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where 𝑅𝑅0 is the specular reflection from a perfectly smooth surface, σ is the root mean square 

roughness, and λ is the wavelength of the light. If the wavelength is sufficiently larger than the 

rms roughness, the total integrated scatter (TIS) light can be found using eqn. 5.7. [207]–[211]   

 𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑅𝑅0 �1 − 𝑒𝑒−
(4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋)2

𝜆𝜆2 � (167) 

 This equation is used to find the light scattering in Figure 5.4. The smooth surface reflection 

(R0) is taken as 0.72 from Figure 4.7 and light incident is considered as normal to the surface.  

It is evident from Figure 5.4 that oxidation and removal is the best thinning process for silicon 

film. This process is used to thin the silicon cantilever, used in the experiment, to the desired 

thickness. KOH etched surface scatters almost hundred percent of the light since the surface 

irregularities size is comparable to the probe wavelength. SF6 plasma etch can also be used for 

thinning. But due to its complexity, plasma etch is not utilized in the fabrication process for silicon 

cantilevers.  

 

Figure 5.4 Relation between scattered light and etch depth of different etching technique. The 
scattered light percentage is calculated as the ration of scattered and incident light. 
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 5.3 Photomask Design 

 A photomask is used to transfer patterns from a glass plate to the wafer using standard 

photolithographic techniques. The photomask was designed to pattern a 4″ wafer. The light-field 

mask was printed on a 5″ quartz plate with a chrome coating. As shown in Figure 5.5a, this mask 

has 28 dies where upper half dies are the mirror of the lower half. Since this mask was designed 

before characterizing the pump and probe laser spots, there are cantilevers with different widths 

varying from 50 µm to 200 µm. Similarly, there are several L/w ratios corresponding to each width. 

These L/w ratios vary from 10 to 100.   

 Each die has its unique number in the left corner which helps in identifying wafer pieces 

after dicing. The dicing lines are 20 µm wide. These lines assist the dicing saw to cut in straight 

lines and keep the die intact. There are two clipping marks on either side of the cantilevers in each 

die. These marks start from the dicing line and face perpendicular to the cantilevers’ length. Their 

direction guides the crack propagation after clipping with the diamond scribe while chopping the 

handle layer off. Alignment marks help aligning the photomask with the primary and secondary 

flat of the wafer. The blossom-like patterns on the mask are called wagon-wheel and are used for 

qualitative guidance of the etching rates. The wagon-wheel pattern technique has been used to 

obtain detailed experimental data on the crystal orientation dependence of etch rates.[212] Another 

important feature is the scale bar between two adjacent cantilevers. The scale bar is a narrow 

cantilever which has marker like patterns on both sides which guide the probe laser along the 

cantilevers’ length during measurement. The area between dicing line and cantilever’s base 

matches exactly the grooves of the sample holder to ensure better thermal contact between them.   
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Figure 5.5 (a) Photomask containing cantilever’s patterns, (b) Die D13, D11, D1 and D7 is 

enlarged.  
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 5.4 The Suspended Cantilevers 

 This section details the silicon cantilever fabrication from the SOI wafer. The wafer is 

cleaned before the fabrication and the cantilever beams are geometrically characterized after the 

fabrication.  

 

 5.4.1 Cleaning Procedure 

 Any contamination, such as metal, organic or inorganic material, present in the thin film 

can alter the thermal property measured using STR. So, the SOI wafer is cleaned properly before 

the fabrication process.  

 The silicon on insulator wafer cleaning process in itself is not that easy. This is because, 

apart from being easily contaminated, SOI wafers are also very fragile. They need to be handled 

with the utmost care to ensure that there is no damage done to their surface. The issue is that 

smaller particles are physically more difficult to remove, because it is harder to deliver the 

necessary force to minuscule dimensions. Thus, more energy is required to remove smaller 

particles. Types and source of contamination are discussed briefly below.[213]    

Particles - dust, pollen, clothing particles, bacteria, etc. Particles with diameter more than 20 

micron will settle down readily. Particles of diameter from 0.1 to 20 micron are the main problem.  

Inorganic contaminants - salts, positive and negative ions in solution, heavy metal atoms. 

Inorganics are removed by cleaning the wafer in water recirculation systems and using special 

solutions.  

