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Metal aluminum (Al) thin films are prepared by 2450 MHz electron cyclotron resonance plasma-assisted atomic

layer deposition on glass and p-Si substrates using trimethylaluminum as the precursor and hydrogen as the reductive

gas. We focus our attention on the plasma source for the thin-film preparation and annealing of the as-deposited

films relative to the surface square resistivity. The square resistivity of as-deposited Al films is greatly reduced after

annealing and almost reaches the value of bulk metal. Through chemical and structural analysis, we conclude that the

square resistivity is determined by neither the contaminant concentration nor the surface morphology, but by both the

crystallinity and crystal size in this process.
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1. Introduction

Aluminum (Al) and its alloy thin films (∼100 nm)

will be widely used for interconnections in both

bipolar and metal-oxide-semiconductor integrated

circuit devices,[1,2] device envelopment,[3−5] and

waveguides.[6] As the minimal feature size shrinks be-

low nano-size, successful Al metallization becomes a

critical process, especially in memory devices. Physi-

cal vapour deposition (PVD) techniques such as evap-

oration and sputtering are often used to deposit Al

films for these applications due to their high deposi-

tion rates and successful processing protocol. How-

ever, the deposition of a uniform thin Al film be-

comes extremely difficult with a high trench aspect ra-

tio. Conventional line-of-sight PVD techniques yield

insufficient step coverage. Therefore, the simple Al

evaporation/sputtering method cannot be applied to

a high aspect ratio of trench metallization because of

its poor hole-filling characteristics and unconformal-

ity, even though as-deposited Al films show a high con-

ductivity close to the ideal bulk value.[7−10] As an al-

ternative to PVD, chemical vapour deposition (CVD)

has received considerable attention because of its suf-

ficiently conformal coverage and relatively low process

temperature. However, the high surface roughness ob-

tained from CVD-deposited Al film has been generally

unsatisfactory, in particular when the thickness of the

film is of the order of 5–10 nm. The island growth

mode causes void formation in the initial stage of Al

film growth.

Atomic layer deposition (ALD) is a variation of

CVD, in which there is an alternating supply of the

gaseous precursors to the substrate.[11,12] Chemisorp-

tion through alternating pulses of purge precursor and

reactive gas in the ALD process reveals that the de-

posited film has good conformality, and is independent

of the substrate configuration. In addition, in ALD,

the self-limiting growth of the film can be achieved,

leading to uniformity over a large area.[13] This means

that in ALD the thin Al film can be uniformly de-

posited in a trench with a high trench aspect ratio.
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It is well known that plasma-assisted atomic layer

deposition (PA–ALD) always achieves a higher growth

rate and lower growth temperature than thermal ALD

(T-ALD). Thus in this paper, we explore the charac-

teristics of Al thin films deposited on glass and p-Si

substrates by PA–ALD. We employ plasma generated

by electron cyclotron resonance (ECR) at a microwave

frequency of 2450 MHz to enhance ALD. The plasma

generated by ECR enhances the surface uniformity

and thickness control in PA–ALD because this source

can provide a remote plasma and produce a high-

density species under low pressure. No electrode of

this source prevents pollution from the sputtered elec-

trode materials. Although substrate damage from ion

collisions is not of major concern,[14] this phenomenon

is unavoidable in capacitively coupled plasma.[15,16]

Then, Al films with a flat surface and small square

resistivity are expected to be obtained in ECR PA–

ALD.

We also perform annealing for high conductivity

in this work. As a result, the excellent qualities of Al

thin films after annealing change the concept and in-

dicate that crystallinity and crystal size, rather than

contaminant concentration, determine the square re-

sistivity.

