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ABSTRACT: Atom probe tomography allows for three-
dimensional reconstruction of the elemental distribution in
materials at the nanoscale. However, the measurement of the
chemical composition of compound semiconductors may
exhibit strong biases depending on the experimental parameters
used. This article reports on a systematic analysis of the
composition measurement of III-N binary (AIN, GaN) and
ternary compounds (InGaN, InAIN), MgO, and ZnO by laser-
assisted tomographic atom probe as a function of laser power
and applied DC bias. We performed separate series of
measurements at constant bias, constant laser pulse energy,
and constant detection rate and a spatial analysis of the surface
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field through detector hitmap ratios of elemental charge states. As a result, (i) we can determine the separate roles of laser energy and
surface field- the latter being the dominant factor under standard conditions of analysis; (ii) we compare the behavior of different
samples and (iii) different materials; and (iv) we critically discuss the reliability of the measurement of InxGal—xN and InxAl1—xN alloy

fractions and of the Tb concentration in rare-earth-doped ZnO.

1. INTRODUCTION

The elemental composition of materials can be in principle
measured with 3D subnanometer resolution by laser-assisted
atom probe tomography (LA-APT).! For this reason, this
technique is currently being more and more applied in different
domains of nanoscale science and technology, such as
metallurgy,2 electronics,> ™' and geosciences.12 However, the
measurement of composition is accurate only if all atomic
species present in the analyzed specimen are field evaporated
and detected with the same rate: unfortunately, this hypothesis
does not generally hold in the case of nonmetallic compounds.
Due to different physical mechanisms, compound semi-
conductors and dielectrics exhibit a complex field evaporation
behavior, translating into phenomena such as the detection of
molecular ions and ion clusters in the mass spectra'> ™" or the
dissociation of molecular ions after evaporation.'® These
complex mechanisms, which are not fully understood yet, can

also lead to an erroneous measurement of the elemental
composition of the sample.

Earlier work on one-dimensional pulsed-voltage and pulsed-
laser atom probe already showed that a correct composition in
III—-V semiconductors is not automatically obtained but may be
obtained by properly tuning the experimental parameters.'”~"
In ref 19, for instance, strong compositional biases are found in
the laser-assisted atom probe measurements of GaAs, and an
interpretation of them is proposed.

With the development of 3D APT assisted by femtosecond
lasers, the problem of measuring the correct composition has
gained a further degree of complexity. First, the experimentalist
has to face it for an increasingly larger choice of materials.
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ABSTRACT: Atom probe tomography allows for three-
dimensional reconstruction of the elemental distribution in
materials at the nanoscale. However, the measurement of the
chemical composition of compound semiconductors may
exhibit strong biases depending on the experimental parameters
used. This article reports on a systematic analysis of the
composition measurement of III−N binary (AlN, GaN) and
ternary compounds (InGaN, InAlN), MgO, and ZnO by laser-
assisted tomographic atom probe as a function of laser power
and applied DC bias. We performed separate series of
measurements at constant bias, constant laser pulse energy,
and constant detection rate and a spatial analysis of the surface
field through detector hitmap ratios of elemental charge states. As a result, (i) we can determine the separate roles of laser energy and surface field- the latter being the dominant factor under standard conditions of analysis; (ii) we compare the behavior of different samples and (iii) different materials; and (iv) we critically discuss the reliability of the measurement of InxGa1−xN and InxAl1−xN alloy fractions and of the Tb concentration in rare-earth-doped ZnO.�
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Table 1. Selected Properties of the Binary Compound Semiconductors Analyzed by Atom Probe Tomography

material crystal structure bandgap @ 300 K (eV)
GaN hexagonal wurtzite 3.43%
AIN hexagonal wurtzite 6.13%
ZnO hexagonal wurtzite 3.3°
MgO cubic halite 7.2/-7.88

9Ref 29. PRef 30. “Ref 31. “Ref 32. “Ref 33. Ref 34. SRef 35. "Ref 36.

binding energy (eV/pair)

fractional ionic character

102 (th.)—11.0 (th.)?* 0.51¢
114 (th.)—133 (th.)%* 0.72°
7.2 (th.)—7.52 (exp.)* 0.53%-0.61
10.17 (th.)—10.26 (exp)® 0.84"

Table 2. List of Analyzed Samples and Their Selected Properties”

material/system sample type method of growth or synthesis # of tips analyzed crystal orientation of APT tip axis
GaN microwire MOCVD® 2 (1 FP) [0001] c-axis
AIN thin film on sapphire MBE* 2 (FP) [0001] c-axis
InGaN/GaN multiple quantum wells in microwire MocvD? 1 [1-100] m-axis
GaN/InAIN multiple quantum wells in microwire MOCVD? 1 [1-100] m-axis
Zn0 nanowire MOCVD/ 1 (FP) [0001] c-axis
ZnO polycrystalline bulk SPS of ZnO powder® 1 undefined
ZnO:Tb polycrystalline thin film (1 ym thickness) REMS" 1 (FP) [0001] (preferential)
MgO bulk Arc melting’ 2 (FP) [o01]

“Definition of the acronyms concerning the synthesis: MBE, molecular beam epitaxy; MOCVD, metalorganic chemical vapor deposition; REMS,
radio-frequency magnetron sputtering; SPS, spark plasma sintering. The acronym FP indicates that the sample has been analyzed applying the full
protocol described in section 2.7. "Ref 37. “Ref 38. “Ref 39. “Ref 40. /Ref 41. SRef 42. "Ref 43. ‘Ref 44.

Second, it becomes clear that not only the measured global
composition is affected by the experimental parameters but also
the locally measured composition may be biased. Indeed, even
in homogeneous samples local biases are due to the
inhomogeneous geometric or crystallographic properties of
the tip surface®® or to the asymmetric distribution of the laser
pulse.”** Some recent works have analyzed this problem in
binary compounds such as GaSb,”! GaN,***>™** and MgO,25
and more in-depth analyses appeared in order to discuss the
reliability of the measurements of alloy fraction in the ternary
compound InGaN, a system of technological impact due to its
application to light-emitting diodes.”® For other wide gap
materials already analyzed using an atom probe, such as ZnO"
and related oxides®®*” or AIN,?® the problem of the correct
composition measurement has not been systematically
addressed yet.

The main goal of this work is to provide a systematic analysis
of compositional biases in wide bandgap compound semi-
conductors, adopting a well-defined methodology on selected
materials of interest in the domain of nanoscale electronics.
The developed methods allow for direct comparison with
future measurements performed in any atom probe instrument
and are virtually portable to other materials. In particular, we
study the compositional biases measured in LA-APT for a set of
four binary wide bandgap compounds, GaN, AIN, ZnO, and
MgO, providing systematic and comparable data. By applying a
protocol consisting of separate series of measurements at
constant detection rate (flux), at constant laser energy, and at
constant applied bias, we find that the fraction of metallic and
nonmetallic elements in these materials is nearly independent
of the incident laser energy—at least in standard conditions for
reliable atom probe analysis. This allows us to represent these
biases as a function of a surface field indicator that we choose as
the charge state ratio Me®"/Me'*, where Me"" is the amount of
atoms of the metallic element measured as an n-times charged
ion in the mass spectrum. In this way, it becomes possible not
only to quantitatively compare different samples of the same
material but also to qualitatively compare the behavior of
different materials.

Furthermore, we study the ternary InGaN and InAIN nitride
alloys, and ZnO:Tb, in order to verify the conditions under
which the measurements of alloy fractions and doping density
are reliable. The analysis of InGaN- and InAIN-based multiple
quantum wells—systems for which the reconstructed volume is
a priori known—allows us to establish the global amount of
atoms lost either by diffusion and neutral evaporation or by
preferential evaporation.

