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Abstract. Barium strontium titanate (BST) ferroelectric layers were deposited on high resistivity Si
substrates by Pulsed Laser Deposition and Radio Frequency sputtering. The stoichiometry was
measured by using the Rutherford Backscattering technique at 3.041 MeV. For sub-THz measurements of
Si samples, a new resonant method placing the sample between two flanged waveguides is proposed.
In the THz range, the Time Domain Spectroscopy proved to be a reliable method. Both methods show
effects due to the dielectric losses of BST in that frequency range.
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1. INTRODUCTION

Terahertz systems exhibit particular characteristics mainly due the position of the THz radiation
between microwaves (electronic domain) and infrared (photonic domain) [1,2]. In the last decade, Terahertz
technologies rapidly evolved providing attractive solutions for imaging, drug identification, sensing etc.
Despite the very short period since the “THz gap” was actually filled, THz technologies has provided mature
and powerful investigation techniques [3,4]. In addition, due to the scarcity of electromagnetic spectrum
resources, THz offer solutions for high speed communications. The demand of devices and systems at
Terahertz frequencies was continuously increasing in the last years. In the search for improved solutions at
these frequencies, advanced dielectrics and ferroelectrics play a significant role.

At higher frequencies, Terahertz Time-Domain Spectroscopy (THz TDS) provides accurate direct
measurements of both amplitude and phase, which is far more convenient compared to other methods as
Fourier Transform Infrared Spectroscopy (FTIR). Femtolasers with pulses shorter than 10 fs excited THz
waves in the bow-tie H shaped antennas on GaAs with a spectrum up to 7 THz in special conditions [5]. In
addition, THz TDS systems with a significant increase in measurement speed were reported [6].

A special attention to the sub-Terahertz measurement techniques is given in this work. Despite the
success of some research groups in proposing different kinds of methods to characterize dielectrics [7], the
methods in sub-Terahertz range are less robust than THz TDS. Due to this aspect, the material data show a
gap between microwaves, where reliable resonant techniques are available and THz, where the data are
provided in most of the cases by the time domain spectroscopy. Fabrication of very large samples showing
uniformity required by free space measurement methods at sub-THz frequencies is a real challenge for
material scientists. In addition, for accurate measurements, the sample thickness should be comparable with
the wavelength of the sub-THz waves. In this work, for the sub-THz range, we will employ a
transmission/reflection method with the dielectric sample placed between two flanged waveguides as in [8].
In Section 3 we present our resonant method, which uses a similar setup as [8] and [9]. The method
presented in [9] is also resonant, but, as we will show in Section 3, it differs from our method because the
model used in [9] for waveguide-flanged cavity response is that of a generalized Fabry-Perot resonator,
while our method considers the sample as a dielectric rectangular resonator.
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2. PREPARATION OF BARIUM STRONTIUM TITANATE CERAMICS AND FILMS

The barium strontium titanate (Ba,_Sr,)TiO; (BST) is a ferroelectric material, which offers features in
microwaves notably for agile devices [10]. In most of the cases x=0.4, because this composition is very
attractive for applications at room temperature. In this work, ceramic targets for pulsed laser deposition
(PLD) and for RF magnetron sputtering were manufactured and BST films were deposited on 525 pm thick
silicon from Topsil with 20 k) cm resistivity.

Ceramic targets were manufactured in the laboratory by using conventional solid-state reaction
technique in order to be used for BST films depositions. The fabrication process was previously described
[11]. For this work, the optimization of the sintering temperature was required. This was performed by
analysis of the dielectric parameters of BST samples sintered at various temperatures as shown in Fig. 1. The
dielectric parameters in Fig.1 were measured at 1kHz. As it can be observed, sintering at the higher
temperature of 1400 °C offers both a higher dielectric constant and lowers dielectric losses at room
temperature.
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Fig. 1 — Dielectric characteristics versus temperature of BST ceramics (x = 0.1) for two sintering temperatures 1350 °C and
1400 °C. Real value of the dielectric permittivity (left); immaginary value of the dielectric permittivity (right).
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Fig. 2 — X-ray diffraction pattern of a BST film with 40% Sr content deposited using PLD on high resistivity (100) Si.

