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Aluminum (Al) films with thickness of 100 nm were grown on unheated glass, silicon and mica substrates by electron beam 

evaporation. The deposition rates were adjusted in the range between 0.1 nm/s and 2 nm/s, the pressure in the vacuum 

chamber during deposition was lower than 1·10–3 Pa. The structure and surface morphology of the as-deposited Al films 

were studied using scanning electron microscopy (SEM) and atomic force microscopy (AFM). SEM imaging of the films 

showed that the mean grain size of thin Al films on all of the substrates increased from 20 nm – 30 nm to 50 nm – 70 nm 

with increase of the deposition rate. Quantitative AFM characterization showed that for all substrates the root mean square 

surface roughness increases monotonically with increasing the deposition rate from 0.1 nm/s to 2 nm/s. The observed effects 

of the deposition rate on the grain size and surface roughness are explained by the fundamental characteristics of the island 

growth mode, the influence of the background gases and the surface morphology of the bare substrates. 
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1. INTRODUCTION
∗

 

Aluminum in the form of thin evaporated films has 

numerous applications in different branches of modern 

technology. It is known to be one of the most important 

materials for microelectronics, where it is used for the 

fabrication of interconnects and Ohmic contacts [1]. 

Because of its high reflectance and good adherence to 

glass, evaporated aluminum is the most frequently used 

coating for optical mirrors [2, 3]. Other applications of thin 

evaporated aluminum films include near-field fiber-optic 

probes [4], thin film transistors [5], flat panel displays [6] 

and solar cells [7]. 

For all these reasons, the properties of thin Al films 

produced by e-beam or thermal evaporation have been 

extensively studied by a number of research groups [2 – 4, 

8 – 19]. It is known that structural and therefore also elec-

trical and optical properties of thin metallic films are af-

fected by a few factors, namely by the type of the substrate 

[20 – 23], the thickness of the film [12, 13, 15, 17], the 

deposition rate [13, 14, 16, 21, 22, 24], the temperature of 

the substrate [8, 11, 16, 22], the annealing conditions 

[9, 17] and the background gas composition [4, 14]. 

The deposition rate is one of the most important pa-

rameters influencing the structure and surface morphology 

of the resulting thin films. In principle, this parameter can 

be readily controlled during the fabrication process. 

Semaltianos [13] studied thin Al films produced on quartz 

substrates by evaporation from a boat at rates from 

0.1 nm/s to 2 nm/s. It was found that the root mean square 

(rms) roughness of the 22 nm thick Al films increases from 

about 3.2 nm to 5 nm with an increase of the rate from 

0.2 nm/s to 1.5 nm/s. Qui et al. [14] investigated the 

influence of the deposition rate on the structure, composi-

tion and resistivity of thin Al films produced by e-beam 

evaporation on glass at two rates: 0.17 nm/s and 0.55 nm/s. 
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The film prepared at higher deposition rate had larger grain 

size but lower roughness than the one made at lower rate. 

Higo et al. [16] did not observe any change in the surface 

roughness of 200 nm thick evaporated Al films on mica as 

the deposition rate increased from 0.5 nm/s to 2 nm/s. Data 

on the rate-dependent properties of thin evaporated Al 

films on silicon, as well as data for a wide range of 

deposition rates for glass and mica, are lacking so far in the 

literature. In the present paper, we investigate the structure 

and surface morphology of thin Al films produced by  

e-beam evaporation on three different substrates (silicon, 

glass and mica), as a function of deposition rate within a 

wide range of rates (from 0.1 nm/s to 2 nm/s). The as-

prepared films are studied by means of scanning electron 

microscopy (SEM) and atomic force microscopy (AFM); 

the results are cross-compared and briefly discussed. 

2. EXPERIMENTAL 

A conventional electron beam evaporation system 

(Edwards Auto 500) equipped with an oil-free turbo-

molecular pumping system was used in the present work. 