Organic contaminants - smog, skin oil, fluxes, lubricants, solvent vapors, monomers from plastic 

tubing and storage boxes that can condense on substrate. They usually are removed using strong 

oxidizers, gaseous or liquid.  



 

97 

Impurities - incorporated during the formation of substrates or overlayer films. Generally, they 

cannot be removed. 

 There are several steps associated with the cleaning process. These steps are discussed 

sequentially. The process starts with dipping the SOI wafers in the piranha bath for 20 minutes. 

Piranha is a chemical mixture of water, hydrogen peroxide and sulfuric acid. All of these chemicals 

are mixed in equal volume. Because it is a strong oxidant solution, it removes metals and organic 

contaminants, and will hydroxylate most surfaces (add OH groups) rendering them 

hydrophilic[214]. The wafers are then dipped into the buffered oxide etch (BOE) for 3 minutes. 

BOE is mixture of buffering agents like ammonium fluoride (NH4F) and hydrofluoric acid (HF). 

The volume of NH4F is six times more than HF in the mixture. This step helps removing OH 

groups from previous step and any oxide, ionic, and metal particles from the surface. Next, the 

wafers are cleaned in a mixture of water and hydrogen peroxide for 20 minutes. Any particulate 

and metal contamination present in the wafer reacts with the hydroxide group and is eliminated. 

 The wafers are then dipped in BOE again for 3 minutes. Finally, the wafers are cleaned in 

a solution called RCA-2 clean which is a mixture of water, hydrogen peroxide and hydrochloric 

acid.  This process removes any ionic and metal surface contaminations. The wafers are cleaned 

in de-ionized (DI) water in between every step to clean the residue associated with the previous 

step. The cleaning and rinsing steps are performed by using the so-called Marangoni 

technique[215]. The Marangoni principle involves the slow withdrawal of wafers from a DI water 

bath to an environment of isopropyl alcohol (IPA) and nitrogen such that only the portion of the 

surface that is at the interface of the liquid and vapor phases is "drying" at any one time. In this 

way, uncontrolled evaporative drying on the wafer is prevented.  
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Chapter 6 - Experimental Results 

 The first part of this chapter provides information on the characteristics of the laser beam 

when focused on the sample. Probe frequency is selected in the second part based on the stability 

of the signal, whereas, temperature and thermal conductivity of the suspended films are analyzed 

in the last segment. 

 

 6.1 Laser Beam profile 

 Light propagates as an electromagnetic wave through a medium. In the transverse 

direction, the amplitude of this wave field has a Gaussian pattern.[217] In addition to longitudinal 

or axial oscillation modes, which are associated with standing waves set up along the cavity or z-

axis, transverse modes are also retained. The single mode laser used in the experiment corresponds 

to the lowest order of these transverse modes. As a result, the flux distribution over the cross 

section of the laser spot is preferably Gaussian and there are no electrical phase changes across the 

laser beam.[218]  

 The width of the laser spot can be defined in several possible ways. Some of these methods 

are D4σ, 10/90 or 20/80 knife-edge, 1/e2, FWHM, and D86. [219], [220] D4σ measures four-

standard deviations from the peak value. 10/90 or 20/80 knife-edge calculates the transverse knife 

edge widths between 10%-90% or 20%-80% integrated intensities. The 1/e2 width is equal to the 

distance between the two points on the marginal distribution that are 1/e2 = 0.135 times the 

maximum value. FWHM defines the horizontal distance at half of the laser’s maximum intensity. 

The 'D86" diameter contains 86% of the total beam energy. These definitions when applied to 

different beam profiles can give very different width values. Out of these, the D4σ is the ISO 
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international standard definition for beam width[221] and is used here to report the laser spot 

diameter when focused on the sample.  

 Figure 6.1 shows the pump and probe laser profiles which are measured using a DataRay 

XHR scanning slit profiler. The normalized intensity of the lasers, termed as the ADC value, is 

plotted against a horizontal distance. X and Y-profiles describe the distance in x and y-axis of the 

2D laser spots. The 4 standard deviation range shown in the figure is known as the beam profile in 

both directions under the Gaussian curves. X and Y-profiles of the pump laser spot are 109.8 μm 

and 96.9 μm wide, respectively. The probe laser spot widths are 151.8 μm and 169.6 μm. These 

profiles indicate that both pump and probe spots are of elliptical shape.  

