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SUMMARY

This thesis utilized the concept of an optically stimulated Contact Potential
Difference (0osCPD) sensor to monitor oil properties. The osCPD technique is a variant
of the contact potential difference (CPD) method used to obtain surface properties of
materials. The technique uses modulated light to stimulate electron charge carriers in
silicon coated with a layer of oil. Demonstration of this oil monitoring design was done
by placing different oil samples on the silicon surface and monitoring the corresponding
electrical signal with the osCPD sensor.

Experiments showed that the osCPD sensor produced an electrical signal that was
related to the amount of time an oil sample was aged in an engine (or mileage). Further,
a linear relationship was found between the relative conductivity of these oils and the

osCPD signal as:
Vpp = 10 (1-K’) (1)

where Vpp is the 0sCPD peak-to-peak voltage and K’ is the relative oil conductivity. It
is theorized that this osCPD signal is dependant on the charge transfer at the silicon and
oil interface. Investigation of this interaction was carried out. Experiments showed that
adding a silicon nitride passivation layer on the silicon surface eliminated the change in

osCPD signal with oil properties. A model of this charge interaction was developed.



CHAPTER 1

INTRODUCTION

This thesis addresses the use of a non-vibrating Kelvin probe along with a pulsed
light source to monitor an oil film that was placed on a single crystal silicon surface. The
pulsed light was shown on the bottom surface of the silicon and created charge carriers
which diffuse through the silicon to the surface where the oil had been placed. The probe
is placed directly above this oil coated surface and separated from the oil film by a mica
spacer. The resulting sensor signal is believed to be dependant on the charge interaction
between the oil and silicon surface.

Kelvin probe sensors measure contact potential difference (CPD) which is related
to the change in surface potential or work function of the surface of interest. The work
function is the minimum energy required to remove an electron from the Fermi energy
level to just outside the conductor surface. To perform CPD measurements, Kelvin
probes generally use relative motion, either vibration or translation of one surface relative
to the other (i.e. probe surface relative to surface of interest). The proposed non-
vibrating probe or optically stimulated Contact Potential Difference (osCPD) sensor uses
pulsed light, instead of relative motion, to perform CPD measurements.

The objective of this thesis is to show that the osCPD sensor can monitor oil
properties, and that the resulting signal is dependant on the charge interaction between
the oil and silicon surface. To validate the first objective, the sensor signal was collected
for oil samples that had been aged in an engine. The resulting osCPD signal was then

compared to the conductivity of these engine oil samples (as conductivity is a measure of



oil degradation). The mechanism for the signal was investigated by passivating the

silicon surface with a nitride layer.



CHAPTER 2

BACKGROUND

Surface Potential of Conducting Materials

The work function or surface potential, @, of a conductor is the energy required to
remove an electron from the Fermi energy level to just outside the surface or the vacuum
reference level. Figure 1 illustrates the electronic band structure of a conductor in a
vacuum at absolute zero. The potential energy just outside the surface is defined as zero
and the work function,®, is the lowest energy required to remove an electron from the
bulk material to just outside the surface. It is the difference in work function between

two materials that defines contact potential difference.

Potential Energy
per electron
Conductor Surface

Work function, @ /

Minimum energy required
to move an electron from
Fermi energy level to y
outside of conducting
material

E¢: Fermi Level

OO0 P
X

Figure 1. Electronic Band Diagram of a Conductor in a vacuum at absolute zero.



Definition of Contact Potential Difference

Contact potential difference (CPD) is the difference in work function between two
conducting materials. Figure 2 shows a schematic diagram of the band structure of two
conducting materials not in contact. Each conductor has an individual Fermi energy, and
the potential energy of both surfaces is taken as zero just outside the surface. When these
two conductors are electrically connected, as shown in Figure 3, electrons will tend to
flow from the material with higher potential energy (Conductor 1) to the one with lower
potential energy (Conductor 2). The charge flow will appear instantaneous and cease
when the Fermi energies equilibrate. This transfer of electrical charge will result in a net
negative charge in one material balanced by a positive charge in the other. With the
Fermi energy being chosen as the new reference of potential, the voltage between these

two can be related to the work function of each material (®; and @,) by:

(2)

where e is the charge of an electron and AV, or Vcpp, is defined as the contact potential

difference of the two conductors.
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Figure 2. Energy level diagram of the work function of two metals in close proximity
with no electrical contact.’

/} e_
Conductor 1 ') Close

Conductor 2 switch

~ )1

Potential energy per electron

4 A Surface 2
A A
Surface 1 ! b, - D,
A ¢7
b,
yamN yamN
Ny Efl = Ef“) Ny
VY VY VY ()
Ny Ny Ny j g
VY VY VY VY
Ny Ny Ny Ny

Figure 3. Energy level diagram of the work function of two metals in close proximity
with electrical contact.



