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Chapter 8 Modeling

8.1 Introduction

When integrating RF and microwave components into full systems, it is important to
know how the components are going to behave under certain conditions based on the
potential environments that the final system will be subjected to. Hence, it is imperative
to have accurate models to predict the microwave behavior of components, BST
varactors in this case. This chapter discusses the modeling aspects of this work. A
summary of previously derived models for BST varactors along with their shortcomings
is presented. Details are then given on the equivalent circuit and mathematical modeling
techniques used in this work to simulate the behavior the BST varactors. First, the C-V
curve is addressed followed by the IMD behavior. Future modeling considerations for

BST varactors are also discussed.

8.2 Previous Studies of BST Varactor Models

With increased RF applications of BST varactors comes the necessity for accurate
models that are needed in the design stages. Chase et al. have developed the following

expression for the DC voltage dependent capacitance of parallel plate BST devices:

C(V): - +C; Equation 8-1
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where Cp,q is the maximum capacitance at zero DC volts, (; is the fringing capacitance,

and V, represents the voltage at which C(V) = Cmax/2 [74]. This model is based on a

power series expansion of the field-polarization relation described in the Landau-
Devonshire-Ginzburg model. Equation 2-1 is further developed to be dependent on the
thickness of the BST thin film to account for the non-tunable interfacial capacitance. A

temperature dependence at 0 Volts DC bias is also presented.

Chase’s model is referenced and further expanded by Schmidt et al. to consider
nonlinear conductance [106]. The expression for the differential conductance was

assumed to be:

(V JZ Equation 8-2
1+ —

where y,, Y1, and y,are fitting parameters. The model was verified up to an RF power
level of 10 dBm by comparing two-tone measurement results of an SP2T switch with
ADS simulations utilizing symbolically defined devices (SDDs). Above 10 dBm, the
model no longer fits the data. Although this model accounts for the device geometry of
parallel plate devices, film thickness, and fringing capacitance, a correlation between the
RF signal level and the capacitance was not established. Also, in [106], it is not stated if
the two-tone measurements were taken with an applied DC bias voltage to verify the

model. Other shortcomings of this model are discussed later in Chapter 8.

In [107], planar STO varactors are used to fabricate microstrip resonators. The

effect of the RF signal level on nonlinear response is examined at 1.7 — 1.9 GHz by
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measuring the level of the third order intermodulation distortion signal relative to the
input signal level. The fundamental tones were 1 MHz apart and the power for each
tone was 22 dBm. When a DC bias voltage was applied, the level of the third order IMD
product was depressed relative to the output power at the fundamental frequency. The
DC bias also caused the resonator transmission coefficient to increase, which was
attributed to a lower loss tangent with increasing DC bias. As in [106], the capacitor
impedance is modeled as parallel connected capacitance and conductance which are
both dependent on microwave voltage and presented as a power series. It was also
stated that the losses increase with microwave voltage, but decrease with increasing DC

voltages.

A third order IMD transfer function was derived depending on the incident power, the
varactor reactance, and the resonator quality factor in [107].
10 egr?

Pyoue = 36X2Q38255; —

¢1+(Xcgo)?] ~ Line

Equation 8-3

In Equation 2-3, ¢ is the inclusion coefficient (defined as the ratio of capacitive RF
energy stored in the capacitor to the total energy stored in the resonator microstrip line
and capacitor), X, is the varactor reactance, and Q. is the external quality factor of the
resonator. The transfer function shows a relationship between the P3,, and the
capacitor reactance, but it does not appear that this expression accounts directly for the
DC bias voltage. This function may have been derived for OV DC bias, and it does not
seem to account for the polarization of the STO film. It seems that this expression could
have been derived no matter what type of capacitor was placed into the resonator. The

argument that this expression is dependent on STO film properties is questionable.
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Rundquvist et al developed a large signal model for parallel plate ferroelectric
varactors based on measurements using RF signals ranging from -10 dBm to 17 dBm at
0 Volts DC bias [77]. In this study, all the RF characterization is completed using either
a vector network analyzer or LCR meter. Therefore, all higher order harmonics are
measured as losses. No measurements were actually carried out using a spectrum
analyzer, but it is stated that the harmonic generation of the model was verified using
ADS. Measured data of harmonics and intermodulation distortion products would have

provided stronger validation.

