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We report on the low-temperature self-limiting growth and characterization of III-Nitride thin films.
AlN and GaN films were deposited by plasma-enhanced atomic layer deposition (PEALD) on var-
ious substrates using trimethylaluminum (TMA), trimethylgallium (TMG) and triethylgallium (TEG)
as group-III, and ammonia (NH3� as nitrogen precursor materials. Self-limiting growth behavior,
which is the major characteristic of an ALD process, was achieved for both nitride films at temper-
atures below 200 �C. AlN deposition rate saturated around 0.86 Å/cycle for TMA and NH3 doses
starting from 0.05 and 40 s, respectively, whereas GaN growth rate saturated at a lower value of
0.56 Å/cycle and 0.48 Å/cycle for TMG and TEG doses 0.015 s and 1 s, respectively. The saturation
dose for NH3 was measured as 90 s and 120 s, for TMG and TEG experiments, respectively. Within
the self-limiting growth temperature range (ALD window), film thicknesses increased linearly with
the number of deposition cycles. At higher temperatures (≥225 �C and ≥350 �C for AlN and GaN
respectively), deposition rate became temperature-dependent, with increasing growth rates. Chem-
ical composition and bonding states of the films deposited within the self-limiting growth regime
were investigated by X-ray photoelectron spectroscopy (XPS). GaN films exhibited high oxygen
concentrations regardless of the precursors choice, either TMG or TEG, whereas low-oxygen incor-
poration in AlN films was confirmed by high resolution Al 2p and N 1s spectra of AlN films. AlN films
were polycrystalline with a hexagonal wurtzite structure regardless of the substrate selection as
determined by grazing incidence X-ray diffraction (GIXRD). GaN films showed amorphous-like XRD
signature, confirming the highly defective layers. High-resolution transmission electron microscopy
(HR-TEM) images of the AlN thin films revealed a microstructure consisting of several-nanometer
sized crystallites, whereas GaN films exhibited sub-nm small crystallites dispersed in an amorphous
matrix.
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Limiting Growth, Structural Characterization.

1. INTRODUCTION

III-Nitride material family (AlGaInN) is known as wide
bandgap semiconductors. Owing to their wide and direct
bandgap ranging from 3.4 to 6.2 eV, AlN, GaN, and their
ternary alloys AlxGa1−xN, offer unique combination of
material properties for a number of critical applications
including UV optoelectronics (blue/violet light sources,
UV/visible/solar-blind photodetectors), high-power and
high-frequency electronics (field-effect transistors, high-
electron mobility transistors), photovoltaic solar cell and
thin-film-transistor (TFT) insulating layers, chemical gas
sensors, surface acoustic wave devices, and piezoelectric
transducers.1–7

Metal-organic chemical vapor deposition (MOCVD),
offers the most efficient growth process for III-Nitride
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thin films due to its ability to deposit high quality mate-
rials with significant growth rates, however the deposi-
tion of AlxGa1−xN thin films requires high temperatures,
typically above 1000 �C.8 Deposition of III-Nitride lay-
ers on temperature-sensitive device layers and substrates
(e.g., CMOS wafers, low-temperature compatible glass and
flexible polymeric substrates), requires the development of
low-temperature growth methods.
Atomic layer deposition (ALD) is a special type of low-

temperature chemical vapor deposition, in which the sub-
strate surface is exposed to sequential pulses of two or
more precursors separated by purging periods.9�10 Unless
decomposition of the precursor occurs, each pulse leads
to surface reactions that terminate after the adsorption
of a single monolayer. When compared to other low-
temperature methods, ALD stands out with its self-limiting
growth mechanism, which enables the deposition of highly
conformal thin films with sub-nanometer thickness control.

