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ABSTRACT

The evolution of surface morphology for single-crystal bulk Al-polar aluminum nitride substrates during ex situ cleaning, in situ cleaning,
and subsequent homoepitaxy is investigated. Ex situ acid treatment is found to reveal atomic steps on the bulk AlN substrates. After in situ
Al-assisted cleaning at high temperatures in a high vacuum environment monitored with reflection high-energy electron diffraction, cleaner
atomic step edges are observed. Subsequent growth on the cleaned bulk AlN by molecular beam epitaxy is used to develop a phase-diagram
for homoepitaxy on AlN single crystals. Secondary ion mass spectrometry profiles reveal high-purity epitaxial layers with undesired chemical
impurity densities of Si, O, and C to be below detection limits. The grown homoepitaxial films are observed to oxidize in the ambient envi-
ronment, but repeating the ex situ acid treatment again reveals atomic steps.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010813

Wurtzite AlN possesses a wide direct energy bandgap of 6.1 eV, a
high thermal conductivity, a high breakdown voltage, and a large pie-
zoelectric constant. These properties make it an ideal choice for UV
photonic devices, power electronics, and bulk acoustic wave filters.1–5

Because AlN is traditionally grown by heteroepitaxy on lattice-
mismatched silicon, SiC or sapphire substrates by metal-organic
chemical vapor deposition (MOCVD), hydride vapor phase epitaxy
(HVPE), or molecular beam epitaxy (MBE),6–10 the resulting films
have high dislocation densities. This contributes to high leakage cur-
rents in AlN-based high electron mobility transistors (HEMTs) and
low internal quantum efficiencies in UV-LEDs.11–13 High-quality sin-
gle-crystal bulk AlN is therefore desired to mitigate these problems.
Recently, Al-polar bulk AlN single-crystals grown by physical vapor
transport (PVT) have become available.14–17 These substrates exhibit
dislocation densities< 104 cm!2 and were instrumental in the demon-
stration of the first electrically pumped UV-C laser.18

The first challenge for homoepitaxy on bulk AlN substrates is
obtaining an atomically and chemically clean surface. The surface of
Al-polar AlN is known to spontaneously form oxides (Al2O3) and
hydroxides (AlOOH and Al(OH)3).

19–22 Using X-ray photoelectron

spectroscopy (XPS) and Auger electron spectroscopy (AES), King
et al. have studied the efficacy of ex situ wet chemical treatments (HCl,
HF, KOH, H3PO4, H2SO4, and Piranha) and in situ annealing in
cleaning the AlN surface.23 They found that buffered HF removes sur-
face oxides but leaves a small amount of fluorine on the surface, which
requires in situ annealing at 950 "C to remove completely. However,
complete removal of oxygen is not possible even at annealing
temperatures> 1100 "C after the HF treatment.

The incomplete removal of oxides and hydroxides hinders the
effective nucleation on AlN single-crystal substrates and promotes
undesired chemical and structural defects. Rice et al. reported that
treating the AlN surface with a mixture of sulfuric and phosphoric
acids heated to 90 "C for 10min removes hydroxide contaminants.24

Afterward, they performed a high temperature (1250 "C) ammonia
anneal in an MOCVD chamber to convert the surface hydroxide into
AlN. AlN homoepitaxy was then performed on the annealed surface,
after which atomic steps were observed.

Using plasma-assisted MBE, Nakajima et al. observed that
hydroxide and oxide residues on the SiC surface increase the pit den-
sity in subsequent heteroepitaxial AlN films.25 Reports on the
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nucleation and homoepitaxial growth of AlN on bulk AlN substrates
by MBE, however, are rare. Recently, Cho et al. developed an Al-
assisted in situ surface cleaning method, which enables AlN homoepi-
taxy on bulk AlN.26 Secondary ion mass spectrometry (SIMS) mea-
surements showed that this method led to a drastically lower oxygen
impurity concentration at the nucleation interface in comparison with
performing a high temperature anneal without Al-assisted cleaning.
Cross-sectional scanning transmission electron microscopy (STEM)
imaging together with SIMS showed that Al-assisted cleaning at high
temperatures in the MBE chamber enables true homoepitaxy free of
chemical and structural defects, with parallel atomic steps present on
the AlN surface. On the other hand, direct epitaxy on single-crystal
bulk AlN without the in situ Al-assisted cleaning step exhibited rough
surface morphologies along with structural and chemical defects.

