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Abstract The effects of fluorine co-doping by means of a

post-thermal annealing process of iron-doped BST thin

films in a fluorine-containing atmosphere have been

investigated. XPS and ToF-SIMS sputter depth profiling

verified a homogeneous fluorine distribution in the thin

films. By employing EPR, it was shown that singly charged

(Fe0Ti–V��O)� defect complexes, as well as ‘isolated’ Fe0Ti

centres with a distribution of F�O sites in remote coordina-

tion spheres exist in the fluorinated films. Tunability

enhancement due to fluorine co-doping as well as a

Q-factor enhancement due to iron doping is demonstrated.

Introduction

The tunable dielectric barium strontium titanate (Ba1-xSrx

TiO3, BST) is one of the most promising materials for

microwave applications in the GHz range. It may be used

in phase shifters or tunable filters [1–5]. The incorporation

of acceptor and donor dopants in the materials structure is

an effective way to tailor the materials properties. Paul

et al. [6] and Zhou et al. [7] presented a transition metal-

fluorine co-doping in screen-printed BST thick films as a

suitable way to achieve low material losses and an

acceptable tunability in the microwave range up to

30–40 GHz. Regarding the influence of the microstructure

on the dielectric properties Friederich et al. [8], Zhou et al.

[9] and Paul et al. [10] have shown that the mean grain

diameter strongly influences the tunability of the thick

films. Thus, the influence of grain size or crystal quality

superimposes the influence originating from the dopants.

However, acceptor–donor co-doping using fluorine as

donor dopant has not yet been demonstrated for thin films.

We modified a radio frequency (RF) co-sputter process to

introduce iron as an acceptor dopant into BST thin films

[11] and demonstrated the influence of the acceptor dopant
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without the superimposing influence of the microstructure

[12]. The enhanced Q-factor at 1 GHz in the co-sputtered

thin films, which is associated with a reduced material loss

factor tand due to the iron doping, is also coupled with a

reduced tunability and permittivity resulting from the

defect structure in the material. By annealing BST thin

films in different atmospheres, many researchers tried to

improve the materials’ properties by modifying the defect

structure, e.g. reducing the amount of oxygen vacancies

[13–17]. Analogous to this strategy, we annealed iron

acceptor-doped BST thin films in fluorine containing

atmosphere, to introduce fluorine as a donor dopant on the

oxygen site of the perovskite structure, which simulta-

neously reduces the concentration of oxygen vacancies and

prevents a significant change of the thin film microstruc-

ture. The principle of the fluorination process of the BST

thin films is schematically depicted in Fig. 1, where the

unit cell of the BST structure is shown.

The B-site dopants Fe2? and Fe3? have a lower valence

than the host ion Ti4? (Fe00Ti; Fe0Ti), and therefore oxygen

vacancies are formed for reasons of charge compensation,

creating either neutral or singly positive charged defect

complexes like (Fe00Ti–V��O)x or (Fe0Ti–V��O)�. These defect

complexes have a positive influence on the material loss

factor tand and their existence could be experimentally

verified in BST [11, 12] and Sr(Ti1-xFex)O3 powder

[18–21].

The chemical binding states of the iron dopant were

obtained from X-ray photoelectron spectroscopy (XPS) and

time-of-flight secondary ion mass spectroscopy (ToF-SIMS).

Sputter depth profiling provides the depth distribution of

the dopant. Incorporation of the dopant in the crystal

structure and complementary to XPS, the Fe3? content and

the defect structure of the material was monitored by

electron paramagnetic resonance spectroscopy (EPR).

Grazing incident X-ray diffraction (GIXRD) and Raman

spectroscopy were used to validate the crystal structure.

Detailed investigations of the morphology of the BST thin

films were performed by scanning electron microscopy

(SEM) and atomic force microscopy (AFM). For micro-

wave characterization, a Metal–Insulator–Metal (MIM)

capacitor setup was used.

