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A B S T R A C T   
 

Thin films of Ga2O3 and its alloys open the possibility of ultrawide bandgap heterostructure device designs that  

includes HEMT, quantum well UV optoelectronics, wide bandgap spintronics, high resistive buffer layers for FET  

and electrocatalytic applications. In this paper, (Ga1-xFex)2O3 (for x = 0.0–0.50) thin film alloys as a function of 

growth  temperatures  (450–750  ◦C)  and  partial  oxygen  pressures  (10-1    10-6   torr)  grown  using  pulsed  laser 

deposition are reported. The results suggest that, with the increase of Fe content at a fixed growth temperature 

and pressure, the bandgap decreases (4.93 to 3.43 eV and 4.39 to 2.25 eV for direct and indirect, respectively) 

due to a change in the Fe oxidation states as the Fe composition is increased from 0 to 50%. Density functional 

theory calculations also show a reduction in the bandgap of the alloy as the Fe content increases with the for- 

mation of a localized band of states close to the conduction band. Fe content, ≥ 40% in the alloy leads a phase 

change in the crystal structure with the formation of a gamma phase, also corroborated by theoretical calcula - 

tions. Finally, room temperature ferromagnetic property was observed in thin films with the introduction of Fe 

into the Ga2O3 lattice. 
 

 

 

1. Introduction 

 
Ultrawide bandgap Ga2O3 and its alloys having bandgaps > 4.6 eV, a 

predicted  high  breakdown  field  (6-8MVcm  1),  and  a  high  electron 

saturation velocity (2 107 cm/s), have been propelling investigations 

into versatile applications such as gas sensors, transparent conductive 

oxides for solar cells, UV detectors, magnetic sensors and devices, high- 

power electronic devices (including MOSFETs) and electrocatalytic en- 

ergy  production  [1–4]  It’s  proven  capability  of  growing  high-quality 

single crystals from melt offer huge potential for cost effective large 

scale  device  manufacturing  [5–7].  However  intrinsic  β-Ga2O3  often 

suffers from n-type conductivity due to the unintentionally incorporated 

defects in the crystal [8]. Consequently a high off-state drain leakage 

current and the absence of a sharp pinch-off [9] in electronic devices 

during operation is problematic. In lateral field effect transistor (FET) 

applications, a key building block is the formation of a high resistivity 

buffer layer. Therefore, for power application, a highly insulating β-

Ga2O3 layer achieved either by doping or alloying is needed. The most 

common way to achieve highly resistive Ga2O3 material is through 

doping by divalent atoms (Mg2+, Be2+, Zn2+ and Fe2+) into the lattice in 

which  the  atoms  substitute  into  the  trivalent  Ga  sites  [10–13].  There 

have  been  relatively  few  studies  of  the  effect  of  Fe  in  β-Ga2O3.  Fe  is 

believed to form deep state acceptor levels which increase the resistivity 

of the material [14–17]. Hence, Fe doping of Ga2O3 can potentially be a 

good candidate for the formation of a highly insulating homoepitaxial 
crystalline buffer layers or as a suitable gate dielectric in MOSFET 

applications. 

In addition to highly insulating layers that can result from Fe doping 

of Ga2O3, there has also been growing interest in Fe doped Ga2O3 to 

achieve wide bandgap diluted magnetic semiconductor oxides for 

spintronic applications [18–22]. Fe can be incorporated into Ga2O3 by 

replacing the Ga atoms and it is expected to have similar oxidation state. 

However, Fe can readily exist in a 3 and 2 oxidation states and in the 

ternary alloy there is a possibility that the growth conditions will 

determine which oxidation state will be dominant and its effect on the 

properties of the alloy. The properties of bulk (Ga(1-x)Fex)2O3 prepared 

by various techniques such as float zone, sol gel, ball milling, and solid 

state reaction method have been reported [21–27] showing the presence 

of magnetic properties. In contrast, very few reports of thin films of (Ga(1-

x)Fex)2O3 ternary alloys are seen in the literature dealing with 
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Fig. 1. 2-theta-omega scan of (Ga(1-x)Fex)2O3 thin films for x 0.15 (a) as a function oxygen partial pressure during deposition pressure at 700 ◦C, (b) corresponding 

extended region around angle 38◦, (c) as a function of deposition temperature with a fixed oxygen partial pressure of 2.2x10 -2 torr, (d) corresponding extended region 

around angle 38◦. 
 

