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ABSTRACT 

 In the present work, thin films of iron nitride and iron-copper nitride have been 

fabricated on silicon substrates by reactive magnetron sputtering. The experimental 

conditions such as reactive gas flow rate and power required to yield these films have 

been systematically varied. The structure, composition, and morphology of the as-

fabricated films have been investigated by x-ray diffraction (XRD), x-ray photoelectron 

spectroscopy (XPS), energy dispersive x-ray spectroscopy (EDS), scanning electron 

microscopy (SEM) and x-ray reflectivity (XRR). The magnetic properties are 

characterized via vibrational sample magnetometry (VSM), and are found to be related to 

the structure, composition and morphology of the films. Results are discussed in terms of 

potential applications of these materials in magnetic applications. 
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I. INTRODUCTION 

A.  Background and Motivation 

 Thin film technology has rapidly advanced over the past few decades due to the 

need for new products and devices in the electronics and optical industries. A specific 

focus has been on magnetic thin films as there is an increasing and continuous demand 

for information and the means to store it in digital form
1
. The area of thin-film magnetism 

lays emphasis on the concept that thin film materials behave differently from their bulk 

counterparts and that by controlling the various fabrication parameters for these films, the 

magnetic properties of these films can be tuned to suit specific applications. 

Transition metal nitride thin films form one such interesting class of materials due 

to their versatile magnetic, electrical, mechanical and tribological properties
2-6

. The 

binary iron nitrides have received special attention due to their potential applications in 

magnetic sensors and storage devices
7-9

; in addition one iron nitride phase exhibits a giant 

magnetic moment
10

. Studies have suggested that doping tin, manganese, nickel, cobalt, 

aluminum, titanium, etc. to these binary iron nitrides helps tune the magnetic properties 

of these films for specific applications
11-18

. Copper doped nitrides have been considered 

as suitable candidates for nitride based spin aligners in the past
19

. Layered thin film 

structures of iron nitride and copper nitride
20-22

, and iron-copper nitrides in the bulk 

phase
23

 have been found to tune the magnetic properties of the base iron nitride. 

However, there is no literature available on copper incorporated iron nitride thin films   

Thus, the motivation behind this work was to study the effects of copper 

incorporation on the structure and magnetic properties of iron nitride thin films. Iron 

nitride thin films were initially fabricated at different nitrogen flow rates by reactive 

magnetron sputtering to establish the baseline parameters for copper addition. Then 

copper was systematically incorporated in these films by co-sputtering with iron to 

fabricated iron-copper nitride thin films. The influence of nitrogen flow rate and copper 

sputtering power on the structure, morphology and composition were then investigated 

using different characterization techniques. Magnetic measurements were conducted on 
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these films and an attempt was made to correlate the magnetic properties with the film 

fabrication conditions. 

B. Literature Review  

A study of different iron nitride phases was first conducted as early as 1950 by K. 

H. Jack whose work led to the development of the first iron-nitrogen phase diagram
24,25

. 

The interest in the iron-nitrogen system was further enhanced by an observation of a giant 

magnetic moment for α’’-Fe16N2 phase by T. K. Kim and M. Takahashi in 1972
10

. It was 

observed that depending on the nitrogen content, iron nitride phases with different 

structures and magnetic properties could be formed. At very low nitrogen concentration, 

α-Fe was found to exist as a pure phase
26

. It is ferromagnetic with a saturation 

magnetization value of 1714 emu/cm
3
 (1.714×10

6
 A/m, 1 emu/cm

3
 = 10

3
 A/m) reported 

in literature
27

. Upon increasing the nitrogen content slightly, γ-Fe phase which is non-

magnetic was found to co-exist with α-Fe
28

. The α’-Fe8N phase was formed when the γ-

Fe phase was rapidly quenched
26,29

. In this phase, the nitrogen atoms occupy a random 

octahedral site in the Fe sub lattice. The α’-Fe8N phase transforms into α’’-Fe16N2 phase 

upon annealing which leads to the ordering of the nitrogen atoms
29

. It possesses the 

highest saturation magnetization (2050 emu/cm
3
)
30

 amongst all the iron nitride phases. 

Further increasing the nitrogen concentration, results in the formation of the γ’-Fe4N 

phase which has a face centered cubic crystal structure with the nitrogen atom occupying 

the body centered cubic position
29

. This phase exhibits ferromagnetic behavior with a 

saturation magnetization of 1442 emu/cm
3
 reported in literature

31-33
. The γ’-Fe4N exists 

as a pure phase within a very narrow range of nitrogen concentration and decomposes to 

(γ’-Fe4N + α-Fe) on the iron rich side and to (γ’-Fe4N + ε-FexN) where 2 < x ≤ 3 on the 

nitrogen rich side
1,25

. The ε-FexN (2 ˂ x ≤ 3) phase has a saturation magnetization value 

lower than that of γ’-Fe4N. Increasing the nitrogen concentration the iron nitride converts 

to ζ-Fe2N phase which is also found to be a non-magnetic phase. 

 Various thin film deposition techniques have been used to deposit these iron 

nitride thin films. Sputter deposition has been widely used due to its universality, ability 

to control compositions and to form iron nitride phases which are difficult to prepare by 

common chemical methods
34

. Lo et al.
35

 demonstrated that iron nitride thin films could 
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be fabricated by reactive sputtering in a mixture of argon and nitrogen gases. Later, S. 

Wang and M. H. Kryder reported a study on iron nitride thin films fabricated by RF-

diode sputtering
8
. The phase formation in their films depended on the ratio of nitrogen to 

argon flow rates; at a lower ratio, α-Fe was the dominant phase. Increasing the N2: Ar 

rate ratios promoted the formation of γ’-Fe4N. The saturation magnetization decreased 

with increasing flow rate ratio. Similar observations were reported by D. H. Mosca et al. 

for films fabricated by dc reactive magnetron sputtering
36

. Their x-ray diffraction results 

suggested that on increasing the nitrogen partial pressure, the synthesized phase changed 

from an iron rich phase (α-Fe) to a nitrogen rich phase (ζ-Fe2N). At an intermediate 

nitrogen partial pressure, a multiphase mixture of α-Fe, γ’-Fe4N, ε-(Fe2N-Fe3N) and ζ-

Fe2N was formed in the film. The pure α-Fe film recorded the highest saturation 

magnetization values among all the films, decreasing with an increasing nitrogen partial 

pressure. The presence of paramagnetic ζ-Fe2N phase resulted in the lowest saturation 

magnetization and absence of magnetic hysteresis (M vs. H loop) for the film fabricated 

at the highest nitrogen partial pressure. In a study by Gao et al.
15

, films containing 

multiple iron nitride phases (α-Fe, α’’-Fe16N2 and γ’-Fe4N) were obtained by reactive 

magnetron sputtering. The volume fractions of each of these phases depended on the 

nitrogen to argon flow ratio and the films with a dominant α’’-Fe16N2 phase showed the 

highest saturation magnetization exceeding that of bulk iron.  

 Interstitial atoms play an important role in tuning the magnetic properties of the 

iron based compounds
37,38

. Studies have shown that iron nitrides can be doped by 

replacing iron atoms in the Fe-N lattice by Group IIIA or transition metals without 

altering the crystal structure of the host nitrides. This was found to modify magnetic 

properties and control grain morphology which could be useful for specific applications. 

