conductivity among all metals. Hence,
thicknesses of about 10 nm are a good compromise to obtain
a high reflectance in the infrared and a good transmittance in
the visible. The Ag films are deposited on a thin ZnO layer,
which is used as a seed layer. Despite the non-negligible lattice
mismatch of Ag with respect to ZnO (-11%), the Ag layer is
stabilized by epitaxy on the basal surface of ZnO wurtzite.>’]
A second ZnO layer is usually deposited onto the Ag layer
and the resulting ZnO-Ag-ZnO sandwich is embedded by
dielectric layers in order to optimize the optical performances
(light transmission) and to protect the Ag layer against corro-
sion (from the atmosphere and the glass substrate). Moreover,
adding a very thin NiCr blocker layer (usually about 1 nm thick)
at the ZnO/Ag interface improves the adhesion at this interface
and protects the Ag layer from oxidation by the getter effect.l
This getter effect is important not only during the deposition
process, in particular if the layer deposited on the Ag is com-
posed of an oxide, but also during post-treatment.

During thermal post-treatments, such as tempering and
bending, the composition of the stack is modified by interdiffu-
sion reaction,>®! as well as by possible dewetting of the metallic
layers,V~1 affecting the desired optical and mechanical proper-
ties.'?l The polycrystalline character of some layers (Ag, ZnO,
NiCr) possibly intensifies these phenomena due to the presence
of internal interfaces such as heterointerfaces and grain bound-
aries. Hence, it is necessary to characterize them very locally,
with a resolution down to a nanometer in all three dimensions.
Unfortunately, the conventional characterization tools, such
as X-ray diffraction (XRD), secondary ion mass spectrometry
(SIMS), transmission electron microscopy (TEM), and energy
dispersive X-ray spectroscopy (EDX), are very often not suitable
to measure such phenomena locally (especially at the internal
interfaces) due to their reduced spatial resolution, their poor
detection sensitivity, and their low 3D capability at the atomic
scale.13]

Therefore, in the present work, atom probe tomography
(APT) is applied to characterize the layers and their corre-
sponding heterointerfaces within the Si(100)/SiN,/ZnO/Ag/
NiCr/ZnO/SiN,/Si stack, which corresponds to a low-E glazing
stack slightly adapted for APT analysis. APT allows a 3D chem-
ical analysis at the atomic level of a large class of materials
ranging from insulators to metals.'*] This technique has been
widely used in the field of material science to study interdiffu-
sion phenomena observed for multilayer components within
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electronic®22I and energy?*-28l devices. However, quantitative
studies on materials with heterogeneous structure composed of
both metals and insulators remains challenging.[?>-!

The purpose of this study is to explore the possibilities
offered by APT for the study of glazing stacks used in the
glass and coating industry. Preparation and acquisition proto-
cols are presented and evaluated in terms of success rates and
the quality of data achieved. The discrepancies and limitations
of the analysis obtained are discussed. This work has impli-
cations not only for the field of functionalized glazings but
more generally for the analysis of complex thin layer stacks,
such as complex interlayer dielectrics (ILDs), in an integrated
circuit.

2. Experimental Section

The samples were prepared in a lab-scale multi-chamber coater
including several 10 X 40 cm? targets with magnetrons activated
by dc or rf power discharge. The layer thickness was adjusted
by the power applied and the scrolling speed of the substrate
in front of the activated target. The substrate used for these
depositions was silicon wafer Si (100) placed on 4 mm thick
Float glass used as a sample holder. The base pressure of the
deposition chamber was 107° mbar. The global structure of the
stacks studied was the following: Si(100)/SiN,/ZnO/Ag/NiCr/
ZnO/SiN,/Si. Nitride layers were deposited by reactive sput-
tering from an Al-doped Si target using an Ar/N, gas mixture
to obtain a thickness of 20 nm. Zinc oxide was deposited from
a ceramic Al-doped zinc oxide activated by an rf power dis-
charge in presence of pure Ar (silicon nitride and zinc oxide
Al doping will not be mentioned in the following to simplify
layer description). The metal layers (Ag and NiCr) were depos-
ited from the corresponding metal target activated in dc mode
using a pure argon plasma. Table 1 gives the layer thicknesses
of the different stacks prepared and studied. First, a stack with
the sequence Si(100)/SiN(20 nm)/ZnO(5 nm)/Ag(10 nm)/
NiCr(1 nm)/ZnO(5 nm)/SiN,(20 nm)/Si named as “reference”
in Table 1 has been prepared. This sample is the closest to the
stacks usually employed in the glass industry, its sheet resist-
ance is in the same order of magnitude as in the usual indus-
trial stacks (Table 1).