 

 

Fig. 2. (a) FWHM and 2-theta versus partial oxygen pressure, (b) FWHM and 2- 

theta versus deposition temperature of (Ga0.85Fe0.15)2O3 thin films. 

 
magnetic properties [20,28–34]. Most of the prior studies of (Ga1-xFex) 

2O3 thin films were focused on high Fe concentration materials (typi- 

cally × > 0.5) with limited studies on low Fe content. Daoyou Guo et al. 

[33] demonstrated ferromagnetic properties of monoclinic Ga2O3/(Ga1- 

xFex)2O3 (x     2.44%) thin film on sapphire substrates deposited using 

laser molecular beam epitaxy (LMBE). However, instead of a deposition 

of a uniform alloy, the alloy was achieved by the alternating deposition 

of Ga2O3 and Fe layers and using high temperatures to allow for the 

interdiffusion of the layers. In this study thin films with an Fe content 
from 0 to ~ 50 % were studied and it was reported that the Fe in these 

films exhibit mixed valence states of Fe2+ and Fe3+. Yuanqi Huang et al. 

[35] demonstrated ferromagnetism in the cubic structure of Fe stabi- 

lized γ-Ga2O3 thin films grown on c-plane sapphire substrates and sug- 

gested possible application in nonvolatile magnetic storage devices. 

These Fe doped γ-Ga2O3 films were deposited using LMBE at low oxygen 

pressure (chamber pressure ~ 10-7 torr) and Fe content < 10%. Ferro- 

magnetism in orthorhombic GaFeO thin films were also studied on ITO 

buffered  YSZ(001)  [30],  SrTiO3(111)[19],  and  SrRuO3(111)  [20]. 

Ferromagnetism in combination with a transparent semiconductor oxide 

is promising since the ferromagnetic properties can be tuned by light 

[36–38]  making  this  material  interesting  for  optoelectronics  applica- 

tions with novel magneto-optical devices properties [39,40]. 

Extensive studies of (Ga1-xFex)2O3 thin film alloys as a function of 

growth conditions and Fe concentration have not been explored in the 

literature. In this work, a systematic investigation of (Ga1-xFex)2O3 thin 

films as a function of growth parameters will be presented including 

structural, electronic, optical, and magnetic properties. These results 

will be compared with density functional theory (DFT) studies. 

 
2. Experimental and computational details 

2.1. Experimental process details 

 
(Ga1-xFex)2O3 thin films for x 0.15 were first grown at various 

temperatures (400–750 ◦C) and oxygen pressures (1.5 10-6  torr ~ 2.2 

10-2 torr) to study the effect of temperature and pressure on the 

crystallinity and the structure of the films. Following this study, a fixed 
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Fig. 3. X-ray PF measurement of (Ga(1-x)Fex)2O3 thin films for (a) x = 0.00 and (b) x = 0.15 were grown at partial oxygen pressures 2.2 × 10-2 and 1.5 × 10-6 torr, 

respectively, at fixed temperature 700 ◦C. 

 
 

 

Fig. 4. Core level Fe 2p XPS spectrum of (Ga(1-x)Fex)2O3 thin films for x = 0.15 

at a pressure of (a) pressure 1.0 × 10-1  torr (b) 1.50 × 10-6  torr. 

growth temperature of 700 ◦C and oxygen partial pressure of 2.2 × 10-2 

torr were used to grow a series of (Ga1-xFex)2O3 films having different Fe 

content (x). All films were grown using pulsed laser deposition (PLD) on 

single sided polished c-plane sapphire substrates. The substrates were 

cleaned ultrasonically using acetone, isopropanol, deionized water and 

finally dried with nitrogen gas prior to loading into the load lock. After 

growth, each film was annealed for 15 min at a temperature of 50 ◦C 

above the growth temperature in the absence of oxygen. The targets 

used for deposition were fabricated from 5 N Ga2O3 and 5 N Fe2O3 

powders with varied Fe (mole ratio of Fe/(Ga:Fe)) concentration. A 

krypton fluoride (KrF) excimer laser source having a wavelength of 248 

nm was used to ablate the target onto the substrate. During deposition, 
the laser pulse frequency was set at 5 Hz and the beam was set to an 

energy density of 2 J/cm2. The rotation of the substrate, target, and the 

distance between them were carefully controlled to maintain film uni- 

formity and to prevent crater formation on the target. 

 
2.2. Theoretical computational modelling 

The calculations performed during this study were based on first- 

principles spin-dependent density functional theory (DFT) [41,42]. 

