RESEARCH ARTICLE | MARCH 12 2026
Diffusion of oxygen in aluminum nitride

Jan Tréger-Neuhaus & © ; Tobias Schulz © ; Carsten Hartmann @ ; Thilo Remmele; Sylvia Hagedorn @ ;
Lutz Kirste © ; Birgit Hagenhoff © ; Hartmut Bracht @

L@ Check for updates ‘

J. Appl. Phys. 139, 105105 (2026)
https://doi.org/10.1063/5.0318177

@ B

View Export
Online  Citation

Applied Physics

Y
o
©
-
-
-
@)

ﬂ

Articles You May Be Interested In

Single-photon emission computed tomography in the scattering medium with the property of “scattering
straight back”

J. Appl. Phys. (January 2021)

N/ Zurich
B N\ Instruments
r  VHU ;
VBN Fegmrotosk st . W = F ree d om -to | alale)V: ate

TN 2 i
= 5 a0 7 The New VHFLI 200 MHz Lock-in Amplifier.

b of et

i

Orchestrate pulses, triggers, and acquisition as the hub of your experiment.
Discover more - run every signal analysis tool, simultaneously.

AlIP
£ bublishing

LG'¥2:01 920T Yoten 91


https://pubs.aip.org/aip/jap/article/139/10/105105/3383290/Diffusion-of-oxygen-in-aluminum-nitride
https://pubs.aip.org/aip/jap/article/139/10/105105/3383290/Diffusion-of-oxygen-in-aluminum-nitride?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0002-9596-5889
javascript:;
https://orcid.org/0000-0002-4208-2599
javascript:;
https://orcid.org/0000-0002-1033-5416
javascript:;
javascript:;
https://orcid.org/0000-0001-6252-9426
javascript:;
https://orcid.org/0000-0002-5274-2650
javascript:;
https://orcid.org/0000-0002-8380-2257
javascript:;
https://orcid.org/0000-0003-3700-6687
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0318177&domain=pdf&date_stamp=2026-03-12
https://doi.org/10.1063/5.0318177
https://pubs.aip.org/aip/jap/article/129/3/035101/347301/Single-photon-emission-computed-tomography-in-the
https://servedbyadbutler.com/redirect.spark?MID=188841&plid=3541191&setID=1044475&channelID=0&CID=1697306&banID=524364881&PID=0&textadID=0&tc=1&rnd=3772004862&scheduleID=3737490&adSize=1640x440&data_keys=%7B%22%22%3A%22%22%7D&mt=1773656691182458&spr=1&referrer=http%3A%2F%2Fpubs.aip.org%2Faip%2Fjap%2Farticle-pdf%2Fdoi%2F10.1063%2F5.0318177%2F20938152%2F105105_1_5.0318177.pdf&request_uuid=8e5d3bb0-c603-4051-8747-ac9582633401&hc=178da3d2cc32ff9c6b17f1a9aeac84dc3622755a&location=

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

Diffusion of oxygen in aluminum nitride

Cite as: 3. Appl. Phys. 139, 105105 (2026); doi: 10.1063/5.0318177 @ I-t_-l @
Submitted: 19 December 2025 - Accepted: 19 February 2026 -
Published Online: 12 March 2026

View Online Export Citation CrossMark

Jan Tréger-Neuhaus,' > {2 Tobias Schulz,® {2 Carsten Hartmann,® {2 Thilo Remmele,® Sylvia Hagedorn,”
Lutz Kirste,” (¥ Birgit Hagenhoff,” ’ and Hartmut Bracht'-*’

AFFILIATIONS

Tinstitut fur Materialphysik, Universitat Munster, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany
2Tascon GmbH, MendelstraBe 17, 48149 Miinster, Germany

*Leibniz-Institut fur Kristallzichtung, Max-Born-StraRe 2, 12489 Berlin, Germany
“Ferdinand-Braun-Institut (FBH), Gustav-Kirchhoff-Str. 4, 12489 Berlin, Germany

SFraunhofer-Institut fur Angewandte Festkdrperphysik (IAF), TullastraBe 72, 79108 Freiburg, Germany

@ Author to whom correspondence should be addressed: jan troeger-neuhaus@uni-muenster.de
Plpracht@uni-muenster.de

ABSTRACT

In this study, we investigate the thermal diffusion behavior of oxygen in bulk aluminum nitride (AIN) using an aluminum oxide (AL, O;)
coating layer as an oxygen source. We used dynamic secondary ion mass spectrometry (D-SIMS) and time-of-flight SIMS (ToF-SIMS) for -