Experimental

Film preparation

The BST thin film deposition, with a nominal BST target

composition of Ba0.6Sr0.4TiO3, was realized in a RF sput-

tering setup using a 300 ION’X planar magnetron source

(TFC, Grafenberg, Germany) mounted on a standard dou-

ble-cross recipient equipped with a pre-sputter shutter and

a sample positioner allowing various working distances

(150–200 mm) between magnetron and substrate. The

planar magnetron was perpendicular to the sample holder.

The gas inlet was equipped with an MKS mass-flow control

system (MKS Instruments Deutschland GmbH, München)

providing a constant operating pressure of 1 9 10-2 mbar

of 80 vol. % Ar and 20 vol. % O2 for reactive sputtering.

To achieve a base pressure of \5 9 10-6 mbar for suffi-

cient purity, a turbomolecular pumping unit was used. The

RF sputtering power was 85 W (PFG 300 power supply,

Hüttinger, Freiburg, Germany) leading to deposition rates

of about 14–20 nm/h with a target substrate distance of

about 150 mm. During sputter deposition, no internal

heating was used.

The first post-deposition annealing process was carried

out in a furnace with a silicon dioxide tube and ambient

atmosphere for approximately 1 h at 800 �C with a heating

and cooling rate of 5 �C/min.

The BST powder required for EPR measurements was

produced by sputter-deposition of thin films onto polyimide

foil. The material was removed from the foil by solvent-

free scraping and was finally annealed in a differential

scanning calorimeter (DSC) with a heating rate of

Fig. 1 Schematic illustration of

the influence of fluorination in

iron doped BST thin films,

exemplarily shown for one

perovskite unit cell
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5 �C/min under synthetic air using the same temperature

and duration time as for the thin films.

For microwave characterization, a 20 nm thick Cr

adhesive layer and 1 lm thick gold top electrode were RF

sputtered onto the BST films and structured by etching

process.

Co-sputter target and substrates

To design the co-sputter target, iron foil stripes (Goodfellow,

Bad Nauheim, Germany) of 1.5 9 25 mm2 were radially

fixed with the target clamp ring at equal distances onto a

circular 300 Ba0.6Sr0.4TiO3 ceramic base target (Kurt J. Lesker

Ldt., UK) (for details see ref [11]). Various amounts of such

foils were used to tune the iron stoichiometry within the films

via the resulting target area ratios of the dopant and the BST

base target [11, 12, 22, 23]. For the dielectric characterization

in a metal–insulator–metal (MIM) configuration, Pt(150 nm)/

TiO2(20 nm)/SiO2(300 nm)/Si(0.5 mm) substrates with sizes

of about 17 9 17 mm2 were used (Inostek Inc., Korea).

Before the BST film deposition the substrates were thoroughly

rinsed in isopropanol and dried with clean air.

Fluorination process

To introduce fluorine as a co-dopant on the oxygen site of

the perovskite structure, the iron-doped BST thin films

were subjected to a second annealing process in a fluorine

containing atmosphere, which provides diffusion-controlled

fluorination of the BST thin films. The setup is sche-

matically shown in Fig. 2. This second post-deposition

annealing step was performed in a tube furnace with an

Al2O3 tube under dried, purified air for approximately 4 h

at 700 �C above fluorine-containing powder bed in a cov-

ered platinum crucible. The powder bed was a highly

fluorine doped, spray dried BST powder synthesized by a

modified sol–gel process [6, 7].

Film characterization

XPS measurements were performed using a K-Alpha XPS

spectrometer (ThermoFisher Scientific). Data acquisition

and processing using the Thermo Avantage software is

described elsewhere [24]. All BST thin films were analysed

using a microfocused, monochromated Al Ka X-ray source

(200 lm spot size). The K-Alpha charge compensation

system was employed during analysis using electrons of

8 eV energy and low-energy argon ions to prevent any

localized charge build-up. The spectra were fitted with one

or more Voigt profiles (binding energy uncertainty:

±0.2 eV). The analyser transmission function, Scofield

sensitivity factors [25] and effective attenuation lengths

(EALs) for photoelectrons were applied for quantification.

EALs were calculated using the standard TPP-2M for-

malism [26]. All spectra were referenced to the C 1s peak

of hydrocarbon at 285.0 eV binding energy controlled by

means of the well-known photoelectron peaks of metallic

Cu, Ag and Au, respectively.

