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In this paper, we discuss the properties of reactive radio-frequency-sputtered Fe-doped NiO thin films co-sputtered at different
oxygen flow rates. The films were deposited in an AJA Orion sputtering system from metallic NiFe-19 at.% targets. The deposition
rate was monitored before and after deposition using a quartz crystal monitor. The deposition rate at the sample location depends
strongly on the O2 flow. At lower oxygen flows, the deposition rate increases with oxygen flow caused by the oxidation of the sample.
At higher oxygen flow rates, the deposition rate decreases with increasing oxygen flow. This is caused by poisoning of the targets
resulting in a lower deposition rate. The oxygen content of the samples increases with the oxygen flow rate. This conclusion is
supported by vibrating sample magnetometer measurements that show an increase in the magnetic moment for films sputtered at
lower O2 flows. To determine the chemical state of the elements, the X-ray photoelectron spectroscopy (XPS) analysis of the samples
was carried out ex situ on films capped with a Pt or Au layer. Prior to the XPS measurements, part of the cap layers but not
all were removed with an Ar sputtering gun in the XPS chamber. The XPS results show that the ratio of the Nio–Ni2+ atoms in
the film decreases with the oxygen flow. The Fe-XPS spectra of the films sputtered at different oxygen flows look very similar to
each other but different from XPS studies done on oxidized permalloy by others showing that RF-sputtered NiFe-oxide is different
from oxidized permalloy. The comparison of the XPS data for the samples sputtered at 20 sccm covered with Pt cap and Au cap
was also done and shows smaller metallic Ni peaks for the sample capped with Au than samples capped with Pt, possibly caused by
partly sputtering through the cap layer for the Pt-capped samples influencing the stoichiometry of the top layer of the NiFe-oxide.

16 Index Terms—Magnetism, thin films, vibrating sample magnetometer (VSM), X-ray photoelectron spectroscopy (XPS).

I. INTRODUCTION17

N iO thin films and its doped cousins have been extensively18

studied for a large variety of applications, including19

solar cells, novel batteries, resistive nonvolatile random access20

memory (RRAM), spintronic electronics, catalyzers, and gas21

sensors. Its applicability originates from the ability to modify22

its properties by changing the ratio of O to metal atoms and23

to modify its crystallinity by doping with other transition24

metals [1].
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25

Here, we discuss the properties of reactive radio-frequency26

co-sputtered NiO and Fe-doped NiO thin films sputtered at the27

low oxygen flow rate and focus on the magnetic and chemical28

properties. This is relevant for the application of these films in29

RRAM devices. NiO and NiFeO RRAM devices are based on30

reversible switching between a high-resistance semiconducting31

state and a low-resistance metallic state. In the low-resistance32

state, metallic filaments are formed between the top and33

bottom electrodes at one or more locations in the device. The34

distribution of the filaments is normally determined by remov-35

ing the top electrode and performing conductive AFM studies36

of the oxide surface to find the location and the size of the37

filaments. This type of study is destructive. Better switching38

studies could be performed if the location and size of the fil-39

aments could be detected without removing the top electrode.40
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The magnetic signature of low oxygen concentration NiO 41

and NiFeO in combination with the magnetic force microscopy 42

can provide a method. This is the first report on such a study. 43

The work supplements data obtained on NiO and NiFeO thin 44

films sputtered at much larger oxygen flow rates [2]. 45

II. EXPERIMENTAL PROCEDURE 46

A. Sample Preparation 47

The samples were deposited in an AJA Orion sputtering 48

system that is capable of depositing metal and dielectric films 49

on substrates up to 4 in in diameter. The system is equipped 50

with five AJA high-vacuum magnetron sputtering sources that 51

are powered by RF generators (300 W) or dc generators 52

(500 W) for single, multi-layer, or co-deposition. The sys- 53

tem utilizes a motorized, rotating substrate holder to achieve 54

excellent uniformity, allows the co-deposition of alloy films, 55

and facilitates the deposition of clean, thin-film multilayers [3]. 56

The permalloy oxide (PyO) thin films reported on in this paper 57

were deposited from metallic permalloy targets by reactive RF 58

magnetron sputtering using two guns, which are located on the 59

opposite sides of the chamber. The angle they make with the 60

normal of the substrate holder is 107°. To further improve 61

the homogeneity of the films, the substrate holder was rotated 62

during deposition. Films were deposited on glass microscope 63

slides and Si wafers covered with a 2 nm thick native SiO2 64

layer. All the films were deposited at room temperature. Prior 65

to deposition, the substrates were sequentially rinsed in water, 66

acetone, and methanol. Each next solvent was used to rinse 67

the preceding solvent of the wafer. The last cleaning step was 68
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done on a spinner with isopropyl alcohol. The chamber was69