accurate profiling of the oxygen concentration across the Al,O;/AIN interface of as-grown and annealed samples. Initial tailing and limited %
dynamic range of ToF-SIMS measurements due to oxygen redeposition was addressed by employing an optimized dual-beam sputtering &
strategy with staged crater resizing. This eliminates all adverse effects and allows achieving detection sensitivity and depth resolution compa- 3
rable to D-SIMS. Additional artifacts in the chemical profiling arise from surface roughening and localized phase transitions from amor- g
phous AL,O; to partially crystalline Al,O, induced by the high-temperature annealing, which are supported by correlative AFM (atomic ¥
force microscopy) and TEM (transmission electron microscopy) analyses. Eliminating all these factors reveals that, upon high-temperature =
annealing, a limited thermal diffusion of oxygen into AIN occurs after 12 h at 1600 °C, or after 4 and 1 h at 1700 °C, respectively, indicating
an oxygen diffusion coefficient below 1.8 x 1071¢ cm? s~! under these conditions.
© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0318177
I. INTRODUCTION example is the high-temperature annealing (HTA) of AIN template
Oxygen, as an abundant impurity, plays a significant role in stru.ctures on sapphire, ‘.Nhlsh represenﬁs()a Promising rot'lte for pro-
o . . ; . . ducing substrates for epitaxial growth.”” During annealing, oxygen
group-III nitride semiconductors, strongly influencing their electri- . L . .
L . . . diffuses from the sapphire into the AIN. The resulting high oxygen
cal properties. When incorporated on nitrogen sites, oxygen acts S .
. . o 23 . . concentrations in the AIN thus promote the formation of compen-
as a shallow donor in gallium nitride (GaN).”” Alloying with Al . . . s .
. . . sating cation vacancy complexes (V-Oy), which facilitate disloca-
generally decreases the free charge carrier density owing to the for- " bilitv via climb d by Cancell ¢ al'® Thi
i f tion centers." Moreover, in aluminum nitride on MOPLILY via THI, 95 propaset oy Lancean ¢ 4t '
mation of comp cnsatiol > S enables the mutual annihilation of dislocations, thereby improving
(AIN), oxygen substituting for mt[rogen (On) is discussed to form a the crystalline quality of the AIN film upon annealing.
dee.P’ negatively charged center in t.he upper half of the bandgap,  Understanding oxygen diffusion pathways of oxygen in AIN is also
which reduces n-type doping efficiency, since electrons become crucial for various epitaxial growth techniques, such as metal-
trapped in the DX~ state.” Owing to the resulting lack of electrical organic vapor phase epitaxy (MOVPE) and molecular beam
conductivity in AIN, the properties of Oy centers have predomi-  epitaxy (MBE). Particularly for AIN epitaxy, these processes are
nantly been investigated using non-electrical characterization tech- typically carried out at relatively high temperature up to 1200°C to
niques.” The oxygen content and its diffusion pathways thus have achieve high-quality AIN layers. For epitaxy on sapphire, this may
important implications for a number of applications. One recent result in an increased oxygen concentration via diffusion from the
J. Appl. Phys. 139, 105105 (2026); doi: 10.1063/5.0318177 139, 1051051
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substrate. Although oxygen diffusion in III-nitrides has been recog-
nized, quantitative assessments of particularly the bulk diffusion in
GaN and AIN have remained limited. Only a few studies by
Sadovyi et al.'' address oxygen diffusion in GaN, while investiga-
tions on oxygen diffusion in AIN are largely confined to the works
of Sternitzke and Miiller'” and Solmon et al.'’ In both cases, the
AIN films exhibited relatively low structural quality, which may
have influenced the reported diffusion characteristics.

In this work, we investigate oxygen bulk diffusion in AIN
single crystals by thermal annealing at 1600 and 1700 °C for up to
12h. The experiments were performed on high-structural-quality
AIN bulk crystals with very low threading dislocation densities
(TDD < 1 x 10*cm™?2), thereby minimizing contributions from
pipe diffusion.”* To provide a well-defined oxygen source, a
200 nm-thick aluminum oxide (Al,O3) film was sputtered onto the
AIN surface. Oxygen concentration profiles before and after anneal-
ing were characterized by secondary ion mass spectrometry (SIMS).
Dynamic SIMS (D-SIMS), a widely applied technique for quantita-
tive depth profiling, was used to determine the oxygen distribution
with high sensitivity.'””™"” To complement these measurements,
time-of-flight SIMS (ToF-SIMS) was employed, offering three-
dimensional elemental and molecular imaging capabilities'® that
are particularly advantageous for analyzing rough and inhomoge-
neous sample surfaces resulting from the high-temperature anneal-
ing process. We quantify an upper limit for oxygen diffusion in
AIN at 1600 and 1700 °C, confirmed across several AIN bulk crys-
tals with different background impurity levels. Our results demon-
strate that, at temperatures typical for HTA, bulk oxygen diffusion
in AIN is negligible and occurs predominantly via pipe diffusion.
Consequently, the lateral distribution of oxygen during HTA is pri-
marily governed by dislocation-mediated transport. Owing to the
even lower process temperatures, this conclusion likewise applies to
MOVPE and MBE growth conditions.