The charge on the surfaces and contact potential are related by:
q=C(D, —D,)=CV,p (3)

where C is the constant of proportionality, the capacitance that develops between the
surfaces. A simplified model is to assume that the surfaces are flat and comprise a
parallel plate capacitor. Thus the charge on the surfaces, q, is related to capacitance, C,
and contact potential difference (Vcpd) as:

q=CVep
where the capacitance for a parallel plate geometry is given by:

_ & .&,A

d

C (4)

where ¢, is the relative dielectric constant, g, is the permittivity of free space, A is the area
of surfaces, and d is the spacing between the two plates.

Any relative motion of the two surfaces or a change surface characteristics with
time will result in a current that would flow between these two surfaces:

_dQ _d(CVgp) _,, GC Ve

—+C 5
dt dt PP gt dt (5)

Kelvin Probe

The Kelvin probe is a capacitor sensor that measures the contact potential
difference (CPD) between two dissimilar conducting materials. In 1898, Lord Kelvin
found this potential difference was visible on a gold leaf electroscope when he
electrically connected two dissimilar metals.” This response was momentary and difficult

to quantify, but in 1932 the probe was modified by Zisman such that one electrode



vibrated with respect to the other.” He proposed that the change in spacing between the
two electrodes or time varying capacitance created a current proportional to the CPD
between the two metals. Thus if the work function of the vibrating electrode was known,
the work function of the other metal could be determined. This probe is typically used to

study the work function and surface potentials of metals and dielectrics.

Non-Vibrating Contact Potential Difference Sensor

An alternate way to obtain CPD measurements proposed by Danyluk and Zharin
is using translation.” Relative motion of the surface will result in electrical signals if
there is a geometrical or chemical change occurring. The signal will reflect time varying
changes in the CPD of the surface, rather than the absolute CPD as in the case of the

Kelvin probe.

Optically-Stimulated Contact Potential Difference Sensor

This thesis proposes a new technique based on contact potential difference
measurements. Instead of using a vibrating probe or a translating surface, the time
varying current required to generate a signal is created by a chopped light source.

In this technique, chopped light illuminates a silicon substrate at some appropriate
wavelength with the incident photon energies sufficient (greater than band gap of silicon)
to excite electrons from the valence band to the conduction band. In the presence of an
electric field (created by the difference in surface potentials between the semiconductor

and probe surface), these photoexcited electrons diffuse through the silicon.



As shown in Figure 4, the chopped light is directed at surface 1, and the electrons
diffuse towards surface 2 due to the electric field. Not all electrons reach surface 2, i.e.
contribute to total charge on it’s surface, some are lost to recombination. The time
varying change of this charge on surface 2 (or current) is measured by the osCPD probe

and can be expressed as:
i~ Jph-Jo (6)

where Jph is the photoexcited electrons and Jo is current loss due to electron

recombination. ’

Mica spacer

0osCPD sensor
Surface 2 \ ./

]‘/ Oil film
Bulk { <4+— Silicon

Surface 1 ﬁ

Chopped Light

Figure 4. Schematic diagram illustrating the geometry of the osCPD experiment in
relation to the oil and silicon substrate.

The electrons recombine at surfaces and in the bulk of the silicon substrate. Thus

the recombination current, Jo, can be re-written as follows:

Jo=1Jsl + Jbulk + Js2 (7)



where Js1, Jbulk and Js2 is the recombination at surface 1, in the bulk, and at surface 2
respectively. The recombination current at surface 2, where oil is placed, can further be

described by the following equation for semiconductor/liquid junctions:
Js2=qkn[A] (8)

where q is a constant, k is the heterogeneous rate of electron transfer at the junction, n is
the concentration of photo-generated electrons at the silicon surface, and [A] is the
concentration of acceptor species at the surface.”” After substituting Equations 7 and 8
for the recombination current, the osCPD current, Equation 6, or the total measured

charge on surface 2 becomes:
i =Jph—(Jsl +Jbulk +qkn [A]) (9)
This signal is converted to a voltage, and the resulting osCPD measured voltage becomes:
Vpp =G (Jph—Jsl —Jbulk —qkn[A]) (10)

where G is the effective resistance.

Effect of Passivation of Silicon Surface on Recombination

Depositing a nitride layer onto the silicon surface with plasma enhanced chemical
vapor deposition (PECVD) passivates the surface.® Using this process on the silicon
surface lowers the surface recombination velocity, k, by at least two orders of magnitude
as compared to an uncoated, bare silicon wafer.” Along with this, passivating the surface

separates the charge interaction between the silicon and liquid junction.



CHAPTER 3

EXPERIMENTAL SETUP

This chapter describes the 0sCPD sensor system. First a review will be given of

the overall experimental design, then a detailed description of the system components.

Overall System Design

A schematic diagram of the osCPD system is shown in Figure 5. The system
functions as follows: using a fiber optic light pipe, light from a 50W halogen source is
directed through a 5 mm diameter hole in the grounded copper stage to the underside of
the silicon substrate. A 450 nm band pass filter is placed on top of this light pipe to filter
the light to the selected wavelength range. The light is then modulated using the 10 blade
optical chopper, the frequency of which is controlled using the MC1000 optical chopper
controller. The controller sends a reference signal to the data acquisition system so that
the osCPD signal can be triggered at the selected chopper frequency.