Three other sample types were prepared in which the stack
structure is simplified to reduce the number of layers. For

Table 1. Summary of the glazing stacks prepared for the current study named as reference SiN20+ZnO5 and with different ZnO layer thickness

named as SiNO+ZnO5, SiN0+Zn020, and SiN0+ZnO100.

Sample name

Layer thickness [nm]

Sheet resistance [Q/]] Success rate [%]

SiN, ZnO Ag NiCr
Reference: 20 5 10 1 6.5 15
SiN20+ZnO5
SiN0+ZnO5? 0 5 10 1 7.9 20
SiN0+Zn020 0 20 10 1 7 40
SiN0+Zn0O100 0 100 10 1 - 70

3Si:Al layer is added under the Ag layer in order to keep the stack symmetric regarding the Si:Al top layer. The success rate (in %) or yield in APT is given as well for each
sample. These values were obtained only for APT tips prepared using the cross-section configuration, since, except for the SINO+ZnO100 stack (10% yield), the APT tips

prepared using the top-to-down configuration exhibited a 0% yield.
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Figure 1. Schematic of the two configurations employed: a) top-to-down
and b) cross-section configuration. The corresponding scanning electron
microscope images showing the orientation of the glazing stack within
the APT needle-shaped specimen are also given. For the cross-section
configuration, the position of the Ag layer is clearly visible and indicated
by a red-colored arrow.

this purpose, two samples without a dielectric layer (SiN,) and
with thick ZnO layers (100 and 20 nm) were prepared, as well
as one sample with a thin layer of ZnO without a dielectric
layer.

Finally, the sample surface with stacks is coated by a 100 nm
Si:Al amorphous layer (deposited by dc magnetron sputtering
from Al-doped Si target in the presence of pure argon) as a top
protective layer before preparation for APT analysis.

APT tip-shaped specimens were prepared using the lift-out
method with a dual-beam focused ion beam (FIB), FEI Helios
Nanolab 600i. As shown in Figure 1, two different configura-
tions were prepared, that is, the top-to-down and cross-section
configuration. For the top-to-down configuration (Figure 1a),
the glazing stack is placed perpendicular to the z-axis of the tip-
shape specimen, whereas for the cross-section configuration
(Figure 1b), this is placed along the z-axis of the tip. The advan-
tages and disadvantages of both tip configurations and the con-
sequences on the APT results will be discussed below.

The top-to-down configuration corresponds to the conven-
tional lift-out technique,?” where a wedge-shaped lamella
is extracted directly from the wafer and attached to several Si
microposts. The chunks obtained are then successively annu-
larly milled using Ga* ions up to needle-shape specimens (or
tips) are obtained with a minimum radius of =25 nm. This con-
figuration allows us to analyze each layer with its best evapo-
ration conditions since the applied field can be adjusted for
each layer during the APT experiment. However, compared
with other studies,?*3¥ there are two main drawbacks when
using this configuration: i) the high variability in analysis con-
ditions when going from one layer to the other one decreases
the spatial resolution at the interface;13>3% ii) the high resistivity

Adv. Mater. Technol. 2023, 8, 2200922 2200922 (3 of 11)

www.advmattechnol.de

of SiN, layers increases the fracture probability during the
APT experiments.I] It is important to mention here that this
configuration could have been used only for glazing stacks with
very thick ZnO layers (100 nm), and not for those with thinner
ZnO layers (5 and 20 nm), since tip fracture was systematically
observed during the APT experiments.

