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ABSTRACT

Parallel-plate Bag,5Srg 75TiO; (BST) varactors with record high Q-factor are fabricated on Si substrate. At 45
GHz the Q-factor is about 40 and tuneability at 25 V is more than 40 % in the measured frequency range
0.045-45 GHz. These parameters are comparable or far better than corresponding parameters of best Si and
GaAs analogues. The improvement in Q-factor is achieved by using thick bottom electrode consisting of
Pt(50 nm)/Au(0.5 um) allowing to reduce the microwave losses in metal layers. However, the measured loss
tangent of varactor is about one order of magnitude more than SrTiO; single crystal, indicating that there is a
room for further improvement of the Q-factor. The analysis of dielectric dispersion of BST film allows to
assume that the dielectric loss is associated with charged defects. The dc current through varactor is found to
be controlled by Poole-Frenkel mechanism associated with the field enhanced thermal excitation of charge
carriers from internal traps, possibly ascribed to be oxygen vacancies. The varactors can be used above 10
GHz to develop different high performance tuneable microwave devices integrated with Si substrates.

Thin Ba,Sr, 4TiO5 (BST) films have been extensively considered for applications in voltage controlled
microwave devices (e.g. varactors)."> However, relatively high losses have limited large-scale industrial
applications of these devices. Additionally, from industrial respective, it is important to integrate these
devices with Si substrate and reduce required control voltages. In comparison with co-planar design'” the
devices with parallel-plate electrodes™ offer lower control voltage and higher tuneability. The Q-factor of
BST varactors on Pt/Si substrates is limited mainly by the losses in bottom Pt electrodes™® which is usually
100-200 nm thick.>” To reduce these losses bottom electrodes made of thick Pt (up to 2 pm)’, Au®, and Cu’
have been proposed. However, no Q-factor or/and tuneability of these varactors at microwave frequencies
are reported explicitly. In this paper, we present the results of fabrication and microwave characterization of
record high Q-factor parallel-plate BST varactors on Si substrate with thick Pt/Au bottom electrode. The Q-
factor and the tuneability of these varactors are comparable or far better than the corresponding parameters of
best GaAs and Si analogues. The simultaneous analysis of the microwave dielectric response and dc
conduction mechanism of Au/BST/Au varactor allows to suggest the predominant mechanism of the
extrinsic microwave loss and corresponding BST film microstructure imperfections.

Oxidized n-type silicon (100)Si (0= 5 kQIldm) with adhesive TiO, (15 nm) and Pt (100 nm) layers are used
as substrate. To complete the bottom electrode a 0.5 pum thick Au film, and a 50 nm Pt layer are deposited by
e-beam evaporation at room temperature. This structure forms BST/Pt/Au varactors. For comparison, Pt(200
nm)/T10,/Si0,/Si structures are used as substrate to form BST/Pt varactors. BST films (300 nm thick) are
grown by laser ablation of Bag,5Sr, 75Ti05 target. To keep the parallel-plate structure symmetric a 50 nm Pt
and a 0.5 pm Au layers are deposited on BST film by e-beam evaporation. Top electrodes are patterned by
lift-off process.
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Fig. 1. Cross section (a) and layout of top dependencies of BST/Pt/Au varactor at 1.0 MHz.
electrodes (b) of BST varactor. Shown are also Q-factor of a BST/Pt varactor

with thin (only 200 nm Pt) bottom electrode.

The cross section of the varactor and layout of the top electrodes are shown in Fig. 1. Due to the large area
(compared with central circular top electrode) and hence large capacitance the external top electrode 2
provides effective DC and microwave “connection” to the bottom plate.

Fig. 2 shows the typical C-V and Q-factor of a 30 um BST/Pt/Au varactor at 1.0 MHz. The C-V has no
butterfly shape indicating that the BST films are in the paraelectric phase. It can be seen that the capacitance
is not saturated even at 25 V (830 kV/cm), and further decrease of the capacitance may be expected. For
comparison, the Q-factor of a BST/Pt (only 200 nm Pt as bottom electrode) varactor is shown.

Fig. 3 shows the frequency dependences of capacitance of BST/Pt/Au varactor and permittivity of BST film,
extracted from measured impedance.'® The permittivity is about 150 and it is fairly frequency independent up
to 45 GHz (maximum measured frequency). The observed frequency dispersion of capacitance is explained
by influence of parasitics (inductance, capacitance) of device electrodes (Fig. 1). Under 25 V the tuneability
of capacitance and permittivity is more than 40% in the whole frequency range.