2. Experimental details

We chose two kinds of substrates, i.e., glass and

p-Si, on which the Al thin films were grown. The

substrates were used for different purposes: structure

analysis and property measurement. Normally the re-

sistivity measurement was carried out on glass sub-

strate rather than p-Si to avoid the intrinsic resistiv-

ity from doped Si. However, we used Fourier trans-

form infrared (FTIR) on the p-Si substrate to anal-

yse the chemical structure. To obtain a hydrogen-

terminated surface, we dipped the glass and p-Si sub-

strates in a diluted HF (HF:H2O=1:100) solution and

then rinsed them in de-ionized water for pretreatment

several times.

In Al deposition we used liquid trimethylalu-

minum (TMA) as an Al precursor and H2 as the re-

ductive gas. During processing the TMA was carried

by Ar gas at 20 sccm, while the H2 flowed at 100 sccm.

The pulsed purge times of the Al source, H2, and Ar

were 2.5 s, 15 s, and 5 s, respectively, after optimal-

ity. The total cycle then consisted of TMA (2.5 s)/Ar

(5 s)/H2(15 s)/Ar (5 s).

Regardless of the effect of power on the conduc-

tivity of an as-deposited-Al thin film, the ECR plasma

powers were tuned from 50 to 250 W, and the tem-

perature varied from room temperature to 350 ◦C.

For comparison, the Al films were prepared using

both PA–ALD and plasma-enhanced chemical vapor

deposition (PECVD). For PA–ALD we used both the

radio frequency (RF) and ECR plasma sources to de-

posit the Al thin film. There are two processes in RF

PA–ALD, i.e., the plasma was switched on during the

H2 purge and the whole deposition period. In ECR

PA–ALD, however, the plasma was switched on only

for the whole deposition period. For PECVD, no al-

ternately pulsed purging of TMA and H2 was carried

out during deposition; instead, they were input simul-

taneously into the chamber for Al deposition.

It is well known that Al easily forms a native ox-

ide when exposed to air, which is electrically insulat-

ing. Therefore, to minimize oxidation, the apparatus

consisted of a deposition chamber and a load-locked

preparation chamber. After Al film deposition, inert

gas Ar was let into the deposition chamber as the sam-

ple cooled.

We measured the square resistivity using a four-

point probe (RTS-8, 10−3–106 Ω/�, resolution <

±0.3%, Guangzhou, China) to evaluate the conduc-

tive properties. The film thickness with respect to

the number of ALD cycles was detected with an ellip-

someter (HORIBA JOBIN YVON UVISEL). We used

X-ray diffraction (XRD, Rigaku D/max-200 diffrac-

tometer, Cu Kα) to obtain the crystalline pattern.

An atomic force microscope (AFM, Veeco 320, USA)

was used to scan the morphologies of the films de-

posited before and after the annealing process. We

used FTIR, (Shimadzu, FTIR-8400, Japan, precision:

±4 cm−1) to analyse the chemical structure related to

the electrical properties.

3. Results and discussion

To compare the films deposited by ALD and

PECVD, we prepared the Al thin films on glass

substrates to measure the resistivity and on p-Si

to measure the surface roughness. The processing

parameters are listed in Table 1. From Table 1

we see that the properties of the prepared Al films

depend greatly on the deposition methods. The

thinnest Al film was obtained with the RF PA–

ALD when the plasma was only switched on dur-

ing the H2 gas purge. The growth rate was only

0.0133 nm/cycle. A 1.04 nm/cycle deposition rate
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Table 1. Thicknesses and properties of Al films under different growth conditions.

Deposition condition RF plasma on H2 ALD RF plasma on the whole ALD process PECVD

power/W 100 250 250

TMA/(sccm/s) 20/4 20/4 20/0

H2/(sccm/s) 50/8 50/8 50/0

purge Ar/(sccm/s) 30/2 30/2 –

substrate temperature/◦C 250 250 RT

magnetic field/mT 6.2 6.2 6.2

deposition time 300 cycles 150 cycles 30 min

film thickness/nm 4 156.2 165.1

Rs/(kΩ/�) 43.3 12 15

RMS/nm 0.54 0.78 1.34

was achieved when the RF plasma was kept on for

the whole ALD process. This means that the plasma

largely determined the Al film growth rate. Compar-

ing the square resistivities of these as-deposited films,

we see that the film obtained during the whole PA–

ALD had the highest conductivity. Considering the

effect of film thickness, which is relevant to the re-

sistivity, this shows that RF PA–ALD benefited low-

resistivity film growth, although the value was still

remarkably higher than that for the bulk Al.