 

 
Figure 6.1 Pump and probe laser spot size on the sample. X and Y profile represents the major 

and minor axis of the elliptical spot.  
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 6.2 Suspended ThermoReflectance Data 

 First step of the measurement process is determination of thermoreflectance coefficient 

(CTR) using the probe laser beam and the internal temperature controller of the cryostat.[95] Eqn. 

(168) is applied for the CTR calculation.[222], [223] 

 𝐶𝐶𝑇𝑇𝑇𝑇(𝜆𝜆) =
1

𝑅𝑅𝑇𝑇(𝜆𝜆)
 
𝑅𝑅𝑇𝑇+Δ𝑇𝑇(𝜆𝜆)− 𝑅𝑅𝑇𝑇(𝜆𝜆)

Δ𝑇𝑇
 (168) 

here 𝑅𝑅𝑇𝑇  is the probe laser reflectance from the cantilever at temperature T. As soon as the cryostat 

temperature is increased by Δ𝑇𝑇 using its own PID controller, the reflectance of the probe laser 

changes to 𝑅𝑅𝑇𝑇+Δ𝑇𝑇. ∆T is kept around 5 K during the CTR measurement to keep the temperature 

dependent thermal properties constant. The PID takes around 5 mins to increase the cryostat 

temperature and reach a stable point. The cantilever’s temperature is monitored by the sensor 

mounted in the sample holder. It is very important for the full cantilever beam to be at the same 

temperature. Though the time constant for the cantilever is very small, its temperature keeps 

changing when the PID adjusts the cryostat condition. As a result, each measurement is done at a 

10 mins interval. The measurement procedure is repeated several times and the CTR is obtained 

over a temperature range of 20 K to 300 K. The thermoreflectance coefficient varies in a narrow 

range with an average value of 3.53 × 10−4 K−1 and standard deviation of 9.09 × 10−5 K−1. This 

value of CTR shows a good agreement with the value reported by Kim et al.[223] which is 2 ×

10−4 K−1 for 800nm wavelength. Change in the CTR due to the change in sample thickness is very 

small and falls within the average value mentioned above. According to Eqn. (168), the CTR value 

does not depend on the thickness; it rather depends on the wavelength at which the measurement 

was made.  
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 6.2.1 Probe Frequency Selection 

 To assist in signal detection using the lock-in amplifier, the probe laser is modulated with 

an external frequency. Several experiments are carried out to find out the optimal modulation 

frequency for the probe laser. It was observed that the signal was noisy at the lower frequency and 

as the frequency increases, the signal to noise ratio also increases (Figure 6.2). Change in 

temperature does not alter the signal to noise ratio behavior indicating that the cryostat temperature 

does not affect the noisiness of the signal.  

  Several factors contribute to the noisy signal at the lower frequency. These includes low 

frequency vibration from the laboratory environment, instability of laser and electronics, and 

natural frequency vibration of the cantilever. The probe laser exerts a radiation pressure on the 

sample which is calculated by following equation.  

  𝑃𝑃 =
𝑞𝑞
𝐴𝐴𝐴𝐴

+    R
𝑞𝑞
𝐴𝐴𝐴𝐴

  (169) 

where P is the radiation pressure, R is the reflectivity of the surface, and q is the laser power 

incident on an area A. This pressure is around 0.3mPA for 5 mW laser power. Since the laser has 

a sinusoidal frequency, the amplitude of radiation pressure changes within every wave period and 

hence causes positive and negative deflection in the sample. The period decreases at the higher 

frequency, but the response time of cantilever tip deflection remains unchanged which mitigates 

the effect of sample vibration in the signal.  

 Around 200 data points are collected at each frequency and the average of these data is 

shown as the signal while the standard deviation is considered as the noise. It is evident from 

Figure 6.2 that the signal to noise ratio becomes approximately 30 dB at and above 10 kHz and 

does not change much after that. Therefore, 10 kHz is considered as the optimum frequency and 

all the experiments described in this chapter were conducted at this frequency.  
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Figure 6.2 Signal to noise ratio relation with the probe laser frequency. Experiments are 
conducted at 15 K, 100 K, 200 K and 300 K temperatures.  