1008 Nanosci. Nanotechnol. Lett. 2012, Vol. 4, No. 10 1941-4900/2012/4/1008/007 doi:10.1166/nnl.2012.1440



Delivered by Ingenta to:
Nanyang Technological University

IP : 155.69.4.4
Tue, 04 Dec 2012 20:25:52

Biyikli et al. Low-Temperature Self-Limiting Growth of III-Nitride Thin Films by Plasma-Enhanced Atomic Layer Deposition

There have been a few reports on the growth of
AlxGa1−xN thin films using ALD technique. ALD growth
of AlN has been studied by several research groups.11–16

Lee et al.11 reported plasma-enhanced ALD (PEALD)
of AlN at 350 �C using aluminum chloride (AlCl3�
and NH3/H2 plasma. Growth rate of this process satu-
rated at ∼0.42 Å/cycle, resulting with films composed
of microcrystallites of wurtzite (100) in an amorphous
AlN matrix.12 Thermal,13�14 plasma-enhanced,14 and UV-
assisted15 ALD of AlN using TMA and NH3 have
been studied within the temperature ranges of 320–470,
250–470, and 240–370 �C, respectively—however, no
self-limiting growth behavior was observed. This was
explained by Riihela et al.13 by the fact that surface
reactions between TMA and NH3 occur with reasonable
rates only at temperatures where TMA self-decomposition
takes place. Recently, Kim et al.16 have reported remote
plasma ALD of amorphous AlN thin films using TMA
and N2/H2 plasma. In their study, growth rate saturated
at ∼1.25 Å/cycle within the range of 100–400 �C and
then decreased with increasing temperature. For GaN,
only one recent report exists in which Kim et al.17

deposited GaN thin films by thermal ALD using GaCl3 and
NH3 as the gallium and nitrogen precursors, respectively.
They achieved self-limiting growth at a deposition rate of
∼2.0 Å/cycle within the temperature range of 500–750 �C.

In this report, we summarize our low-temperature self-
limiting III-Nitride material growth and structural charac-
terization efforts using PEALD technique. Both AlN and
GaN thin films were deposited in the self-limiting growth
regime below 200 �C. ALD process parameters includ-
ing group-III precursor and NH3 pulse times, NH3 flow
rate, purge time, and deposition temperature were inves-
tigated in order to achieve self-limiting growth conditions
for both AlN and GaN films. Structural characterization
results of the films deposited within the ALD window are
also presented.

2. EXPERIMENTAL DETAILS

Depositions were carried out in a Fiji F200-LL ALD reac-
tor (Cambridge Nanotech Inc.) with a base pressure of
∼0.25 torr, using Ar as the carrier gas. NH3 flow rate and
plasma power were kept constant at 50 sccm and 300 W,
respectively. System was purged for 10 seconds after each
precursor exposure. Prior to depositions, pre-cleaned sub-
strates were dipped into dilute HF solution for ∼1 min,
then rinsed with DI-water and dried with N2.
Film thicknesses were estimated by using variable angle

spectroscopic ellipsometry (VASE, J.A. Woollam). Ellip-
sometric spectra of the samples that were recorded at
three angles of incidence (65�, 70�, 75�) in the wave-
length range of 400–1200 nm, were fitted by using the
Cauchy dispersion function. An energy dispersive sys-
tem (Genesis Apex 4, AMETEK) attached to a Nova

NanoSEM (FEI) scanning electron microscope (SEM)
was used for elemental analysis. Chemical composition
and bonding states of the grown films were determined
by a Thermo Scientific K-Alpha spectrometer with a
monochromatized Al K� X-ray source, which was used
for the X-ray photoelectron spectroscopy (XPS) studies.
Crystallinity of the films was investigated using grazing-
incidence X-ray diffraction (GIXRD) measurements which
were performed in a PanAnalytical X’Pert PRO MRD
diffractometer using Cu K� radiation. FEI Tecnai G2 F30
transmission electron microscope was used for the imaging
of samples prepared by FEI Nova 600i Nanolab focused
ion beam (FIB) system.