A drop of oil is placed on the silicon substrate and then covered by a mica spacer
to keep the sensor from being contaminated by different oil samples. After placing this
sample on the stage, the vertical positioning system is used to lower the probe so that it
compresses into the mica cover. The sensor signal is then sent to the data acquisition

card.

10



0sCPD Sensor attached to
Vertical Positioning System

Data Acquisition | 0osCPD Signal
System )

Mica Spacer
Oil Film
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Y
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Pass Filter

A

Trigger | Chopper
Output Input
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Controller MC1000 Optical

Chopper Motor

Light Pipe connects to Fostec
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Figure 5. Schematic diagram of osCPD oil monitoring system.

System Components

A photograph of this set-up with major system components highlighted is in

Figure 6.
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Positioning
System

Figure 6. Photograph of experimental set-up with major system components
highlighted.

osCPD Sensor

Figure 7 illustrates the basic design of the probe which consists of 0.5 mm copper
wire surrounded by a metal sheath. The metal sheath, 3 mm in diameter and 0.5 mm
thick, is separated from the central copper conductor by a polyethylene sleeve. This is a
typical probe tip configuration utilized by the CPD research group at the Georgia Institute

111" The shield surrounding the copper wire reduces fringe electrical

of Technology.
fields. Research is currently being done on the effect of the shield in reducing electrical

fields. This probe tip is connected to the sensor circuitry as shown in Figure 8. At the

center of the electronics is the A250F Amtec charge sensitive preamplifier. The circuit is

12



a typical charge sensing circuit, and a similar diagram can be found in the preamplifier

data sheet.'?

Probe Tip Diameter

0.5 mm
DT

|~ Probe Tip

PE Insulation ~
. Shield

P »

Sheath Diameter
3 mm

Figure 7. A schematic diagram of the cross section of the o0sCPD sensor.
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N4

Ground Connection
between Stage and Shield

Figure 8. Circuit diagram of osCPD sensor system.
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Figure 9 shows a schematic diagram of an expected osCPD signal. This figure

shows the relationship between the voltage signal and light intensity. A positive spike is

generated by turning on the light, and is followed by the negative spike as the light is

blocked by the mechanical chopper.
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Figure 9. Schematic diagram of the expected osCPD signal in relation to incident
light on the silicon substrate. 9a represents the expected osCPD signal over time. 9b
represents the transition of light on and off over time.
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Optical Components

The optical components include the fiber optic light, the Fostec SOW Halogen
light source, the 450 nm band pass filter, and the MC1000 optical chopper. The Fostec
50W Halogen source is set to a maximum. The 450 nm band pass filter transmits
wavelengths ranging from 440 nm to 460 nm. This light was selected to ensure that
incident photons have sufficient energy (greater than band gap of silicon) to excite
electrons from the valence band to the conduction band. Since a wavelength of 450 nm
corresponds to an energy of 2.7 electron volts (eV) and the band gap of the silicon used is
1.1 eV, then this light source meets the requirements. The Thor Labs MC1000 optical
chopper is used to modulate the incident light at the selected frequency of 400 Hz. Table

1 below summarizes the optical component settings.

Table 1. Optical component settings.

Optical Setting Description Setting level

Fostec Light Source Setting 100 % Intensity

MC 1000 Optical Chopper frequency 400 Hz

450 nm Band Pass filter range 440 to 460 nm
Positioning System

A computer controlled servo motor positioning system was used to provide
precise mobility of the osCPD sensor in the vertical direction. With 1 micron accuracy,
the servo motor system raises and lowers the sensor to two selected heights. The first
predefined height is set so that the probe sensor is lowered to the mica sample surface.
The second height is 2 cm above the substrate surface so that the silicon sample can be

removed between tests.
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Data Acquisition System

The data acquisition system consists of hardware and software. The NiDAQ 68
pin shielded connector block and the 12 bit data acquisition card serve as the main system
hardware. The resolution of the data acquisition card with a +/- 5 volt nominal output
range is 0.557 mV. This card provides voltage to the amplifier in the osCPD sensor and
collects the signal from the osCPD sensor and chopper controller.

The data acquisition system is set to sample at 200 kHz and record 500 data
points after receiving a trigger input from the chopper (chopper blade passes underneath
the sensor on the chopper). With the chopper rotating at 400 Hz, then collecting 500 data
points corresponds to one period between the start of one chopper blade to the start of the
next one. Thus at each trigger input, one period of light shining on and off the silicon
substrate is recorded. From these 500 data points, the data acquisition system subtracts
the maximum minus the minimum osCPD signal to get the peak-to-peak voltage. The
peak-to-peak signal is recorded for 5 seconds and then averaged. A summary of the data

acquisition settings are shown in Table 2 below.

