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 1 Introduction The wide-bandgap semiconductors 
AlN, GaN and their alloys have a hardness comparable to 
sapphire, a high chemical stability and a large thermal 
conductivity. In contrast to the natural hexagonal phase the 
metastable cubic phase of AlN (c-AlN) and GaN (c-GaN) 
has no polarization electrical fields in growth direction [1]. 
This set of properties make them candidates for efficient 
deep UV photonic devices and high power electronic de-
vices.  
The surface roughness is of great importance for nanoscale 
devices as high roughness can lead to shortcuts in elec-
tronic devices and broadening of confined electronic states 
of low dimensional structures. In the past cubic AlN has 
shown considerable roughness and a tendency to form 
hexagonal inclusions [2, 3]. 
In this contribution we report on the PAMBE growth of 
atomically flat c-AlN layers with a surface roughness 
around 0.3 nm RMS. A model for the Al surface kinetics is 
developed that links the Al surface coverage with the in-
tensity of reflections in the RHEED pattern. Furthermore 
RHEED patterns and atomic force microscopy (AFM) 
scans are shown that validate the quality of the c-AlN lay-
ers. Last but not least we present the dielectric function of 
c-AlN around the bandgap obtained by ellipsometry in-
cluding the direct and indirect bandgap. 

 2 Experimental Cubic AlN layers were grown pseu-
domorphically strained on freestanding 3C-SiC (001)  sub-
strates by PAMBE in a Riber 32 growth chamber [4]. Ga 
and Al were evaporated from Riber effusion cells, N was 
generated by an Oxford Indstruments RF plasma source.  
At first the substrate was cleaned in an ultrasonic bath by 
aceton, propanol and buffer oxide etching (BOE). Deoxi-
dation was done in the MBE chamber by repeatingly de-
positing and desorbing Al layers (Al flashes) at 900 °C 
substrate temperature and an Al flux of 3×1014 cm-2 s-1 [5]. 
The growth of the c-AlN layer started with the deposition 
of one monolayer (ML) of Al on the surface at the growth 
substrate temperature of 730°C. The growth parameters 
used are, Al flux of 2×1014 cm-2 s-1 and N2 flux of 1.5 sccm 
at a plasma setting of 300 W respectively. In situ growth 
monitoring is done by reflection high electron energy dif-
fraction (RHEED) [6]. The growth rate of 150 nm/h was 
determined by RHEED specular spot intensity oscillations 
(RHEED oscillations). The growth was stopped at 300 nm 
to prevent roughness transitions which are related to the re-
laxation of the strained c-AlN layer on the 3C-SiC sub-
strate. 
 
 
 

In this work we present the growth of atomically flat c-AlN
layers (surface roughness 0.3 nm RMS) by plasma assisted
molecular beam epitaxy (PAMBE) on 3C-SiC. We develop a
model for Al surface kinetics that correlates with RHEED in-
tensity vs. time measurements. We show RHEED patterns
and atomic force microscopy (AFM) scans emphasizing the
quality of the layers. 

 Ellipsometry yields the dielectric function of c-AlN around
the adsorption edge. The direct gap is obtained with 5.93 eV
at room temperature, while the indirect one is below 5.3 eV
(onset of adsorption) 



18 T. Schupp et al.: Growth of atomically smooth cubic AlN by MBE 

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim  www.pss-c.com 

p
h

ys
ic

ap s sst
at

u
s

so
lid

i c

 
 3 Results and discussion 
 3.1 Deoxidation Figure 1(a) shows the RHEED pat-
tern of the 3C-SiC (001) surface in [-110] azimuth. The re-
flections of the cubic lattice are blurred by surface oxides, 
the elliptical shape indicates an electron  transmission 
component originating from three dimensional islands on 
the surface [7]. Figure 2 shows the intensity over time of 
two spots in the substrate RHEED pattern during the re-
peated deposition and desorption of Al layers. The blue 
graph shows the RHEED intensity associated with the 3D 
islands on the surface, whereas the red graph shows the 
RHEED intensity associated with the 2D part of the sur-
face. The intensity of the blue graph decreases with each 
cycle, indicating a reduction of the 3D oxide islands. The 
intensity of the red graph and the amplitude of both graphs 
increases, indicating a reduction in surface roughness and 
an increase of surface sensitivity. 
At the end of the cleaning process the RHEED pattern of 