pumped down to a base pressure of <4 × 10−7 torr by a70

roughing and a turbo pump. Two similar RF sources at a power71

of 200 W each were used. The flow of gas was controlled by72

an MKS mass flow controller (Ar) and an MKS mass flow73

meter (O2). The total flow was kept at 50 sccm resulting74

in a sputter pressure of approximately 8 mtorr. The oxygen75

flow was kept constant during deposition. After opening the76

shutters mounted on the chimneys of the guns, the targets77

were pre-sputtered for 1 min before the deposition rate was78

measured with the quartz crystal monitor (QCM) mounted79

to the back of the substrate shutter. The accumulated film80

thickness was measured with the QCM over a period of 50 s81

prior to opening the substrate shutter, and the deposition rate82

was calculated from this accumulated thickness. The total83

deposition time for each sample was kept at 1200 s. During84

deposition, the substrate was rotated at 30 r/min. Deposition85

was done at room temperature. This method has been shown86

to produce high-quality polycrystalline films. The thickness87

of the thin-film samples was verified by ellipsometry. The88

deposition rates calculated from the ellipsometry thickness and89

the deposition time were similar to the rate measured with the90

QCM. The films sputtered at low oxygen flow had a typical91

thickness of around 140 nm, while the films sputtered at92

20 sccm were much thinner (17 nm). All samples were covered93

with a 5 nm thick Au or Pt cap layer to avoid oxidation when94

taken out of the sputtering system. This layer was sputtered95

with a dc magnetron sputter gun at 50 W and 30 sccm Ar flow.96

B. Magnetic Measurement Procedure97

The magnetic moment of the films was measured by a98

vibrating sample magnetometer (VSM) from Quantum Design.99

The sample was vibrated in an external magnetic field100

at 40 Hz. A pickup coil set is placed around the sample. When101

the sample is moved, the total magnetic field passing through102

the pickup coils fluctuates, and this magnetic flux induces a103

proportional induction current in the coil set, which can be104

measured. An induced current is proportional to the sample’s105

magnetic moment. The fused quartz sample holder itself does106

hardly contribute to the signal as it extends above and below107

the pickup coils. Its vibrations hardly cause a flux change108

through the set of pickup coils [4]–[6].109

As NiO and NiFeO are antiferromagnetic materials, a large110

magnetic moment is not expected. Defects and the surface111

of the films, however, can have a significant magnetic signal.112

In particular, the samples made at lower oxygen flows could113

have a significant magnetic moment originating from oxygen114

vacancy clusters. As the expected moment of the films is small,115

a special technique is used to suppress the magnetic signature116

of the substrate which can be much larger than the thin film.117

Two techniques are employed [2].118

1) A silicon wafer was used as a substrate because of the119

low magnetic moment of silicon (slightly diamagnetic)120

and the availability of thin wafers.121

2) Bare silicon tiles were mounted above and below the122

sample on the VSM sample holder to suppress the123

magnetic signal of the diamagnetic silicon substrate.124

Fig. 1. Magnetic measurement configuration.

Fig. 2. (a) PPMS apparatus. (b) VSM attachments for PPMS. (c) Photograph
of the VSM puck. (d) Cross section of VSM puck.

A physical property measurement system (PPMS) with VSM
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125

attachments [Fig. 2(a) and (b)] was used to measure the AQ:4126

magnetic moment in the NiFeO sample prepared at the 127

AJA sputtering system in the clean room of Texas State 128

University. The PPMS system and VSM attachments are 129

shown as follows. The pickup coils for this apparatus are 130

in the VSM puck [Fig. 2(c) and (d)], which is inserted into 131

the PPMS. This system may measure fields ranging from 132

+9 to −9 T and can measure temperatures ranging from 133

4 to 300 K. For these measurements, the field was changed at 134

a rate of 180 Oe/s, and measurements were done at 4 K and 135

at room temperatures. 136

C. XPS Measurement Procedure 137

X-ray photoelectron spectroscopy (XPS) measurements 138

were made using an XPS PHI Quantum 2000 Scanning ESCA 139

microprobe. The XPS chamber contains an Al kα X-ray source 140

in which incoming X-rays are parallel to the surface normal. 141

The system allows for measurements with an analysis reso- 142

lution of about 1 eV [5]. The beam power was 50 W and 143
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Fig. 3. Deposition rate as a function of the oxygen flow for NiFe-19%
co-sputtering at 200 W.

