
1814 Chem. Mater. 1993,5, 1814-1818 

Mechanistics of Early Stage Growth of AlN on Alumina. 2. 
TMAl and NH3 

D. C. Bertolet, Herng Liu, and J. W. Rogers, Jr.’ 
Department of Chemical Engineering, BF-IO, University of Washington, 

Seattle, Washington 98195 

Received June 25, 1993. Revised Manuscript Received October 1,  199P 

The reactions of trimethylaluminum (TMA1) and ammonia (NH3) on y-alumina were studied 
by Fourier transform infrared spectroscopy, thermal desorption spectroscopy, and X-ray 
photoelectron spectroscopy (XPS) to explore their feasibility as precursors for the low-temperature 
growth of A1N. Upon exposure of TMAl and NH3, covalently bonded A1-N networks are formed 
at room temperature. This reaction efficiency is enhanced by a factor of 4 when the NHS is 
dosed with the substrate at 600 K. An atomic layer growth process involving cyclic processing 
at 600 K yielded site-specific reaction of the TMA1, followed by facile reaction of the ammonia 
to  create new sites for the TMAl reaction. XPS results confirmed the presence of A1N. 

Introduction 

Because of the many important potential applications 
of A1N thin films, we1 and others2b have carried out 
fundamental investigations of the low-temperature chem- 
ical vapor deposition of A1N. The interest in A1N is driven 
by it’s unique combination of material properties, which 
invite applications ranging from dielectric layers in high- 
temperature semiconductor structures, to microelectronics 
packaging! to surface acoustic wave devices: and poten- 
tially even optical devices operating in the blue region of 
the spectrum and beyond.8 

One of the most promising methods of preparing A1N 
thin films is by metalorganic chemical vapor deposition 
(MOCVD). The MOCVD technique has many attractive 
features, including high deposition rates, the potential for 
depositing a wide variety of materials, the ability to form 
abrupt interfaces and deposit conformal coatings, and the 
relative simplicity of the apparatus.9 MOCVD of A1N 
thin films has been reported by several groups,1c16 but to 
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achieve epitaxial deposition, temperatures in the range of 
1400 K and above typically have been required. Recently 
the epitaxial growth of A1N by “metalorganic surface 
chemical absorption deposition” at 673 K was reported.17 
Deposition of A1N thin films at high temperature creates 
a major impediment to their use because many applications 
require substrates which cannot tolerate a high-temper- 
ature processing step. 

The MOCVD process is quite complex, involving both 
homogeneous and heterogeneous reactions, and funda- 
mental investigations of the inherent surface reaction 
mechanisms have been limited.18Jg Fewer still have 
studied the chemistry involved in AlN t h in - f i i  processing. 
Chemisorption of trimethylaluminum (TMA1) on silica 
has been reported by several g r ~ u p s , ~ ~ ~ O - ~ ~  and the coad- 
sorption of TMAl and NH3 on silica3 and Si(100)4 has also 
been reported recently. 

A variation of the CVD process, known as atomic layer 
growth, has been successfully applied to the deposition of 
various group 111-V semiconductor materials by a number 
of labora tor ie~ .~&~~ Atomic layer growth offers the po- 
tential for low-temperature deposition, as well as precise 
control of layer thickness and interface abruptness. In 
general, atomic layer growth involves a two-step process 
in which alternating monolayers of materials are adsorbed 
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Early Stage Growth of AIN on Alumina 

in sequential exposures of each precursor. Two aspecta 
of the atomic layer growth process that appear to be 
essential are a self-limiting adsorption of one or both of 
the precursor g a s e ~ ~ . ~ ~  and site-selective incorporation of 
components into the proper surface confiiation.3sa The 
first requirement leads to the incorporation of a single 
atomic layer per cycle and is accomplished by control of 
the adsorption or decomposition kinetics of the precursor. 
The second requirement leads to control of the stoichic- 
metry and structure of the film. Group 111-V compounds 
are ideal candidates for atomic layer growth hecause the 
decomposition of the group I11 alkyl precursors can be 
controlled at low temperatures to give self-limiting ad- 
sorption, and the complementary acid-base characteristics 
of the electron-deficient group I11 (Lewis acid) and 
electron-rich group V (Lewis base) components lead 
naturally to site-selective incorporation. 

