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The thickness and temperature dependence of the electrical resistivity of the �111� textured ultrathin
aluminum metal films grown on �111� Si substrates using molecular-beam epitaxy have been
investigated. For films with thickness �50 nm, the room-temperature value of resistivity—contrary
to the predictions of existing theoretical models—is found to increase monotonically with thickness.
In addition, the temperature dependence of these films exhibited a metal-to-insulator transition at
�110 K. The studies of films using atomic force microscopy, x-ray photoelectron spectroscopy, and
x-ray diffraction revealed that the observed anomalous thickness and temperature dependence of
resistivity arise due to the formation of two-dimensional network of Al islands, and the
low-temperature electric transport of such films could be explained using variable range hopping
conduction. © 2005 American Institute of Physics. �DOI: 10.1063/1.1977188�

Ultrathin films, thickness �t��50 nm, of metals, e.g., Al,
Au, Pd, etc., are of technological importance for nanotech-
nology. In particular, ultrathin Al films are considered to be a
potential candidate as a buffer layer for Ag or Cu metalliza-
tion in futuristic ultralarge-scale integration �ULSI� or gigas-
cale integration �GSI� technology.1–5 However, at such a low
t ��50 nm� the electrical resistivity of Al is expected to be
much higher than that of the bulk value due to various
known effects. �i� External size effect: as t of the film be-
comes smaller than the mean free path ��� of the electrons,
the electrons are scattered at the external surface, which re-
sults in an increase in the film resistivity. This effect in me-
tallic thin films was developed by Fuschs and extended by
Sondheimer �known as FS theory�.6 �ii� Internal size effect:
the internal size effect theory, developed by Mayadas et al.,7

takes into account the electron scattering at the grain bound-
aries. �iii� Electron scattering at impurities, vacancies, and
dislocations as thin films are more susceptible to the forma-
tion of these defects.

Most of the previous works on ultrathin Al films were
done on polycrystalline samples deposited on SiO2 or glass
at ambient temperature.8,9 For such films, the t dependence
of resistivity was found to be in agreement with the above-
mentioned theories. In this communication, we show that the
electrical properties of textured ultrathin Al films grown on
technologically important Si substrates are not in agreement
with existing theoretical models. We have observed that tex-
tured ultrathin Al films grow via the Volmer-Weber growth
mechanism, which leads to the formation of a two-

dimensional network of Al islands, and low-temperature
electrical transport in these films is best described by vari-
able range hopping �VRH� conduction.

Ultrathin Al films of different t in the range of 10–200
nm were grown in a molecular-beam epitaxy �MBE� system
�RIBER model EVA 32�, and the details of the MBE system,
substrate preparation, and deposition process are discussed in
our recent papers.3–5 The film deposition on chemically
cleaned and vacuum baked Si �111� substrates ���1 � cm�
were carried out at 250 °C. The evaporation source employed
was an effusion cell loaded with 99.999% pure Al. The base
vacuum during the depositions was better than 10−9 torr. For
the measurement of deposition rate, the pressure �p� of the
material in substrate position was measured using a flux
gauge, and the flux was calculated using the relation F
=3.52�1022 P /�MT molecules/cm2 s, where p is in torr, M
is the molecular weight of Al, and T �1473 K� is the tem-
perature of the effusion cell. The deposition rate was found
to be �0.15 Å/s. After deposition, Al films were transferred
without breaking vacuum to an analysis chamber for x-ray
photoelectron spectroscopy �XPS� measurements. XPS spec-
tra were recorded using Mg K� �1253.6 eV� source and a
made analyzer computer �MAC�-2 electron analyzer. The
binding-energy scale was calibrated to Au 4f7/2 line of
83.95 eV.

The film texture was assessed by x-ray-diffraction mea-
surements. The surface morphologies of the Al films were
recorded ex situ under ambient conditions using a scanning
probe microscope �SPM, model Solver P47� in noncontact
mode.10 The electrical resistivity of the Al films was mea-
sured by linear four-probe method in the temperature range
of 300–30 K using a close cycle Helium cryostat.