XPS sputter depth profiling was performed using a

1 keV Ar? ion beam at a raster size of 2 9 4 mm2 and a

30� angle of incidence. Film thicknesses of 200 nm were

estimated by XPS sputter depth profiles referenced to

sputter yields achieved from well-defined electrochemi-

cally fabricated 100 nm Ta2O5/Ta substrates and scanning

electron microscopy (SEM) fracture pattern.

ToF-SIMS was performed on a TOF.SIMS5 instrument

(ION-TOF GmbH, Münster, Germany), equipped with a Bi

cluster liquid metal primary ion source and a non-linear

time of flight analyser. The Bi source was operated in the

‘bunched’ mode providing 0.7 ns Bi1? ion pulses at

25 keV energy and a lateral resolution of approx. 4 lm.

Negative polarity spectra were calibrated on the C-, C2
-,

C3
- and Li- peaks. Positive polarity spectra were cali-

brated on the C?, CH?, CH2
? and CH3

? peaks. Sputter

depth profiles were performed using a 1 keV Cs? ion beam

and a raster size of 400 9 400 lm2.

The crystal structure of doped BST thin films was val-

idated by grazing incident X-ray diffraction using a Bruker

D8 diffractometer with CuKa radiation in parallel beam

setup. A Goebel mirror was inserted in the primary beam

and parallel plate collimators were placed in the diffracted

beam. A fixed incident angle of a = 2� was used during the

2h scans (Bruker AXS GmbH, Karlsruhe, Germany).

Raman measurements were performed with the LabRam

HR Raman confocal microscope (Horiba Scientific) oper-

ating in a 180� backscattering geometry. Each BST thin

film sample was measured by focusing the laser beam onto

small areas about 1 lm2 using the laser wavelength of
Fig. 2 Schematic illustration of the experimental setup for the

fluorination process
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442 nm (He-Cd laser) and a laser power of 25 mW. Sev-

eral spots on BST thin films were illuminated for four

seconds and spectra were recorded 30 times to optimize

phonon intensities.

X-Band (9.8 GHz) EPR measurements to study the

incorporation of the iron dopant and the defect structure

of the sputtered BST were performed using a Bruker

EMX spectrometer (Bruker BioSpin GmbH, Rheinstetten,

Germany) at ambient temperature. For the exact calibration

of the magnetic field, an NMR gaussmeter (ER 035M,

Bruker) and a standard field marker polycrystalline Diph-

enylpicrylhydrazyl (DPPH) with g = 2.0036 were used.

Morphology of the thin films was investigated using a

Carl Zeiss Supra 55VP scanning electron microscope (Carl

Zeiss AG, Oberkochen, Germany) and an Asylum MFP-

3D-Bio atomic force microscope (Asylum Research, Santa

Barbara, USA). The AFM was operated at 25 �C in an

isolated chamber in intermittent contact mode. A single

NSC-35 AFM-cantilever (MikroMasch, Germany) with a

resonance frequency 315 kHz and spring constant 14 N/m

was used for all the images.

For microwave characterization, MIM structures were

fabricated on the thin films and were measured using an on-

wafer characterisation setup. An RF impedance/material

Analyser (Agilent E4991A) was used to measure the

capacitance and Q-factor of the devices. The MIM struc-

tures were contacted with a ground-signal-ground on-wafer

probe. The internal bias source of the E4991A was used to

apply the tuning voltage.

Results and discussion

Elemental composition and dopant distribution

XPS core level spectra of the fabricated iron-doped (sam-

ple a) and iron/fluorine co-doped (sample b) BST thin films

are shown in Fig. 3. The surface elemental composition of

the iron doped and iron/fluorine co-doped thin films are

almost identical. Binding energies of the element-specific

photoelectrons of the BST components are in good accor-

dance with binding energies reported in literature [11, 27,

28]. In particular, Ba 4d5/2 = 88.3 eV is attributed to the

Ba2? component, Sr 3d5/2 = 133.1 eV, is found for Sr2?

and the corresponding O2- component appears at O 1s =

529.7 eV in iron and iron/fluorine-doped BST thin films,

respectively. The binding energy of the Ti4? component is

458.4 eV in both cases and for the Ti3? component at

457.4 eV. The additional peaks in the Ba 4d and O

1s spectra indicated in Fig. 3 are related to surface com-

ponents and contaminations (see ref [11]).