 

 6.2.2 Temperature and Thermal Conductivity Measurement 

 A separate set of experiments were conducted to find the temperature along the cantilever’s 

length. All experiments were conducted at 3.8 × 10−5 Torr. In the first experiment, probe 

reflection from the sample was captured at 7 different cryostat temperatures from 20 K to 300 K. 

The pump laser was inactive during this experiment. A second experiment was run in a similar 

way as the first one, but with the presence of pump heating at the tip. The sample absorbed 4.8 

mW pump laser power which was measured using photodetectors 1 and 2. The same experiment 

was repeated at 3 different points, each 1 mm apart, along the length of the 2.03±0.09 μm thick 

sample. The result is presented in Figure 6.3.  

 Instead of presenting the temperature at each point, the difference (∆T) from the 

atmospheric or cryostat temperature (Tsub) is presented in the figure. This helps to provide better 
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representation of the temperature change along the length. 7.5 mm points represent the tip of the 

cantilever and temperature rise at this point is around 4 K for all the Tsub. In contrast, thermal 

conductivity dictates the temperature of the following points. Most of the heat is transmitted 

through the cantilever at higher thermal conductivity and thus the temperature difference between 

two subsequent points is small and vice versa. For this reason, the lowest and highest ∆T at 5.5 

mm are 1.56 K and 3.52 K, which occurred at 20 K and 100 K, respectively. The experiments were 

repeated at least 5 times, and each experiment contained 200 readings at each point. The average 

of 5 experiments are shown as the square markers in Figure 6.3 while the standard deviation is 

shown as the error bar. The maximum deviation is within ±8% of the average reading. 

 
Figure 6.3 Experimentally measured temperature along 2.03±0.09 μm thick cantilever. Dots 

represent the measured value while dashed line are the fitted curve. Experiments are done at 7 
different temperatures from 20 K to 300 K. 

 

 The inverse slope of the curves, in Figure 6.3, indicates the thermal conductivity of the 

sample. Hence, steeper slope denotes a lower thermal conductivity and vice versa. This can be 
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observed from Figure 6.4. The sharpest slope at 20 K corresponds to 115.4 W/mK thermal 

conductivity while the relatively flat slope at 50 K corresponds to a thermal conductivity of 471.5 

W/mK.  The thermal conductivity gradually decreases from 437 W/mK to 121 W/mk with the 

change of temperature from 100 K to 300 K, respectively. Since, the standard deviation propagates 

from the temperature readings to the thermal conductivity, error bars here are within ±8% as well.   

 

Figure 6.4 The thermal conductivity of 2μm sample changes with the temperature. Reference 
data is adopted from literature for 1.6 µm silicon film[29] and 3 µm silicon film[30]. 

 

 The measured thermal conductivity of the silicon film is compared with the value reported 

by Asheghi et al. [29], [30] for {100} single crystal sample. These are two of the very first and 

highly cited reports of single crystal silicon film’s thermal conductivity, and has been used as the 

reference for new technique development ever since [224]–[232]. Measured values notably agree 

with the reference. It is well known that heat conduction in the solid is phonon dominant even in 



 

109 

the presence of free charge carriers.[29] More phonons scatter from the boundary with the 

reduction of size in thin films. Therefore, thermal conductivity reduces in the thinner films and can 

be noticed readily from Figure 6.4. In addition, the mean free path  (MFP) of phonons varies with 

temperature change, and phonons with large MFP scatter more than smaller MFP phonons [233]. 

The shift of thermal conductivity with temperature is regulated by this phonon characteristic.  

 Similar experiments were done for a 2.93±0.06 μm thick silicon sample, and temperatures 

were measured at 3 points along the length of the cantilever. Results are presented in Figure 6.5. 

Temperature at the tip was around 3.1 K and varied according to the thermal conductivity in the 

subsequent points.  

 

Figure 6.5 Change of temperature along cantilever’s length for 2.93±0.06 μm thick silicon 
sample. Measurement are done in the temperature range of 20 K to 300 K.  
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 As mentioned above, the slope of the curves in Figure 6.5 represents thermal conductivity. 

