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Abstract: Aluminum nitride (AIN) thin films were grown using thermal atomic layer deposition in
the temperature range of 175-350 °C. The thin films were deposited using trimethyl aluminum (TMA)
and hydrazine (N;Hy) as a metal precursor and nitrogen source, respectively. Highly reactive NyHy,
compared to its conventionally used counterpart, ammonia (NHj3), provides a higher growth per
cycle (GPC), which is approximately 2.3 times higher at a deposition temperature of 300 °C and, also
exhibits a low impurity concentration in as-deposited films. Low temperature AIN films deposited at
225 °C with a capping layer had an Al to N composition ratio of 1:1.1, a close to ideal composition
ratio, with a low oxygen content (7.5%) while exhibiting a GPC of 0.16 nm/cycle. We suggest that
N,Hj as a replacement for NHj is a good alternative due to its stringent thermal budget.

Keywords: atomic layer deposition (ALD); aluminum nitride; hydrazine; trimethyl aluminum (TMA)

1. Introduction

Aluminum nitride (AIN) is one of the promising materials for electronic and optoelectronic
devices due to its wide band gap structure (6.2 eV), high thermal conductivity (2.85 W/cm-K at 300 K),
melting point (2750 °C), and large critical electric field (12 MV/cm) [1-3]. Additionally, using a
highly thermal conductive material like AIN as a thermal spreader can result in enhanced thermal
dissipation, which is highly beneficial in scaled devices [4-6]. These nitride deposition processes
should be compatible with the thermal budget of back-end-of-line (BEOL) processes in conventional
complementary metal-oxide-semiconductor (CMOS) fabrication. A lower deposition temperature
(<300 °C) is preferred and conformality over high-aspect ratio structures, commonly found in novel,
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complex device structures, is also desirable. Hence, the atomic layer deposition (ALD) technique is a
forerunner among other deposition techniques that meets these specifications while providing excellent
thickness controllability. Plasma-enhanced ALD (PEALD) provides the plasma radicals required to
push the boundaries of ALD reactions towards a lower temperature but sensitive substrates can suffer
from plasma-induced damage [7]. PEALD has a relatively poor conformal deposition on complicated
3D nano-structures compared to thermal ALD.

Currently, AIN ALD using ammonia (NHj3) and trimethyl aluminum (TMA) results in an
incomplete reaction at temperatures below 300 °C [8]. High-temperature ALD above 450 °C is required
in order to achieve a vigorous reaction with methyl groups (-CHj3) and the complete removal of
by-products in the ALD process using NH3 and TMA [8]. One way of circumventing this issue is by
introducing a more reactive nitrogen source than NH3. From this perspective, hydrazine (N,Hy) can
be used as a replacement for NHj as the N-N bond in NpHy (~167 kJ/mol) is weak when compared
to the N-H bond (~386 kJ/mol) in NHj3 [9]. The molecular structure of NoHy is as shown in Figure 1
using a ball-stick model. Safety was a key concern while handling N,Hj,, but the newly available
ultra-high purity anhydrous NyHy source is compliant with the safety standard requirements and has
also demonstrated the deposition of metal nitrides at low temperatures [10-12].

Figure 1. Ball stick model of hydrazine (N;H,) with N atoms and H atoms.

Abdulagatov et al. recently demonstrated AIN deposition by thermal ALD using tris(diethylamido)
aluminum (III) (TDEAA) and hydrazine in the deposition temperature range from 150 to 280 °C [13].
Growth rates of 1.23, 1.16, and 1.72 A/Cycle were reported at 150, 200, and 280 °C, respectively.
The higher growth rate observed at 280 °C was mainly attributed to the organo-metallic precursor
decomposition and hence a chemical vapor deposition (CVD) reaction mechanism was suspected for
observing such a high growth rate. Additionally, it was also demonstrated that the impurity, such as
carbon and oxygen content, in nitride film deposited using hydrazine was comparable or lower when
compared to films deposited using NHj3 [13,14].