In a previous publication' we presented a Fourier- 
transform infrared (FTIR) study of the reactions of TMAl 
and NH3 on alumina. Alumina was chosen as a substrate 
because (i) its surface chemistry is thought to be similar 
to that of a crystalline substrate, (ii) its high surface area 
makes it amenable to study by IR in the transmission 
mode, and (iii) it  is transparent in the wavelength range 
of interest (4000-1500 cm-') allowing investigation of 
adsorbate features. Wedetermined that TMAlreacts with 
hydroxyl groups on the alumina surface to form primarily 
a dimethylalumino (Me2A1) surface complex singly bound 
to oxygen. When this complex is subsequently exposed 
to ammonia at  room temperature, a weakly bound Mea 
AkNH3 adduct is formed, along with amide (-NHr) 
covalently bonded to aluminum. In the present paper, we 
describe further results with TMAl and NH3 on alumina, 
including temperature-programmed desorption (TPD) 
studies, X-ray photoelectron spectroscopy (XPS) mea- 
surements, and the demonstration of an atomic layer 
growth process. The ongoing goal of this work is to  
understand the mechanistica of the surface reactions 
involved in MOCVD processing of AlN, and to find routes 
to lower the A1N processing temperatures. 

Experimental Section 
Deposition and infrared (IR) spectroscopy were performed in 

a stainless steel vacuum chamber with a base pressure of 1 X 10-8 
Torr. The system was equipped with a turbomolecular pump, 
an ion pump, an ion gauge, a capacitance manometer, and a gas- 
handling manifold incorporating a leak valve and ballast. A 
schematic of the apparatus is shown in Figure 1. The chamber 
wasmountedwithin the sample compartmentofanFTIRsystem 
(Bruker Instruments, Inc., Model IR98, Billerica, MA) and is 
sealed from the external ambient by an O-ring. In this manner, 
the entire IR beam path could be evacuated. O-ring sealed, 
differentially pumped KBr windows were employed to pass the 
IR beam through the high-vacuum chamber, and the sample was 
moved in and out of the IR beam path with a bellows assembly. 
The IR data were recorded from 4000 to loo0 cn+ with a 
resolution of 4 cm-', using a KBr beam splitter and a DTGS 
detector. For each spectrum, a new reference scan, with the 
sample out of the beam path, was taken to calculate absorbance 
and eliminate the effects of background changes (if any), such 
as deposition on the KBr windows. All of the FTIR spectra 
presented here were obtained by subtracting the spectrum of the 
clean aluminasubstratefrom the spectrum taken after precursor 
exposure. Subtracted spectra were not normalized before 
subtraction. 
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Figure 1. Schematic diagram of the experimental apparatus. 

The y-alumina substrate for all experiments was aluminum 
oxideC (DegussaAG,Frankfurt,G)withanagreceivedsurface 
area of 100 m*/g and an average particle diameter of 20 nm. A 
new sample was prepared for each set of experiments by hand 
pressing the alumina powder into a tantalum mesk the alumina 
was mounted as-received. The mesh was clamped between two 
stainless steel arms connected to power feedthroughs, such that 
themeshservedasaresistive heatingelement. Achromel-alumel 
thermocouple was spot welded to the top center portion of the 
meshtomonitor temperature. For TPD,thesurfacetemperature 
was controlled by a temperature controller (Eurotherm, Co., 
Model 906, West Sussex, UK) which linearly ramped the surface 
temperature at 5 K/s. The temperature controller and a 
quadrupole mass spectrometer (Model lOOC, UTI Instrument, 
Co., Milpitas. CA) were interfaced to a computer for data 
acquisition. The TPD system was capable of monitoring up to 
10 atomic masses simultaneously. Prior to all experiments, the 
alumina was heated at 420 K overnight in vacuum, yielding a 
hydroxylated surface.' 

Semiconductor-grade TMAl ( A h  Chemicals, Inc., Deer Park, 
TX) was purified before each set of experiments by freezing the 
bubbler in liquid nitrogen and pumping away the volatile 
impurities. Both FTIR= and mass spectra of gas-phase TMAI 
agreed well with published data. No impurities were evident 
with the exceptionof methane produced fromreactions ofTMAl 
with the chamber walls and filaments. Anhydrous ammonia 
(Matheson Gas Products, Secaucus, NJ) was used without further 
purification. IR" and maea spectra of the NHs were in agreement 
with well-known standards, and no impurities were detected. 
Exposures were achieved in a static mode with all exposures 
reported in langmuirs (1 langmuir = 10-8 Torr 8). 

