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Gas source molecular beam epitaxy with ammonia was used to grow AlxGa12xN on Si~111!. Three
types of buffer layers, containing AlN, AlGaN/AlN, and AlGaN/GaN short period superlattices,
were used and their effectiveness evaluated by x-ray diffraction. We determined that a combination
of AlN buffer layer, prepared under the two-dimensional growth mode, with a short period
superlattice of AlGaN/GaN results in the highest quality AlGaN. Under optimized growth
conditions, x-ray diffraction coherence length almost equal to the layer thickness was obtained for
low Al content layers. The normalized coherence length was reduced to;0.4 for x50.66 and it
increased again to;0.75 in AlN. From room temperature band edge cathodoluminescence of
AlGaN grown on Si~111!we determined the alloy bowing coefficient ofb51.5 eV, in good
agreement with previous results obtained by absorption measurements. ©2000 American Institute
of Physics.@S0003-6951~00!03621-4#

Heterostructures of GaN and AlGaN, grown on sapphire
and SiC, are used in high mobility field effect transistors.1–4

Structures based entirely on layers of AlGaN, prepared on
sapphire, are being developed for solar-blind
photodetectors5–8 and are needed for light emitting diodes
operating at wavelengths shorter than 360 nm. Many of these
applications would benefit from AlGaN-based heterostruc-
tures grown on Si. However, while some work has already
been done to prepare AlGaN on Si~111!by different growth
methods,9–12 the use of molecular beam epitaxy~MBE! has
not been explored in much detail.10

We have recently described growth of high quality AlN
and GaN on Si~111!substrates by gas source molecular
beam epitaxy~GSMBE! with ammonia.13,14 Epitaxial layers
of AlN and GaN prepared under two-dimensional growth
mode exhibited excellent structural and optical properties,
and were completely free of cracks. This work describes
preparation of AlGaN, over the entire range of AlN contents,
with excellent crystal quality and optical properties at room
temperature.

The growth experiments were carried out on 2 and 3 in.
diameter wafers of exactly oriented Si~111!. The wafers were
prepared prior to growth as described previously.13 The
method of substrate temperature calibration has been already
described.13–15The growth process was started by formation
of an AlN buffer layer at the temperature of 1130–1190 K.
This layer was nucleated by exposing the Si surface to the
flux of Al, followed by a brief~1–2 s! exposure to ammonia
~with the Al flux off!.16 This process, repeated a few times,
resulted in formation of a fully relaxed thin nucleation layer
of AlN.17 Once this layer was formed, epitaxy of AlN was
started by turning on the ammonia and Al and it continued
until a layer thickness of 30–60 nm was reached. The~131!
surface structure could be seen by reflection high energy
electron diffraction~RHEED! and low energy electron dif-

fraction~LEED! after epitaxial deposition of 2–3 nm of AlN.
The AlN buffer layer was used to inhibit formation of SiNx

at the Si surface and to assure uniform nucleation of AlGaN.
In addition to this simple buffer layer between AlGaN and
the Si substrate we also experimented with two types of su-
perlattices~SL!, grown over the AlN layer. All three buffer
layers are shown in a schematic drawing of Fig. 1.

In our previous experiments with GaN grown on Si~111!
we used a defect blocking SL consisting of two to four pairs
of Al xGa12xN, with x;0.1–0.4, and GaN spacers. The typi-
cal layer thicknesses were 2–4 and 3–6 nm, respectively.
Two-dimensional~2D! growth mode of either GaN or Al-
GaN could be reached after the first two pairs of layers, but
four pairs were found to be more reliable. The efficacy of
this structure in reducing the density of dislocations and
crystal block boundaries propagating from the substrate–
epilayer interface was confirmed by transmission electron
microscopy.15 This type of a SL was also used here for the
growth of AlxGa12xN with x,0.4. For AlGaN with higher
Al content we experimented with SL consisting of
Al xGa12xN and AlN pairs, with a similar range of thick-
nesses. The Al concentrations in the SL were equal to the Al
concentrations in the main layer of AlGaN, or slightly
higher. This assures an optically transparent epitaxial struc-
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FIG. 1. Schematic cross sections indicating different buffer layers used in
the preparation of AlGaN samples grown on Si~111!: ~a! AlN buffer layer,
~b! AlN buffer followed by a short period AlGaN/AlN superlattice, and~c!
AlN buffer followed by a short period AlGaN/GaN superlattice and a GaN
spacer layer.
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ture, needed for solar-blind detectors. All the defect-blocking
structures were grown at 1000630 K. AlGaN/GaN SLs have
been used recently in metal-organic chemical vapor deposi-
tion of GaN on Si~001!.11

AlGaN layers were grown at a temperature of 1000630
K and growth rates of 0.4–1.5mm/h. Formation of a~232!
surface structure could be seen reproducibly on AlGaN
grown on AlxGa12xN/GaN superlattices. This structure is in-
dicative of surfaces stabilized with either Al or Ga. The
Al xGa12xN with x.0.4, grown on AlxGa12xN/AlN SLs, ex-
hibited ~131! surface structure. The possibility of
N-terminated surfaces cannot be thus excluded.