Table 2. Data acquisition settings.

Data Acquisition Settings | Value
Sampling rate 200 kHz

Scan length 500 data points
Scan time 5 seconds

The software utilized includes: Motion Control, Data Acquisition, and the Quad
program software. The motion control system raises and lowers the probe to the heights

specified in the code. The user interface and code are shown in Appendix A. The data

16



acquisition software, shown in Appendix B, collects the osCPD signal, and is triggered
by the optical chopper. Finally, the quad program controls both the motion and data
acquisition software (interface and code in Appendix C). At a push of the button on the
Quad program, the probe is lowered, the osCPD signal is collected for the desired amount

of time and then the probe is raised back up.

Experiment Sample Components

The experimental sample consists of three components: silicon, oil and mica. The
silicon samples were diced from 6 inch double side polished boron doped p-type, (100)
silicon wafers with 10-20 Q/cm resistivity and a thickness of 600 microns. The wafer
was diced into rectangular shaped samples with dimensions 10 by 15 mm. The nitride
coated silicon samples were made using Plasma Enhanced Chemical Vapor Deposition
(PECVD). Several of the diced silicon samples were coated using the PECVD process to
produce a nitride layer that was approximately 750 angstroms thick.

The oil samples are from a common engine lubricant oil, Pennzoil 10W-30
viscosity grade, used in automobile engines. The oil was aged and collected from a
passenger car which consistently used Pennzoil 10W-30." Oil samples were removed
from the car at 235, 4080, 8376 miles. Other analysis, including gas chromatography and
mass spectrography, has been published using these oil samples."*™"*

The mica spacers, used to prevent contamination of the osCPD probe, were made

by splitting a mica sheet to a thickness of approximately 0.02 mm and then cutting the

sheet into 10 by 15 cm rectangular shaped samples.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

The following describes the overall o0sCPD measurement technique, the process

used to prepare samples, and a review of the experiments performed.

Collection of 0sCPD signal

Figure 10 shows the flow chart for experimental procedure for taking osCPD

measurements:

( N
1. Pre-clean silicon &
mica
(. J
» 2. Prepare sample
( )
3. Put sample on stage
with mica facing up
-
4. Lower stage
5. Record osCPD signal
6. Raise stage
4 ] I N
7. Clean silicon and
mica
& J

Figure 10. Flow chart of the experimental procedure for collecting osCPD signals.
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Sample Preparation Technigue

As shown in Figure 10, the measurement process starts with pre-cleaning. The
silicon sample is first cleaned with Petroleum Ether then dipped in a Hydrofluoric Acid
bath (50% concentration) for 1-2 minutes or until the surface appeared hydrophobic. A
hydrophobic surface indicates that the oxide layer has been removed from the surface."
After the acid bath, the sample is rinsed in de-ionized water for one minute. The mica
spacer is rinsed twice with Petroleum Ether and dried with a Chem-wipe.

A drop of oil is then placed on the cleaned silicon sample using a pipette. After
the oil droplet is formed, the mica spacer is placed on top of it. A new pipette is used for
each oil sample.

After the osCPD measurement, the following cleaning process is performed. The
silicon and mica spacer are rinsed twice with Petroleum Ether and dried with a Chem-
wipe. The sample is then prepared for the next oil measurement, and the process is
repeated. The following set of experiments use this procedure to collect osCPD

measurements.

Light Intensity and Freqguency Response Experiments

The 0sCPD peak-to-peak voltage was recorded for a silicon sample with new oil
on the silicon surface as the light intensity control knob was varied. The relation between
light intensity setting and light intensity output is shown in Figure 11 below. This test
was performed to show the signal dependence on increasing light intensity or the amount

of charge carriers input into the system.
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Figure 161. 50W Light source lamp output intensity versus intensity control knob
setting.!

The frequency of the chopper was also varied to show that the output signal was
dependant on the frequency of light incident on the silicon substrate. The osCPD signal
was collected at the following frequencies: 50, 100, 200, 400, 600 and 800 Hz for a

silicon sample coated with new oil.

Oil Sample Experiments

The osCPD signals of the four different oil samples along with a baseline
measurement with no oil were collected in a randomized order (shown in Appendix E)
using the procedure shown in Figure 10. For each of these 5 variations (4 different oils,

and no oil), 5 repeat trials were performed. The same wafer and spacer were used

20



throughout the test. This test was performed twice to evaluate the repeatability. The
randomization order was changed for the second test and is shown in Appendix E as well.

A summary of this oil sample experiment is provided in Table 3 below.

Table 3. Scope of oil sample experiment.