Finally, we attempt a global interpretation of the different
evaporation behaviors on the basis of the set of results and of
the available literature considering the problem from a
theoretical point of view. We also indicate which experimental
and theoretical aspects of field ion evaporation could be worth
investigating in order to gain further insight into the physical
mechanisms leading to the nonstoichiometric detection of
species in the atom probe.

2. EXPERIMENTAL SECTION

2.1. Analyzed Materials and Samples. The role of the
experimental parameters on the composition determination of
binary compound semiconductors was performed on four
different systems: two IIl-nitride semiconductors, GaN and
AIN, and two metal oxides, ZnO and MgO. This choice was
suggested by the possibility of comparing the behavior of
materials issued by the same families of compounds but having
different properties. Some of those properties are listed in
Table 1. All materials are wide bandgap dielectrics but with
significant differences in their electronic structure, translating
into different values of bandgap, binding energy per pair, and
fractional ionic character. It is worth noticing that the listed
properties refer to bulk materials and thus will not be sufficient
to robustly explain the observed field ion evaporation behavior,
as the latter is a pure surface phenomenon. However, these
properties could serve as a starting point for the development
of a more detailed theoretical analysis and as a guide for the
investigation of other III-V and II—VI materials.

The analyzed samples (including those containing ternary
compounds) are listed in Table 2. The reported properties refer
to the sample type and its method of synthesis, along with the
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references providing further detail on their structural and
chemical properties. The number of analyzed tips and the
crystal orientation of the tip axis during the APT analysis are
also reported.

2.2. Sample Preparation. MgO, AIN, and ZnO bulk and
thin film materials have been prepared by standard focused ion
beam (FIB)-assisted lift out of a region of interest of the
material to analyze, followed by soldering on a tungsten tip by
Pt—C ion beam assisted deposition and subsequent annular
milling. All FIB milling steps have been performed with 30 keV
Ga’" ions, except for the final cleaning step, performed with 2
keV Ga®* ions. GaN, InGaN/GaN, and InAIN/GaN microwire
samples have been either collected by micromanipulation under
optical microscope and glued by conductive epoxy on tungsten
tips (in this case the axis of analysis is the crystal c-axis) or
picked up by FIB-assisted micromanipulation in a scanning
electron microscope (SEM), soldered by Pt—C on W tips, and
subsequently annularly milled by FIB, as described in ref 45.
ZnO nanowire samples have been collected by optical
micromanipulation under an optical microscope and sub-
sequently soldered on W tips by electron beam-assisted Pt—C
or W—C deposition. No annular milling was needed due to
their low apex radius.

2.3. Atom Probe: Principles and Instrumentation. The
schematic representation of a laser-assisted atom probe
experiment is reported in Figure 1. The sample is a field-

Laser Pulse | Ejs 2D + TOF detector

oA

Applied
Bias
I

VDC

Figure 1. Schematic representation of an atom probe experiment.

emission tip set at temperature T < 80 K, with an apex radius
lower than ~100 nm. This tip is polarized with a positive
applied DC bias Vp, yielding an intense field at the tip apex.
Field ion evaporation is triggered by a femtosecond laser pulse
with energy Ep. Surface atoms may ionize and leave the
surface, flying toward a detector sensitive to the impact position
of the ion and to its time-of-flight. The detection rate @, also
called flux, is defined as the number of detected ions per pulse.
The time-of-flight of the ions allows for the identification of
their mass/charge ratio, i.e,, — with some limitations — of their
chemical identity. Mass/charge histograms, or mass spectra,
allow thus for the measurement of chemical composition.
Furthermore, the impact position on the detector makes it
possible to reconstruct the original position of each ion on the
tip through a back-projection algorithm. It becomes thus
possible to retrieve multidimensional information, such as 2D
surface maps of emitted species or the 3D reconstruction of the
chemical composition of a given volume.

All samples studied in this work, with the exception of a
polycrystalline ZnO tip, were analyzed in a Cameca laser-
assisted wide-angle tomographic atom probe (LAWATAP)

with a flight length of around 10 cm and a multichannel plate/
advanced delay line detector (MCP/ADLD)* with 8 cm
diameter, corresponding to a field of view of 15°. The
temperature was controlled by a closed-loop He cryostat and
set for each material to a typical value for standard analysis. The
tip samples were studied under UV illumination with 400 fs
laser pulses at the wavelength of 343 nm and at the repetition
frequency of 100 kHz, with a laser spot diameter of ~60 ym
diameter (the pulse energy E,,, = 1 nJ corresponds thus roughly
to an average pulse intensity I, = 022 W um™2). The
polycrystalline ZnO tip was analyzed at T = 80 K in a Cameca
laser-assisted FlexTAP, in a configuration having a flight length
of 80 cm and a field of view of 30°.

2.4. Mass Spectra of Binary Compound Semiconduc-
tors. The first step for the measurement of the composition of
an atom probe specimen is a correct identification of the peaks
appearing in the mass spectrum. Figure 2 reports the typical
mass spectra measured by atom probe for each of the four
analyzed binary compounds. Each mass spectrum contains
around 10° identified ions. In the following, we will briefly
review the main features of the mass spectra of each material.

2.4.1. GaN. The mass spectrum of GaN is reported in Figure
2(a). All elemental and molecular peaks can be identified
unambiguously, with the exception of the peak at 14 amu. As
the experimental conditions do not allow for a quantification of
the "N isotope, this peak could be attributed to N,>*, N'*, or a
mixture of both. In our data, there are no elements for
discriminating between the different cases. Unambiguous
results would be possible if the material was enriched in N,
but this is not the case for our samples. However, we
hypothesize that the peak is related to N,**, which has a lifetime
of the order of seconds, sufficiently long to be detected.”’ In
any case it should be noticed that the attribution of this peak to
N'* would slightly change the measured composition but would
not influence the overall dependence of the measured
composition on the experimental parameters, as discussed in
section 2.6. No measurable trace of Ga** was found within the
explored interval of experimental parameters.

2.4.2. AIN. Figure 2(b) reports a typical mass spectrum of
AIN. With respect to GaN, similar considerations apply to the
peak at 14 amu. It is interesting to notice that in AIN it is
possible to measure a significant amount of N**, which never
occurred in GaN mass spectra measured in this work. This
suggests that evaporation takes place at a higher surface field
than in GaN. The presence of AP’* is interesting as it marks a
deviation from the Kingham charge state statistics of field-
evaporated atoms.*® The attribution of the peak at 14 amu to
N'* would decrease the N fraction by a value roughly equal to
5% throughout the explored range of parameters.