Figure 2 shows high resolution x-ray diffraction spectra
of GaN, AlGaN, and AlN layers prepared on Si~111!. The
v-2Q spectra were obtained in the double- and triple-crystal
geometry. The~0002!diffraction measures crystal quality in
the growth direction and is not sensitive to lateral block size,
misorientation, and twist of blocks in the growth plane. The
x-ray linewidth varied from;20 arcsec in GaN, to;130
arcsec for AlxGa12xN with x;0.66, and to;90 arcsec in
AlN.

The layers illustrated in Fig. 2 varied in thickness from 2
to 0.2 mm, making direct comparisons of x-ray linewidths
unreliable. In order to correct for the sample thickness varia-
tion we calculated the coherence length, in the growth direc-
tion, for each sample. The coherence length, for each com-
position, was then normalized by the sample thickness. The
resulting normalized coherence length is plotted in Fig. 3 as
a function of the AlN concentration in the alloy. The normal-
ized coherence length varies from almost 1 in GaN~as has
been already described14!, to less than 0.4 in Al0.66Ga0.34N,
and it increases again to 0.75 in AlN. This behavior of co-
herence length as a function of composition could be attrib-

uted to alloy disorder. It is known that the exciton
linewidth18,19 and absorption edge20–22 in AlGaN show
maximum broadening for compositions ofx50.6–0.8. The
exciton linewidth is proportional to@x(12x)#1/2 23 a signa-
ture of the alloy disorder. We believe this effect also impacts
the x-ray linewidth dependence on composition. However,
the x-ray linewidth also depends on detailed growth condi-
tions. For instance, the sample withx50.30, labeled~A!,
was grown directly over the AlN buffer layer. It showed a
wider x-ray linewidth and therefore lower normalized coher-
ence length of 0.53. In this sample the 2D growth mode was
reached only at the end of the epitaxial process. Sample la-
beled ~B!, with a similar AlN fraction of 0.34 was grown
using an AlN buffer layer, followed by a defect blocking
superlattice of AlN/GaN and a GaN spacer layer. The upper
part of the GaN spacer was grown in the 2D growth mode,
and formation of the~232! surface structure was observed
by RHEED. This allowed for 2D growth of the AlGaN layer,
resulting in the normalized coherence length of 0.68.

Optical properties of AlGaN samples are illustrated in
Fig. 4. The inset shows room temperature cathodolumines-
cence~CL! spectra of selected samples with different alloy
composition. The samples were excited with a 15 keV elec-
tron beam, at a current of 0.05 mA. The excitation power
density was estimated at;20 W/cm2. Under these condi-
tions our samples showed band-edge and weak defect emis-
sion, similar to the ‘‘yellow line’’ emission of GaN. The
peak wavelength of the band-edge emission varied from
3.406 eV~364.0 nm!for GaN to 4.826 eV~256.9 nm!for
Al0.66Ga0.34N. We also show a plot of the band-edge energy
as a function of the AlN content. In addition to the CL data
obtained on our samples, Fig. 4 also shows the absorption
data obtained on AlGaN samples grown by MBE on
sapphire.22 The two sets of samples show the same band gap
dependence on composition, described byEg(x)53.42
11.21x11.5x2. This result is consistent with the low carrier
concentration in our layers. Hall and voltage–capacitance
(C–V) show electron concentrations in the range
1016– 1017 cm23. The bowing coefficientb51.5 eV is close
to that obtained previously for AlGaN prepared on different
substrates, by a variety of growth methods.18,21,22,24,25This
value ofb is larger than that predicted from the lattice con-
stant difference between GaN and AlN and may be due to a
large scattering potential for electrons in this alloy system.25

FIG. 2. High resolution x-ray diffraction of AlGaN layers grown on Si~111!
for selected compositions. The buffer structure included a thin layer of AlN
followed by an AlGaN/AlN superlattice.

FIG. 3. Coherence length of AlGaN in thec-axis direction, calculated from
the x-ray linewidth, and normalized to the layer thickness.

FIG. 4. Room temperature band edge CL peak position~solid square!of
AlGaN samples plotted as a function of composition. Absorption data of
Brunneret al. Ref. 22 ~open square!was used for comparison. The band
gap, calculated using a bowing coefficient of 1.5 eV, is shown as a solid
line. Inset shows room temperature CL spectra of selected AlGaN samples.
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In summary, we describe the growth of high quality Al-
GaN on Si~111! by GSMBE with ammonia. Best results
were obtained using buffer structures consisting of a layer of
AlN and an AlGaN/GaN SL. X-ray diffraction and room
temperature CL measurements show evidence of composi-
tion dependent alloy disorder.
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