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ZnO/SiO,/Si surface acoustic wave Love mode sensors are considered to be
promising high sensitivity sensors. Previous research has tested ZnO/SiO2/Si SAW
sensors with selected operating frequency and guiding layer thickness. This
investigation is based on experimental data of previous research and used the theories
and equations from that research to evaluate and develop a model of the mass
sensitivity of surface acoustic wave (SAW) devices with two different piezoelectric
semiconductors, ZnO/SiO2/Si and GaN/SiO2/Si Love mode SAW sensors. The SAW
mass sensitivity model developed here, examined the mass sensitivity of the SAW
device with respect to the design parameters, like wavelength, piezoelectric layer
thickness, and the two different semiconductors (ZnO, and GaN) to obtain optimum
mass sensitivity. The mass sensitivity increases when the wavelength is increasing.
The model also shows that the maximum mass sensitivity of GaN-based devices is

10% better than the maximum mass sensitivity of ZnO-based devices.
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Introduction

ZnO and GaN are wide band gap semiconductors with significant electronic
and piezoelectric properties [1]. They are promising materials for utilization in
sensors [2-5] and UV light detecting devices [6]. ZnO and GaN have a considerable
piezoelectric coefficient, so it allows the progress of surface acoustic wave
applications. These two materials have been determined to have the possibility to
work at high frequencies [7]. The manufacture of high-quality ZnO and GaN films on
Si wafers and the improvement of SAW devices is very complicated, but it provides
the benefit of integrated circuits with high-level CMOS technology for highly
sensitive sensors. There are several reports displayed that high-quality ZnO and GaN
films on Si wafers can be done by pulsed laser deposition and RF sputtering.
Moreover, those devices were reported to operate at high frequency range.[8]

In recent years, SAW sensors have been widely used in acoustic, biological,
and chemical equipment [9-12]. SAW devices also can be used for different types of
acoustic waves with excellent sensitivities. A common type of acoustic wave
propagation is Love mode propagation. The Love-mode waves are shear
horizontal surface acoustic waves [12]. The advantage of this type of wave
propagation is the acoustic energy of in-plane propagation is accumulated in the
guiding layer. Therefore, it provides the chance of having high sensitivities. [13]
Love mode of SAW is primary relying on the direction of the guiding layer film. It
has minimal damping when the surface is contacted with liquid [14, 15]. Love mode
devices using SiO: as the guiding layer have been tested previously, but the effect of

SiO> has not been discussed.


https://en.wikipedia.org/wiki/Surface_wave

In recent decades, ZnO is commonly used for manufacturing SAW sensors,
but GaN has not been used as a general piezoelectric semiconductor for SAW
sensors. However, GaN is actually an advanced semiconductor for diodes, transistors,
and sensors due to extremely practical wide bandgap [24]. For example, GaN is
successfully used to demonstrate a SAW sensor with high mass sensitivity for Lamb
waves [25]. This sensor has a relatively high mass sensitivity, a small detecting area,
and an excellent liquid resistance when comparing with other reported sensors with
different semiconductors [25]. GaN is a piezoelectric semiconductor with many
advantages for sensing, such as good acoustic velocity, and high thermal, chemical
stability [25].

In this work, the parameters that affect sensitivity in SAW devices have been
tested. The mass sensitivity can present how easy the acoustic wave can propagate in
the device. Also, the comparison of the two materials was accomplished. One device
is ZnO-based, and the other one is GaN-based. Thus, the differences between the two

materials lead to instinct modeling results.

Love Mode SAW Sensor

In [1], ZnO/SiO2/Si devices are examined. This modeling is based on the
structure of the devices in [1]. The structure of the sensors is shown below in Fig. 1.
The ZnO and GaN layers are wave guiding layer which can maintain the waves on

the surface.
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Figure 1: sectional view of the sensors

Acoustic waves in solid are produced by the movement of atoms in the
piezoelectric substrate. When a piezoelectric material has applied a strain, the atoms
in the material will be moved from their initial place. Meanwhile, the elastic force
will tend to reestablish them [16]. This phenomenon causes the wave propagation that
occurs at the surface of the substrate.

