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We have investigated homoepitaxy of AlN films grown by molecular beam epitaxy on AlN/sapphire templates by
adopting both the continuous growth method and the Al modulation epitaxy (AME) growth method. The continuous growth
method encounters significant challenges in controlling the growth mode. As the precise Al/N = 1.0 ratio is difficult to
achieve, either the excessive Al-rich or N-rich growth mode occurs. In contrast, by adopting the AME growth method, such
a difficulty has been effectively overcome. By manipulating the supply time of the Al and nitrogen sources, we were able to
produce AlN films with much improved surface morphology. The first step of the AME method, only supplying Al atoms,
is important to wet the surface and the Al adatoms can act as a surfactant. Optimization of the initial Al supply time can
effectively reduce the pit density on the grown AlN surface. The pits density dropped from 12 pits/µm2 to 1 pit/µm2 and
the surface roughness reduced from 0.72 nm to 0.3 nm in a 2×2 µm2 area for the AME AlN film homoepitaxially grown
on an AlN template.

Keywords: Al modulation epitaxy, molecular beam epitaxy, AlN, pits
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1. Introduction

AlN boasts numerous advantages, including a wide di-
rect bandgap (6.2 eV), high saturation carrier drift velocity,
exceptional thermal stability, high breakdown field strength,
and high surface acoustic velocity. Furthermore, AlN exhibits
similar lattice constants and thermal expansion coefficients
to other III-nitride materials, making it the optimal substrate
for deep ultraviolet (DUV) LEDs and other AlGaN based de-
vices with high Al composition.[1–3] Its versatility renders it
suitable for fabricating high-temperature, high-frequency, and
high-power electronic devices, DUV optoelectronic devices,
and surface acoustic wave devices.[4]

The high cost and limited availability of AlN single crys-
tal substrates have considerably hindered their applications.
Instead, AlN-on-sapphire template technologies have been de-
veloped quickly and are widely available nowadays. Such an
AlN/sapphire template is a good starting platform to grow var-
ious fine heterostructures for device applications.[5] AlN epi-
layers on an AlN/sapphire template can be obtained by various
methods, mainly, metal–organic chemical vapor deposition
(MOCVD), hydride vapor phase epitaxy (HVPE), and molec-
ular beam epitaxy (MBE).[6] MBE offers unique advantages
owing to its ultra-clean and ultra-high vacuum environment,

which effectively minimizes parasitic reactions and hydrogen
passivation effects usually observed in MOCVD reactors.[7]

Furthermore, MBE enables precise control over shutter oper-
ations, facilitating the realization of complex structures and
sharp heterogeneous interfaces.[8]

The growth mode of AlN is similar to that of GaN, and is
characterized by N-rich growth, slightly Al-rich growth, and
excessive Al-rich growth, depending on the Al supply.[9,10]

Consequently, the Al/N ratio influences the quality of AlN
films significantly. AlN films grown in the N-rich region ex-
hibit a rough three-dimensional (3D) surface morphology and
poor crystal quality. Conversely, films grown in the slightly
Al-rich region feature a smoother surface morphology and im-
proved crystal quality. However, excessive Al-rich growth
leads to the formation of numerous metal droplets on the
growth front.[11] To circumvent the formation of Al droplets,
researchers have employed three primary methods. Firstly, the
high-temperature desorption (1150 ◦C or above) removes ex-
cessive Al droplets effectively.[12,13] However, this method ex-
ceeds the growth temperature range of usual MBE systems.
Secondly, the N radical beam irradiation reacts with excessive
Al droplets to form crystals.[14] Thirdly, the metal-modulated
epitaxy (MME) method has been utilized.[15–17] For instance,
Burnham et al. used the MME method to open the Al and N
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sources alternately, and this method enhances lateral growth
and eliminates excessive Al droplets.[16] However, apart from
AlN grown at particularly high temperatures, conventional
temperature (1000 ◦C) MBE growth of AlN films often suffers
from a high density of surface pits. Nakajima et al. demon-
strated that the pit density strongly depended on the residual
impurities of the MBE chamber, and by reducing impurity (O,
OH, and H2O), the pit density was reduced.[18]

In this paper, we have conducted homogeneous epitaxy
of AlN films by MBE on AlN/sapphire templates using two
different growth methods, continuous epitaxy method and Al
modulation epitaxy (AME) method. Based on the surface
morphology of AlN films grown by conventional method, we
found that it is difficult to control the growth mode of AlN
film, resulting in the appearance of either pits or Al droplets
on the film surface. Subsequently, we employed the AME
method, which significantly reduced the density, depth, and di-
ameter of pits. Finally, we achieved nearly pit-free AlN films
grown by AME method.