the takeoff angle was 45°. The X-ray spot size was 200 μm144

and the analysis was done on an area of 500 μm× 500 μm.145

Under these conditions, the information depth is approximately146

10 nm. Prior to the scans, part of the Pt or Au cap layer147

was removed by argon sputtering. To avoid the effects of148

preferential sputtering on the NiFe-oxide XPS spectra, part of149

the cap layers were kept in place. As Au has a larger sputter150

rate, the samples with an Au cap layer were sputtered for only151

1 min while the samples covered with a Pt cap layer were152

sputtered for 3 min. The pass energies were 187 eV for the153

survey and 58 eV for the high-resolution scans. All energies154

are referenced with respect to the main C peak at 284.8 eV.155

III. EXPERIMENTAL RESULTS156

Fig. 3 shows the measured deposition rate as a function157

of the oxygen flow for our process. The deposition shows a158

maximum as the function of the oxygen flow. At lower oxygen159

flow rates, the deposition rate increases with the oxygen flow.160

We believe that this increase (24%) is due to the introduction161

of oxygen into the system resulting in the oxidation of the162

freshly deposited film. As for a fully oxidized film one would163

expect an increase in 27%, the films sputtered at low oxygen164

flow are not stoichiometric but contain a significant amount165

of oxygen vacancies. At higher oxygen flow, i.e., above166

5 sccm, the deposition rate decreases strongly. We believe167

that this is caused by the oxidation of the targets. This is168

often referred to as poisoning of the target [8]. It is well169

known that NiFe-oxide has a much lower sputter rate than170

metallic permalloy. Although the oxidation of the targets also171

takes place at lower oxygen flow rates, at those low oxygen172

flow rates, the removal rate of the material from the targets173

is much higher than the rate with which an oxide layer is174

formed on the target. Therefore, below 5 sccm, the target175

surfaces are clean of oxide and most of the sputtered material176

is metallic permalloy. From 5 sccm and above, the removal177

of the material from the targets can no longer keep up with178

the oxidation and the deposition rate collapses. Note that for179

our process, the QCM deposition rate is significantly lower180

than the rate with which the material is removed from the181

targets. The short mean free path of the sputtered atoms at182

8 mtorr results in a diverging atom beam that has a diameter183

significantly larger than the target diameter at the location184

Fig. 4. XPS spectra of RF-sputtered NiFe-oxide samples sputtered at
different oxygen flow rates covered with the Pt cap layer. (a) Ni spectrum.
(b) Fe spectrum. Spectra are shifted in the y-direction to reveal the detail.

of the substrate. From the measurements of the deposition 185

rate versus the substrate distance, we expect at least a factor 186

10 difference between the QCM rate at our substrate position 187

and the target material removal rate. Fig. 4 shows the XPS 188

spectrum of Ni(2p3/2) and Fe(2p) of samples sputtered at 189

various oxygen flow rates. This is the XPS data obtained from 190

the samples that had a Pt cap layer. Note that the ratio of the 191

Nio to Ni2+ decreases with oxygen flow, but the Nio peak is 192

still visible in the Ni-spectrum for films sputtered at 20 sccm 193

oxygen flow. The Fe-XPS spectra of the films sputtered at 194

a different oxygen flow look very similar to each other 195

(see Fig. 4). Our Fe spectra differ though from the XPS spectra 196

of oxidized Permalloy films published in [9], which show a 197

steep slope at 700 eV while all our films show a very gradual 198

slope. The absence of a distinct Feo peak suggests that most 199

Fe is oxidized, and oxygen vacancies prefer to reside next 200

to nickel atoms. Since the resistivity of the films sputtered 201

at 20 sccm O2 is much lower than the films sputtered at 202

5 sccm, we believe that the films sputtered at 20 sccm oxygen 203



IEE
E P

ro
of

4 IEEE TRANSACTIONS ON MAGNETICS

Fig. 5. XPS spectra of RF-sputtered NiFe-oxide samples sputtered at
different oxygen flow rates covered with the Au cap layer. (a) Ni spectrum.
(b) Fe spectrum. Spectra are shifted in the y-direction to reveal the detail.