Samples were removed from the FTIRITPD apparatus and 
transferred to an S-Probe ESCA Console (Surface Science 
Instruments, Inc., Mountain View, CA) for X P S  measurements. 
The system was equipped with a monochromatized AI anode 
X-ray source and a hemispherical electron energy analyzer 
coupled to a multichannel detector. Measurements were taken 
at a pass energy of 150 eV, a beam spot size of 0.25 X 1 "2, and 
with a low-energyelectron flocdgun toneutralize surface charging. 
The peak positions were calibrated using the hydrocarbon peak 
referenced to 285.0 eV. The powders were mounted by pressing 
them into indium foil which was mounted with double-sided 
cellophane tape to the XPS sample chuck such that the samdes 
were electrically floating. 
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Figure 2. TPD spectra of (a) m/e 16 (methane) and (b) m/e 57 
(TMAl) following (a) of 2 X 10B-langmuir saturation exposure of 
TMAl to an alumina substrate held at 500 K. 

Results and Discussion 

In previous work1 we have determined that when TMAl 
is reacted with an alumina powder surface from 300 to 500 
K, the dominant surface species formed is dimethyl- 
alumino (Me2A1) singly bound to oxygen. To investigate 
the thermal stability of this species, we carried out thermal 
desorption experiments, in which an exposure of 2 X 108 
langmuirs of TMAl was applied to an alumina substrate 
held a t  500 K, followed by ramping the temperature from 
300 to 1150 K, while monitoring appropriate atomic masses 
with the quadrupole mass spectrometer. Shown in Figure 
2 is a plot of the mle 16 (methane) and mle 57 intensities 
versus temperature. The mle 57 is the dominant peak in 
the cracking pattern of TMA1. The MezAl is stable to 
about 550 K, at  which point it begins to decompose 
liberating methane as the predominant product over a 
broad temperature range from 550 to 1000 K. There is 
also a small amount of TMAl desorption (mle 57) which 
begins to desorb at  the same temperature that methane 
desorption commences, has a peak temperature of -600 
K, and has a long tail to temperatures >lo00 K. Other 
masses characteristic of methane and TMAl desorption 
were also monitored and showed identical line shapes to 
those presented in the figure. 

On the basis of previous we believe that the 
hydrogen which combines with the -CH3 to form methane 
comes from the thermal decomposition of some of the 
Me2Al- species during TPD. We see no evidence for 
hydrogen adsorbed to aluminum in the IR data (Al-H 
stretch -1800 cm-l) prior to TPD. However, with our 
experimental arrangement, we cannot unambiguously rule 
out other sources, such as small concentrations of hydrogen 
present in hydroxyl groups on the alumina substrate or 
hydrogen from reaction with the walls of the chamber. 

When the M e A  surface species is subsequently exposed 
to NH3 a t  room temperature, FTIR datal have shown that 
a weakly bound MezAkNH3 adduct is formed, along with 
amide (-NHz-) bridge-bonded to aluminum. We were 
also interested in the thermal stability of these species 
and shown in Figure 3 is the thermal desorption spectrum 
taken after a saturation exposure of TMAl (2 X 10s 
langmuirs at  500 K) followed by a 109-langmuir NH3 
saturation exposure applied at  room temperature. The 
methane signal at  mle 16 exhibits the same behavior as 
the case when TMAl was dosed alone, except for an 
additional low-intensity tail in the temperature range 400- 
550 K. The source of this additional mle 16 signal is 
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Figure 3. TPD spectra of (a) mle 16 (methane), (b) m/e 17 
(NHs), and (c) mle 57 (TMAl) following sequential saturation 
exposures of TMAl(2 X 1Oa langmuirs) and NHs (1oB langmuirs) 
to alumina The alumina was held at 500 K for the TMAl exposure 
and 300 K for the NH3 exposure. 

methane released as the NH3 adduct reacts with Me& 
to form additional -NHz-. This observation is consistent 
with the FTIR data reported previously,' in which the 
integrated area of the -NHz- bend peak (at 1513 cm-1) 
increased by 20 % when heated in the range of 500 to 600 
K. 