2.4.3. ZnO. The mass spectrum of a nominally undoped
ZnO nanowire is reported in Figure 2(c). The attribution of
peaks in ZnO should take into account two facts: (i) the peak at
32 amu should be attributed to two different contributions, that
of O, and that of *Zn*". The relative amount of the two
contributions can easily be found by counting the heavier Zn**
isotopes contained in the peaks between 33 and 34 amu. (ii)
The peak at 16 amu can be attributed either to O,*" or to O'*.
However, the ratio of this peak to the peak at 32 amu does not
significantly change as a function of the charge state ratio Zn>*/
Zn'". This is in agreement with the high second ionization
energy of the O, molecule (around 40 eV,** compared with
17 eV for Zn'* — Zn**"). Furthermore, atom probe analysis of
80-enriched a-Fe,0; excluded the evaporation of the O,*
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Figure 2. Mass spectra collected from different binary compound semiconductors. (a) GaN at T = 40 K, laser pulse energy E;,, = 0.7 nJ, DC applied
bias Vpc = 6.0 kV, flux @ = 2.2 X 107> At/pls; (b) AIN at T = 20 K, Ej,, = 6.3 nJ, Vpc = 102 kV, @ = 2.2 X 1073 At/pls. (c) Nominally undoped
ZnO at T = S0 K, Ey,, = 5 nJ, Vpe = 13.1 kV, @ =2 x 107 At/pls; (d) MgO at T = 40 K, Ey,; = 5.0 nJ, Vpc = 8.6 kV, ® = 3 x 10 At/pls.
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Figure 3. (a) Relationship between laser power and Vp¢ applied bias at the constant flux @ = 0.0022 At/pls. (b) Dependence of the fraction (%) of
the different identified ion species on the applied bias Vpc. From top to bottom: Ga'*, Ga**, N,*, N,** (N*), and Ga,N,. (Notice: these are the
fractions of detector counts assigned to a specific ion species: for the calculation of the total Ga and N fraction the multiplicity of a given atom in the
ion is subsequently taken into account). (c) Total Ga and N fractions (%) plotted as a function of the laser energy and (d) of the Vp applied bias.

species, validating, on the contrary, the presence of 0.5 Last,
theoretical calculations performed by density functional theory
(DFT) also predict the evaporation of O* species.>® The effect
of the attribution of the peak at 16 amu to O,*" on the global
composition measurement would be of increasing the relative
amount of oxygen by about 5% over the whole explored range.

2.4.4. MgO. An example of the MgO mass spectrum is
shown in Figure 2(d). The main considerations for the labeling
of the peaks are the following: (i) The peak at 32 amu is related
to two different contributions, i.e., that of O," and that of (**
Mg),0". As for ZnO, the separation of both contributions is
made possible by counting the relative amount of peaks at 32.5,
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Figure 4. (a) Study at constant DC bias — Variation of the Ga (black symbols) and N (red symbols) fractions with the impinging laser energy for
the two DC biases Vy; = 5.4 kV (open circles) and Vy, = 6.0 kV (filled squares). The region in which a laser-induced asymmetry in the tip emission
pattern is observed is highlighted in gray in the graph, above 2.5 nJ. (b) Variation of the flux with the impinging laser energy for the two DC biases
Vi1 = 54 kV (open circles) and Vy, = 6.0 kV (filled squares). (c) Study at constant laser energy — Dependence of the total Ga (black symbols) and
N (red) fractions (%) on the applied bias. Empty and filled symbols correspond to data acquired using a laser energy of E, = 0.7 nJ and E, = 2.0 n],
respectively. Note that the dashed lines represent the composition obtained under the hypothesis that the peak at 14 amu is N* instead of N,**. (d)
Study at constant laser energy — Variation of the flux with the applied bias for the two laser energies E; = 0.7 nJ (filled squares) and E, = 2.0 nJ

(empty circles).

33, and 34 amu, related to Mg,0'" molecules containing at
least one Mg atom with mass larger than 24 amu. (ii)
Concerning the peak at 16 amu, the same considerations as in
ZnO apply, and the attribution as O'* was considered as the
more likely. Attributing the peak at 16 amu to O,** would raise
the total fraction of oxygen by about 2%, consistent with
previous results.>®

2.5. “Standard” Composition Analysis of GaN at
Constant Flux. During an APT analysis, parameters such as
temperature, laser pulse energy, and applied DC voltage can be
tuned in order to work in the most convenient conditions. It is
also customary to work at constant flux throughout the analysis.
Previous studies on GaN**** and MgO® nonstoichiometric
evaporation have generally expressed the compositional biases
in terms of laser energy, with the notable exception of the work
by Agrawal et al., who also expressed the results as a function of
the Ga'*/Ga®" global charge state ratio.”® In this section, we
show in detail how the composition measurement in GaN can
be studied at constant flux. However, this “standard” approach
has a major limitation: the simultaneous variation of laser pulse
energy and DC applied bias makes it impossible to decide
whether the measurement is influenced by one or both of these
parameters. This is illustrated in Figure 3(a) where the laser
power and the DC applied bias vary in order to obtain an
evaporation flux @ = 0.0022 At/pls. The fraction of events with

definite attribution in the mass spectrum (Ga'*, Ga®*, N,*, N,**
(N*), and Ga,N; from top to bottom) is reported in Figure
3(b) as a function of the applied bias. Once the multiplicity of
each element per event is taken into account, it becomes
possible to calculate the total N and Ga fractions as a function
either of the laser pulse energy, as reported in Figure 3(c), or of
the DC applied bias, as in Figure 3(d). These results show that
the composition of GaN measured at high bias and low laser
energy is N-rich and Ga-rich at low bias and high laser energy.

2.6. Composition Analysis of GaN at Constant Laser
Pulse Energy and at Constant DC Bias. In order to
discriminate whether the biases in the measured composition
are due to the laser pulse energy, to the DC bias, or to a
combination of both, we performed further series of measure-
ments on GaN, i.e., two series of measurements at constant
laser pulse energy and two series of measurements at constant
DC applied bias, with the flux varying consequently.

The plots reported in Figure 4(a) refer to the composition
measured under constant bias conditions. The interesting point
to notice here is that in this regime the laser does not
significantly influence the compositional bias, all experimental
points yielding consistent values within the error bars. When
the laser begins to induce a departure from the composition of
55% Ga and 45% N in the series acquired at low DC bias, this is
also accompanied by the appearance of an asymmetric pattern
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in the tip emission. The regime in which laser heating produces
an asymmetric pattern is extremely interesting,22 but was not
analyzed in detail in this study, for two main reasons: (i) in this
regime severe tip deformation may take place, which would bias
the data acquired in successive experiments before a sufficiently
symmetric shape is recovered, and (ii) in this regime, the
induced asymmetry is not suitable for obtaining reliable atom
probe data, especially applied to the problem of dopant
distribution and heterostructure reconstruction. Figure 4(b)
illustrates how the flux depends on the applied laser energy for
the two different values of V.

The effect of the DC bias on the stoichiometry was studied in
two regimes: a low laser energy regime, with the laser set at 0.7
nJ, and a high laser energy regime, with the laser set at 2.0 nJ.
The total fractions of Ga and N as a function of the applied bias
are reported in Figure 4(c), while the variation of the flux as a
function of the bias is reported in Figure 4(d). One can notice
(i) that the behavior is similar to what was obtained during the
measurements at constant flux plotted as a function of applied
bias: Ga is overestimated at low DC bias, whereas N is slightly
overestimated at high DC bias and (ii) the laser has very little
influence on the behavior: the two curves at different laser
energy follow the same trend, and there is no clear
discontinuity at the point where the laser energy passes from
one value to the other. The reader should consider that in this
point, which corresponds in the plot below to the passage
between 5.4 and 5.5 kV, the flux varies by a factor of ~185.

Figure 4(c) also shows how the obtained fractions change
according to the assumption on the ion detected at 14 amu. All
experimental points refer to the assumption that this peak is
N,*". As is visible from the figure, passing from this assumption
to the one that the peak at 14 amu (dashed lines) is N* does
not change the main trend of the composition and only slightly
shifts the DC bias for which the crossover of the fractions
occurs.

2.7. Applied Protocol of Analysis. The data displayed in
the two previous sections point out the following:

(a) Composition measurements performed at constant flux
may be useful to find a set of parameters for which the global
composition is stoichiometric. However, due to the simulta-
neous variation of laser pulse energy and DC bias, they do not
indicate whether the biases are due to the absorbed laser energy
or to the surface electric field.