The cross-section configuration was performed using the
procedure developed by Cojocaru-Mirédin et al.?¥ and already
applied in many material systems.3“#! For this procedure,
a molybdenum grid is needed. This Mo grid is cut into two
pieces and the posts obtained are sharpened by electropol-
ishing using a NaOH solution (5 mmol L)) (see Figure Sla,
Supporting Information). Using the FIB capabilities, a wedge-
shaped lamella protected by a layer of platinum is extracted
from the sample and attached to these Mo posts displayed
horizontally (see Figure S1b, Supporting Information). The
grid is then turned vertically, and the tips are conventionally
annularly milled by keeping the region of interest in the center
(Figure 1b, the Ag layer is found exactly in the center of the
APT tip). The main advantage of this configuration is that the
probability of tip fracture during APT experiments is strongly
reduced, making it possible to investigate glazing stacks with a
thin ZnO layer (5 and 20 nm). The analyzed volume of the layer
of interest is also strongly increased as the Ag layer remains
centered in the tip during the entire analysis. The reduced tip
fracture probability is explained by the fact that all the layers
are evaporated at the same time implying no variation of field-
evaporation parameters during APT analysis, and thus,
decreasing the risk of fracture. Moreover, Table 1 shows that the
reference sample SiN20+ZnO5, which contains the SiN, layer, is
characterized by the highest inhomogeneity, which explains the
low success probability even though six tips were analyzed. The
success rate or yield is defined here as the ratio between the
number of tips successfully analyzed and the number of tips
prepared in total. For the other samples, the success rate
increases with increasing the thickness of the ZnO layer (as
given in Table 1).

The APT experiments were performed using a Cameca local-
electrode atom-probe (LEAP) 4000X-Si system with a UV (wave-
length of 355 nm) laser employing ps pulses. The experimental
conditions were: specimen temperature of =50 K, pulse repeti-
tion rate of 200 kHz, and detection rate of 0.5%. A laser energy
of 17 p] was chosen, which is favorable to evaporate Ag, but too
high to obtain the correct stoichiometry of the ZnO layer. We
typically have a loss of O of about 20 at.%. As suggested by
many previous studies, ! this loss in O is due to the forma-
tion of O-neutral species. Since the field applied on the tip-
shape specimen is too low (requiring a too high laser energy),
these neutral species are not field ionized, and therefore,
remain undetected.**% Thus, a very low laser energy of 0.5 pJ
(and therefore, a higher electric field) will be ideal to obtain a
stoichiometric ZnO compound, but insufficient to obtain the
correct Ag layer composition. Yet, in the present study, we
chose to work with a laser energy of 17 p], since Ag is the
main layer of interest. The 3D reconstructions were obtained
with Cameca IVAS 3.8.0 software using a field evaporation of
24 V nm™, a geometric field factor Kf of 3.30, and an image
compression factor ICF of 1.65. These 3D reconstructions were
density corrected in the x and y directions.”! This method

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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makes it possible to homogenize the density in the x-y plane,
and thus, to reduce the strong density variations observed in
the 3D map due to local magnification effects (LME)*! (i.e., the
Ag layer with the lowest field evaporation shows the highest
density in the 3D map). This density correction method allows
to obtain the correct thickness of the different layers as meas-
ured by high-resolution SEM (Table S1, Supporting Informa-
tion) or TEM (not shown here).

3. Results and Discussion

3.1. Difficulties Encountered when Analyzing the Glazing Stacks

One of the first difficulties encountered when analyzing the
glazing stacks using the cross-section configuration is to obtain
a reliable composition of the layers measured; especially of
the Ag layer. Figure 2 illustrates the analysis of the reference
sample (SiN20+ZnO5) and the corresponding proximity histo-
gram made from two 5 at.% Ag iso-surfaces from either side of

Si
N

20 nm
Zn0
BOTTOM TOP

N
Py
o
o

T 10

©
=]
L
©o
\\
'
©

Ag, Zn, O, Si concentration (at%) ¢
Ni, Cr, Al concentration (at%)

Depth (nm)

Figure 2. Analysis of the sample SiN20+ZnO5 with a non-centered
Ag layer within the APT tip. a) Side view of the reconstructed volume,
b) front and side view of 5 at% Ag iso-surface, and c) proximity histogram
through the layers made from two Ag iso-surfaces (5 at%).
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the Ag layer (Figure 2c). In this APT map, the Ag layer is not
centered but deviates to the right. Although the Ni/Cr composi-
tion ratio (Ni measured = 19.8 at.%; Cr measured = 5.6 at.%,
i.e., Cr/Ni= 3.5) is close to the expected nominal ratio of 4, N is
not detected in SiN, layers. We clearly see a profile asymmetry
between the two ZnO layers accompanied by a lower Ag con-
tent measured in the Ag layer. This profile asymmetry and the
low Ag content do not correspond to the known characteristics
of such a stack and are considered to be artifacts caused by
the Ag layer, which is not centered in the APT tip. This clearly
proves the necessity of controlling the sample preparation very
well by placing the Ag layer in the exact middle position of the
APT tip as illustrated in Figure 1b.