Two methods were used for BST films deposition: Pulsed Laser Deposition (PLD) and radio-frequency
(RF) sputtering. For the film prepared by PLD it was used a pulsed KrF laser with A =248 nm focused on the
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BST target at an angle of 45°. The laser repetition rate and fluence used for deposition were 5 Hz and
2 J/em?, respectively. During ablation, in order to achieve a high degree of film crystallinity and to avoid
oxygen vacancy formation, the substrate temperature was set to 700 °C while the oxygen partial pressure was
0.15 mbar. The Scanning Electron Microscopy (SEM) investigations put in evidence the columnar grow for
the BST layers deposited by using PLD as shown in Fig.3. The roughness of BST layers deposited via PLD
was investigated by using atomic force microscopy (AFM) as shown in Fig.4.

For the RF sputtering, the BST thin films were grown from BST ceramic targets by reactive radio-
frequency sputtering method using an ULVAC SBR-1102E system. The sputtering chamber was pumped
down to 10 torr before admission of sputtering gases. Next, high purity working gas mixture (90% of argon
and 10% oxygen) was introduced and the total pressure was adjusted to 3x107torr. 300 nm thick films were
grown on heated silicon substrates at 600 °C and an applied RF power density of 5.1 W/cm®.

The BST layers deposited via RF sputtering showed an increased smoothness. However, the RF
sputtering of barium strontium titanate required an increased attention to the stoichiometry. The Curie
temperature for BST decreases with the increase of strontium content x. At room temperature, a small
variation in x can significantly modify the dielectric and transmitting properties of BST.
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Fig. 3 — SEM image of a BST film with 40% Sr content Fig. 4 — Atomic Force Microscopy of the BST film
deposited by using PLD on high resistivity Si substrate. obtained by Pulsed Laser Deposition.

In order to control the BST layer stoichiometry, the samples were investigated by employing the
Rutherford Backscattering Spectrometry method (RBS). Measurements were performed using a
3.041 MeV “He™ particle beam from the 3.0 MV Tandetron accelerator at the IFIN-HH Institute in
Bucharest-Magurele. The beam was extracted from the duo-plasmatron ion source. The energy of
backscattered particles was measured by a ORTEC silicon detector placed at 165°. For the sample PRO10
deposited by PLD, 600 nm thick BST film, the RBS measurements shown in Fig.5 showed that the film
preserves the stoichiometry of the target. Hence the strontium content was x=0.4 in both ceramic target and
deposited film. However, for the sample P53U deposited by RF sputtering, the RBS data are shown in Fig.6
and the element concentration is given in Table 1.

Table 1
Results of the RBS measurements on the RF sputtered BST film (sample P53U)

Number of Layer Found element and concentration Thickness

(atoms x 10" /em?)
1 Ba 0.68 Sr 0.32 Ti0.9 024 3000
2 Si | infinity

The sample discussed in Table 1 was deposited by RF sputtering from BST target with x=0.25 Sr
content. This difference in stoichiometry can be explained by the phenomena of preferential sputtering,
elements with different atomic mass or binding energy strength being sputtered at different rates, hence the
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difference in stoichiometry. The RBS measurements showed that, for a required x=0.4 Sr content in the film
obtained by Radio Frequency sputtering, a target with x~0.33 should be used.
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Fig. 5 — Rutherford Back-Scattering spectra on a BST film Fig. 6 — Rutherford Back-Scattering spectra on a BST film
(x=0.4) deposited on Si by Pulsed Laser Deposition. (x=0.32) deposited on Si by RF sputtering.