The recorded x-ray-diffraction �XRD� patterns showed
that Al films, irrespective of the t of films, are highly �111�
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oriented. The atomic force microscopy �AFM� images de-
picting the morphology of Al thin films of different thick-
nesses have been recorded. The AFM images have been
quantified by recording the height profiles across the length
of the images, as described in our earlier paper.10 This quan-
tification provides information on the average grain size �d�
and average surface roughness �h�. The obtained results on t
dependence of d and h / t ratio are plotted in Fig. 1. From Fig.
1, the major inferences drawn are as follows. �i� The films
grow via three-dimensional �3D�-island Volmer-Weber
growth mechanism. �ii� The d increases monotonically up to
a thickness of 100 nm and above that the films become con-
tinuous across the substrates. �iii� An h / t ratio �1 implies
that the films are very rough. Thus, the data of Fig. 1 indicate
that for t	50 nm the isolated islands form a random two-
dimensional network, which is also apparent from Fig. 1.
The h / t ratio becomes less than 1 for t
60 nm, which indi-
cates that the coalescence of islands begins for a thickness of
60 nm. The h / t ratio for film thickness of 100 nm is only
0.046, indicating that all the grains are fused together and the
resultant film is continuous.

The core-level Al-2p and Si-2p XPS spectra recorded for
Al thin films of different thicknesses are shown in Fig. 2. It is
seen that Al is mainly in the metallic state �corresponding to
a peak at 72.4 eV�; however, the presence of a faint peak at
74.8 eV reveals the formation of oxide, which indicates
strong affinity of Al towards the residual oxygen present in
the growth chamber.3 In addition, a peak corresponding to Si

is observed for t range of 10–50 nm, though the intensity
monotonically decreases and becomes zero for the 60-nm
film. The observation of a large Si peak is quite interesting
considering the facts that �i� Al does not form silicide as
other �Fe, Ti, V, etc.� metals and Si has very low solubility in
Al �Refs. 11 and 12� and �ii� XPS is a surface sensitive
technique with a sampling depth of 3 nm.13 Since the mini-
mum t of our films is 10 nm, therefore the XPS signals of Si
are attributed to originate from the interisland regions of Al
films. The Si peak vanishes for t
60 nm, and this is ex-
pected as Al islands coalesce. Thus, the XPS data provide an
additional support to the AFM analyses on t-dependent
island-type growth and coalescence of Al films.

The measured room-temperature resistivity ��RT� of
�111�-oriented Al thin films plotted against t is shown in the
inset of Fig. 3. The �RT value of the 10-nm films is
59.9 �� cm, which increases monotonically up to a value of
196.6 �� cm as t increases to 40 nm. The �RT is found to
decrease for t�40 nm. It may be noted that �RT drops by an
order of magnitude as t increases from 50 to 60 nm. The bulk
value of �RT �2.69 �� cm� is obtained for a t value of 200
nm. We analyze this �RT vs t data using the framework of
existing models.6,7,14 As discussed earlier, the larger electri-
cal resistivity of metal thin films compared to that of the bulk
value arise due to external size effect, internal size effect,
and electron scattering due to impurities, vacancies, and dis-
locations. Dobierzewska-Mozrzymas and Warkusz14 consid-
ered all these factors and derived the following theoretical
relation for the metallic thin films:

� = �b + �d + �t. �1�

In this equation, �b is the bulk value of resistivity and takes-
into account impurities, vacancies, and dislocations, �d is the

FIG. 1. Thickness �t� dependence of average grain size �d� and average
surface roughness �h� to t ratio, i.e., h / t ratio, measured for Al thin films.
The solid lines are obtained by B-spline fitting of the data points and are
provided as guide to the eye.

FIG. 2. Core-level Al-2p and Si-2p spectra recorded for Al thin films of
different thicknesses. The intensity of Si peak decreases with increasing film
thickness.

