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The authors study the thermal oxidation of nickel thin films (50 nm) fabricated by conventional

thermal evaporation, resulting from annealing in air at 300, 325, 350, 400, and 700 �C. The

characterization is performed by x-ray diffraction, Raman spectroscopy, superconducting quantum

interference device magnetometry, and scanning electron microscopy. These techniques show that the

oxidation increases with annealing temperature. The formation of granular films of coexisting Ni and

NiO is confirmed after annealing at 400 �C. The magnetic measurements indicate coexisting ferromag-

netism and antiferromagnetism, corresponding to Ni and NiO contributions. The magnetic hysteresis

loops reveal exchange bias in the samples annealed at 235, 350, and 400 �C due to the competition

between the exchange interactions at the Ni/NiO interfaces. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4895846]

I. INTRODUCTION

Nickel is a ferromagnetic transition metal with a Curie

temperature TC¼ 630 K (magnetic moment l� 0.6 lB/

atom).1 Its magnetization derives from the spin polarization

of the 3d electrons, which are very sensitive to the local

environment.2 Its magnetic properties, together with its low

electrical resistivity [6.84 lX cm (Ref. 1)], and its high re-

sistance to oxidation,3,4 make it useful in several applica-

tions, such as for the metallization of ferrites, as a

corrosion–resistant coating, as an absorber in solar to ther-

mal energy conversion and in high density recording, see for

example, Refs. 5–7.

Ni oxidizes to chemically stable NiO, which has a cubic

NaCl-type structure.1 At room temperature (RT), “pure”

(without contaminants, doping, and/or imperfections)

Ni2þO2� is an insulator with high resistivity [q� 1011 X/m

at 50 �C (Ref. 8)] and behaves antiferromagnetically below

the N�eel temperature TN¼ 523 K.9,10 However, NiO

becomes a p-type semiconductor, with tuneable band gap

�4.0–4.3 eV, when its stoichiometry is altered by the pres-

ence of Ni vacancies and/or interstitial oxygen in the NiO

crystal.11,12 For example, by doping NiO with monovalent

atoms (such as Liþ), the amount of Ni3þ increases, resulting

in a decrease of resistivity10,13,14 and an increase of the

dielectric constant.15 Thin films of NiO are attractive for

applications as antiferromagnetic layers in spin-valve hetero-

structures,16 gas sensors,17 p-type transparent conducting

electrodes,14,18 thermoelectric devices,19 and in electrochro-

mic display devices.20,21 Furthermore, we have recently

shown that the appearance of a ferromagnetic moment on

nominally antiferromagnetic NiO nanoparticles can be

attributed to a disordered shell (surface) possessing a signifi-

cant polarizable magnetization.22

The oxidation of nickel thin films, as well as the direct

deposition of NiO films onto a target substrate, have been

intensively investigated by magnetron sputtering,14,20,21,23,24

thermal evaporation,25,26 electro-deposition,27 chemical

vapor deposition,9,28 reactive chemical ion beam deposi-

tion,29 and sol–gel deposition.30 However, in most of these

techniques, it is difficult to control the amount of oxidation.

Thermal oxidation has proven to be an easy ex situ technique

to obtain metal oxide films and to improve metal crystalliza-

tion.31–33 This consists in annealing metal surfaces at high

temperatures in air flow or in oxygen atmosphere to obtain

the partial (or complete, as desired) oxidation of the metal

films.

There are a few reports on oxidation evolution or its

effects on the properties of nickel films. These consider Ni

oxidation in oxygen atmosphere at high T (between 900 and

1400 �C)3,4 or at 500 �C.26 There is however, to the best of

our knowledge, no report on the oxidation process of Ni thin

films at lower T and in air, nor its effects on the physical

properties, such as magnetism. Here, we study the phasea)Electronic addresses: ld301@cam.ac.uk; luisitodv@yahoo.es
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formation and the effect of thermal oxidation on morphology

and magnetic properties in polycrystalline Ni thin films. We

find that their thermal oxidation depends on the annealing

temperature (AT) and annealing promotes the formation of

granular films. Our results demonstrate that the magnetic

properties of nickel thin films depend on the morphology,

and crystallization of the oxide formed on it.