8.3 C-V Modeling

In an attempt to model the C-V behavior of the BST varactors, the expression in
Equation 2-1 derived in [74] is used in a symbolically defined device (SDD) component
in ADS. The results are labeled as “Chase Model” in Figure 8-1. A second model
discussed in [106], which accounts for nonlinear conductance, (labeled as “Schmidt
Model” in Figure 8-1) is also investigated. Although both models are popular for
predicting the C-V behavior of BST varactors, neither can be used to accurately emulate
the measured C-V behavior of the devices used in this work. It is likely that this
deficiency stems from the fact that these models were developed for parallel plate
structures. Only the 5-finger pair IDCs with microscale gaps are considered for
modeling purposes in this work since this is the only geometry that is subject to all

aforementioned measurement techniques.

A cubic spline interpolation fit was performed using MATLAB to model the measured
C-V behavior. A list of measured data points consisting of n ordered pairs consisting of
a voltage value and its corresponding capacitance is used by the MATLAB program to

generate n-1 third order polynomials to fit the measured C-V curve. There is a separate
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polynomial to fit (interpolate) the data between all the measured data points. The
complete C-V expression derived by the spline interpolation is expressed as a piecewise

function of the following in the form:

c,(v) ifv,<v<y,
c,(v) if v, <v<yv,

C(\V) =+

Equation 8-4
c..(v) ifv,,<v<y,
where ¢; is a third order polynomial in the form:
3 2
G(v)=a,(x=x ) +b,(x=x ) +¢,(x—x)+d, Equation 8-5

fori=1,2,...n-1. The MATLAB code is shown in Appendix E. Once the polynomial is
created, it is then inserted into an SDD component in ADS and simulated. The results,
labeled as “Spline Model”, are shown in Figure 8-1. Even though the spline model lacks
physical significance, it provides a better fit for the measured C-V data than the two
previously discussed models. Although modeled C-V results are shown for a
temperature of 25°C only, a spline fit is derived for each investigated temperature: 25°C,

50°C, 75°C, 100°C, 125°C.

Once the C-V behavior is modeled, other components are added to the C-V SDD
component to create a more accurate equivalent circuit model. A static series
inductance and frequency dependent resistance is added to model the behavior of the
electrodes of the IDC. Shunt capacitors are added to account for the capacitance

between the IDC fingers along the outer perimeter of the device and the ground planes
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of the CPW lines. Optimizations are completed in ADS to determine the values of these
added components by matching the measured S-parameters to the simulated S-
parameters of the equivalent circuit model which is shown in Figure 8-2. Optimization
goals are set to minimize the differences of the measured and modeled S,; responses
and that of the measured and modeled S4; responses for the frequency range of 0.5 —
10 GHz. Measured and modeled S-parameter responses resulting from the optimization

are shown in Figure 8-3.
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Figure 8-1: Capacitance vs. Voltage (Measured and Modeled)
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8.4 IMD Prediction
Harmonic balance simulations are completed in ADS to emulate two-tone

measurements of the equivalent circuit model. Simulated RF tones of 1 GHz and 1.001

GHz are inserted into the model with various amplitudes similar to those used in the
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actual two-tone test bench. Although the spline model yields a good fit for the C-V
behavior of the BST varactors, the simulated third order IMD does not match the
measured third order IMD as shown in Figure 8-4. When observing the lower input RF
power range, the location of the simulated sweet-spot does not match that of the
measured data. The fit improves beyond the dip at higher RF power levels over 30

dBm.