For mle 17 (NH31, there is a peak centered at  a 
temperature -480 K, which is assigned to the dissociation 
of the weakly bound NH3 adduct. This result also agrees 
with previous FTIR data,l in which the antisymmetric 
NH3 bend peak (1620 cm-l) intensity dropped by roughly 
a factor of 2 as the surface temperature was raised to 470 
K and was almost completely gone by 600 K. The 
remainder of the mle 17 signal above -600 K is the 
naturally abundent carbon-13 fraction from the methane 
desorption (13CH4). 

Finally, TMAl (mle 57) desorption exhibits a single 
broad peak in the temperature range 600 to >lo00 K with 
a peak maximum a t  -750 K. The amount of TMAl 
desorption has been greatly reduced by the presence of 
NH3 compared to case of TMAl exposure alone, and the 
temperature of the peak maximum shifts to higher 
temperature. The temperature range of this desorption 
feature is in good agreement with the high-temperature 
tail from Figure 2b where TMAl was dosed alone. In both 
cases, the desorption in this temperature range probably 
arises from thermal decomposition of isolated MeAl or 
MezAl groups and subsequent surface reactions to form 
TMAl which then desorbs at  these temperatures. 

The conversion of the MezAkNH3 adduct and a neigh- 
boring MeZA1 group to the bridge-bonded -NHz- at  
elevated temperature appears to be limited by acompeting 
reaction, namely, the desorption of the weakly bound NH3 
from the adduct. As the temperature is raised, the rate 
of the -NHz- forming reaction increases, but at  the same 
time the NH3 available for reaction is quickly depleted. 
To counteract the N& lost by desorption, we dosed NH3 
at elevated temperature to ensure that a constant supply 
was available for reaction. Shown in Figure 4 are FTIR 
spectra after a saturation exposure of TMAl at  500 K, 
curve (a), and a subsequent saturation exposure of NH3 
at 600 K, curve (b). For comparison, Figure 4c is the FTIR 
spectrum after a saturation dose of TMAl at  500 K, 
followed by asaturation dose of NH3 at 300 K. The spectra 
were normalized such that the methyl bend and stretch 
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Figure 4. FTIR spectra following (a) saturation exposure of 
TMAl to alumina held at 500 K, (b) subsequent saturation 
exposure of NHa at 600 K, and (c) after saturation exposures of 
TMAl at 500 K followed by NHa at 300 K. 

features observed after TMAl saturation but prior to NH3 
exposure had the same peak area. For reference in Figure 
4c, peaks of interest include antisymmetric and symmetric 
-CH3 stretching modes a t  2938 and 2898 cm-l, respectively, 
symmetric -CH3 bending modes a t  1216 cm-l, antisym- 
metric -NH3 bending modes at  1620 cm-l, symmetric -NH3 
bending modes at  1288 cm-l (four-coordinate nitrogen), 
and -NHz- bending modes at  1513 cm-l (four-coordinate 
nitrogen). 

It is apparent from Figure 4 that the reaction efficiency 
to form -NHz- has dramatically increased when the NH3 
is dosed at 600 K. In the case of room temperature dosing 
(Figure 4c), the -NHz- feature a t  1513 cm-l is small 
compared to the methyl-related features, which did not 
lose appreciable intensity after NH3 exposure. On the 
other hand, for the case a t  600 K (Figure 4b), the -NH2- 
feature is now much more intense than the methyl features, 
which have been reduced by a factor of -4.5 (based on 
the symmetric -CH3 bend peak area) from the loss of 
methyl groups as methane. The integrated peak area of 
the -NH2- bend is about 4 times larger for 600 K dosing 
compared to 300 K NH3 dosing. An additional peak at  
1555 cm-l has also appeared, which is assigned to the 
bending mode of -NHz with three-coordinate nitrogen.3' 