Description Repetition Amount
Total number of repeat experiments 2
Number of oil measurement repetitions per sample 5

Nitride Coated Sample Experiments

The oil sample experiment was repeated for silicon samples with nitride coatings
in various orientations. A diagram of these set-ups as compared to the standard
measurement technique with no nitride film is shown in Figure 12. The first experiment
tested the osCPD response to oil age using a silicon sample that had a nitride coating on
the bottom surface (Figure 12b). Then the silicon sample was flipped over, and
measurements were taken with the nitride layer between the oil and silicon interface
(Figure 12¢). Finally, the process was repeated for a silicon sample with a nitride coating
on both the top and bottom surface (Figure 12d). Five repeat measurements were

collected in a randomized order for each oil sample in the above tests.
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Figure 12. Schematic diagram of the different nitride samples used to evaluate the
0sCPD response to oil sample mileage. A) is the standard set-up with no nitride
coating on the silicon, B) has a coating on the underside, C) has nitride coating on
top surface and D) has nitride coating on both surfaces of the silicon.

(©)

Conductivity Tests

The conductivity of the engine oils was measured using the Solartron SL1260
Impedance analyzer. A 4 pole conductivity cell was utilized for this measurement. It
works by driving a current thru two electrodes and producing a voltage across the other
two to determine the conductivity of the sample. The cell was cleaned with Petrol Ether
before each measurement. The measurements were taken for one minute for each sample

in a randomized order.
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CHAPTER 5

RESULTS

This chapter describes the experimental results for testing the ability of the osCPD
sensor to detect changes in oil. These results include the variation of the osCPD voltage

with light properties, oil sample mileage, nitride coating, and conductivity.

0sCPD Signal Dependence on Light Properties

The osCPD response to light intensity and frequency are shown in Figure 13 and
Figure 14 respectively. The osCPD peak-to-peak voltage (Vpp) for each light intensity
setting represents an average of 2000 peak-to-peak measurements and the error bars are
the corresponding 95% confidence interval. The results show a linear relationship
between Vpp and light intensity. In the graph showing osCPD signal dependency on
frequency, the signal was measured twice at each chopper frequency and a one to one
relationship with chopper frequency was found. This in-phase relationship shows that k,
the rate of electron transfer is less than one millisecond. Thus, the osCPD signal is

linearly related to both light intensity and frequency.
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0sCPD Signal Frequency vs. Chopper Frequency
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Figure 13. 0sCPD peak-to-peak voltage (V) of a silicon sample with new oil on the
surface versus light intensity (%). There is a linear relationship between Vpp and
light intensity.
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Figure 14. Frequency of osCPD signal (Hz) taken on a silicon sample coated with
new oil versus chopper frequency (Hz). There is a perfectly linear relationship
between chopper and signal frequency.
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Oil Sample Experiments

The results from two trials of experiments measuring the osCPD signal for the 4
oil samples and the baseline measurement with no oil are shown in Figure 15. The peak-
to-peak voltage represents an average of five 0sCPD peak-to-peak measurements, and the
error bars represent the 95% confidence interval of this data. This figure shows no
change in signal between a freshly prepared silicon surface (no oil) and new oil on the

silicon, and a decrease in signal with increasing mileage.

0sCPD Signal vs. Sample Type

[E—
[\S)

[E—
-
H——H
i

e
00

®m Trial 1
¢ Trial 2

H—a—H

<
~

S
\®)
——

Peak-to-Peak Voltage, Vpp, (V)
)
N

S
o

No Oil 0 235 4080 8376
Sample type

Figure 15. 0sCPD peak-to-peak voltage (V) for four oil samples and baseline
measurement with no oil for two repeat trials using the same silicon substrate.
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To better illustrate the 0sCPD signal response to changes in oil properties, Figure

15 was re-plotted in Figure 16 with the data for no oil removed.

0sCPD Signal vs. Oil age
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Figure 16. 0sCPD peak-to-peak voltage (V) versus oil sample age (miles).

The oil sample experiments showing the osCPD peak-to-peak measurements of
the different oil samples (Figure 15 & Figure 16) illustrates the ability of the osCPD
sensor to detect oil aging or time of use in engine. A two-sample t-test was performed to
determine if the osCPD signal was significantly different between these measurements
(Minitab output in Appendix D). At the 95% confidence interval, the results confirm that

the peak-to-peak voltage for oil samples with mileages 0, 235, 4080 and 8376 miles are
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statistically different, but that it can not be shown that there a statistical difference
between no and new oil.

The change in 0sCPD signal with mileage appears to be the same for both trials
of experiments, and the variation between the oil samples appears uniform as shown in
Figure 15 and Figure 16. This consistency is an indicator of the ability of the cleaning

process and experimental procedure to produce repeatable results.

Nitride Coated Sample Experiments

The nitride coating experiments utilize two silicon samples, one silicon sample
with a nitride layer on one side, and another silicon substrate with a nitride coating on
both sides. For the single sided sample, the test performed evaluates the effect on osCPD
peak-to-peak voltage when the aged oil samples are put on the nitride coated sided, and
then on the non-coated side. The same effect is evaluated on the double sided nitride
coated sample. Figure 17 shows the results from the nitride coating experiments. The
peak-to-peak voltage represents an average of 5 peak-to-peak measurements for each data
set, and the error bars represent the 95% confidence intervals.