It has been documented that models should not only fit the initial parameters of
interest to accurately predict the IMD behavior, but the derivatives of those parameters
as well [103, 108, 109]. In light of this, the C-V spline model is revisited for further
investigation. To ensure that the spline model is a good fit for the measured C-V data,
the first derivatives of the measured C-V data and the spline fit are calculated and
compared using MATLAB. Figure 8-5 displays the calculated derivatives and further
validates that the spline interpolation is a good model for the C-V data. Therefore,
studies that go beyond obtaining a good fit for the C-V data are necessary in order to
accurately predict the IMD behavior of a BST varactor. In [106], it is shown that the
voltage dependent conductance component of the derived model can impact the
simulated IMD behavior, specifically causing a dip in the third order IMD product.

Hence, the nonlinear conductance of the BST varactor is investigated.

8.4.1 Nonlinear Conductance for IMD Prediction

To account for the nonlinear conductance of the BST varactor, another SDD
component is added to the equivalent circuit model. This component is placed in parallel

with the spline fit SDD component and is defined by the expression:
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7/
GV )=y +—212

vV N Equation 8-6

1+ —
V2

where yy, V1, Y2,and N are fitting parameters. This expression is very similar to Equation
2-2, except that the exponent of 2 has been made adjustable in this case to allow for
more flexibility when fitting the measured data. More optimizations are run in ADS to
determine the fitting parameters within the G(V) expression for each temperature. By
doing so, a model for the BST varactor is derived for each specific temperature that is
investigated. Each model consists of a unique spline fit to model the CV behavior and a
unique G(V) expression to model conductivity at each temperature. The revised
equivalent circuit model for 25°C is shown in Figure 8-6. The optimized G(V) fitting
parameters are displayed in Table 8-1. The shunt resistance values obtained by taking

the inverse of the calculated G(V) values are plotted and displayed in Figure 8-7.

Overall, the models fit the measured data better at higher RF input power (beyond
the power level in which the dip in the measured data occurs). The results of the
measured and new modeled third order IMD data at 25°C are shown in Figure 8-8. The
dip location in the modeled data begins to approach that of the measured data, but still
does not match it exactly. This is the case for each of the models derived for the
considered temperatures. This affirms that adding the nonlinear conductance

component to the model is a step in the right direction.
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Table 8-1: Optimized G(V) Fitting Parameters

25C 50C 75C 100C 125C
gamma_0|0.000982046|0.000929424|0.000928808|0.00131808 |0.00115483
gamma_1l| 8.33E-05 6.91E-05 6.50E-05 2.13E-05 1.29E-12
gamma_2| 0.278519 0.230305 0.234956 | 0.228377 | 0.245785
exponent| 1.89686 2.31911 1.9954 2.12052 2.07743

In an effort to better understand the voltage and temperature impact on the shunt
conductance, the G(V) SDD components in the revised equivalent circuit models are
replaced with static resistors. Using the spline fit to model the CV behavior,
optimizations are performed to fit the shunt resistances for various voltages (0V — 50V)
while leaving the temperature fixed at 25°C, initially. This is done to see how the shunt
resistance changes as a function of voltage for various temperatures. After fitting the

resistors at 25C, more optimizations are performed to fit the resistance values over
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voltage at fixed temperature points of 50°C, 75°C, 100°C, and 125°C. Figure 8-9 shows
the optimized values for the shunt resistors for each of the voltage and temperature
settings. The only temperatures that display a monotonic change in the shunt resistance
with respect to the voltage are 25C, 50C, and 75C. At the other investigated
temperatures (100C, and 125C), the shunt resistance value doesn’t change

monotonically.

The resistance values obtained from the two methods (static resistor fit and G(V) fit)
do not match exactly; however they do show an overall similar trend of the resistance
increasing with respect to voltage. For the temperatures in which the optimized static
resistance values do not increase monotonically with respect to voltage, the G(V)
expression in its current form will not be able to replicate this behavior. There appears
to be another component/parameter that is not being accounted for in the G(V)
expression. More work is necessary to accurately model the nonlinear conductivity with

respect to temperature for BST varactors.
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Figure 8-9: Optimized Values for Static Resistors
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8.4.2 Conductance vs. Anneal Time