The host nitrides commonly doped were γ’-Fe4N and ε-Fe3N
6
. Studies conducted on 

doping of manganese confirmed that manganese substitutes both the corner and the face-

centered iron atoms in the γ’-Fe4N lattice
12

. The substitution increased the remanence 

magnetization (Mr) over saturation magnetization (Ms) and decreased the grain size.  Gao 

et al.,
15

 studied the effects of substituting cobalt and nickel in γ’-Fe4N. They observed a 

decrease in the saturation magnetization (Ms) with increasing nickel concentration which 

was attributed to the increase in the number of 3d electrons and thus a reduced difference 
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between spin-up and spin-down 3d electrons. The magnetic studies of nickel substituted 

γ’-Fe4N compounds by R.N. Panda and N.S. Gajbhiye confirmed that lattice constant and 

saturation magnetization for γ’-Fe4-xNixN decreased with increasing nickel 

concentration
3
.  This decrease in the saturation magnetization was attributed to the 

presence of a canted spin structure and/or oxide layer formation at the surface. Adding 

tantalum to the FeN films reduced the grain size and inhibited the formation of the γ’-

Fe4N phase which was found to affect its magnetic properties
39

. Theoretical studies 

conducted on the structure and magnetic properties of cobalt, chromium and titanium 

doped γ’-Fe4N suggested that CoFe3N is ferromagnetic, CrFe3N is ferrimagnetic and 

TiFe3N is a non-magnetic phase with no net magnetic moments
40

. Gajbhiye et al. 

conducted studies on the substitution of cobalt and nickel in the ε-Fe3N lattice. They 

found that cobalt substitution results in the formation of ε-CoxFe3-xN phase along with a 

bcc α-Fe phase and nickel substitution formed the γ’-Fe4-xNixN phase
41

.  R. N. Panda et 

al. recently reported that with progressive substitution by Ni atoms, the ε-Fe3N phase 

changed to γ’-Fe4-xNixN phase and the value of the saturation magnetization was found to 

increase with the increase in the nickel content to x = 0.6 and decreased thereafter
18

. 

Copper substitution in iron nitrides obtained by mechanical alloying has been found to 

form γ’-CuxFe4-xN nitrides in which the magnetization decreases when iron atoms are 

substituted with copper atoms
23

. Overall, literature provides examples of doping that alter 

the magnetic properties of iron nitrides. 

In this thesis we addressed two main questions: 

 Is it possible to fabricate iron-copper nitride thin films containing copper doped 

iron nitride phases? 

 Is it possible to modify the magnetic properties of these thin films by controlling 

the copper concentration (sputtering powers)? 
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II. EXPERIMENTAL PROCEDURE 

A. Thin  film  deposition 

Thin films were deposited by reactive magnetron sputtering inside an AJA Inc. 

ATC UHV Dual Chamber Deposition System. The system is equipped with a load lock 

and a main deposition chamber. The load lock is maintained at a base pressure of 8 x 10
-5

 

Pa prior to deposition to ensure that the system is kept under high vacuum, thus 

minimizing the presence of residual gas during deposition. Figure 1 shows the schematic 

diagram of the sputter deposition chamber. The chamber diameter is 25.4 cm (10 inches) 

and is equipped with a motorized substrate holder rotation facility and an IR substrate 

heater. The diameter of the substrate holder is 7.62 cm (3 inches).  

High purity iron and copper sputter targets obtained from PRAM Inc. were used. 

Target diameters were 3.81 cm (1.5 inches) with thicknesses of  0.254 cm (0.1 inches) 

and 0.508 cm (0.2 inches) for the iron and copper targets respectively. The targets were 

placed inside the shuttered magnetron sputtering gun prior to deposition. The iron target 

was sputtered using a dc power source (A3DC) while the copper target was sputtered 

using an RF power source (R301) operating at a frequency of 13.56 MHz. Argon was 

flowed inside the deposition chamber onto the target, while nitrogen entered the 

deposition chamber near the substrate. The argon flow was fixed at 50 sccm while the 

nitrogen flow was changed from 0.6 sccm to 5.0 sccm for iron nitride films and from 1.2 

sccm to 5.0 sccm for iron-copper nitride films. The thin films were deposited on a Si 

(100) phosphorous doped n-type wafer with a natively grown oxide layer on top. The 

thickness of the wafer ranges from 500 to 550 µm and the flatness is less than 5 µm. The 

substrate heater temperature was maintained at 300°C for the entire duration of the 

experiment for all the samples. 
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Figure 1. Schematic representation of the sputter deposition chamber. 

 The process for depositing co-sputtered films of iron and copper in the presence 

of nitrogen and argon followed this general procedure. The silicon substrate was mounted 

on an Inconel substrate holder and the surface was blown with nitrogen to dislodge any 

dust or particulates that had developed on the substrate during the mounting process. The 

substrate holder was then introduced face down inside the load lock, onto the transfer 

arm. The load lock was then pumped down for approximately twenty minutes and the 

substrate holder was then transferred to the deposition chamber. The transfer arm was 

then withdrawn; the gate valve closed, and the substrate holder and the heater assembly 

were lowered into place above the sputtering source. The distance between the sputtering 

source and the substrate holder (deposition height) was maintained at 25 cm. The rotation 

was then set to 30 rpm and the heater temperature was ramped up to 300°C. Argon was 

then flowed into the sputtering source at a rate of 50 sccm to a pressure of approximately 

30 mTorr (3.947 Pa). The dc power supply connected to the shuttered magnetron 

sputtering gun holding the iron target was then turned on and the power was gradually 

ramped from 0 to 80 W. The voltage and current observed at a power of 80 W were 460 
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V and 180 mA respectively. Once the plasma was initiated, the pressure was reduced to 3 

mTorr (0.395 Pa). Similarly, the ‘RF’ power supply connected to the shuttered magnetron 

sputtering gun holding the copper target was switched on and a copper power was set. 

The voltage varied from 150 to 210 V depending on the copper power (10 - 40 W). After 

sputtering both the targets at a low pressure for approximately two minutes, nitrogen was 

introduced into the system at the desired flow rate (5 sccm or 1.2 sccm). Once the 

nitrogen flow and the sputtering rates were stabilized (2 - 3 minutes), the shutters on top 

of the magnetron sputtering guns holding the iron and copper sputtering targets were 

opened to allow deposition of Fe-Cu-N onto the heated substrate. Once the film was 

deposited for the desired time, the shutters were then closed, the heater and the gases 

were turned off and the gate valve was opened to return the system to its base pressure. 

The substrate holder was allowed cool for approximately sixty minutes before removing. 

The as-deposited films were characterized by x-ray diffraction, scanning electron 

microscopy, energy dispersive electron spectroscopy, x-ray photoelectron spectroscopy, 

x-ray reflectivity and vibrational sample magnetometry. 

B. X-ray Diffraction 

X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance 

diffractometer equipped with a Göbel mirror in the grazing incidence geometry. The 

angle of incidence (α) was set to 1° and 2θ scans were recorded at a step size of 0.03° for 

a range of 10° to 80°. 2θ measurements were made at 40 kV x 40 mA using Cu Kα 

radiation (λ-1.5418 Å). The phase identification was made using Jade 9 software 

(Materials Data Inc. USA) and the PDF 4+ database.  

C. Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy 

Scanning electron microscopy (SEM) analysis was performed to study the surface 

morphology and cross section of the thin film surfaces. All measurements were 

performed on a JOEL JSM-7800F Field Emission Scanning Electron microscope at an 

accelerating potential of 1.0 kV and a working distance of 6.0 mm. The surface 

morphological images reported in this thesis have been obtained at a magnification of 
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100kX and the cross-sectional images have been obtained at a magnification of 75kX. 

