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The authors have studied and compared the initial growth and properties of AlN films deposited on

Si(111) by thermal and plasma-enhanced atomic layer deposition (ALD) using trimethylaluminum

and either ammonia or a N2-H2 mixture as precursors. In-situ spectroscopic ellipsometry was

employed to monitor the growth and measure the refractive index of the films during the deposi-

tion. The authors found that an incubation stage only occurred for thermal ALD. The linear growth

for plasma-enhanced ALD (PEALD) started instantly from the beginning due to the higher nuclei

density provided by the presence of plasma. The authors observed the evolution of the refractive

index of AlN during the growth, which showed a rapid increase up to a thickness of about 30 nm

followed by a saturation. Below this thickness, higher refractive index values were obtained for

AlN films grown by PEALD, whereas above that the refractive index was slightly higher for ther-

mal ALD films. X-ray diffraction characterization showed a wurtzite crystalline structure with a

(10�10) preferential orientation obtained for all the layers with a slightly better crystallinity for films

grown by PEALD. VC 2014 American Vacuum Society. [http://dx.doi.org/10.1116/1.4898434]

I. INTRODUCTION

Aluminum nitride (AlN) has attracted considerable

attention due to its strong potential for applications in

(opto-)electronic devices. Owing to its wide and direct

bandgap (�6.2 eV) and high piezoelectric response, thin

films of AlN have been widely used in ultraviolet light

emitting diodes and photodetectors, field emitters, and

nanoelectromechanical actuators and resonators.1–6 In addi-

tion, a two-dimensional electron gas with high mobility can

be formed near the AlN/GaN interfaces, which has been

recently utilized in high-electron-mobility transistors.7–9

High quality AlN films are conventionally grown by metal-

organic chemical vapor deposition and molecular beam epi-

taxy. However, these methods are commonly implemented

at high temperatures (i.e., above 1000 �C).10–12 With the

advantages of a self-limiting growth providing precise

thickness control, atomic layer deposition (ALD) has

recently been developed to deposit AlN at relatively low

temperatures.13–26

The ALD of AlN can be performed by both thermal and

plasma-enhanced modes (i.e., thermal ALD and PEALD,

respectively). In thermal ALD, ammonia (NH3) is commonly

used as an N-source, in combination with various aluminum

precursors, such as aluminum trichloride (AlCl3),13 trimethy-

laluminum [TMA, Al(CH3)3],13–15 tris(dimethylamido)alu-

minum (Al2[N(CH3)2]6),16 and triethylaluminum [TEA,

Al2(C2H5)6].17 The use of thermal ALD for AlN growth has

been limited so far, mainly due to either the low chemical

reactivity of NH3 on the surface (e.g., with AlCl3, TEA) or

the unfavorable thermal decomposition of aluminum precur-

sor (i.e., of TMA). In contrast, PEALD has been widely

applied for depositing AlN films due to enhanced reactivity

of the precursors in the presence of plasma, which can sig-

nificantly reduce the growth temperature (i.e., down to

100–150 �C).18–26 The growth rates of ALD AlN are typi-

cally in the range of 0.4–1.5 Å/cycle. The studies on growth

of ALD AlN have demonstrated an increase of the growth

rate with increasing substrate temperature, although a narrow

temperature window, in which the growth rate of PEALD

AlN is temperature independent, has also been

observed.21–23

Although the self-limiting growth and properties of ALD-

grown AlN films have been intensively investigated, studies

of the initial stage of growth by both thermal ALD and

PEALD are still lacking. Understanding this stage of the

growth is of particular importance when ultrathin and contin-

uous AlN films are required. In a previous work, we studied

the growth characteristics, including the nucleation, of AlN

using a home-built thermal ALD system.15 We found that

under our experimental conditions, ultrathin (�2 nm) contin-

uous AlN films could be realized. In this work, using in-situ
spectroscopic ellipsometry (SE) and ex-situ atomic force mi-

croscopy (AFM), we further explore and compare the initial

growth of both thermal and plasma enhanced ALD of AlN

on Si(111) under similar experimental conditions (i.e., sub-

strate, temperature, process pressure, etc.). Additionally, film

properties such as optical refractive index and crystallinity

are studied and compared.