(b) In the case of GaN, additional series of measurements
performed at constant laser pulse energy and at constant DC
bias indicate that the measured composition is rather
independent of the absorbed laser energy, while it exhibits a
strong dependence on the applied DC bias. The main physical
factor inducing compositional biases in this material is therefore
the surface electric field.

(c) If the measurement of the composition of a given
semiconducting compound yields parameter-dependent results,
more series of measurements performed at constant flux,
constant laser energy, and constant DC bias should be
performed in order to understand which physical parameter
plays the major role.

In this work, therefore, we adopted the following protocol of
measurement, which we applied to field emission tips of
different materials.

(i) A series of measurements at constant flux were
performed. As the laser pulse energy was changed for each
acquisition, the DC voltage on the tip was allowed to change in
order to restore the flux. After reaching a stationary regime, 100

to 200 kAtoms (excluding noise and hydrogen-related species)
were collected—this quantity was found to be sufficient for a
robust statistical analysis while not significantly modifying the
shape of conical tips.

(ii) One or two series of measurements at constant DC bias:
in this case the laser pulse energy is varied, and the flux is
allowed to vary consequently. The higher limit for the laser
pulse energy was either the onset of tip shape modification due
to surface diffusion or that corresponding to a flux of 0.05 ions/
pulse, while the lower limit was set by a flux equal to 107* At/
pls. The total number of identified atoms per data set was 25—
200 x 10°.

(iii) One or more series of measurements at constant laser
pulse energy: in this case the DC bias is varied, and the flux is
allowed to vary consequently. The DC bias higher limit was
either 14 kV or the value corresponding to a flux of 0.05 At/pls,
while the lower limit corresponded to a flux of 10™* At/pls.
FIB-milled tips are typically developed in the atom probe
before the application of the protocol in order to avoid
compositional biases due to the presence of implanted Ga ions.
The total number of identified atoms per data set was 25—200
X 10°.

2.8. Representation of Composition As a Function of
the Charge State Ratio of the Metallic Element. Once the
protocol of measurements has been applied, an important
question concerns the way of representing the results in order
to correctly interpret them and possibly to compare them to
the results obtained in other materials or by other operators. As
in the case of GaN, the result for all other materials analyzed in
this study points out that the measured composition does not
depend on the laser energy. It would be therefore misleading to
represent the data as a function of this parameter. Another
choice could be the pulse fraction. This quantity corresponds to
the quantity PF = 1 — Vp/V,, where Vj is the evaporation
potential found by extrapolating to zero laser power the nearly
linear Vp/Ey, relationship that can be found in a series of
measurements performed at constant flux, an example of which
is reported in Figure 3(a). However, we notice that the pulse
fraction is defined for a given flux, and the ensemble of the data
(specifically those collected at constant laser and at constant
DC bias) is collected at different fluxes. The pulse fraction is
thus not a good parameter for a coherent representation of the
whole data set.

Alternatively, the applied DC bias could be used. This
appears as a judicious choice for bias-dependent data, but it
must be mentioned that due to tip blunting during the analysis
conical tips may exhibit strong variations either of the applied
bias at constant flux or of the surface field at constant bias. The
same consideration applies to different tips with different sizes.

In our opinion, the most convenient choice for the
representation of composition measurements is as a function
of the Me*"/Me'* charge ratio, where by Me we indicate the
metallic element of the compound. This has several advantages
with respect to other possible representations:

(i) The quantity Me**/Me'* is related to the surface field.
This relationship might be made quantitative through the
postionization statistics introduced by Kingham.** In principle,
the phenomenon of postionization takes place at a distance of
several angstroms from the sample surface and should be nearly
independent of the material in which the atom was found if the
evaporation takes place in the singly charged state. The charge
state abundances of the evaporated ions are thus a function of
the surface field. Experimentally, the Me**/Me'" charge state


Etienne Talbot


Etienne Talbot



23 24 25  Eff. Field (V/nm) 27
T T T T ‘ T
80
e g:’\NS;an\U‘;T:AM Const Laser
Q 03022 Atipls 07nJ 2.0nJ
70 0o O G
o1 8 4 =8¢
_ 60 i ‘ L ® .
g Bp o iP
E 50 : 3 tﬂff{ - _;! __________________________________
S &‘g* i o
kT
E 40 ré S Y * .
@
304 @ -
s T
(=] 0.0025 Atipls
20 Ga
® N
0.1 1
Charge state ratio Ga*/Ga"
()
19 20 21 Eff. Field (V/nm)
90 T T T ‘ ‘
80 - ES ZnO Nanowire LAWATAP T=50K
Const Flux Const Laser
0.004 Atpls  0.3nJ 1.3nJ
7044 ﬁ i o 8 o
(3.3 - Ay [m] = Zi
5 604 g —
b o @ Ol
& HH '{ﬁ.“t SR
c 50 H %\' »—24 ra
g g nol
S 40+ 8
5 A @——é—c
30 'fi& i ZnO bulk FlexTAP 30°
Const Flux
0.008 Atpl
204, B AP
A
10 ] .
0 1 2 3 4 5

Charge state ratio Zn*/zn™

(b)

Fraction (at.%)

(d)

Fraction (at%)

Eff. Field (V/nm) 25
‘ 1

AIN Tip 1

Constant Flux

0.0022 At/pls
A

Constant Laser
1.0nJ 53n)
. ]

L ]

AN Tip 2
Constant Flux ~ Constant Laser
0.0022 At/ps 12n) 45nJ
AN e} [m] Al
A o] O N

10 100

Charge state ratio AI**/AI™

Eff. Field (V/nm)

T
MgO Tip 1
ConstFlux  ConstLaser  Const Vdc
0.0053 At/pls  1.6nJ 7.00kv  7.72kV
Ay [u) Q o o
A o [s) ] Mg
b=y —0— ’_Cl'_‘
50
%gﬂa—:—F&D:ﬁ —0— —0—
40+ ]
30 T T T 1
0O 20 40 60 80 100 120 140 160 180 200

Charge state ratio Mg®* /Mg "

Figure S. Average atomic fractions measured by the UV laser-assisted atom probe in binary compound semiconductors as a function of the average
charge state ratio Me**/Me'*, where Me indicates the metallic element of the binary compound. (a) Data for two GaN tips oriented along the c-axis,
the first one measured at T = 40 K applying the full protocol (empty symbols) and the second one at T = 20 K at constant flux only (full circles). (b)
Data for two AN tips of different apex radii (r; = SO nm, r, < 30 nm) at T = 20 K. Notice that the data are plotted versus an x log scale for clarity. (c)
Data for two undoped ZnO tips: the first is a nanowire analyzed in the LAWATAP at T = 50 K, while the second one is extracted from bulk material
and analyzed in the FlexTAP at T = 80 K at constant flux only. (d) Data for FIB-milled MgO tips measured at T = 40 K (for the sake of
completeness, the analysis of a second tip is reported in Figure S-6 in the Supporting Information). For all graphs, the effective surface field is

reported in the top abscissa scale.

ratio is an increasing function of the applied DC bias, provided
the tip shape remains nearly unchanged during the analysis, as
illustrated in Figure S-2 in section S-l.e of the Supporting
Information. By inverting the charge abundance/field relation-
ship, it becomes then possible to calculate an effective surface
field. However, this effective field should only be considered as
an estimate of the actual surface field. First, it is known that the
Kingham charge state statistics is based on approximations that
make its application to 3D tips questionable.”*>> Furthermore,
our data occasionally show features which are not compatible
with the Kingham statistics, such as, for instance, the
simultaneous presence of the charge states AlY, A**, and
AP in AIN.