The thickness measurements were performed using ImageJ software. Semi-quantitative 

analysis was performed using energy dispersive x-ray spectroscopy (EDS) on a FEI Co. 

Quanta to determine the relative ratio of copper to iron in the co-sputtered thin films.   

D. X-ray  Photoelectron  Spectroscopy 

X-ray Photoelectron Spectroscopy (XPS) analysis was performed on a PHI 

Quantera SXM Scanning X-ray Microprobe using a Al Kα (λ-1486.7 eV) monochromatic 

x-ray excitation and a beam size of 100 µm. Survey scans were used to identify surface 

elemental composition and were collected using the following parameters; 100 µm spot 

size, 26.8 W, 224 eV pass energy, 1 eV step size, and a binding energy range of 0 - 1100 

eV. To determine the chemical states of the surface, high resolution scans were then 

acquired using an identical spot size and power as the survey scans, but the pass energy 

and step size was reduced to 26 eV and 0.025 eV, respectively. The binding energy 

values were normalized through the shift of the C (1s) peak to 284.6 eV. The 

measurements were accurate within a range of ± 0.3 eV. All the survey spectra were 

processed using MultiPak V8 software (Ulvac-phi Inc.) and the elemental identification 

was performed using the NIST database and literature. The peak fitting and 

deconvolution of the high resolution spectra were performed using the CASA XPS 

software. The peaks were processed by performing an initial background subtraction 

using an ‘Offset Shirley’ type background for Fe 2p spectra and a ‘Linear’ type 

background for Cu 2p spectra. Then the Fe 2p spectra were deconvoluted using a 

combination of a Gaussian Lorentzian fits and Cu 2p spectra were fit using a Gaussian fit. 

The average estimated standard deviation of the fits for all the spectra is ± 5 %. 

E. X-ray  Reflectivity 

 X-ray Reflectivity (XRR) measurements were performed on a Siemens D5000 

Diffractometer. Before performing the actual reflectivity measurements an initial detector 

scan was performed at 40 kV by raising the knife edge to align the sample so that the 

detector receives the maximum possible intensity. After this step, the knife edge was 
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lowered and a series of rocking curve scans were performed until the detector intensity 

reduced to half the maximum possible intensity (by adjusting the sample height using the 

z-screw). This was to ensure that the incident beam is parallel to the sample surface. 

Finally the measurement was performed using a locked coupled θ/2θ scan at a voltage of 

40 kV and a current of 30 mA. The raw curves were then fitted using Leptos7 software. 

A tri-layer model was used to create a simulated curve for all the film samples. The top 

layer was accounted for by surface oxidation of the films which was followed by the 

main film layer and finally the interfacial layer between the film and substrate. The 

thickness estimated by the cross-sectional SEM was used as the initial film thickness 

value for modelling the thickness, density and surface and interface roughness of the 

films. 

F. Magnetic  Measurements 

Magnetic measurements were obtained at 300K using a Quantum Design Physical 

Property Measurement System (PPMS) vibrating sample magnetometer (VSM). The 

films were placed in measurement sample plane for all measurements. The hysteresis 

loop was measured to an applied field of ± 1 kOe (7.958 x 10
4
 A/m) in 250 Oe (1.989 x 

10
4
 A/m) increments near saturation, and decreasing to 2.5 Oe (1.989 x 10

2
 A/m) 

increments when approaching coercivity to obtain accurate value of the coercive field. 

The raw data was corrected to remove the effects of the substrate by using the following 

equation: 

𝑀𝑓𝑖𝑙𝑚(𝐻) =  𝑀𝑡𝑜𝑡𝑎𝑙(𝐻) − 𝜒𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝐻      (1) 

Where χsubstrate is the susceptibility of silicon (substrate), Mtotal (emu) is the magnetization 

of (film + substrate) and H is the magnetic field applied to the film. The volume of the   

samples was determined from the surface area of the samples used for magnetic 

measurements and the thickness estimated from the cross-sectional SEM images (Volume 

= Surface area x Thickness). The magnetization data was then normalized to volume 

(emu/cm
3
).  
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III. RESULTS AND DISCUSSION 

A. Thin  Film  Processing   

 Iron nitride and iron-copper nitride thin films were deposited by reactive 

magnetron sputtering on a silicon (100) wafer with a native oxide layer, at a substrate 

temperature of 300°C and an argon flow rate of 50 sccm. Table I states the fabrication 

conditions. 

 

Table I. Fabrication conditions for thin film samples. 

Sample Deposition 

Time 

(minutes) 

Iron 

sputter  power 

(W) 

Copper 

sputter  power 

(W) 

Nitrogen 

flow  rate  

(sccm) 

A 90 80 - 0.6 

B 120 80 - 1.2 

C 60 80 - 2.5 

D 120 80 - 5.0 

E 120 80 10 5.0 

F 120 80 20 5.0 

G 120 80 30 5.0 

H 90 80 40 5.0 

J 120 80 20 1.2 

K 90 80 40 1.2 

  

B. X-ray  Diffraction  

 X-ray diffraction measurements were performed on the as-deposited films. The 

peak positions were matched with the PDF 4+ database for identification of phases. 

Figure 2 shows the x-ray diffraction patterns of samples A, B, C and D fabricated at 

nitrogen flow rates of 0.6, 1.2, 2.5 and 5.0 sccm respectively. All these samples show a 

broad amorphous hump near 2θ = 20° which corresponds to the (100) reflection of SiO2 
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and a narrow well-defined peak near 53° which corresponding to (112) reflection of 

silicon (substrate peak). The peak positions, phases and full width at half maximum 

(FWHM) values for the thin film peaks of samples A, B, C and D are tabulated in Table 

II. The diffraction patterns of samples C & D suggest the formation of γ’-Fe4N phase 

which shows peaks near 41.2°, 47.9° and 70.1°, 2θ. These peaks correspond to the (111), 

(200) and (220) respectively. Thus a higher nitrogen flow rate appears to aid the 

formation of γ’-Fe4N phase in agreement with previous studies
8
. It can be observed that 

the FWHM of the peaks corresponding to 2θ = 41.2° and 44.8° decreases on increasing 

the nitrogen flow rate from 2.5 sccm (sample C) to 5 sccm (sample D). The reason for the 

peak broadening at a lower nitrogen flow rate could be lattice strain, defects in the film 

and instrumental broadening. 

 

 

 

Figure 2. Stacked x-ray diffraction patterns for sample A, B, C and D. 
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Table II. X-ray diffraction parameters of samples A, B, C and D. 