As seen in Figure 17, the osCPD signal decreases with mileage when oil sits on
the silicon surface for the single side nitride coated sample, as seen in the previous oil
experiments (Figure 15). When oil is placed on the nitride coated side for both the single
and double sided nitride coated silicon, there is no longer a decrease in signal with

increasing mileage.
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0sCPD Signal verses Oil Age for Silicon Samples with
Different Nitride Coating Orienations
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Figure 17. 0sCPD peak-to-peak voltage (V) versus oil age (miles) for three silicon
samples: DS N, SS N Face Down, and SS N Face Up which means double sided
nitride coated silicon, single sided nitride coated silicon with the nitride layer facing

down, and single sided nitride coated silicon with the nitride layer facing up (oil on
nitride layer) respectively.

When the nitride coating is face up, for both the single and double side coated
wafers, the measured osCPD value is greater for the double sided sample than that of the
single sided piece. To compare the relationship between mileage and osCPD signal for
both of these samples, the data was normalized by shifting each average peak-to-peak
measurement such that peak-to-peak value of new oil was equal to 1. This normalized
data, Figure 18, illustrates that the peak-to-peak voltage appears to slightly increase with
mileage for both samples, although statistical analysis performed on this data (shown in

Appendix E) shows no significant difference between the oil samples
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Normalized osCPD Signal vs. Oil Age for Silicon Samples
with a Nitride Coating on the Top Surface
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Figure 18. Normalized osCPD peak-to-peak voltage (V) versus oil sample age (miles)
for two silicon samples: double sided and single sided nitride coated silicon samples
(where the oil is placed on the nitride coated side).

The osCPD response to mileage when oil samples are placed directly on the
silicon surface for the single sided and non nitride coated silicon samples is displayed in
Figure 19. The data for the non-nitride coated sample came from Trial 1 of Figure 16.
The decreasing trend for peak-to-peak voltage as mileage increases appears to be the
same for both silicon samples, but the magnitude of the 0sCPD voltage is approximately

0.3 volts greater for the substrate with the nitride coating.
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0sCPD Signal vs. Oil Age for Silicon Samples with and
without a Nitride Coating on the Bottom Surface
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Figure 19. 0sCPD peak-to-peak voltage (V) versus oil sample age (miles) for two
silicon samples: single sided nitride coated silicon sample (oil on non-nitride coated
side) and silicon with no nitride coating.

The data in Figure 19 was normalized to point out the similarity of the osCPD
response to mileage for the silicon with and without a nitride coating on the underside
and no nitride coating where the oil is placed. Normalization was performed by shifting
each curve such that the peak-to-peak voltage of new oil was equal to one. The
normalized curves for these substrates (Figure 20) reveal that the relation between

mileage and osCPD signal is not changed by the addition of the nitride coating.
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Normalized osCPD Signal vs. Oil Age for Silicon Samples
with and without a Nitride Coating on the Bottom Surface
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Figure 20. Normalized osCPD peak-to-peak voltage (V) versus oil sample age (miles)

for two silicon samples: single sided nitride coated silicon (oil on non-nitride coated
side) and silicon without a nitride coating.

Conductivity measurements

Using the process described in the experimental procedure chapter, conductivity
measurements were made on the different oil samples. Figure 21 represents the relative
conductivity value for oil samples. The relative conductivity value was calculated by
dividing each average conductivity measurement by the average conductivity of new oil.
The average value was calculated from averaging 1 minute of conductivity
measurements, which corresponds to approximately 1000 data points. The error bars
represent the 95% confidence interval of this data. The normalized data shows that as

mileage increases so does conductivity.
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Relative Conductivity vs. Oil age
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Figure 21. Relative conductivity, which is the conductivity of the oil sample divided
by conductivity of new oil (0 miles), versus the oil sample age (miles).

To demonstrate the relation between the osCPD signal and conductivity for
increasing mileage, the relative conductivity measurements are plotted (Figure 22) versus
the osCPD signal for the aged oil samples from the first oil sample experiment (Figure

16). A linear relationship between these two variables is observed.
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0osCPD Signal of Aged Engine Oils vs. Relative Conductiviy
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Figure 22. 0sCPD peak-to-peak voltage (V) of the aged oil samples with the
corresponding sample mileage labeled versus relative conductivity, which is the
conductivity of the oil sample divided by the conductivity of new oil (0 miles). A
linear relationship between peak-to-peak voltage and relative conductivity exists.
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CHAPTER 6

DISCUSSION OF RESULTS

This chapter will illustrate the resolution of the osCPD sensor to oil conductivity
and relate changes in osCPD due to light properties, mileage and the addition of a nitride

layer to the charge transfer process.

Resolution of 0sCPD sensor to oil properties

The previous results show that there is a linear decrease in the osCPD signal as
the conductivity of oil increases (Figure 22). To illustrate the capabilities of the system
in monitoring the change in conductivity, the sensors resolution, smallest change in
conductivity detectable by the sensor, was determined.