A 5.5 nm/min deposition rate was achieved when

the Al film was deposited through PECVD, i.e., simul-

taneous purging of TMA and H2 in the chamber in-

stead of alternating pulsed purging, as Table 1 shows.

This implies that the Al film simultaneously formed

in gaseous and solid phases, which certainly increased

the deposition rate. Moreover, the square resistivity

of the as-deposited Al film was higher than that of the

film deposited by RF–PA–ALD. We assume that this

is because more C- and H-related contamination in

the growth-film by PECVD leads to high resistivity,

which can be identified with the FTIR spectroscope

in Fig. 1. The peaks at 2800–2980 cm−1, assumed to

be the –CHn stretching vibration modes, are higher in

the PECVD film. The peak at 680 cm−1 correspond-

ing to AlH3 bond stretching in the FTIR spectrum

indicates that hydrogen chemically bonded to the Al

atoms and depended on the deposition method, but

did not significantly affect the resistivity.

The surface roughnesses in RF–PA–ALD and

PECVD were quite high, as expected from the direct

interaction of the species with the substrates; thus,

we tried to use remote plasma generated by an ECR

source.

Fig. 1. (colour online) The FTIR spectra of Al film de-

position in various plasma-assisted ALD processes.

As shown in Fig. 2, the film thickness increases

linearly with the processing cycle when ECR PA–ALD

was used for the whole process, although the ECR

plasma power was increased to 250 W and the etch-

ing was considerable. This means that the Al film

had self-controlled growth through the reductive re-

action of the monolayer chemisorption of TMA with

plasma dissociation H atoms during the pulsed purg-

ing. Based on the data in Fig. 2, the derived deposi-

tion rate is obtained to be 0.188 nm/cycle. Compared

with the data in Table 1, this is remarkably higher

than the rate of 0.0133 nm/cycle for only-H2 RF–PA–

ALD, but significantly lower than 1.04 nm/cycle when

RF plasma assists the whole ALD process. One rea-

son for the high growth rate is that in RF–PA–ALD,

the direct interaction of the species with the substrate

enhances film growth and restricts the competitive ab-

lation reactions. The lowest deposition rate in only-

H2–RF–ALD can be explained by the low availability

of H atoms in the plasma-assisted stage to reduce the

chemisorptive TMA precursor density.

From the insert in Fig. 2, we further presume that

the Al films prepared in ECR PA–ALD followed the

island growth mode (which will be later confirmed
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in AFM images). The lack of zero crossing in the

thickness–versus–growth cycles in the coordination in

Fig. 2 means that particle nucleation grows randomly

on the surface. In previous work,[17] however, we

noticed that the nucleation of particles in magnetic-

field-enhanced RF–PA–ALD greatly improved layer-

by-layer from the island with the growth line passing

through the zero point. However, this did not happen

here with ECR PA–ALD, even when a magnetic field

from the coils was also generated on the substrate.

The reason for this is still under investigation.

Fig. 2. (colour online) The relationship between Al film

thickness and processing cycle in ECR PA–ALD (TMA

20 sccm/2.5 s). The square dots denote the experimental

data, and the solid line represents a fit to the data. The

insert is the partial amplification of the curve.

We then studied, in detail, the influence of ECR

plasma power on the deposition rate, and the results

are shown in Fig. 3(a). We see that the remote plasma

causes a new film growth mode other than the one

generated by the directly interacting plasma in the

RF plasma.[15,16] Here, the higher the ECR power,

the thicker the film grows.