The sample is p-type doped with doping concentration varying from 1013-1015 cm-3. Results 

obtained from this work compare with the data similar from the literature. It is important to 

mention that doping changes the thermal conductivity of silicon since the scattering of phonons on 

the dopant atoms in the lattice decreases the effective conductivity of the phonon. In addition, the 

scattering on free electrons associated with dopant atoms can significantly reduce the conductivity 

of phonons at low temperatures below the normal thermal conductivity [10], [234]. For this reason, 

the thermal conductivity of heavily doped (>1017 cm−3) silicon film is lower than lightly doped 

silicon film (present work) values for all temperatures below 300 K. Thermal conductivity of the 

bulk silicon, on the other hand, is much higher at below 100 K temperature, attribute to the high 

phonon MFP and low scattering.   

  

Figure 6.6 Thermal conductivity change of 3 μm sample with temperature. Reference data are 
for {100} single crystal and comes from literature for 3 µm doped Si [30] and bulk Si [14]. 
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Chapter 7 - Conclusion and Future Work 

 

 A new thermoreflectance technique is presented in this dissertation which is used to 

analyze the thermal conductivity of suspended thin films. This technique, termed Suspended 

ThermoReflectance (STR), is a significant improvement over other pump-probe based 

thermoreflectance techniques. The limiting characteristics of most of these techniques are that they 

can probe the temperature at only one spot on the sample, assume a value for either heat capacity 

or thermal conductivity to find the other, require a metal layer to absorb the laser flux and can 

report thermal properties of only the top few nanometers of the surface due to low penetration 

depth of pulsed lasers. On the contrary, STR reports thermal conductivity of the full sample 

without assuming heat capacity and without using any absorber metal layer. Measurements are 

conducted by probing multiple points along the length of a suspended micro/nano-scale sample. 

This technique involves a pump laser for heating the tip of a suspended Si μ-cantilever and a probe 

laser to scan the temperature along the μ-cantilever’s length. Thermal conductivity is obtained by 

applying the heat diffusion equation for the temperature gradient along the cantilever length. 

Thermal conductivity of 2 μm and 3 μm thin silicon film is measured using the technique. The 

cantilever’s tip temperature was around 3 K and 4 K for these two samples. The temperature 

gradient changes based on the thermal conductivity. For both samples, thermal conductivity was 

high for the temperature range of 50 K -100 K and decreased gradually after 100 K till reaching 

room temperature. Measured thermal conductivity concurs remarkably with the literature values. 

The experimentally measured thermoreflectance coefficient of silicon at 980 nm wavelength was 

reported for the first time. The coefficient is ~10-4 K-1 over the temperature range mentioned in 

this dissertation.    
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 An analytical model was developed to check the diffusion equation’s applicability and 

analyze the experimental data of STR. The analytical solution was compared with a 3D Finite 

Element Model for Si. Temperature difference between the models is higher for the lower length 

to width ratios. This indicates that a micro/nano-cantilever beam, with length comparable to width, 

acts like a three-dimensional object and 1D model cannot predict its properties properly. However, 

as the length to width ratio increases, specifically for L/w>20, the difference becomes smaller than 

4%. Beyond L/w of 30 a three-dimensional cantilever acts like a one-dimensional object (around 

2% difference). This finding is highly important as it allows analysis of the thermal conductivity 

of material using the simple closed form temperature equation instead of requiring the use of 

complex 3D models and finite element simulation.   

 

 7.1 Suggestions for Future work 

 The Suspended ThermoReflectance (STR) is a versatile measurement technique. This 

technique can be applied to several thermal studies including the following.  

 
1. Thermal boundary conductance Measurement 

 Application of bare silicon in the semiconductor industry is very rare. Often silicon is 

coated with metals in microprocessors, transistors and semiconductor detectors [235]. Thermal 

boundary conductance (TBC) between the metal and silicon is, therefore, of tremendous interest 

in the MEMS industry. TBC is measured currently using pulsed laser in frequency domain 

thermoreflectance (FDTR) and time domain thermoreflectance (TDTR). Sometimes thermal 

boundary conductance between metal and silicon is very low in comparison to the thermal 

conductivity of the silicon. As a result, a very small amount of heat is transferred from the metal 

film to the silicon and the heat dissipates as soon as it reaches the silicon due to its high thermal 
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conductivity and small pulse duration. This makes the measurement very difficult. Besides, TBC 

measurement for a thick metal layer is complicated because of low penetration depth.   