A general SAW sensor has two transducers that applied on the surface of the
piezoelectric material. The transmitter is for generating the surface acoustic wave,
and the receiver is for receiving the wave. The acoustic wave moves through the
surface of the piezoelectric substrate, where the wave has been detected [17]. Figure
2(a) shows a normal SAW sensor, and 2(b) shows a SAW sensor with a wave guiding

layer.
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Figure 2 Schematic representations of a general two-port SAW sensor (a) and a

wave-guided Love-mode SAW sensor (b).



If SAW sensors need a higher sensitivity, it is important to limit the acoustic
energy near the surface of the sensor, and reduce wave spreading into the substrate
[17, 23]. For this purpose, Love-mode SAW devices are well developed. The special
characteristics of Love-mode devices is a guiding layer is used to restrict acoustic
energy near the surface of the substrate. The waveguiding layer is made of a dielectric
material, so it cannot transmit atoms. The surface acoustic waves are bounded to the
interface because the surface waves are much slower than the wave in bulk [21].
Materials such as SiO», photoresist, parylene can be used as a proper guiding layer
[18, 20].

Another important factor that can influence the detection sensitivity is the
surface area of the active region. Large surface area can effectively absorb and release
acoustic energy. Based on previous research, building nanostructure to the active
region of the sensors can increase the surface area [17]. Thus, the research on the

wave propagation on the nanostructured devices is necessary.

Modeling

This model is based on previous research that measured the mass sensitivity of
Love-mode devices [1]. The basic equations are from [1]. The first important
equation is as shown below. According to Krishnamoorthy and lliadis [1], S%, is the
mass sensitivity based on phase velocity; p1 is the density of ZnO. vi is the shear
velocity of the acoustic waves in ZnO, so vi = 4814 m/s; vp is the shear velocity of the
acoustic waves in the applied mass on the ZnO layer, and the material for the applied

mass is polystyrene, so v, is equal to 2400 m/s; vo is the operating point in on the



dispersion curve in the Love wave device with no mass loading; fo is the operating
frequency of the Love wave device; z is the normalized guiding layer thickness (a
dimensionless quantity) = d/A = dfo/vi, where 1 = vi/fo, and d = actual thickness of
ZnO film; v is the phase velocity of the acoustic waves along the direction of
propagation [1]. This equation is used to build the plot that implies the relation

between mass sensitivity and normalized guiding layer thickness.
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From this equation, the mass sensitivity of certain material can be calculated
based on operating frequency (fo), the wavelength of the propagation wave (1), and
the thickness of the guiding layer (d) since z is equal to d/A in the equation. Therefore,
the first part of the modeling is to plot mass sensitivity vs. normalized guiding layer
thickness with multiple wavelengths. The second part of the modeling is to find vg / v,
which implies the ratio between the group velocity (vg) and the phase velocity (v).
The equation of the ratio is as shown below. p1 is the density, and d is the thickness
of the guiding layer. Sy, is the mass sensitivity calculated from Eq. (1). Eq. (2) shows

that phase velocity will always be larger than group velocity.
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The next part of the model is to find S,’; , the frequency-based mass

sensitivity. S,’; has a relation with S¥,. The relation presents by Eq. (3) shown below.
These two types of mass sensitivity are needed for comparison between different

types of sensors.
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The last part of this modeling is to plot the incremental rate of the mass
sensitivity increases along with the wavelength. The equation used is shown below.
When using Eqg. (4), the thickness of the guiding layer (d) is a certain value, and the
wavelength is the changing variable. In Eq. (4), the normalized guiding layer (z) is
equal to d/A, and d is a certain value, so it presents the relation between the

incremental rate of mass sensitivity increases and the wavelength.
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This model evaluates the mass sensitivity based on the material, operation
frequency (fo), the wavelength of propagation wave (1), the thickness of the guiding
layer (d). It provides the function to find the best mass sensitivity with given
conditions. The modeling is based on two types of materials which are ZnO, and
GaN. Therefore, the test will make a comparison between the two types of devices.