II. EXPERIMENT

Thermal ALD was performed using TMA and NH3 as

precursors with pulse lengths of 0.1 and 4 s, respectively. A

purge of N2 (4 s) was introduced in between the pulses to

remove excess precursors and reaction by-products. For

PEALD, TMA (pulse length 0.1 s) and either NH3 plasma
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(pulse length 8 s) or N2-H2 plasma (10% H2, pulse length 8

s) were used. The N2 purges were 4 s for TMA and 8 s for

the plasma precursors. Plasma power was maintained at 1.5

kW in both plasma ALD modes. All the depositions were

performed in a single-wafer ALD system (Picosun), which

allowed for both thermal and plasma ALD modes in the

same chamber. Standard 4-in. Si(111) wafers were used as

substrates. Prior to the deposition, the wafers were cleaned

in a standard cleaning process including successive immer-

sion into fuming and boiling HNO3, followed by the removal

of the native oxide in an HF (1%) solution. All the deposi-

tions were carried out at a temperature of 350 �C and a pro-

cess pressure varying in the range between 0.9 and 1.2 mbar.

The results of our experiments confirmed that, under these

conditions, self-limiting growth of AlN was achieved.

The film thickness, as a function of the number of ALD

cycles, was measured in real-time during the deposition

using a Woollam M2000 spectroscopic ellipsometer, operat-

ing in the wavelength range between 245 and 1688 nm. The

measurements were taken every 2.5 s, and the data were ana-

lyzed using the CompleteEASE modeling software. High-

resolution scanning electron microscopy was employed to

verify the film thickness measured by SE. The film surface

morphology was characterized by AFM. X-ray photoelectron

spectroscopy (XPS) and x-ray diffraction (XRD) were used

to analyze the film composition and crystalline structure,

respectively. The conformality of the AlN films was tested

by depositing on a Si substrate with prepatterned trenches.

III. RESULTS AND DISCUSSION

A. Film conformality and composition

An example of the conformality of the ALD AlN films is

shown in Fig. 1(a). The cross-sectional SEM image of a 30-

nm AlN film grown by PEALD using a N2-H2 plasma on a

Si substrate with trenches indicates that a highly uniform

and conformal AlN film was obtained. The XPS depth-

profile of a 70-nm AlN film grown in the same mode on a

Si(111) substrate is shown in Fig. 1(b). The results are con-

sistent with a highly stoichiometric AlN film. The high oxy-

gen concentration on the surface can be attributed to surface

oxidation due to the exposure to air during transporting the

sample to the XPS system. Underneath the oxidized layer,

the profile shows constant concentrations of the elements

throughout the film with relatively low carbon (�3%) and

oxygen (�3.5%) contamination. Similar results (i.e., con-

stant profiles, stoichiometric AlN) were obtained for AlN

films grown at the same temperature using thermal and NH3

plasma modes, although a higher carbon (�6%) and a lower

oxygen (�1%) concentration was measured for the film

grown by thermal ALD [see the inset of Fig. 1(b)]. The for-

mer suggests that the surface reactions between TMA and

the N-source precursors (NH3, N2-H2), which release CH4 as

a reaction by-product (see the discussion in Sec. III B), are

more complete in plasma ALD. However, the use of plasma

possibly provides more reactive oxygen species (from the re-

sidual gas in the chamber), resulting in a higher oxygen con-

tamination incorporated into the film.

B. Initial growth of ALD AlN films

Figure 2 shows the thickness measured by in-situ SE dur-

ing the initial growth of AlN on Si(111) substrates in thermal

(triangles), NH3 plasma (circles) and N2-H2 plasma (squares)

FIG. 1. (Color online) Cross-sectional SEM image demonstrating the confor-

mality of a 30-nm AlN film grown on a Si substrate with trenches (a) and

XPS depth profile of a 70-nm AlN film on Si, both grown by N2-H2 PEALD

(b). The inset of (b) compares the carbon and oxygen concentrations in the

films grown by thermal and plasma ALD.

FIG. 2. (Color online) Film thickness during initial growth of AlN on

Si(111) substrates, for thermal (triangles), NH3 plasma (circles), and N2-H2

plasma (squares) ALD measured by in-situ spectroscopic ellipsometry.
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ALD modes, using otherwise identical deposition conditions

(e.g., temperature, pressure, etc.). In the thermal process, the

growth of AlN can be divided into two stages. The initial

stage, commonly referred to as incubation, represents the

nucleation and growth of islands. The delayed increase of

the film thickness in this stage can be attributed to the low

nuclei density on the surface (see the AFM images in Fig. 3).