 On the other hand, STR uses continuous wave lasers which allows the full sample to be 

hetated uniformly. Besides, pump and probe lasers are applied from opposite sides of the sample. 

This helps with the detection of any small amount of heat in the silicon layer transferred via low 

TBC. The measurement can be done in three simple steps as shown in Figure 7.1. 

 

 

Figure 7.1 Thermal boundary conductance measurement steps. Temperature measured a) only 
on Si, b) only on metal film, c) on Si + metal film 

 

 Thermal conductivity of silicon and metal films will be measured in the first and second 

steps, respectively. In the third step, a metal film of same thickness will be deposited on the silicon 

film and thermal conductivity will be measured. Finally, It is necessary to develop an analytical 

model to extract Si and metal film conductivity from the final measurement to provide TBC.  

 

2. Thermal conductivity of thin film with phononic crystals 

 Thin film thermal conductivity decreases with reduced thickness due to 

phonon scattering from the boundary. In the thin film, defects can also be rendered to scatter more 

phonons and reduce thermal conductivity to a very low level. The defects can be square or circular 

holes or an array of the holes in thin film. This type of structure is interpreted as phononic crystals 
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(PNCs). The dimension of these structure is less than the phonon mean free path. As a result, PNCs 

work as phonon scatterers in the membrane. Such decrease in conductivity is particularly useful 

for thermoelectric applications where higher thermal to electrical conversion efficiency can be 

achieved by reducing thermal conductance. Figure 7.2 shows the PNCs fabricated in silicon.  

 

 

Figure 7.2 Scanning electron microscope image of Phononic crystals fabricated in silicon.  
 

 It is understandable that the probe laser will not be reflected if it is focused on PNCs. 

Therefore, PNCs will be fabricated in certain areas of the cantilever (10% - 50% area) instead of 

over the full cantilever and the solid region of cantilever will reflect the probe laser. Analytical 

models need to be developed based on first principles to analyze the thermal conductivity. Fourier 

equation-based models will not be applicable because heat does not transport continuously in these 

structures.  
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Appendix A - 1D Heat Diffusion Model 

 
%This MATLAB program calculates temperature for one-dimensional heat transfer 
%in solid. The code is able to analyze heat in three different regimes of 
%heat conduction; steady-state, transient and harmonic. 
%In steady-state a constant heat flux is given as input and defined as 
%I in the code. 
%In transient analysis constant heat flux is needed a time as well has to 
%be defined over which transient response will be observed. 
%For harmonic analysis, a modulation amplitude A is provided on top of 
%constant heat flux. Here the frequency is needed to be mentioned. 
%Again, there are three options of heat analysis in transient and 
%harmonic. First option will provide temperature vs time graph for 
%different point along the length of the solid. The second option will 
%provide temperature vs time graph only at the mentioned position of the 
%solid. Third option will look at temperature at any given time along the 
%length of the solid and provide temperature vs length graph. 
 