Another example is shown in Figure 3. In this case, the Ag
layer is well centered within the APT tip, but the Ag layer is
tilted by 9°. Moreover, the maximum Ag composition of 65 at.%
is much lower than the 75 at.% measured in Figure 2. This sug-
gests that tilting has an impact on the Ag composition in the
Ag layer, and hence, on the entire composition of the glazing
stack.

To better assess the effect of the Ag layer tilt on the Ag com-
position in the glazing stack, various APT tips were prepared,
where the Ag layer was tilted between 0° and 20°. Figure 4
shows that the maximum Ag composition in the Ag layer
strongly varies as a function of the tilt angle (angle between the
stack and z-axis of the APT tip): from 79 at.% for 0° to 55 at.%
for 15°. One needs to mention here that this strong variation in
the maximum of the Ag composition was observed especially
for the glazing stacks with very thin ZnO layers (SiN20+ZnO5
and SiNO+ZnO5 samples). For the stack with a thicker ZnO
layer (SiN0+Zn020), the maximum Ag composition varies
only very little around 90 at.% with changing the tilt angle. No
important variation can be measured as a function of the angle
of analysis or stack position. These values are comparable with
the 96 at.% Ag composition measured for the Ag layer under
top-to-down configuration.

It has been shown that the hemispherical shape approxima-
tion used to reconstruct the APT 3D volume can lead to arti-
facts in the case of samples containing materials with strong
differences in field evaporations.=!l In fact, the tip shape
becomes asymmetric because part of the tip with the lowest
field evaporation becomes flat,”? while the other part of the tip
with the highest field evaporation maintains its original shape.
In case the layer with the lowest field evaporation is sand-
wiched between two layers with high field evaporation (as in
the case of an Ag layer between two ZnO layers for the cross-
section configuration), the ion trajectories overlap especially in
the interfacial region (due to LME,*i.e, the presence of layers
characterized by very different field evaporations). Yet, it is dif-
ficult to estimate the reasons for the increased overlap of the
layers in the case where the low field layer forms a tilt angle
with the tip axis (z-axis). Nevertheless, it has been shown for
multilayers that the most common artifact is the variation in
layer thickness as a function of the analysis angle; and the layer
thickness is at its maximum extent if the layers are aligned par-
allel to the tip axis.l®! Unfortunately, such an effect could not be
observed clearly in this work. Yet, it could possibly explain the
Ag composition variation with tilt angle.

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 3. APT 3D map of the SiN20+ZnO5 sample where the Ag layer is tilted by an angle of 9°. a) Side view of the reconstructed volume and b) 1D

composition profile constructed perpendicular to the Ag layer.

3.2. Atomic-Density Variations upon Field-Evaporation Variations
as well as Field-Evaporation and Temperature Gradients

It becomes clear that another difficulty when analyzing the
glazing stacks is to keep a homogenous evaporation behavior
when the layers involved are very different in nature, that is,
metallic, semiconducting, or even insulating. Due to large con-
trasts in the field evaporation generated by the stack of layers
of different nature, the tip surface might undergo LME seen as
a variation in atomic density on the detector event histogram.
This effect is well known for 2D defects such as grain bound-
aries.?* If these LMEs are very intense, strong intermixing
between neighboring layers is encountered due to a crossover
of ion trajectories.’?%¢l The theoretical field evaporation of
ZnO, Ag, and almost pure Ni layers involved in our glazing-
type stacks is displayed in Table 2. The percentage of deviation
in field evaporation between ZnO and Ag and between Ag and
Ni are 15% and 45%, which suggests that an LME and cross-
over effects at ZnO/Ag and Ag/Ni(Cr) cannot be completely
neglected, and hence, a strong variation in atomic density is
expected.

Figure 5 presents the 3D APT map of the as-deposited
sample named SiN20+ZnO5 and the corresponding proximity
histogram made from two 5 at.% Ag iso-surfaces proximity
histograms from either side of the Ag layer, allowing to obtain
the same composition resolution at both interfaces. Hence,
the composition of the whole stack, that is, from the Si wafer
to the Si protection cap, can be observed from this analysis
(Figure 5a,c).