2. Experimental procedures
The experiments were carried out using a RIBER Com-

pact 21 PA-MBE system equipped with evaporation sources
for several group III metals (Al, Ga and In) and a nitrogen
plasma source. All samples were grown on 4.5 µm thick
C-plane AlN/sapphire templates grown by MOCVD. An ap-
proximately 500 nm thick molybdenum layer was deposited
on the back side of the AlN/sapphire template to absorb heat.
The AlN templates were sequentially washed with acetone,
ethanol, deionized water, and etched in HCl before being
loaded into the MBE chamber. Prior to growth, the AlN
templates were degassed in degas chamber at 450 ◦C for ap-
proximately 1.5 hour. The N2 plasma (N∗) conditions were
fixed at nitrogen flow rate of 0.7 standard cubic centimeter per
minute (SCCM) and radio frequency power of 450 W. Reflec-
tion high-energy electron diffraction (RHEED) patterns and
intensity were collected by the KSA400 system equipped with
a CCD camera and a frame collector. The growth temperature
was monitored by a thermal couple in the MBE system.

For the continuous epitaxial method, the Al and N∗ shut-

ters are open continuously during the whole growth process. In
contrast, one AME cycle is divided into three steps, as shown
in Fig. 1. During step I, only the Al source shutter is opened
to supply some Al atoms, which is important to wet the sur-
face and the Al adatoms can act as a surfactant. During step II,
both Al and N∗ shutters are opened to grow AlN films. During
step III, the Al shutter is closed and only N∗ shutter is opened
to consume the excessive Al and grow AlN films. Because
the thermal evaporation rate of Al atoms is very low at rela-
tively low temperature, excessive Al atoms can easily accu-
mulate to form Al droplets. In order to consume the excessive
Al droplets, the Al source shutter is switched off and the N∗

is opened to consume the excessive Al.[17] Finally, AlN films
with smoother surface morphology can be obtained.

(b)

Al

N*

t t t t t t
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Al Al N*

N*
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AlN template

(Step I) (Step II)

(Step III)

AlN template

AlN templateAlN template

Al droplets

Fig. 1. AME schematic diagram, the Al and N plasma shutter time se-
quence (a) and the AME method schematic diagram (b) to illustrate the
three steps in one AME cycle. During step I, only the Al source shutter is
opened to supply some Al atoms. During step II, both Al and N∗ shutter
are opened to grow AlN films. During step III, Al shutter is closed and only
N∗ shutter is opened to consume the excessive Al and grow AlN films.

Samples A, B, and C were grown by the continuous
growth method. Samples D, E, F, and G were grown by the
AME growth method. The detailed growth parameters for all
samples are presented in Table 1. Growth progress was moni-
tored in-situ by RHEED,[19] and RHEED pattern and intensity
were recorded during growth. The surface morphology of the
samples was characterized by atomic force microscopy (AFM)
and optical microscope (OM).

Table 1. Growth parameters of samples.