(i) For analyses performed on the same tip sample, the
Me?*/Me'" charge state ratio allows for a robust evaluation of
the composition trends even in the case where the tip shape
significantly changes during the analysis.

(iii) For analyses performed on different tips of the same
material, the Me**/Me'" charge state ratio is the only parameter
that allows for a direct comparison, which would be extremely
difficult to achieve considering parameters such as DC voltage,

laser pulse energy, or laser energy-related pulse fraction. These
experimental parameters are indeed related to the electric
surface field and to the absorbed energy per pulse through the
geometrical shape of the tip, which is difficult to monitor during
an APT experiment.

(iv) The Me**/Me'* charge state ratio can be defined either
as a global or as a local quantity, as it can be calculated either as
an average or point by point by defining sampling pixels on the
2D detector. It thus becomes possible to establish microscopic
relationships between the local surface field and the locally
measured composition.

(v) Finally, the Me®"/Me'* charge state ratio allows
comparing analyses performed on different instruments and
by different users.

3. RESULTS

3.1. Measurement of the Composition of Binary
Compound Semiconductors. In Figure 5 we report the
average measured fraction of the Me elements III (II) and N
(O) in the analyzed materials after applying the protocol
described in section 2.7. Through the measurements performed
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Figure 6. Correlation between surface electric field and measured composition visualized at a microscopic scale through detector hitmap statistics.
The figures on the left-hand side show the spatial distributions of the charge states Me**/Me!*, assumed as an indicator of the surface electric field.
The figures in the central column display the spatial distributions of the fraction of the metallic element. The graphs on the right-hand side report the
correlation between the Me?*/Me'* charge state and the fraction of metallic element measured locally on the detector for three different sets of
experimental parameters at constant flux. (a) GaN at T = 40 K, flux @ = 2.2 X 107> At/pls and (detector hitmaps) E,,, = 1.2 nJ, (correlation plot) Ej,;
=0.7, 1.2, and 2.0 nJ. (b) AIN at T = 20 K, flux ® = 2.2 X 107 At/pls and (detector hitmaps) E,,, = 6.3 nJ, (correlation plot) E,, = 1.0, 3.1, and 6.3
nJ. Notice that the data are plotted versus an abscissa log scale for clarity: (c) ZnO at T = 50 K, flux @ = 3 X 107> At/pls and (detector hitmaps) Ej,;

= 0.3 nJ (correlation plot), Ej,, = 0.3, 5.0, and 40 nJ. (d) MgO at T = 40 K, flux @ = 5 X 107> At/pls, (detector hitmaps) E,,, = 5.3 nJ, (correlation
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at constant DC bias we could ascertain that in the explored
intervals of parameters the measured composition does not
depend, or depends very weakly, on the laser pulse energy. This
conclusion confirms that whatever the materials and tips
analyzed all points relative to the measured composition as a
function of the Me**/Me'" charge state ratio nearly fall on the
same curve independently of the series of measurements being
acquired at constant flux, DC bias, or laser power. It is worth
noticing that this behavior is not general for all semiconductors
and dielectrics. The specific role played by the laser energy has
for instance been assessed in narrower-bandgap semiconduc-
tors, such as GaSb.*" Figure 6 illustrates the spatial distribution
of the Me*/Me'* charge state ratio (left column) and the
microscopic measurement of the Me element fraction (mid
column) within a selected data set containing ~10° atoms
collected at fixed experimental parameters. The correlation
plots of the two distributions are reported in the right-hand side
column for three different data sets, in order to show that the
microscopic behavior reproduces the average data shown in
Figure S. The effective fields shown on the upper abscissa axes
are derived by the charge state ratios according to the Kingham
model.

For all analyzed materials, there is a general common feature:
when the field is low, there is an excess of metallic element,
which tends to be reduced at high field. This behavior, recently
confirmed in GaN and MgO, has been ascribed to the diffusion
of neutral N, and O, molecules,’”*****> the formation of
which would be possible on the tip surface exposed to the field.
These molecules would not be detected. The diffusion of
neutral O down the tip shaft and the subsequent formation of
weakly bound O, molecules likely to desorb have recently been
suggested by density functional theory calculations performed
on small MgO clusters immersed in an external field and
neglecting the presence of laser illumination.>® Such molecules
would be progressively postionized and become detectable
when the surface field increases. This mechanism cannot be
proven by our data, but it would lead to an increase in the
measured fraction of N or O with the surface field, consistent
with our measurements. However, another mechanism adds to
the postionization of neutral molecules, i.e, the preferential
evaporation of the metallic element atoms. This phenomenon
leads to a decrease in the measured fraction of Me atoms with
increasing field and, simultaneously, to an increase in the
fraction of background noise in the mass spectra. The role of
the field and the absence of laser effects are confirmed by the
detector hitmaps shown in Figure 6. For each material, the high
field regions (corresponding to a high Me?t/Me'* charge state
ratio) correspond to a lower measured fraction of the Me
element.

These features are common to the sets of data shown in
Figures S and 6, but the behaviors of the different materials
differ significantly.

3.1.1. GaN. GaN, whose behavior is illustrated in Figure
5(a), exhibits a large excursion of the measured Ga/N fractions
with the surface field. The measured Ga fraction passes from
80% at low field to approximately 40% at high field. At T = 40
K, an average stoichiometric behavior can be achieved when the
Ga**/Ga'* ratio is around 0.1, corresponding to an effective
surface field of ~24.3 V/nm. The microscopic analysis
performed on a tip oriented on the c-axis and reported in
Figure 6(a) shows that the high-field regions concentrate
around the c-pole. The correlation plot, furthermore, indicates
that even if the experimental conditions are chosen in order to

obtain an average stoichiometric composition the microscopic
composition is not stoichiometric, as the tip shape is never
perfectly spherical and the surface field is never homogeneous.
The correlation plot of Figure 6(a) and the measurements
performed on a second tip at T = 20 K at constant flux (full
circles in Figure 5(a)) also indicate that the high-field
composition tends to saturate to 40% of Ga and 60% of N.
This means that at high field preferential evaporation affects Ga
and N at a fixed ratio. As will be discussed in a following
section, the amount of lost atoms can be estimated either by
quantifying the background noise or with the help of InGaN
quantum wells used as a marker for a correct volume
reconstruction. These latter data indicate that for nearly
stoichiometric conditions about one over two detectable
atoms is lost.

3.1.2. AIN. The behavior of AN is reported in Figures S(b)
and 6(b). Two tips with different apex radii were analyzed,
yielding consistent results. Like GaN, AIN appears N-poor at
low field (or in low-field regions) and N-rich at high field (or in
high-field regions). A stoichiometric composition can be
achieved when AI**/AI'* ~ 10, corresponding to an effective
surface field of around 24.4 V/nm, quite similar to that for
which a stoichiometric composition is achieved in GaN. It is
interesting to notice that this value is in contrast to the
observation of N** species in AIN, which suggests that AIN was
analyzed at higher surface fields. However, the measured
composition of AIN is more robust than that of GaN,
remaining much closer to the stoichiometric value in the
whole interval of explored surface field. From the available data,
it is not possible to conclude if the high-field composition
saturates to a fixed value or not.