Without density correction, the thicknesses of ZnO and
Ag layers are =24 and 8 nm, which differs from the expected
nominal thickness of 20 and 10 nm. The measured thickness

Adv. Mater. Technol. 2023, 8, 2200922 2200922 (5 of 11)

of the Ni layer is 5 nm, which is much larger than the nominal
thickness of 1 nm due to maybe possible overlaps between ion
trajectories coming from the Ag and ZnO layer. Yet, the Ni com-
position peak is localized perfectly at the intersection region
between Ag and ZnO. Moreover, the integration of the Ni and
Cr profiles gives a value of 39 at.% nm for Ni and 9.9 at.% nm
for Cr, which corresponds to the 80:20 stoichiometry (22.2 wt%
of Cr) as expected. Finally, root mean square roughness meas-
ured for the Ag layer using a 5 at.% Ag iso-surface with a voxel
size of 1 nm and a delocalization distance of 3 nm is 1.5 nm,
which is of the same order of magnitude as the rms roughness
of 1 nm usually obtained in this kind of stack.

The density variation between the different layers is dis-
played in Table 2. A correlation between density and field evap-
oration can be found: the density is increased for the low field-
evaporation layer (Ag) while the density is reduced for the high
field-evaporation layer (Ni—Cr). This suggests a high LME con-
tribution during tip evaporation. The density correction algo-
rithm implemented within IVAS 3.8.0 has been applied to the
reconstructed tip (Figure 5d). This method allows to correct the
layers’ thicknesses by averaging the density in the x and y direc-
tions. The corrected values for the layer thickness are given
in Table 2. Although this algorithm had provided successful
results in terms of layer thickness, the overlaps between layers
are amplified up to 8 nm between ZnO and Ag layers. This
raises the question of whether the layer intermixing occurring
during layer deposition can be disentangled from the artificial
intermixing due to LME and crossover effects. Characterizing
the degree of intermixing due to sputtering is indeed crucial for
glazing stack applications.

In order to evaluate and quantify the LME on the evaporation
behavior, simulations were performed using the mesoscopic

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. Maximum Ag composition measured at the center of Ag
layer for various tilt angles. For thin ZnO samples (SiN0+ZnO5 and
SiN20+Zn0O5), the Ag composition decreases with increasing tilt angle
from 0° to 15° of the Ag layer within the APT tip. Yet, it remains constant
for a thick ZnO sample (SiN0+Zn020) between 0° and 20° tilt angles.
This figure is a compilation of all APT data obtained on all samples given
in Table 1.

model described by Hatzoglou et al.’”! This model allowed
us to estimate possible density and composition artifacts for
the reconstructed volume. The stack is simulated by varying

Table 2. Theoretical and experimental reduced density (p) measured in
the analysis of the SiN20+ZnO5 sample with no-density correction, as
well as layer thickness measured in no-density corrected and density cor-
rected analysis.

P ZnO Ag Ni
Theoretical: T 1.0 1.85 3.1
Experimental: E 1.0 2.64 0.7-0.8
Amplification: E/T 1.0 1.4-2.2 0.23-0.26
Theoretical field 28571 24158 35058
evaporation [V nm™]

Layer thickness [nm] ZnO Ag NiCr
No density correction 24 8 5
Density corrected 21 12 6

The theoretical field evaporation for each layer is also given. The reduced density
is defined by the V,,|/V,m ratio, where V,, \ is the atomic volume of the reference
phase (i.e., ZnO) and V,,; is the atomic volume of the phase i considered.
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the field evaporation in a mesh in a needle-shaped specimen
with a radius of curvature and shank angle corresponding to
the experimental value (R = 40 nm and shank angle = 10°). The
stack is composed of a ZnO matrix encapsulating Ag (10 nm)
and NiCr (1 nm) layers. The mesh area is equal to 1 nm? at
the apex, with an evolution along the shank. The simulations
operate at a constant temperature of 50 K. The field evapora-
tion of the NiCr layer (Ey;c,) has been fixed at 1.1 times the ZnO
layer one (Ezno), and the Ag layer evaporation (E,s) field has
been studied from 0.8 to 0.97 times Ey,q. After a transforma-
tion of meshes in atoms (associating an elemental nature
corresponding to the phase from which they originate) a 3D
reconstruction is performed, from their positions onto the
detector, using a standard hemispherical reconstruction protocol.
A composition profile is finally constructed through the stack as
displayed in Figure 6a and Figure S4, Supporting Information.