3. RESULTS
3.1. PEALD of AlN

Figure 1(a) shows the saturation curves of aluminum and
nitrogen precursors at 185 �C. For the TMA saturation

(a)

(b)

Fig. 1. (a) Precursor saturation curves for AlN films: NH3 dose was
kept constant at 20 seconds for the TMA saturation curve (�), and TMA
dose was kept constant at 0.05 seconds for the NH3 saturation curve (�).
(b) Deposition rates of AlN thin films at different temperatures. (Inset)
Film thickness versus number of deposition cycles.
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Fig. 2. Cross-sectional SEM image of the ∼100 nm thick AlN thin film.

curve, NH3 flow rate and duration were kept constant
at 50 sccm and 20 seconds, respectively. Deposition rate
increased with increasing TMA dose until 0.05 seconds,
where growth rate saturated at ∼0.76 Å/cycle. For the
NH3 saturation curve, TMA dose was kept constant at
0.05 seconds and NH3 flow duration was varied with

Fig. 3. (a) Compositional depth profile of ∼100 nm thick AlN thin film. (b) O 1s, (c) Al 2p, and (d) N 1s high resolution XPS scans.

constant flow rate (i.e., 50 sccm). Deposition rate increased
with increasing NH3 flow duration until maximum rate
of ∼0.86 Å/cycle was obtained at 40 seconds. Increasing
NH3 dose to 60 seconds did not increase the deposition
rate. Deposition rates of AlN thin films at different tem-
peratures are given in Figure 1(b). For these experiments,
100 cycle depositions were carried out with TMA and
NH3 plasma pulse times of 0.1 and 40 seconds, respec-
tively. Deposition rate remained constant at ∼0.86 Å/cycle
for temperatures up to 200 �C, and then increased with
increasing temperature. Temperature range, in which the
deposition rate is constant, corresponds to the ALD win-
dow where surface reactions take place in a self-limiting
manner. AlN growth rate increased with temperature start-
ing from ∼225 �C. This result is consistent with the pre-
vious PEALD study reported by Liu et al.,14 where no
self-limiting growth behavior was observed for tempera-
tures ranging from 250 to 470 �C. Film thickness ver-
sus number of deposition cycles is given in the inset of
Figure 1(b). Film thickness increases linearly with increas-
ing number of cycles, confirming that the deposition rate
is constant at this temperature, i.e., 185 �C. Results also
suggest that deposition starts immediately with the first
cycle, without any incubation period. Figure 2 shows the
cross-sectional SEM image of the ∼100 nm thick AlN
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Fig. 4. GIXRD pattern of ∼100 nm thick AlN thin film deposited on
Si (100). Film is polycrystalline with a hexagonal wurtzite structure.

film deposited on Si(100) substrate, which confirmed the
film thickness measurements performed by spectroscopic
ellipsometry.
Compositional characterization of ∼100 nm thick AlN

film deposited on Si(100) at 185 �C was carried out by

(a) (b)

(c) (d)

Fig. 5. (a) Cross-sectional TEM image of ∼100 nm thick AlN thin film deposited at 185 �C on Si(100). (b, c) Cross-sectional HR-TEM images, and
(inset) SAED pattern of the same sample. (d) Cross-sectional HR-TEM image of AlN thin film deposited on glass substrate.

using XPS. Survey scans detected peaks of aluminum,
nitrogen, oxygen, and carbon. Figure 3(a) is the composi-
tional depth profile showing that atomic concentrations of
Al and N are constant in the bulk film. Although O con-
centration is high (35 at.%) at the film surface, it decays
rapidly within the first 120 s. At 600 s, concentrations of
Al, N, and O are 59.8, 37.6, and 2.6 at.%, respectively.
Carbon is detected only at the film surface and there are
no C impurities in the bulk film, indicating that efficient
removal of methyl (CH3� groups from TMA was achieved
by the use of NH3 plasma.
O 1s high resolution XPS scan given in Figure 3(b) rep-

resents the film surface, whereas Al 2p and N 1s scans
given in Figures 3(c) and (d) refer to bulk film (etch
time= 150 s). O 1s scan was fitted by two peaks located
at 529.96 and 531.46 eV, corresponding to Al–O–N18 and
Al–O19 bonds, respectively. Results, which indicate oxida-
tion at the film surface, are similar to those reported in
the literature for air-exposed AlN thin films deposited by
plasma source MBE.19 Al 2p data was fitted with a sin-
gle peak at 73.02 eV (Fig. 3(c)), which is assigned to the
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Al–N bond.19�20 Additional information about the chemical
bonding states in the films is provided by the N 1s spec-
trum that was fitted by two peaks as shown in Figure 3(d).
N 1s peak at 396.07 eV, which is assigned to the N–Al
bond,21 confirms the presence of AlN. Peak at 398.0 eV
(N–Al–O bond30), on the other hand, corresponds to the
<5 at.% O present in the bulk film.
AlN thin films deposited on Si(100) were polycrystalline