Sample Peak  position Identified phase FWHM 

A 31.25° 

36.14° 

44.84° 

54.52° 

α’’-Fe16N2 (200) 

α’’-Fe16N2 (112) 

α’’-Fe16N2 (220) / α-Fe (110) 

α’’-Fe16N2 (222) 

- 

- 

0.557 

- 

B 44.77° 

65.29° 

α’’-Fe16N2 (220) / α-Fe (110) 

α’’-Fe16N2 (400) / α-Fe (400) 

0.394 

- 

C 41.24° 

44.72° 

47.69° 

65.35° 

69.99° 

γ’-Fe4N (111) 

α’’-Fe16N2 (220) / α-Fe (110) 

γ’-Fe4N (200) 

α’’-Fe16N2 (400) / α-Fe (200) 

γ’-Fe4N (220) 

0.578 

0.453 

0.459 

- 

- 

D 41.32° 

44.79° 

48.05° 

65.06° 

70.15° 

γ’-Fe4N (111) 

α’’-Fe16N2 (220) / α-Fe (110) 

γ’-Fe4N (200) 

α’’-Fe16N2 (400) / α-Fe (200) 

γ’-Fe4N (220) 

0.463 

0.403 

0.468 

- 

- 

 

  

 The x-ray diffraction patterns for samples E, F, G and H fabricated by co-

sputtering iron and copper at different copper sputtering powers and a nitrogen flow rate 

of 5 sccm are shown in Figure 3. The corresponding FWHM values for the thin film 

peaks are tabulated in Table III. The doping of copper can be attributed to the presence of 

a new phase (γ’-CuxFe4-xN) whose peak positions are similar to the γ’-Fe4N phase. This 

phase is formed to due to the copper atoms substituting the corner and face-centered iron 

atoms in the γ’-Fe4N lattice. The substitution may occur at both these sites with equal 

probability as these sites are equivalent. The lattice parameter for the FCC lattice of γ’-

CuxFe4-xN may have decreased with increasing copper sputtering power resulting in the 

shift of the XRD peaks for the (111), (200) and (220) reflections towards higher angles as 

observed in Figure 3. Other possible reasons for these peak shifts may be lattice strain 



13 

due to copper addition or instrumentation related errors. The (111), (200) and (220) peaks 

also match with the Cu3N phase; since copper is present in these films. Figure 3 also 

reveals that the ratio of intensity of the peak near 41.2° to the peak near 44.8° increases as 

the copper sputtering power increases for sample E and sample F and the peak near 44.8° 

disappears for copper sputtering power of 30 W (sample G) and 40 W (sample H). 

 

 

 

Figure 3. Stacked x-ray diffraction patterns of samples E, F, G and H. 
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Table III. X-ray diffraction parameters for samples E, F, G and H. 

Sample Peak  

position 

Identified Phase   FWHM 

E 41.32° 

44.74° 

48.04° 

65.14° 

70.45° 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (111) 

Fe0.75Cu0.25 (110) /  α-Fe (110) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (200) 

Fe0.75Cu0.25 (200) / α – Fe (200) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (220) 

0.723 

0.726 

0.780 

- 

- 

F 41.51° 

44.49° 

48.39° 

70.90° 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (111) 

Fe0.5Cu0.5 (110) / α-Fe (110) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (200) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (220) 

0.597 

0.700 

0.828 

- 

G 41.91° 

48.86° 

71.26° 

γ'-CuxFe4-xN / γ’- Fe4N / Cu3N (111) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (200) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (220) 

0.562 

0.741 

- 

H 42.12° 

49.04° 

71.86° 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (111) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (200) 

γ'-CuxFe4-xN / γ’-Fe4N / Cu3N (220) 

0.700 

0.629 

- 

 

 

 Figure 4 shows the x-ray diffraction patterns for samples J and K fabricated by 

co-sputtering iron and copper at a nitrogen flow rate of 1.2 sccm and a copper sputtering 

power of 20 and 40 W respectively. Table IV shows the corresponding peak positions, 

phases and FWHM values. The XRD pattern of sample J appears to be similar to that of 

sample B (Figure 2) fabricated at a nitrogen flow rate of 1.2 sccm. But, the peak near 

44.8° can now be attributed to (110) reflection of Fe0.5Cu0.5 phase since copper is present 

in the films along with iron. On increasing the copper sputtering power to 40 watts, 

sample K shows a broad peak at around 44.0°. This peak has been de-convoluted after 

background subtraction using a pseudo Voigt function as shown in Figure 4. The de-

convoluted peaks at 43.26° and 44.48° suggest a presence of ε-Fe3N, ζ-Fe2N iron nitride 

phases along with copper and Fe0.5Cu0.5. 
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Figure 4. Stacked x-ray diffraction patterns of samples J and K. 

 

 

Table IV. X-ray diffraction parameters for samples J and K. 

Sample Peak  position Identified Phase   FWHM 

J 44.68° 

65.29° 

Fe0.5Cu0.5 (110) 

Fe0.5Cu0.5 (200) 

0.372 

- 

K 43.26° 

44.48° 

50.25° 

74.16° 

ε-Fe3N ( 1 1  1) / ζ-Fe2N (121) / Cu (111) 

Fe0.5Cu0.5 (110) 

Cu (200) 

Cu (311) 

0.976 

1.845 
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C. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy   

 Scanning electron microscopy has been used to investigate the surface and cross–

sectional morphology of the films and to determine the film thickness. All the SEM 

surface micrographs have been obtained at an applied voltage of 1 kV, magnification of 

100kx and a working distance of 6.0 mm. Figure 5, 6, 7 and 8 show the SEM surface 

micrographs of samples A, B, C and D respectively. Sample A fabricated at a nitrogen 

flow rate of 0.6 sccm exhibits a porous surface, which is rough and has a granular 

morphology. The grains appear to be faceted and the grain boundaries are clearly visible. 

The surface shows that the grains are either stacked or grow as columns from the 

substrate. Sample B fabricated at a nitrogen flow rate of 1.2 sccm also shows a granular 

morphology but the surface appears to be relatively dense as compared to sample A. The 

surface also appears to be rough and shows the presence of fine grains. The surface 

morphology of sample C fabricated at a nitrogen flow rate of 2.5 sccm appears to be 

similar as sample A. The grains appear to be faceted. Increasing the nitrogen flow rate to 

5 sccm the morphology of sample D shows distinct grain-like morphology. The grains 

appear to overlap each other and the presence of surface roughness is evident. 

 

 

Figure 5. Representative SEM surface micrograph of sample A (scale bar - 100 nm). 
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Figure 6. Representative SEM surface micrograph of sample B (scale bar - 100 nm). 

 

 

 

 

Figure 7. Representative SEM surface micrograph of sample C (scale bar - 100 nm). 
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Figure 8. Representative SEM surface micrograph of sample D (scale bar - 100 nm). 

 

Figure 9, 10, 11 and 12 show the SEM micrographs of samples E, F, G and H 

fabricated by co-sputtering iron and copper at a nitrogen rate of 5 sccm and different 

copper sputtering powers. The surface morphology of sample E and sample F shows 

distinct grain-like features. Both these samples show a rectangular morphology as 

observed from their corresponding FIB micrographs shown in appendix (Figure 56 – 

sample E and Figure 57 – sample F). The morphology of sample G fabricated at a copper 

sputtering power of 30 W shows the presence of two different phases. These phases are 

represented by dark and bright features as shown in Figure 58. Sample H shows a 

morphology which is granular comprising of equi-axed grains as shown in Figure 59. 

Figure 13 and 14 shows the SEM surface micrographs of the samples fabricated at a N2 

flow rate of 1.2 sccm by co-sputtering iron and copper. The surface of sample J (Cu - 20 

W) suggests a preferred orientation of grains while that of sample K (Cu - 40 W) does not 

show this preferred orientation. The surface of both these samples appears to be dense as 

compared to that of sample B (Figure 6). 
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Figure 9. Representative SEM surface micrograph of sample E (scale bar - 100 nm). 
 

 

 

 

Figure 10. Representative SEM surface micrograph of sample F (scale bar - 100 nm). 
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Figure 11. Representative SEM surface micrograph of sample G (scale bar - 100 nm). 

