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The phenomena that accompany the growth of aluminum nitride(AlN ) by metal-organic molecular
beam epitaxy with trimethylaluminum and ammonia as sources of aluminum and nitrogen,
respectively, have been systematically investigated. Optimizing the growth temperature, flux ratios,
and the ammonia injector temperature, we obtained an efficient growth with a rate of 500 nm/h and
a low consumption of ammonia. Layers of AlN with x-ray diffraction linewidth as low as 141 arcsec
for the (0002) reflection, and 800 arcsec for the(11-24) reflection are demonstrated on Si(111)
substrates. High temperatures of ammonia injector result in lower growth rates but facilitate
transition to the two-dimensional growth. These phenomena are discussed in terms of surface
hydrogen, manifested through surfactant effect, and passivation of nitrogen bonds. ©2004
American Institute of Physics. [DOI: 10.1063/1.1813623]

I. INTRODUCTION

Metal-organic chemical-vapor deposition is the tech-
nique of choice in the preparation of devices based on III-
nitride semiconductors.1 Molecular beam epitaxy(MBE),
with its relatively simple surface chemistry, offers advan-
tages in terms of growth precision that are important in ma-
terials research.2,3 Hybrid techniques that combine some of
the features of these two methods, such as gas source MBE
(GSMBE) with ammonia, have also been used.4,5 Growth of
gallium nitride(GaN) by a hybrid MBE method in which Ga
is derived from triethylgallium, known as metal-organic mo-
lecular beam epitaxy(MOMBE), has been described
recently.6 The MOMBE method promises a combination of
high materials quality,in situ diagnostics, and growth preci-
sion that are needed in advanced devices. Despite these po-
tential advantages, very little is known about the MOMBE
growth of nitrides.7,8

This work presents MOMBE growth of high-quality AlN
on Si(111). Our growth results show the importance of hy-
drogen in the MOMBE process. AlN is the buffer layer of
choice for the growth of GaN, and the AlN crystal quality
and surface morphology influence the properties of the entire
epitaxial structure. The ability to grow high-quality AlN is
thus crucial to these growth methods.

II. EXPERIMENTS AND RESULTS

High-quality AlN has been grown on Si(111) in a com-
pact MOMBE system,9 adapted for the growth requirements
of nitride-based semiconductors. The sample heater was
made out of Ta or W foil, mounted on a boron nitride plate,
allowing growth in the temperature range of 700–900 °C. A
W/6%Re–W/26%Rethermocouple was used to measure
the temperature close to the backside of the wafer, while the
surface temperature was determined using an infrared py-
rometer with spectral sensitivity in the range from

0.89 to 0.95mm and an emissivity setting of 0.68.10 The
base pressure was,3310−8 Torr, increasing during the
growth to as much as 2310−5 Torr. A computer-controlled
system allows precise temperature and flux profiling during
the entire growth cycle.

AlN was grown using trimethylaluminum(TMAl ) and
NH3 on 50-mm-diameter Si(111) substrates. Growth tem-
peratures were in the 760–870 °C range and beam equiva-
lent pressures(BEP) of TMAl were varied between 3.8
310−6 and 7.5310−6 Torr. Ammonia was introduced in the
growth chamber through an injector containing Mo dia-
phragms heated to temperatures between 150 and 600 °C.
The Mo provides catalytic enhancement for the cracking of
ammonia, which would otherwise be negligible in the tem-
perature range employed.11

Epitaxial layers were characterized by x-ray diffraction
(XRD). Surface morphology and microstructure were ana-
lyzed using atomic force microscopy measurements and re-
flection high-energy electron diffraction(RHEED) observa-
tions. Strain in AlN was determined through XRD and
micro-Raman measurements. Optical reflectivity was used to
determine the band gap.

Silicon wafers were prepared using a modified Shiraki
etch terminating in a HF:methanol(1:4) rinse. This treatment
results in a hydrogen-terminated surface that protects the sur-
face of silicon against reoxidation during handling in air.12

Upon the introduction into the growth chamber, the wafer
was heated at a rate of,200 °C/min to minimize the expo-
sure time to residual ammonia radicals. Once the wafer
reached a temperature of 715±10 °C, it was exposed for
6–8 s to the TMAl flux admitted into the growth chamber at
a BEP of 1.7310−6 Torr. The resulting AlsCH3d3 coverage
further inhibited Si reactions with residual ammonia. This is
supported by experiments on the decomposition of TMAl on
Si.13,14A similar procedure was employed by Stevenset al.15

in the growth of AlN on Si(111). The TMAl was turned on
again, at a BEP of 3.8310−6 Torr, only after the wafer tem-
perature reached 790±10 °C. Ammonia was admitted intoa)Electronic mail: iulian.gherasoiu@ttu.edu
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the growth chamber at this point, with a delay of 2–3 s, at a
BEP of 4.0310−6 Torr. The wafer temperature was ramped
in about 6 min to the growth temperature of 860–870 °C.
This set of parameters for the initiation of the AlN growth
has been selected based on our previous studies of gas source
MBE growth,4 and optimized for MOMBE. Once the growth
temperature stabilized, TMAl flux was readmitted in the
chamber and the AlN growth resumed.