The projector augmented-wave basis as implemented in the Vienna ab- 

initio Simulation Package (VASP) [43], and the generalized gradient 

approximation (GGA) in conjunction with the Perdue-Burke-Ernzerhof 

(PBE)  exchange–correlation  functional  [44]  was  used.  To  account  for 

the electron–electron and exchange coupling interactions of the valence 

Fe d-states, the effective Hubbard potential approach (GGA U) with 

the U value 3.84 eV was used. This value of U was determined in 

accordance with Ref. [45] by dividing the calculated atomic Hubbard 

potential  by  the  Ga2O3  dielectric  constant.  For  undoped  β-Ga2O3,  cal- 

culations were carried out using a modified Becke-Johnson meta-GGA 

potential  (GGA        mBJ)  [46].  The  β-Ga2O3  has  a  monoclinic  crystal 

structure with space group C2/m. The calculated lattice constants for β-

Ga2O3 were a = 12.474 Å, b = 3.088 Å, c = 5.886 Å, and the calculated 

angle β 103.684
◦

, obtained by minimizing the total energy of the unit 

cell using GGA, are in good agreement with the experimental values 

reported in the literature [47]. The lattice constants are kept fixed in the 

optimized GGA values, shown above, when performing calculations 

using other functionals (GGA + mBJ, GGA + mBJ + U). 

The (Ga1-xFex)2O3 alloys were simulated using a 20-atom supercell, 

in which Ga atoms were replaced by Fe atoms simulating the different × 
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Fig. 5.  (a) X-ray diffraction patterns of films (Ga(1-x)Fex)2O3 grown at 700 ◦C and 2.2     10-2 torr oxygen as a function of Fe content. (b) expanded view of the spectra 

around angle 38o.
 

 
 

 

Fig. 6.  Band structure calculated for β-Ga2O3, using the GGA + mBJ functional, 

along high-symmetry lines in the Brillouin zone. The indirect and direct band 

gaps are indicated by arrows. The Fermi level is placed at the zero energy. 

 
values studied, x      0, 0.125, 0.25, and 0.50. The β-Ga2O3 comprises two 

types of Ga atoms, Ga1 corresponding to octahedral (OCT) sites, and Ga2, 

which correspond to the tetrahedral (TET) sites. Ferromagnetic (FM) 

and anti-ferromagnetic (AFM) configurations for Fe were also investi- 

gated. The AFM configuration is found to be the most stable, indepen- 

dent of Fe either replacing Ga on the OCT site or the TET site. All 

structures were relaxed, allowing for the stabilization of the atomic 

positions until the forces on the atoms were dropped to 10-5 eV/ Aͦ. The 

self-consistent calculations used a (2   8   4) k-points mesh to represent 

the reciprocal space. Calculations were performed using a collinear spin- 

polarized approach with a kinetic energy cutoff of 450 eV for the plane- 

waves basis set. For the density of states calculations, a (4 16   8) k- 

points mesh was used. 

For the cubic spinel phase of the 50% Fe concentration, the simula- 

tion was carried out using the Fd-3 m (#227) structure model repre- 

senting Fe1.25Ga1.75O4 to investigate the stability of the systems under 

compressive and tensile strain. A supercell was built, containing 56 

 
Fig. 7. Total density of states (TDOS) and projected density of states (PDOS), 

per  atomic  orbital,  calculated  for  β-Ga2O3,  using  the  GGA  + mBJ  functional. 

The Fermi level is placed at the zero energy. 

 
atoms, with 8 Fe atoms in tetrahedral sites, 16 Ga atoms in octahedral 

sites, and 32O atoms. The pristine crystal structure can be represented as 

Fe8Ga16O32originated  from  the  γ-phase  Ga24O32  spinel  structure  with 

eight Ga3O4 unit cells [33]. In terms of the total number of cations the 

structure consists of 50% Fe and 50 % Ga in the supercell, that is, 

Fe12Ga12O32, where 4 gallium atoms were replaced by 4 iron atoms. 

Thus, in this simulation, 8 Fe atoms continue to occupy octahedral sites 

with the additional 4 Fe atoms occupying the tetrahedral sites. The 

lattice parameter was optimized to be 8.363 Å, as shown in Fig. 10. This 

result is comparable with the experimental value reported for spinel 

FeGa2O4, 8.363 Å. [48] 

3. Results and discussion 

Fig. 1 shows the XRD 2θ/ω spectra of (Ga(1-x)Fex)2O3 thin films for x 
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Fig. 8.  Total (T) and Partial Density of States (PDOS) per atom for β-(Ga(1-x)Fex)2O3, with Fe concentration of 50 %, calculated using GGA + mBJ + U. Fermi energy 

is placed at the zero energy. Arbitrary units for density of states and energies are in eV. 
 