as determined by GIXRD. Figure 4 shows the GIXRD pat-
tern of ∼100 nm thick AlN film, where (100), (002), (101),
(102), (110), (103), and (112) reflections of the hexago-
nal wurtzite phase were observed. Similar patterns were
obtained for the films deposited on Si(111), c-plane sap-
phire, MOCVD-grown GaN on c-plane sapphire, and glass
substrates, with only difference being the more pronounced
intensity of (100) reflection in the case of sapphire and
GaN/sapphire substrates.
Figure 5(a) is the cross-sectional TEM image of the AlN

film deposited on Si(100). Film thickness was measured as
95.9 nm from this image, which is in good agreement with
the results obtained by ellipsometry. Figures 5(b) and (c)
are the high-resolution TEM (HR-TEM) images of the
same sample, showing a film microstructure consisting of
nanometer sized crystallites. Selected area electron diffrac-
tion (SAED) pattern of this film is also given in the inset
of Figure 5(b). In this pattern, reciprocal lattice points cor-
respond to the diamond lattice of Si substrate. Diffraction
rings, on the other hand, refer to AlN thin film and indi-
cate a polycrystalline nature. HR-TEM image of the poly-
crystalline AlN thin film deposited on amorphous glass
substrate is given in Figure 5(d), which again confirms the
crystalline nature of the film independent of the substrate
material.

3.2. PEALD of GaN

GaN thin films were deposited on Si(100) substrates by
plasma-enhanced atomic layer deposition (PEALD) using
trimethylgallium (TMG) and ammonia (NH3�. TMG satu-
ration behavior was studied at 185 �C with a constant NH3

flow duration of 40 s. TMG doses of 0.015 and 0.03 s
resulted with the same deposition rate (0.46 Å/cycle), indi-
cating that saturation was already achieved at the mini-
mum available TMG pulse time. This is due to the very
high vapor pressure of TMG at room temperature. The
excessive usage of TMG might be avoided by lowering
the temperature of TMG until a decrease in deposition
rate is observed. Figure 6 is the NH3 saturation curve at
185 �C. Deposition rate increased with NH3 flow duration
until 90 s and reached saturation at ∼0.56 Å/cycle. Inset of
Figure 6 shows deposition rates of GaN thin films at dif-
ferent temperatures, where 100 cycles were deposited with
0.015 s TMG/10 s purge/90 s (50 sccm) NH3/10 s purge.
A constant deposition rate of ∼0.51 Å/cycle was observed
within the temperature range of 250–350 �C. For tempera-
tures in the range of 185–250 �C, deposition rate increased

Fig. 6. NH3 saturation curve for GaN at 185 �C. TMG dose was
constant at 0.015 s. (Inset) Deposition rate of GaN as a function of
temperature.

with decreasing temperature. This behavior is believed to
be related to the purging efficiency, which decreases at
lower temperatures.
Another set of GaN thin films were deposited on Si(111)

substrates by PEALD using triethylgallium (TEG) and
NH3 as the Ga and N precursors, respectively. Figure 7(a)
is the TEG saturation curve at 150 �C. Deposition rate
increased with the TEG dose until 1 s. A further increase
in TEG dose did not affect the deposition rate, implying
that the chemisorption of TEG is self-limiting. Effect of
purge time on deposition rate at 150 �C is given in the
inset of Figure 7(a). Deposition rate decreased from 0.60

Fig. 7. (a) TEG saturation curve at 150 �C. NH3 flow duration was
constant at 90 s. (Inset) Deposition rate as a function of purge time.
(b) NH3 saturation curve at 250 �C. TEG dose was constant at 0.5 s.
(Inset) Deposition rate of GaN as a function of temperature.
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Fig. 8. GaN film thickness versus number of deposition cycles.