Previous studies revealed that the growth rate of AIN is less than 0.04 nm/cycle by thermal ALD
at temperatures below 400 °C using TMA and NHj [13]. Furthermore, TMA starts to decompose
at higher temperatures (above 377 °C) [15] and reduces the film quality of AIN [16,17]. In order to
deposit high-quality AIN with a reasonable growth rate at low temperatures, it is essential to adopt
highly reactive precursors, such as hydrazine, into the ALD process. In this paper, we successfully
demonstrate AIN films deposition by thermal ALD at low temperatures. Ultra-pure anhydrous NyHy
and TMA were used to deposit AIN thin films in the temperature range from 175 to 350 °C, with the
feasibility of AIN deposition using an Al ALD precursor of TMA. As a comparison, the growth rate and
surface roughness of AIN films deposited by thermal ALD using TMA and NHj are also presented.
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2. Materials and Methods

2.1. Film Deposition

ALD AIN was deposited using TMA and N,H,; as the Al precursor and nitrogen source,
respectively. The films were deposited using home-built ALD system with a hollow-cathode plasma
source (Meaglow Ltd., Thunder Bay, Canada) provision to generate plasma. This ALD system has
been used for deposition of various nitride films using thermal ALD or PEALD processes [18-21].
The stainless-steel chamber wall was heated to ~120 °C and the precursor delivery lines were maintained
at 90 °C to avoid condensation. The precursors were maintained at room temperature. For the ALD
process, p-type Si (100) substrates (Silicon Valley Microelectronics, Santa Clara, CA, USA) with a
resistivity of 3-10 ()-cm were dipped in 100:1 diluted HF solution to remove native oxide. After blowing
with Ny, the substrates were directly transferred to the process chamber. During this ex situ process,
re-oxidation of the silicon surface was negligible to cause interdiffusion of oxygen into AIN films [22].
After loading the substrates, the chamber was pumped down to 10~ Torr using a turbomolecular pump
to reduce adventitious contaminants introduced during the substrate transfer. The process pressure
was maintained at 0.5 Torr with continuous flow of Ar carrier gas. The representative time sequence of
one cycle of the ALD process condition was set to be: TMA pulse (0.1 s)-Ar purge (15 s)-NH, pulse
(0.1 s)-Ar purge (120 s), as shown in Figure 2. The deposition temperature was varied between 175
and 350 °C. For comparison, all samples in this study were deposited using 100 cycles.

Pressure

* One Cycle Time

Figure 2. Schematic of atomic layer deposition (ALD) cycle for deposition of AIN using trimethylaluminum
(TMA) and hydrazine (N;Hj). One cycle of the ALD process condition is: TMA pulse (0.1 s)-Ar purge
(15 s)-NyH, pulse (0.1 s)-Ar purge (120 s).

In the case of material characterization of AIN grown at 225 °C, 4 nm-thick silicon nitride (SilNy)
was deposited as a capping layer in order to prevent the surface oxidation in air. The SiNy capping
layer was subsequently deposited at 410 °C using hexachlorodisilane (Si;Clg) and NoHjy in the same
chamber without breaking the vacuum.

2.2. Film Characterization

The thickness and refractive index (R.I.) of AIN thin films were measured by spectroscopic
ellipsometry (SE, M-2000D], J.A. Woolam, Lincoln, NE, USA) and the values were fit using the spectra
measured at 3 different angles (55°, 65°, and 75°). The chemical composition and bonding states
of AIN thin films were characterized by X-ray photoelectron spectroscopy (XPS). XPS analysis was
performed using a PHI VersaProbe II (ULVAC-PHI, Chigasaki, Kanagawa, Japan) equipped with a
monochromatic Al Ka X-ray source (Eppoton = 1486.6 €V). To remove surface contaminants, Ar gas
cluster ion beam (GCIB) sputtering with a beam energy of 1 kV and the cluster size of 2500 atoms was
employed. The elemental composition of the films was calculated based on the peak area and atomic
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sensitivity factor [23]. Surface roughness of AIN films was determined by atomic force microscope
(AFM) (Veeco Multimode V. Non-contact AFM, Veeco, Plainview, NY, USA).