the 3C-SiC surface in Fig. 1(b) shows long thin streaks in-
dicating a two dimensional oxide free surface with a (2x4) 
reconstruction. 
 3.2 Al surface kinetics Cubic AlN is a metastable 
form of AlN, therefore exposing a c-AlN surface to nitro-
gen leads to the formation of hexagonal clusters.   
Hexagonal condensation can be prevented by growing un-
der Al rich conditions with one monolayer Al surface cov-
erage. To maintain one ML Al coverage a model linking 
the Al surface coverage and RHEED intensity has been 
developed. It is based on a model used for Ga on c-GaN in-
troduced by Schörmann et al. [8]. The key element is a dif-
ference in RHEED intensity between a c-AlN surface and 
an Al surface. Figure 3 shows the intensity over time of the 
RHEED (01) spot of a c-AlN layer during the deposition 
and desorption of Al for various substrate temperatures. 
All graphs show a destinct kink at ΔI below their maxi-
mum intensity on the adsorption and desorption side. The 
intensity change between the maximum intensity and that 
kink is linked to the Al surface coverage on c-AlN. Ac-
cording to the model an Al flash consists of 4 phases as 
shown in the Fig. 3. Phase 1 is the adsorption of the first 
monolayer of Al on the c-AlN surface. It begins at zero Al 
coverage and ends at one monolayer. Phase 2 is the forma-
tion of Al droplets on the surface leading to further inten-
sity decrease. Phase 3 is the desorption of the Al droplets. 
During this phase there is also desorption from the Al 
monolayer, however the droplets act as reservoirs of Al 
which feed the monolayer and stabilize the one monolayer 
coverage. Phase 4 is the desorption of the Al monolayer. 
 3.3 Growth of cubic AlN After the deposition of 
one monolayer of Al on the surface and an interruption of 
10 seconds, the growth begins by simultaneously opening 
the Al and N shutter. 

 
 
 
 
 
 
 
 
 
 
 
Figure 1 RHEED images observed during the cleaning process 
of 3C-SiC. (a) [-110] azimuth of the 3C-SiC substrate before Al 
flashes, (b) [-110] azimuth of the 3C-SiC substrate after Al 
flashes. 

Figure 2 Intensity over time measurement of two spots in the 
RHEED pattern of the 3C-SiC surface during the repeated depo-
sition and desorption of Al.  

Figure 3 Intensity over time measurement of the [01] RHEED 
reflection of the c-ALN surface  during the deposition and de-
sorption of Al. The inserted window shows the intensity graphs 
for various substrate temperatures.  
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Comparing the RHEED pattern of the substrate in Fig. 1(b) 
with the RHEED pattern after the deposition of 4 ML of c-
AlN in Fig. 4(a) indicates a transition from a 2D to 3D sur-
face. This can be seen by the transformation of long streaks 
into spotty reflections originating from an electron trans-
mission component through islands on the surface. After 
20 monolayers a roughness transition is observed, trans-
forming the surface back to an atomically smooth 2D state. 
This can be seen in the RHEED pattern of the c-AlN sur-
face in Fig. 4(b) by long thin streaks and the lack of spotty 
reflections. After the completion of the initial growth the c-
AlN layers were grown in cycles of 20 atomic layers, with 
growth interruptions of 30 seconds. The c-AlN thickness 
was controlled by RHEED oscillations, where every oscil-
lation indicates the growth of one atomic layer. The growth 
rate was determined to be 0.2 ML/s from RHEED oscilla-
tions as shown in Fig. 5. After the growth of 150 nm ( 685 
ML) c-AlN the RHEED pattern as seen in Fig. 4(c) still in-
dicates a smooth 2D surface. All azimuths show RHEED 
patterns of the cubic lattice, hexagonal reflections are ab-
sent. These findings are supported by x-ray measurements, 
not presented here, which show the reflection from cubic 