Using similar methods previously discussed, the effects of anneal time on the shunt
conductance component of the BST varactors is investigated. Figure 8-10 shows the
shunt resistance value vs. anneal time for various DC bias voltages which is extracted
by ADS optimizations. Overall, the shunt resistance decreases with respect to the
anneal time. This shows that the anneal time/grain size impacts the nonlinear
conductivity translating to an influence of the sweet spot location in the IMD products.
Therefore, in addition to temperature and voltage, the grain size could potentially be a
parameter to be included in future models for describing the nonlinear conductance and

accurately predicting the IMD products of BST varactors.
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Figure 8-10: Optimized Resistance Values vs. Anneal Time
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Chapter 9 Conclusion

9.1 Summary of Accomplishments

The nonlinear properties of microscale and nanoscale planar BST varactors have
been investigated. The material properties of the BST thin films have been correlated to
the nonlinear behavior and the post-deposition annealing treatment is proven to
contribute greatly to the overall quality of the film and the tunability of the BST varactors.
Post deposition annealing is also shown to contribute greatly to the intermodulation
distortion generated by the BST varactors. In addition to the film properties, temperature
and DC voltage have an impact on the intermodulation distortion and trends have been
identified. Itis also shown that a significant reduction in size can be achieved when
using IDCs with nanoscale gap sizes instead of microscale gap sizes. Modeling
techniques for predicting the C-V behavior have been examined; however, more work

needs to be done to accurately predict the IMD products, particularly at the sweet-spot.

9.2 Future Work

From a procedural perspective, the experiments could have been performed
differently to yield more precise and consistent results. For this work, materials
characterization and RF measurements were done in parallel. For a particular batch of
samples with films annealed for a certain time, half of those samples were used for
materials characterization: XRD, TEM, AFM. The other samples from the batch were
used to fabricate the BST varactors for RF measurements. Instead of carrying out
experiments in parallel on different samples, perhaps the work could be repeated by

using a set of samples for the materials analysis and then using the exact same set of
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samples for fabricating devices for RF measurements once the materials analysis is

completed.

Additionally, the grain size values extracted could have more of a statistical
validation if the XRD approach could have been used. Using a parallel plate collimator
of a finer mesh than that available at the time to collect the diffracted X-rays coming from
the measured samples would have possibly resolved the issue of the FWHM values not
changing with respect to the anneal time. Statistically this would allow for a better
extraction of grain size by calculating the size of the grains within the entire section of
the film that is being exposed to the X-rays rather than using TEM to zoom and

measuring randomly selected grains individually.

As discussed in Chapter 8, there is still much work to be done in deriving models that
accurately predict the 3™ order intermodulation distortion products for BST varactors.
The nonlinear conductance component has been identified as a source for the dip
observed in the third order IMD when viewed with respect to input RF power. If an
expression can be derived for the conductance that is not only dependent on the DC
voltage, but on the RF voltage amplitude, temperature, and grain size, it is believed that
this will lead to better prediction capability of the third order IMD products. Once a more
accurate model is derived, it can be used for designing RF components that contain
planar BST varactors such as filters, phase shifters, tunable matching networks, and

tunable antennas for frequency selective surface applications.

This work examines BST films that have been annealed for 0, 3, 12, 18, and 24
hours. It is shown that the largest change in material properties of the BST film along
with the tunability and nonlinear behavior of the BST varactors occurs between the non-

annealed samples and those annealed for 3 hours.
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More work needs to be done to see how the film quality and RF behavior of the
varactors change when the films are annealed for smaller increments: perhaps 15 — 30

minutes at a time.

The BST films observed in this work are 50/50 in composition and are also non-
doped. It may be worthwhile to examine the nonlinear behavior of BST varactors
produced with films of various concentrations such as 60/40 and 70/30, as these other
compositions are also popular for developing tunable RF components. Additionally,
nonlinear properties of varactors created with doped BST films should also be
investigated as doped films have been examined in the past to increase tunability and
lower losses [53]. This could possibly lead to advanced models for predicting the
nonlinear behavior of BST varactors using various stoichiometries of BST that could

possibly account for hysteretic behavior.