3.1.3. ZnO. The behavior of nominally undoped ZnO
reproduces some features of the behavior of GaN: the
measured composition is Zn-rich (over 80%) at low field and
tends to a stoichiometric value at high field (corresponding to
an effective field higher than 21.2 V/nm), as reported in Figures
5(c) and 6(c). The data on the plot of Figure S(c) are related
to two tips analyzed under different conditions. The first one is
a nanowire analyzed along the c-axis in the LAWATAP at T =
50 K, while the second one was extracted from a polycrystalline
bulk sample (the exact crystal orientation is unknown) and
analyzed in a FlexTAP at T = 80 K. This second tip was only
analyzed at constant flux @ = 0.008 At/pls. It is interesting to
notice that the two tips yield consistent results despite all the
different experimental parameters adopted. In the case of the
FlexTAP, the uncertainty on the charge state ratio is larger due
to the larger portion of surface imaged in this instrument. The
detector hitmap analysis of Figure 6(c) issued by the nanowire
sample also indicates that a lower Zn amount is measured in
high-field regions of the tip surface. However, we cannot
conclude whether the Zn and O fractions cross at high field or
if they asymptotically tend to 50%. Finally, it is worth noticing
that in ZnO some residual dependence of the measured
composition on the laser energy can be assessed, as shown in
the Supporting Information (Figure S-4).

3.1.4. MgO. MgO also exhibits specific features. As reported
in the plot in Figure 5(d), the measured Mg fraction at low field
is around 65%. In the case of MgO and in the explored interval
of parameters, the Mg and O fractions tend to 58% and 42%,
respectively. This behavior is confirmed for another tip, the
data relative to which are shown in the Supporting Information,
Figure S-6. It is interesting to notice that the microscopic
behavior of the tip shown in Figure 6(d) indicates a weak
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Figure 7. Study of the spatial correlation between the measured Ga charge ratio, the measured fraction of element IIL and the x InN alloy fraction in
an In,Ga,_,N/GaN multiple quantum well system analyzed at T = 20 K. (a) 3D reconstruction of atom probe data—the position of In atoms only is
shown for clarity. (b,c,d) Detector hitmaps averaged from the red box in (a) containing QW#6, showing the Ga**/Ga'* charge ratio distribution, the
measured fraction of element III, and the reduced x InN alloy fraction, respectively. (ef,g) The same detector hitmap analysis from the box
containing QW#17. (h) Plot illustrating the correlation between the average Ga?*/Ga'* ratio (black line, top x-scale) and the average measured
element III fraction (blue line, bottom x-scale), as a function of the depth of analysis; the dashed lines and the filled area indicate the variance of the
hitmap data. The representation of the whole data set is available as a video in the Supporting Information.

correlation of high-field regions and lower Mg content, but here
the high-field regions are distributed close to the edge of the
detector. This could be due to the specific shape acquired by
the tip—with a larger radius of curvature at the apex and
smaller at the apex-shank edge—during the analysis, as has
already been observed in previous works.

3.2. Measurement of Alloy Fraction in IlI-N Hetero-
structures. The results exposed in the previous section point
out that in the case of binary III-N materials it is difficult to
obtain a stoichiometric measurement of the atoms during a
whole atom probe run and at each point of the analyzed
volume. Moreover, in the particular case of GaN the
inhomogeneous distribution of the surface electric field on
the tip induces strong biases in the measured concentrations.
As already remarked in a previous work, the measurement of
the correct stoichiometric ratio of element III to N should not
be the ultimate target.23 On one hand, it is known that III-N
compound semiconductors are intrinsically stoichiometric; i.e.,
there is always an element III atom for each N atom, with
allowed deviations much smaller than 0.1% and maximal
deviations of the order of 1% in GaN.>® Second, the most
interesting cases for which atom probe can be a useful tool for
the characterization of these materials at the nanoscale is the
quantification of dopants and the 3D reconstruction of the
composition and geometry of heterostructures. In the
following, we address the critical point of the correct
quantification of alloy fractions in nanoscale heterostructures
including ternary III-N alloys. Riley et al. already showed that
despite the bias in the measurement of the element III fraction
there is no bias induced in the measurement of alloy fractions
in an InGaN quantum well (QW) with random alloy
distribution. These authors worked at experimental conditions
yielding a Ga®>*/Ga'" ratio between 0.2 and 0.5, corresponding
to N-rich conditions 24. Other experimental APT studies
performed on InGaN multiple QW systems with low laser pulse
energy, also support this conclusion.”’ ®* An answer to the
question about the robustness of alloy fraction measurement

can be based on the correlation of the alloy fraction
measurement with the surface field indicators. In the following,
we provide strong evidence for a robust alloy fraction
measurement in different III-N alloys, namely InGaN and
InAIN.

3.2.1. InGaN. The data relative to InGaN were collected
from a field-emission tip containing a 20-fold InGaN/GaN
multi-QW system extracted from a microwire grown by metal—
organic chemical vapor deposition (MOCVD). A part of the
data relative to this tip, along with the analysis of the structural
properties of QWs by APT and their correlation with structural
and crystallographic data from high-resolution scanning
transmission electron microscopy (HR-STEM) characterization
and the optical properties measured by microphotolumines-
cence (uPL) spectroscopy, have been published in ref 45. The
tip was analyzed by APT at 20 K, under an UV laser
illumination with 0.3 nJ pulses, at a constant flux ® = 0.0055 +
0.0005 At/pls. During the analysis, about 27 million atoms were
collected, corresponding to the reconstructed volume shown in
Figure 7(a) (for clarity’s sake only In atoms are displayed). The
electron microscopy data showed that the tip axis nearly
coincides with one of the m-axes of the hexagonal wurtzite
crystal and also allowed us to assess the orientation of the c-
and a-axes in the atom probe reconstructed volume.
Furthermore, the HR-STEM data have been used for obtaining
the best possible volume reconstruction, based on the presence
of QWs as markers for the depth coordinate.*® It is worth
noticing that the support of the STEM data sets strong
constraints on the APT geometrical reconstruction parameters
(the cone angle and initial tip radius algorithm was used for this
data set®), and the best reconstruction could be obtained by
setting a detector efficiency as low as 0.3, which is about one-
half of the upper theoretical limit for the microchannel detector
plate.®® This indicates that about one-half of the sample atoms
are not detected and are lost either as preferentially or as
neutrally evaporated species. In the reported analysis, 12 over
20 QWs could be reconstructed.
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quantum well system analyzed at T = 20 K. (a) 3D reconstruction of the volume of the 4-fold multi-QW system: Al, In, and Ga atoms are shown
from top to bottom, respectively. The red dashed rectangle indicates the analyzed subvolume. Spatial distribution of (b) the AI**/AI'* and (c) the
In**/In'* charge state ratios on the detector. (d) Spatial distribution of the y InN fraction on the detector. (e) 3D frequency analysis of the InN
fraction measured within the subvolume. The histogram is determined by sampling volume elements (voxels) containing 100 atoms each, and it is

fitted with a binomial distribution (red dashed line).