AlN close to the 3C-SiC substrate. Using this method c-
AlN layers up to 300 nm thickness have been grown. 
  3.4 Atomic force microscopy The AFM image in 
Fig. 6(a) shows a 10x10 μm2 area of the 3C-SiC substrate 
surface. Around letter A parallel lines originating from anti 
boundary defects can be identified. Secondly line defects 
originating from surface oxides can be seen around letter B. 
The third effect is a wave pattern over the entire surface, 
which is an AFM measurement artifact known from 
smooth surfaces [9]. The RMS surface roughness including 
boundary defects is 1 nm and 0.5 nm without the defects. 
Fig. 6(b) shows a 5x5 μm2 area of the atomically smooth c-
AlN surface with parallel lines originating from anti 
boundary defects. Including the anti boundary defects the 
surface roughness is 0.6 nm RMS. Furthermore a wave 
pattern can be seen which originates from the same meas-
urement artifact seen on the substrate. Fig. 6(c) shows an 
AFM image of an 1x1 μm2 area with a roughness of 0.2 
nm RMS. The line scan of Fig. 6(d) depicts a peak-to-
valley height of only 1 lattice constant over a lateral exten-
sion of ~ 2000 lattice constants. 
 3.5 Ellipsometry Ellipsometry measurements were 
performed under different angles of incidence. The dielec-
tric function (DF) is obtained by a multi-layer fitting pro-
cedure similar to the approach presented in Ref. [10]. No 
assumption was made concerning the shape of the DF, i.e. 
the real (ε1) and imaginary part (ε2) of the DF was fitted for 
every photon energy. Figures 7 and 8 show a comparison 
of the real and imaginary part, respectively, for c-AlN with 
the ordinary data of hexagonal AlN from Ref. [11]. As can 
be seen in Fig. 8, the ε2 function of c-AlN shows a clear 
shift to lower energy compared to the hexagonal reference 

Figure 4 RHEED images of the c-AlN surface during the initial 
growth process. (a) after the growth of 4 ML, (b) after the 
growth of 30 ML, (c) after the growth of 685 ML 

Figure 5 RHEED specular spot intensity over time measure-
ment. Each oscillation equals the growth of one atomic layer of
c-AlN. 

Figure 6 AFM images: (a) 10x10μm2 area of the 3C-SiC sub-
strate, (b) 5x5μm2 area of the 150nm thick c-AlN layer, (c)  1x1
μm2 area of the c-AlN layer with a roughness of 0.2 nm RMS,
(d) line scan of Fig.6(c) . 
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layer. The sharp onset at 5.88 eV defines the direct exci-
tonic band gap. Adopting the exciton binding energy of 50 
meV for the hexagonal counterpart [12], we determine the 
direct band gap at the Γ point of the Brilouin zone with 
5.93 eV. This result is in excellent agreement to the calcu-
lated quasi-particle band gap of 5.86 eV if the lattice po-
larizability is taken into account [13]. For comparison, 
previous studies [14] of mixed phase AlN yielded for the 
zinc-blende compound 5.74 eV. 
The pronounced absorption tail below 5.88 eV in Fig. 8 is 
attributed to phonon-assisted indirect absorption. The 
imaginary part differs appreciably from zero only above 
5.3 eV, i.e. this energy defines the upper limit of the indi-
rect band gap. A slightly lower value might be possible as 
well, but ellipsometry is not sensitive enough in the case of 
low absorption. For comparison, the theoretical calculation 
presented in Refs. [13] and [15] yielded for the indirect gap 
of c-AlN 4.74 and 5.1 eV, respectively.   
 
 4 Conclusion We have grown atomically smooth c-
AlN layers on 3C-SiC substrates by PAMBE. The kinetic 
model for the Al surface coverage was verfied for various 
substrate temperatures enabling the growth under one 
monolayer of excess Al. RHEED patterns and AFM scans 
verified a smooth surface. However anti boundary defects 
originating from the substrate still show up on the c-AlN 
surface. 
Finally we measured the dielectric function of c-AlN near 
the bandgap and determined a direct band gap at 5.93 eV 
and an indirect gap below 5.3 eV. 
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Figure 8 Comparison of the imaginary part of the dielectric
function of cubic (red) and hexagonal (blue) AlN measured by
ellipsometry 

Figure 7 Comparison of the real part of the dielectric function
of cubic (red) and hexagonal (blue) AlN measured by ellipsome-
try. 