Previous research has aimed to examine the switching speed of BST films using
two-tone measurement techniques with varied tone spacing [16]. The power level of the
third order IMD products is observed with respect to tone spacing in an effort to see how
the film is responding to RF signals at various frequencies. It would be advantageous to
perform the same type of studies on BST films that have various material properties.
This would allow for the examination of BST film switching speed based on roughness,

grain size, and perhaps interplanar spacing.

The nanoscale BST IDCs fabricated for this research have gap sizes just below
400nm and this significantly reduces the size of the BST varactor when compared to one
with microscale gaps. If the gap size of the nanoscale devices can be further reduced,

this could lead to additional device miniaturization which will be advantageous for
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producing tunable nanoscale front ends for carbon nanotube and nanoscale CMOS

based RF applications.

Overall, the work presented here shows that there is still room and purpose for

advancing the understanding of the nonlinear behavior of BST film based varactors.
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Appendix B: XRD Optics and Settings

B.1 Incident Beam Optics (Powder Diffraction Method)

The following options are selected for the incident beam optics on the XRD system

when using the powder diffraction method:

o PreFIX Module: X-ray mirror Cu
e Divergence slit: slit fixed 1/2 °

¢ Anti scatter slit: none

e Mask: Inc. Mask fixed 10mm

e Mirror: None

e Monochromator: None

e Beam attenuator: None

o Filter: None

e Soller Slit: 0.04 rad

B.2 Diffracted Beam Optics (Powder Diffraction Method)

The following options are selected for the diffracted beam optics on the XRD system

when using the powder diffraction method:

o PreFIX Module: Programmable Receiving Slit (PRS)
e Anti scatter slit: slit fixed 1/2 °

e Receiving slit: 0.25mm

o Filter: Nickel

e Mask: None

e soller slit: 0.04 rad

e Monochromator: None

e Collimator: None
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Appendix B (Continued)

e Detector: Mini Prop. Large Window

e Beam attenuator: None

B.3  Scanning Specifications (Powder Diffraction Method)

The following scanning specifications are used for the powder diffraction method:

Scan range: 20° - 70°

Time per step: 5 seconds

Scan speed: 0.012°/sec.

Total Scan Time: 1:09:30

B.4 Incident Beam Optics (Grazing Incidence Method)

The following options are selected for the diffracted beam optics on the XRD system

when using the grazing incidence method:

o PreFIX Module: X-ray mirror Cu

o Divergence slit: slit fixed 1/8 degree

e anti scatter slit: none

e Mask: Inc. Mask fixed 10mm

e Mirror: default Inc X-ray mirror Cu (MRD)

e Monochromator: none

e Beam attenuator: Ni 0.125mm automatic, usage: at pre-set intensity
o filter: none

e soller slit: none

132



Appendix B (Continued)

B.5 Diffracted Beam Optics (Grazing Incidence Method)

The following options are selected for the diffracted beam optics on the XRD system

when using the grazing incidence method:

o PreFIX Module: Parallel plate collimator 0.27°
e anti scatter slit: none

e Receiving slit: none

e Mask: none

e soller slit: 0.04 rad

e Monochromator: None

e Collimator: Default 0.27°(thin film)

e Detector: Mini Prop. Large Window

e Beam attenuator: None

B.6  Scanning Specifications (Grazing Incidence Method)

The following scanning specifications are used for the grazing incidence method:

e Omega = 0.6° (This is fixed throughout the entire scan when using the
grazing incidence method.)

e Scanrange: 20° —70°

e Time per step: 5 seconds

e Scan speed: 0.012°/sec.

e Total Scan Time: 1:09:30
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Appendix C: Detailed Fabrication Recipes for Microscale BST IDCs
C.1  Cleaning Samples
o Label (scribe) the back of all samples with series and sample number
before using
e Clean with acetone and methanol, then N2 dry
e Dehydration bake on hotplate at 115°C for 5 minutes. Let it cool for a

couple of minutes before spin-coating with resist.