3. MILLIMETER WAVE MEASUREMENT SETUP WITH TWO FLANGED WAVEGUIDES

For measuring dielectric properties in the 75-110 GHz band, the waveguide transmission/reflection
methods, which are successfully applied in microwaves cannot be used due to difficulty of shaping the
material sample in order to accurately fit such small section as 2.54 mm by 1.27 mm of the of the WR-10
rectangular waveguide. For measurements in sub-THz range, we used a simple setup with the sample
between two flanged rectangular waveguides [8].
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Fig. 7 — Scattering parameters for 5 mm x 5 mm x 0.525 mm samples in a transmission setup:
a) magnitude of S,; for Teflon sample, b) magnitude of S;; for Teflon sample,
¢) magnitude of S,; for Si sample, d) magnitude of S;; for Si sample.
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Fig. 8 — Electric field (left) and magnetic field (right) distribution in a Teflon sample at 103.3 GHz.
The black rectangle indicates the WR-10 waveguide aperture.
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Fig. 10 — Electric field (left) and magnetic field (right) distribution in a Si sample at 90.5 GHz.
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Fig. 11 — Electric field (left) and magnetic field (right) distribution in a Si sample at 99.8 GHz.
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For the simple transmission setup in sub-Terahertz range, the dielectric sample to be investigated is
placed between the round flanges of two rectangular WR-10 waveguides. For a low dielectric constant
sample such as Teflon, the frequency response shown in Fig. 7 does not exhibit any resonances. Full-wave
simulations by using HFSS software [12] were carried out on sub-Terahertz wave propagation through
dielectric samples. For simulations, the driven modal solution type was chosen. The excitation field was
given by the fundamental propagation mode TE;;. When modeling a dielectric sample, two of its faces are in
contact with waveguides flanges and waveguides apertures. However, the electromagnetic field can radiate
through the other four narrow faces. Therefore, a radiation box was drawn in order to include the dielectric
sample, the flanges and portions of the rectangular waveguides.

Table 2
Dielectric constant calculated in some frequency points
Measured resonance Resonance mode identified from Calculated value of
frequency (GHz) simulations relative dielectric constant
82.4 TEq39 11.93
90.5 TEgs9 11.64
99.8 TE 35 12.1

In the case of Teflon sample, simulations showed that both electric field and magnetic field pattern
exhibit maxima at the center of the sample, in the region of the rectangular waveguide aperture as shown in
Fig.8. However, for the Si sample, the frequency response in Fig.7 shows several resonances. At the same
time, at resonance frequencies, the E-field and H-field patterns exhibit maxima at a large distance from the
waveguide aperture as shown in Figs.9-11 for three resonance frequencies. Such resonant behavior makes not
possible the application of measurement method described in [8], which is a non-resonant method. Actually,
at resonant frequencies, the Si sample behaves as a rectangular dielectric resonator and the dielectric constant
can be calculated from the measured resonant frequencies after the identification of the resonance modes.

Larger Si samples, 10 mm x 10 mm x 0.525 mm were also investigated by using the same setup but no
significant differences were observed when compared to the smaller samples. They also exhibited resonances
as rectangular dielectric resonators. However, in the same frequency band 75—110 GHz, the resonances could
be described by modes with higher indices for Oy and Oz directions than for smaller samples.

Under our best knowledge, this work proposes for the first time a measurement method of the dielectric
constant for a sample placed between two flanged waveguides considering the sample a rectangular dielectric
resonator. The calculated values of the dielectric constant at some resonance frequencies are presented in Table 2.
The values obtained for dielectric permittivity are fairly closed to the expected value of 11.9 of high resistivity Si.

The experiments on Si samples with BST deposited did not show significant change in the resonant
frequencies due to the small thickness of the BST layer. However, some decrease in the magnitude of S,
response could be noticed due to the dielectric loss of the BST layer.

4. TERAHERTZ TIME DOMAIN SPECTROSCOPY

The Terahertz Time Domain Spectroscopy proved to be very effective for characterization of dielectric
materials with high dielectric constant and low dielectric losses [13,14].