According to the field evaporation of the Ag layer, we can dis-
tinguish three different behaviors:

1. Epg =0.97 X Ezy0 in Figure 6a or Figure S4a, Supporting In-
formation, which corresponds to the highest Ag field evapo-
ration. No composition biases are observed in the ZnO, Ag,
and Ni layers, but the Ag layer is compressed to =7 nm and
the Ni layer is dilated to =3 nm. This leads to a much higher
relative atomic density in the Ag and a lower relative atomic
density in the Ni layer than in the ZnO layer.

2. Epg = 0.9 X Ezpo in Figure S4b, Supporting Information,
where the field evaporation of Ag is slightly reduced as com-
pared to Figure 6a or Figure S4a, Supporting Information.
By reducing the Ag field evaporation, no composition biases
are observed, but two peaks in density appear in the Ag layer
close to ZnO/Ag and Ag/Ni(Cr) interfaces. The shrinkage of
the Ag layer and the dilatation of the Ni layer are further en-
hanced compared to Figure 6a.

3. Epg = 0.8 X Ez,0 in Figure S4c, Supporting Information,
where the field evaporation of Ag is strongly reduced. In this
case, strong composition biases in Ag and Ni layers are ob-
served, in contrast to the two situations described above. A
very high and centered density peak is observed for the Ag
layer while the Ni layer has migrated to the ZnO/Ag inter-
face. This clearly describes the crossover effect, which occurs
far from the tip and cannot be compensated.

By comparing the experimental results from Figure 5 with
the present simulations, we can conclude that Exg=0.97 X Ezn0
situation describes the experimental data best, since neither
two peaks in density in the Ag layer, nor the crossover effect
have been observed.

Thus, the simulation displayed in Figure 6a allows a qualita-
tive analysis of the experimental results. However, it does not
allow to reproduce quantitatively the density variations obtained
in the experiment (Figure 5) such as the density asymmetry in
the Ag layer and the density difference between the upper and
lower ZnO layers of the stack. Indeed, only the differences in
field evaporations were considered.

Deeper experimentally driven simulations have been per-
formed for the stack ZnO/Ag/NiCr/ZnO to evaluate the effect
of Ni diffusion in Ag (in line with the next section C) and of
the density asymmetry induced by the laserl®-%2 (Figure 6b,c).
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Figure 5. APT analysis of the SiN0+ZnO20 sample. a) 3D map of the cross-section view of the analyzed volumes. Si ions are displayed in grey, Ag
ions in red, Ni ions in green, Zn ions in black, and O ions in blue. b) Corresponding proximity histogram computed from the 5 at.% Ag iso-surface.
c,d) The 3D APT map and the corresponding proximity histogram for the APT dataset with density correction. The axis and values for the number of

atoms per nm? are displayed in dark green.

The field evaporations used in this new simulation are close
to those used in the case of Figure 6a (Enic; = 1.08 Ez.o
and Exg = 0.965 Ez,0). On the one hand, a gradient of field
evaporations starting from the NiCr/Ag interface is intro-
duced in the Ag layer from E,, = 1.02 Ez,o at the interface
to Exg = 0.965 Ez,0 at 5 nm inside the Ag layer, simulating
the diffusion of Ni inside the Ag layer (see Figure 6b). On the
other hand, a temperature gradient from 150 K at the bottom
ZnO layer to 50 K at the top ZnO layer has been introduced in
addition to the field evaporation gradient to simulate the effect
of the laser (see Figure 6c¢).

Only very minor notable differences in interfaces widths (see
Table 3; simulated values) have been observed for the composi-
tion profiles from Figure 6 (in fact the interfaces widths are the
biggest for the case when, besides the variation in field evapora-
tion, gradients in field evaporation and temperature were intro-
duced). Yet, this is not the case for the atomic density, which
exhibits notable differences by varying the field evaporation
and by including the field evaporation and temperature gradi-
ents (see Figure 6). The atomic density is represented in terms

Adv. Mater. Technol. 2023, 8, 2200922 2200922 (7 of 1)

of the reduced density, which corresponds to the atomic den-
sity divided by the average density of the matrix (ZnO). While
the density profile in the Ag layer showed a peak close to the
Ag/NiCr interface and a plateau in the Ag layer (Figure 6a or
Figure S4a, Supporting Information), the introduction of a field
evaporation gradient, that is, a Ni composition gradient, has the
effect of creating a density asymmetry in the Ag layer associ-
ated with the disappearance of the density peak at the interface
(Figure 6b).