II. EXPERIMENT

Ni is evaporated on polished Si/SiO2 substrates using an

EDWARDS 306 evaporator. Si/SiO2 is used as a substrate in

order to avoid adhesion promoters, such as chromium or tita-

nium, and to prevent the formation of metal alloys during

annealing. The substrates (2 mm thick) are cut into 1� 2 cm2

pieces, cleaned with acetone, isopropyl alcohol and ultra-

sound bathed for 10 min. Small Ni pellets (99.999% purity)

are then evaporated from an alumina coated crucible at

10�5 Pa pressure. The deposition rate is maintained at

0.1 nm/s, and the Ni thickness is measured by a quartz crys-

tal microbalance, located 10 cm above the source and next to

the substrates. During deposition, the substrates are main-

tained at RT in order to characterize only post-thermal oxide

formation. The as-deposited samples consist of Ni (50 nm

thickness) on Si/SiO2.

Thermal oxidation is carried out by annealing the as-

deposited samples in a tubular oven (LENTON LTF–PTF

Model 16/610) in air, similar to Refs. 31–33. Here, the sam-

ples are annealed at 300, 325, 350, 400, and 700 �C, with a

heating rate �2 �C/min. Once the desired maximum T is

reached, it is maintained for 3 h to allow oxidation and free

diffusion of Ni atoms on the surface. The quenching rate is

set to 2.5 �C/min, so as to minimize the stress induced in the

films.

Phase formation and surface crystallization are analyzed

by x-ray diffraction (XRD) using a universal diffractometer

Bruker AXS D8 model FOCUS (Cu–Ka1 radiation). The

step size is 0.02� per sec (2h). The average sizes of the crys-

tallites are estimated from the main reflections of the XRD

scans using the Scherrer equation34 and neglecting peak

broadening induced by residual stresses34

D ¼ 0:916 k
bhkl cos hhkl

; (1)

where D is the average crystallite size, k is the wavelength

of the applied x-ray beam (kCu–Ka1¼ 0.154056 nm), hhkl is

the Bragg angle, and bhkl is the diffraction line broadening

(in radians), which can be determined by measuring the full

width at half maximum (FWHM) of the principal (hkl)
reflections for each phase.

Raman spectra are acquired at 458 nm using a Renishaw

InVia micro-Raman spectrometer, in backscattering at RT,

using an optical microscope equipped with 100� objective,

corresponding to a laser spot �1 lm, and 2400 lines/mm gra-

ting. The power on the sample is kept below 100 lW to

avoid possible heating effects. The surface morphology is

analyzed by scanning electron microscopy (SEM) and

atomic force microscopy (AFM). The SEM micrographs are

obtained in a Philips XL-30, with acceleration voltages of 5

and 10 kV. Before SEM analysis, the surfaces are scratched

with the help of a needle in order to reveal parts of the SiO2

substrate, and hence better distinguish the Ni films. We use a

Nanoscope Dimension 3100 (Digital Instruments) AFM in

tapping mode.

The magnetic measurements are performed in a DC mag-

netic property measurement system superconducting quantum

interference device (DC-MPMS-SQUID) from Quantum

Design. The samples are cut into rectangles with side dimen-

sions a and c (thickness b¼ 50 nm) as listed in Table I. The

data are collected under different magnetic fields, in the inter-

val of �5 to 5 kOe and at 50 K, which are applied in plane

(parallel to c) and perpendicular to the substrates (parallel to b).

The data are corrected by removing the diamagnetic contribu-

tion of the sample holder and the substrate. Further corrections

include the subtraction of the demagnetizing field (HD)35

HD ¼ �NDM; (2)

where M is the magnetization and ND is the demagnetizing

factor (which depends mainly on the geometry of the sample

and the direction of the applied field). For thin films, the

parallel and perpendicular demagnetization factors were

reported to be close to 0 and 1, respectively.36 We calculate

them nonetheless by using the Aharoni technique,37,38 as

listed in Table I.