3. Results and Discussion

The ALD deposition of AIN using TMA and N,Hy followed by sequentially pulsing the reactants,
followed by flushing out the reaction by-products using Ar between the self-limited surface reactions.
To get the ALD process condition, self-limited growth per cycle (GPC) characteristics were examined
by increasing NHy pulse and purge time, as shown in Figure 3a,b. With the increased N,Hy pulse
and purge time, the growth rate saturated at a constant level as expected in the ideal ALD process.
An increase of purging time (300 s or longer) might be inappropriate for the ALD process due to the
feasibility, hence we set the pulse and purge time of NyHy for AIN deposition process to 0.1 s and 120's,
respectively. Meanwhile, the R.I. of film at wavelength of 633 nm was slightly larger (<0.1) as the
pulse and purge time increased. This variation was not sufficient to argue that the stoichiometry of the
deposited films has changed. In addition, it was confirmed that the AIN thin films deposited by the
thermal ALD process had an amorphous nature, as confirmed by XRD analysis. The density of the
thin films deposited at 350 °C confirmed through X-ray reflectometry analysis was 2.9 g/cm?, which is
about 10% lower value compared to the reference value of bulk crystalline AIN of 3.26 g/cm®. The unit
cell dimensions of the hexagonal structure of wurtzite AIN were reported as a = 3.1151 A, b = 3.1151 A,
and c = 4.9880 A [24]. Therefore, a relatively larger GPC is expected than when the crystalline AIN

is grown.
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Figure 3. Saturation curves for the growth-per-cycle (GPC) for (a) hydrazine pulse and (b) purge time.
The ALD process was performed at a substrate temperature of 300 °C. The refractive index (R.I.) at
633 nm of the deposited films was measured using spectroscopic ellipsometer after deposition.

Figure 4 shows the temperature dependence of the film growth rate from 175 to 350 °C. To obtain
the GPC of each point in Figure 4, the AIN films were deposited using 100 ALD cycles. The growth
rate increased linearly with increasing deposition temperature, where the GPC was 0.08, 0.16, 0.25,
and 0.32 nm/cycle at 175, 225, 300 and 350 °C, respectively. In an ideal ALD process, the constant GPC
can be achieved at temperatures high enough to avoid precursor condensation and satisfy perceptible
reactivity between the precursor and substrate, but sufficiently low to prevent precursor decomposition
and desorption of chemisorbed species from the surface [25,26]. Nevertheless, the GPC can still be
varied with temperature while maintaining self-limiting growth due to the temperature dependence of
the reactive sites on the surface and the reaction mechanism of the precursor itself [26]. Our observation
confirmed that co-adsorption of TMA and N,H, was self-limiting by forming a monolayer at substrate
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temperature <350 °C, while above this temperature reaction was rapid and formed a thick film of AIN.
Consequently, the CVD effect became significant and an increase of GPC could be observed [16,17] as
deposition temperature is up to 350 °C. It is also worth noting that the ALD window of AIN using
TMA is narrow in earlier studies [27,28]. Furthermore, the growth rate of thermal ALD-AIN films from
TMA and NHj3 was inconsistent in previous reports. For example, Tian et al. reported the growth rate
of AIN films was 0.01 nm/cycle at 375 °C [27], while Kim et al. deposited AIN films in the temperature
range from 265 to 335 °C with a growth rate of 0.02-0.16 nm/cycle [29]. Unfortunately, in the case of
AIN deposited using NHj in a thermal ALD process, the sub-angstrom (less than 0.5 A) growth rate
was too low for accurate comparison. On the other hand, the deposition rates observed in our study
using NpHy were much larger than those reported earlier for thermal ALD AIN using TMA and NHj.
To suppress changes from equipment difference, we deposited AIN using NHj as the nitrogen source
in the same ALD reactor. As a result, it was confirmed that the deposition rates at 300 °C increased by
2.3 times with NyHy.
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Figure 4. Growth-per-cycle (GPC) of AIN thin films as a function of the deposition temperature
and refractive index (R.I.) at the wavelength of 644 nm with different deposition temperatures for
trimethylaluminum (TMA) and hydrazine (N,Hjy) precursors.