The Fe 2p binding energies of the iron components in

the iron-doped BST thin films are found at 709.9 eV for

Fe2?, 711.9 eV for Fe3? and a Fe2? loss feature at

714.1 eV [29]. In the case of iron/fluorine co-doped BST

thin films, the binding energy for Fe2? is 710.9 eV, for

Fe3? 712.9 eV and for the Fe2? loss feature 714.8 eV,

which is actually 1 eV higher than in the iron-doped films

and indicates the successful fluoride incorporation. Films

that had undergone the same annealing regime, but without

fluorine exposure, do not show such high energy shifts. As

expected, a strong signal at 685.2 eV developed in the F

1s. All findings are in good agreement with literature

results for, e.g. pure FeF2 [30].

The distribution of the dopants in the BST thin films was

monitored by XPS and complementary ToF-SIMS sputter

depth profiling. The XPS sputter depth profile of an iron-

doped BST thin film annealed in a fluorine-containing

atmosphere in Fig. 4 proves a homogenous distribution of all

the BST-related elements. It is clearly to be seen that bottom

platinum electrode is not affected by the thermal annealing in

a fluorine-containing atmosphere either and no interdiffu-

sion between the BST thin film and the platinum electrode

occurred. Even the iron concentration is very homogeneous

throughout the film, cf. inset of Fig. 4, whereas the fluorine

concentration slightly increases towards the bottom elec-

trode. The achieved dopant concentration is about

2.4 ± 0.2 at. % Fe and 1.8 ± 0.2 at. % F. It has to be noted

that it is impossible to monitor the oxidation state of the

dopant throughout the film due to sputter induced reduc-

tion during the depth profiling [31]. The corresponding

ToF-SIMS sputter depth profiles shown in Fig. 5 support the

XPS findings. Moreover, the fragments TiO2F- and FeOF-

prove the desired coordination of fluoride to Ti and Fe.

Defect structure

The formation of associated defects, exemplarily shown for

Fe0Ti, is described by Eq. 1 [32]

Fe0Ti þ V��O $ Fe0Ti � V��O
� �� ð1Þ

which defines a temperature and oxygen partial pressure-

dependent equilibrium constant

Kass ¼
Fe0Ti � V��O
� ��� �

Fe0Ti

� �
V��O
� � : ð2Þ

The electroneutrality condition for iron-doped BST can

be written as

Fe0Ti

� �
� 2 V��O
� �

þ h�½ � ð3Þ

so that one V��O compensates two iron centres. In the case of

fluorine doping, Eq. 3 should be modified as

Fe0Ti

� �
� 2 V��O
� �

þ h�½ � þ F�O
� �

ð4Þ

with electron holes h� and fluoride F�O as donor dopant.
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The defect structure of the sputtered BST powder was

probed by EPR spectroscopy [33]. Figure 6 compares the

spectra of an iron-doped BST reference powder annealed at

800 �C for 1 h (sample a) with the spectra of a powder

which was additionally post-annealed at 700 �C for 4 h in a

fluorine-containing atmosphere (sample b). Two reso-

nances at 340 and 150 mT can be clearly observed. These

are attributed to the Fe3? incorporated at B-sites of the

Fig. 3 XPS spectra of a non-fluorinated and b fluorinated iron-doped BST thin films. Spectra are normalized to maximum intensity
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perovskite structure, Fe0Ti, without oxygen vacancies loca-

ted in the first coordination sphere [11, 12, 18, 19, 34] and

the (Fe0Ti–V��O)� defect dipole complex [35, 36], respec-

tively. While the line shapes of the these two spectra are

similar, there is an approximately 33 % increase in the

‘Peak to Peak’ line width of the fluorinated sample in

comparison to the non-fluorinated sample indicating the

existence of magnetically active ions in the vicinity of the

paramagnetic Fe3? centres. Because of the strong magnetic

moment of fluoride, this observation is tentatively assigned

to F�O centres. As this hyperfine interaction rather leads to a

line broadening than to a distinct hyperfine splitting in the

EPR spectra, a considerable distribution of F�O sites along

different crystallographic orientations and several coordi-

nation spheres has to be taken into account. This describes

a picture of a fluoride distribution in remote unit cells

surrounding the Fe3? centres.