C.2 Depositing BST
o BST Deposition at UCF (AJA ATC 1800 Sputtering System)

o Deposition Pressure: 5mT

e Base Pressure: ~1.5e-7T

o Argon/oxygen ratio: 20:2.5

o RF Power: 200 Watts (ramped up at 5W every 30 seconds)

e Temperature: 400°C

¢ Annealing: Ramp up to 900°C at 10°/minute

o Anneal at 900°C in oxygen.using a Fisher Scientific . Various annealing
times are used for this work.

e Let the oven cool down on its own (no ramp rate set for cool down). It
takes about 3 hours to cool down.

¢ An extra silicon sample is included with each run when depositing BST.
This sample is not annealed and used to estimate the thickness of the

BST film.
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Appendix C (Continued)

C.3

Patterning 1827 Positive Resist

Be sure to put down black colored dicing saw tape on Quintel chuck if
using transparent substrates to avoid reflective scattering while exposing
the resist.

Spin HMDS at 3000rpm for 30 seconds.

Spin 1827 at 3000rpm for 30 seconds.

Bake on hotplate at 900C for 90 seconds.

Expose for 10 seconds on Quintel mask aligner (lamp intensity was at
18.5 mW/cm2 when recipe was derived)

Develop for 30 - 40 second (or longer if necessary) in MF319 or AZ-726.
Descum for 2 minutes in O2, using brown box asher at 50-75W (It's
difficult to tune right at 50W). This will remove 1827 resist at 82nm/min.
Or the plasma therm can be used: 02, flow rate of 99 sccm, pressure of
300 mT, power of 75 Watts.

No Hardbake, resist etches at ~304 nm/min in DRIE.

Initially 1813 resist was being used when doing wet etch, but it was not
thick enough to protect the films during the DRIE process. Therefore

1827photoresist was used for patterning BST with DRIE.
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Appendix C (Continued)

C4

C5

Determining BST Thickness

Pattern 1827resist on the Si/BST sample (the one that was not annealed).
Submerge the sample in 10:1 BOE to etch the BST film.

Observe the sample while it is in the BOE. When it appears that the BST
has been etched (you should be able to clearly see the silicon substrate
in the areas in which there is no photoresist), take the sample out of the
BOE. It could take anywhere from 5 — 10 minutes to etch through the
non-annealed BST using 10:1 BOE, depending on the thickness.

Place it in DI water for 1min and then N2 dry.

Observe the sample using a microscope to ensure that the BST film has
been removed from the field.

Rinse the sample with acetone and methanol to remove the 1827 resist.
If that doesn’t work, then use 1165 resist remover at 800C for ~20
minutes.

Determine thickness of the non-annealed BST using a profilometer.
(Measurement A)

Etch the BST using NREC’s Alcatel DRIE system with recipe listed below

Pyrex Recipe

RF 2800W (13.5MHz)
Bias: 550W

C4F8: 17sccm

CH4: 13 sccm

Argon: 100sccm

Temp: -20C
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Appendix C (Continued)

Substrate distance from source: 140mm

Once the samples have patterned 1827 on them, measure the thickness
of the patterned resist using a profilometer. (Measurement B)

Run the pyrex DRIE recipe for 1-2 min and then take more profilometer
measurements. The step that is being measured in this case consists of
resist and patterned BST. (Measurement C)

Strip the resist from the sample by putting it in the brown box asher (up to
30 min) or by using the plasma therm.

Take more profilometer measurements. This time, only the step height of
the BST is being measured since the resist has been removed.
(Measurement D)

Use etch rate = Measurement D / experimental etch time to calculate the
etch rate of the BST film. Calculate the time required to etch through the
total film by using total etch time = Measurement A/etch rate. (Based on
film thickness determined from silicon sample)

Calculate the thickness of the resist that was left on the sample after the
DRIE etch by using Measurement C — Measurement D.

Calculate the etch rate of the resist by using (Measurement B —
(Measurement C-MeasurementD)) / experimental etch time.

Once the total etch time required is known, use this time to etch the BST
films on the remainder of the samples.

Strip the remaining resist using oxygen plasma 150 Watts for 10minutes.