 

 

 

 

Figure 12. Representative SEM surface micrograph of sample H (scale bar - 100 nm). 
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Figure 13. Representative SEM surface micrograph of sample J (scale bar - 100nm). 

 

 

 

 

Figure 14. Representative SEM surface micrograph of sample K (scale bar - 100 nm). 
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 All the cross-sectional SEM measurements are obtained at a voltage of 1 kV and a 

magnification of 75kx. The thicknesses of the as deposited thin films were measured 

from the cross-section are tabulated in Table V. The cross – sectional SEM micrographs 

of the samples A, B, C and D are shown in Figure 15, 16, 17 and 18 respectively. The 

columns appear to grow from the substrate but are truncated intermittently at different 

heights before reaching the surface of the film. Similar growth with intermittently 

truncated columns is also observed for the co-sputtered films; samples E, F, and G 

(Figure 19, 20, 21) and for sample J (Figure 23). Sample G fabricated at a copper 

sputtering power of 30 watts (Figure 21) shows thinner well defined columns. On 

increasing the copper sputter power to 40 watts, the cross-sectional SEM micrographs of 

samples H and K do not show columnar growth morphology and exhibit a rather 

homogenous cross-section.  

 

Table V. Thicknesses of thin film samples as measured from cross-sectional SEM 

images. 

Sample Thickness ±  15.0  (nm) 

A 180.0 

B 215.0 

C 120.0 

D 200.0 

E 225.0 

F 240.0 

G 310.0 

H 240.0 

J 225.0 

K 180.0 
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Figure 15. Cross-sectional SEM micrograph of sample A (scale bar - 100 nm). 

 

 

 

 

 

Figure 16. Cross-sectional SEM micrograph of sample B (scale bar - 100 nm). 
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Figure 17. Cross-sectional SEM micrograph of sample C (scale bar – 100 nm). 

 

 

 

 

 

Figure 18. Cross-sectional SEM micrograph of sample D (scale bar - 100 nm). 
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Figure 19. Cross-sectional SEM micrograph of sample E (scale bar - 100 nm). 

 

 

 

 

Figure 20. Cross-sectional SEM micrograph of sample F (scale bar - 100 nm). 
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Figure 21. Cross-sectional SEM micrograph of sample G (scale bar - 100 nm). 

 

 

 

 

Figure 22. Cross-sectional SEM micrograph of sample H (scale bar - 100 nm). 
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Figure 23. Cross-sectional SEM micrograph of sample J (scale bar - 100 nm). 

 

 

 

 

Figure 24. Cross-sectional SEM micrograph of sample K (scale bar - 100 nm). 
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Energy dispersive x-ray spectroscopy (EDS) was used to analyze the composition 

of all the films. The spectra were obtained from three different spots on the thin film 

surfaces and the films were confirmed to be tri-point homogeneous. The EDS spectra (not 

shown here) for all the iron nitride films (samples A, B, C and D) show the presence of 

Fe, N, O, C and Si. The spectra for the co-sputtered films (samples E, F, G, H and K) 

show the presence of Cu in addition to the elements detected for the iron nitride films. 

The signal from the substrate (Si) is also recorded since the films are thin as compared to 

the penetration depth (~ 500 – 600 nm) of the electron source used for EDS analysis. The 

values of the relative atomic ratio of copper to iron for the co-sputtered films are shown 

in Table VI. They have been obtained by first measuring the absolute peak intensities of 

L-level emission lines for iron and copper and subtracting the corresponding background 

intensity. Then calculating the value of Cu (L)/[Cu (L) + Fe (L)]. These values are 

obtained for all the three spots on each films and an average of these values is reported.  

It can be observed that for the films fabricated at nitrogen flow rates of 5 and 1.2 sccm, 

increasing the copper sputter power increases the relative atomic ratio of copper. 

 

 

Table VI. Relative atomic ratio of copper in the iron-copper nitride films. 

Thin Film ID Cu (watts) Cu / (Cu + Fe) 

E 10 0.14 

F 20 0.29 

G 30 0.40 

H 40 0.48 

J 20 0.29 

K 40 0.48 
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D. X-ray  Photoelectron  Spectroscopy   

In order to get rid of the surface impurities and to fabricate contaminant free 

films, all the targets were pre-sputtered in vacuum prior to the start of the deposition 

experiment. The high resolution scans for the iron and copper sputtering targets are 

shown in Figure 25 and 26 respectively. Two distinct peaks at binding energies 706.5 eV 

and 719.8 eV are observed in the Fe 2p spectrum of the iron target, which correspond 

well with the Fe 2p3/2 and Fe 2p1/2 peaks for Fe metal
42

. Similarly, the Cu 2p spectrum of 

the copper target shows two distinct peaks at 932.5 eV and 952.3 eV corresponding to the 

Cu 2p3/2 and Cu 2p1/2 peaks of Cu metal as suggested by the NIST database. 

 

 

 

Figure 25. High resolution XPS spectrum for the Fe 2p region of the iron sputtering target 

after Ar
+
 sputtering to remove contaminants. 
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Figure 26. High resolution XPS spectrum for the Cu 2p region of the iron sputtering 

target after Ar+ sputtering to remove contaminants. 

 

 

Figure 27 shows the XPS survey spectra for samples A, B, C and D. All these 

films show core level peaks for iron, oxygen, and carbon along with the Auger peaks for 

iron (Fe LMM) and oxygen (O KLL). The high intensity oxygen peak (O 1s) suggests 

that the film have undergone surface oxidation due to exposure to an O2 rich ambient 

environment. The spectrum of sample A also shows the core level peak for argon which 

might have been absorbed or penetrated the surface during XPS measurements. The 

nitrogen core level peak near 400 eV is not visible in the spectra probably due to the 

presence of the high intensity oxygen peak. The survey spectra of the co-sputtered films 

fabricated at nitrogen flow rates of 5 sccm and 1.2 sccm are shown in Figure 28 and 29 

respectively. Apart from the core level peaks for iron, oxygen and carbon, the spectra 

also show Auger peak for copper (Cu LMM).  
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Figure 27. XPS survey spectra for samples A, B, C and D. 

 

 

 

Figure 28. XPS survey spectra for samples E, F, G and H. 
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Figure 29. XPS survey spectra for samples J and K. 

 

 

 In order to further investigate the surface oxidation phenomena in the films, high 

resolution XPS spectra were recorded for the Fe 2p region of the pure iron nitride films 

and the Fe 2p and Cu 2p regions of the co-sputtered films. All these spectra were then 

background subtracted and deconvoluted using suitable peak fitting parameters as 

described in the experimental section. The spectra for the Fe 2p region of samples A, B, 

C and D are shown in Figure 30, 31, 32 and 33. The deconvoluted peak positions and the 

characteristics of the deconvoluted peaks are tabulated in Table VII. The deconvolution 

of the Fe 2p3/2 region revealed the presence of three peaks. The peak at the lowest binding 

energy is located at 707.4 eV, 707.0 eV, 707.7 eV and 707.1 eV for samples A, B, C and 

D, respectively. Comparing with the Fe 2p3/2 peak position for the iron sputtering target 

(706.5 eV), the peak showed a shift towards higher binding energy value. This can be 

attributed to a change in local coordination of iron in the film. Based on past literature 

this peak can be attributed to the presence of iron nitrides
43-45

. The next peak is located at 

710.4 eV, 710.9 eV, 710.1 eV and 710.6 eV for samples A, B, C and D, respectively.  