The model is finished in MATLAB. The equations above are built in
MATLAB and used to calculate the expected values. Those equations are also applied
in the graphs to find the relations between the parameters and mass sensitivity. The
modeling can approach a similar result with [1] as shown below in Fig. 3. Thus, this

modeling can generate the ideal mass sensitivity based on the assigned parameters.
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Figure 3: Comparison between measured values and modeling values

Result and Discussion

The evaluation of ZnO device was reported in [1] where the mass sensitivity
of two ZnO devices at guiding layer thickness of 3.4 um and 6.8 um. Hence, the
modeling starts with ZnO device. Fig. 4(a) shows the numerical mass sensitivity
curve for ZnO devices. The value of mass sensitivity decreases along with z
increases. This indicates that mass sensitivity can achieve higher value by reducing
the guiding layer thickness. Moreover, the lines with larger wavelengths have a
higher mass sensitivity, which implies increasing wavelength of the propagation wave
can increase mass sensitivity. Fig. 4(b) shows the part of Fig. 4(a) when z is between
0 to 0.25. The maximum mass sensitivity is 3.6 um”2/pg when A = 6 um. This

matches the result from [1]. For calculating the increase rate of S, from Fig. 4(b),



the thickness of the guiding layer is set to 3.4 pum. The incremental rate of S}, is
increasing between each line. The increment starts at 0.0015 um”2/pg and stops

increasing at 0.29 um”2/pg.
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Figure 4 (a) Each line shows the velocity-based mass sensitivity for a ZnO-based device

with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 0.8.



As seen in Fig. 5, vg / v is evaluated for each wavelength. vg / v is the ratio of the
group velocity to the phase velocity. From Egq. (3), S;, is calculated from the
fractional change of phase velocity. Moreover, Eqg. (5) shows that the fractional
change of the frequency is related to the fractional change of phase velocity. Thus, the
mass sensitivity that calculated from the fractional change of frequency, S,’:l, can be

evaluated from Eq. 3.
Af Vg
-G )( ) (5)

The value of vq / v is decreasing when the wavelength is increasing, and it
always less than one, which means the group velocity is always less than phase
velocity. Moreover, vq / v is used to calculate the frequency-based mass sensitivity in

Eq. 3. Fig. 5 shows that vq / v is inversely proportional to wavelength.
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Figure 5 Vg / v for the ZnO-based device
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Fig. 6 shows the frequency-based mass sensitivity, and it is proportional to vg / v.
Thus, S,’:l increases when the wavelength is increasing due to Eq. 3, but the increment
of S,’;l between each line becomes smaller since vq / v is decreasing. The maximum
value of S}; is 3.4 um"™2/pg that approximately the same as the measured value of S,’:l

in [1]. The incremental rate of S,’; starts from 0.0215 pm”2/pg and ends increasing at

0.22 um"2/pg.
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Figure 6 Frequency-based mass sensitivity with the ZnO-based device

Fig. 7 shows the first derivative of S7, with the chosen thickness of the guiding
layer. It shows that the increment of S, is not proportional. The rate of increase of S,
maintains the same after 10 um. Fig. 7 has four lines with different thickness of the
guiding layer, but they have the same trend that approaches to asymptotes. This
matches the result from Fig.4. Based on the calculation from the curve in Fig. 7, the

increase of the increment of velocity-based mass sensitivity is less than 2%.
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Therefore, the incremental rate of S}, has an asymptote. It approximately keeps the

same after 10 um.
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Figure 7 First derivative of S}, with different thickness of the guiding layer

The performance of sensors based on GaN is also evaluated. Fig. 8 shows the
velocity-based mass sensitivity of the GaN devices. S7, of GaN devices has the same
trend curve with the curve in Fig. 4 (a), but each line has higher values for the same z
values. Based on the calculation from the curves, S, of GaN devices is approximate
2.25 times higher than S¥, of ZnO devices under the same wavelength and normalized
guiding layer thickness. Fig. 8(b) shows the curves when z is between 0 to 0.25 from
Figure. 8(a). The maximum mass sensitivity is 3.93 um”2/pg when A = 6 um. For
calculating the increase rate of S¥, from Fig. 4(b), the thickness of the guiding layer is
set to 3.4 um. The incremental rate of SY, is rising between each wavelength. The rate

starts from 0.0049 um”2/pg and ends increasing at 0.67 um”~2/pg.
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Figure 8 (a) Each line shows the velocity-based mass sensitivity for GaN-based

device with different wavelengths. (b) The zoomed-in plot of (a) at z between 0 to 0.8.
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The values of vy / v for GaN devices, in general, are smaller than the values of
ZnO devices. Based on Eq. 2, the reason is that the S}, of GaN devices is higher than
ZnO devices. However, vg / v in Fig. 9 still shows the group velocity is less than
phase velocity for GaN devices, which means S,’:l of GaN devices will smaller than