No decrease in intensity of the resonance at low fields

due to the fluorination could be observed, which implies a

stable defect complex in the first coordination sphere. But,

with respect to the EPR and XPS data, the strong influence

of the fluoride on the iron dopant can be demonstrated.

These results indicate that an incorporation of the fluoride

donor dopant only took place either in not-associated

oxygen vacancies in remote unit cells, in oxygen vacancies

which are associated with Fe0Ti, over several unit cells

which are not detectable by EPR, or in oxygen vacancies

which are associated with the Fe00Ti and also not detectable

by X-Band EPR.

Crystal structure and morphology

The crystal structure of the BST thin films after different

thermal treatments was investigated by grazing incident

X-ray diffraction and diffraction patterns are compared in

Fig. 7. All thin films have a cubic perovskite structure with

Pm-3m space group symmetry. The additional diffraction

peaks which are not BST related are due to the multilayer

substrate or sample holder. The strong peaks at approxi-

mately 40� 2theta and 47� 2theta can be assigned to the

Fig. 4 XPS sputter depth profile of a fluorinated, iron-doped BST

thin film. Film thickness is approximately 200 nm. Magnification of

the iron and fluorine signal is depicted in the inset

Fig. 5 ToF-SIMS sputter depth profile of a fluorinated, iron-doped

BST thin film. Displayed is the depth distribution of the F-, TiO2F-

and FeOF- masses

Fig. 6 EPR spectra of iron-doped sputtered BST powder after

annealing for a 1 h @ 800 �C in ambient air and b 1 h @ 800 �C in

ambient air and for 4 h @ 700 �C in a fluorine-containing atmosphere
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platinum bottom electrode of the metal–insulator–metal

setup used for microwave characterization. No crystalline

impurities due to the post-annealing process can be detected.

Raman spectra of the samples treated with different

atmospheres are shown in Fig. 8. The spectra show char-

acteristic broad vibrational bands in the phononic region

below 900 cm-1. Two high frequency modes at *530 and

750 cm-1 and two low frequency modes at *170 and

*270 cm-1 can be detected and assigned to vibrational

modes of mixed (A1 ? E) symmetry and A1 symmetry [37,

38]. The low frequency phonons reflect the statistical cat-

ion ordering. A broadening of the low frequency peaks

corresponds to B-site doping as a result of increased

structural disorder and small deviations in the overall

crystal bonding. The Raman spectra of the Fe/F co-doped

samples in comparison to Fe-doped BST samples show a

significant decreased intensity of the broad band at

*750 cm-1. This mode is usually considered to be unique

for the tetragonal phase. Changes of the intensity and shape

of the *750 cm-1 and the *530 cm-1 band are usually

discussed to correspond to local cation doping effects at the

TiO6 octahedra [39–41]. B-site doping with iron results in a

change of the relative intensities of the high frequency

mode, the intensity of the *750 cm-1 band increases

relatively to the *530 cm-1 band [12]. The decrease of

the intensity of the *750 cm-1 vibrational band of fluo-

rine co-doped samples may have its origin in a local change

of octahedral bonding. The substitution of small amounts

of oxygen with fluoride and/or the diffusion of fluoride to

oxygen vacancies may have several consequences: 1. The

presence of more electronegative fluoride will increase

the overall ionicity of the octahedral bonding. As a result

the Raman intensity of bands which are mainly determined

by the Ti/Fe–O bonds decreases due to a lower Raman

activity of vibrational modes involving less covalent bonds.