0.15 as a function of deposition temperature and oxygen partial 

pressure. Fig. 1(a) represents oxygen partial oxygen pressure de- 

pendency, and 1(b) is the enlarged regions around the diffraction angle 

of 38◦. All sample peak positions were compared with the baseline 

undoped β-Ga2O3 grown at T      700 ◦C and PO2      2.2      10-2  torr. The 

sharp peaks at 20.5◦, 41.7◦ and 64.5◦ correspond to the diffraction peaks 

of the (0003), (0006) and (0009) planes of the sapphire substrate. It is 

clearly observed that with the decrease of oxygen pressure, the peaks 

related to the thin film shift towards lower 2theta angle, without any 

degradation of the crystal quality (Fig. 1a, b). The lowest full width half 

maxima (FWHM) was observed for an O2 pressure of 1.5 10-6 torr 

shown in Fig. 2(a). The shift in the peak around 38◦ to lower 2theta is not 
due to a change in the film composition but would suggest a change in 

the crystal phase as a result of a change in the oxidation states of the 
cations. To fully investigate this phenomenon, pole figure (PF) and XPS 
measurements were carried out. Analysis of the PF data suggests that for 

(Ga0.85Fe0.15)2O3  a  phase  transformation  to  a  cubic  (gamma)  γ-phase 

occurs with lower oxygen partial pressure as shown in Fig. 3. Before 

taking PF measurement, the diffraction angle was set at 2□=29.5◦. It is 

seen that there is a six-fold symmetry for x = 0.0 for tilt angles around 

35◦  and 66◦  that can be attributed to the (    400) and (    401) Bragg’s 

planes of the monoclinic phase. The six-fold symmetry is maintained for 

the x = 0.15 sample but diffraction peaks only appear at a  tilt angle 

around 55◦. These peaks can be assigned to the (220) plane of the cubic 

or γ-(Ga(1-x)Fex)2O3 crystal structure. The monotonic shift in the lattice 

constant with decreasing oxygen content used during growth can be 

explained by an increase in the amount Fe2+ ions in the film (as dis- 

cussed below). The peaks at 18.59◦, 37.81◦, 58.18◦  and 80.70◦ displayed 

in  the  2  θ/ω spectrum  of  the  x      0.15  deposited at  low  oxygen  partial 

pressure are due to diffraction of the (111), (222), (333) & (444) 

planes  of  γ-(Ga(1-x)Fex)2O3,  respectively.  The  data  in  Fig.  1b  would 

therefore suggest that as the oxygen partial pressure is decreased during 

deposition there is a higher fraction of the gamma phase over the beta 

phases present in the film with the lowest oxygen partial pressure pro- 

ducing a complete gamma phase. This change in the crystal phase is due 

to the change in oxidation states of the Fe as will be discussed later. 

Similar observations were made by Y. Huang et al. [35] who deposited 

(Ga(1-x)Fex)2O3 thin films for 0, 5.38, and 9.62 at% on (0001) 

sapphire substrates at an O2 partial pressure of ~ 7.5       10-8 torr and 

temperature of 750 ◦C using PLD. Their films were annealed postgrowth 

at  750  ◦C  for  1  h  in  vacuum.  Fig.  1  (c)  and  (d)  show  the  2  θ/ω XRD 

spectra of (Ga(1-x)Fex)2O3 thin films for x    0.15 grown at a O2 pressure 

of 2.2 10-2 torr as a function of growth temperature. It is seen that for 
higher growth temperatures there is an improvement in the crystallinity 

which is confirmed by a smaller FWHM of ( 402) plane shown in 

Fig. 2b. Interestingly, a low deposition temperature causes the peak to 
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Fig.  9.  Band  gap  energy  variation  as  a  function  supercell  volume,  for  β-(Ga(1- 

x)Fex)2O3 for x = 0, 0.125, 0.25, 0.50. Calculations performed with the GGA  + 

mBJ functional and with the GGA + mBJ + U functional are indicated by the 

symbols   “squares” and   “circles” respectively.   Volumes   correspond   to   fully 

relaxed calculations for each Fe composition. Solid lines connecting the symbols 

are to guide the eyes. 