Il. EXPERIMENTAL
A. Sample preparation and structural analyses

Bulk AIN single crystals were grown by physical vapor trans-
port (PVT) at temperatures between 2200 and 2300°C."” The crys-
tals grow along the nitrogen-polar (0001) direction and exhibit six
prismatic {1010} facets. The main impurities, oxygen and carbon,
are typically present in the low 10'® cm™ range but differ between
the respective growth domains.”’ In the nitrogen-polar c-plane
domains, a ratio of [O]/[C] > 3 is typically found, whereas in the
prismatic m-plane domains, [O]/[C] <1 is found. The AIN crys-
tals were sliced into c-plane wafers (see Fig. 1) using an inner-
diameter saw, followed by mechanical polishing with polycrystalline
diamond abrasives down to 1um grain size and chemo-mechanical
polishing using SiO, at pH > 10.”" The final wafer thickness was
650 um. Prior to thermal annealing, a 200 nm thick amorphous
AL O; film was deposited on both the nitrogen-polar and prismatic
AIN surfaces to serve as an oxygen source. Dislocation analyses of
the AIN crystal volume were performed using X-ray topography
(XRT). These measurements were carried out with a XRTmicron
camera (RIGAKU, Tokyo, Japan) equipped with a high-brilliance
micro-focus molybdenum x-ray source and multilayer optics.
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FIG. 1. (a) As-grown AIN bulk crystal used for annealing at 1600°C. (b)
Double-side polished c-plane wafer prepared from the crystal shown in (a). (c)
As-grown AIN bulk crystal corresponding to the 1700°C annealing condition;
the white highlighted region marks the position from which the investigated
c-plane wafer was extracted. (d) Double-side polished c-plane wafer obtained
from the crystal shown in (c). (e) X-ray topograph (XRT) of the c-plane wafer
shown in (d). The XRT image indicates a threading dislocation density below
1 x 10* cm~2 across the entire wafer. White dashed circles denote the locations
from which 8 mm diameter wafers were extracted from the nitrogen-polar (0001)
growth domain for the diffusion experiments.

Thermal annealing was performed in the AIN growth reactor
always placing two wafers with their upper sides facing each other
(face-to-face configuration) in a tungsten crucible in nitrogen
ambient at 950 mbar. One batch of samples was subjected to
annealing at 1700 °C for durations of 1 and 4 h, whereas a second
batch was annealed at 1600 °C for 12 h.

Given that surface and interface morphology can significantly
affect depth-profiling accuracy,”” the sample topography and micro-
structure were characterized by atomic force microscopy (AFM) and
transmission electron microscopy (TEM), including scanning trans-
mission electron microscopy (STEM). AFM measurements were per-
formed with Park Systems XE-100 using an NSCI15 tip in a
non-contact mode. 40 x 40um? areas on the original surfaces,
AL, O3/AIN interfaces, and sputter crater bottoms were scanned.

TEM and STEM analyses were conducted using an aberration-
corrected FEI Titan 80-300 microscope operated at 300 keV and
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equipped with a high-brightness field emission gun (X-FEG). TEM
imaging was performed using a FEI CETA camera. For STEM
imaging, a convergent electron beam with a semi-convergence angle
of & = 9.0 mrad was used, and signal detection was carried out with
an annular dark-field (ADF) detector (Fishione model 3000).
Cross-sectional specimens were prepared by wire-cutting small
stripes from the sample, followed by double-sided polishing using
diamond foils. Foils with progressively finer grains (35-0.1 um) were
used until a mirror surface was obtained. Electron transparency was
then achieved via argon ion thinning from both sides using a
GATAN Precision Ion Polishing System (PIPS). To minimize beam
damage, the acceleration voltage was decreased continuously from 4
to 0.2 keV, while the incidence angle was increased from 4° to 8°.

B. Chemical analyses

Oxygen depth profiles were measured using the complementary
analytical techniques D-SIMS and ToF-SIMS. D-SIMS analyses were
conducted at RTG Mikroanalyse GmbH using a Cameca IMS 4f-E6
instrument. Samples were sputtered with a Cs* ion beam with an
energy of 14 keV, rastered over an area of 50 x 50 um?. The intensity
of O~ secondary ions was recorded as a function of sputtering time.
Following analysis, total crater depths were determined by stylus pro-
filometry and used to convert sputtering time to depth, under the
assumption of a constant sputtering rate. Quantification of oxygen
concentrations was achieved by calibrating secondary ion intensities
against an oxygen-implanted AIN reference standard.

ToF-SIMS analyses were carried out at Tascon GmbH
(Miinster, Germany) using an IONTOF ToF.SIMS® instrument
operated in a dual-beam mode. Two sputtering approaches were
employed to optimize depth resolution and minimize redeposition
artifacts. In the first approach, a Cs™ sputter ion beam with an
energy of 2 keV was rastered over an area of 300 x 300 um?, while
a pulsed Bit analysis beam with an energy of 25keV was rastered
over a central 100 x 100um? analysis region. The second approach
involved initially rastering the sputter beam over a larger area of
500 x 500 um?, which was dynamically reduced to 150 x 150 um?
upon reaching the Al,O;/AIN interface without interrupting acqui-
sition. The resulting stepped crater geometry is illustrated schemati-
cally in Fig. 2. Throughout the sputtering process, a lower-energy
pulsed Bi" analysis beam with an energy of 15keV was rastered
over a central 50 X 50 um? analysis region. In both approaches, the
intensity of O~ secondary ions was recorded as a function of sput-
tering time. Sputtering times were converted into a depth scale
based on stylus profilometry performed with a Bruker Dektak XT
profilometer. Crater depths were measured from the sample surface
to the Al,O3/AIN interface and from the interface to the bottom of
the crater. Calibration of the profilometer using a step height stan-
dard (Veeco model 138367) resulted in an estimated uncertainty of
approximately 5% in depth determination. Concentration calibra-
tion was performed by means of well-characterized AIN samples
with known concentrations of oxygen. Three-dimensional data
analysis was conducted with IONTOF SurfaceLab 7 software.

