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In this work, we explored the inuence of the low growth temperatures on the structural and optical properties
of AlN lms grown by plasma enhanced atomic layer deposition using trimethylaluminum and ammonia (NH3 )
plasma. Structural and optical results show that AlN lms grown by self-limited plasma enhanced atomic layer
deposition are polycrystalline at temperatures as low as 100 ◦C.
PACS: 81.15.Gh, 78.66.Fd, 78.55.Et

1. Introduction

Excellent physical and optical properties of AlN lms
such as high melting temperature, high thermal conductivity at room temperature, good chemical stability, wide
band gap [1, 2] make AlN very promising for several applications such as UV-visible detectors and emitters, optoelectronic displays, and GaAs and silicon carbide passivation [2, 3]. Furthermore, AlN is a suitable candidate for
the fabrication of Alx Gay In1−x−y N [3] based electronic
and optical device applications. AlN thin lms have
been grown by using several growth techniques under
dierent growth conditions such as temperature, pressure, precursors, etc. While high-temperature (typically
above 1100 ◦C) grown epitaxial AlN lms are used in
active electronic and optoelectronic device layers, polycrystalline and amorphous AlN lms grown at CMOS-compatible temperatures (lower than 300 ◦C) are widely
used as dielectric and passivation layers for microelectronic devices [4].
To utilize the full potential of the group III-nitride
material system for the mature CMOS technology requires the growth of group III-nitride alloys and heterostructures in the temperature range below 300 ◦C. To
overcome the presently encountered limitations for low
growth temperatures, plasma enhanced atomic layer deposition (PEALD) of AlN is a promising growth technique which not only reduces the lm growth temperature, but also satises critical conformality and sub-monolayer thickness control as well [5, 6]. Although the
growth of AlN lms at dierent low growth temperatures
(100500 ◦C) has been studied by several groups based
on PEALD growth method [79], the properties of crys-
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talline AlN lms grown with a typical sequential self limiting recipe have not been studied previously. Initially,
the self limiting window (100 ◦C < Tgrowth < 200 ◦C) for
AlN lms was obtained by precisely adjusting the deposition temperature, reactant dose and length of the
precursor pulses, in which each reaction step is saturative. In this ideal case, chemisorptions of each reactant
occur on the surface of the growing lm, overdosing precursor and increasing the growth temperature does not
aect the growth rate and one layer of the AlN material
was produced [5]. In the following, the growth temperature was increased up to 500 ◦C in order to investigate
the properties of AlN lms in the temperature dependent
window (230 ◦C < Tgrowth ). Deposition rates of AlN lms
at dierent growth temperatures are given in Fig. 1.

Fig. 1.

Growth rate as a function of temperature.

2. Experiment

Aluminum nitride lms were grown in a Cambridge
Nanotech Fiji F200 remotely placed rf-plasma ALD reactor with a base pressure of 0.2 Torr. Pre-cleaned Si
(100) and quartz substrates were used throughout the
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experiments. trimethylaluminum (TMA) and NH3 radicals were used as Al and N source, respectively, while Ar
was used as the carrier/purging gas. A set of experiments
was performed to identify the self-limiting ALD window
in temperature range of 100500 ◦C that produced self-limiting growth. One cycle for depositing AlN lms consisted of the following parameters. TMA was pulsed for
0.1 s, 50 sccm of NH3 plasma was exposed for 40 s with
200 sccm Ar carrier, 10 s purge times were inserted after
the TMA and NH3 steps which eliminated any possible
gas-phase reactions. Plasma power was set to 300 W.
To investigate the eect of the growth temperature on
the AlN lm properties ≈ 100 nm thick AlN layers were
deposited at 100, 185, 400, and 500 ◦C.
The grazing incidence X-ray diraction (GIXRD) and
transmission electron microscopy (TEM) of all AlN
lms showed the prevalence of a highly polycrystalline
hexagonal AlN structure. AlN lms retain their crystalline structure upon decreasing growth temperature
down to 100 ◦C according to the GIXRD results. The
structural properties and chemical composition of AlN
lms were characterized by X-ray photoelectron spectroscopy (XPS). XPS measurements were carried out at
Thermo Scientic K-Alpha spectrometer equipped with
monochromatized Al Kα X-ray source. Film thickness
and refractive index measurements were performed using
a J.A. Woollam spectroscopic ellipsometer with a xenon
light source. Surface morphology was characterized by
atomic force microscopy (AFM) using Asylum Research,
MFP-3D in contact mode. Room temperature transmission measurements were performed with a UV-visible-near infrared spectrometer, which consists of a built-in
phase-sensitive detection and signal processing for the
appropriate wavelength regions.
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the analysis of optical refractive index analysis. Additional information about the chemical structure of the
AlN lms is provided by the N 1s spectra analysis. On
the basis of the deconvolution of N 1s XPS peak, the
strongest peak at 396.3 ± 0.3 eV which was detected for
all AlN lms, is a typical NAl bond [10]. The almost-negligible peak at 398 ± 0.3 eV is AlOx Ny .