 
 

Fig. 10. Total energy versus volume, as obtained for (Ga0.5Fe0.5)2O3 in the β 

(circles) and for Fe1.25Ga1.75O4 in the γ (triangles) structural phases, using the 

GGA + U functional. The total energy values at the minimum volume of each 

structure are indicated by vertical arrows. 

 
shift to smaller angles representing an increase of lattice constant but 
with degraded crystallinity. This can be explained by an increase in the 

Fe2+/ Fe3+ ratio for films deposited at lower temperatures. Note that 

Fe2+ (0.74 Å) has larger ionic radius than Fe3+ (0.64 Å) and Ga2+ (0.62 

Å)  [49–33].  To  confirm  whether  this  is  true,  XPS  measurements  were 

performed   to   estimate   the   Fe3+/Fe2+ ratio   in   the   (Ga0.85Fe0.15)2O3 

grown at two different partial oxygen pressures. The Fe 2p core level 
XPS spectra are shown in Fig. 4a and 4b for growths under oxygen 

partial pressures of 1.0      10-1 torr and 1.5      10-6 torr, respectively. The 

XPS peak positions were calibrated using the C 1 s peak at the binding 

energy of 284.8 eV and the Fe 2p3/2 main peaks was deconvoluted into 

Fe3+ and Fe2+ peaks [51], corresponding to the binding energy around 
710.42 eV and 709.06 eV, respectively. The ratio of Fe3+/Fe2+ is about 

2.37 and 1.95 for partial oxygen pressure 1.0 10-1 and 1.50 10-6 torr, 

respectively, confirming that increasing the oxygen pressure during 

growth result in a higher concentration of Fe3+. In addition to core the 

level peaks Fe 2p1/2 and Fe 2p3/2, satellite peaks are observed due to the 

spin orbit coupling indicated by Sat. in Fig. 4 which are due to a sudden 

change in the Coulombic potential as the emitted electron passes 
through the valence band. The differences in satellites peaks in Fig. 4 

appears to be due to the presence of varying amounts of Fe3+ [52,53,54]. 

These XRD and XPS result are in agreement with the results of Y. Huang 

et al. [17], who studied the temperature and oxygen pressure depen- 

dence of a much lower Fe content (equivalent to x = 2.5%) 

Ga1.95Fe0.05O3 thin films. In conclusion, the change in crystal phase from 

beta to gamma observed in Fig. 1 is due to change in the Fe oxidation 

from Fe3+ to Fe2+ as the oxygen partial pressure during deposition is 

reduced. This change of phase is also confirmed from the pole figure 

measurements. 

From an analysis of the above data, a growth temperature of 700 ◦C 

and oxygen partial pressure of 2.2 × 10-2 torr was chosen to investigate 
the effect of the Fe concentration on the growth of (Ga1-xFex)2O3 thin 

films. Samples were grown for x     0.0–0.50 and were subjected to a post 

deposition anneal at 750 ◦C for 15 min in the PLD growth chamber after 

having  stopped  the  flow  of  oxygen.  The  2  θ/ω XRD  spectra  for  these 

samples are shown in Fig. 5. For x 0, in addition to the substrate peaks 
prominent sharp   peaks   representing   the   Bragg   reflections   of   the 

(    2 0 1), (    4 0 2), (    6 0 3) and (    8 0 4) planes for a monoclinic β-Ga2O3 

thin film that is grown on the c-plane sapphire substrates are present. 
Fig. 5 (b) shows an enlarged view of the spectra around the diffraction 

angle of 38◦   for the various samples. This figure shows that with 

increasing Fe concentration, the ( 402) diffraction peak gradually 

shifts to smaller angles, suggesting an expansion of the lattice constants 

due to an increasing amount of Fe inclusion into Ga2O3 lattice sites 

[55,56]. However, as clearly seen, increasing Fe content also degrades 

the structural quality of the thin films at these deposition conditions. 

While there is a monotonically increase in the lattice constant with 

increasing Fe content up to x 0.30, the peak positions for the alloys 

with x    0.40 and 0.50 suggest the existence of the spinel phase that is 
reported elsewhere [35,57,58]. The peaks at approximately 38⁰, 58⁰ and 
80⁰ can be indexed as the (222), (333) and (444) diffractions plane of γ 
phase thin films, representing the spinel phase of the (Ga(1-x)Fex)2O3 

alloy. The missing (111) peak may be due to the degraded crystal 

structure, i.e., the temperature and oxygen partial pressure used may not 

be ideal for growing high quality spinel phase for these high Fe content 

films. 