Fig. 4 shows the Q-factor frequency dependences of the 10 um BST/Pt and BST/Pt/Au varactors. The
glitches at 10 GHz are due to the uncertainty of calibrations. At 10 GHz the Q-factor of BST/Pt/Au varactor
is about 100. For comparison, Fig. 4 shows the Q-factors of the best reported semiconductor varactors
calculated using //wlow. At 45 GHz the Q-factor of BST/Pt/Au varactor is comparable with GaAs dual
Schottky diode (cut-off frequency of 2.4 THz). It can be seen from Fig. 4 that at 45 GHz the Q-factor of
GaAs heterostructure-barrier-varactor (HBV) is almost 5 times smaller than Q-factor of our BST/Pt/Au
varactor. The Q-factor of Si abrupt junction varactor diode is even smaller. The high Q-factor of BST/Pt/Au
varactor, in comparison with BST/Pt, may be explained by reduced microwave losses in thicker bottom
electrode, which in addition has higher conductivity.

The tand (1/Q) of BST/Pt/Au varactor is substantially low, however, one order of magnitude more than
SrTiOs single crystal." It is worthwhile to identify the predominant loss mechanism and corresponding film
defects with the aim to improve the film microstructure and reduce the dielectric losses. The known extrinsic
loss mechanisms, considered as essentially contributing, are systemized by Tagantsev'” and Vendik" : (i)
loss owing to charged defects, (ii) universal relaxation law mechanism, (iii) quasi-Debye contribution
induced by random —field defects. Above 10 GHz loss tangent is approximately linear with frequency and
changes versus dc bias nearly proportionally to the permittivity of material (Fig. 3). These features can be
attributed only to the charged defects loss mechanism'” above the relaxation frequency (about 10 GHz").
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varactor at V=0, and 25 V. also Q-factors of: Si abrupt junction varactor (Metelics,
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HBYV (Darmstadt University of Technology, f.,..a=370
GHz), and GaAs dual Schottky diode (United Monolithic
Simiconductors, DBES105a, f....=2.4 THz).

An another way to detect defects is to analyze dc current through the ferroelectric film, which in the
nonlinear regime is normally ascribed to either the Pool-Frenkel (PF) or Schottky emission conduction
mechanisms.'*'* The I-V dependencies of our BST varactors reveal the nonlinear regime at fields up to 200
kV/cm followed by the low ohmic region at fields up to 800 kV/cm. Fig. 5 shows the nonlinear current
regime with J/E vs E"?. The measured slope is found to be about 1.66[10~ CII'[V"? which is very close to
the value calculated using PF low (1.57007° CII" [V'?).' This fact indicates that at fields below 200 kV/cm
the current is controlled by PF (trapping/detrapping) conduction mechanism usually attributed to the current
induced by grain boundary defects, mainly by positively charged oxygen vacancies acting as internal traps.'’
The following low ohmic region can be explained by field assisted lowering of the trap barriers.'® The
resistivity estimated from the Ohmic I-V region is o= 10'° Q cm, as in a good quality single crystal o= 10’
Q cm."” Thus, the analysis of dc current through BST varactor confirms the presence of charged defects
which are usually considered to be oxygen vacancies formed at grain boundaries.'’

In conclusion, we have demonstrated record high Q-factor parallel-plate BST varactors fabricated on thick
bottom Au/Pt electrode integrated with Si substrate. In the frequency range 5—40 GHz the Q-factor of BST
varactors is more then 50 which is comparable or larger then Q-factors of the best semiconductor analogues.
The tuneability of BST varactors at 25 V is more than 40 % in the whole frequency range 1 MHz-45 GHz.
With these parameters the BST varactors may compete semiconductor varactors in tunable microwave
devices above 10-20 GHz. Additionally, ferroelectric varactor has symmetric C-V characteristic, as HBV,
and extremely small leakage current. For example, the current through our 10 pm BST/Pt/Au varactor at 20
V is about 510" A that is 3 order of magnitude less than reverse current through dual Schottky diode at 5V.

. | Fig. 5. The nonlinear regime of current through
. BST/Pt/Au varactor plotted as current density-
field ratio J/E versus square root of field £/~
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The loss tangent is about an order of magnitude larger than in single crystals (e.g. SrTiO;), indicating that
there is a room for further improvement of the films/varactors. The analysis of frequency and field dielectric
dispersion shows that the extrinsic microwave loss in FE film can be attributed to the charged defects. The dc
current through varactor is found to be controlled by Poole-Frenkel mechanism associated with hopping
charge carriers by internal traps which usually are the positively charged oxygen vacancies at grain
boundaries. This confirms the conclusion about extrinsic microwave loss due to charged defects mechanism.
The plans for the nearest future include the optimization of BST varactor structure formation with the aim to
minimize the amount of charged defects and further improve the varactor performance.

This work was supported by the Swedish Strategic Research Foundation SSF (OXIDE and HFE programs),
and Chalmers Center for High Speed Technology.
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