These peaks can be assigned to a mixture of Fe
2+

 and Fe
3+

 oxides based on past 
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literature
42

 and are the main oxide peaks. Identification of a particular oxide is difficult 

due to the near identical binding energy values for Fe
2+

 (710.7 eV
42

) and Fe
3+

 (710.8 

eV
42

) oxides. The presence of iron oxide can be further confirmed by the Fe 2p3/2 satellite 

peak located 8 - 9 eV higher than main oxide peak
42,46

. The deconvoluted spectra show a 

third peak for the Fe 2p3/2 region which aids the fitting process of the spectra. 

 

 

Figure 30. High resolution XPS spectrum for the Fe 2p region of sample A. 
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Figure 31. High resolution XPS spectrum for the Fe 2p region of sample B. 

 

 

 

Figure 32. High resolution XPS spectrum for the Fe 2p region of sample C. 
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Figure 33. High resolution XPS spectrum for the Fe 2p region of sample D. 

 

 

Table VII. Deconvoluted peak parameters for the Fe 2p region of samples A, B, C and D. 

Sample  

A 

Sample  

B 

Sample  

C 

Sample 

D 

Peak  Characteristic 

Binding  Energy  (eV)  ±  0.3  eV 

707.4 707.0 707.7 707.1 Fe 2p3/2 – Iron nitride 

710.4 710.9 710.1 710.6 Fe 2p3/2 – Main iron 

oxide peak 

711.9 713.4 712.0 713.3 Fe 2p3/2  - Iron oxide 

718.7 720.1 719.3 719.8 Fe 2p3/2 - Satellite 

724.4 724.6 723.4 724.2 Fe 2p1/2 – Iron Oxide 
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 Figure 34, 35, 36 and 37show the spectra for the Fe 2p region of samples E, F G 

and H respectively. The corresponding deconvoluted peak positions and the 

characteristics of the deconvoluted peaks are tabulated in Table VIII. The peak 

corresponding to iron nitrides (~ 707 eV) which was present for samples A, B, C and D is 

not visible in the deconvoluted spectra for the co-sputtered films E, F, G and H. The first 

set of peaks are observed at 710.2 eV, 710.3 eV, 710.8 eV and 710.9 eV which confirm 

the presence of a mixed iron oxides (Fe
2+

  and  Fe
3+

) similar to samples A, B, C and D.  

 

 

Figure 34. High resolution XPS spectrum for the Fe 2p region of sample E. 
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Figure 35. High resolution XPS spectrum for the Fe 2p region of sample F. 

 

 

 

Figure 36. High resolution XPS spectrum for the Fe 2p region of sample G. 
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Figure 37. High resolution XPS spectrum for the Fe 2p region of sample H. 

 

 

 

Table VIII. Deconvoluted peak parameters for the Fe 2p region of samples E, F, G and H. 

Sample  

E 

Sample  

F 

Sample  

G 

Sample 

H 

Peak  Characteristic 

Binding  Energy  (eV)  ±  0.3  eV 

710.2 710.3 710.8 710.9 Fe 2p3/2 – Main iron 

oxide peak 

711.8 714.3 714.0 714.0 Fe 2p3/2 – Iron oxides 

719.8 719.6 718.6 719.7 Fe 2p3/2 - Satellite 

724.0 723.4 723.5 724.6 Fe 2p1/2 – Iron oxides 
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The high resolution spectra of Sample E does not show a peak corresponding  to  

the  Cu  2p presumably  due  to  low  copper sputtering power (Cu – 10 watts) used for 

fabrication in this film. The high resolution spectra for the Cu 2p region of the samples F, 

G and H are shown in Figure 38, 39 and 40 and the corresponding peak positions are 

tabulated in Table IX. The Cu 2p3/2 peaks are located at 932.6 eV, 932.6 eV and 933.3 eV 

for samples F, G, and H respectively. On comparing with the Cu 2p3/2 peak position of 

the copper sputtering target, the peaks do not show a shift for samples F and G. Thus 

these peaks also belong to metallic copper. On increasing the copper sputter power to 40 

watts the Cu 2p3/2 peak shifts to a higher binding energy value of 933.3 eV and based on 

past literature can be assigned to the Cu3N
47

. 

 

 

Figure 38. High resolution XPS spectrum for the Cu 2p region of sample F. 
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Figure 39. High resolution XPS spectrum for the Cu 2p region of sample G. 

 

 

 

Figure 40. High resolution XPS spectrum for the Cu 2p region of sample H. 
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Table IX. Binding energy values of the Cu 2p region of samples F, G and H. 

Sample F Sample G Sample H Peak Characteristic 

Binding  Energy  (eV)  ±  0.3  eV  

932.6 932.6 933.3 Cu 2p3/2 – Cu metal / 

Cu3N 

952.4 952.3 953.1 Cu 2p1/2 - Cu metal / 

Cu3N 

 

 

 The high resolution spectra for the Fe 2p region of sample J and K are shown in 

Figure 41 and 42 respectively and the deconvoluted peak positions are tabulated in Table 

X. The spectra show the presence of Fe
2+

 and Fe
3+

 oxides previously observed for other 

samples. The Cu 2p high resolution spectra for these samples are shown in Figure 43 and 

44 respectively. The positions of the Cu2p3/2 peaks are 932.6 eV and 932.7 eV for 

samples J and K respectively and they are assigned to metallic copper as shown in Table 

XI. 
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Figure 41. High resolution XPS spectrum for the Fe 2p region of sample J. 

 

 

 

Figure 42. High resolution XPS spectrum for the Fe 2p region of sample K. 
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Table X. Binding energy values for the Fe 2p region of samples J and K. 

Sample  J   Sample  K Peak  Characteristics 

Binding  Energy  (eV)  ±  0.3  eV  

710.3 710.7 Fe  2p3/2 – Iron Oxides 

712.9 713.8 Fe  2p3/2 – Iron Oxides 

719.1 719.8 Fe  2p3/2 - Satellite 

723.7 724.1 Fe  2p1/2 – Iron Oxides 

 

 

Figure 43. High resolution XPS spectrum for the Cu 2p region of sample J. 
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Figure 44. High resolution XPS spectrum for the Cu 2p region of sample K. 

 

 

Table XI. Binding energy values for the Cu 2p region of samples J and K. 

Sample  J Sample  K Peak  Characteristics 

Binding  Energy  (eV)  ±  0.3  eV  

932.6 932.7 Cu  2p3/2 – Cu metal 

952.4 952.5 Cu  2p1/2 – Cu metal 

 

E. X-Ray Reflectivity 

 X-ray reflectivity (XRR) modelling was performed on Leptos7 software using a 

tri-layered model for all the thin films. The top layer was assumed to be a surface oxide 

layer which was followed by the main thin film layer and then the interfacial layer 

between the film and the substrate. The model was found to be a good-fit as compared to 

a single layered model of iron nitride layer for the raw XRR curves (measured curves) 

and confirmed the presence of three distinct layers in the film.  
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The raw and the simulated reflectivity data for samples A, B, C, and D are shown 

in Figure 45 and the corresponding fitting results are presented in Table XII. Sample A 

(N2 – 0.6 sccm) shows a sharp decay in the reflected intensity towards higher angles, 

suggesting a large surface roughness. The fitted parameter data shows a surface 

roughness value of 6.26 ± 0.1 nm. The SEM surface micrograph for the sample (Figure 5) 

shows that the surface of the film is porous. Thus the surface roughness could be 

attributed to the presence of voids on the surface. The simulated curve for sample A, 

shows the presence of low amplitude Kiessig’s fringes which were not obtained for the 

raw curve. This might have resulted in a discrepancy for the thickness measured by cross-

sectional SEM (~ 180 nm) and predicted by XRR (~ 216 nm). The raw reflectivity 

pattern for sample B shows the presence of Kiessig’s fringes which extend to higher 

angles. The simulated curve closely follows these fringes, thus providing a somewhat 

accurate prediction of the thin film thickness. As compared to sample A, the decay in the 

reflected intensity of sample B is more gradual thus suggesting a lower surface roughness 

(3.1 nm). The density of the surface layer is higher than that of sample A which is in 

accordance with the observations made from the surface SEM images (Figure 5 and 6). 