The film thickness and deposition rate were controlled by a 

quartz microbalance. Aluminum films with a thickness of 

about 100 nm were deposited on unheated silicon, glass or 

mica substrates using a high-purity (99.99 %) Al target 

placed into an intermetallic (BN-TiB2) crucible liner. The 

films were produced at 5 different evaporation rates: 

0.10 ±0.02, 0.20 ±0.02, 0.5 ±0.1, 1.0 ±0.1 and 2.0 ±0.2 

nm/s. The required evaporation rate was achieved by 

adjusting the e-beam current. The pressure in the chamber 

during deposition was better than 1·10–3 Pa. The 

acceleration voltage of the electron gun was fixed at 

4.76 kV and the e-beam current was kept in the range 

between 20 mA and 80 mA, depending on the required 

evaporation rate and the load of the crucible. 

The silicon (Si (100), p-type, resistivity (1 – 100) 

Ohm·cm–1) and glass (BK7) substrates were pre-cleaned 

by ultrasonication in acetone and ethanol (5 min. in each 
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solvent) followed by oxygen plasma etching (5 min. at 

300 W, Branson IPC 3000 barrel plasma system). The 

muscovite mica substrates (grade V-3, Plano GmbH) were 

cleaved in air and transferred thereafter immediately into 

the deposition chamber. 

The SEM imaging of the evaporated thin Al films was 

performed in a commercial instrument (Hitachi S-4800) 

with an acceleration voltage of 2 kV – 3 kV. The ranges of 

grain size of the films were obtained by picking randomly 

20 grains on each SEM image and estimating their 

equivalent diameters. 

The AFM characterization was performed using a 

Dimension 3100 AFM (Digital Instruments, Veeco, CA) 

operated in tapping mode. The topographic and phase 

images were recorded simultaneously using a standard 

silicon tip with radius 10 nm. The spring constant of the 

cantilever was between 20 N/m and 100 N/m. Root mean 

square (rms) surface roughness values were determined for 

each sample on an area of (30 × 30) µm2. Rms surface 

roughness values were calculated using free SPM analysis 

software (Gwyddion [25]). 

3. RESULTS 

3.1. SEM 

SEM imaging of thin evaporated Al films allowed us 

to observe the microstructure of the films as a function of 

deposition rate and to estimate the grain size. 

Fig. 1 shows representative SEM images of thin Al 

films evaporated onto silicon substrates at different 

deposition rates from 0.1 nm/s to 2 nm/s.  
  

 

 

 

Fig. 1. SEM images of thin Al films produced on silicon 

substrates at different deposition rates: 0.1 nm/s (a), 

0.5 nm/s (b), 1 nm/s (c) and 2 nm/s (d, e); (e) is the cross-

sectional view of the film shown on (d) 

In order to achieve a better contrast for the film 

structure, the top view images (Fig. 1, a – d) were obtained 

with the SEM stage being tilted by 45° with respect to the 

horizontal position. For all of the films, a grainy surface 

structure with well-defined individual grains and voids 

between them is observed. The films produced at the lower 

deposition rate (0.1 nm/s) exhibit a rather smooth grainy 

surface. The grains have spherical or oval shape and are 

almost uniform in size. The films produced at higher rates 

(1 nm/s – 2 nm/s) exhibit single outgrowths (hillocks) 

protruding out from the film surface. The density of the 

hillocks increases with an increase in the deposition rate. 

The ranges of grain size (nm) of the deposited thin Al 

films, estimated from the SEM images, are presented in 

Table 1.  