Upon close examination of the -CH3 symmetric bend 
peak at  - 1216 cm-1 in Figure 4a, we find it consists of two 
components corresponding to the A1 (in-phase) and B1 
(out-of-phase) representations, a t  1223 and 1214 cm-1, 
respectively, leading to an asymmetric line shape and 
consistent with what we have reported previously.' After 
the exposure of NH3 at  600 K, however, the peak position 
drops to 1207 cm-l, and the line shape changes and becomes 
almost perfectly symmetric. This behavior is illustrated 
in the inset of Figure 5 where the -CH3 symmetric bend 
for alumina saturated with TMAl is shown at  higher 
resolution before and after reaction with NH3. For a 
monomethylalumino (MeAl) surface complex, only a single 
symmetric-CH3 bendingmode is active. Thus, we believe 
this change in line shape is a result of the majority of the 
MezAl reactingwith the NH3 to leave MeAl on the surface. 
In addition, aluminum with no methyl groups attached 
are probably present on the surface but cannot be detected 
with IR in this wavenumber range. This picture is 
consistent with the increased quantity of -NHz- which is 
formed when NH3 is dosed at  600 K. 
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Figure 5. FTIR spectra for a second exposure cycle with the 
alumina held at 600 K (a) after TMAl saturation, and (b) after 
NHs saturation. Inset: the -CHS symmetric bend peak with the 
abscissa expanded. 

The thermal desorption results given above show that 
the MezAl begins to thermally decompose at  about 550 K. 
To ensure that the decrease in methyl group population 
observed in Figure 4b was a result of NH3 reacting to form 
-NH2- and not simply thermal breakdown of Me& we 
heated the TMAl saturated surface (Figure 4a) to 600 K 
for 1 min (which is comparable to the NH3 dosing time at  
600 K). After this treatment the integrated intensity of 
the methyl group IR peaks decreased only by about 15 ?6 
compared to the factor of 4.5 decrease shown in Figure 4b 
where NH3 is present, indicating that it is indeed the 
-NHz- forming reaction that is responsible for the majority 
of the loss of methyl groups. In subsequent experiments, 
we dosed TMAl at  600 K, and observed no significant 
differences in the IR spectra, compared to dosing at  500 
K. Most significantly, a t  600 K (as was found at  500 K) 
the symmetric -CH3 bend peak exhibits the line shape 
characteristic of the presence of two modes, suggesting 
that the majority species is MeZA1. 

We cannot determine from our data the detailed 
mechanistics of the CHI elimination reaction. That is, we 
cannot distinguish whether a CH3 group is eliminated, 
combines with a surface hydrogen from an NH3 group and 
desorbs as CH4, or whether a hydrogen from a neighboring 
adduct assists in the C-AI bond scission leading directly 
to CHI elimination. Both mechanisms lead to CHI 
desorption which is detected in the TPD experiment. The 
latter mechanism has been suggested for a similar reaction 
on a silica surface where isotopic labeling was used to help 
elucidate the mechanism.3138 

We also wanted to verify that it was specifically the 
interaction of the MezA1 with the NH3 which lead to the 
enhanced formation of -NHr  a t  600 K. To this end, we 
saturated a clean alumina substrate held a t  600 K with 
NH3 (109-langmuir exposure). A relatively small -NHz- 
peak did appear, but its intensity was at  least 6.5 times 
smaller than the case with Me2Al present. In addition, 
based on the antisymmetric -NH3 bend peak area at  - 1620 
cm-l, the -NH3 population was about a factor of 12 larger 
on the clean alumina than on MezAl-saturated alumina. 
(Note that NH3 will begin desorbing from alumina near 
600 K,' but substantial amounts are still present after 
dosing under these conditions and rapidly reducing the 
surface temperature to obtain the IR data.) These results 
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confirm that it is the presence of the Me2A1 which is 
dominating the surface chemistry a t  600 K. 

To achieve growth of useful epitaxial layers by alternate 
exposure of group I11 and V precursors (atomic layer 
growth), many exposure cycles are required, which in turn 
requires selective adsorption and facile reaction of both 
species. To investigate this potential, we performed 
multiple cyclic exposures of TMAl and NH3, both dosed 
at  600 K. Shown in Figure 5 are FTIR spectra for the 
second in a series of such cycles. Curve (a) was obtained 
after TMAl saturation and curve (b) after subsequent NH3 
saturation. (Note that this is a continuation of the first 
cycle shown in Figure 4a,b.) In Figure 5a, we find that the 
typical methyl-related peaks are present with roughly the 
same intensity as for the original TMAl saturation shown 
in Figure 4a, and the symmetric -CH3 bend peak centered 
at  1215 cm-l has regained the two components indicative 
of Me2Al. Concurrently, the -NH2- population has been 
reduced by about a factor of 3, signifying that the TMAl 
has reacted selectively with the nitrogen sites on the 
surface. 