flow contain metal vacancies. However, no Ni3+ peak was204

observed in our NiFe-oxide films [10]. The interpretation of205

the Fe-XPS spectrum is challenging as for Al kα radiation206

an Auger Ni-peak is present in the middle of the Fe-XPS207

spectrum, i.e., 712 eV. In addition, Pt has a peak in the Fe-XPS208

spectrum at 725 eV near the position of a metallic Fe peak.209

The XPS data for the samples covered with an Au cap layer210

are shown in Fig. 5. Note that the counts of the Au-capped211

samples of Fig. 5 are significantly lower than those of the Pt212

capped layers of Fig. 4. This suggests that the remaining Au213

cap layer in the samples of Fig. 5 is thicker than the remaining214

Pt cap layer in the samples of Fig. 4. A detailed analysis of the215

data of Figs. 4 and 5 using a rough estimate of the sputter rates216

of Au and Pt suggests that we might have sputtered through217

part of the Pt layer for the results shown in Fig. 4 and that the218

ratio of the Nio to Ni2+ oxygen peaks in Fig. 4 was affected219

by a preferential sputtering of oxygen of part of the NiFeO220

films of Fig. 4. The Fe spectra of Fig. 5 are similar to the221

Fig. 6. Variation of saturation magnetization with oxygen concentration for
different films.

Fe spectra of Fig. 4. It might not be possible to distinguish 222

the metallic Fe-XPS peak at 707 eV from the Ni Auger peak 223

at 712 eV. An additional XPS analysis was done in another 224

system using Mg kα radiation on uncapped layers. For an Mg 225

source, the nickel Auger peaks shift outside the Fe spectrum. 226

The same gradual slope in the XPS Fe spectrum near 700 eV 227

was observed for those experiments. Therefore, the gradual 228

slope observed in the Fe spectrum might be characteristic for 229

reactive RF-sputtered PyO films. It is definitely not caused by 230

the cap layer and does not depend on the X-ray source, so is 231

unlikely due to the Auger peak of nickel. 232

Fig. 6 shows the measured magnetic moment per unit 233

volume as a function of the oxygen flow. A decrease in 234

the saturation magnetization is observed for higher oxygen 235

flows. This might be due to a more fully oxidation of the 236

films sputtered at high oxygen flow. Note that NiFe-oxide 237

was shown to have a rock salt crystal structure [11], [12] 238

and discrete Fourier transform calculations have shown that 239

it is antiferromagnetic [13]. A sharp decrease in the magnetic 240

moment was observed when the oxygen flow was increased 241

to 1.25 sccm. For films deposited at flows above 1.25 sccm, 242

the saturation magnetization slightly increases similar to what 243

was observed by Twagirayezu on RF-sputtered films using a 244

single source [2]. 245

IV. CONCLUSION 246

The deposition rate of reactive RF-sputtered NiFeO and 247

NiO films depends on the oxygen flow rate during deposition. 248

For low oxygen flows (below 1.25 sccm O2), the deposition 249

rate increases with increased oxygen flow. This is caused 250

by the oxidation of the deposited metal film. This is con- 251

sistent by magnetic measurements that show an increase in 252

the magnetic moment for films sputtered at lower O2 flows. 253

At moderate oxygen flows, i.e., between 1.25 and 5 sccm, 254

the deposition rate is constant. At high oxygen flow (above 255

5 sccm), the deposition rate sharply decreases. At these flows, 256

the sputtering of the material of the target can no longer 257

keep up with its oxidation and poisoning of the target takes 258

place. The XPS analysis showed that the ratio of the Nio 259

to Ni2+ decreases with oxygen flow. The XPS results also 260
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suggest that sputtering NiFe-oxide with argon leads to the261