lll. RESULTS AND DISCUSSION

This section presents and interprets the experimental results,
beginning with a structural assessment of dislocations in the
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FIG. 2. Schematic cross section of the crater geometry produced by a staged
crater-resizing strategy used during ToF-SIMS measurements. The sputter area
was dynamically reduced from 500 x 500 to 150 x 150 zm? upon reaching the
Al,03 /AN interface, resulting in a stepped crater profile. The schematic repre-
sentation is not to scale.

studied AIN wafers in Subsection III A. Subsections III B and III C
examine the oxygen distribution using D-SIMS and ToF-SIMS,
both before and after annealing, while addressing challenges such
as sputtering artifacts and structural inhomogeneities. A three-
dimensional ToF-SIMS analysis is used to isolate artifact-free diffu-
sion profiles, which are then fitted to extract quantitative diffusion
coefficients of oxygen in high-purity AIN.

A. Dislocation distribution in bulk AIN

The X-ray topograph (XRT) of the c-plane wafer, from which :

the 8 mm wafers for the diffusion experiments were prepared,
reveals a dislocation density below 1 x 10*cm™2 [cf. Fig. 1(c)].
This wafer contains only a narrow prismatically grown domain, as
it was prepared near the crystal top. In this case, the wafers were
extracted from the nitrogen-polar region ([O]/[C] > 3). Other
8 mm wafers were prepared from crystals with larger prismatic
domains ([O]/[C] < 1). It is noted that even in the prismatically
grown domain, the dislocation density remains below
1 x 10* cm~2, and it only appears higher than in the nitrogen-polar
domain due to the orientation of the dislocations. In the prismatic
region, basal-plane dislocations lie nearly within the {0001} plane
and, therefore, appear as line contrasts in the XRT image, whereas
in the nitrogen-polar domain, threading dislocations are aligned
parallel to the (0001) direction and hence appear nearly as dot-like
contrasts. Given the overall very low dislocation density, diffusion
of oxygen along dislocations is expected to have no measurable
impact on the redistribution of oxygen during annealing.

B. Oxygen depth profiles in bulk AIN

This subsection analyzes the distribution of oxygen in bulk
AIN before and after high-temperature annealing. First, SIMS mea-
surements of the as-grown samples are compared to evaluate the
performance and limitations of D-SIMS and ToF-SIMS techniques,
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including the impact of sputtering artifacts. Subsequently, oxygen
depth profiles of annealed samples are examined, with a focus on
resolving lateral and vertical inhomogeneities through three-
dimensional ToF-SIMS. These results form the basis for distin-
guishing between actual diffusion and measurement artifacts.

1. Profiling of as-grown samples

To gain complementary three-dimensional chemical informa-
tion and assess potential lateral inhomogeneities, oxygen depth
profiling of the as-grown sample was performed using both
dynamic SIMS (D-SIMS) and time-of-flight SIMS (ToF-SIMS).
Figure 3 presents oxygen depth profiles of the as-grown sample
measured by D-SIMS and ToF-SIMS using both a conventional
sputtering approach (without crater resizing) and an optimized
staged sputtering strategy. In all cases, a high oxygen concentration
is observed within the sputtered Al,O; overlayer, which sharply
decreases at the Al,O3/AIN interface and stabilizes at a lower con-
centration throughout the AIN bulk. However, compared to the
sharper oxygen profile measured by D-SIMS, the conventional

1023 ' ‘ ‘ ‘ ‘
D-SIMS —
non-opt. ToF-SIMS - -
\  opt. ToF-SIMS —
"|¢ 10%% } ;
£
N
g 107 | ]
g E
=
)
2
g 1020 = Yty E
S Yaan RETIN
S . l‘n‘,t"‘,\"\_:l'l"'“\“., ool
go ]
”
3 1019 L
1018 ! : ‘ |

0 02 04 06 08 1.0
Depth (um)

FIG. 3. Oxygen depth profiles of the as-grown sample measured by D-SIMS
and ToF-SIMS. ToF-SIMS data are shown for both a non-optimized sputtering
approach and an optimized staged approach. The non-optimized profile exhibits
pronounced tailing and reduced dynamic range due to oxygen redeposition,
whereas the optimized profile closely matches the D-SIMS results. Differences
in the interface position stem from different depth calibrations: ToF-SIMS profiles
were calibrated using separate crater-depth measurements for the Al,O3 and
AIN layers, while D-SIMS was calibrated to the total crater depth assuming a
constant sputter rate. ToF-SIMS oxygen concentrations above 2 x 102! cm—2
were determined using the 80~ signal (assuming natural isotopic abundance)
due to saturation of the 180~ signal.
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ToF-SIMS profile exhibits pronounced signal tailing that artificially
broadens the oxygen distribution to roughly 1um beyond the
AL, O3 /AIN interface within the AIN bulk. This tailing results in a
substantially reduced dynamic range, approximately one order of
magnitude lower than that of the D-SIMS profile, and elevates the
detection limit above 2 x 10 cm . Consequently, oxygen concen-
trations in the critical range between 1 x 10!° and 1 x 10%* cm™
cannot reliably be resolved.