to 0.49 Å/cycle as the purge time increased from 0 to 5 s,
and remained constant at this value for longer purge times.
Figure 7(b) shows the NH3 saturation curve at 250 �C.
Deposition rate increased with NH3 flow duration until
120 s and reached saturation at ∼0.47 Å/cycle. Deposi-
tion rates of GaN thin films at different temperatures are
given in the inset of Figure 7(b). For these experiments,
200 cycles were deposited with 0.5 s TEG/10 s purge/90 s
(50 sccm) NH3/10 s purge. A constant deposition rate of
∼0.48 Å/cycle was observed within the temperature range
of 150–350 �C. For higher temperatures, deposition rate
increased with temperature.
Film thickness versus number of deposition cycles

graphs for GaN films deposited at 250 �C using 0.015 s
TMG with 90 s NH3, and at 150 �C using 1 s TEG with
120 s NH3 are given in Figure 8. A linear growth behavior
was observed for both processes.
Compositional characterizations of the ∼16 and 27 nm

thick GaN films deposited using TMG and TEG pre-
cursors, respectively, were carried out by using X-ray
photoelectron spectroscopy (XPS). Survey scans detected
peaks of gallium, nitrogen, oxygen, and carbon. Carbon
was detected only at the film surfaces and no C impu-
rities were found in the bulk films. Oxygen contents
of the films deposited using TMG and TEG precursors
were 19.5 and 22.5 at.%, respectively. Figure 9 represents

Fig. 9. XPS depth profile of ∼16 nm thick GaN thin film deposited at
250 �C using TMG precursor.

Fig. 10. (a) Ga 3d, and (b) N 1s high resolution XPS scans of GaN thin
films.

Fig. 11. (a) Cross-sectional HR-TEM images of GaN thin film
deposited at 250 �C on Si(100) substrate using TMG precursor.
(b) GIXRD pattern of the same sample.
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the compositional depth profile of the 16 nm-thick GaN
deposited with TMG.
Ga 3d and N 1s high resolution XPS scans given in

Figure 10 refer to bulk films. In Figure 10(a), Ga 3d
scan of the film deposited using TMG was fitted by two
peaks located at 19.72 and 20.85 eV, which correspond
to Ga–N10�11 and Ga–O22 bonds, respectively. Similarly,
two subpeaks located at 19.8 and 21.09 eV were assigned
as Ga–N22�23 and Ga–O22 bonds, respectively, for the film
deposited using TEG as the group-III precursor. In both
cases, the intensity of Ga–O subpeak was higher than that
of the Ga–N subpeak. N 1s scans of the films are given
in Figure 10(b). Subpeaks located at 395.07 (TMG) and
395.35 eV (TEG) were assigned as the N–O bond,20�18

whereas the ones located at 397.54 (TMG) and 398.03 eV
(TEG) were assigned as the N–Ga.24�25 Both Ga 3d and N
1s scans were shifted to higher energies when TEG was
used as the group-III precursor.
High-resolution TEM (HR-TEM) image of GaN thin

film deposited with TMG at 250 �C is given in
Figure 11(a). Film was found to be composed of small,
sub-nm crystallites dispersed in an amorphous matrix.
GIXRD pattern of the same sample is also given in
Figure 11(b), where hexagonal wurtzite structure is barely
seen and dominant amorphous character is observed.

4. CONCLUSION

In summary, we have deposited AlN and GaN thin films
at temperatures as low as 100 �C with saturated depo-
sition rates of ∼0.86 Å/cycle and ∼0.56 Å/cycle. Self-
limiting growth behavior was observed for temperatures
up to 200 �C and 350 �C for AlN and GaN films, respec-
tively. For higher deposition temperatures, growth rate
increased with substrate temperature. Within the ALD tem-
perature windows (100–200 �C for AlN, 150–350�C for
GaN), film thicknesses increased linearly with the num-
ber of deposition cycles and no incubation behavior was
observed. Self-limited grown AlN thin films were crys-
talline with a hexagonal wurtzite structure regardless of
the substrate selection. However, GaN films exhibited
amorphous-like structures due to the significantly high
oxygen incorporation.
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