In this report, we first investigate the effects of ex situ and in situ
cleaning on the surface morphology of bulk Al-polar AlN, before per-
forming any epitaxy. We find that ex situ acid treatment reveals atomic
steps on the bulk AlN substrate. In situ Al-assisted cleaning further
removes oxide and hydroxide contaminants, creating clean atomic
step edges. Subsequently, AlN homoepitaxy is performed by PA-MBE.
Growth at high temperatures in Al-rich conditions is found to produce
parallel atomic steps. At low growth temperatures, a mix of 2D steps
and 3D islands is observed due to limited adatom diffusion. This study
helps identify a growth phase diagram for homoepitaxy on single-
crystal bulk AlN substrates. SIMS analysis of the high-quality homoe-
pitaxial AlN films indicates low chemical impurity densities near the
detection limit. Finally, the subsequent surface oxidation of the films
after exposure to the ambient environment and acid cleaning to reveal
atomic steps are observed by AFM.

The bulk substrates used in this study are 2-in. diameter Al-polar
AlN substrates from crystal IS with dislocation densities of
#104 cm!2. The wafers were diced into 1$ 1 cm2 pieces for cleaning
and growth. A flow chart summary of the cleaning process is pre-
sented in Fig. 1(a), along with the AFM images taken during the pro-
cess [Figs. 1(b)–1(d)]. Figure 1(b) shows a representative surface after
the ex situ solvent cleaning (consisting of 10min of sonication in ace-
tone and 5min in 2-propanol). The surface was smooth with sub-nm
roughness, but no atomic steps were observed. The substrates were
then cleaned in 1:3 H3PO4:H2SO4 heated at 70 "C for 5min, followed
by a 5-min de-ionized water rinse. Next, the substrates were treated
with 10% HF for 15min, followed by another 5-min de-ionized water
rinse, concluding the ex situ cleaning. These treatments revealed
atomic steps as shown in Fig. 1(c), with a surface roughness of 1.3 Å
inside atomic step terraces shown by the blue boxed regions, including
jagged edges and some debris. Because the surface root-mean square
(rms) roughness can be overestimated due to the atomic step terraces
in the image, a 150 $ 150nm2 box inside the atomic step terraces is
chosen instead of the entire area for the rms evaluation of the AFM
data. This method eliminates artificial roughness resulting from
atomic steps. Using Piranha solution instead of 1:3 H3PO4:H2SO4

revealed similar atomic steps. The jagged edges likely stem from the
incomplete removal of surface oxides and hydroxides, as the chemical
reaction in ambient air likely originates at the step edges. The sub-
strates were then mounted on a faceplate with a front holder plate and
a molybdenum heat diffuser plate on the back, after which they were
transferred into the load-lock chamber of a PA-MBE Veeco GEN10
plasma-MBE system and baked at 200 "C for 8 h.

In situ chemical cleaning of the substrates was then performed in
the MBE growth chamber at a background pressure of #10!9Torr
without a flowing nitrogen gas. The substrates were heated up to a
thermocouple temperature of 1150 "C and then exposed to an alumi-
num metal flux of 9.13 nm/min for 30 s. The high temperature was
held long enough for the deposited Al to desorb. This process of
adsorption and desorption, which we call Al-polishing, was clearly
resolved using reflection high-energy electron diffraction (RHEED), as
shown in Fig. 2. Figure 2(a) tracks the intensity vs time of the boxed
area in Fig. 2(b). The intensity is found to drop when Al is deposited
and increase when it desorbs.27 This process was repeated for several
cycles. The third through fifth cycles were observed to be qualitatively
distinct from the first and second. The reason for such a difference in
behavior is tied to the presence of oxides on the surface. During the
first two cycles, Al metal reacts with the surface oxide producing a vol-
atile suboxide (Al2O3 þ 4Al ! 3Al2O%), which decomposes at the
high substrate temperature.28 After these cycles, surface oxide is
completely removed, so the adsorption and desorption for subsequent
cycles follow a different two-step process, as shown in red in Fig. 2(c),
similar to the Ga bilayer and droplet formation on Ga-polar GaN sur-
faces.29–32 This change in behavior provides an accurate marker when
the surface becomes free of contamination. After this in situ Al-
polishing, a substrate was rapidly transferred (to minimize air-expo-
sure) to the AFM chamber for imaging. In place of the previous jagged
edges, clean atomic step edges were observed, as shown in Fig. 1(d).
The surface is free of debris with a roughness of 0.5 Å. A similar clean-
ing process at a slightly lower thermocouple temperature of 1120 "C is
also effective, but the first desorption process takes much longer time.