Two primary factors may contribute to the limited perfor-
mance of the conventional ToF-SIMS approach. First, residual
oxygen within the vacuum chamber could elevate background
levels. Second, redeposition of sputtered oxygen species originating
from the AL, O; layer can artificially increase the detected oxygen
signal. Backside profiling (not shown) confirmed negligible back-
ground oxygen contributions, effectively ruling out elevated oxygen
partial pressures as the dominant source. These results strongly
suggest that sputter redeposition is the primary cause of signal
tailing. These effects stem from the dual-beam mode of ToF-SIMS.
During pulsed analysis cycles, the sputter beam is momentarily
deflected, temporarily halting material removal. During these inter-
ruptions, sputtered species—particularly oxygen—can redeposit
onto the crater bottom. If the sputtering rate is insufficient to fully
remove this redeposited material in subsequent cycles, residual
oxygen is redetected, resulting in an artificially enhanced signal
extending beyond the interface. In contrast, D-SIMS employs a
continuous single-beam configuration where sputtering and detec-
tion occur simultaneously, thereby suppressing redeposition arti-
facts and yielding oxygen profiles less affected by such distortions.

Mitigating redeposition in ToF-SIMS requires complete
removal of the oxygen-rich Al,O3 overlayer. Although mechanical
polishing (MP) or chemo-mechanical polishing (CMP) can, in
principle, achieve this, precisely terminating the process at the
AL, O3/AIN interface is technically challenging and subject to vari-
ability. Consequently, a fully sputter-based, in situ approach was
adopted. Initially, sputtering was performed over a large area to
ensure that the smaller central analysis crater remained well-
separated from the high-oxygen regions near the crater edges.
Upon reaching the ALO;/AIN interface, the sputter area was
dynamically reduced without interrupting the measurement. This
staged crater resizing increases the local sputtering rate by concen-
trating the same ion current over a smaller sputtered area, resulting
in a higher local ion flux. This enables rapid and effective removal
of redeposited oxygen species while maintaining a constant beam
current, thereby minimizing signal distortion at the interface and
improving depth resolution.

The optimized ToF-SIMS profile acquired using the staged
crater-resizing strategy shows excellent agreement with the D-SIMS
profile (see Fig. 3), both in dynamic range and detection limit,
enabling reliable detection of oxygen concentrations down to the
low 10" range. This improvement corresponds to at least one
order of magnitude enhancement in the oxygen detection limit
compared to the conventional ToF-SIMS approach. Furthermore,
the optimized ToF-SIMS profile exhibits a slightly sharper oxygen
concentration drop at the interface, indicating improved depth res-
olution compared to D-SIMS. A minor discrepancy in the mea-
sured Al,O; thickness between the two methods was noted: the
D-SIMS profile suggests a thickness of approximately 0.3 um,
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FIG. 4. Oxygen depth profiles of AIN samples (a) annealed at 1600 °C for 12h and (b) annealed at 1700 °C for 1 and 4 h, measured by ToF-SIMS. D-SIMS profiles are
included where available for comparison. For ToF-SIMS, concentrations above 2 x 10%! cm~2 were determined from the 80~ signal due to saturation of the 0~ signal.

whereas crater-depth measurements following ToF-SIMS yielded
0.21 um. The latter is considered more accurate as it accounts for
material-dependent sputtering rates and is directly measured by
profilometry.

These results establish that staged crater resizing effectively
eliminates redeposition artifacts in ToF-SIMS, enabling oxygen
depth profiles that match D-SIMS in resolution and dynamic range.
ToF-SIMS, however, additionally provides 3D analysis capabilities
that are essential for characterizing buried interface phenomena.

2. Profiling of annealed samples

With the ToF-SIMS sputtering strategy optimized to minimize
redeposition effects, oxygen depth profiling of annealed AIN
samples can be performed with enhanced accuracy and reliability.
Figure 4 shows oxygen depth profiles of AIN samples annealed at
1600°C for 12 h [Fig. 4(a)] and at 1700°C for 1 and 4 h [Fig. 4(b)],
measured by ToF-SIMS, with D-SIMS profiles included where
available. In all cases, the ToF-SIMS data exhibit sharper decreases
in oxygen concentration compared to the D-SIMS measurements.
The D-SIMS profiles generally display broader oxygen distributions
and step-like features at the Al,O3;/AIN interface, which are not
observed in the ToF-SIMS profiles. For instance, the sample
annealed at 1700 °C for 1 h shows a distinct step-like feature begin-
ning at approximately 0.5um depth, with an oxygen concentration
around 2 x 10" cm™?, decreasing to 3 x 10'8 cm ™ by 0.7 um. This
feature is absent in the corresponding ToF-SIMS profile. Because

SIMS is a destructive technique, D-SIMS and ToF-SIMS measure-
ments were necessarily conducted at different sample locations,
which may contribute to observed discrepancies.