preferential sputtering of oxygen (a reduction of NiFeO) for262

oxygen-rich compositions. The XPS Fe spectra of the films263

sputtered at a different oxygen flow look very similar to264

each other but different from Fe-XPS spectra measured on265

oxidized permalloy samples by others. A distinct metallic266

Fe peak was lacking in the Fe spectra, which suggests that267

oxygen vacancies in NiFe-oxide prefer nickel neighbors and268

most of the Fe atoms are oxidized. The observed increase269

in the magnetic moment with oxygen vacancy concentration270

could provide a method to magnetically detect the location and271

distribution of low oxygen concentration filaments in RRAM272

devices. Such method is in need of systematic switching273

studies to further the development of the RRAM technology.274
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In this paper, we discuss the properties of reactive radio-frequency-sputtered Fe-doped NiO thin films co-sputtered at different
oxygen flow rates. The films were deposited in an AJA Orion sputtering system from metallic NiFe-19 at.% targets. The deposition
rate was monitored before and after deposition using a quartz crystal monitor. The deposition rate at the sample location depends
strongly on the O2 flow. At lower oxygen flows, the deposition rate increases with oxygen flow caused by the oxidation of the sample.
At higher oxygen flow rates, the deposition rate decreases with increasing oxygen flow. This is caused by poisoning of the targets
resulting in a lower deposition rate. The oxygen content of the samples increases with the oxygen flow rate. This conclusion is
supported by vibrating sample magnetometer measurements that show an increase in the magnetic moment for films sputtered at
lower O2 flows. To determine the chemical state of the elements, the X-ray photoelectron spectroscopy (XPS) analysis of the samples
was carried out ex situ on films capped with a Pt or Au layer. Prior to the XPS measurements, part of the cap layers but not
all were removed with an Ar sputtering gun in the XPS chamber. The XPS results show that the ratio of the Nio–Ni2+ atoms in
the film decreases with the oxygen flow. The Fe-XPS spectra of the films sputtered at different oxygen flows look very similar to
each other but different from XPS studies done on oxidized permalloy by others showing that RF-sputtered NiFe-oxide is different
from oxidized permalloy. The comparison of the XPS data for the samples sputtered at 20 sccm covered with Pt cap and Au cap
was also done and shows smaller metallic Ni peaks for the sample capped with Au than samples capped with Pt, possibly caused by
partly sputtering through the cap layer for the Pt-capped samples influencing the stoichiometry of the top layer of the NiFe-oxide.

16 Index Terms— Magnetism, thin films, vibrating sample magnetometer (VSM), X-ray photoelectron spectroscopy (XPS).

I. INTRODUCTION17

N iO thin films and its doped cousins have been extensively18

studied for a large variety of applications, including19

solar cells, novel batteries, resistive nonvolatile random access20

memory (RRAM), spintronic electronics, catalyzers, and gas21

sensors. Its applicability originates from the ability to modify22

its properties by changing the ratio of O to metal atoms and23

to modify its crystallinity by doping with other transition24

metals [1].

AQ:1

AQ:2

25

Here, we discuss the properties of reactive radio-frequency26

co-sputtered NiO and Fe-doped NiO thin films sputtered at the27

low oxygen flow rate and focus on the magnetic and chemical28

properties. This is relevant for the application of these films in29

RRAM devices. NiO and NiFeO RRAM devices are based on30

reversible switching between a high-resistance semiconducting31

state and a low-resistance metallic state. In the low-resistance32

state, metallic filaments are formed between the top and33

bottom electrodes at one or more locations in the device. The34

distribution of the filaments is normally determined by remov-35

ing the top electrode and performing conductive AFM studies36

of the oxide surface to find the location and the size of the37

filaments. This type of study is destructive. Better switching38

studies could be performed if the location and size of the fil-39

aments could be detected without removing the top electrode.40
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The magnetic signature of low oxygen concentration NiO 41

and NiFeO in combination with the magnetic force microscopy 42

can provide a method. This is the first report on such a study. 43

The work supplements data obtained on NiO and NiFeO thin 44

films sputtered at much larger oxygen flow rates [2]. 45

II. EXPERIMENTAL PROCEDURE 46

A. Sample Preparation 47

The samples were deposited in an AJA Orion sputtering 48

system that is capable of depositing metal and dielectric films 49

on substrates up to 4 in in diameter. The system is equipped 50

with five AJA high-vacuum magnetron sputtering sources that 51

are powered by RF generators (300 W) or dc generators 52

(500 W) for single, multi-layer, or co-deposition. The sys- 53

tem utilizes a motorized, rotating substrate holder to achieve 54

excellent uniformity, allows the co-deposition of alloy films, 55

and facilitates the deposition of clean, thin-film multilayers [3]. 56

The permalloy oxide (PyO) thin films reported on in this paper 57

were deposited from metallic permalloy targets by reactive RF 58

magnetron sputtering using two guns, which are located on the 59

opposite sides of the chamber. The angle they make with the 60

normal of the substrate holder is 107°. To further improve 61

the homogeneity of the films, the substrate holder was rotated 62

during deposition. Films were deposited on glass microscope 63

slides and Si wafers covered with a 2 nm thick native SiO2 64

layer. All the films were deposited at room temperature. Prior 65

to deposition, the substrates were sequentially rinsed in water, 66

acetone, and methanol. Each next solvent was used to rinse 67

the preceding solvent of the wafer. The last cleaning step was 68

0018-9464 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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done on a spinner with isopropyl alcohol. The chamber was69