After the ex situ and in situ cleaning, AlN homoepitaxy was per-
formed directly. Due to differences in mounting techniques or system
design, the measured thermocouple temperatures can differ from the
actual surface temperatures of the crystal and vary from system to sys-
tem. The desorption of Al metal on the AlN surface, however, is a

FIG. 1. (a) Cleaning process flow chart before epitaxy for single-crystal AlN. AFM
images of the bulk AlN surface after (b) solvent cleaning, (c) cleaning in
H3PO4:H2SO4 (1:3) at 70 "C for 5 min and 10% HF for 15 min, and (d) Al-assisted
surface cleaning inside the MBE system. Root-mean square (RMS) roughness cal-
culated over the blue box region of 150 $ 150 nm2 for each image is indicated
above the images.
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physical process, and its dependence on the surface thermal condition is
universal. Thus, the Al droplet desorption rate is a more accurate
description of the surface thermal condition. We first evaluate the
desorption rate of Al droplets on the crystal surface from the RHEED
intensity, as shown in Fig. 2(c), at several substrate temperatures. The Al
droplet desorption rate Udes on the AlN surface is determined as Udes

¼ (UAl)(tdep – tAl,bilayer)/(tdep – tAl,bilayer þ tmeasure), where UAl is the Al
metal flux, tdep is the Al deposition time, tmeasure is the Al droplet desorp-
tion time, and tAl,bilayer is the Al bilayer formation time. Figure 3(a)
shows a set of experimental Al droplet desorption rate data vs different
thermocouple temperatures. The Al desorption rate exhibits Arrhenius
behavior with an activation energy of 3.81 eV, as shown in the inset of
Fig. 3(a), similar to the report by Koblmueller et al.33 The Al desorption
rate is important since it represents the boundary between Al-rich and
intermediate growth regions, as shown in Fig. 3(b).

High-performance electronic and photonic devices such as
HEMTs, UV-LEDs, and lasers require alloys and heterostructures of
AlN with GaN. To grow GaN or AlGaN, lower growth temperatures
are required to avoid Ga desorption. To that end, the surface morphol-
ogies of AlN at various growth temperatures were explored. The N2

plasma power was held at 400W with 2 sccm flow rate, corresponding
to a growth rate of 7.5 nm/min. Al metal was provided through a stan-
dard effusion cell. AlN films of thicknesses between 220 and 360nm

were grown. Figure 3(b) shows the MBE growth diagram for the
homoepitaxy of AlN. Al-rich (III/V ratio> 1) conditions are preferred
for two-dimensional growth.33 The epitaxial process was started by
first opening the Al shutter for 20 s to wet the surface. Then, both Al
and nitrogen shutters were left open for the entire duration of AlN
growth. To end the growth, the plasma is turned off, both Al and N2

shutters are closed, and the substrate is heated to 50 "C higher than
the growth temperature to desorb excess Al. The highest investigated
growth temperature was condition A at 1095 "C, which corresponded
to a desorption rate Udes¼ 2.83 nm/min. Figure 3(c) shows that this
growth condition results in smooth parallel atomic steps with average
step heights and widths of 2.44 Å (#1 monolayer of AlN) and 200nm,
respectively. Condition B at a lower temperature of 1074 "C
(Udes¼ 1.64 nm/min) and in the intermediate III/V ratio regime also
results in 2D growth, but because of the insufficient Al surface cover-
age, pits are generated. Figure 3(d) shows that the surface morphology
between pits for a smaller scan area of 1$ 1lm2 still has atomic steps.
Finally, the lowest growth temperature of 997 "C (Udes¼ 0.22 nm/
min) in condition C yields the surface morphology shown in Fig. 3(e).
A combination of both parallel atomic steps and 3D islands is
observed, albeit with a smooth surface with an rms roughness of
#1.3 Å for a 150$ 150nm2 scan area. The mechanisms for the evolu-
tion of such morphology have been proposed in recent MOCVD
reports.34 The low growth temperature reduces the surface diffusion
length of Al adatoms, promoting nucleation at the center of the atomic
steps, where the highest supersaturation occurs, resulting in 3D
islands. The Al adatoms are able to diffuse to the step edges at higher

FIG. 2. (a) RHEED intensity vs time, tracking five cycles of Al-assisted cleaning.
The light gray shaded area corresponds to Al deposition on the surface, while the
dark gray shaded area corresponds to the desorption process. (b) RHEED image
showing the diffraction pattern along 1120h i, with the electron beam voltage and
current at 14.5 kV and 1.45 A, respectively. The white box marks the area in which
the intensity is tracked. (c) Red curve: zoomed-in image of the third cycle in (a) with
thermocouple temperature at 1150 "C, while the blue curve shows the desorption
process under a lower thermocouple temperature at 1125 "C. The regions corre-
sponding to chemical adsorption (Al bilayer), physical adsorption (droplet forma-
tion), and total Al deposition time are denoted by blue, red, and orange arrows,
respectively. Green arrows indicate the time required for Al droplet desorption.