The discrepancies between the oxygen profiles obtained by

D-SIMS and ToF-SIMS suggest that factors beyond pure bulk diffu-
sion influence the observed distribution. A key factor is the surface
and interface roughness of the sample. Figure 5 presents AFM
topography maps of the sample annealed at 1700°C for 1h,
recorded at different depths. The RMS roughness increases progres-
sively from 14.0 nm at the surface [Fig. 5(a)] to 42.4nm at the
interface [Fig. 5(b)] and 54.6 nm at the bottom of the ToF-SIMS
sputter crater [Fig. 5(c)]. At and below the interface, rounded
recesses of varying depth become increasingly apparent.

The morphological evolution of the initially amorphous sput-
tered Al,O; film upon high-temperature annealing was investigated
by transmission electron microscopy (TEM) and scanning trans-
mission electron microscopy (STEM) combined with energy dis-
persive X-ray spectroscopy (EDX). Figures 6(a) and 6(b) show the
AlL,O,/AIN interface region of the two samples annealed at 1600
and 1700°C, respectively. The AlL.O, layer is clearly recognizable
after annealing but exhibits a crystalline and porous microstructure.
The porosity is likely a consequence of the non-stoichiometric alu-
minum to oxygen ratio for the crystallized Al,O, phase. While the
interface remains largely intact, the sample annealed at 1700°C
reveals locally crystalline foreign phases just below the interface.
The apparent thickness of the Al,O, layer varies strongly along the
interface, such that the TEM images represent only local cross
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FIG. 6. TEM and STEM analyses of the Al,O, /AIN interface after annealing.
(a) and (b) Bright-field TEM images of samples annealed at 1600°C for 12h
y (um) and 1700 °C for 4 h, respectively, showing the interface morphology. (c) STEM
X (pm) HAADF image of the sample annealed at 1600°C for 12h. (d)(f)
Corresponding EDX maps depicting the distributions of O, Al, and N,
respectively.
c AIN crater bottom
z (nm)
400 under these conditions require spatially selective measurements to _
0 avoid misinterpretation, particularly when the diffusion coefficients %
_400 40 are very small. 3
30 To minimize the influence of surface topography and nano- §
0 0 scale structural inhomogeneities, SIMS depth profiling is typically g
10 20 0 y (um) performed on regions that appear smooth and homogeneous under i
X (um) 30 40 0 the instrument camera. In this study, such areas were selected for 2
analysis, while regions with pronounced topographical features
e were deliberately avoided. Nevertheless, AFM images reveal that,
400 200 0 ZOOZ (nm) even within relatively small 50 x 50um? analysis areas, multiple

FIG. 5. AFM images of the sample annealed at 1700°C for 1h, taken at
(a) the initial surface, (b) the Al,O3/AIN interface, and (c) the bottom of the
ToF-SIMS sputter crater. A depth-dependent increase in surface roughness and
the appearance of rounded recesses are linked to morphological changes of the
Al; 05 film during high-temperature annealing as confirmed by TEM.

sections and do not allow a reliable determination of the average
film thickness. These areas are readily identifiable by a Moiré
pattern (not shown), which, however, does not allow to infer their
composition. A chemical composition analysis of the 1700 °C layer
was carried out using STEM-EDX, as displayed in Figs. 6(c)-6(f).
In addition to the HAADF image shown in Fig. 6(c), the corre-
sponding elemental maps of oxygen, aluminum, and nitrogen are
displayed in Figs. 6(d)-6(f), respectively. The EDX data indicate
that the 1700°C layer remains stable throughout the annealing
process and thus can act as oxygen source for diffusion into the
AIN. Given the observed porosity, diffusion experiments performed

structural features remain present, emphasizing the need for three-
dimensional profiling.

To assess the impact of these inhomogeneities on measured
oxygen distributions, the 3D capabilities of ToF-SIMS were
employed to resolve lateral variations within the sputtered volume
(Fig. 7). The 3D reconstruction of the oxygen signal [Fig. 7(a)]
reveals a columnar oxygen-enriched feature extending from the
AL, O3 /AIN interface into the bulk, consistent with a local depres-
sion formed at a structurally heterogeneous site. The top-view pro-
jection [Fig. 7(b)] shows this feature as a bright, localized spot
indicative of enhanced oxygen intensity. Depth profiles extracted
from two distinct regions of interest (ROIs) within the same analy-
sis area [Fig. 7(c)] highlight a strong lateral dependence: ROI 1,
located in a laterally uniform area, exhibits a sharp concentration
drop below the interface, consistent with optimized ToF-SIMS pro-
files. ROI 2, intersecting the oxygen-enriched column, shows pro-
nounced broadening beyond the interface, resembling the D-SIMS
profile.