Sy, dueto Eq. 3.
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Figure 9 Vg / V for the GaN-based device

Fig. 10 shows the S,’; of GaN devices. The curves have a similar trend with the
curves in Fig. 6. Also, S,’; increases when the wavelength is increasing due to the
increase of S¥, based on Eg. 3. The maximum value of S,’; is 3.66 um”2/pg, which is
smaller than the maximum value of S,’; in Fig. 4. Nevertheless, the overall values on
the curve are higher than the S,’; values of ZnO based devices. The incremental rate of

S,]; starts from 0.051 um”2/pg and ends increasing at 0.33 um”~2/pg.
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Figure 10 Frequency-based mass sensitivity with the GaN-based devices

Fig. 11 also displays the first derivative of GaN-based SY, with the selected
thickness of the guiding layer. The increment of SY, is approaching to a limitation.
This matches the result from Fig. 7. Moreover, the curve with a larger thickness of the
guiding layer has a smaller limitation. The increment of S7, increase maintains the

same after 10 pum.
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Figure 11 First derivative of S;, with different thickness of the guiding layer

When the conditions and parameters of the sensors are defined, the evaluation of
the sensors is evaluated. From the evaluation, GaN-based devices have almost twice
the sensitivity of ZnO-based devices with the same wavelength and thickness of the
guiding layer. GaN-based devices have better performance than ZnO-based devices
from the plots. Both S¥, and S,’; of GaN-based devices are higher. One reason that
causes GaN devices performing better is the band gap of GaN is wider than ZnO.

The table below shows the maximum S%, for ZnO and GaN devices. It shows the
Sy of GaN devices is approximate 10% better than GaN devices. The model displays
the maximum mass sensitivity at d/2 = 0.05 which means the guiding layer thickness

and wavelength can be selected for certain requirements.
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Zn0 Devices Wavelength (pm) 1.5 3 45 6 7.5 9 10.5 12

maximum S (um*2/pg) 0.95 2.23 3.66 5.12 7.04 8.87  10.08  1L6S
GaN Devices Wavelength (um}) 1.5 3 4.5 ] 7.5 9 10.5 12
maximum S¥ (um~2/pg) 1.03 248 3.95 5.76 7.63 9.75 1097  12.83

Table 1: The maximum S}, of ZnO and GaN devices.

Conclusion

The evaluation of the mass sensitivity is shown to match the result from [1]
when the guiding layer thickness is 3.4 um, and the wavelength is 6.8 um. Therefore,
this model can calculate mass sensitivity based on the chosen parameters. When the
material, the thickness of guiding layer, and the wavelength are provided, the mass
sensitivity of the sensor could be calculated. Moreover, the mass sensitivity increases
along with wavelength increasing. Also, the incremental rate of mass sensitivity
stopped increasing beyond 2 = 10 um, so the optimal wavelength should be above 10
pum. The mass sensitivity of the two devices increased dramatically with decreasing
normalized gquiding layer thickness. The comparison of the two different
semiconductors ZnO and GaN, showed that the maximum mass sensitivity of GaN
devices is 10% better than the maximum mass sensitivity of ZnO-based devices. The
maximum of S7, appears at d/A = 0.05, so the model can show a maximum mass
sensitivity for a selected guiding layer thickness under multiple wavelengths.
However, in practice defects in GaN epitaxial layers may reduce the mass sensitivity
significantly. Coating GaN on different types of substrates causes the problem
because the lattice structures of GaN usually cannot align [24]. When various

displacements of atoms simultaneously occur, bonds between lattices strain and

17



finally crack [24]. Therefore, some planes of GaN lattices will permanently distort.