pumped down to a base pressure of <4 × 10−7 torr by a70

roughing and a turbo pump. Two similar RF sources at a power71

of 200 W each were used. The flow of gas was controlled by72

an MKS mass flow controller (Ar) and an MKS mass flow73

meter (O2). The total flow was kept at 50 sccm resulting74

in a sputter pressure of approximately 8 mtorr. The oxygen75

flow was kept constant during deposition. After opening the76

shutters mounted on the chimneys of the guns, the targets77

were pre-sputtered for 1 min before the deposition rate was78

measured with the quartz crystal monitor (QCM) mounted79

to the back of the substrate shutter. The accumulated film80

thickness was measured with the QCM over a period of 50 s81

prior to opening the substrate shutter, and the deposition rate82

was calculated from this accumulated thickness. The total83

deposition time for each sample was kept at 1200 s. During84

deposition, the substrate was rotated at 30 r/min. Deposition85

was done at room temperature. This method has been shown86

to produce high-quality polycrystalline films. The thickness87

of the thin-film samples was verified by ellipsometry. The88

deposition rates calculated from the ellipsometry thickness and89

the deposition time were similar to the rate measured with the90

QCM. The films sputtered at low oxygen flow had a typical91

thickness of around 140 nm, while the films sputtered at92

20 sccm were much thinner (17 nm). All samples were covered93

with a 5 nm thick Au or Pt cap layer to avoid oxidation when94

taken out of the sputtering system. This layer was sputtered95

with a dc magnetron sputter gun at 50 W and 30 sccm Ar flow.96

B. Magnetic Measurement Procedure97

The magnetic moment of the films was measured by a98

vibrating sample magnetometer (VSM) from Quantum Design.99

The sample was vibrated in an external magnetic field100

at 40 Hz. A pickup coil set is placed around the sample. When101

the sample is moved, the total magnetic field passing through102

the pickup coils fluctuates, and this magnetic flux induces a103

proportional induction current in the coil set, which can be104

measured. An induced current is proportional to the sample’s105

magnetic moment. The fused quartz sample holder itself does106

hardly contribute to the signal as it extends above and below107

the pickup coils. Its vibrations hardly cause a flux change108

through the set of pickup coils [4]–[6].109

As NiO and NiFeO are antiferromagnetic materials, a large110

magnetic moment is not expected. Defects and the surface111

of the films, however, can have a significant magnetic signal.112

In particular, the samples made at lower oxygen flows could113

have a significant magnetic moment originating from oxygen114

vacancy clusters. As the expected moment of the films is small,115

a special technique is used to suppress the magnetic signature116

of the substrate which can be much larger than the thin film.117

Two techniques are employed [2].118

1) A silicon wafer was used as a substrate because of the119

low magnetic moment of silicon (slightly diamagnetic)120

and the availability of thin wafers.121

2) Bare silicon tiles were mounted above and below the122

sample on the VSM sample holder to suppress the123

magnetic signal of the diamagnetic silicon substrate.124

Fig. 1. Magnetic measurement configuration.

Fig. 2. (a) PPMS apparatus. (b) VSM attachments for PPMS. (c) Photograph
of the VSM puck. (d) Cross section of VSM puck.

A physical property measurement system (PPMS) with VSM

AQ:3

125

attachments [Fig. 2(a) and (b)] was used to measure the AQ:4126

magnetic moment in the NiFeO sample prepared at the 127

AJA sputtering system in the clean room of Texas State 128

University. The PPMS system and VSM attachments are 129

shown as follows. The pickup coils for this apparatus are 130

in the VSM puck [Fig. 2(c) and (d)], which is inserted into 131

the PPMS. This system may measure fields ranging from 132

+9 to −9 T and can measure temperatures ranging from 133

4 to 300 K. For these measurements, the field was changed at 134

a rate of 180 Oe/s, and measurements were done at 4 K and 135

at room temperatures. 136

C. XPS Measurement Procedure 137

X-ray photoelectron spectroscopy (XPS) measurements 138

were made using an XPS PHI Quantum 2000 Scanning ESCA 139

microprobe. The XPS chamber contains an Al kα X-ray source 140

in which incoming X-rays are parallel to the surface normal. 141

The system allows for measurements with an analysis reso- 142

lution of about 1 eV [5]. The beam power was 50 W and 143
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Fig. 3. Deposition rate as a function of the oxygen flow for NiFe-19%
co-sputtering at 200 W.