III. RESULTS AND DISCUSSIONS

Figure 1 shows the XRD scans of the samples before and

after annealing. No nickel silicide is detected by XRD,

which means that the film does not react with the substrate

during deposition or annealing. Following deposition, the

sample shows two main diffraction peaks at �44.6� and

52.1� corresponding to the (111) and (200) Miller indices of

Ni (PDF-2 card 270–989,39 cubic structure Fm�3m). This

implies that, during deposition, the Ni atoms reach the sub-

strate with enough thermal energy to form a mainly (111)

textured Ni crystalline layer. Despite Ni being oxidized in

contact with air, no oxide peaks are detected by XRD.

Annealing at 300 and 325 �C for 3 h improves the crystallite

orientation along the (111) and (200) planes, which is

reflected in the sharpened peaks. Following annealing at

higher T, oxide formation is detected. At 350 �C, two small

peaks around 2h¼ 37.4� and 43.2�, corresponding to the

TABLE I. Lateral dimensions of the annealed Ni thin films and demagnetizing

factors along the different directions of the externally applied magnetic

field.

Annealed

sample (�C) a (mm) c (mm) Area (mm2) Nc� 10�5 Nb� 10�3

300 3.45 6 0.1 3.76 6 0.1 12.97 6 0.7 2.66 999.94

325 2.52 6 0.1 3.46 6 0.1 8.72 6 0.6 2.84 999.93

350 3.12 6 0.1 4.31 6 0.1 13.45 6 0.7 2.32 999.94

400 3.53 6 0.1 3.85 6 0.1 13.59 6 0.7 2.60 999.95

700 3.64 6 0.1 4.54 6 0.1 16.53 6 0.8 2.22 999.95
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Miller indexes (111) and (200) of NiO (PDF-2 card

47–1049,39 cubic structure Fm�3m) appear. This indicates

that, together with crystallization improvement, annealing at

this T promotes some Ni-O bonding. At 400 �C, the height

of the NiO peaks grows, whereas those of Ni decrease. Upon

annealing at higher T, such as 700 �C, complete oxidation is

obtained.

Note that the intensity of the (111) NiO peak is higher

than the (200), indicating that the NiO films grow preferen-

tially textured along the (111) direction rather than along the

(200). A similar result was reported in Ref. 26 after ther-

mally oxidizing an evaporated Ni thin film at 500 �C,

although they did not provide structural information on the

Ni film prior to the oxidation. In contrast, in the case of ran-

domly dispersed NiO nanoparticles40 and nanowires,41 the

x-ray intensity is higher for the (200) diffraction peak as

would be expected from powder diffraction.39 This is also

the case when NiO is directly deposited on amorphous glass

substrates.21,28,30,42 However, in our case, the oxide layer is

not directly deposited on an amorphous substrate, but it

grows on the annealed, (111) textured Ni film. It was

reported by Ref. 43, by means of ion scattering and reflection

high energy electron diffraction, that NiO (111) grows epi-

taxially on Ni (111) surfaces. Because of the large lattice

mismatch (19%) between the two surfaces, it was proposed

that the NiO initially takes a precursor state of an octopolar

structure with a significant distortion. The oxidation mecha-

nism is discussed below in more detail.

Table II lists the XRD (hkl) indices, angle positions, and

mean crystallite sizes. As discussed above, the XRD diffrac-

tion intensities increase sharply as the AT increases. For

example, at 300 �C, the diffraction FWHM is large compared

to 350 �C. This indicates that the improvement of the crystal-

lization is due to the growth of Ni crystallites. From this ta-

ble, the mean crystallite size of the pristine Ni sample is

�8 6 2 nm, increasing to �36 6 2 nm at 400 �C. However, it

is hard to determine the size of the NiO crystallites due to

the noisy background. A rough estimation by the Scherrer

equation34 yields �20 6 3 nm after annealing at 400 �C,

increasing to �25 6 2 nm at 700 �C. Table II also lists the

surface roughness RRMS (root mean square) obtained by

AFM after scanning areas of 20 lm2 on each sample.

Notably, the roughness of the surface increases with T. This

is due to the transformation of the Ni film into a granular

NiO film as explained in more detail below.

Figure 2 presents the Raman spectra of the Ni films

annealed at different T. Figure 2(a) shows representative

spectra and a reference spectrum for the Si/SiO2 substrate.