Table 1. Ranges of grain size (nm) of thin Al films evaporated on 

glass, silicon and mica substrates at different deposition 

rates, as estimated from SEM images 

Deposition 

rate, nm/s 

Substrate 

Glass Silicon Mica 

0.1 20 – 40 15 – 30 15 – 30 

0.2 20 – 40 15 – 40 15 – 30 

0.5 20 – 50 20 – 40 20 – 40 

1.0 30 – 70 20 – 70 30 – 70 

2.0 40 – 100 30 – 80 40 – 100 

 

 
 

 

Fig. 2. AFM images ((30 × 30) µm2) of 100 nm thick Al films 

evaporated on silicon substrates at 0.5 nm/s (a) and 2 nm/s (b) 

It can be seen that the average grain size increases 

monotonically with increase in deposition rate. At low 

deposition rates (0.1 nm/s – 0.2 nm/s) the films consist of 

small grains with almost uniform size (in the range between 

15 nm and 40 nm). At higher rates (1 nm/s –2 nm/s) large 
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hillocks having size of 50 nm – 100 nm appear on the film 

surface. At the same time, there are still a lot of smaller 

(20 nm – 50 nm) grains in the areas between the hillocks. 

Thus, the grain size distributions of the as-deposited Al films 

become wider with increase in deposition rate. 

3.2. AFM 

The surface morphology of the thin Al films on 

different substrates was investigated by tapping mode 

AFM as a function of deposition rate. Root mean square 

surface roughness values were determined on an area of  

(30 × 30) µm2. For each of the samples, including bare 

glass, silicon and mica substrates, 5 scans of the same area 

at the same scanning parameters were performed. 

Fig. 2 shows typical AFM scans of 100 nm thick Al 

films evaporated onto silicon substrates at two deposition 

rates: 0.5 nm/s and 2 nm/s. It can be seen that at the lower 

deposition rate of 0.5 nm/s (Fig. 2, a) the Al film is rather 

smooth but exhibits a grainy morphology. For the higher 

deposition rate of 2 nm/s (Fig. 2, b) the same kind of 

surface morphology is observed; however, the film con-

sists of bigger grains and there are more big hillocks on the 

surface. 

In Table 2, rms surface roughness for thin Al films, 

produced on different substrates at different deposition 

rates, are summarized. 

Table 2. Rms surface roughness (nm) of thin Al films evaporated 

on glass, silicon and mica substrates, as a function of 

deposition rate. The mean values are obtained from  

5 scans of  (30 × 30) µm2 size on each sample 

Deposition rate, 

nm/s 

Substrate 

Glass Silicon Mica 

0 (bare substrate) 1.06 ±0.22 1.24 ±0.20 0.25 ±0.05 

0.1 1.12 ±0.09 1.25 ±0.10 0.67 ±0.11 

0.2 1.23 ±0.13 1.30 ±0.18 1.10 ±0.17 

0.5 1.6 ±0.5 1.51 ±0.25 1.46 ±0.15 

1 2.0 ±0.6 1.73 ±0.19 1.8 ±0.4 

2 4.1 ±0.7 3.6 ±0.7 3.8 ±0.6 
 

As can be seen from the data presented, the rms rough-

ness of as-produced Al films increases significantly as the 

deposition rate is increased from 0.1 nm/s to 2 nm/s. For 

low rates (0.1 nm/s – 0.2 nm/s) the roughness of the films 

correlates well with the roughness of the bare substrates. In 

particular, the films deposited on mica are much smoother 

than the ones evaporated on glass and silicon. 

4. DISCUSSION 

In the present work, the microstructure of thin 

evaporated Al films was observed and evaluated by SEM 

and AFM. The former technique provides general 

information about the surface structure (shape and size of 

grains), while the latter technique allows quantitative 

characterization of the surface morphology, including e. g. 

the determination of surface roughness. 

As can be seen from SEM images (Fig. 1), all the Al 

films exhibit a grainy structure with well defined columnar 

grains separated by voids. This kind of structure was ob-

served for many evaporated and sputtered films [26 – 30]. 

In order to describe it, the so-called structure zone model 

was proposed [26, 27]. According to this model, the film 

surface structure is dominated by the substrate temperature 

(T). There are 3 main structure zones with boundary tem-

peratures T1 = 0.3Tm and T2 = 0.5Tm, where Tm (K) is the 

melting point of the film material. At relatively low tem-

peratures (T < T1, zone 1), the surface diffusion of adatoms 

is too weak to ensure the filling of the shadowed surface 

regions (self-shadowing effect). That leads to the forma-

tion of the characteristic well-defined columnar structure. 