Fig. 6 shows the calculated band structure along high symmetry lines 

of the Brillouin zone (BZ) for undoped β-Ga2O3, obtained using the GGA 

mBJ functional. Fig. 7 depicts the corresponding total density of states 

(TDOS) and projected density of states (PDOS), per atomic orbital. The 

bandgap obtained from this calculation is approximately 4.25 eV 

(direct) and 4.19 eV (indirect). These values show good accordance with 

those obtained using the computationally most expensive PBE0 

approach (not shown) [59] and other previous theoretical calculations 

[8,60].  The  band  structure  of  β-Ga2O3  consists  of  a  flat  valence  band, 

indicating a large hole effective mass, which implies a low hole mobility 

and poses a challenge to fabricating p-type β-Ga2O3. From the density of 

states results, the bandgap consists of contributions from Ga(s), Ga(p), 

Ga(d) and O(s) orbitals. To check the electronic properties of the β-(Ga(1- 

x)Fex)2O3 alloy, Fe atoms were added to the β-Ga2O3 structure replacing 

Ga atoms for varying from 0.0 to 50%. The calculated results suggest 

that the incorporation of Fe into the lattice causes the volume of the unit 

cell to increase while at the same time the bandgap shrinks. The pres- 

ence of Fe is responsible for introducing a rather localized band in the 

upper part of the band gap close to or at the CB bottom, consistent with 

previous DFT studies for 12.5 % Fe content in Ga2O3 using the local 

density approximation (LDA) [61]. Here we found the Fe d-derived 

states located at ~ 2.4 eV above the VB top, and about 1.5–2 eV wide, for 

the Fe concentration x      0.5 as shown in Fig. 8. For all     values studied, 

we found Fe in the AFM configuration to be the most favorable 

compared with the FM configuration, and for several different 
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Fig. 11. (a) Optical transmission spectroscopy of the various as-grown alloys and (b) direct and indirect transition for (Ga(1-x)Fex)2O3 thin films extracted from the 

Tauc plot. 

 
 

Fig. 12.  (a) Extinction coefficient and (b) refractive index as function of wavelength for (Ga(1-x)Fex)2O3 thin films for various Fe content. 
 

arrangements of the Fe atoms in the Ga2O3 supercell. We point out, 

however, that in few cases where the Fe atoms are more than two atomic 

layers apart from each other the total energy difference between the 

AFM and FM configuration is smaller than 5 meV. This finding may lead 

the FM configuration to be competitive with the AFM one, especially for 

diluted alloys. 

In Fig. 9 we show the band gap energy variation as the supercell 

volume increases, for films β-(Ga(1-x) Fex)2O3 for x     0, 0.125, 0.25, 0.50, 

comparing results obtained from calculations performed with the GGA 

mBJ functional and those with the GGA mBJ U functional. The 

reduction of the bandgap is consistent with the experimental optical 

transmission data shown in Fig. 11 below. 

Moreover, we observe that the inclusion of the mBJ potential, added 

to the + U Hubbard potential for iron is fundamental to correctly 

describe not only the trend in the band gap energy as      increases, but 

also its magnitude. To better understand the stability of the alloys under 

the effect of strain, we varied the lattice constants around the minimum 

equilibrium volume of the (Ga(1-xFex)2O3 alloy for x 0.50. Fig. 10 

presents the total energy as function of the unit cell volume for β-

(Ga0.5Fe0.5)2O3  and  γ-(Ga0.5)Fe0.5)2O3.  These  results  show  that  the 

monoclinic phase is the most stable by only 13 meV, at least for 50% Fe 

content in the alloy. However, the experimental observation of cubic 

phase in the high Fe content (Ga1-x Fex)2 O3 samples is not unexpected 

considering the small energy difference between the two structures and 

the calculation does not consider the oxidation states of the Fe atoms. 

We add that although the absolute value of the undoped Ga2O3 bang gap 

(4.25 eV, direct band gap) is found about 13% smaller than the exper- 

imental values range (4.7–4.9 eV) [7,9], the overall trend observed for 
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Fig. 13. AFM (1um × 1um) surface images for different Fe content in the (Ga(1-x)Fex)2O3 alloy grown at 700 ◦C and 2.2 × 10-2 torr. 

 

Table 1 

Materials properties of (Ga1-xFex)2O3 at pressure 2.2 × 10-2  torr and temperature 700 ͦ C. 