The supplementary addition of the temperature gradient
introduces, besides the density changes observed in Figure 6b,
a density gradient across the entire tip associated with pref-
erential evaporation of the higher temperature zones (see
Figure 6¢). The corresponding 2D density maps are given in
Figure S5, Supporting Information. We can conclude here that,
the simulated (Figure 6¢ and Figure S5b, Supporting Informa-
tion) and experimental (Figure 5b) profiles are in very good
agreement, confirming the existence of a composition gradient
in the sample and of temperature gradient during an APT
experiment.
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Figure 6. Atomic density and composition variations in the glazing stack
upon field evaporation and temperature gradients. a) Field evaporation
variation through the stack with Epg = 0.97 Ezn0 and Enjcr = 1.1 Ezno (t0
be compared with Figure S4, Supporting Information). b) Simulation with
a field evaporation gradient introduced inside the Ag layer next to the
NiCr layer; that is, a Ni composition gradient, which mimics the Ni dif-
fusion inside the Ag layer. ) Addition of a temperature gradient across
the tip simulate the effect of the laser illumination on the needle-shaped
specimen. The reduced density represents the atomic density divided by
the average density of the matrix (i.e., the ZnO layer).
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3.3. Application for Glazing Stacks: Determination of Layers
Intermixing upon Sputter Deposition

To determine the correct value for the layer intermixing upon
sputter deposition, the possible artificial intermixing (overlap
between ion trajectories) due to LME needs to be first quan-
tified. Likely, the simulations described above in Figure 6¢
allow us to estimate this artificial intermixing. Interestingly,
the interface width is progressively increasing from ZnO/Ag to
NiCr/ZnO as given in Table 3 (simulation).

The experimental values for the interface width are extracted
by fitting the composition profiles using a sigmoid model as
given in ref. [63] using Equation (1).

f (x) = % +V (1)

1+e °

where V is the minimum concentration, ¢ is the concentra-
tion difference between the base concentration and the max-
imum concentration, and 7 is the sharpness of the profile. 47
represents the interface width.®¥l The 47 value obtained for
each interface is displayed in Table 3. As expected, the experi-
mental values of the interface width extracted from Figure Sc
are bigger than the simulated values, which suggests that true
layer interdiffusion indeed takes place during sputter deposi-
tion, since wy; = Weyper, — Wsimul. (Where wy; is the width of layer
intermixing, Wgype,, is the total width measured from experi-
ments, and wg;,. is the width of the artificial intermixing due
to LME). Yet, the width wy; for Ag/Ni and Ni/ZnO, for example,
is larger than the width wy; of the ZnO/Ag interface. How can
this difference be explained? Is, for example, Ni diffusion in Ag
and ZnO responsible for this discrepancy in interface width?

The calculated values of 2 nm at the ZnO/Ag (corrected value
in Table 3) correspond entirely to the interface intermixing due
to the highly energetic sputter deposition process. More exactly,
no Ag diffusion was registered inside the ZnO layer as no Ag
peaks (corresponding to the isotopes '”Ag and Ag) were
observed in mass spectra as presented in Figure S2, Supporting
Information.

However, this does not apply to Ni. A detailed composi-
tion analysis of the Ag layer is displayed in Figure 7. The plots
correspond to a 2D projection of the elemental compositions in

Table 3. Intermixing at ZnO/Ag, Ag/Ni, and Ni/ZnO interfaces.