The peak at 521 cm�1 is the first-order Raman peak of Si,

whereas the weaker features at �300, 433, 620, 670, and

825 cm�1, as well as the more prominent band at

�1100 cm�1, are due to higher-order Raman scattering proc-

esses.44 The Raman spectra of annealed films and reference

Si/SiO2 substrate are acquired using identical exposure time

and incident laser power. After normalizing the intensity of

the first order Si peak in the Si/SiO2 reference spectrum to

the Si intensity in the spectra of the annealed Ni films, a

point-to-point subtraction of the normalized reference spec-

trum from the annealed Ni films spectra is implemented, Fig.

2(b). For all the samples, we observe Raman bands from

NiO in the spectral region above 400 cm�1. The Raman

peaks below 1200 cm�1 in Fig. 2(b) are due to first- and

second-order Raman scattering by phonons in NiO,45,46

whereas the band above 1200 cm�1 originates from scatter-

ing by two magnons in NiO.45,46 Magnons are quantized

excitations of electron spin waves occurring in magnetically

FIG. 1. (Color online) X-ray diffractograms of Ni thin films annealed at dif-

ferent T for 3 h in air.

TABLE II. Phase formation, Miller indices (hkl), angle positions and mean

crystallite sizes as obtained from the principal peaks of the XRD scans.

RRMS: Roughness (root mean square) obtained by AFM over areas of

20 lm2.

Annealing

temperature (�C) RRMS Phase (hkl) 2h (�)
Crystallite

size (nm)

As-grown 8.2 Ni (111) 44.60 8 6 2

(200) 51.98 8 6 2

300 10.5 Ni (111) 44.66 34 6 2

(200) 52.16 34 6 2

325 17.5 Ni (111) 44.58 34 6 2

(200) 52.08 34 6 2

350 20.6 Ni (111) 44.58 36 6 2

(200) 52.12 36 6 2

NiO (111) 37.40 —

(200) 43.20 —

400 30.8 Ni (111) 44.52 36 6 2

(200) 52.12 —

NiO (111) 37.4 20 6 3

(200) 43.2 —

700 32.3 NiO (111) 37.4 25 6 2

(200) 43.2 —
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ordered materials.47 Inelastic light scattering with magnons

can occur in magnetic materials due to spin-orbit coupling.47

Scattering by two magnons happens when the incoming laser

causes an excitation of pairs of spin fluctuations47,48 and sub-

sequently the excited charges return to the ground orbital48

emitting a scattered phonon.48

The band at �570 cm�1 is assigned to the first-order one-

phonon (1P) LO mode of NiO, whereas the bands at �730

and �1090 cm�1 correspond to second-order two-phonon

(2P) modes, respectively, 2TO and 2LO.45,46 According to

group analysis,46 the observed first-order Raman band

derives from symmetry-breaking imperfections such as

defects, i.e., Ni vacancies, or disorder in the crystal lattice,

therefore its FWHM can be used as an indication of presence

of defects in the NiO samples.49

The band at �1490 cm�1 is attributed to two-magnon

(2M) scattering45,46 and can be used, in combination with

the first-order Raman band, to monitor the amount of

defects-induced disorder, since its FWHM experiences a

broadening in presence of disorder or substitutional

defects.49

The Raman spectra confirm the presence of NiO for all

the AT, although, using XRD, NiO could be detected only

after annealing to 350 �C (see Fig. 1). As discussed more in

detail below, the NiO growth starts from the surface of the

Ni film and increases both laterally and in depth, as Ni is

consumed, consistent with our Raman data detecting NiO al-

ready at 300 and 325 �C, where the contribution of NiO

arises predominantly from the surface, and cannot be

detected by XRD.

The intensity ratio between the first-order one-phonon

(1P) band at �570 cm�1 and the second order two-phonon

(2P) band �1090 cm�1, I(1P)/I(2P), decreases with increas-

ing AT. This is similar to what is reported for nanosized NiO

particles,50 where I(1P)/I(2P) was found to decrease with

increasing nanoparticle size. This suggests that in our sam-

ples the NiO grains grow with increasing annealing

temperature.