Fig. 2. XPS narrow scan of (a) Al 2p and (b) N 1s from
AlN lms deposited on Si (100) substrate with dierent
growth temperatures of 100, 185, 400 and 500 ◦C in two
dierent growth regimes.

3. Results and discussion

We analyzed the elemental composition of AlN lms
using XPS. Figure 2a and b shows a series of Al 2p and
N 1s spectra for dierent growth temperatures taken in
the inner layers of AlN lms, respectively. The Al 2p and
N 1s binding energies of AlN are at 73.5 ± 0.3 eV and
396.4 ± 0.3 eV, respectively [10]. Three distinct chemical
states were observed for AlN lms; the Al 2p #1 subpeak
at 73.5 ± 0.1 eV, Al 2p #2 at 72.4 ± 0.1 eV and Al 2p #3
at 74.5 eV. According to the Al 2p XPS results, AlN
was formed in all samples for all growth temperatures.
An Al 2p #3 subpeak is obtained for AlN lms grown
at 100 ◦C and 500 ◦C which is correlated to AlO bound
states [10]. Al 2p #2 subpeak is detected whose binding
energy (BE) is clearly related to the BE of AlAl bond in
AlN for intermediate growth temperatures [11]. The intensity of Al 2p #3 subpeak was more than the Al 2p #1
and Al 2p #3 subpeaks for AlN lm grown at 100 ◦C.
Furthermore, the O 1s XPS analysis of AlN grown at
100 ◦C reveal a dominant subpeak at 531.5 ± 0.1 eV. This
is one of the possible explanations to the amorphous-like
character of AlN sample grown at 100 ◦C observed from

Fig. 3. Average atomic concentrations of AlN lms as
a function of the ALD growth temperature.

The eect of the growth temperature on the atomic
concentrations is shown in Fig. 3. Al concentration increases until 400 ◦C and it decreases with increasing temperature. N concentration remains constant up to 400 ◦C
and it starts to increase. Behaviors of those atomic concentrations might be totally related with the increase in
the thermal cracking eciency of both precursor species.
Figure 4 shows the inuence of the growth temperature on the surface roughness and mean grain size of
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not accordingly with growth temperature which might
be due to the oxygen impurity related defects present in
AlN lms grown.
4. Conclusions

Fig. 4. Calculated mean grain size and roughness of
the AlN lms with varying growth temperature on
Si (100).

AlN lms. The mean grain size was deduced from the
Gwyddion image analysis program. The AFM analysis
revealed that the surfaces of AlN lms become rougher
and grain size become bigger as substrate temperature
increases. Root mean square (rms) roughness of the lm
is relatively high for lms grown at higher growth temperatures with 400 and 500 ◦C (rms = 2.54 nm (400 ◦C),
rms = 2.16 nm (500 ◦C)). The surface of the sample
grown at low temperatures is smoother (rms = 1.37 nm
(185 ◦C), rms = 0.93 nm (100 ◦C)). In ALD growth, precursor self-decomposition occurs at higher temperatures
which destroys the self-limiting growth control and leads
to non-uniform lms.

Both structural and optical properties showed that
the hexagonal crystalline AlN thin lms were obtained
at growth temperatures as low as 100 ◦C by PEALD
method. The ultimate goal of this work is to present the
properties of AlN lms grown with self-limiting recipe as
a function of growth temperature. Oxygen was detected
as major impurity in the lms. With increasing temperature metallic Al and AlNO bonding disappears and
only AlO peak appears at the highest growth temperature. Despite the low deposition temperatures the lms
exhibited crystallinity. The increment in growth temperature and shift to decomposition limited regime cause a
signicant reduction in the near-band-edge absorption of
the AlN lms due to the decomposition of metal precursor and incorporation of oxygen related impurities.
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Fig. 5. The square of the product of the absorption
coecient of AlN lms deposited on quartz substrates
in three dierent growth regions.

The experimental absorption has been carried out and
Fig. 5 shows a plot of the squared absorption coecient,
α2 , as a function of wavelength in order to determine the
energy of optical band edge for AlN lms. The optical
band edge can be determined by extrapolating the tangential line to the wavelength axis in the α2 d−2 vs. λ plot.
The optical band edge was observed at 5.82 eV, 5.84 eV,
and 5.78 for AlN lms grown at 100 ◦C, 185 ◦C, and 400
500 ◦C samples, respectively. It can be seen from Fig. 5
that the optical band edge energy slightly decreases with
the increase of the temperature. On the other hand, the
optical band edges of AlN lms grown at 100 ◦C behave
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