This phenomenon causes the poor performance of GaN devices in practice.
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Appendices

W
o

clear =z

5.€1;% den=ity of Z2n0

4814; %the shear velocity of the acocustic waves in Zn0

2400;%the shear velocity of the acoustic waves in the applied mass on the Zn0 layer

= 4814.4; %v0 i= the cperating peint in on the dispersicn curve in the Love wave device with nc mas= lcading

0.708;%the operating frequency of the Love wave device
2 = (0:0.006:2);%i=z the normalized guiding layer thickne=z =d/lamda

%31 = [0.65:0.01:2);

20 = 0.6S;%the operating peint of the dispersicn curve

v = 4814.4; %the phase velocity of the accustic waves along the direction of propagation =lamda*£0 lamda = €.8

d =3.4; %m thicknees of guiding layer

lamda0 = 1.5;
for idx = 1:8
lamda = lamda0 * idx;
v = 0.708 * lamda;
Smv = (1/p2}* ((1-(vp"2/v0°2} )/ (1-(v172/v0%2}}}* (£0/v1)* (d*log(w} ./ (d*z/lamda});
Smv0 (idx} = Smv(2);

dl=3.4;

wrl = l4pl*dl*abs (3mv);
wril = (1./vzl);
d2=3.4;

vr2 = l4pl*d2*abs(3mv);
vrid = (1./vz2);

Smf£l = vril.*Smv;
Sm£C (idx) = Smfl1(2);

marker = {'+',%e', '+, x', V.0, 's, 'd, )
figure (1)

L] x1im ({0 0.8}
ylim([0 103}

plot(z,8mv, 'marker’, marker{idx}, 'markerindices’, 1:30:length(Smv));
x1im ([0 0.5])

hold con

p(idx}= plet ({0 0.006), [0 Smv0(idx}]);

set (get(get (p(idx}, "Annctaticn'), "LegendI on'), 'IconDisplayStyle’, "off');
hold off

xlabel ("Normalized 2n0 Guding layer Thickness d/{‘\lambda}'}

ylabel (‘Mas= Senstivity based on velocity (um’2/pg)’')

legend ({'{\lambda} = 1.5 um',"{\lambda}= 2 um',’{\lambda} = 4.5 um’,'{\lambda)} = € um’,’{\lambda} = 7.5 um’,'{\lambda} = & um',’{\1
hold all;

£ignre (3)

plot(z,vril, "marker’, marker{idx),'markerindices', 1:30:length(vril}};
x1im ([0 23}

xlabel ("Normalized Zn0 Guding Layer Thickness d/{%lambda}’}

ylabel (“va/v')
legend({'{\lambda} = 1.5 um',
hold on

=g um', " {\1|

figuze(3)

plot(z, Smfl, ‘markex’, markez{idx}, 'markezindices', 1:30:length(Sml}};

*x1im ([0 0.51)

hold on

P2 (idx)= plot ([0 0.0061, [0 SmE0(idx}]};

=et (get (get (p2 (idx}, 'Annotaticn'), 'LegendInformation’), 'IconDiszplayScyle’, 'of£%);
hold off

xlabel ("Normalized Zn0 Guding Layer Thickness d/{\lambda}'}

ylabel ("Mas== Sens=tivity ba=zed on freguency (um”2/pgl’'}

19



£igure (3}

plot(z,3mfl, 'marker', marker{idx}, 'markerindices', 1:30:length(3mfl});

x1im([0 0.8}

hold on

pd(idx)= plot ([0 0.006], [0 Smf0(idx}]);

set (get (get (p2 (idx}, 'Annotaticn'), 'LegendInformation'), 'IconDisplaydeyle’, 'off');
hold off

xlabel ('Nozmalized 2n0 Guding layer Thickness d/{\lambda)')

ylabel ('Mass 3enstivity based on freguency (um"3/pg)’)

legend({"{\lambda} = 1.5 um','{\lambda}= 3 um','{\lambda} = 4.5 um',"{\lambda} = € um','{\lambda} = 7.5 um','{\lambda} = § um','{\1
hold on

end
held off;