137



Appendix C (Continued)

Side notes: Films grown on different substrate materials will have different
characteristics and will etch at different rates. Also, if the annealing
conditions are different, the etch rates will vary. Therefore, the above
procedure needs to be carried out for each substrate material used along
with each annealing condition used.

Etches BST on Alumina (annealed for 12 hours) at 75nm/min (calculated
from Series A)

Etches 1827 resist at 304nm/min

Etches alumina substrate at 145nm/min

Series A average BST film thickness was ~550nm. | used an etch time of
7.5 min, but I think that the samples were slightly over-etched.

Since the resist has been exposed to plasma during the DRIE process, it
will be very difficult to remove with acetone and methanol. This is why it

is best to put it in the asher to get rid of any resist residue.

C.6  Patterning 3000PY (NR-1) Resist

Spin coat 3000PY at 6krpm for 50 seocnds (resist thickess: ~2.5um)
Pre-exposure bake at 155C for 90 seconds

Expose for 11 seconds (lamp intensity on Quintel was down to 18.8
mW/cm2 at the time),

Bake at 110C for 60 seconds

Develop in RD6 for 7-10 seconds

Descum for 2 minutes in O2 at 75W in for 2 min
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Appendix C (Continued)

C.7  Metal Deposition (Using Thermal Evaporator)

Metal Rate Current Displayed Actual
Thickness Thickness

Cr 0.3-04A/s ~50Amps | 0.15kA or 15nm

Au 0.4-0.5A/s (0- 190 Amps | 5.3kA or 530nm 4.7kA or
100A) 210 Amps | 10.06 kA or Tum | 400nm
3 Als (100 - 220 Amps | 12kA or 1.2um 7.8kA or
1000A) 780nm
6.5 A/s (1000 — 9.1 kA or
max ) 912nm

C.8 Lift Off

Lift-off 3000PY and excess metal using RR41 resist remover at
temperature of 100 C for at least 20 minutes.
USB clean as needed (up to 10 — 15 minutes) while samples are

submerged in RR41.
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Appendix D: Fabrication Recipe for Nanoscale BST Varactors

D.1  Sample Preparation

Spin-coated undiluted ZEP at 4krpm for 45 seconds

Bake on a hotplate at 180°C for 3 minutes

Let the sample cool briefly

Spin-coat with diluted Espacer (2:1) at 900rpm for 45 seconds

Changed spin recipe to 2krpm for 5 seconds to get rid of edge beads and
excess resist in the corners of the sample

Write the pattern using JEOL 9300 FS

D.2  Develop

Dipped in Xylenes to break E-spacer

Rinsed with IPA

USB clean in H20 for 30 seconds to remove E-spacer residue

Tilt the beaker slightly and insert the sample, face up into the beaker.

Use the tweezers to hold on to it while developing. Develop the sample in
Xylenes for 1.5 — 2 minutes in 30 second increments to ensure ZEP resist
is not over-developed.

Immediately after developing, rinse the sample with IPA.

Dry with N2.

Descum at 165 mT using 25W, and 25sccm of O2 for 20 seconds

D.3  Metal Deposition

15nm of Cr is deposited by E-beam evaporation

125nm of Au is deposited by E-beam evaporation
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D.4  ZEP Lift-Off
o Heat anisol in a glass beaker on a hotplate up to 70 deg C. Once itis at
temperature, submerge the sample for 15min and observe. If there is still
residue, put it back in the beaker for a few minutes at a time.
o When it looks good, put it in the ultrasonic bath for up to 10min.
¢ Rinse the sample with IPA.
o Never spray this with water. This could damage the nanoscale features

in the EBL resist.
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Appendix E: MATLAB Code for Spline Fit Coefficients

%%% Tony Price

%%% Capacitance-Voltage Curve Fit Using Cubic Spline
Interpolation

%%% USF/UCF BST films Series C

%%%positive voltage only
clc; close all; clear all;
format short e;

%%n%%%Sample C3 Device R4C3 5F2P at Temperature: 25C

voltage = [0 2 5 10 15 20 25 30 40 50 60 70 80 90];
Cap_pF=[1.288 1.288 1.282 1.260 1.234 1.204 1.173 1.144 1.092
1.048 1.011 0.979 0.952 0.928];