Sample number
Substrate Al flux N∗ flow Al supply AlN growth N∗ consume Film thickness

temperature (◦C) (Torr) (sccm) time t1 (s) time t2 (s) time t3 (s) (nm)

A 970 1.3×10−7 0.7 conventional growth 160
B 970 1.4×10−7 0.7 conventional growth 160
C 970 1.6×10−7 0.7 conventional growth 160
D 970 1.4×10−7 0.7 18 60 48 144
E 970 1.4×10−7 0.7 24 60 60 160
F 970 1.4×10−7 0.7 30 60 72 176
G 970 1.4×10−7 0.7 36 60 84 192
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3. Results and discussion
3.1. Continuous epitaxy of AlN film

Figure 2 shows the results of three samples grown by
continuous epitaxy method with different Al fluxes at 970 ◦C.
The Al fluxes of samples A, B, and C are 1.3× 10−7 Torr,
1.4× 10−7 Torr, and 1.6× 10−7 Torr, respectively. As shown
in Fig. 2(a′), the morphology of sample A is typical of the N-
rich mode growth. It has an extremely rough surface with large
pits, and the RMS as high as 2.9 nm in a 2×2 µm2 area. Fig-
ure 2(a) shows the OM image of N-rich condition, there are no
Al droplets. Because there are no excessive Al atoms that act
as surfactant, the mobility of the Al atoms is extremely low, pit
appears at the ends of the spiral dislocations.[20] Moreover, as
shown in Fig. 2(a′′), the RHEED pattern also shows a typical
dotted line pattern of N-rich mode growth. It is similar to the
results of the GaN N-rich mode.[10] The Al flux is increased
to 1.4×10−7 Torr for sample B, which is the slightly Al-rich
condition. As shown in Fig. 2(b′′), the RMS drops signifi-
cantly to 0.5 nm in a 2×2 µm2 area. Figure 2(b′′) also shows
that the intensity of the RHEED pattern increases, bright and
streaky. However, as shown in Fig. 2(b), some Al droplets can
be seen on the surface. Moreover, some hexagonal hillocks
and some pits can be seen in Fig. 2(b′). The Al flux is in-
creased to 1.6× 10−7 Torr for sample C, which is the exces-
sive Al-rich condition. Figure 2(c′) shows that sample C has
a higher RMS of 1.2 nm in a 2×2 µm2 area, presents a large
number of Al droplets, and is accompanied by some pits. As
shown in Fig. 2(c′′), a dark RHEED pattern is observed, indi-
cating metal coverage and reduced electron diffraction.[17,21]

The above results illustrate that it is difficult to control the

Sample C

excessive Al-rich

Sample B

slightly Al-rich

Sample A

N-rich

RMS:0.5 nm

500 nm

200 mm200 mm

(b)

200 mm

(a)

RMS:2.9 nm
500 nm

(a′)

500 nm

RMS:1.2 nm

[1120]

(c)

(b′)

(b′′)(a′′)

(c′)

(c′′)

[1120] [1120]

Fig. 2. OM images (first row), AFM images (second row) in a 2×2 µm2

area and [112̄0] directional RHEED patterns of AlN films grown by
continuous epitaxy method with different Al fluxes of 1.3× 10−7 Torr,
1.4×10−7 Torr and 1.6×10−7 Torr, respectively.

AlN films growth mode precisely using continuous epitaxy
method, either the excessive Al-rich or N-rich growth mode
occurs. Moreover, in continuous epitaxy under slightly Al-
rich condition, growth surfaces still show pits and hexagonal
Al hillocks formed by small amounts of Al droplets.[17]

3.2. Al modulation epitaxy of AlN film

For the epitaxial growth of arsenides such as conven-
tional GaAs/AlGaAs, the migration enhanced epitaxy (MEE)
method was proposed and often used in the 1980s, using alter-
nating anionic (As) and cationic (Ga or Al) shutters to enhance
the migration of cations.[22] The mechanism is that cations are
highly reactive with anions, and in the absence of anions, the
surface diffusion length of cations becomes longer,[16] i.e., the
migration ability is enhanced and the film quality is improved.
In the case of MBE epitaxial growth of group III nitrides, it
is different. Extensive experimental and theoretical analyses
have shown that the excess of Ga or In adlayers can act as
a surfactant,[23–26] since the adsorbed metal layer on the sur-
face of the nitride semiconductor possesses the properties of
a partially mobile liquid, which can provide a lateral migra-
tion channel for the nitrogen atoms.[27] Such surfactant effect
can enhance the migration ability of each atom and thus facili-
tate group III nitride growth. MBE epitaxy of AlN has similar
effects, and some works using the AME method have been
able to improve the crystal quality to some extent.[28–30] In
this work, some Al was supplied to the growth front at the first
step of each AME AlN growth cycle, which is expected to en-
hance the migration of atoms on the surface of the film and
strengthen the lateral growth.