Increasing the N2 flow rate to 2.5 sccm, the fitted parameter data for sample C predicts a 

very low surface roughness (0.2 nm) and a high density for the film layer (8.38 g/cm
3
). 

The Kiessig’s fringes which are observed at lower angles rapidly decrease at higher 

angles suggesting the presence of an interface roughness within the film which is 

confirmed from the fitted parameter data shown in Table XII. High amplitude Kiessig’s 

fringes are observed in the raw reflectivity curve of sample D which is matched closely 

by the simulated curve. The decrease in the reflected intensity and decrease in the 

amplitude of the fringes might have resulted in the surface and interface roughness 

predicted by the fitted parameter data. Figure 46 shows a comparison between the 

thickness values predicted from the XRR and measured by the cross-sectional SEM 

images for samples A, B, C and D. Except from sample A, the predicted and measured 

values match closely within range of standard errors. 
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Figure 45. Raw (measured) and simulated XRR curves of samples A, B, C and D. Raw 

(Black), Simulated (Blue). 
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Table XII. XRR curve fitting parameters for samples A, B, C and D. 

Sample Layer Thickness 

(nm)  ±  0.5 

Roughness (nm) 

±  0.1 

Density 

(g/cm
3
)  

±  0.2 

A Surface layer 1.0 6.26 5.81 

Film layer 215.6 1.05 5.71 

Interfacial  layer 1.7 0.01 3.80 

B Surface layer 6.2 3.1 6.40 

Film layer 198 0.3 7.80 

Interfacial layer 5.1 0.9 2.90 

C Surface layer 2.6 0.20 6.62 

Film layer 119.1 1.12 8.38 

Interfacial layer 0.2 1.39 2.56 

D Surface layer 3.9 3.91 5.72 

Film layer 192 1.14 7.64 

Interfacial layer 1.6 0.73 2.71 

 

 

 

 

  Figure 46. Thickness comparison of samples A, B, C and D predicted from XRR curve 

fitting (total thickness - all three layers) and cross-sectional SEM 

measurements. 
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 Figure 47 shows the raw and simulated reflectivity curves for samples E, F, G and 

H fabricated at a N2 flow rate of 5 sccm and increasing copper sputtering powers. Table 

XIII shows the corresponding fitted parameter data for these samples. Similar to the iron 

nitride films, the curve fitting model confirms the presence of a surface oxide layer, film 

layer and an interfacial layer in these films. Compared to the reflectivity curve of sample 

D, all the co-sputtered films show a sharp decay in the reflected intensity with increasing 

incident angles. Thus, the surface roughness values for samples E (6.0 nm), F (4.48 nm) 

and G (4.69 nm) are higher than that of sample D (3.91 nm). But sample H shows a 

roughness value of 3.61 nm which is slightly lower than that of sample D. The simulated 

curves for all these samples match closely with the measured curves thus providing a 

good match between the thickness predicted from XRR and measured from cross -

sectional SEM as shown in Figure 48. The reflectivity curve for samples J & K (not 

shown here) predict near about the same total film thickness values (Table XIV) 

compared with their cross-sectional SEM thickness measurements. 
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Figure 47. Raw (measured) and simulated XRR curves of samples E, F, G and H. Raw 

(Black), Simulated (Blue). 
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Table XIII. XRR curve fitting parameters for samples E, F, G and H. 

Sample  Layer Thickness 

(nm)  ±  0.5 

Roughness (nm) 

±  0.1  

Density 

(g/cm
3
)  

±  0.2   

E Surface layer 10.4 6.0 7.8 

Film layer 185.7 0.0005 7.4 

Interfacial  layer 6.6 3.2 2.4 

F Surface layer 5.4 4.48 6.78 

Film layer 239.2 2.42 6.90 

Interfacial layer 5.4 0.13 6.33 

G Surface layer 1.4 4.69 8.02 

Film layer 307.7 2.52 6.29 

Interfacial layer 2.03 0.38 0.30 

H Surface layer 4.5 3.61 5.99 

Film layer 240.9 2.57 6.44 

Interfacial layer 2.4 0.05 5.73 

 

 

 

 

  Figure 48. Thickness comparison of samples E, F, G and H predicted from XRR curve 

fitting of three layers and cross-sectional SEM measurement. 
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Table XIV. XRR curve fitting parameters for sample J and K. 

Sample Layer Thickness 

(nm)  ±  0.5 

Roughness (nm) 

±  0.1 

Density 

(g/cm
3
)  

±  0.2 

J Surface layer 1.7 3.35 6.83 

Film layer 216.8 0.004 7.96 

Interfacial  layer 1.9 0.18 3.97 

K Surface layer 2.0 2.12 5.48 

Film layer 185.4 1.34 8.19 

Interfacial layer 5.5 0.70 2.41 

 

 

F. Vibrational Sample Magnetometry 

 All the magnetic measurements were conducted at 300K by applying a magnetic 

field parallel to the film surface. Figure 49 and 50 show the hysteresis curves for samples 

A, B, C and D normalized to volume obtained using a vibrational sample magnetometer 

(VSM). The magnetic parameters extracted from these curves are shown in Table XV. 

All the samples show a saturation magnetization (Ms) value less that of pure α-Fe 

reported in literature (1714 emu/cm
3
)
27

. This decrease in saturation magnetization could 

be attributed to several factors including the presence of more than one phase in all these 

films as observed from the XRD patterns and the presence of a natively grown oxide 

layer as confirmed by XPS spectra. Samples A and B which show the presence of α’’-

Fe16N2 and/or α-Fe phase in their XRD patterns exhibit a higher Ms value as compared to 

samples C and D. This decrease in the Ms for samples C and D can be attributed to the 

presence of γ’-Fe4N phase as reported in their XRD patterns (Figure 2). 

The remanent magnetization (Mr) of samples A and B is 721 and 752 emu/cm
3
 

respectively. As compared to the saturation magnetization for these samples, the remnant 

magnetization is low which affects the squareness of the hysteresis curves (Figure 50). 

The Mr approaches towards Ms for sample C (N2 - 2.5 sccm). This significantly improves 

the squareness of the hysteresis curve. Further increasing the nitrogen flow rate to 5 
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sccm, the Mr slightly decreases as compared to the Ms value. Thus it can be suggested 

that the presence of the γ’-Fe4N phase improves the squareness of the VSM curves.  

 It can also be observed from Figure 50 that the films fabricated at a nitrogen flow 

rate of 0.6 sccm (sample A) and 1.2 sccm (sample B) show a similar coercivity value. On 

increasing the nitrogen flow rate to 2.5 sccm and then to 5 sccm, a sharp decrease in 

coercivity is observed for samples C and D and they report a coercivity value of around. 