2. The local octahedral symmetry of some TiO6 or FeO6 is

slightly distorted as a result of the non-equivalent bonds or

interactions with additional fluorine/fluoride atoms/ions

resulting in a slight broadening of the *750 cm-1 vibra-

tional band and a seeming decrease of intensity. 3. The

presence of ionic interactions might cause a preferred ori-

entation of the octahedra. If this preferred orientation

countervails the tetragonal distortion of the unit cells in the

BST film, a decrease of the intensity of the *750 cm-1

band will be the consequence. But, to clarify this issue,

polarized Raman experiments would be necessary [41].

Thin film morphology was investigated by scanning

electron and atomic force microscopy. SEM images are

depicted in Fig. 9a and the corresponding AFM images are

shown in Fig. 9b. No film destruction or abnormal grain

growth can be observed in the BST thin films after the post-

annealing processes in different atmospheres. To quantify

the surface roughness, the Rrms values were determined by

AFM. For comparison the mean Rrms values of at least

three measured areas of 1 mm2 with its standard deviation

is used. The Rrms value of the iron doped reference film,

which was annealed for 1 h at 800 �C in ambient air, is

about 1.9 ± 0.1 nm. After annealing the BST thin films, a

second time for 4 h at 700 �C in ambient air the Rrms value

Fig. 7 XRD patterns of iron-doped BST thin films annealed in

different atmospheres. a 1 h @ 800 �C in ambient air, b 1 h @

800 �C in ambient air and additional 4 h @ 700 �C in ambient air,

and c 1 h @ 800 �C in ambient air and 4 h @ 700 �C in a fluorine-

containing atmosphere. Substrate related reflexes are marked by ‘x’

Fig. 8 Raman spectra of BST thin films annealed a for 1 h @ 800 �C

in ambient air, b for 1 h @ 800 �C in ambient air and additional 4 h

@ 700 �C in ambient air, and c for 1 h @ 800 �C in ambient air and

4 h @ 700 �C in a fluorine-containing atmosphere
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slightly decreases to 1.5 ± 0.1 nm. A further slight

increase of the Rrms value up to 2.9 ± 0.2 nm can be

observed after annealing the BST thin films for 4 h at

700 �C in a fluorine-containing atmosphere. Thus, the

impact of co-doping on the microwave properties can be

investigated without a microstructure effect.

Dielectric characterization in the microwave range

For dielectric characterization in the microwave range

(0.5 – 3 GHz), BST thin films with a constant thickness of

hBST = 200 nm were used. Using the metal–insulator–

metal (MIM) capacitor, the permittivity of the material can

be calculated by Eq. 5

er ¼
C � hBST

e0APad

ð5Þ

with the measured capacitance C, and the MIM electrode

geometry APad.

The reduction of the materials permittivity achieved by

applying an electrostatic field E, denoted as tunability, can

be expressed as

s Eð Þ ¼ Der Eð Þ
eðE ¼ 0Þ ¼

eðE ¼ 0Þ � eðEÞ
eðE ¼ 0Þ ð6Þ

The used quality factor Qtot is the measured loss of

the whole capacitor consisting of both the losses in the

metal electrodes (QC) and the losses in the dielectric

(QBST).

1

Qtot

� 1

QC

þ 1

QBST

ð7Þ

For comparison the mean value of the calculated

permittivity, the tunability and the quality factor of at

least three pads with its standard deviation is used.

The influence of the different processing steps on the

microwave properties was studied and is compiled in

Fig. 10. The untuned permittivity (E = 0) shows a strong

variation as a function of the used dopant and annealing

atmosphere, cf. Fig. 10a. Regarding the values at 1 GHz

(see Table 1), it is obvious that undoped BST thin films

show the highest permittivity (er = 535 ± 12). When iron

is introduced as a B-site acceptor dopant, the permittivity

decreases (er = 348 ± 5). This decrease can be due to

different mechanisms. Introducing iron on the titanium

site can lead to a distortion of the perovskite structure that

causes a Curie temperature (TC) shift and was already

demonstrated for bulk ceramics [42]. But, regarding the

quite flat temperature dependence for fine grained

ceramics and thin films other mechanisms must take place.