Figure 7(b,e) reports the charge state ratio Ga®*/Ga'*
measured from the detector hitmaps averaged over the two
15 nm thick red boxes shown in part (a) and containing QWs
#6 and #17, respectively. Both maps show that the field
distribution is not homogeneous. A high-field region can be
identified slightly left of the detector center. This high-field
region can be attributed to the m-pole [1-100] of the wurtzite
crystal. The high-field region elongates in the direction of the a-
axis on both sides of the m-pole. A weaker pole is also visible
close to the detector upper edge in the QW#6 subvolume. The
average Ga’*/Ga'* charge state ratio is higher in the QW#6
than in the QW#17 hitmap. This is a consequence of the tip
evolution during the analysis: due to the cone angle of 5°, the
tip apex radius increases with the analyzed depth. The total flux
being proportional to the flux per unit surface—a function of
the surface field—times the square of the tip radius, a lower
field is needed in order to keep the total flux constant when the
tip radius increases. The progressive decrease in the average
surface field is illustrated through the average Ga**/Ga'* charge
state ratio for the whole data set shown in the plot of Figure
7(h). Figures 7(cf) show the spatial distribution of the
measured fraction of element III (Ga and In) in the subvolumes
containing QW#6 and QW#17, respectively. As already
observed in binary GaN, the measured element III fraction is
lower (higher) than 50 at. % in high-field (low-field) regions.
Furthermore, the average element III fraction progressively
increases, as indicated by the plot in Figure 7(h), which again
correlates with the progressive decrease in the surface field. It is
interesting to notice that both plots on Figure 7(h) exhibit an
oscillation with a period of around 20 nm superposed to the
general trend. This oscillation well correlates with the position

of quantum wells. Most likely, the oscillation is determined by a
local modulation of the evaporation field, which is slightly
higher for the QWs than for the GaN matrix. The previous 2D
data should be compared with the detector hitmaps of Figure
7(d,g), relative to the In/(In + Ga) fraction measured in the
two subvolumes. It should be noticed that this is a reduced
fraction and does not correspond to the local InN alloy fraction
in the QW because the sampled volume is significantly larger
than the QW itself. However, more detailed measurements
performed with a finer sampling inside the QW indicate that
the maximum InN alloy fraction in the QWs is around 20%.*
The In distribution in the two hitmaps is not uniform. Indium
tends to gather in higher-concentration stripes approximately
aligned with the crystal c-axis. It is important to underline that
the In distribution is correlated neither with the field
distribution nor with the element III fraction. The position of
the In-rich stripes also changes from well to well, independently
of the surface field and uncorrelated with the measured element
III fraction. The behavior of each of the reconstructed QWs
from the whole data set, is visible as a video in the Supporting
Information.

3.2.2. InAIN. Figure 8 illustrates the study performed on a
GaN/In,Al;_,N 5-fold QW system defined on the m-planes of a
MOCVD-grown microwire 40. In this system, GaN corre-
sponds to the quantum well and In,Al;_,N to the barriers. The
interest of this m-plane heterostructure is that it can be partially
lattice matched to GaN, resulting in higher material quality. For
lattice-matched InAIN, the bandgap is about 4.4—4.5 eV,768
while the quantum wells under study exhibit PL emission at
about 3.7 eV.* The following data are extracted by a tip
analyzed by an atom probe at T = 20 K, illuminated by 1 nJ UV
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laser pulses and at a flux @ = 0.0025—0.002 At/pls. Part (a) of
the figure shows the 3D reconstruction of the positions of Al
In, and Ga atoms, respectively, as determined by APT. The red
dashed rectangle indicates the subvolume extracted from one of
the barriers and used for the subsequent analysis. Figure 8(b,c)
reports the detector hitmaps of the AI**/AI'* and In**/In'*
distributions, respectively. Both hitmaps are consistent and
indicate that the surface field is higher in the tip region imaged
in the lower part of the detector. Figure 8(d) is the detector
hitmap of the In/(In + Al) fraction. As the analyzed subvolume
is included in a region containing only the In,Al;_,N phase, this
quantity is equivalent to the y InN fraction in the alloy.

The hitmap indicates local fluctuations but no correlation
with the surface field indicators. In order to determine if the
In,Al,_ N distribution is that of a random alloy, we also
performed a more detailed sampling of the subvolume, in order
to compare the frequency distribution of the measured InN
alloy fraction with a binomial law. The histogram reported in
Figure 8(d) is determined by sampling volume elements
(voxels) containing 100 atoms each. It can be well fitted by a
binomial law indicating that the average InN content is around
18 + 1.5%, which is in fairly good agreement with the value of
15% found on other wires from the same batch by energy-
dispersive X-ray spectroscopy (EDX) in a STEM.*

3.3. Measurement of Tb Fraction in Doped ZnO:Tbh.
Rare-earth doping of materials allows exploiting the optical
properties of these impurity ions once introduced in a host
matrix for luminescence, absorption, or light amplification
purposes. In this context, we consider ZnO doped with Tb
atoms® as an interesting benchmark for testing the accuracy of
composition measurement by APT. Terbium atoms are indeed
introduced in the material during the growth, and a subsequent
annealing stage is applied in order to have them occupy Zn
substitutional states in the Tb®" state, which is optically active
with main photoluminescence emissions around 490 and 544
nm.*’%”" The doping density obtained in the analyzed
samples is around 3% as measured by energy-dispersive X-ray
spectrometry.”> (We remark that the high concentration of
dopant would also make it possible to consider the material as
an alloy between zinc oxide and terbium oxide. However,
different stoichiometric ratios are possible for Tb,0,, and it is
common practice to define the studied material as Tb-doped
ZnO, briefly denoted as ZnO:Tb.)

Figure 9(a) shows a typical APT mass spectrum of ZnO:Tb,
collected at T = SO K, Ej,, = 0.3 nJ, Vpc = 13.1kV,and P =2 X
107 At/pls. The specific contributions of Tb-containing
species can be found at 175 amu (TbO*), at 87.5 amu
(TbO?*), and at 53 amu (Tb**). (The reader should neither be
confused nor infer a relationship between the charge state of
the ion in the crystal matrix, conferring specific optical
properties to the impurity and the charge state measured by
an atom probe, which is the final result of a field evaporation
process.) The other peaks are those typically found in ZnO, as
visible by direct comparison with Figure 2(c). The analysis of
the field-dependent measured composition, performed accord-
ing to the protocol applied for pure compounds, is reported for
ensemble data in Figure 9(b). Zinc and oxygen, in the upper
part of the figure, show a trend similar to that found in ZnO,
only slightly downshifted because of the presence of Tb. The
atomic fraction of Tb, as shown in the lower part of the figure,
also exhibits a weak field dependence, being between 2.4% and
2.0% at low field and stabilizing between 2.0% and 1.9% as the
field increases. This trend is similar to that exhibited by Zn.
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Figure 9. Influence of the surface electric field on the measured
composition of ZnO:Tb. (a) Mass spectrum of a set of ~10° atoms
collected from a ZnO:Tb sample at T = 50 K, E,, = 0.3 nJ, Vpc = 13.1
kV, and ® = 2 X 1073 At/pls. Terbium is field emitted either as Tb*,
or as TbO*, or as TbO", as indicated in the figure. The other Zn- and
O-related species are also found in undoped ZnO. (b) Measured
fractions of Zn, O, and Tb as a function of the Zn>*/Zn'* charge state
ratio.

The field dependence of the Tb fraction can also be studied
locally by detector hitmap analysis, as reported in Figure 10 for
a data set containing 10° atoms collected at E,; = 0.8 mW, V.
~ 123 kV, and @ = 0.002 At/pls at T = 80 K. The relationship
between the locally measured Zn**/Zn'" ratios (Figure 10(a))
and the Zn and Tb fractions (parts (b) and (c), respectively) is
also accessible via the scatter plot reported in Figure 10(d).
Notice that the Tb distribution does not exhibit any evidence of
clustering, but it is not uniform: the correlation plots indicate a
clear field dependence of the measured Tb fraction. The dashed
line reported in the graph is a least-squares linear fit, whose
purpose is not only that of a guide for the eyes but also
indicates that a trend can be identified by statistical means.