This decrease in the coercivity for samples C and D could be attributed to the presence of 

γ’-Fe4N phase in the film which probably tends to reduce the magnetocrystalline 

anisotropy present in samples A and B due to strong (110) α-Fe and/or (220) α’’-Fe16N2 

peaks. 

 

 

 

Figure 49. Hysteresis curves for samples A, B, C and D. 
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Figure 50. Expanded hysteresis curves for samples A, B, C and D. 

 

Table XV. Magnetic parameters for samples A, B, C and D extracted from their VSM 

curves. 

Sample Ms  (emu / cm
3
)  ±  50 Mr  (emu / cm

3
)  ±  50 Hc  (Oe)  ±  2.5 

A 1650 721 148 

B 1610 752 140 

C 1520 1450 18.3 

D 1360 1100 18.3 

 

 

 Figure 51 and 52 show the hysteresis curves for films fabricated by co-sputtering 

iron and copper at nitrogen flow rate of 5 sccm. Figure 53 and 54  show the hysteresis 

curves for films fabricated by co-sputtering iron and copper at nitrogen flow rate of 1.2 

sccm respectively. The magnetic parameters extracted from these curves are tabulated in 

Table XVI and Table XVII respectively. All the co-sputtered films show a ferromagnetic 

behavior at 300°K. It can be observed that the Ms of samples E, F, G and H is lower than 

that of sample D and that of samples J and K is lower than that of sample B. This can be 
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attributed to the presence of copper which is nonmagnetic. The saturation magnetization 

decreases with an increasing copper sputtering power for both set of films (N2 - 5 and 1.2 

sccm). Previously conducted studies on copper incorporated iron nitrides (CuxFe4-xN) 

suggests that the decrease in saturation magnetization is caused by copper atoms 

substituting the FCC crystal lattice
23

. The presence of copper can also result in the 

formation of copper nitride (Cu3N) which is a semiconductor and generally regarded as 

non-magnetic
1
. In this work copper addition presumably formed γ’-CuxFe4-xN phase for 

samples E and F and G and Cu3N phase for H as suggested by the XRD (Table III)  and 

XPS peak positions for copper (Table IX) which contributed towards lowering the 

saturation magnetization of these films. For sample J, addition of copper led to the 

formation of Fe0.5Cu0.5 phase (Figure 4). Prior studies show that the saturation 

magnetization for Fe0.5Cu0.5 is lower than that of pure iron and decreases with increasing 

copper concentration
48

. Thus a decrease in the saturation magnetization is observed for 

sample J. The saturation magnetization further decreases for sample K due to the 

presence of ε – Fe3N phase which has the lowest saturation magnetization amongst iron 

nitride phases and ζ – Fe2N which is a nonmagnetic phase. It can also be observed that 

the remanent magnetization for the two sets of co-sputtered films (N2 – 5 and 1.2 sccm) 

decreased with increasing copper sputtering power. 
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Figure 51. Hysteresis curve for samples E, F, G and H. 

 

 

 

Figure 52. Expanded hysteresis curves for samples E, F, G and H. 
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Table XVI. Magnetic parameters for samples E, F, G and H extracted from the VSM 

curves. 

Sample Ms  (emu / cm
3
)  ±  50 Mr  (emu / cm

3
)  ±  50 Hc  (Oe)  ±  2.5 

E 1270 1160 9.2 

F 1050 965 11.5 

G 710 670 13.1 

H 580 550 13.1 

 

 

 

Figure 53. Hysteresis curves of samples J and K. 
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Figure 54. Expanded hysteresis curve for samples J and K. 

 

 

Table XVII. Magnetic parameters for samples J and K extracted from the VSM curves. 

Sample Ms  (emu / cm
3
)  ±  50 Mr  (emu / cm

3
)  ±  50 Hc  (Oe)  ±  2.5 

J 1250 1095 8.8 

K 750 705 10 

 

 The coercivity of a material is dependent on many factors including grain size and 

stress. Past literature suggests that the coercivity decreases on decreasing the grain size 

for nanometer size grains
49

. From the SEM surface micrographs it appeared that the 

addition of copper led to a decrease in the grain size for the co-sputtered films as 

compared to their pure iron nitride counterparts fabricated at a the same nitrogen flow 

rates. Thus a corresponding decrease in the coercivity is consistent for the co-sputtered 

films fabricated at a nitrogen flow rate of 5 sccm (Table XVI) and 1.2 sccm (Table XVII) 

compared to their pure iron nitride counterparts (sample D and sample B, Table XV). It 

can also be qualitatively observed from Figure 52, that the coercivity increases slightly as 

the copper sputtering power is increased from 10 to 30 W and then remains the same for 
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the copper sputtering power of 40 W. Similarly for sample K (Cu - 40 W) a slight 

increase in coercivity is observed as compared to sample J (Figure 54). 
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IV.  CONCLUSION 

 Thin films of iron nitride and iron-copper nitride were fabricated via reactive 

magnetron sputtering. XRD analysis revealed that increasing the nitrogen flow rate 

changed the phase formation in the iron nitride films. At lower nitrogen flow rates (0.6 

sccm and 1.2 sccm) the films were found to be α’’-Fe16N2 and/or α-Fe dominant; and at 

higher nitrogen flow rates (2.5 and 5 sccm) they were found to be mixed phases of γ’ – 

Fe4N and α’’-Fe16N2 and/or α-Fe. The XRD analysis for iron-copper nitride films 

fabricated at a nitrogen flow rate of 5 sccm revealed the presence of γ’-CuxFe4-xN phase 

where copper substitutes the corner and face-centered iron atoms in the FCC γ’-Fe4N 

lattice. Also increasing the copper sputtering power led to a shift in the peak positions 

corresponding to the γ’-CuxFe4-xN towards higher angles suggesting a decrease in the 

lattice parameters and/or strain in the lattice. The magnetic measurements confirmed that 

all the co-sputtered films record magnetic hysteresis loops. Copper tends to decrease the 

saturation magnetization in these films and thus increasing copper sputtering power 

results in a decrease in the Ms values. The coercivities of all the co-sputtered films has 

decreased as compared to their pure iron nitride counterparts. The remanent 

magnetization to the saturation magnetization for all the co-sputtered films is higher as 

compared to the pure iron nitride films. It can be concluded that copper addition to iron 

nitride thin films, results in films with soft magnetic properties and improved squareness 

of the hysteresis (M s H) loops. Thus these films could find a potential application in the 

magnetic data storage industries. 
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APPENDIX 

 

Focused Ion Beam (FIB) surface micrographs 

 

 

Figure 55. FIB micrograph of sample D fabricated at nitrogen flow rate of 5 sccm. 

 

 

 

Figure 56. FIB micrograph of sample E fabricated at nitrogen flow rate of 5 sccm 

and a copper sputtering power of 10 W. 



66 

 

Figure 57. FIB micrograph of sample F fabricated at nitrogen flow rate of 5 sccm 

and a copper sputtering of 20 W. 

 

 

 

Figure 58. FIB micrograph of sample G fabricated at nitrogen flow rate of 5 sccm 

and a copper sputtering of 30 W. 
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Figure 59. FIB micrograph of sample H fabricated at nitrogen flow rate of 5 sccm 

and a copper sputtering of 40 W. 