The FWHM of both 1P and 2M bands do not experience

any significant broadening as a function of T, indicating that

the treatment does not induce any degradation of the quality

of the resulting NiO and that crystallinity is preserved, as

also seen by XRD.

The oxidation kinetics depends on many factors, such as

T, oxygen partial pressure, annealing time, etc. Hence, it

cannot be resolved solely by the techniques used here. Here,

annealing is performed in air, thus the oxygen partial pres-

sure can be considered constant (atmospheric pressure).

Note that oxidation starts immediately after evaporation, as a

slow and natural process, due to the exposure of Ni to air.

This was previously confirmed in Ref. 51 by Auger electron

spectroscopy and contact resistance measurements of nickel

films exposed to a typical laboratory air environment. In

Ref. 51, the limiting oxide thickness did not exceed 10 Å.

A possible oxidation mechanism is schematically repre-

sented in Fig. 3. Similarly to the oxidation of common met-

als,52,53 the oxidation of Ni should occur by transfer of

electrons through the interface to form a monolayer of

adsorbed oxygen ions at the surface, together with the diffu-

sion of oxygen anions into the metal film.52,53 The oxygen

anions are initially absorbed to form a thin oxide layer on

the Ni surface, Fig. 3(a). During the initial stages of anneal-

ing, the Ni atoms redistribute to preferred sites and interact

with the atmosphere. In addition, nucleation sites appear for

NiO on the surface and they expand laterally [see Fig. 3(b)].

The preferred nucleation sites are structural defects, such as

grain boundaries, dislocations, impurities, or dust particles.

The oxide islands grow rapidly to form a NiO film partially

FIG. 2. (Color online) (a) Representative Raman spectra for different AT and of a reference Si/SiO2 substrate. (b) Raman spectra after subtraction of the

Si/SiO2 spectrum.
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protecting the Ni surface from air. Annealing above 350 �C
accelerates the growth of the oxide film by diffusion of Ni

cations into this NiO layer. The reaction can be thermally

controlled such that

Niþ 1=2O2!D NiO: (3)

In addition, oxygen may penetrate the NiO layer through

cracks and microchannels, which can be promoted by metal

diffusion at higher T [Fig. 3(c)]. However, if we assume that

the Niþ cations located at the Ni/NiO interface diffuse

(through imperfection sites or grain boundaries54) faster than

the O� anions, then they could reach the oxygen atoms first.

Thus, additional NiO forms, which is incorporated into the

oxide network, and results in an increase of the thickness of

the oxide layer. The oxidation rate decreases as the thickness

of the oxide layer increases and the amount of Niþ ions in

the buffer layer decreases. Nevertheless, as shown here, the

oxidation rate also depends on the AT. For example, the

coexistence of Ni and NiO phases is detected at 400 �C as

discussed in the XRD analysis above. Thermal oxidation

also affects the morphology of the film making it granular,

as it is discussed below. Depending on AT, partial or com-

plete oxidation of the films can be obtained [Fig. 3(d)].

Therefore, in our conditions, the complete oxidation of the

Ni films occurs at high T, such as 700 �C.

SEM images of Ni films on Si/SiO2 substrates after anneal-

ing at 300, 325, 350, 400, and 700 �C are shown in Fig. 4. As

mentioned in Sec. II, some are scratched with a needle in

order to reveal the SiO2 surface and to contrast it to the Ni

film. After annealing at 300 �C a rough surface covers the sub-

strate, together with some small holes formed due to Ni diffu-

sion. After annealing at 325 �C the pores increase in size but

decrease in density. This implies that the Ni diffusion is pro-

moted by the increase in AT. The sample annealed at 350 �C
shows a rough and porous surface with an area of uncovered

SiO2, see Fig. 4. Peeled parts of the oxide film reveal a bottom

layer consisting of almost unreacted Ni. The roughness of the

Ni bottom layer is smaller compared to the outside surface,

indicating that the oxidation takes place from the surface to

the bottom part of the film, as expected.53 The AFM image in

Fig. 4 reveals the formation of nanoparticles. However, it is

not clear if they are made of pure NiO or a mixture of NiO

and Ni. Annealing at 400 �C increases the grain size; this is

accompanied by porosity and crack formation. These charac-

teristics are generally observed in amorphous materials,55

FIG. 3. (Color online) Schematic representation of the thermal oxidation pro-

cess of a nickel film. The oxidation occurs by transfer of electrons, nickel

cations, and oxygen anions through the film. Annealing controls the oxida-

tion process and the morphology of the film.