Figure 3(b) confirms the self-controlled growth

mode with the monolayer chemisorption of TMA by

varying the TMA pulse time. The sequence consisted

of TMA exposure for 1–5 s and Ar purging for 5 s, fol-

lowed by exposure to H2 for 15 s, and then Ar purging

for 5 s. In Fig. 3(b) we see that the growth rate in-

creases as the TMA pulse time increases to around 3 s

and then becomes constant at about 0.19 nm per cy-

cle with a 5 s pulse time. These results suggest that a

typical self-limiting chemisorption of TMA occurs in

ECR PA–ALD Al even when the plasma is switched

on for the whole process, and that the TMA pulsed

purge period is not less than 2 s in this system.

The influence of substrate temperature on the Al

film growth rate displayed in Fig. 4(a) shows that Al

film growth in ECR PA–ALD is in the chemisorptive

Fig. 3. (colour online) Al film thicknesses versus (a) MW

power and (b) TMA pulsed purge period.

Fig. 4. (colour online) Influences of substrate tempera-

ture on (a) the growth rate of Al films, and (b) the FTIR

spectra.

mode. The decay of film thickness with the substrate

temperature increasing shows that the desorption of
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the physisorption precursor from the substrate occurs

at high temperature.

From the FTIR spectrum in Fig. 4(b), we con-

clude that the ECR remote plasma is conductive to

restriction on contamination in the film. The peaks at

2800–2980 cm−1, assumed to be the –CHn stretching

vibration modes, are negligible in the spectrum. How-

ever, the similarity in the spectrum of as-deposited

film at various deposition temperatures implies that

the chemical structure in this spectrum cannot reveal

the intrinsic properties of an Al film, such as conduc-

tivity. The AlH3 peak observed in all samples, even

at a high substrate temperature of 350 ◦C, does not

alone reasonably explain the big difference in square

resistivity seen in Table 2. All the as-deposited films

show a high resistivity, although the sample prepared

at 350 ◦C shows an infinite resistivity because of the

no/random chemisorption that occurs at such a tem-

perature.

Table 2. The resistivities and thickness of films depen-

dent on the substrate temperature.

Substrate Square resistivity Rs/(kΩ/�)

temperature/◦C before annealing after annealing

25 (21 nm/100 cycle) 43.3 0.050

100 (19 nm/100 cycle) 36.5 0.048

150 (17 nm/100 cycle) 45.6 0.049

350 (14 nm/100 cycle) – –

After annealing at 250 ◦C for 10 min, on the

other hand, the conductivities were greatly improved.

We obtained square resistivities of 48 Ω/�, 49 Ω/�,

and 50 Ω/� for film thicknesses of 21 nm, 19 nm,

and 17 nm, respectively. Based on the negligible

changes in the FTIR spectrum before and after an-

nealing (Fig. 4(b)), we predict that the square resis-

tivity of Al films prepared by ECR PA–ALDmight not

be dominated by the chemical structure. Other fac-

tors such as surface morphology or crystallinity might

play an essential role.

The AFM images in Fig. 5 show that the crystal

size of Al films after annealing influences the square

resistivity. Before annealing, the root mean square

(RMS) of the grain size is 0.773 nm for as-deposited

films, but after annealing the RMS of the grain size

arrives at 1.4 nm (the RMS of the grain size of the

glass substrate is 1.21 nm). The Al crystal size was

obviously enlarged after annealing, from an average

of 71.67 nm to 127.67 nm, as determined from the

images. The large crystal size minimizes the crystal

interface, which leads to the small electron transfer

resistivity.[18]

Fig. 5. (colour online) Morphologies of (a) as-deposited

Al (deposited at 150 ◦C, 40 cycles), and (b) after anneal-

ing at 250 ◦C for 10 min.

Additionally, from the AFM images in Fig. 5, we

infer the early stages of Al nucleation during ALD.

Discrete nanoparticles at the initial stage of ECR

PA–ALD grow and coalesce into the film with an in-

creasing number of ALD cycles. The films are fine-

grained, highly conformal, and ultimately form a con-

tinuous layer after ∼40 cycles. However, the aggre-

gated nanograins coalesce into cylinders in crystal

style only with annealing.