Figure 3(a) shows the typical RHEED intensity variation
for a cycle of epitaxial samples D, E, F and G with various Al
supply time using AME method. The initial Al supply time of
samples D, E, F, and G is 18 s, 24 s, 30 s, and 36 s, respec-
tively. Both Al and N∗ sources are supplied simultaneously for
60 s for all samples. The main difference is the separate supply
time of Al source and N∗ source. Detailed growth parameters
can be found in Table 1. Based on the overall variation of the
RHEED intensity curves in Fig. 3(a), one cycle of the AME
consists of three-time stages t1, t2, and t3, corresponding to
steps I, II, and III in Fig. 1. In the first step, the RHEED inten-
sity gradually decreases with the opening time of the Al source
shutter increasing, as the Al adatom reduces the diffraction in-
tensity of electrons, and causes the RHEED intensity to drop
to the minimum value approximately. In the second step, both
Al source and N∗ source shutters are opened for about 60 s,
the RHEED intensity remains almost constant and is approxi-
mately equal to the minimum value at the end of the first step.
In the third step, the Al source shutter is closed quickly and
the N∗ source continues to be supplied. The RHEED inten-
sity initially remains at the level of the second step for τ1 time

106801-3
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and then rises in τ2 time to approximately the intensity before
the first step. Notably, figure 3(a) shows that as the t1 time
increases, τ1 also increases gradually, showing a pattern of t1
increasing by 6 s for every 12 s increase in τ1. However, the
τ2 time is almost unchanged for about 20 s. Since the exces-
sive Al on the growth surface can provide sufficient Al atoms
to maintain two monolayers (MLs) of Al atoms and some Al
droplets, τ1 is only related to the amount of Al droplets on the
surface, and τ2 is only related to the consumption of two MLs
Al atoms by N∗ treatment. The two MLs Al coverage behav-
ior is evidenced in the Al adatom adsorption/desorption ex-
periments with different beam fluxes at various temperatures,
which will be published elsewhere, and similar behaviors of
Ga and In adatoms have been demonstrated before.[31–33] Con-
sequently, the τ2 time is almost unchanged, about 20 s. We be-
lieve that a long t1 time can cause a large residue of Al atoms,
which may appear as Al droplets after growth. But the N∗

source can consume excessive Al atoms during step III. As the
Al source has been closed before step III, it will take less time
for N∗ to consume the excessive Al atoms. Consequently, we
find that periodic closing of the Al and N∗ sources is necessary
to check whether the N∗ treatment consumes excessive Al can
obtain a smoother AlN film.

Figures 3(b)–3(e) show RHEED patterns evolution at dif-
ferent times (t1, t2, τ1 and τ2) of sample F in one AME cycle.
Figure 3(b) shows that the RHEED pattern with only Al atoms
supplied is relatively dark, and as the time of supplying Al
atoms increases, as shown in Fig. 3(c), the RHEED pattern
becomes even darker until the state at time t2. Because the Al
metal will cover the surface and reduce the electron diffrac-
tion, similar to the RHEED pattern during AlN growth. As
shown in Fig. 3(e), until entering t3 time (τ1 and τ2), N∗ is
supplied alone and the RHEED pattern gradually turns into
bright streaks.

Figure 4 shows the OM images, AFM images and [112̄0]
direction RHEED patterns of samples D, E, F and G fabri-
cated by the AME method. In Figs. 4(a)–4(d), as the Al supply
time increases, sample D has some black spots, sample E has
fewer black spots, sample F has almost no black spots, how-
ever, sample G shows some black spots again. It means that
the morphology gets better then worse with the increase of the
Al supply time. Figures 4(a′)–4(d′) show the AFM images of
samples D, E, F and G. It can be seen that the RMS value of
AlN film decreases from 0.72 nm to 0.3 nm in a 2×2 µm2 area
and then increases to 0.5 nm gradually as the Al supply time
increases. As shown in Figs. 4(a′′)–4(d′′), the RHEED pat-
tern streaks become clearer and brighter as the Al supply time
increases, except for sample G. It indicates that a better ho-
mogeneous epitaxial growth has been achieved. Conversely,
sample G has a darker stripe pattern, which may be due to
excessive Al supply time. Excessive Al metal can cover the

surface and reduce the electron diffraction.

