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1 Major Goals

The overarching goal of this research project was to investigate the fundamental limits of
tunable dielectric varactors using advanced deposition and processing methods. The key
enabling technology for this effort is a hybrid molecular-beam epitaxial deposition
technique developed at UCSB.

2 Accomplishments

While some key advances were made during this project, including the highest-reported
figure of merit for a tunable dielectric device, some new unexpected challenges and
questions also arose that have not been fully explained at the conclusion of this project.
This report will highlight some of the findings and will attempt to offer some conclusions
relating to the stated goal above.

It should be noted that many advances in MBE growth and device processing were made
during this project that may be useful for future work in this field. These cannot all be
summarized in this final report, but all of the pertinent information is provided in the two
PhD theses that were completed under this project sponsorship, by Dr. Chris Freeze [1]
and Dr. Cedric Meyers [2].

2.1 The Emergence of a New Challenge

Prior to the start of the project, thin-film BST had been investigated for almost two
decades by numerous researchers using a variety of growth methods, but nearly all of the
work to that point had been with polycrystalline materials of varying levels of purity and
stoichiometry, and the RF performance of the devices had been limited to Q-factors of
50-100 in the low GHz range [3]-[5]. Figure 1 shows a chart comparing the measured
quality-factors and tunabilities of several devices gleaned from the literature prior to 2009
[1]. The premise of our project was that the performance of such devices was likely
limited by the quality of the material itself, since historical data on single-crystal
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Accomplishments

SrTiO; and BaTiOs; showed much lower
loss tangents than had been observed with
polycrystalline materials, and to some extent
by interfacial effects which we attributed to
a lack of attention to process cleanliness and
surface treatments. New capabilities
developed at UCSB for oxide MBE by the
Stemmer group [6]-[9] had recently opened
up the possibility of carefully exploring the
impact of material quality on RF
performance for the first time, and the early
data on MBE-grown materials had showed
dramatic improvements in both the
dielectric constant (ultimately connected to
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Figure 1: Comparison of some published data on
BST devices [1]. Shaded region is desired for
practical applications.

the tunability) and the quality-factors as shown in Figure 2.
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Figure 2: Dielectric constant versus field for MBE-grown BST, and quality factor (inverse loss tangent) as
a function of Ba content [9]. This data was measured at | MHz.

Initial work on MBE growth of BST sought to minimize strain the films by growing on
substrates with a close lattice match. Figure 3 shows some candidates:

Perfect lattice

Q
Lov.v Ioss_, large Dyw% c0, Match with
lattice mismatch KTaO, Bao.46Sro.54TiO3
NdGaO, SmSco;
LiGaO, LSAT ngr"s%
3
ly/s‘io3 LaAlO J f‘ af <O, Mio
+——+5—+85—\—8—8-8aEa + +5
36 3.7 3.8 3.9 40 4.1 4.2
Lattice Parameter (A)
BaSrTiO,
SrTiO, BaTiO,

Figure 3: Possible substrates and lattice parameters in comparison to BST. This project focused on DyScO3
and LaAlOs substrates.
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Accomplishments 3

DyScOs has the advantage of close lattice match with BST so this was used in the early
stages of the project, but the loss tangent of DyScOs is typically larger than or similar to
that of the MBE BST (tand =0.001), so in later work we switched to LaAlO3; which has a
much lower loss tangent of tand=6x10-5, though this introduced some compressive
strain in the films.

30" 700°C
Anneal

1000

Direct growth of BST on an
insulating substrate favored the use
of rather simple interdigital
capacitor structures for the RF
devices, which require blocking
contacts only on the top film
surface. In Year 1 of this program,
fabrication of these devices ,
confirmed a significant
) . 01
improvement in the RF loss of 1 1 10 50
MBE-based devices relatively to Frequency (GHz)

historical work with polycrystalline  Figure 4: Measured RF quality-factor at 0 V bias, showing
devices. Representative data is influence of electrode thickness and post-deposition anneal.
shown in Figure 4, demonstrating Q-factors of over 200 at <IGHz.  This figure also
shows the impact of electrode resistance on the high-frequency properties of the device.
The roll-off in Q at higher frequencies is due almost entirely to this electrode resistance,
so moving to high conductivity materials (like Au) and increasing the thickness of the
electrodes leads to marked improvements in Q-factor (note that the resonant dip at
~40GHz is due to a small series inductance in the device, and is not a limitation of the
material).
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Figure 5 — Experimental data for 29% Ba films, 290nm thick, on LAO substrates. Top curve shows
the frequency-dependent g-factor at zero bias and maximum bias points, with the inset showing the
measured capacitance tuning curve. Bottom chart shows the commutation quality factor (CQF)
computed from the data using the formula shown. The CQF of >6000 in the 1-2GHz range is the
best reported value in this frequency range [10].

