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We have deposited ultrathin (<10 nm) Ni films (UTMFs) on a dielectric substrate with high uniformity
and investigated their stability, i.e. how their optical and electrical properties are affected by oxidation.
We show that the oxidation process can be exploited to achieve stable films: an appropriate temperature
cycle in the presence of oxygen produces a protective oxide layer on top of the metallic film which pre-
vents further oxidation. The achieved stability, combined with large optical transmission and electrical
conductivity, makes UTMFs high quality transparent electrodes for the optoelectronics industry, seriously
competing with widely used transparent conductive oxides.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Optically transparent and electrically conductive electrodes are
of crucial importance for many photonic applications, such as solar
cells, organic light emitting diodes (OLEDs), photodetectors, inte-
grated modulators, electrochromic devices and flat panel displays.
Up to now, major effort has concentrated to produce high quality
transparent conductive oxides (TCOs), being indium tin oxide
(ITO) the most widely used among them. Despite the excellent
trade-off between electrical resistivity and optical transparency
that can be achieved for ITO [1,2], drawbacks such as compatibility
with organic materials [3], integration into industrial process flows
and cost have led to the search of alternative materials, including
zinc oxide [4], metal alloys [5], thin noble metal films [6], alkaline
earth metals protected from oxidation by a thin noble metal layer
[7], carbon nanotubes [8], multi-component metal films [9] and
single-component ultrathin metal films (UTMFs) [10]. UTMFs
based on transition metals overcome the high cost of raw materials
such as indium (In) and noble metals and can be grown using a
simple single process technique, i.e. sputtering, thus becoming a
straightforward solution to be integrated into typical industrial
process flows. In addition, contrary to TCOs, they possess high
compatibility with nearly all organic and semiconductor materials
(e.g. active medium) of the devices and related fabrication steps.

A potential drawback of UTMFs is the degradation they can un-
dergo due to oxidation when exposed to environmental agents
such as air, moisture and temperature. In fact, contact with other
reactive chemical elements can also take place during fabrication
(e.g. wet etching) or even be part of the structure of the device
(e.g. metal/SiO2). UTMFs are thus always at risk of changing their
ll rights reserved.
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electrical and optical properties. In particular this is the case for
not noble metallic layers, such as chromium (Cr), nickel (Ni), tita-
nium (Ti) and aluminum (Al).

The purpose of this paper is twofold: on one hand we investi-
gate the effect of oxidation on the electrical and optical properties
of UTMFs while, on the other hand, we take advantage of it by
inducing ad-hoc oxide protective layers, so that stable UTMFs can
be produced. We focus our work on Ni films, which we subject
to thermal treatment in either ambient atmosphere (�20% of O2)
or in the presence of a continuous O2 flow. The obtained results
and techniques can be extended to other metals, such as Cr, Ti
and Al.

2. Experimental

Ultrathin Ni films were grown on a borosilicate glass (BK7) sub-
strate using a Kenosistec Dual Chamber DC sputtering system. Depo-
sition was performed in a pure argon (Ar) atmosphere at 8 mTorr
pressure and 200 W of electric DC power were used. Several layers
with different thicknesses, inferred from the deposition rate [10],
were grown: 2.2, 3.4, 5.0 and 10.1 nm (from now on referred as
samples A, B, C and D). Surface and optical transparency studies
on as-deposited films were carried out using a contact mode Digital
Instrument Dimension 3100 Atomic Force Microscope (AFM) and a
Perkin–Elmer Lambda 950 spectrometer, respectively. In order to
get continuous films, their RMS roughness has to be kept below
the layer’s thickness and consequently polished substrates with
typical RMS roughness levels below 1 nm were employed. Fig. 1
shows a 3D AFM image of the surface of sample C obtained with
the AFM associated software WSxM [11] with a corresponding
RMS roughness of 0.3 nm and a peak-to-valley value of 1.7 nm.

Sheet resistance (RS in X/h) measurements were performed
using a Cascade Microtech 44/7S 2791 four point probe connected
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Fig. 1. Three-dimensional AFM image of sample C (Ni 5 nm). RMS roughness and a
peak-to-valley level were found to be 0.3 and 1.7 nm, respectively, both being well
below deposited thickness.
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Fig. 3. Optical transparency in the 400–2500 nm of the films (dashed line was
measured before the whole thermal treatment while solid line was obtained after
H5 [after treatment]) on BK7 substrate. All the samples showed increased optical
transmittance after treatment.
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to a Keithley 2001 multimeter. The film resistivity (q in X cm) can
then be calculated as q = RS � t, where t is the thickness of the film.
The as-deposited q values are 3,600,000 461, 153 and 53 lX cm for
samples A, B, C and D, respectively. Sheet resistance measurements
were repeated after keeping the films in ambient atmosphere for
12 days. The corresponding relative variation in electrical resistiv-
ity (Dq/q) in % for all the samples was the largest observed when
compared to all subsequent treatments. In fact the sheet resistance
of the thinnest sample A could not be measured any longer for its
too high value, whereas samples B, C and D showed increases of
59%, 16% and 4%, respectively.