% Data at Temperature 50C
% Cap_pF=[1-221 1.220 1.214 1.198 1.178 1.155 1.132 1.109 1.065
1.027 0.994 %0.965 0.940 0.918];

% Data at Temperature 75C
%Cap_pF=[1.161 1.160 1.156 1.144 1.130 1.112 1.094 1.076 1.041
1.009 0.981 %0.955 0.933 0.913];

% Data at Temperature 100C
%Cap_pF=[1-106 1.106 1.102 1.094 1.084 1.070 1.057 1.043 1.016
0.989 0.966 %0.944 0.924 0.906];

% Data at Temperature 125C
%Cap_pF=[1-.059 1.058 1.056 1.051 1.043 1.033 1.024 1.013 0.991
0.969 0.950 %0.932 0.915 0.899];

figure(1);
plot(voltage, Cap_pF);

xlabel("Volts®);

ylabel ("Capacitance (pF)");

title("CV Measured and Fitted Data");

legend("Measured Data®, "Fitted Data®, "Gaussian_CV", "York CV®);
grid on;

%%% Calcultating 1lst derivative of measured data and padding with
extra %element in array%%%
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Appendix E (Continued)

dev_meas=diff(Cap_pF);

last_ind = find(dev_meas, 1, "“last");
last_element = dev_meas(last_ind);
new_dev_meas [dev_meas, last_element];

%%%%%P lotting derivatives

figure(2)

plot(voltage, new_dev_meas);
xlabel("Volts®);

ylabel ("1st derivative of Capacitance®);
title("Derivatives of Measured Data®);
grid on;

%%%%Spline fit

%%%%define smaller increments for voltage
spline_val = spline(voltage,Cap_pF);
[breaks,coefs,l,k,d] = unmkpp(spline_val);
spline_CV_fit=ppval(spline_val,voltage);

figure(3d)

plot(voltage,Cap pF,"o",voltage,spline_CV_fit);
legend("Measured CV", "Spline Fit");

grid on

%%%CoefFicients to ADS%%%%

%%% This section of code assigns variable names to the calculated
%%% coefficients from the MATLAB spline fit and places them into
a text

%%% file which is later used to insert the coefficients into an
ADS

%%% schematic for modeling

siz size(coefs); %size of coefs matrix, row x column

row = siz(1); % number of rows
column = siz(2); % number of columns

for x = 1:column % assigns variables A, B, C, or D to columns
1,2,3,and 4

it x==1
var = "A%;
elseilf x==
var = "B7;
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Appendix E (Continued)
elseif x==3

var = "C";
elseif x==
var = "D7;

end

for y = 1:row %assigns row numbers to variable name

varnam = strcat(var,int2str(y)); % concatenates letter
and number assignments (i.e. Al)

varcham = strcat(varnam, "=",num2str(coefs(y,x))); %
assigns variables to coefs in the form, i.e. Al=2

foldername= "Coeffs"; % name of text Tile
dest_dir="C:\Documents and Settings\tsprice\My Documents\MATLAB";
% directory text file is saved in

dest_filename = char(strcat(dest_dir, "\~ ,foldername, ".txt"));
% concatenates destination and file name for complete directory
dimwrite(dest_filename, varcnam, “delimiter®, °", “newline®, “pc-,
"—-append®, “roffset”, 0); % saves variable to text file

end

end

%%% Calcultating l1lst derivative of Spline Fit and padding with
extra element in array%%%

spline_dev=diff(spline_CV_fit);

last _ind _spline_dev = find(spline_dev, 1, "“last”);

last _element_spline Dev = spline_dev(last _ind _spline_dev);
new_spline_dev = [spline_dev, last element _spline Dev];

figure(4)

plot(voltage, new_dev_meas, "bd-", voltage, new_spline_dev,"r");
grid on

legend("Derivative of Measured CV", "Derivative of Spline Fit");
xlabel ("Voltage®);

ylabel ("Delta Cap”);
title("Derivatives of Measured and Modeled C-V*®)
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