These observations demonstrate that lateral inhomogeneities
arising from nanoscale structural variations can mimic the
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FIG. 7. Three-dimensional ToF-SIMS analysis of the sample annealed at 1700 °C for 1 h. (a) 3D reconstruction of the sputtered volume from the Al,O3 /AIN interface into
the AIN bulk, showing the "0~ signal. (b) Top-view projection of the integrated oxygen intensity, revealing lateral inhomogeneities. Two regions of interest (ROIs) were
selected: ROl 1 corresponds to a laterally homogeneous area, while ROI 2 captures a localized region of elevated oxygen intensity. (c) Reconstructed depth profiles from
the two ROIs. The profile from ROI 1 exhibits a sharp concentration drop and closely matches the profile shown in Fig. 4, whereas the profile from ROI2 shows pro-
nounced broadening beyond the interface, similar to the D-SIMS profile included for comparison.

appearance of enhanced diffusion, posing a significant risk of misin-
terpretation in conventional one-dimensional depth profiling.
Three-dimensional ToF-SIMS is, therefore, essential for identifying
and isolating such artifacts, enabling accurate quantification of real
bulk diffusion. To minimize the influence of local artifacts, the full
3D ToF-SIMS datasets were systematically evaluated for each anneal-
ing condition. Only profiles from regions with the most laterally
uniform oxygen distribution—devoid of localized features compara-
ble to those observed in ROI 2—were selected for quantitative analy-
sis. This approach ensures that the measured oxygen concentration
profiles reflect genuine bulk diffusion rather than local structural or
compositional effects.

C. Oxygen diffusion in high-purity AIN

The concentration profile of oxygen determined with SIMS is
considered to reflect the distribution of oxygen on nitrogen lattice
sites in AIN. The diffusion of mainly substitutionally dissolved
dopant atoms in semiconductors can generally be described by
Fick’s second law:*’

OCo(x, 1) O 9Co(x, 1)
— o = (DO(CO(X, t))T), (1)

even under electronically extrinsic doping conditions, i.e., when the
concentration of electrically active dopant atoms exceeds the intrin-
sic carrier concentration. This is taken into account by a
concentration-dependent oxygen diffusion coefficient Do(Co(x, 1))
in Eq. (1). The concentration dependence of oxygen diffusion in
AIN, which results from the analysis of the experimental oxygen
profiles, provides initial clues to the atomic mechanism underlying
the diffusion process.”

A central challenge in applying this model is determining the
functional form of Do(Co(x, t)) from experimental data. A
detailed comparison between the ToF-SIMS profiles obtained in
this study and numerical solutions to Eq. (1), as described by
Bracht,”” indicates that Do(Co(x, t)) oc Co(x, t) 2 yields good
agreement with the measured data. To extract quantitative diffu-
sion parameters, numerical solutions to Eq. (1) were fitted to the
ToF-SIMS depth profiles using nonlinear least squares optimiza-
tion based on the Levenberg-Marquardt algorithm, with the dif-
fusion coefficient treated as a free fitting parameter. The initial
concentration was defined as Co(x >0, =0) = C(O), correspond-
ing to the background oxygen concentration deep within the AIN
bulk. The boundary concentration, Co(x =0,f>0) = C(e)q,
reflects the equilibrium solubility of oxygen at the Al,O;/AIN
interface. Owing to interface roughness and sputter-induced
broadening, C3' could not be determined directly from the SIMS
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FIG. 8. Simulations of oxygen diffusion in AIN compared to experimental ToF-SIMS profiles for samples annealed at (a) 1600 °C for 12 h and (b) 1700°C for 1 h and 4 h.
Solid lines represent best fits based on numerical solutions of Eq. (1). In (a), additional simulations using literature diffusion coefficients from Stemnitzke and Miiller'” (long-

dashed line) and Solmon et al." (short-dashed line), respectively, are included for comparison.

profiles, but was instead estimated by adjusting within a plausible
range to match the experimental data. The best fits were obtained
for Co! ~ 2 x 10® cm™.

Figure 8 compares numerical simulations of oxygen diffusion
to the experimental ToF-SIMS profiles. For annealing at 1600 °C,
the best fit corresponds to a diffusion coefficient of
Do =7.9 x 107" cm?s™!, which closely reproduces the experi-
mental profile [Fig. 8(a)].

In contrast, literature values reported by Sternitzke and
Miiller'? (Do = 4.7 x 107 cm?s™!), based on STEM-EELS mea-
surements, and by Solmon et al.'” (Do = 3.4 x 107 cm?s7!),
based on SIMS measurements, overestimate the diffusion depth by
more than one order of magnitude. The STEM-EELS analysis of
Sternitzke and Miiller was performed in extremely small, locally
selected regions that may have been defect-free, despite the bulk
crystals contained a high density of dislocations. Similarly, the
SIMS measurements of Solmon et al. were carried out on AIN with
high dislocation densities and may additionally be affected by
sputter-related artifacts. In both cases, contributions from
dislocation-mediated transport are, therefore, likely, suggesting that
the reported diffusion coefficients do not reflect intrinsic bulk
oxygen diffusion in high-purity AIN with very low dislocation den-
sities. At 1700 °C, the oxygen diffusion behavior was evaluated by
simultaneously fitting the profiles obtained after 1 and 4h of

annealing. A diffusion coefficient of Do = 1.4 x 107 cm? s™!