However, it was also quickly discovered that the new devices all failed under bias, due to
excessively large leakage currents. This problem seemed surprising and somewhat
counter-intuitive given the clear improvement in the underlying material quality, and our
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Accomplishments 4

previous work with sputtered films had never shown such high levels of leakage.
Subsequent investigation uncovered significant levels of organic surface contamination
which led us to focus on several process improvements that would avoid exposing the
pristine MBE-grown BST surface to any contaminants or other source of damage. The
first of these improvements were reported in Year 2, and some representative data for
devices using new processes is shown in Figure 5. As reported in [10], this device
represented a new record for commutation quality factor (CQF), a useful figure of merit
that takes into account the measured losses at the extremes of the bias range.

The data in Figure 5 also illustrates a problem that eventually became the #1 surprise and
challenge for the remainder of the project: a significant broadband decrease in quality
factor under bias in the 1-6GHz range. This had never been an issue with polycrystalline
materials in the past, indeed the opposite trend (increasing Q under bias) was more
commonly observed. It should be emphasized that a degradation in loss in a certain band
of frequencies cannot be attributed to DC leakage currents, which has its own signature
frequency dependence (a linearly-increasing Q vs. frequency).
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Figure 6 — Experimental data for 28% Ba films, 450nm thick, on LaAlO; substrates, with a ZrOz
passivation deposited by ALD. (a) Shows the frequency-dependent g-factor at zero bias and
maximum bias points, (b) shows the commutation quality factor (CQF), and (c) shows the measured
capacitance-voltage tuning curve.

Based on the assumption that these losses were attributable to some defect in the material
or processing or device design, several approaches were undertaken to resolve this
problem, including: adjusting the material composition and stoichiometry, modifying the
device processing to eliminate steps that may lead to degradation in the material,

© Bob York 2021



Accomplishments 5

changing the design of the device to manipulate or suppress possible piezoelectric
resonances, exploring the influence of periphery to area ratio, and contrasting interdigital
and parallel-plate structures which apply the bias field in the film in orthogonal
polarizations. Unfortunately, none of the several different avenues of exploration
described below completely identified or solved this problem, and in fact any
improvements in one characteristic seemed to come at the expense of another. By the
end of Year 3, for example, we had nearly doubled the breakdown voltage of our IDCs,
the zero-bias Q-factor at 1 GHz more than doubled from 200 to over 500, the tunability
increase to 2.5:1, and the CQF increased to 10,000 at 1 GHz (Figure 6). However, the
broadband decrease in Q under bias actually got significantly worse! At one point the
question arose as to whether this degradation under bias was a measurement artifact, but
we arranged to have our devices tested at an independent laboratory facility (Northrop-
Grumman Corp. in El Segundo) but the results were the same.

Some additional detail on specific experiments that were done to understand and resolve
the problem are given below. We conclude with some speculation on the origins of the
mystery loss mechanism and a summary of what is known about losses in BST. It should
be noted that in the narrative below, some of the commentary regarding certain
experiments has been added with the benefit of some hindsight that was clear at the time.

2.2 Stoichiometric Influences

Figure 7 shows a comparison of low-frequency (1 MHz) quality factor for BST films
grown by the hybrid MBE process [11] versus some historical data from UCSB by
sputtering [3]. Clearly the stoichiometric BST shows impressive zero-field Q-factors.
However these films do not demonstrate the strong local minimum in quality factor at
zero-bias that is ubiquitously observed in literature. In fact the Q has a local minimum at
zero bias only for the samples that are B-site (Ti) deficient (those with flux ratios of 28
and 32).

10° — Sputtered BST
MBE BST ] 30

2000 Ly

G ;
1001 A

¢/ 0 : :
3 15 0 15
TTIP/(Sr+Ba): E (MV/em)
— 28
101 E 32 4 o
o 36 . . . ]
] Stoichiometric ] fm
— 44
0| . N N 5 X i substrate
L 0.0 -0.2 04 -0.6
E (MV/cm)

Figure 7 — Quality factor as a function of applied DC electric field for BST parallel plate capacitors for
different BST growth conditions by MBE and sputtering. Relative A:B site stoichiometry for MBE samples
is indicated by the ratio of TTIP (titanium source) flux to the sum of the strontium and barium fluxes, as
measured by an ion gauge prior to growth. Data for both used the same device geometry shown.
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Accomplishments 6

There is a noteworthy attribute in the data associated with the horizontal scale in Figure
7. Note that the devices with sputtered films could support much higher applied fields
before the Q-factor begins to degrade, nearly 3-5 times higher in comparison to the MBE
data. The point at which the Q-factors begins to decline is associated with the onset of
significant conduction (leakage currents) in the device. Note that conduction through the
films is mediated by the Pt-BST Schottky contacts, which are normally very good
blocking contacts owing to the high work function of Pt. There are two possible
explanations for the discrepancy here.  The first is the possibility that the Pt-BST
contacts in the MBE grown devices had a much lower Schottky barrier than the devices
using sputtered films. However, we discount that possibility because the processing steps
and surface treatments were identical, and indeed other batches of devices using MBE
and sputtered materials showed similar behavior. The second possibility is that the
dominant conduction path is not through the film, but along the outer surface, in which
case the difference between the two can be explained by very different surface
conductivities in MBE films versus sputtered films. Other evidence that implicates these
surfaces will be described below.