After the incubation, the linear growth stage proceeds, i.e.

the film thickness increases linearly with the number of

ALD cycles. The incubation is common for thermal ALD

FIG. 3. (Color online) Surface morphology of 1-nm AlN films (the film thickness measured by in-situ SE) grown by thermal ALD [(a) and (b)], NH3 plasma

[(c) and (d)], and N2-H2 plasma [(e) and (f)]. (a), (c), and (e): AFM images; (b), (d), and (f): surface profiles along the lines drawn in the AFM images plotted

in the same X and Y scales.
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processes, including ALD of AlN and other nitrides and

oxides.14,27–29 The duration of this period depends on the

nucleation rate on the surface and the growth rate of the

nuclei, which can take from a few tens up to a hundred ALD

cycles. In contrast, incubation was not observed for the

plasma ALD processes, instead linear growth proceeds

instantly from the very beginning. This is attributed to the

much higher nuclei density in plasma ALD as demonstrated

in the following part of this work. The growth rates in the

linear regime obtained for all three ALD modes are compa-

rable and fall in the range between 0.7 and 0.8 Å/cycle.

To further investigate the difference in initial growth

shown in Fig. 2, the surface morphology of 1-nm AlN films

(the thickness was measured by SE) grown by the different

ALD modes was characterized by AFM, as shown in Fig. 3.

For thermal ALD [Figs. 3(a) and 3(b)], the image shows a

granular surface with a lateral grain size distribution in the

range of 20–30 nm. A root mean square (RMS) roughness of

0.37 nm was measured for this film. In contrast, the surfaces

of the films grown by plasma modes [Figs. 3(c)–3(f)] are

very smooth (RMS� 0.13 nm) with significantly smaller

grain size. Assuming that each grain represents an initial

nucleation site, the results indicate a higher nuclei density

for films grown by plasma ALD. This points to the role

of the plasma in promoting nucleation of islands during

the initial growth. From the growth curves (Fig. 2) and

these AFM images, it can be concluded that the closure

of AlN films on Si(111) substrates occurs earlier in

PEALD.

It is important to draw the attention to the adsorption of

TMA on Si and SiO2 substrates and the mechanism of nucle-

ation and atomic layer growth of AlN using TMA and NH3

as precursors, which have been studied and reported in the

literature.30–34 It has been demonstrated that at the tempera-

ture used in this work (i.e., 350 �C), TMA can dissociatively

chemisorb on Si and SiO2 substrates, creating –CH3 termi-

nated surfaces (e.g., Si–CH3, Al–CH3, etc.).32–34 When the

second precursor (NH3) is introduced, exchange reactions

occur between –CH3 groups and ammonia molecules, creat-

ing Al–NHy (y¼ 1,2) terminations and releasing methane

(CH4) as the reaction by-product.30 The dissociative adsorp-

tion of TMA is temperature dependent. However, at temper-

atures below 370 �C, the adsorption is self-limited to less

than 1 monolayer.30 This was also demonstrated in our pre-

vious work,15 where the self-limiting growth of AlN was

observed at temperatures up to 350 �C, while at 370 �C a fast

and non–self-limiting growth with a rate of far above 1

monolayer/cycle was found.

The higher nuclei density on the surface of PEALD films

shown in Figs. 3(c) and 3(e) can be caused by the two main

effects of plasma, which creates (1) more reactive surface

sites for adsorption and (2) more reactive gaseous species

(i.e., radicals). Both effects enhance the formation of nuclea-

tion sites, which consequently leads to faster closure of the

surface and the linear growth (Fig. 2, the squares and the

circles). In contrast, due to the lower nuclei density in the

initial stage of thermal ALD, larger grains are formed, result-

ing in a rougher surface as shown in Fig. 3(a). The

comparison between the height and the diameter of these

grains indicates a predominantly lateral growth of the nuclei.