The Al crystal growth after annealing was iden-

tified by the XRD pattern (Fig. 6). Before anneal-

ing, the signal corresponding to the crystal phase

was veiled by the background noise, but after anneal-

ing obvious planes (111), (200), (200), and (311) in

the pattern appeared. This is a typical face-centre-

cubic (fcc) Al crystal compared with the standard card

(No. 65-2869).

Concerning the square resistivity, we deduce from

the AFM images and XRD pattern that when Al films

were deposited in ECR PA–ALD, the small particles

were nucleated in island mode on the glass substrate

due to the remote plasma containing few charged par-

ticles in low energy and more active radicals. The
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Al films normally show a selectivity growth mode de-

pendent on the surface energy and polarity of the

substrate. The island growth mode causes the as-

deposited films to be in an un-continuous state, which

leads to a high resistivity when the nucleated particles

aggregate and form the film with nano-scale thickness.

This might be the reason why the square resistivity

of the film is independent of the deposition tempera-

ture, as shown in Table 2. In Table 2 we also notice

that the resistivity of the sample prepared at a sub-

strate temperature of 150 ◦C is 45.6 kΩ/�, a little

higher than that of film grown at room temperature

(43.3 kΩ/�). However, the momentum of the nucle-

ated grain immigration is obtained during annealing,

which promotes crystal formation and growth. The

relatively small concentration of amorphous Al and

relevant C and H contaminations after crystallization

still obstruct electron mobility. The square resistiv-

ity of 40 Ω/� after annealing, much larger than that

of the Al bulk, reminds us that two issues should be

considered: one is that the film thickness needs to be

greater than 100 nm, which is the critical thickness

for low resistivity;[15] and the other is contamination,

especially the oxide formation in the Al bulk. The

photos in Fig. 7 confirm that the weak-metallic polish

of Al on the glass substrates implies oxidation on the

film. The Al surface was easily oxidized because the

Al film was not protected before being taken out of

the chamber.[15,16]

Fig. 6. (colour online) XRD patterns of as-deposited Al

films before and after annealing at 250 ◦C for 10 min.

One way to reduce film oxidation is to anneal

the film in the H2 environment, where the O2 ad-

sorbed on the film surface is reduced by H atoms after

annealing.[19] The C contamination in the film (nor-

mally about 3% C contained in ALD films) can also

be reduced by H during annealing. Another way is

to protect the surface with anti-oxidization coatings,

such as TiN.[15,16] However, this restricts the use of

the Al film as a conductor layer.

Fig. 7. (colour online) Photos of ECR–ALD Al films de-

posited on glass substrates under the conditions: (a) am-

bient temperature, H2 at 100 sccm/15 s, Rs = 48 Ω/�,

thickness = 21 nm; (b) 100 ◦C, H2 at 100 sccm/15 s,

Rs = 49 Ω/�, thickness = 19 nm; (c) Al foil; (d) 150 ◦C,

H2 at 100 sccm/15 s, Rs = 69 Ω/�, thickness = 16.9 nm;

(e) 100 ◦C, H2 at 100 sccm/25 s, Rs = 45 Ω/�, thickness

= 25.8 nm.

4. Conclusions

Metal Al films were deposited by PA–ALD, and

Al films were also deposited by PECVD for compari-

son. The result shows that Al metal films can be de-

posited by all the methods mentioned above, but the

chemical structure, square resistivity, and morphol-

ogy are related to the assistant methods. PA–ALD

provides a better-property metal; in particular, the

ECR remote plasma can deposit a relatively pure film.

The chemical structure does not seem to dominate the

conductivity but rather the crystallinity, which signifi-

cantly determines electron mobility. The result is that

annealing is very important for achieving low Al resis-

tivity. The enlarged crystal size and low contamina-

tions after annealing are responsible for the enhanced

conductivity.
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