0 40 80 120 160 200 240 280

Time (s)

Sample D

Sample E

Sample F

Sample G

t1=18 s t2=60 s t3=48 s

t1=24 s t2=60 s t3=60 s

t1=30 s t2=60 s

t2=60 st1=36 s t3=84 s

τ1=52 s

τ1=64 s τ2=20 s

τ2=20 s

t3=72 s

(a)  

[1120]

(b)

[1120]

(c)

[1120]

(d)

[1120]

(e)

In
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

Fig. 3. The RHEED spectra intensity comparison of one cycle AME
method for samples D, E, F, and G with various Al supply time of 18 s,
24 s, 30 s, and 36 s, respectively (a), and the RHEED patterns evolution
at different time (t1, t2, τ1, and τ2) of sample F in one AME cycle (b)–(e).
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Fig. 4. OM images (first row), AFM images (second row) in a 2×2 µm2

area and [112̄0] directional RHEED patterns of samples D, E, F, and G
grown by AME method with various Al supply time of 18 s, 24 s, 30 s,
and 36 s, respectively.

106801-4



Chin. Phys. B 33, 106801 (2024)

18 24 30 36
0

5

10

15

20

25

The time of Al source
    alone supply (s)

The time of Al source
    alone supply (s)

(a) Continue epitaxy

18 24 30 36

2

3

4

5

6

7

8

9

10
(b)

Continue 
epitaxy

80

100

120

140

160

180

200

A
v
e
ra

g
e
 d

ia
m

e
te

r 
o
f 
p
it
s 

(n
m

)

A
v
e
ra

g
e
 p

it
 d

e
n
si

ty
 (
m
m

2
)

A
v
e
ra

g
e
 d

e
p
th

 o
f 
p
it
s 

(n
m

)

Fig. 5. The pit density (a) and average depth and diameter of the pit
(b) for samples D, E, F and G with various Al supply time and samples
of continue epitaxy. All data were extracted from Figs. 4(a′)–4(d′) and
2(a′)–2(c′).

The average pit density, average depth and diameter data
of samples D, E, F, G and samples of continue epitaxy are
extracted from the AFM images of Figs. 4(a′)–4(d′) and 2(a′)–
2(c′), and are presented in Fig. 5. As shown in Fig. 5(a), the
average pit density significantly decreases from 25 pit/µm2 to
1 pit/µm2 and then increases to approximate 3 pits/µm2. No-
tably, sample F has the smallest average pit density, average
pit depth and diameter, indicating that the surface morphology
of AlN films is improved significantly, the pits could be sig-
nificantly reduced using the AME method. These results align
with variations observed in the RHEED patterns and OM im-

ages in the first row and second row of Fig. 4, confirming the
efficacy of the AME method in optimizing the surface mor-
phology of AlN films.

As shown in Fig. 6, we also did the x-ray diffraction
(XRD) test [(a) the 2θ–ω , (b) [0002] direction x-ray rock-
ing curves (XRCs), and (c) [101̄2] direction XRCs of AME
AlN, continue epitaxy AlN and AlN template]. We found that
the results of both continue epitaxy AlN and AME AlN are
basically the same as those of AlN templates. Because MBE
epitaxial AlN films were grown on AlN templates, which are
as thick as 3–5 µm, which would seriously affect the XRD
test results, and it is possible that the test information is all
about the AlN templates. Moreover, we did the transmission
electron microscope (TEM) test. As shown in Fig. 7 [(a) the
cross-sectional many-beam dark-field image along the [0002]
direction near the continue epitaxy AlN/MOCVD AlN inter-
face and (b) the AME AlN/MOCVD AlN interface]. It can
be seen that there are more defects at the interface of continue
epitaxy AlN and MOCVD AlN, as shown in the red dashed
circle of Fig. 7(a), while there are fewer defects at the inter-
face of AME AlN and MOCVD AlN. Consequently, the AME
growth method has some advantages.
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Fig. 6. The XRD [0002] 2θ–ω scan (a), [0002] rocking curves (b), and [101̄2] rocking curves (c) of AlN template, continue epitaxy AlN and AME AlN.
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Fig. 7. TEM analysis of near the MBE AlN/MOCVD AlN interface. The
cross-sectional many-beam dark-field images along the [0002] direction
(a) near the continue epitaxy AlN/MOCVD AlN interface and (b) near
the AME AlN/MOCVD AlN interface.