Interface width ZnO/Ag[nm] Ag/Ni[nm] Ni/ZnO[nm]
Experiment (4 7) 34 4.4 5.2
Simulation Figure 6a 1 12 13
Figure 6b 14 1.5 1.8
Figure 6¢ 1.4 17 2
Corrected Figure 6a 2.4 3.2 3.9
(Experiment
— Simulation)
Figure 6b 2 2.9 3.4
Figure 6¢ 2 2.7 32

Interface width (nm) measured by simulation and experiment, as well as the cor-
rected (Corrected = Experiment — Simulation) interface widths are given.
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Figure 7. 2D APT composition map of a 2 nm thick slice centered in the Ag layer in SiINO+Zn0O20 sample: a) Ag 2D composition map and b) Ni 2D
composition map. c) 1D concentration profile built at the grain boundary marked in (b) by an arrow. This 1D concentration profile clearly proves the

slight Ni enrichment at the grain boundary region.

a 2 nm thick volume centered inside the =10 nm thick Ag layer.
In the 2D compositional map of Ag displayed in Figure 7a, we
can distinguish lines of high Ag composition (>90 at.%) spaced
15 nm apart, which may be attributed to grain boundaries in
agreement with Philipp.®¥ These lines correspond clearly to the
higher Ni composition (up to 5 at.%) regions aligned along the
grain boundaries (Figure 7b). The Ni enrichment in one of
the selected grain boundaries (see white arrow in Figure 7b)
is even more noticeable in the 1D concentration profile from
Figure 7c where Ni enrichment of up to 0.9 * 0.1 at.% is
observed. These observations allow us to conclude that Ni has
already diffused inside the Ag layer in the as-deposited state via
grain boundaries. This explains the wider interface width calcu-
lated at the Ag/Ni interface.

Adv. Mater. Technol. 2023, 8, 2200922 2200922 (9 of 11)

The situation is different for the Ni diffusion in ZnO.
Although a very slight amount of Ni was found at a distance of
3 nm from the Ni/ZnO interface (see Figure S3a, Supporting
Information; which can be explained by the large interface
width of 3.2 nm as given in Table 3 for Ni/ZnO interface),
clearly no Ni was found in the ZnO bulk or grain boundaries at
a distance of 5 to 10 nm from the Ni/ZnO (see Figure S3b, Sup-
porting Information). Hence, contrary to Ni in Ag, very weak Ni
diffusion in ZnO was registered for the as deposited state.

This behavior of the ZnO layer as an effective diffusion
barrier during deposition at high temperatures (until 600 °C)
is observed for Cu(In,Ga)Se, thin-film solar cells.’?! Further-
more, it has been shown that Al doping of ZnO decreases the
diffusivity of Ni in Zn0O.’*> Such interdiffusion phenomena
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between Ni, Ag, and ZnO should have an impact on the elec-
trical and optical properties of the stack.>’!

Hence, this work opens a new perspective in terms of layer
interdiffusion between successively deposited resistive and
metallic layers. This natural phenomenon can be biased by
artifacts, such as layer intermixing, due to different field evapo-
ration, as well as strong atomic density variations due to the
presence of Ni composition and temperature (from the laser)
gradients.

4, Conclusions

With this work, we have proven that glazing stacks can be
successfully analyzed by APT. The materials deposited for the
glazing stack are characterized by a wide variety of evaporation
characteristics during the analysis. On the one hand, oxides and
nitrides layers are characterized by relatively high field evapora-
tion. They, therefore, require a high electric field and low laser
energy to be analyzed. On the other hand, the metallic layers
are characterized by lower-field evaporation. The cross-section
configuration chosen was the only way to secure a suitable suc-
cess probability in APT. However, the analysis of these glazing
stacks under this configuration induces various artifacts, such
as LME, leading to strong deviations in density, and hence, in
layer thickness, but also crossover effects which can lead to arti-
ficial layer intermixing. Moreover, very small artifacts in sample
preparation, such as Ag layer off-centering as well as a tilt angle
(angle between the glazing stack and the z-axis of the APT tip),
strongly affect the measured Ag layer composition.

While the density deviations and layer thickness can be
addressed using a density correction feature, the artificial layer
intermixing was quantified by simulating the field evaporation
of the APT tip, which embeds the glazing stack. This allows the
evaluation of artificial layer intermixing at interfaces and the
obtainment of the correct intermixing at interfaces during sput-
tering. In these simulations, laser effect and field evaporation
variation inside the layers have been taken into account. Hence,
we found that Ni had diffused in the Ag layer via the grain
boundaries already during the sputter deposition, although no
Ag or Ni was detected inside the Al-doped ZnO layers. This
work opens a new perspective in terms of the quantification of
interdiffusion at the early stages, which is of paramount impor-
tance for low-E glass applications.
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