Growth rates of AlN are plotted in Fig. 1 as a function of
the growth temperature and the TMAl flux, for a constant
ammonia BEP of 5.0310−6 Torr. This beam pressure of am-
monia was obtained at a flow of 35 sccm into the chamber.
The injector temperature was kept at 150 °C. In the tempera-
ture range of 730–865 °C, the growth rate was weakly tem-
perature dependent with a slight maximum near
800–810 °C. The growth rate scaled with the TMAl flux,
increasing from 200 to 520 nm/h, as the BEP was in-
creased from 3.8310−6 to 7.5310−6 Torr. The linear de-
pendence on TMAl flux shows that the growth proceeds in
the Al-limited regime, and that the nitrogen is released pri-
marily through catalytic dissociation of ammonia in the pres-
ence of aluminum. The relative lack of sensitivity of the
growth rate on temperature is consistent with previous stud-
ies of the growth of AlN by plasma-assisted MBE by Calleja
et al.16 However, at lower temperatures, around 730 °C, the
growth rate was reduced by about a factor of 2 presumably
due to lower efficiency of the TMAl decomposition.

The surface roughness of samples grown with low injec-
tor temperature exhibited behavior very different from that
seen in gas source MBE, i.e., MBE carried out with solid
group-III sources and ammonia. There, the surface roughness
decreased at higher growth temperatures, consistent with in-
creased surface mobility. In low-temperature MOMBE
growth, at ,760 °C, roughness increased from,12 to
,23 Å rms as the flux of TMAl was increased, from 3.8
310−6 to 7.5310−6 Torr. At high temperatures, 865 °C,
the overall roughness increased from,33 to ,53 Å rms,
as expected.

Figure 2 shows the growth rate of AlN as a function of
the flux of ammonia. The experiments included in the data of

Fig. 2 were carried out at the BEP of TMAl of 3.8
310−6 Torr and the injector temperature of 545 °C. The
growth rate increased initially with the flux of ammonia,
saturated, and decreased rapidly with further increases in the
flux. This general behavior was observed for all TMAl fluxes
used. With lower injector temperatures, the growth rate did
not increase over,200 nm/h in the mid-ammonia range,
while the decrease at high ammonia fluxes was less pro-
nounced. The behavior observed in Fig. 2 contrasts with the
growth rate saturation and plateau seen with the growth with
solid group-III source.17,18

The MOMBE growth rate of AlN also depends on the
temperature of the ammonia injector, as determined for a
growth temperature of 865 °C, TMAl BEP of 3.8
310−6 Torr, and NH3 BEP of 8310−6 Torr s47 sccmd. For
injector temperatures up to 200 °C, the growth rate did not
change and was,200 nm/h. The growth rate of 230 nm/h
was obtained for injector temperatures of 510–540 °C. For
higher injector temperatures, the growth rate decreased
markedly, down to 120 nm/h at 810 °C.

The injector temperature strongly impacts the growth
mode, as seen in RHEED experiments of Fig. 3. All three
panels show RHEED images obtained at the end of the
growth initiation period, i.e., after 35—60 nm of growth.
Layers of AlN illustrated here were grown at 865 °C, under
TMAl BEP of 3.8310−6 Torr, and the ammonia pressure of
5310−6 Torr. Growth carried out at a low injector tempera-
ture s150 °Cd always resulted in a spotty, three-dimensional
(3D)-like, RHEED pattern, Fig. 3(a). This pattern was seen
from the early stages of AlN nucleation, from the first few
monolayers. Higher injector temperatures resulted in a
gradual transition to the two-dimensional(2D) growth mode.
A mixed 3D-2D growth mode could be seen with the injector
temperature increased to 410 °C, as shown in Fig. 3(b). Fur-
ther increase in temperature, to 510 °C, resulted in well-
defined 2D growth mode that could be seen from the onset of
growth. Figure 3(c) shows a RHEED image obtained on a
,35-nm-thick layer of AlN grown with the injector tempera-
ture of 510 °C. Well-defined 2D growth was seen on the

FIG. 1. AlN growth rate as a function of TMAl flux and substrate growth
temperature. The lines are guides for eye.