2.3 Influence of Ba Content

Given the strange behavior just noted, the study in Figure 8 was helpful in confirming
that other historical trends that are more intrinsically connected with the bulk film
properties could be reproduced with MBE materials. Here the Barium content of the
films was changed, confirming that higher Ba content increases the tunability but
decreases the Q-factor. These trends are widely reported in the literature across many
different growth techniques. Based on this series a material with ~30% Barium content
is optimal for the figure of merit.
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Figure 8 — Influence of Ba content on device properties..
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Accomplishments 7

2.4 Influence of Surface Passivation

The importance of the BST surface and associated interfaces is especially apparent in the
data shown in Figure 9. This data shows DC leakage current measurements for an
interdigital capacitor (IDC) fabricated on the top surface of the BST.  Following
deposition of the Pt Schottky contacts, two types of dielectric were then deposited to
encapsulate the device. This layer protects the BST surface from damage in subsequent
processing steps. The data contrasts the leakage currents measured before the dielectric
layer was deposited (the “No passivation” curves) with leakage currents for two different
dielectric materials deposited by different methods: SiNy deposited by plasma-enhanced
chemical vapor deposition (PECVD), and SiO: deposited by lon-Beam Deposition (IBD).
This was another unexpected surprise, because PECVD SiN had been the workhorse
passivation for decades of work in thin-film sputtered BST and used in commercial
products without any such problems. Evidently the MBE-grown BST surface is much
more sensitive to the reducing environment of PECVD deposition, resulting in a 6 order
of magnitude increase in leakage currents! This is again attributed to surface conduction.
Following this experiment we switched to SiO: and later to ZrO> deposited by ALD.
Note also the interesting observation that the BST films are photosensitive, this was also
a new discovery!

Varying Au Au
Passivation Pt Pt

1.00E-02
1.00E-03
1.00E-04

::ggz_gg — N PECVD SiN, passiv]
1.00E-07
1.00E-08
1.00E-09 /J IBD SiO, passiv]]
1.00E-10 /

1.00E-11
1.00E-12
1.00E-13
1.00E-14

Current [A]

0.1 1 10
Voltage [V]
Figure 9: Leakage currents for IDC structure on an MBE-grown BST films for two different passivation

schemes: PECVD-grown SiN and Ion-Beam Deposition of SiO2. Also shown for the IBD SiO2 data is a
comparison of leakage currents with the room lights on and off, indicating the material is photosensitive.

Note that the IBD SiO; passivation actually lowers the leakage currents, indicating that it
indeed is acting to passivate the surface in some sense, and further evidence of this is
found in Figure 10 which showed that the addition of the SiO- allowed for larger tuning
voltages to be applied before breakdown. This increased the tunability of the device and
hence the figure of merit.  Again, the strong influence of surfaces was somewhat
surprising based on prior experience with sputtered films.
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Figure 10: Influence of the SiO2 passivation layer, which increases the breakdown voltage of the device and
hence the tunability and CQF-..

2.5 Impact of Device Design

Based on the possibility that interfaces near the electrodes might be playing a role in the
losses under bias, some experiments were performed using interdigital capacitors with
varying finger spacing, shown in Figure 11. While the zero-bias Q-factor seems greatly
improved—with record high Q's in the low GHZ range—the degradation under bias
appears worse in the band from 300 MHz to 8 GHz. Bias sweeps at 2.7 GHz suggest
some dependence of the Q(V) response on finger spacing. While inconclusive, these
observations suggest a potential link to the interfacial region closest to the electrodes.

(a) 10000 (b) 10000
A 1.5um
X 2.0um
O 2.5um
1000
5 & 1000
5} 5}
o (]
(e
5 100 >
5 T
> >
g 100
°
1 10|||I|||I|||I|||
A 1 10 50 -700 -350 0 350 700
Frequency (GHz) Electric Field (kV/cm)

Figure 11: (a) Frequency dependence of Q for interdigitated BST capacitors with varying spacing between
fingers. Bias sweeps shown at (b) 1.5 GHz and (c) 2.7 GHz, normalizing voltage by maximum field across
the finger gap.