the takeoff angle was 45°. The X-ray spot size was 200 μm144

and the analysis was done on an area of 500 μm × 500 μm.145

Under these conditions, the information depth is approximately146

10 nm. Prior to the scans, part of the Pt or Au cap layer147

was removed by argon sputtering. To avoid the effects of148

preferential sputtering on the NiFe-oxide XPS spectra, part of149

the cap layers were kept in place. As Au has a larger sputter150

rate, the samples with an Au cap layer were sputtered for only151

1 min while the samples covered with a Pt cap layer were152

sputtered for 3 min. The pass energies were 187 eV for the153

survey and 58 eV for the high-resolution scans. All energies154

are referenced with respect to the main C peak at 284.8 eV.155

III. EXPERIMENTAL RESULTS156

Fig. 3 shows the measured deposition rate as a function157

of the oxygen flow for our process. The deposition shows a158

maximum as the function of the oxygen flow. At lower oxygen159

flow rates, the deposition rate increases with the oxygen flow.160

We believe that this increase (24%) is due to the introduction161

of oxygen into the system resulting in the oxidation of the162

freshly deposited film. As for a fully oxidized film one would163

expect an increase in 27%, the films sputtered at low oxygen164

flow are not stoichiometric but contain a significant amount165

of oxygen vacancies. At higher oxygen flow, i.e., above166

5 sccm, the deposition rate decreases strongly. We believe167

that this is caused by the oxidation of the targets. This is168

often referred to as poisoning of the target [8]. It is well169

known that NiFe-oxide has a much lower sputter rate than170

metallic permalloy. Although the oxidation of the targets also171

takes place at lower oxygen flow rates, at those low oxygen172

flow rates, the removal rate of the material from the targets173

is much higher than the rate with which an oxide layer is174

formed on the target. Therefore, below 5 sccm, the target175

surfaces are clean of oxide and most of the sputtered material176

is metallic permalloy. From 5 sccm and above, the removal177

of the material from the targets can no longer keep up with178

the oxidation and the deposition rate collapses. Note that for179

our process, the QCM deposition rate is significantly lower180

than the rate with which the material is removed from the181

targets. The short mean free path of the sputtered atoms at182

8 mtorr results in a diverging atom beam that has a diameter183

significantly larger than the target diameter at the location184

Fig. 4. XPS spectra of RF-sputtered NiFe-oxide samples sputtered at
different oxygen flow rates covered with the Pt cap layer. (a) Ni spectrum.
(b) Fe spectrum. Spectra are shifted in the y-direction to reveal the detail.

of the substrate. From the measurements of the deposition 185

rate versus the substrate distance, we expect at least a factor 186

10 difference between the QCM rate at our substrate position 187

and the target material removal rate. Fig. 4 shows the XPS 188

spectrum of Ni(2p3/2) and Fe(2p) of samples sputtered at 189

various oxygen flow rates. This is the XPS data obtained from 190

the samples that had a Pt cap layer. Note that the ratio of the 191

Nio to Ni2+ decreases with oxygen flow, but the Nio peak is 192

still visible in the Ni-spectrum for films sputtered at 20 sccm 193

oxygen flow. The Fe-XPS spectra of the films sputtered at 194

a different oxygen flow look very similar to each other 195

(see Fig. 4). Our Fe spectra differ though from the XPS spectra 196

of oxidized Permalloy films published in [9], which show a 197

steep slope at 700 eV while all our films show a very gradual 198

slope. The absence of a distinct Feo peak suggests that most 199

Fe is oxidized, and oxygen vacancies prefer to reside next 200

to nickel atoms. Since the resistivity of the films sputtered 201

at 20 sccm O2 is much lower than the films sputtered at 202

5 sccm, we believe that the films sputtered at 20 sccm oxygen 203
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Fig. 5. XPS spectra of RF-sputtered NiFe-oxide samples sputtered at
different oxygen flow rates covered with the Au cap layer. (a) Ni spectrum.
(b) Fe spectrum. Spectra are shifted in the y-direction to reveal the detail.