The R.I. of the AIN film at wavelength of 633 nm was extracted from the SE. The SE data were
fit using the Cauchy model, which is widely used for semiconductor materials [30]. The R.I. of the
AIN film increases with increasing deposition temperature except at 175 °C. It is suspected that the
higher R.I. at 175 °C can be attributed by hydrogen species inside the film. Due to the relatively low
temperature, the remaining N-H bonds from N,H, are dominant after ligand exchange with TMA,
resulting in the lower GPC results [31]. The R.I. of AIN film deposited at 350 °C is 1.98, which is close
to the reported values of high-quality AIN films [32-34].

XPS measurements were performed to investigate chemical bonding states of AIN thin films.
Figure 5 shows XPS analysis results of AIN films deposited for 100 ALD cycles at 225 and 300 °C.
AIN films, when exposed to air, react with oxygen and water to form an aluminum oxide film [34].
As mentioned in the experimental section, we deposited SiNy on AIN film grown at 225 °C to prevent
the ambient oxidation of the nitride film deposited below 225 °C. It was an inevitable choice to passivate
with the SiNy film, because ex-situ chemical analysis was impossible owing to the oxidation being too
active in the air. The O 1s peak for the AIN films deposited at 225 °C with and without capping layer
is depicted in Supplementary Materials (Figure S1). It showed that 4 nm-thick SiNy capping layer
provides effective barrier to oxidation of AIN surface. Nevertheless, it was indicated that the peak at
532.4 eV is assigned to Al-O bonds in the AIN films, and these oxygen impurities in both films were
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considered the natural characteristics of the AIN films [35-37]. It is worth noting that the capping layer
should be thin enough to avoid significant signal attenuation from the sample and there should be no
interfacial reaction with the sample [38-40]. Meanwhile AIN films deposited at 300 °C do not have any
capping layer, which may result in higher O content in the films compared to the films deposited at
225 °C with a capping layer. It should be noted that the peak positions from the AIN film with the
capping layer were calibrated using the Si 2p peak at 99.4 eV, which comes from the Si substrate. In the
case of AIN films without capping, the peak positions were calibrated with Al 2p peak at 74.3 eV, the
calibrated peaks from the AIN films aforementioned. All narrow scans were deconvoluted for more
accurate analysis of the chemical bonding status, such as metal oxide and metal nitrides. Both the Al
2p and N 1s peaks were slightly asymmetric, indicating the presence of different bonding features
associated with nitrogen in the AIN thin films.

Intensity (arb. unit)

78 76 74 72 402 400 398 396 394 536 534 532 530 290 288 286 284 282
Binding energy (eV)

Figure 5. High resolution X-ray photoelectron spectroscopy (XPS) (a) Al 2p, (b) N 1s, (c) O 1s, and (d) C
1s spectra of AIN thin film deposited at 225 and 300 °C.

Figure 5a shows the comparison of the Al 2p peaks for the AIN films deposited at 225 and 300 °C.
Deconvolution of the Al 2p spectrum gives rise to two peaks, one at 74.3 eV, which corresponds to Al in
Al-N, and the other at 75.2 eV, which corresponds to the BE of Al-O bonds. The values of these peaks
are comparable with the previously reported spectra for AIN films [28,41,42]. As shown in Figure 5a,
mainly Al-N bonds and ignorable Al-O bonds were observed. In the same way, the N 1s spectrum
was deconvoluted with two peaks as described in Figure 5b. It showed one main peak centered at a BE
of 397.4 eV, corresponds to N in Al-N, and the other at 398.6 eV, corresponds to the BE of unbounded
nitrogen [43].

There is a concern regarding the source of unbounded nitrogen observed in the film. We suggest
that the unbounded nitrogen came from incompletely reacted NpH,4 without breaking the N-N bond,
which remains after reaction with TMA due to low deposition temperature. This hypothesis is
also supported by the decrease in GPC with increase in NoHy purge time, as shown in Figure 3b.
The composition distribution of the AIN films was also analyzed. This elemental analysis for the AIN
films is described in Table 1 which shows that the surface composition consists of aluminum, nitrogen
and oxygen, as expected. The surface composition analysis of sputtered film requires attention to
interpret due to the preferential Ar ion sputtering effect [42]. Due to the unbroken N-N bonds of Ny Hy,
it is supposed that the AL:N ratio is 1:1; however, the ratio increased over 1:1 with higher nitrogen
concentration. The total [N]/[Al] ratio of the AIN film deposited at 225 and 300 °C was 1.1 and 1.2,
respectively. Although this difference is small, N 1s spectra clearly indicates the AIN film deposited at
225 °C shows higher unbounded nitrogen content. The decrement of [N]/[N—Al] ratio from 0.34 to
0.15 with increasing deposition temperature may suggest that the films deposited at higher deposition
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temperature have larger R.L, i.e., high density. Nevertheless, the AIN thin film deposited at 225 °C
showed an ALN ratio of 1:1.1, which meant that stoichiometric AIN was successfully deposited.