To calculate the resolution, the probes sensitivity to changes in input firsts needs
to be known. The sensitivity is defined as the change in peak-to-peak voltage (Vpp) over
the change in input (conductivity). The relationship between relative conductivity and
Vpp is linear and the sensitivity can readily be defined. From Figure 22, it can be seen
that the peak-to-peak voltage changes by 9.28 volts for every unit change in relative
conductivity.

The next step in determining resolution is defining the system variance. The
largest variance in this set-up is the variance in peak-to-peak voltage between osCPD
measurements of an oil sample. As shown in Figure 16, the variances for the different oil

samples are consistent. Thus, these variances can be averaged and the resulting system
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variation was calculated to be 0.075 volts. With the variance known, the resolution can be

calculated as shown below:

Variance _ 0.075V

Resolution = — =
Sensitivity  9.28 V/K'

=0.01K' (11)

Therefore, the smallest change in relative conductivity, K’, detectable by the osCPD

sensor is 0.01.

Effect of Light Intensity on o0sCPD signal response

The theoretical equation for the peak-to-peak voltage was previously derived in

Equation 10 and is restated below:
Vpp =G (Jph —Jsl —Jbulk —qkn[A]) (12)

As shown in Chapter 5, Figure 13 as the light intensity increases the osCPD signal
increases proportionately. This agrees with the developed equation for the signal
response. As light intensity increases, Jph, the amount of photoexcited electrons

increases and the overall measured osCPD signal increases proportionately.

Effect of Mileage on 0sCPD signal response

The parameters of Equation 12 are assumed to be constant except for, [A], the
concentration of acceptor species at the surface. This assumption is made because the oil
film on the silicon surface is the only parameter varying between experiments. The
results support this assumption as repeat measurements of the same oil provide consistent

results.
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The overall equation for the voltage developed in the 0osCPD probe, restated in
Equation 12, can be simplified by substituting in Equation 13 and 14 for the constant

terms:

Jc = Jph — (Js1 + Jbulk) (13)

N=qgkn (14)
After performing this substitution, the resulting osCPD signal is:
Vpp=G (Jc-N[A]) (15)

Thus the osCPD signal is linearly related to the concentration of acceptor species. This
concentration seems to be linearly related to the conductivity of the oil. The conductivity
is a measure of impurities in the oil.'”"® Thus by increasing the impurities, it is thought
that the number of sites where electrons recombine also increases. Therefore the
concentration of acceptor species, [A], can be replaced by the conductivity, K, resulting

in following osCPD equation:
Vpp = Je — N*K (16)

The experimental results agree with this relationship. There is a proportional decrease in
osCPD signal with increasing oil mileage and this signal is linearly related to
conductivity as shown previously in Figure 22. The linear relation found between the

measured osCPD signal and relative conductivity was:
Vpp~=10(1- K" (17)

which agrees with the form of Equation 16.
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Effect of Nitride Coating on 0sCPD response

To further demonstrate that the changes in osCPD signal are caused by a charge
transfer process, the nitride coating experiments were performed. The osCPD response to
oil properties was evaluated on the substrates (12a through 12d) shown previously in
Figure 12. The signal dependence on oil age was the same for 12a and 12b silicon (no
nitride between oil and silicon interface). Experiments using these substrates both
showed a decrease in signal with increasing mileage (Figure 19), but the sample 12b
(nitride film on bottom) had proportionately larger values. For the other two samples,
12¢ and 12d where the nitride layer was between the oil and silicon interface, the osCPD
signal did not change with oil age (Figure 17). But like the previous two samples, the
substrate with the nitride coating on the bottom (12d) had a larger value.

For samples 12¢ and 12d, placing a nitride layer on surface 2 of the silicon sample
(where oil is placed) removed the signal dependence on oil mileage. For this experiment,

the equation for the osCPD response is again:
Vpp =G (Jph —Js1 —Jbulk —Js2) (18)

where the recombination at surface 2, Js2, is defined by the oil and nitride interface, not
the oil and silicon interface. Thus the Js2 recombination will not change with oil
properties because the charge interaction is with the fixed nitride layer. Since the
remainder of the terms in Equation 18 are constant, then there should be no changes in
osCPD signal when different oils are placed on the nitride coated substrate. The results
agree with this explanation. Figure 17 for the single and double sided nitride coated film
(oil on nitride coated side) verify that there is no significant change in signal with oil age.

This supports that the change in signal is due to charge interaction at the silicon and oil
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interface, since adding a layer to separate these layers removed the signal dependence on
age.