FIG. 2. Growth rate dependence on the NH3 flux for high injector tempera-
ture: Tinj=545 °C. The lines are guides for eye.
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entire surface, indicating complete coverage of the silicon
substrate. The 2D mode was maintained throughout the
growth of the 600-nm-thick layer of AlN.

Experiments with a residual gas analyzer, with which
our MBE system is equipped, showed that increased injector
temperature resulted in release of molecular hydrogen. No
cracking of ammonia was observed for injector temperatures
up to 300 °C. For the injector temperatures increasing from
300 to 600 °C, the measured partial pressure of molecular
hydrogen increased about 15 times, indicating the onset of
ammonia cracking. Similar findings regarding catalytic
cracking of ammonia in the growth of GaN were presented
by Kampet al.11 Hydrogen thus appears to have a significant
role in the 3D to 2D growth mode transition observed in
MOMBE of AlN.

Figure 4 summarizes the dependence of XRD data on
the TMAl flux and growth temperature. The layers with the
highest crystalline quality, as measured by the linewidth of
the v /2u scan of the(0002) diffraction peak, were prepared
at a growth temperature of 780 °C and a TMAl beam pres-
sure of 5.6310−6 Torr. Under these conditions, the(0002)
linewidth was only 0.0393°(or 141.4 arc sec), as shown in
Fig. 5. To better account for the crystalline structure of this
sample, the linewidth of thev scan for the(11-24) asymmet-
ric reflection has been measured. Its full width at half maxi-

mum (FWHM) was determined to be 800 arc sec. This cor-
responds to the edge dislocation density of 2.13109 cm−2.

Figure 4 also plots the XRD linewidths for TMAl beam
pressures higher s7.5310−6 Torrd and lower s3.8
310−6 Torrd than the optimum. The linewidth increases(de-
creases) with temperature for the lower(higher) flux. Since
the minimum in the XRD curve is believed to reflect sto-
ichiometric conditions at the growth surface, the data could
be interpreted as indicative of a shift in the stoichiometric
condition to higher temperatures with increasing flux of
TMAl.

The lattice constants of samples grown under stoichio-
metric conditions were measured from symmetric(0002) and
asymmetric(11-24) XRD reflections. For these samples we
found the values of lattice parametersc=4.971 Å anda
=3.121 Å. Using published lattice constants of bulk AlN,19,20

we find the layers under tensile stress in the growth plane,
typical for AlN grown on Si(111). Accordingly, we determine
strain in the growth plane to be«a<2.8310−3, and the strain
along thec axis«c<−2.2310−3. The corresponding Poisson
ratio is thenn<0.28.

FIG. 3. The change of the RHEED pattern with the increase of the injector
temperature.

FIG. 4. 2Th-Omega FWHM dependence on TMAl flux and substrate tem-
perature. The lines are guides for eye.

FIG. 5. XRD scans for the best sample grown during the experiment.
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The stress was evaluated by Raman measurements and
the values ranged from 0.9 to 1.1 GPa, showing no signifi-
cant lattice relaxation of samples less than 1-mm thick.
These stresses are in reasonable agreement with the x-ray
strain determination, and are attributed to differences in the
thermal-expansion coefficients of AlN and silicon,21 and re-
sidual stress during growth.

Once the optimum parameters, fluxes, and injector tem-
perature were established, high-quality samples with the
XRD linewidth below 200 arcsec could be grown reproduc-
ibly in a temperature window of about 70–80 °C, i.e., from
780 to 865 °C. Thev scan of the(0002) diffraction peak, of
the sample presented in Fig. 5, showed a FWHM of 0.621°
(37.27’). The lowest FWHM linewidth for thev scan, 25.6’,
was obtained in a sample grown at 800 °C. Lower values(v
andv /2u scan) have been obtained for the growth of AlN on
sapphire and SiC by plasma-assisted MBE.22–24 The best
value obtained previously by our group, with gas source
MBE on Si(111), was,100 arcsec.21

III. DISCUSSION

Our MOMBE growth experiments reveal a number of
differences with the growth of AlN by gas source MBE.
First, we observe a strong decrease in the growth rate at high
fluxes of ammonia. This decrease is accelerated with higher
injector temperatures. Second, the roughness of AlN samples
increases with increasing growth temperature. Third, we ob-
serve a 3D to 2D transition with increased ammonia injector
temperature. We discuss these observations in the context of
growth on a hydrogen-passivated surface.