The films deposited at higher temperatures (T1 < T < T2, 

zone 2) exhibit much larger columns with domed tops. The 

surface diffusion of adatoms becomes sufficient which 

leads to surface recrystallization under these conditions. 

The films deposited at T > T2 (zone 3) consist of big grains 

with flat and faceted faces [27]. 

In the present work, the Al films were deposited at 

room temperature (20 °C, T
 

/ Tm = 0.31 for Al) which 

corresponds to the boundary between zone 1 and zone 2. 

Even if a slight heating of the substrates by radiation from 

the evaporation source takes place, that should not lead to 

any significant changes in the films structure, according to 

the zone model. Therefore, the observed difference in the 

structure and morphology of the films is most probably 

caused by deposition rate effects. 

From the SEM images, the average grain size of the Al 

films prepared at different evaporation rates was estimated. 

The results are presented in Fig. 3. It can be seen that for 

all substrates the average grain size increases monotoni-

cally with increase in deposition rate. For films deposited 

onto different substrates at the same rate, the grain size 

ranges are approximately the same (see also Table 1). 

 

Fig. 3. Range of grain size (estimated from SEM images) of thin 

Al films evaporated on glass, silicon and mica substrates 

as a function of deposition rate 

The observed dependence of grain size on deposition 

rate is consistent with the results obtained by Semaltianos 

[13] for thin evaporated Al films on quartz and also with 

the results reported by Cai et al. [24] for thin evaporated Ti 

films on glass. This trend can be explained by considering 

the processes of surface diffusion of adatoms and 

nucleation and coalescence of metal clusters during 

deposition [30]. The Al atoms arriving onto the substrate 

surface can diffuse along the surface and form clusters 

which can in turn contribute to the formation of crystallites 

(grains). At low evaporation rates and low substrate 
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temperatures, the surface diffusion of the Al atoms and 

formation of Al clusters is not prominent. Therefore the 

density of clusters (nuclei) which can potentially coalesce 

to form grains is small, resulting in a small grain size. At 

higher deposition rates, the number of Al atoms arriving 

onto the surface per unit time is higher. Consequently the 

number of nuclei formed on the surface is bigger which 

leads to the formation of bigger grains. 

In addition to the mechanism described above, the 

residual gases such as oxygen are considered to affect the 

growth of the individual grains [14, 30]. The adsorbed 

oxygen and/or oxide precipitates, which accumulate on the 

surface of growing crystallites, can suppress the crystallite 

growth. The ratio of the number of residual gas atoms 

impinging on the substrate or the film surface to the number 

of film atoms arriving to the substrate or the film surface per 

time and area (in other words, the concentration of residual 

gas atoms in the film) is inversely proportional to the 

deposition rate [14]. Thus it can be assumed that at given 

temperature, pressure and residual gas composition, the 

concentration of residual gas atoms in the film decreases by 

a factor of 20 with increase in the deposition rate from 

0.1 nm/s to 2 nm/s. Therefore increasing the deposition rate 

within the stated range should significantly weaken the 

influence of the residual gas atoms on the grain growth and 

allow the formation of bigger grains. 

Surface roughness of metal thin films and coatings is 

known to influence their properties (such as wear and 

corrosion resistance, reflectivity, etc.) which are critical for 

practical applications. In the present work, the surface 

roughness of the thin evaporated Al films was determined 

from AFM data. For each of the samples 5 scans of the 

same area ((30 × 30) µm2) at the same scanning parameters 

were obtained. The dependence of the rms surface 

roughness on the deposition rate is shown in Fig. 4 (for 

uncertainties, refer to Table 2).  