FIG. 3. Temperature dependence of � recorded for Al films of different
thicknesses. Note the metal-to-insulator transition for films with t	50 nm at
around 110 K. Inset: room-temperature resistivity ��RT� of Al thin films as a
function of film thickness. The solid line is obtained by B-spline fitting of
the data points and is provided as guide to the eye.
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resistivity that depends on the grain diameter �d� via the
relation �D=3�R�b /2d�1−R� �where � is the electron mean
free path, R is the grain-boundary scattering coefficient�, and
�t is the resistivity term that depends on t via �t=3��1
− f��b /8t �where f is the fraction of electrons specularly scat-
tered at the external surface�.

According to Eq. �1�, the �RT should decrease with in-
creasing t as well as d. In the present case, this theory ap-
pears to be valid for t in the range between 50 and 200 nm,
as �RT decreases with increasing t. However, for t in the
range of 10–40 nm, contrary to the prediction of Eq. �1�, the
�RT increases with t despite of the fact that in this range both
t and d increase. Thus, the mechanism of electrical transport
in this t range appears to be radically different. As we have
discussed earlier, the growth morphology of films having t
	50 nm consists of two-dimensional �2D� network of Al
islands. Moreover, as the XPS data of Fig. 2 suggest, the
grain boundaries of such Al islands are covered with alumi-
num oxide. These results indicate that the charge carriers are
localized within grains and, therefore, transport of charge
carriers is likely to be dominated by the hopping mechanism.
The best way to test the hopping conduction is to measure
the temperature dependence of �, and the results are shown
in Fig. 3. It is evident that all the �-T curves for films with t
in the range of 10–50 nm exhibit a metal-to-insulator �M-I�
transition around 110 K. If the charge transport takes place
via the hopping mechanism, then the insulating part should
obey the theoretical prediction of 2D VRH conduction,15 i.e.,

� = �0 exp�T0/T�1/3. �2�

In order to test the validity of Eq. �2�, the low-
temperature data are plotted as ln � vs (1 /T)1/3, and is shown
in Fig. 4. A linear fit of the data suggests that charge trans-
port takes place via 2D VRH. The parameters T0 and �0,
determined, respectively, from the slope and intercept on the
Y axis of the linear fit, are plotted as a function of t in the
inset of Fig. 4. A decrease in both the parameters indicates
that charge localization becomes weaker as t increases. This
might be related to an increase in island diameter �see Fig. 1�
as the surface-to-volume ratio decreases with increasing di-
ameter, and the surface oxide layer contributes to the local-
ization. This behavior, however, contradicts the increase in

�RT with t as well as d. This is not surprising as at high
temperatures all the films show a metallic behavior, indicat-
ing a different conduction mechanism. These results reveal
that the mechanism of charge transport in these films is tem-
perature dependent, and requires further investigations to un-
derstand the anomalous behaviors. It may be noted that the
M-I transition observed in the present case, as one may sus-
pect, is not due to the interdiffusion of Si into Al. The solu-
bility of Si in Al is about 1% at an annealing temperature of
500 °C.16,17 But our processing temperature was 250 °C,
hence solubility of Si in the films would be much lower. If
the presence of Si or the interfacial reaction is considered
solely responsible for the M-I transition, then the M-I tran-
sition temperature should systematically shift to lower tem-
perature with increasing film thickness as due to diffusion
limitation less Si would be incorporated in thicker films �this
is supported by the XPS data of Fig. 2�. But it is seen in Fig.
3 that the M-I transition temperature remains around 110 K
for all thicknesses �10–50 nm�. Further absence of M-I tran-
sition for films of 60 nm thickness coincides with the ab-
sence of grain boundaries for this thickness �as discussed
above�, indicating that growth morphology is responsible for
the M-I transition.

In conclusion, textured ultrathin Al films �t	50 nm�
form a random two-dimensional network of islands on Si
�111� substrate via the Volmer-Weber mechanism. The elec-
trical resistivity of such films cannot be accounted by the
known existing models for thin films. It has been shown that
the low-temperature electrical transport in these films obeys
a 2D variable range hopping conduction mechanism.
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