The results also showed that adding a nitride layer to the bottom surface increased
the osCPD signal magnitude (Figure 17 and Figure 19). This can be explained since the
nitride coating on the underside of the silicon acts as an antireflective coating.'” This
coating allows more light into the substrate. This increase boosts the amount of photo-
excited electrons created in the silicon and therefore increases the photocurrent, Jph. As
the photocurrent increases, it can be seen from Equation 18 that the total measured signal
is also greater. Thus the model agrees with the experimental results, as more light enters
into the substrate the signal increases. Plus it shows that increasing the amount of light

into the system does not alter the trend between oil properties and osCPD signal.
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CHAPTER 7

CONCLUSIONS

This research shows that the novel optically stimulated Contact Potential
Difference sensor can be used to monitor oil conductivity as engine mileage increases,
and that the change in signal is attributed to a surface charge interaction at the silicon and
oil interface. The following conclusions were drawn from this thesis.

1. The osCPD peak-to-peak voltage decreases as the mileage of the engine oil
sample increases.
2. The osCPD peak-to-peak voltage (Vpp) is linearly related to the relative

conductivity, K’, of the engine oil sample as described by:
Vpp =10 (1 -K") (19)

The relative conductivity was defined as the conductivity of the oil sample
divided by the conductivity of new oil.

3. The sensor can detect a 0.01 change in relative conductivity.

4. The addition of a nitride layer between the oil and silicon interface eliminates the

change in osCPD signal due to mileage or conductivity.
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CHAPTER 8

RECOMMENDATIONS

To further improve this system, the following recommendations are made:

1.

Investigate alternate measurement techniques that would eliminate the need to
clean the silicon substrate in between measurements. The cleaning process
currently hinders the ability of the system to perform online measurements of oil
properties.

Replace light source with light emitting diodes to help miniaturize the system for
on-line oil monitoring.

Investigate alternate uses of the osCPD sensor in monitoring charge transfer

interactions.
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APPENDIX A
MOTION CONTROL SOFTWARE

Motion Control Software User Interface
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Figure 23. Motion control software user interface with raise and lower buttons
labeled.

Code for Motion Control Software

/I Command for Lowering the probe.

Private Sub Lower()
chars_sent = Comm60001.SendCommand("MAT111")
chars_sent = Comm60001.SendCommand("MA111")
chars_sent = Comm60001.SendCommand("d0,0,6200")
chars_sent = Comm60001.SendCommand("go0,0,1")

End Sub

// Command for Raising the probe.
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Private Sub Raise()
chars_sent = Comm60001.SendCommand("MA111")
chars_sent = Comm60001.SendCommand("MA111")
chars_sent = Comm60001.SendCommand("d0,0,0")
chars_sent = Comm60001.SendCommand("go1,1,1")
End Sub
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APPENDIX B

USER INTERFACE FOR DATA AQUISTION SYSTEM
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Figure 24. CPD-Scan data acquisition user interface.
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APPENDIX C

USER INTERFACE FOR QUAD SOFTWARE
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Figure 25. Quad software interface with code entered to control other software.
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APPENDIX D

RANDOMIZATION ORDER

Table 4. Randomization Order for Oil Sample Experiment 1.

Experimental Sample
Order Type
1 No Oil
2 235
3 No Oil
4 4080
5 No Oil
6 8138
7 No Oil
8 New
9 No Oil
10 235
11 No Oil
12 4080
13 No Oil
14 8138
15 No Oil
16 235
17 8138
18 No Oil
19 4080
20 New
21 No Oil
22 8138
23 New
24 235
25 No Oil
26 New
27 No Oil
28 8138
29 No Oil
30 4080
31 No Oil
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Table 4 (continued).

Experimental Sample
Order Type
33 No Oil
34 8138
35 No Oil
36 235
37 No Oil
38 4080

Table 5. Randomization Order for Oil Sample Experiment 2.

Experimental Sample
Order Type
39 No Oil
40 8138
41 No Oil
42 235
43 No Oil
44 4080
45 4080
46 None
47 8138
48 None
49 New
50 None
51 4080
52 None
53 235
54 None
55 New
56 None
57 8138
58 None
59 4080
60 235
61 4080
62 8138
63 New
64 235
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Table 5 (continued)

65 New
66 235
67 New
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APPENDIX E

SUMMARY OF STATISTICAL ANALYSIS PERFORMED ON
EXPERIMENTAL RESULTS

The 2 sample t-test, with significance level 95%, was used to analyze whether the

means illustrated in Table 6 were significantly different. This test evaluates whether the

mean between two samples is the same or different as shown in hypothesis below:

Hypothesis:
Ho: pl —p2=0
Ha: pl —p2#0

Table 6. Summary of statistical results for 2-sample t-tests performed on data from
different experimental tests.

Significant

Eﬁggﬂ;ﬁ;ﬁ pl Oil Sample | p2 Oil Sample p-value be tsgfefzg(rzgple

means?

Oil Sample No Qil 0 milF:s 0.873 No
Experiment 1 0 mllgs 235 mqes 0.004 Yes
(0sCPD Vpp) 235 ml!es 4080 mﬂes 0.000 Yes

4080 miles 8376 miles 0.001 Yes
Conductivity | 0 miles on DSN | 8376 on DSN 0.300 No
tests (Relative | 0 miles on SS 8376 on SS 0.096 No
conductivity) Nitride Up Nitride Up
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