FIG. 3. (a) Desorption rate of Al droplets on the Al-polar AlN surface. Blue dots are
representative experimental data on crystal IS bulk AlN substrates mounted by a
faceplate. The inset figure is an Arrhenius plot of the experimental data. The fitted
line shows an activation energy of 3.81 eV. Black dots represent the desorption
rates of conditions A, B, and C. (b) AlN growth diagram for homoepitaxy. (c)
2$ 2 lm2 AFM image of AlN grown at 1095 "C with an atomic step height of
2.44 Å. (d) 1 $ 1 lm2 AFM image of condition B, showing the smooth regions
between pits; pits (not shown) are observed on the epi-surface due to the low Al/N
ratio. (e) 2 $ 2lm2 AFM image of condition C with 2D steps and 3D islands.
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growth temperatures, enabling homoepitaxial growth by MBE with
parallel atomic steps.

The effects of long exposure to ambient conditions on the epitax-
ial surfaces were investigated. The sample grown in condition A was
exposed to air for 4weeks. Small particles were observed on the surface
as shown in Fig. 4(a), which could be completely removed to again
reveal the atomic steps as shown in Fig. 4(b) by treating the surface
with H3PO4:H2SO4 in the same manner as mentioned earlier in the ex
situ cleaning description. The incorporation of chemical impurities in
the homoepitaxially grown AlN was studied by SIMS (performed by
the Evans Analytical Group) on a sample with #1lm of AlN grown
at 1107 "C (Udes¼ 3.66 nm/min) under Al-rich conditions similar to
condition A. Figure 5 shows that the impurity concentrations for Si,
O, H, and C are all very near or below the detection limit throughout
the 1lm epitaxial AlN layer away from the nucleation interface (the
detection limits are 1 $ 1017 atoms/cm3 for Si and O, 1–2 $ 1017

atoms/cm3 for H, and 4–5 $ 1016 atoms/cm3 for C). Peaks for C and
much smaller peaks for O and Si were observed at the nucleation
interface with concentrations of #4.2 $ 1019 atoms/cm3, #1.1 $ 1018

atoms/cm3, and #1.5 $ 1018 atoms/cm3, respectively. These peaks

decayed to background levels within 100nm of the epitaxial layer. The
in situ Al-polishing has been found to be effective in significantly
reducing the concentration of Si and O at the AlN homoepitaxy
growth interface.26 However, the carbon concentration is comparable
to that in the homoepitaxial sample without in situ Al polishing. We
speculate that the carbon is present on the AlN substrate surface prior
to loading into the MBE system and cannot be removed with Al-
polishing. It is worth noting that carbon can be nearly all removed
using thermal annealing at #1450 "C.26 In any case, the C impurity
concentration in the MBE-grown AlN epitaxial layer was found to be
very close to the detection limit of 4–5 $ 1016 atoms/cm3. Dalmau
et al. have reported C levels around 1 $ 1018 atoms/cm3 in MOCVD
growth,35 presumably due to the C from the metal-organic precursors,
which is absent in the MBE environment. Minimizing carbon is partic-
ularly important for UV photonic devices because C impurities in
bulk AlN substrates have been found to absorb at 265nm.36 The low
C impurity concentration observed here in the homoepitaxial AlN
layers grown by MBE is, thus, of interest for UV-LEDs and lasers.

In conclusion, it is found that clean atomic steps are revealed on
single-crystal bulk AlN substrates through ex situ surface acid cleaning
followed by in situ Al-polishing in MBE. The ex situ cleaning alone
results in atomic steps with jagged edges, which are converted to clean
edges by the in situ Al-polishing. AlN homoepitaxy on cleaned AlN
bulk substrates at a high growth temperature of 1095 "C results in par-
allel smooth atomic steps, but at 997 "C, it results in 3D islands. A
growth diagram of AlN by MBE was developed, resulting in the identi-
fication of a growth condition that yields smooth surface morphologies
and true homoepitaxy, with impurity concentrations near the detec-
tion limits throughout the epitaxial layers. The surface control and
growth diagram developed here qualify MBE as a promising method
for the growth of high-performance electronic and photonic devices
on bulk AlN substrates in the future.
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