The high resistive Si substrate is actually one of the most transparent materials in THz and is used to
show the bandwidth of the THz TDS system [5] as in Fig.12. The ripple of the transmission curve of Si is
due to the Fabry-Perot effect, i.e. it represents the multiple reflections of the THz wave in the Si plate.

The 200 nm thick BST layer deposited on high resistivity Si was investigated by using THz Time
Domain Spectroscopy. The waveforms in time-domain for the reference signal, for the signal through a
silicon substrate without any deposition and for the signal through BST film on Si substrate are shown in
Fig.13. It can be seen that the delay of the main peak and of the multiple reflections of the BST film on
silicon, are mainly due to the Si substrate. The Si substrate exhibits a dielectric constant about 11.9, which is
much lower than the dielectric permittivity of the BST layer. However, the Si substrate is very thick
compared to the film, which explains the observed delay of the peaks.
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Fig. 12 — THz power spectrum for the reference signal (black) and a 0.5 mm high resistivity Si (red) measured
with the Pulse IRS 2000 Pro Time Domain Spectrometer from Aispec [5].

On the other side, the THz spectrum of the BST layer deposited is clearly lower than the spectrum of
the Si sample, shown in Fig. 14, only because the significant losses in the ferroelectric material. The variation
in thickness for Si substrate given by the manufacturer is about 2 pum, which is higher than the thickness of
the BST film. Therefore, for accurate measurements, the same Si substrate used for BST deposition must be
measured by using THz TDS before the BST deposited on the substrate is measured. In addition, in order to
increase the method accuracy, BST films with an increased thickness are required for measurements.
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Fig. 13 — Time domain pulses during the measurements of Fig. 14 — THz spectrum for the BST film on
BST film on Si substrate: a) reference; b) Si substrate only; Si substrate (b) compared to the spectrum
¢) BST film deposited on Si substrate. for Si substrate without deposition (a).
5. CONCLUSIONS

Terahertz and sub-Terahertz investigation methods of dielectric substrates and (Ba;Sr,)TiO;
ferroelectric layers deposited on high resistivity Si are discussed in this work. For BST ceramic target
preparation, sintering temperature of 1400°C was chosen because the samples exhibit higher permittivity and
lower losses at room temperature than samples sintered at lower temperature.

Two deposition methods were employed for manufacturing BST films on high resistivity silicon
substrates. The Rutherford Backscattering Scattering experiments showed that, while the Pulsed Laser
Deposition preserves the stoichiometry, the BST layer deposited by Radio Frequency sputtering exhibits a
smaller Sr content than for the target.

Measurements on Si samples of various sizes in 75-100 GHz range showed many resonances in the
frequency response, with maxima of fields far from the waveguide aperture area. According to our best
knowledge, it is for the first time when the sample between the flanged waveguides is considered a dielectric
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rectangular resonator and the dielectric constant is calculated after the identification of the resonance modes.
The values obtained for dielectric permittivity are fairly closed to the expected ones.

In THz range, the Time Domain Spectroscopy method offers a direct measurement of both the
amplitude and phase. The presence of (Ba;.(Sr)TiO; on Si substrate does not significantly change the
position in time of the main peaks and of the smaller peaks because the BST thickness is too small. However,
the high dielectric losses in BST lead to a important decrease of the measured THz spectrum. In order to
increase the measurement accuracy, the substrate used for BST deposition must be firstly characterized in
THz before deposition. Moreover, increasing the BST thickness will also increase the accuracy method. In
addition, the results at low frequencies (lower than 150 GHz) require a large aperture for a wide THz beam.

Both measurement methods described in this work provide good values for dielectric substrates in their
working frequency ranges. However, due to the fact the BST layer is too thin, the methods provide no
accurate dielectric parameters for the ferroelectric layer and they are sensitive only to its loss in THz and
sub-THz domain.
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