Fe content (x) Thickness (nm) Bandgap (eV) fm UV–vis Refractive index at 632 nm Roughness from Ellipsometer (nm) RMS Roughness using sAFM (nm) 

 Direct Indirect  

0.00 106.48 4.93 4.39 1.9330 3.070 1.462 

0.02 131.22 4.71 4.14 1.9406 3.400 2.000 

0.05 143.19 4.67 3.96 1.9508 1.800 0.718 

0.10 96.930 4.58 3.62 1.9790 1.350 0.842 

0.15 82.920 4.56 3.54 2.0012 1.000 0.532 

0.25 94.640 3.68 2.78 2.0724 1.200 0.808 

0.30 80.540 3.60 2.75 2.1001 1.190 0.852 

0.40 95.070 3.40 2.50 2.1857 0.800 0.610 

0.50 52.770 3.43 2.25 2.2494 0.300 0.651 

 

doped (Ga(1-xFex)2O3 systems prevails, independent of the exchan- ge–

correlation functional used, explaining consistently the experimental 
data. 

Fig. 11a shows the optical transmission spectroscopy spectrum of the 

(Ga(1-x) Fex)2 O3 thin films for x 0.0 ~ 0.50, deposited at 700 ◦C and 

2.2 10-2  torr  oxygen  partial  pressure.  β-Ga2O3  exhibits  a  high  trans- 

parency over 90% with no intermediate absorption and the transmission 

rapidly decreases around 250 nm. To estimate the direct and indirect 

bandgap from the measured transmission spectra the Tauc equation 

(αhν)
1/n 

= B
 
hν Eg

) 
was used, where n = 1/2 and 2 for determining the 

direct and indirect energy band transition, hυ is the photon energy, α is 

the absorption coefficient and B is a constant. Fig. 11b shows the 

calculated direct and indirect bandgap as a function of the Fe content. 

The bandgap appears to decrease with Fe content which is consistent 

with the calculations shown in Fig. 9 suggesting that indeed the volume 

of the unit cell increases with Fe content. Films for x = 0.40 and x = 0.50 

showed  the  lowest  optical  transparency  and  unlike  β-Ga2O3,  interme- 

diate absorption appears in the alloys of (Ga(1-x)Fex)2O3, which implies 

indirect transition at this thermodynamic condition, consistent with the 

theoretical calculations discussed below. The presence of intermediate 
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Fig. 14. M H Curve of (Ga(1-x)Fex)2O3 thin films for Fe content x = 0.00, 0.02 

likely related to Fe content and changes from circular to elongated rice 

like granules as the Fe content increases suggesting a directional 

dependence ad-atom migration on the surface. Increasing the growth 

temperatures will most likely increase the migration of the species and 

will probably decrease the surface roughness. The decrease in the rms 

values and the grain size with increasing Fe content is probably due to a 

decrease in the surface adatom migration in the presence of Fe and/or 

lack of oxygen with the increasing Fe content which pins the grain 

boundaries and limits the adatom mobility. 

All the films presented in this study were insulating and electrical 

properties could not be determined. Finally, to investigate the magnetic 

properties of the (Ga(1-x)Fex)2O3 alloys, a vibrating sample magnetom- 

eter (VSM) was used. Fig. 14 shows the magnetization versus magnetic 

field (M    H) of (Ga1-xFex)2O3 for the 0.0, 0.02 thin films having 

thicknesses of 106.48 nm and 131.22 nm, respectively. Diamagnetic 

contributions due to the sapphire substrates and sample holder rod were 

subtracted   from   the   raw   data.   β-Ga2O3   demonstrates   paramagnetic 

behavior, while for an 2% Fe content the alloy shows ferromagnetic 

behavior at room temperature with the observation of hysteresis. The 

saturation magnetization, normalized remanence (Mr/Ms), and coer- 

civity are 4.67 emu/cm3, 0.8769/4.67 and 56.159 (Oe) respectively. All 
samples with Fe concentrations below 15% also show hysteresis similar 

taken at room temperature. 

 
bands has potential applications in designing solar cell capable of 

absorbing photons with lower energy than the bandgap of the original 

host semiconductor utilizing electron transition from valence band or 

deep level defect to intermediate band, as well as the conventional 

process of transition from valence to conduction band. Such systems can 

be beneficial over the single gap solar cells, as well in applications of 

multi-wavelength photodetectors [62–65]. 