BST is known to become piezoelectric under bias, but some related experiments to trace
the bias-dependent loss to a parasitically-excited surface acoustic wave were unsuccessful

© Bob York 2021
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(reported in the final Interim Progress report), though this leaves open possibility that the
loss could be related to some off-diagonal coupling to a bulk-acoustic mode.

Further evidence to implicate surfaces around the electrodes is shown in Figure 12,
which shows how the Q-factor varies with the peripheral-to-area ratio of some devices.
[11]. This was previously observed with sputtered films [12], but, since the Q-factor of
those devices in the RF range was already strongly limited by other loss mechanisms, this
geometry-dependent issue was largely ignored. However, given the extremely high
starting values of Q-factor for MBE-grown materials, this geometry dependence becomes
a serious limitation for devices in the RF frequency range which tend to have relatively
small sizes and hence large P/A ratios.
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Figure 12: Variation of Q-factor with the periphery-to-area ratio of parallel-plate devices at | MHz.
Similar behavior is observed for both MBE films and sputtered films.

2.6 Possible Origin of Observed Losses

It seems clear from our work on this project  Traps due to
that the new loss mechanisms uncovered in  osS*i5e
this project present the most serious and
unresolved limitation to high-performance
tunable dielectrics using MBE materials.
These are (a) clearly induced by an applied
field, and (b) seem heavily influenced by
interfaces between the film and other Substrate
materials. The fact that the losses appear
over a certain specific range of frequencies
also suggest that a time-delay is involved in

Interface Peripheral
states surface states

Figure 13: — Cartoon of possible loss
mechanisms associated with charge trapping.
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Accomplishments 10

whatever process is contributing to the loss. A possible mechanism that can explain these
observations is charge-trapping, most likely near the interfaces, as depicted in Figure 13.
Similar mechanisms have been used to explain unexpectedly high gate resistance in FETs
[13]-[14]. Charge trapping can be modelled by adding a small RC time-constant circuit
in parallel with the device. Figure 14 shows that such a model is capable of reproducing
the observed degradation in Q-factor in the low GHz range.

R =1.5Q
1000, C,=0.2 pF
500} N
RS No charge-trapping . =0.05 nH
Charge- w [T tan$=0.005
jreepng o RO— T
e :
C‘ P (V) " (V) d 1ol With charge-trapping
7& ; 5} ¢;=0.01 pF
G rc; =150 pS
_______________ ' 0.1 0.5 1 5 10 50
Frequency, GHz

Figure 14: Adding a small RC time-constant to the equivalent circuit model of a BST capacitor can
reproduce the observed degradation in Q-factor in the low GHz region.

The possibility of charge-trapping as a loss mechanism in BST devices is not a new idea,
and indeed this was anticipated in our original proposal, and provided the motivation for
exploring alternative passivation methods and surface treatments during the project.
However, if this is in fact the mechanism responsible for the observed loss degradation
our devices, the somewhat surprising conclusion is that we seem to have made the
problem worse using high quality MBE-grown materials and processes that reduce
surface roughness and contamination. What we see as a signature dip in the Q-factor
near 1 GHz was never previously observed with sputtered films. With reference to
Figure 14, it may be that previous generations of BST devices had more readily
accessible states near the contacts such that the interfacial resistance term 7; was much
smaller, and therefore the dip would have been obscured by the natural rolloff in Q-factor
at higher frequencies, i.e. by other loss mechanisms. In retrospect, this may in fact
explain why historical attempts to improve the device Q-factor by lowering the electrode
resistance also never seemed to work as expected in the low GHz range.

If the problem of charge-trapping could be resolved, perhaps by exploring other surface
passivation methods or surface treatments, other aspects of the MBE films seem quite
promising, and the remaining bulk loss mechanisms seem reasonably well understood at
present. Many of these have been described in [4],[15]-[17], but the recent data on MBE
films has added to our understanding.
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3 Participants

During this reporting period the following participants were involved in this study

PI Prof. Robert York, UCSB: administrative oversight of the project, and technical
oversight of the device and circuit development (unchanged from previous reporting
period). Nearest whole person-month on project: July 2019. Resident of California.

Co-PI Prof. Susanne Stemmer, UCSB: technical oversight of the MBE materials
development (unchanged from previous reporting period). Nearest whole person-
month on project: July 2019. Resident of California.

Graduate Student Researcher, Cedric Meyers, UCSB: device design, fabrication, and
modeling (unchanged from previous reporting period). Nearest whole person-month
on project: July 2019. Resident of California.

Graduate Student Researcher, Christopher Freeze, UCSB: MBE materials
development and characterization (unchanged from previous reporting period).
Nearest whole person-month on project: March 2019. Resident of California.
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