As shown in Fig. 8, we did the TEM test and the energy
dispersive x-ray (EDX) spectroscopy test for AME AlN epi-
layer. From Fig. 8(b), it can be seen that the atom arrangement

near the interface is more uniform, which indicates that the
epitaxial quality is better. As shown in Figs. 8(c)–8(e), the
Al and N elements near the interface are also uniformly dis-
tributed. It is implied that the Al/N atomic ratio of AME AlN
and MOCVD AlN is less different, and only extremely small
amounts of O elements are present at the interface. However,
precise quantitative measurement of atomic ratio is more diffi-
cult, the EDX test is more accurate for heavy metal elements,
such as the Al/Ga ratio in AlGaN. Consequently, the Al/N ra-
tio we measured is just an estimation and can be used as a
reference.

It was estimated that the amount of Al supply was about
3.6 MLs and 4.8 MLs for samples D and E in the step I
of AME, respectively. The results have suggested that such
amount of Al supply and the corresponding Al adlayers may
not be enough to form a complete wetting layer on the growth
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front, which in turn leads to incomplete transverse migration
channels for nitrogen atoms. Consequently, there are more pits
on the surfaces of samples D and E. As shown in Figs. 4(a′′)
and 4(b′′), the RHEED pattern streaks show slight signs of dot-
ted lines. In contrast, the amount of Al supply for sample G
was 7.2 MLs in the step I of the AME. We suspect that it is too
much so that the excessive Al atoms form Al droplets on top
of the complete wetting layer, which deteriorates the morphol-
ogy of sample G. The Al supply of sample F was 6 MLs in the
step I of the AME, which probably formed a complete wetting
layer and lateral migration channels for nitrogen atoms, and
at the same time avoided Al droplet formation. Thus, better
surface morphology is obtained at the end.

50 nm

AME-AlN

MOCVD-AlN

Interface

(a)

(c) (d) (e)

Interface

AME-AlN

MOCVD-AlN

(b)

(0
0
0
2
)

(1120)

(1100)

5 nm

Al N O

Fig. 8. TEM analysis of near the AME AlN/MOCVD AlN interface.
(a) The cross-sectional many-beam dark-field image along the [0002] di-
rection near the AME AlN/MOCVD AlN interface. (b) High resolution
HAADF-STEM image in [112̄0] AlN zone axis of an interface between
the AME AlN and MOCVD AlN. (c)–(e) EDX spectroscopy of Al, N,
and O elements within the green dashed box area in panel (a).

4. Conclusion
The continuous AlN epitaxy growth method encounters

significant challenges in precisely controlling growth mode at
the usual growth temperature, either the excessive Al-rich or
N-rich growth mode occurs. Excessive Al-rich growth leads to
the formation of numerous metal droplets on the growth sur-
face, and AlN films grown in the N-rich region exhibit a rough
3D surface morphology. By adopting AME growth method,
we were able to produce AlN films with much improved sur-
face morphology. The pits density dropped from 12 pits/µm2

to approximate 1 pit/µm2. And the surface roughness reduced
from 0.72 nm to 0.3 nm in a 2× 2 µm2 area. The first step
of the AME method, only supplying Al atoms, is important to
wet the surface and the Al adatoms can act as a surfactant. Op-
timization of the initial Al supply time effectively reduces the
pit density on the surface of the AlN films. The homo-epitaxy
of AlN has established a foundation for the subsequent epitax-
ial growth of complex hetero-structures on an AlN template or
a bulk AlN substrate.
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