‘01 9202 UdieiN 91

accurately reproduces the experimental depth profile for the 4h %
anneal [Fig. 8(b)]. To achieve the best agreement with the 1h &
profile, this value was scaled by a factor of 0.7. This minor adjust-
ment is attributed to measurement uncertainties, such as interface
roughness, crater geometry effects, and depth calibration. The close
agreement between the diffusion coefficients determined for 1 and

4 h demonstrates a profile broadening that scales with the diffusion
time according to Fick’s second law, expressed in Eq. (1).

Figure 9 presents the Arrhenius plot of the diffusion coeffi-
cients obtained in this work (crosses), alongside literature values
from Sternitzke and Miiller'” (circles) and Solmon et al."” (trian-
gles). The data points obtained in this work lie significantly below
the literature values, indicating lower oxygen diffusivity under
high-purity conditions and low dislocation density. In contrast to
the literature data, which span a broader temperature range and
thus allow for meaningful extraction of activation energies via
linear fitting, our dataset comprises only two temperature points.
Consequently, a linear fit to these data would not be statistically
meaningful and would result in large uncertainties in both the
slope and intercept. Therefore, the Arrhenius plot is presented
solely to enable qualitative comparison and to highlight the clear
deviation of our results from previous reports. Further measure-
ments at additional temperatures are required to reliably deter-
mine the activation energy under the current experimental
conditions.

J. Appl. Phys. 139, 105105 (2026); doi: 10.1063/5.0318177
© Author(s) 2026

139, 105105-8


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

! ——

10-12 | |

Solmon et al.

1013 | |

10-14 L

Sternitzke ef al.

107 p N

Do (cm?s™)

10716 | X -

this work

045 050 0.55
1/T (1000/K)

10—17
0.40

0.60

FIG. 9. Arrhenius plot of oxygen diffusion coefficients in AIN. Experimental
values from this work (crosses) are compared to literature data from Sternitzke
and Miller'” (circles) and Solmon et al."” (triangles). Solid lines represent linear
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IV. CONCLUSION

This study systematically evaluated the depth distribution of
oxygen in ALO;/AIN heterostructures using D-SIMS and
ToF-SIMS, supported by AFM and (S)TEM characterization. Initial
comparisons revealed that ToF-SIMS suffered from redeposition
artifacts due to its pulsed dual-beam mode, limiting its sensitivity
relative to D-SIMS. Through optimized sputtering strategies—
including dynamic adjustment of sputter area and depth-specific
calibration—these artifacts were effectively mitigated, enabling
ToF-SIMS to achieve a dynamic range comparable to D-SIMS.
Under these optimized conditions, ToF-SIMS successfully resolved
lateral variations in oxygen concentration at sub-micrometer scales,
revealing discrete, columnar oxygen-enriched regions in annealed
samples. Correlation with AFM and (S)TEM imaging confirmed
that these features originate from a high-temperature-induced
phase transformation of amorphous Al,O; into a porous crystalline
Al O, phase. These domains contribute to topographical roughen-
ing, which introduces depth-profiling artifacts in D-SIMS, observed
as artificial steps in the oxygen concentration. By selectively analyz-
ing laterally homogeneous regions in the ToF-SIMS data, such arti-
facts were excluded from the diffusion profiles.

Despite experimental complexities, this work enabled the deter-
mination of oxygen diffusion coefficients in bulk AIN. At 1600 °C,
the diffusion coefficient was found to be 7.9 x 10717 ecm?s™!. At

ARTICLE pubs.aip.org/aip/jap

1700°C, two values were obtained for different annealing times:
9.8 x 10717 cm? s~ ! after 1 h and 1.4 x 10710 cm? s7! after 4 h, with
an average value of 1.2 X 107! cm? s71. These values are considered
to represent upper limits due to residual measurement uncertainties,
such as interface roughness and crater shape effects. While the exact
atomic mechanisms of diffusion remain unclear, the concentration
dependence of oxygen diffusion Do(Co(x, t)), which is required to
reproduce the experimental oxygen profiles using Eq. (1), suggests a
mode of oxygen diffusion controlled by native point defects. This
mode is observed when the transport capacity of oxygen, e.g., via
oxygen vacancy pairs, exceeds the vacancy-mediated self-diffusion of
nitrogen.” If this mode of oxygen diffusion in AIN applies, we can
conclude that the self-diffusion of nitrogen via vacancies in the nitro-
gen sub-lattice is even lower than the oxygen diffusion in AIN.

Overall, the results demonstrate that bulk oxygen diffusion in
high-purity AIN single crystals remains extremely slow even at tem-
peratures up to 1700 °C. This suggests that in epitaxial films grown
at typical MOVPE or MBE temperatures, oxygen transport is not
governed by conventional bulk diffusion, but rather dominated by
pipe diffusion along dislocations. In the context of HTA processing,
the massive oxygen transport from the sapphire into the AIN layer
is, hence, also governed by pipe diffusion pathways. Excessive
annealing at too high temperatures may promote local formation of
parasitic ALO,N, islands at the surface during the process.” "’
Accordingly, the lateral redistribution of oxygen within the AIN
layer during annealing is primarily controlled by the movement of
the dislocation due to climb, with lateral out-diffusion playing only
a minor role.
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