Table 1. Chemical composition of the AIN films deposited at 225 and 300 °C as determined by high
resolution XPS analysis.

Deposition Temperature [Allat.% [N]at.% [Olat.% [Clat%  [NJ/[Al] [N]/IN-AI]

225°C 44.8 47.7 7.5 <d.1l! 1.1 0.34
300 °C 40.6 49.4 10.0 <d.1! 1.2 0.15

1 Detection limit (d.1.).

For more precise comparison of the growth rate, we conducted ALD of AIN using different
techniques, using the same ALD reactor. As shown in Figure 6, the growth rates of tALD NyHy, PEALD
NHs;, and tALD NHj were 0.16, 0.15, and 0.03 nm/cycle at 225 °C and 0.25, 0.24, and 0.11 nm/cycle
at 300 °C, respectively. When using NyHj, as the nitrogen source, the growth rates were 5.3 and 2.3
times higher than when deposited by tALD using NHj3 at 225 and 300 °C, respectively. In addition,
the growth rate of AIN deposited by tALD NyHs was comparable with that of AIN deposited by
PEALD NHj;.

0.4 tALD NH,
—
< 1
S, o3t
3] PEALD NH,
£ ¥
£ v,
£ 02} .
O ¥y
o & ®
o 01t n’ " tALD NH,
5
0.0t—

100 200 300 400
Deposition Temperature (°C)

Figure 6. Comparison of growth per cycle (GPC) of AIN thin films deposited using TMA and hydrazine
(NoH,) and ammonia (NHj3), as the metal precursor and nitrogen source, respectively. The AIN films
were deposited by using thermal atomic layer deposition (tALD) and plasma-enhanced atomic layer
deposition (PEALD) technique. It is also indicated that GPC of AIN thin films deposited using TDEAA
and NpHy, as the metal precursor and nitrogen source [13].

Figure 7 shows the surface morphology of AIN thin films grown by thermal ALD using two
different nitrogen sources, NoHy and NH3. The root-mean-square (RMS) roughness of the films
were measured by AFM and their values were 0.64 and 0.72 nm for AIN films deposited using 100
cycles, using NyHs and NHj as the nitrogen source, respectively. There is no degradation of surface
roughness with NoH, despite the higher growth rate, which makes N;Hy an attractive nitrogen source
in semiconductor fabrication.
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Figure 7. Surface roughness of AIN thin films deposited using (a) hydrazine (N,H,) and (b) ammonia
(NHj3), as the nitrogen source. Root-mean-square (RMS) values of AIN thin films deposited using NoHy
and NHj were 0.64 and 0.72 nm, respectively.

4. Conclusions

Deposition of low-temperature AIN through thermal ALD has been demonstrated. Optical and
chemical characterization has been performed to get an accurate assessment of the quality of the
deposited AIN films. Thicknesses and R.Ls of the films were analyzed using SE. A growth rate of
0.16 nm/cycle and R.I. of 1.74 was obtained at the very low temperature of 225 °C. A high growth rate
can be achieved compared to NHj as the nitrogen source due to the high reactivity of NoHy. XPS
results showed an ALN ratio of 1:1.1 and few impurities in the films.

In summary, stable AIN thin films were successfully grown while the material parameters were
comparable to those of aluminum nitride films deposited using NHj. In addition, the rapid deposition
rate at low temperatures demonstrates the potential of the nitrogen source to replace NHj3.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/15/3387/s1,
Figure S1: High resolution O 1s XPS spectra of (a) AIN deposited at 225 °C w/ and w/o capping layer and (b) AIN
deposited at 225 °C w/ capping layer and deposited at 300 °C w/o capping layer.
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