The subsequent thermal treatments with increasing tempera-
ture, H1 to H4 (inset of Fig. 2), were carried out in ambient atmo-
sphere using a Selecta Hightemp 2001406 oven. The temperature
was measured using a Fluke thermometer 52 II connected to a 80
PK-1 thermocouple. The electrical resistivity kept increasing after
each thermal treatment for samples B and C, this effect being larger
for thinner films (Fig. 2) since the formation of a natural oxide layer
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Fig. 2. Electrical resistivity variation after cumulative annealing treatments. After
every step, the electrical resistivity of the samples increased, this effect being more
significant for thinner films. After H5, all the samples showed negligible electrical
resistivity changes, thus indicating that the films have reached stability. Note that
the electrical resistivity variation on the 5 nm sample after H5 is very small and
cannot be appreciated from the plot.
due to oxygen indiffusion reduces the effective metallic path, thus
leading to higher electrical resistivity (note that q is calculated
from RS using the initial thickness t). Indeed, changes for the thick-
est sample D were found to be negligible for all treatments. A final
step (H5) identical to the first one (H1) was carried out at low tem-
perature. As it can be observed in Fig. 2, contrary to the initial step
(H1), the electrical resistivity changes due to H5 are negligible
(within 2%) for all films, thus indicating that all UTMFs have
reached high stability.

The optical transparency of all the samples was re-measured
after the aforesaid thermal treatments using a Perkin–Elmer Lamb-
da 950 spectrometer and compared to that of as-deposited films
(Fig. 3). All the samples showed increased transparency since metal
oxides typically possess lower extinction coefficient than the origi-
nal metals [12].

In order to further elucidate the mechanism and increase the
speed of the oxidation leading to stability, we subjected new Ni
films to thermal treatment under a controlled dry O2 flux. Films
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Fig. 4. Effect of oxidation on the thickness of nickel-based UTMFs. Since Ni has
mainly two possible oxides (NiO and Ni2O3), both corresponding complete
oxidation lines are given with slopes of 1.52 and 2.6, respectively.



Table 1
Molar mass and density of nickel and its main oxide compounds Ni(II) and Ni(III) [13].
Last column gives the ratio between the compound number of moles over that of Ni.

Element Molar mass Density Nox/Nnickel

Nickel 58.69 8.908
NiO 74.71 7.45 1
Ni2O3 165.42 4.83 0.5
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of different thickness were subjected to 90 min of degassing in vac-
uum at a temperature of about 140 �C and subsequently exposed to
O2 flux for 5 min by means of an ion gun (ion gun settings: 160 V
acceleration potential and 1.8 A ion current).

The effect of oxidation can be estimated by evaluating the thick-
ness variation of films, due to the formation of the corresponding
metal oxide compound. Fig. 4 shows the thickness scatter plot of
different samples before and after the whole oxidation treatment.
In case of complete oxidation, and if the oxide compound is known,
one can write the thickness ratio between metal and its oxide as:

tox

tm
¼ Nox

Nm

Pox

Pm

dm

dox
ð1Þ

where N is the number of moles, P is the molar mass and d is the
density of the material. Note that subscript m stands for metal
and ox for the oxide. The main relevant parameters for Ni and its
main oxide compounds are given in Table 1.

Given that Ni has two oxide compounds (NiO and Ni2O3), both
corresponding complete oxidation lines are shown in Fig. 4 with
slopes tox/tm of 1.52 and 2.6, respectively. Completely oxidized
films will increase their thickness according to a proportional fac-
tor within this interval, since the formation of a solid solution of
both oxides might also be possible. However, in practice, oxidation
is expected only up to a maximum thickness. Thicker layers should
undergo partial oxidation for the same amount of metal thickness;
in this case Eq. (1) will not hold. By fitting experimental data of
thicker samples one obtains the partial oxidation line whose inter-
section point with the complete oxidation line represents the max-
imum oxidation thickness. According to thickness variations, the
maximum oxidation thickness under the experimental conditions
is in the range of 15–40 Å.

3. Conclusions

Oxides forming on UTMFs can be advantageously used to in-
crease film stability. The resulting films present higher optical
transparency while still preserving adequate electrical properties
as long as the initial thickness is in the 3–10 nm range. These find-
ings make UTMFs very attractive transparent electrodes for many
applications. In fact, we have already demonstrated the use of
the outlined approach to produce stable films for integrated mod-
ulators and OLEDs.
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