1a = [0:0.01:40];
v=107.94%1a;
d=3.4;

dl=€.¢§;

d2= 10.2;

d3= 13.€;

Smvd= (1/p1)* ((1-(vp"2/v0°2}}/ (1= (v12/v0*2}}}* (£0/v1}* (d*log(v}./ (d. d./1a));
Smvdl= (1/pl)*((2-(vp*2/v0"2))/ (1~ (v1*2/v0"2))}* (£0/vwl)* (d1%1og(v)./ (d1.%d)./1a});
Smvd2= (1/pl)*((1-(vp*2/v0"2})/ (1-(v2*2/v0"2)))* (£0/vl)* (d2*1og(v}./ (d2.%d2./1a});
Smvdd= (1/p1}* ((1-(vp*2/v0%2) )/ (1-(v1"2/%0"2}})* (£0/v1)* (d@*1og (v} ./ (d3.%d3./2a)};
df = gradient (3mvd);

dfl= gradient (Smvdl);

d£2= gradient (3mvd2);

d£3= gradient(3mvdd);

figure (4)
plot(la,df, "marker','+', 'markerindices’,1:100:length (d£});

ylabel ('Tirst crder derivative of Smv with certain d');
xlabel ('wavelength')

hold on

plot(la,dfl, "marker', "o, "markerindices’,1:100:ength (df1});

plot(la,df2, 'marker’,"'*', "markerindices’,1:100:length(df2});

plot(la,dfd, 'marker','x'; "markerindices',1:100:length(d£2));

legend({'d = 3.4 um',"'d= €.8 um','d = 10.2 un','d = 13.€ un'}, 'Locaticn’', 'northeast’')
hold off
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clear all;

pl = 6.15:;% density of Zn0

vl 3766; $the shear velccity of the acoustic waves in Zn0

vp = 2400;%the shear velocity of the accustic waves in the applied mass on the Zn0 layer

v0 = 3766.4; $v0 is the operating peint in con the dispersion curve in the Love wave device with ne mass lecading
£0 = 0.708;%the operating fregquency of the Love wave device

z = [0:0.004:2];%is the normalized guiding layer thickness =d/lamda

v = 3766; Sthe phase velocity of the accustic waves along the direction of propagation =lamda*f(C lamda = 6.8
d = 3.4; %um thicknees of guiding laver
lamda0 = 1.5;

for idx = 1:8
for z = [0:0.01:2]
lamda = lamda0 * idx;
v = 0.708 * lamda;

% if z == 0,

3 Smv =0;

3 else
Smv = (1/pl)*{(1-(vp*2/v0~2))/(1-(v1~2/v0~2)))*(£0/v1)*(d*log(v)./(d*z/lamda));
$end

3 end

Smv0{idx) = Smv(2);

d1=3.4;
vrl = 1l+pl*dl*abs(Smv);
wvril = (1./vxl);

d2=3.4;

vr2 = 1l+pl*d2*abs(Smv);

vri2 = (1./vr2);

Smfl = vri2.*Smv;

Smi0(idx) = Smfl(2);

marker = ['+','0',"*', Tkt 1.0, 080, 0d!, 1AT);

figure(5)
xlim([0 2])
ylim([0 10])

plot(z, Smv, 'marker', marker{idx}, 'markerindices', 1:30:length(Smv)):

x1im([0 0.5])

held en

p(idx)= plot([0 0.004], [0 Smv0(idx)]):

set(get (get(p(idx), "Annctaticn'), 'LegendInformaticn'), 'IconDisplayStyle'’; 'off');

held eff

xlabel ('Normalized GaN Guding Layer Thickness 4/{\lambkda}')

ylabel ('Mass Senstivity based cn velcocity (um*2/pg)')

ylim([0 10]):

legend({'{\lambda} = 1.5 um’','{\lambda}= 3 um','{\lambda} = 4.5 um’','{\lambda} = & um','{\lambda} = 7.5 um', '{\

held all;
figure(§)
plot(z,vril, 'marker’, marker{idx},'markerindices', 1:50:length(vril)):;

xlim([0 2])
xlabel ('Nermalized GaN Guding Layer Thickness 4/{\lamkda}')
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hold on