 
Fig. 4. Rms surface roughness (obtained from 5 scans of 30 × 30 

µm2 size on each sample) of thin Al films evaporated on 

glass, silicon and mica substrates as a function of 

deposition rate 

It can be seen that the rms roughness of the Al films on 

all substrates increases monotonically with increase of the 

deposition rate. These results agree with the data reported 

by Semaltianos [13] but they are not consistent with the 

data presented by Qui et al. [14] who observed a decrease 

in the roughness of Al films on glass from 2.5 nm to 

1.5 nm with an increase of deposition rate from 0.17 nm/s 

to 0.55 nm/s. However in the latter study only single 

values of roughness were presented which were 

determined from very small areas ((0.5 × 0.5) µm2). In such 

a case the value of surface roughness on a bigger scale 

(tens of µm), arising from the large grains and hillocks 

formed at high deposition rates, might be underestimated. 

It is known that the main factors contributing to the 

roughening of evaporated metal films are self-shadowing 

(mentioned above) and statistical roughening. The self-

shadowing effect leads to the formation of the 

characteristic columnar structure of thin films in zone 1, 

according to the zone model [26, 27]. Statistical 

roughening is caused by the statistical fluctuation of the 

vapor flux. This phenomenon also causes the increase in 

surface roughness with an increase of film thickness 

[13, 30]. The increase of surface roughness for the Al films 

under investigation agrees well with the increase in 

average grain size estimated from the SEM images. At 

lower deposition rates (0.1 nm/s – 1 nm/s) the roughness is 

determined by the size of the columnar grains and the 

depths of the voids between them. At the higher rate of 

2 nm/s the significant increase in roughness is apparently 

related to the big number of large hillocks protruding out 

from the film surface.  

It should be noted that at low deposition rates 

(0.1 nm/s – 0.2 nm/s) the roughness of the Al films 

correlates well with the roughness of the bare substrates. In 

particular, the films deposited on mica are significantly 

smoother (rms roughness 0.25 nm – 0.67 nm) than the ones 

evaporated on glass and silicon (rms roughness higher than 

1 nm). At higher deposition rates (0.5 nm/s – 2 nm/s) the 

roughness of the films deposited on different substrates has 

very similar values for each rate. It is known [31] that a 

thin film can mimic some morphology features from the 

substrate. Apparently, for 100 nm thick Al films which are 

evaporated at low rates and consist of fine grains, this 

effect is rather prominent. At higher rates, the overall 

coarsening of the surface structure does not allow us to 

observe any correlation between the roughness values of 

the Al films and that of the bare substrates. 

5. CONCLUSIONS 

In the present work, thin Al films with thickness of 

100 nm were prepared by e-beam evaporation on three 

different substrates: glass, silicon and mica. The pressure 

in the vacuum chamber during deposition was lower than 

1·10–3 Pa. The surface structure and morphology were 

investigated as a function of deposition rate within a wide 

range of rates: from 0.1 nm/s to 2 nm/s. 

SEM imaging of the as-prepared films reveals a grainy 

structure, with the grain size and overall roughness being 

strongly dependent on the deposition rate. The films 

produced at higher rates (1 nm/s – 2 nm/s) exhibit 

outgrowths (hillocks) the density of which increases with 

increase in deposition rate. The mean grain size increases 

for Al films on all substrates from 20 nm – 30 nm to 

50 nm – 70 nm with increase of deposition rate. 

Quantitative AFM characterization reveals a strong 

dependence of the surface roughness of the deposited films 

on the evaporation rate. For all substrates, the root mean 
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square surface roughness increases monotonically with 

increasing the deposition rate from 0.1 nm/s to 2 nm/s. For 

low rates (0.1 nm/s – 0.2 nm/s) the roughness of the films 

correlates well with the roughness of the bare substrates. 

Three main factors are believed to be responsible for 

the observed dependence of the grain size and surface 

roughness on the deposition rate. They are: (1) the 

characteristic features of the island growth mode (surface 

diffusion of adatoms, nucleation and coalescence of Al 

clusters); (2) influence of the residual gases (in particular 

oxygen), which can be incorporated into the film during 

deposition, on the grain growth; (3) the surface 

morphology of the corresponding bare substrates. 
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