Here, on the other hand, a so-called internal bias field

Fig. 9 REM and AFM topography images of differently processed BST thin films
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produced by the (Fe0Ti–V��O)� defect dipoles, which were

detected by EPR spectroscopy, (see Fig. 6) [11, 12] and

indirectly by low frequency characterization in [6] can be

formed. The impact of this internal bias field on the

dielectric properties of paraelectric materials differs from

that in ferroelectric materials [43–47], but it is likely that

polarization mechanisms are pinned in analogy to the

results given by Lohkämper et al. [43] and Warren et al.

[47]. Annealing the singly iron-doped BST thin films in a

fluorine-containing atmosphere leads to an increase of the

untuned permittivity at 1 GHz (er = 398 ± 11). In con-

trast to this, nearly no variation of the untuned permittivity

(er = 329 ± 6) can be detected when the BST thin films

were post-annealed in ambient air. This increased per-

mittivity when using fluoride ions as a co-dopant might be

due to the diffusion of the fluoride into oxygen vacancies.

The pinning of polarization mechanisms decreases and

consequently the ability of polarization of the material and

its permittivity increases.

However, in the EPR spectra of Fig. 6 the signal of the

(Fe0Ti–V��O)� defect dipole complex is also present in the

fluorinated sample. This is an indication that the defect

dipole complex does not change within the first coordina-

tion sphere even when fluoride ions are incorporated into

the structure.

Figure 10b shows the variation of the component quality

factor Qtot when different annealing conditions are used.

The component Q-factor Qtot depends on the material

quality factor and the quality factor of the metal electrodes

(see Eq. 7). The decrease of Qtot with increasing frequency

is due to the increase of the ohmic losses in the metal

electrodes [48]. The untuned Q-factor (E = 0 V) at 1 GHz

shows the expected behaviour for undoped and iron-doped

BST thin films. The shown data represent the arithmetic

mean of three measurements for different pad geometries.

The Q-factor Qtot of the undoped BST thin film is

8.9 ± 1.4 and that of the iron doped BST thin film is

12.2 ± 2.3. This increase of the Q-factor is ascribed to the

existence of the defect dipole complex as explained in our

previous work [12], which affects the material loss factor in

a positive way.

The tunability s of the material annealed in different

atmospheres at 1 GHz and 50 V/lm is shown in Fig. 10c.

It is obvious that iron doping causes a strong decrease of

the tunability from 44.2 ± 0.2 % to 27.3 ± 0.4 %, influ-

enced by the materials defect structure. An additional

annealing treatment in ambient air at 700 �C for 4 h does

not change the tunability (26.6 ± 0.2 %.). A strong

enhancement of the tunability can be achieved using fluo-

rine as a co-dopant. Fluorination of the BST thin film leads

to an increase of the tunability up to 35.2 ± 0.4 %. It was

found that only in the presence of iron as an acceptor

dopant the tunability can be increased through the fluori-

nation process and the incorporated fluoride ions act as

donor dopants.

Fig. 10 a Permittivity at an effective tuning field of 0 V/lm,

b Q-factor at an effective tuning field of 0 V/lm, and c tunability

at 1 GHz of iron BST thin films annealed in various atmospheres. As

a reference permittivity, Q-factor and tunability of an undoped BST

thin film are also shown
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Conclusion

The influence of fluorine as a donor co-dopant on the

oxygen site in iron acceptor-doped BST thin films was

investigated. A nearly homogenous fluorine distribution

without fluorine-containing second phases can be proved,

which highlights the used post-annealing process in a

fluorine-containing atmosphere as a suitable thermal pro-

cess to achieve fluorine co-doping without a significant

change of the microstructure. The high energy shift of the

iron binding energy gives evidence of a strong influence of

the fluorine co-dopant on the iron acceptor dopant on the

B-site of the perovskite structure. The evolving defect

structure due to the co-doping was probed with EPR

spectroscopy and it was shown that the singly charged

(Fe0Ti–V��O)� defect complexes persist in the fluorinated

films. Through the application of suitable co-dopants, it is

possible to tailor the dielectric properties of BST thin films

in the microwave range, i.e. using the acceptor dopant iron

for the low losses and the co-dopant fluorine to enhance the

tunability. In contrast to [6], the positive influence of

fluorine co-doping on tunability at high frequencies was

demonstrated.
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