Subsequent exposure of NH3 at 600 K (Figure 5b) leads 
to a reduction of the methyl group population by about 
a factor of 2.5, again with the symmetric -CH3 bend peak 
shifting down to 1207 cm-1, and acquiring the symmetric 
line shape indicative of MeAl (see inset). Meanwhile, the 
-NH2- bend peak has regained intensity roughly equal to 
that present after the first NH3 exposure shown in Figure 
4b. The peak corresponding to three-coordinate -NH2 at 
1555 cm-l has also reappeared. The entire spectrum after 
the second complete TMAl/NH3 cycle (Figure 5b) is 
effectively the same as after the first cycle (Figure 4b), 
with the exception that the features corresponding to NH3 
(- 1620 and - 1288 cm-l) are not present after the second 
cycle. Finally, a third exposure cycle was carried out at 
600 K, and the FTIR spectra were essentially identical to 
those shown in Figure 5a,b. Thus, for cyclic deposition at  
600 K, we have site-selective adsorption of the TMA1, 
followed by facile reaction with NH3 to create new sites 
for TMAl adsorption/reaction. 

Unfortunately, we do not have a direct IR fingerprint 
for A1N in the wavenumber range studied. The A1-N 
stretching mode in A1N (-670 cm-l) occurs in a wave- 
number range at  which the alumina substrate absorbs 
virtually all of the IR signal. To verify the presence of 
A1N after processing, XPS experiments were carried out. 
After the third deposition cycle was completed as described 
above, and following TPD in which the sample temperature 
was ramped to 1100 K, the sample was removed from 
vacuum and transferred to a separate high-vacuum cham- 
ber equipped with XPS. Shown in Figure 6 is the N(1s) 
region. Curve-fitting reveals two peaks with binding 
energies centered at  397.2 and 399.9 eV. The peak at  399.9 
eV is assigned to NH2, basedon dataobtained from silicon39 
and metalm substrates. The presence of NH2 in the XPS 
is in agreement with the IR results which indicate that 
four-coordinate NH2 (1513 cm-') is still present a t  the end 
of a reaction cycle and after annealing to 1100 K. The 
larger intensity peak at  397.2 eV closely matches those 
observed in AlN41-43 indicating the formation of AlN on 
the surface. Thus, these results are in complete agreement 
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Figure 6. XPS of the N(1s) region following three sequential 
dosing cycles of TMAl/NH8 with the alumina held at 60@ K. 

with the IR and TPD results reported above. By com- 
parison, no nitrogen signal was detected at  all on alumina 
after one exposure cycle of TMAl and NH3 at 300 K 
followed by a 1200 K anneal. 

Additional XPS experiments (not shown) were per- 
formed in a different chamber in which data could be 
obtained immediately after TMAl and NH3 dosing at  600 
K. A nitride peak was also observed under those conditions 
although it was not the dominant species. Those results 
will be presented in a subsequent publication. 

Conclusions 
In summary, TMAl reacts on a y-alumina powder surface 

in the temperature range from 300 to 600 K to form a 
dimethylalumino (Me& surface complex. This complex 
begins to decompose above 550 K, liberating methane gas 
and a small amount of TMA1. NH3 reacts with a TMA1- 
saturated alumina surface at  room temperature to form 
four-coordinate, -NHz- bridge-bonded to Al, as well as a 
Me2AkNH3 adduct. As the temperature is raised above 
500 K the adduct either decomposes to liberate NH3 gas 
or reacts with MezAl to form more bridge-bonded -NHz-. 
This reaction to form -NHz-, Le., extended covalently 
bonded A1-N networks, is limited at  elevated temperatures 
by the thermal desorption and depletion of NH3. When 
NH3 is dosed to an alumina substrate held a t  600 K as 
opposed to room temperature, the -NH2- forming reaction 
efficienc,y is greatly enhanced, as evidenced by a 4-fold 
increase in the -NH2- bending mode intensity, accom- 
panied by about a 4.5 times reduction in methyl group 
population. In addition, changes in the line shape of the 
symmetric -CH3 bend peak shows that MezAl is converted 
to MeAl upon exposure of NH3 at 600 K. Repeated cyclic 
processing at  600 K leads to site-selective adsorption of 
the group I11 species, followed by facile reaction with the 
group V species to create new sites for the group I11 
reaction, i.e., atomic layer growth. Finally, XPS data 
confirm that A1N is formed after three TMAl/NHs 
exposure cycles at  600 K. 
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