figure (7}
plot(z,SmEl, "marker’, marker{idx},'markerindice=", 1:50:length(Smfl}};
x1im([0 0.8}

hold on

P2 (idx)= plot([0 0.004), [0 3ms0 (idx)]);

set (get (get (p2 (idx}, "Annctation’}, 'Legendl tion'}, 'IconDisplayStyle’,'cff'};
held off

xlabel('Normalized Sa¥ Guding Layer Thicknes= d/{\lambda}'}

ylabel('Mas= Senstivity based on freguency (um*2/pg) '}

legend({'{\lambda} = 1.5 um','{\lambda}= 3 um’,’{\lambda} = 4.5 um',*{\lambda} = € um’,*{\lambda} = 7.5 um',*{\lambda} = & um’,*{\1
hold con

end

hold off;

la = [0:0.02:40];

¥=707.84%1a;
=1
a1
dz= 3;
a3= 4;
ds=s;
as=¢;
46=10.5;
d7=12;

Smvd= (1/p1)*((1-(vp~2/v0°2))/ (1~ (v1"2/v0"2})}*(£0/v1)* (d*log(v)./(d.*d./1a});
Smvdl= (1/p1)*((1-(vp 2/v0°2)}/ (1-(wv1"2/v0"2)}}*(£0/v1}* (dl%log(v) ./ (d1.%d1./1a}};
Smvd2= (1/pl)* ((1-(vp"2/v0"2} )}/ (1-(v172/v0"2)})*(£0/v1)* (d2%*legl(v) ./ (d2.%d2./1a)};
(A7p1)* ( (A= (vp~2/v0°2} )/ (2= (v172/+v0°2} )} (£0/v1}* (d3*1og(v) ./ (d3.%d3./1a)}};
(1/p1)* (1= (vp~2/70"2} }/ (1= (¥1°2/70"2) } } * (£0/71) * (d4*log (v} ./ (d9.*d4./1a});
(1/p2)* ((1-(vp"2/v0°2) )}/ (1-(v1"2/v0°2) } }* (£0/v1}* (dS*log(¥w) ./ (dS5.%dS./1a}};
(1/p1}* ((1- (vp~2/v0°2}}/ (1- (v172/v0"2}}) * (£0/v1) * (d€*log(w) ./ (AE6.*dE. /1a)};
Smvd7= (1/p1)* ((1-(vp~2/v0°2}}/ (2-(v1°2/v0"2))}*(£0/v1}* (d7%*ogl(v) ./ (d7.2d7./1a}};
d4f = gradient (Smwvd);

dfl= gradient (Smvdl);

df2= gradient (Smvd2)};

d£3= gradient(3mvd3);

df4 = gradient (Smvd4};

d£5 = gradient (3mvdS);

df€ = gradient (3mvd€};

d£7 = gradient(3mvd?);

df= (1/p1)* ((1-(vp"2/v0"2) )}/ (1= (v1°2/%07°2) ) )+ (£0/%1) > ((2+1./1a)} ./d);

figure (8}
plot(la,df, 'markex’, *+', "markerindice=",1:100:length(df}};

ylabel('First crder derivative of Smv with certain d');

xlabel (‘wavelength’)

held on

plot(la,dfl, "'marker’, 'c’, "markerindices',1:100:1length(dfl}};
*', 'markerindices',1:100:1length(d£2}};
plot(la,df3, "markexr’, 'x', "'markerindices',1:100:1length(d£3))};
plot(la,df4, 'marker','.", "markerindice=",1:100:1length (df4}};
plot(la,dfS, 'marker’,'=", "markerindice="',1:100:1length(d£5}};
plot(la,df€, "marker’, 'd’, "markerindices"',1:100:length (df€)};

plot(la,df2, 'marker’,

plot(1a,d£7, ‘markex’,
legend({’d = 1.5 um','d= 3 um’,'d = 4.5 um’,’d = € um’,'d = 7.5 um’,’d = ¢ um’,’'d = 20.5 um','d = 12 um'}, 'Location’, ‘northeast')
hold cff

s 'markerindices',;1:100:1length(d£7)};
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