Figure 10(d) reports the correlation plot in which in the y-
axis the fraction Tb/(Tb + Zn) is plotted, with an approach
similar to that adopted for the quantification of the alloy
fraction in III-N systems. The data show that the field
dependence is thus significantly reduced.

These results point out that in the analyzed surface field
regime it is difficult to establish the actual concentration of Tb
atoms inside the ZnO matrix. Given the significant amount of
Tb, this also adds some uncertainty about the quantification of
the total amount of Zn and O. Further studies specifically
addressing this issue should shed more light on this point.
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Figure 10. Study of the correlation between the surface electric field
and the measured composition in ZnO:Tb. (a) Spatial distribution of
the Zn®*/Zn'* charge state ratio on the detector. (b) Spatial
distribution of the measured Zn fraction and (c) of the Tb fraction
(calculated over all atoms). (d) Correlation between the locally
measured Zn?*/Zn'* charge state ratio and the locally measured
elemental fractions of Zn (green), O (red), and Tb (blue). (e)
Correlation between the Zn>*/Zn'* charge state ratio and the Tb/ (Tb
+ Zn) fraction. The dashed lines in (d) and (e) are linear fits (with
slopes equal to —0.011 and —0.007, respectively) of the Tb data meant
as a guide for the eyes, indicating a weak but significant influence of
the surface field on the measured amount of Tb. The data set consists
of about 10° atoms collected at E;,; = 0.8 nJ, Vy. ~ 12.3 kV, and ® =
0.002 At/pls at T = 80 K.

4. DISCUSSION, CONCLUSIONS, AND FUTURE
OUTLOOK

The present study of the dependence of composition
measurements in selected III-N semiconductors and metal
oxides allows us to draw important conclusions and formulate
specific questions which should be addressed theoretically and
experimentally.

For binary materials, we can identify several common
elements:

—The measured composition critically depends on the
experimental parameters used during the APT experiment. It
can be assessed that the main parameter influencing the
measurements is the electric field. This is also confirmed by the
microscopic analysis of detector hitmaps, indicating a
correlation between the surface field distribution and the
measured composition. The field distribution on the sample
surface can be related to the sample crystallography, to the
specific sample shape, or to the contribution of both.

—At low field, the measurements yield an excess of the
metallic species, this excess decreasing as the field is increased.

However, each material has a specific behavior, which could
be summarized as follows:

—A large excess of metallic element (over 60%) at low field
is found in GaN, ZnO, and MgO, while the composition of AIN
is closer to the stoichiometric value.

—The fractions of metallic and nonmetallic elements cross
in the cases of GaN, AIN, and ZnO but not in the case of MgO.

—Within the same materials system (III-N or 1I—VI), the
discrepancy between the low- and high-field composition is
larger in the material with the lowest ionic character and the
lowest binding energy per pair, as reported in Table 1.

The recent studies addressing the problem of composition
measurements by APT in GaN and MgO propose an
explanation of the obtained results in these terms: (a) at low
field oxygen and nitrogen may form neutral gas molecules that
are evaporated without being detected; (b) at high field O and
N get progressively ionized, which increases their detection
efficiency, while preferential evaporation sets on for the metallic
element, which decreases its detection efficiency.”***~>* This
hypothesis is consistent with the increase in background noise
seen in mass spectra with increasing field and the detection
efficiency estimated as 0.3 for GaN when the charge state ratio
Ga**/Ga'* ~ 0.1 allows nearly stoichiometric measurements.
However, the present data cannot eliminate other possible
mechanisms, such as for example molecular dissociation. To
date, the only theoretical works based on first-principles
calculations dedicated to this issue exclusively concerned
MgO.3*”* The calculations performed by Karakha and Kreuzer,
for instance, predict the evaporation of O* and suggest the
formation of neutral O, related to surface diffusion:>* it should
be underlined that these calculations do not take into account
the role of the laser, which is consistent with the experimentally
observed behavior in terms of surface electric field only. This
work also predicts a large excess of the Mg>" charge state,
consistently with our observations.

The problem of measuring a correct composition by atom
probe becomes even more important when addressing the
reconstruction of heterostructures, the composition of ternary
alloys, and the quantification of the doping density. In the
analysis of III-N ternary alloys, we showed that a correct
quantification of the xInN alloy fraction in In,Ga; N and
In,Al,_,N is possible, provided this is extracted from atom
probe data as the fraction In/(In + Ga) or In/(In + Al),
respectively. The upper limit of the alloy fraction measured in
this work is about 20% InN. These results indicate that despite
the different behavior that is found in binary III-N compounds
the field ion evaporation of In inside the alloy exhibits the same
behavior as that of Ga and AL

In the case of ZnO:Tb, the definition of a correct Tb
concentration is more problematic. Ensemble data suggest that
the behavior of Tb becomes asymptotical in the high-field limit.
However, it still remains difficult to estimate whether the Tb
atomic fraction or the Tb/(Tb + Zn) fraction yields most
accurate results, as in the explored field interval we could not
observe any asymptotical behavior for Zn and O.

For all systems studied in this work, the explanation of the
compositional bias remains qualitative, hence requiring further
experimental verification and a specific theoretical effort aiming
to a quantitative interpretation of the different behavior of each
material.

From the experimental point of view, a more extensive work
is also needed, aiming at a classification of a larger quantity of
materials and at the determination of the detection efficiency
loss as a function of the surface field.

Furthermore, the role of the tip temperature on the
evaporation behavior of the different species could be
systematically addressed, in order to gain a further insight
into the mechanisms leading to the loss of N and O at low field.
The diffusion or migration of surface atoms may also be studied
microscopically, for instance by field ion microscopy (FIM), as


Etienne Talbot


Etienne Talbot



this technique has been recently applied to GaN and MgO.'>”

It would be indeed interesting to experimentally prove the loss
of neutral species, which so far only remains a theoretical
prediction.

Concerning theoretical work, the complexity of the
phenomenon made it difficult to implement an atomistic
approach capable of quantitative predictions of composition
measurements, so far. However, the observation of specific field
dependence for the present measurements could help delimit
the context of the problem within a theoretical framework.
DFT already provided some precious hints for the
interpretation of the phenomena,53 but it cannot conclude
about their dynamic aspects. Molecular dynamics could
possibly yield interesting complementary insights.

In conclusion, we have defined an experimental protocol and
a representation scheme based on the charge ratio of the
metallic elements for testing the dependence of the measure-
ment of composition of compound semiconductors by
tomographic atom probe, and we have applied it on selected
systems, namely, the binary GaN, AIN, ZnO, and MgO, and the
ternary InGaN, InAIN, and ZnO:Tb. The data issued from
these systems point out similar dependences of the measured
compositions on the surface electric field but also important
quantitative differences that still cannot be explained. A
systematic application of this protocol to a larger ensemble of
materials systems would certainly help improve the accuracy of
atom probe measurements in compound semiconductors. The
following families of materials could be profitably studied:

— Metal oxides (Al,O,, iron oxides, etc.).

— Other II-VI semiconductors, such as ZnSe, CdTe, CdS,
and related alloys.

— Further group III nitride alloys, such as AlGaN or high
InN-containing InGaN.

— Group V nitride site alloys, such as GaAsN.

— Classic III-V binary semiconductors and alloys, such as
GaAs, AlAs, and AlGaAs.

— The different SiC polytypes.

Finally, this systematic approach would allow evidencing how
the evaporation behavior depends on the materials properties
and pave the way to a better comprehension of field ion
emission in dielectrics from both experimental and theoretical
points of view.
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