The primary difference between MOMBE and GSMBE
has to do with the source of Al. In MOMBE, in order for Al
to bond, it has to lose at least one of the methyl groups. The
desorption energy of methyl radicalsEdessCH3Ald, as deter-
mined by Squireet al.,25 is about 13 ±2 kcal/mol. However,
such low energy has been observed only at metal surfaces
that would easily lose an electron(such as Al), or in the
presence of more electronegative elements(such as N). On
passivated surfaces, the Al–C bond breaking energy is much
higher, in the range of 50–70 kcal/mol,25,26 and Al can be
released only through pyrolitic dissociation. For the range of
growth temperatures used in our experiments, the
N-stabilized surfaces of AlN, or GaN, are known to be hy-
drogen passivated andEdessHNd=55 kcal/mol.27 The pres-
ence of NH group at the vacuum interface of AlN has been
demonstrated by Liuet al.28 Their x-ray photoemission spec-
troscopy study showed that the vacuum interface of AlN,
deposited from TMAl and NH3 was NH-terminated up to
,780 °C. Thus, the decomposition of TMAl is unlikely to
take place on NH-terminated surface. Instead, Al-stabilized
surfaces provide for optimal decomposition of TMAl and
NH3 alike, since such surfaces are not passivated by hydro-
gen within the growth temperature range investigated. The
hydrogen desorption energy on such a surface isEdessHAld
=17 kcal/mol,27 three times lower than that on N-stabilized
surface. Assuming stoichiometric growth of AlN and a nitro-
gen incorporation efficiency of about 10%, we estimate that
for NH3 BEP of 8310−6 Torr, the resulting flux impinging

the surface would be,0.431016 cm−2/s−1. At growth tem-
peratures around 840 °C, the fractional surface coverage of
ammonia would be negligible27 and could not constitute a
rate-limiting process. On the other hand, hydrogen could
provide significant coverage of the growth surface.

The degree of hydrogen passivation, or the fractional
surface coverage of hydrogen, is lower at higher tempera-
tures. At high ammonia fluxes, and in particular at high in-
jector temperatures, the hydrogen surface coverage increases
resulting in a reduced growth rate. This means that Al has to
compete with the residual hydrogen for the N bonds at the
surface. It is that competition that reduces the growth rate
with increased ammonia flux. The three growth regimes ap-
parent in Fig. 2 correspond to different rate-limiting pro-
cesses at the growth surface. The first region, at low ammo-
nia fluxes, reflects the ammonia-limited growth. In the
second region, defined by midrange ammonia fluxes, growth
rate is limited by the flux of Al. The growth rate in the third
region, of high ammonia fluxes, is limited by the degree of
hydrogen passivation and the nitrogen bonds available at the
growth surface. This growth region could be called
N-limited.

Generally, low roughness of the growth surface is related
to high mobility of the species involved and that requires
high temperatures. The presence of surfactants, however, can
alter such considerations, facilitating a 2D growth at low
temperatures. For instance, atomic hydrogen acting as sur-
factant in the growth of GaAs promotes a 2D growth mode.29

The same surfactant effect is observed with the hydrogen-
assisted growth of Ge on Si(111).30 In this case the surface
roughness increases at high temperatures, where the frac-
tional surface coverage of hydrogen is lower. This appears to
be the case of AlN growth by the MOMBE. There are two
major sources of hydrogen in MOMBE growth of AlN. One
source is the decomposition of TMAl and NH3 molecules at
the surface. Since the growth rate of AlN shown in Fig. 1 is
only weakly dependent on temperature, we assume that the
cracking rate of source molecules has the same weak depen-
dence. However, at high growth temperatures, the desorption
rate of H increases, resulting in lower fractional surface cov-
erage and increased roughness. The other source of H is the
injector of ammonia. At higher injector temperatures the
amount of hydrogen available increases, resulting in a rapid
transition to the 2D growth mode seen in Fig. 3. This obser-
vation is also consistent with the H-mediated growth model
proposed for GaAs.29

IV. CONCLUSION

In summary, AlN with excellent crystalline quality
sv /2u , 135,FWHM,200 arcsecd could be obtained by
MOMBE under stoichiometric conditions. The mechanisms
invoked to account for the MOMBE growth behavior—slow
removal of methyl groups, catalytic dissociation of ammonia,
and hydrogen passivation of surface nitrogen—can account
for increased mobility of Al on the growth surface, growth
rate evolution, and good quality of layers grown at low sub-
strate temperatures.
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