C. Refractive index of AlN films

The refractive index, n, of AlN as a function of the wave-

length, k, is described by the empirical Cauchy model writ-

ten as35,36

n kð Þ ¼ An þ
Bn

k2
þ Cn

k4
; (1)

where An, Bn, and Cn are the index parameters. An relates to

the approximate amplitude for the material index, while Bn

and Cn determine the dependence of the index on wave-

length. During SE data acquisition, the An, Bn, and Cn are the

variable fit parameters.

The evolution of the refractive index of AlN during the

growth by thermal mode at 350 �C is plotted in Fig. 4(a),

showing a strong thickness dependence of n(k). The refrac-

tive index increases rapidly with film thickness up to 30 nm,

and gradually saturates above this thickness. This thickness-

dependence of the refractive index can be related to the film

FIG. 4. (Color online) Evolution of refractive index of AlN during growth by

thermal mode at 350 �C (a); the refractive index values at k¼ 632.8 nm

measured at various thicknesses and for different ALD modes (b).
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microstructure, morphology and mass density. With decreas-

ing film thickness, the refractive index decreases, possibly

due to lower density and lack of continuity or homogene-

ity.20 This was also observed in our previous work, where

the AlN films were grown by thermal mode using a different

ALD system.15 At a wavelength of 632.8 nm, for the film

with a thickness of 70 nm, a refractive index value of 2.02

was obtained. This value is in the common range of the re-

fractive indices of AlN films grown by ALD, which varies

from 1.9 to 2.1 for films with a comparable or higher

thickness.20,22

Figure 4(b) compares the refractive index at the wave-

length of 632.8 nm of AlN films grown by thermal (squares),

N2-H2 plasma (triangles), and NH3 plasma (circles) ALD

modes. The plots show similar trends of the refractive index

with increasing film thickness, although saturation of the re-

fractive index of the films grown by PEALD was achieved at

a lower thickness. Below 30 nm, the PEALD AlN films ex-

hibit a higher n. Both observations can be explained by the

relatively higher nuclei density in the initial stage of

PEALD, which also results in a lower film roughness [Figs.

3(c) and 3(e)]. The slightly higher refractive index of the

thermal ALD films thicker than 30 nm can be attributed to

the lower oxygen and higher carbon concentrations in the

film [see inset of Fig. 1(b)]. It is known that a higher oxygen

concentration (finally leading to AlOx) reduces refractive

index of the layer,22 whereas a possible impact of carbon

concentration requires a further study.

D. Crystalline structure of AlN films

The XRD patterns of 100-nm AlN films grown by the

three ALD modes are shown in Fig. 5. The patterns feature a

main peak at around 32.9�, which corresponds to the (10�10)

plane of the hexagonal wurtzite AlN.37,38 No (0002) peak

[expected at 2h � 36� (Ref. 22)] of a c-axis orientation of

the hexagonal structure was found, indicating a (10�10)

preferential growth of the films. This can be due to the fact

that the energy required to deposit a c-axis orientation AlN

is higher than that for the (10�10) orientation.37,38 The

slightly better crystallinity of plasma ALD films can be

explained by the additional energy provided by the plasma.

IV. CONCLUSIONS

Using in-situ spectroscopic ellipsometry and ex-situ
atomic force microscopy, we have investigated and com-

pared the initial growth and properties of AlN films depos-

ited on Si(111) by both thermal and plasma-enhanced ALD

modes. We showed that highly conformal and stoichiometric

AlN films with low oxygen and carbon contamination were

obtained. An incubation period (delayed growth) was only

observed for thermal ALD, followed by a linear growth. The

linear growth in the plasma ALD modes started without a

delay. This is attributed to the higher nuclei density due to

the presence of plasma. We observed the evolution of the re-

fractive index of AlN during growth, showing a rapid

increase up to a thickness of about 30 nm. Below this thick-

ness, higher refractive index values were obtained for AlN

films grown by PEALD, possibly due to the higher nuclei

density and lower surface roughness in the initial stage of

PEALD. Above 30 nm, the refractive index showed a grad-

ual saturation with increasing film thickness, and higher

index values were obtained for the thermal ALD films. This

can be due to the slightly higher oxygen and lower carbon

concentrations in the PEALD films. The XRD characteriza-

tion showed a wurtzite crystalline structure with a (10�10)

plane preferential orientation and a better crystallinity of the

PEALD films.
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