FIG. 4. (Color online) (a)–(f) Micrographs of nickel films on Si/SiO2 substrates at different ATs. (d) AFM image of the surface of the sample annealed at

350 �C shown in (c).
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though some degree of crystallinity persists in our films as

seen by XRD. After annealing at 700 �C, the sample consists

of a film of NiO grains with a rough top surface. With increas-

ing AT the adhesion to the substrate becomes poorer and the

films start to exfoliate. This effect should be related to the

large difference between the heat capacities of the Ni film

[444 J kg�1 K�1 (Ref. 1)] and the SiO2 substrate [725 J kg�1

K�1 (Ref. 56)].

Figure 5 reports the M(H) dependence of the samples

measured parallel (in-plane) and perpendicular (out-of-

plane) to the films at 50 K. The hysteresis loops identify the

presence of ferromagnetic Ni domains.35 Note that the in-

plane loops reach saturation easier than those obtained with

the out-of-plane applied field, revealing that the preferred

direction of the magnetization is in-plane.35

The magnetic characteristics obtained from the hysteresis

loops are summarized in Table III. According to the data, the

saturation magnetization (MS) and the saturation field (HS)

decrease as AT increases. This behavior is caused by the

decrease in the amount of pure Ni as it is consumed in the

oxidation process, mediated by the AT, and the amount of

NiO, containing antiferromagnetic domains, increases,

requiring a higher external field to saturate. On the other

hand, the remnant magnetization (MR) increases initially

with AT, when measured in-plane. This trend is not followed

for the sample annealed at 400 �C, which contain fewer fer-

romagnetic ordered spins due to the higher amount of NiO.

Similarly, the MR/MS ratio detected when the applied field is

in-plane increases with AT. This is related to the presence of

the antiferromagnetic35 NiO, which hinders the reorientation

of the ferromagnetic moments of the Ni films by exchange

bias interaction,57 which in turn contributes to the increase

of the remanence and coercive field. As mentioned above,

the sample annealed at 350 �C has the largest Ni crystallites,

FIG. 5. (Color online) Magnetic hysteresis loops at 50 K for different ATs.
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hence the highest structural order and magnetic anisotropy.

The latter is indicated by the pronounced hard axis out-of-

plane in contrast to an easy axis in plane hysteresis loop and

a large MR/MS value. Due to the coexistence of Ni and NiO

in the samples, exchange bias effects are expected.57 In fact,

the hysteresis loops of the samples annealed at 325, 350, and

400 �C whose Ni and NiO interfaces are more predominant,

present the highest difference between the positive and nega-

tive values of the coercive fields arising due to the exchange

bias effect (see Table III). The fact that the magnitude of the

exchange bias field is higher for these samples indicates that

the Ni and NiO crystallites might have sharp and small-

mixed interface areas (as discussed above) enhancing

thereby the exchange coupling. For the sample annealed at

700 �C, random signals without the formation of hysteresis

are observed when measured either in-plane or out-of-plane,

revealing the total consumption of the ferromagnetic Ni.

IV. CONCLUSIONS

The thermal oxidation of nickel thin films depends on

AT. The oxidation is detected in all samples by Raman spec-

troscopy. Annealing also promotes the formation of granular

films, as observed by SEM and AFM. The increase of the

NiO phase is mediated by the AT. Complete oxidation is

obtained at high T of 700 �C or above. XRD reveals that, de-

spite the increase of NiO, the crystallinity of the remaining

Ni improves, obtaining the best crystallization after anneal-

ing at 350 �C. The presence of Ni and NiO crystallites in the

films implies the coexistence of ferromagnetic and antiferro-

magnetic domains. The magnetic hysteresis loops of the

films annealed at 325, 350, and 400 �C reveal exchange bias

due to the higher competition between the exchange interac-

tions at the Ni/NiO interfaces compared to the other

samples.
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