flow contain metal vacancies. However, no Ni3+ peak was204

observed in our NiFe-oxide films [10]. The interpretation of205

the Fe-XPS spectrum is challenging as for Al kα radiation206

an Auger Ni-peak is present in the middle of the Fe-XPS207

spectrum, i.e., 712 eV. In addition, Pt has a peak in the Fe-XPS208

spectrum at 725 eV near the position of a metallic Fe peak.209

The XPS data for the samples covered with an Au cap layer210

are shown in Fig. 5. Note that the counts of the Au-capped211

samples of Fig. 5 are significantly lower than those of the Pt212

capped layers of Fig. 4. This suggests that the remaining Au213

cap layer in the samples of Fig. 5 is thicker than the remaining214

Pt cap layer in the samples of Fig. 4. A detailed analysis of the215

data of Figs. 4 and 5 using a rough estimate of the sputter rates216

of Au and Pt suggests that we might have sputtered through217

part of the Pt layer for the results shown in Fig. 4 and that the218

ratio of the Nio to Ni2+ oxygen peaks in Fig. 4 was affected219

by a preferential sputtering of oxygen of part of the NiFeO220

films of Fig. 4. The Fe spectra of Fig. 5 are similar to the221

Fig. 6. Variation of saturation magnetization with oxygen concentration for
different films.

Fe spectra of Fig. 4. It might not be possible to distinguish 222

the metallic Fe-XPS peak at 707 eV from the Ni Auger peak 223

at 712 eV. An additional XPS analysis was done in another 224

system using Mg kα radiation on uncapped layers. For an Mg 225

source, the nickel Auger peaks shift outside the Fe spectrum. 226

The same gradual slope in the XPS Fe spectrum near 700 eV 227

was observed for those experiments. Therefore, the gradual 228

slope observed in the Fe spectrum might be characteristic for 229

reactive RF-sputtered PyO films. It is definitely not caused by 230

the cap layer and does not depend on the X-ray source, so is 231

unlikely due to the Auger peak of nickel. 232

Fig. 6 shows the measured magnetic moment per unit 233

volume as a function of the oxygen flow. A decrease in 234

the saturation magnetization is observed for higher oxygen 235

flows. This might be due to a more fully oxidation of the 236

films sputtered at high oxygen flow. Note that NiFe-oxide 237

was shown to have a rock salt crystal structure [11], [12] 238

and discrete Fourier transform calculations have shown that 239

it is antiferromagnetic [13]. A sharp decrease in the magnetic 240

moment was observed when the oxygen flow was increased 241

to 1.25 sccm. For films deposited at flows above 1.25 sccm, 242

the saturation magnetization slightly increases similar to what 243

was observed by Twagirayezu on RF-sputtered films using a 244

single source [2]. 245

IV. CONCLUSION 246

The deposition rate of reactive RF-sputtered NiFeO and 247

NiO films depends on the oxygen flow rate during deposition. 248

For low oxygen flows (below 1.25 sccm O2), the deposition 249

rate increases with increased oxygen flow. This is caused 250

by the oxidation of the deposited metal film. This is con- 251

sistent by magnetic measurements that show an increase in 252

the magnetic moment for films sputtered at lower O2 flows. 253

At moderate oxygen flows, i.e., between 1.25 and 5 sccm, 254

the deposition rate is constant. At high oxygen flow (above 255

5 sccm), the deposition rate sharply decreases. At these flows, 256

the sputtering of the material of the target can no longer 257

keep up with its oxidation and poisoning of the target takes 258

place. The XPS analysis showed that the ratio of the Nio 259

to Ni2+ decreases with oxygen flow. The XPS results also 260



IEE
E P

ro
of

D. C. et al.: MAGNETIC PROPERTIES OF REACTIVE CO-SPUTTERED NiFe-OXIDE SAMPLES 5

suggest that sputtering NiFe-oxide with argon leads to the261

preferential sputtering of oxygen (a reduction of NiFeO) for262

oxygen-rich compositions. The XPS Fe spectra of the films263

sputtered at a different oxygen flow look very similar to264

each other but different from Fe-XPS spectra measured on265

oxidized permalloy samples by others. A distinct metallic266

Fe peak was lacking in the Fe spectra, which suggests that267

oxygen vacancies in NiFe-oxide prefer nickel neighbors and268

most of the Fe atoms are oxidized. The observed increase269

in the magnetic moment with oxygen vacancy concentration270

could provide a method to magnetically detect the location and271

distribution of low oxygen concentration filaments in RRAM272

devices. Such method is in need of systematic switching273

studies to further the development of the RRAM technology.274
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