To determine the thickness and roughness and investigate further the 

optical properties of the thin films, spectroscopic ellipsometry mea- 

surements was carried out on the as-grown samples. The extracted pa- 

rameters are shown in table I and Fig. 12. In general, the thin films have 

some region of optical transparency, i.e., vanishing imaginary part 

where the extinction coefficient approaches k   0. This transparent re- 

gion can be analyzed to extract the index of refraction and the thickness 

of the film by the Cauchy Sellmeier equation [66]. 

to that shown in Fig. 14. Samples with higher Fe concentration does not 

show hysteresis. More detailed measurements are currently being 

planned to understand this phenomenon. Fe doped magnetic properties 

of multilayer Ga2O3/(Ga1   xFex)2O3, (x       2.44%) thin films were studied 

by Daoyou Guo et al. [33]. They found a much larger magnetic satura- 

tion (32.8 emu/cm3) than our experimental values (4.67 emu/cm3). 

However, their alloys were formed by growing alternate layers of Fe and 

Ga2O3 which could have resulted in Fe2O3 in the structure. The origin of 

the magnetic properties is not clearly understood. Our theoretical DFT 

simulations have shown a magnetic moment of ~ 4.25 µB per Fe2+ atom 

which is comparable to the experimental value 3.22µB per atom, which 
may suggest the experimental value could be attributed to Fe in Ga2O3. 

Besides, the magnetic properties in thin films Ga2O3 with other 

elemental doping, for example Mn, Cr, have been reported elsewhere 

[58,72]. This study suggests (Ga1-xFex)2O3 as a potential candidate for 

future spintronic applications capable of room temperature operation. 

b c n(λ) = a (1) 4. Conclusions 
+ 
λ2 

+ 
λ4

 

where n is the refraction index, λ is wavelength, and a, b, c are optical 

constants. Therefore, to determine the thickness and refraction index (at 

632 nm), data sets were evaluated using the Cauchy function in the 

transparent spectral region. This was followed a B-spline analysis was 

used to obtain the optical parameters of the absorbing film. For x 0.40 

and x 0.50, (as the absorption edges shifted above 400 nm) where 

Kramers-Kronig relationship was maintained by evaluating values of 

extinction coefficient k and the refractive index, n. From Fig. 12, it is 

seen that the extinction coefficient is almost zero for all sample up to 

400 nm. However, for x 0.40 and 0.50 strong absorption appears at 

shorter wavelength, indicating bandgap shrinkage. The appearance of a 

dip in the spectrum around 450 nm can be attributed to absorption due 

to defects or intermediate band. It is also evident that the refraction 

index increases with Fe content. For x 0.4 and 0.5 the estimated 

refractive index at 632 nm are 2.1857 and 2.2494 respectively These 

values  are  greater  than  the  refractive  index  (1.89  ~  1.95)  of  β-Ga2O3 

[67–70]. However, the refractive index of gamma gallium oxide in the 

visible region which is reported to be 2.0 ~ 2.1[71], closely matches the 

value obtained from the ellipsometry data, confirming the alloy struc- 

ture could be the gamma phase. 

The influence of Fe content on the surface morphologies (Fig. 13) 

and roughness (Table 1) of the films was examined using scanning 

atomic force microscopy (sAFM). The film surfaces are granular in na- 

ture and uniform in appearance. The surface topologies or grains size are 

 
In summary, we performed a systematic study of (Ga1-xFex)2O3 thin 

film alloys grown using PLD. An increase in the Fe content increases the 

lattice constant and decreases the optical bandgap as well as introduces 

intermediate bands. This was attributed to a change in the oxidation 

states of the Fe atoms based on the deposition conditions used. The trend 

in variation of the experimental bandgap is supported by DFT calcula- 

tions. High Fe content (x      0.4, 0.5) in the thin films also transforms the 

crystal structure from monoclinic to a cubic gamma phase for samples 

grown at 700 ◦C and 2.2 10-2 torr. Similarly, low oxygen pressure 
causes phase transformation from monoclinic to cubic (x      0.15). For x 

0.4 and 0.5 the estimated refractive index at 632 nm is 2.1857 and 

2.2494 respectively which are larger than the refraction index of 1.93 

for β-Ga2O3 supporting the formation of the gamma phase for these high 

Fe concentrations. In addition, theoretical calculations suggest that at 

high Fe content, the stabilization of monoclinic phase decreases over the 

gamma phase. Finally, ferromagnetic properties were observed for the 

alloy containing Fe, representing a potential candidate for future wide 

bandgap dilute magnetic applications. 
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