clear; 
clc; 
%Define States 
s = menu('Steady State or Transient or Harmonic:', 'Steady State', 
'Transient', 'Harmonic'); 
%Define Parameters 
width = 100.000e-6;         %{m} 
thickness = 100.000e-6;     %{m} 
Area = width*thickness;     %{m^2} 
I = 8e-4/Area;              %{Watt/m^2} 
A = 8e-4/Area;              %{Watt/m^2} 
L_in = input('Length of the cantilever beam in micron:');      
%{micron}{Actual Length of the beam} 
L = (L_in)/1e6;             %{m}{Length of the beam after subtracting Al pad 
length+5 micron clearence border} 
C = 679.0;                  %{J/kg.K} 
p = 2328.0;                 %{kg/m^3} 
K = 897.03;                 %{Watt/m.K} 
T = 50;                     %{K} 
diff =K/(p*C);              %{m^2/s} 
Tao = (4/(pi^2)*((L^2)/diff)); 
iteration=0; 
if s == 3 
    delete Harmonic.xlsx; 
    %Define Data Points 
    m = menu('Do you want data on all points along the length?', 'Yes', 
'No','Del_T vs x graph'); 
    if m==1 
        f = input('Frequency in HZ:');      %{HZ} 
        w = 2*pi*f;                         %{rad/s} 
        t_i=input('Initial time(s):');      %{s} 
        t_o = input('Final time(s):');      %{s} 
        all_T=zeros(length(t_i:(t_o-t_i)/1000:t_o),10); 
        RT=zeros(length(t_i:(t_o-t_i)/1000:t_o),1); 
        time=zeros(length(t_i:(t_o-t_i)/1000:t_o),1); 
        for x =1:10 
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            d_x=x/10; 
            iteration=0; 
            for t=t_i:((t_o-t_i)/1000):t_o 
                iteration=iteration+1; 
                %Demensionless 
                d_w = w*(L^2)/diff; 
                d_i=(L*I)/(T*K); 
                d_a=(A*L)/(T*K); 
                d_t=diff*t/(L^2); 
                %Equation 
                fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
                total = 0; 
                for n = 1:10000 
                    kn=(n-1/2)*pi; 
                    fun1=2.0*((-1)^n)/((kn^2)*((kn^4)+(d_w^2))); 
                    fun2=((d_i*((kn^4)+(d_w^2))-((kn^2)*d_w*d_a))*exp(-
(kn^2)*d_t)); 
                    
fun3=(kn^2)*d_w*d_a*cos(d_w*d_t)+(d_w^2)*(d_a*sin(d_w*d_t)); 
                    fun4=(fun3)*sin(kn*d_x); 
                    fun6=fun1*fun4; 
                    total=total + fun6; 
                end 
                d_T = total + fun0; 
                RT(iteration,1) = d_T*T; 
                all_T(iteration,x)=d_T*T; 
                fprintf('Temperature: %f k \n', RT); 
                time(iteration,1) = t; 
            end 
            hold on; 
            h(x)=plot(time,RT,'linewidth',2); 
            legendInfo{x} = ['X = ' num2str(d_x)]; 
            legend(legendInfo); 
        end 
        xlabel('Time (s)'); 
        ylabel('Temperature Difference (K)'); 
        set(findall(gcf,'-property','FontSize'),'FontSize',14); 
        hold off; 
        filename = 'Harmonic.xlsx'; 
        xlswrite(filename,all_T,'Sheet1','B2'); 
        xlswrite(filename,time,'Sheet1','A2'); 
        q = {'Temperature(k)'}; 
        r = {'Time(sec)'}; 
        xlswrite(filename,q,'Sheet1','B1:K1'); 
        xlswrite(filename,r,'Sheet1','A1'); 
    elseif m==2 
        x_1 = input('Position in micron:');     %{µm} 
        x = x_1/1e6;                            %{m} 
        f = input('Frequency in HZ:');          %{HZ} 
        w = 2*pi*f;                             %{rad/s} 
        t_i=input('Initial time(s):');          %{s} 
        t_o = input('Final time(s):');          %{s} 
        iteration=0; 
        RT=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        time=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        for t=t_i:((t_o-t_i)/100):t_o 
            iteration=iteration+1; 
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            %Demensionless 
            d_w = w*(L^2)/diff; 
            d_i=(L*I)/(T*K); 
            d_a=(A*L)/(T*K); 
            d_x=x/L; 
            d_t=diff*t/(L^2); 
            %Equation 
            fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
            total = 0; 
            for n = 1:10000 
                kn=(n-1/2)*pi; 
                fun1=2.0*((-1)^n)/((kn^2)*((kn^4)+(d_w^2))); 
                fun2=((d_i*((kn^4)+(d_w^2))-((kn^2)*d_w*d_a))*exp(-
(kn^2)*d_t)); 
                fun3=(kn^2)*d_w*d_a*cos(d_w*d_t)+(d_w^2)*(d_a*sin(d_w*d_t)); 
                fun4=(fun3)*sin(kn*d_x); 
                fun6=fun1*fun4; 
                total=total + fun6; 
            end 
            d_T = total + fun0; 
            RT(iteration,1) = d_T*T; 
            fprintf('Temperature: %f k \n', RT); 
            time(iteration,1) = t; 
        end 
        filename = 'Harmonic.xlsx'; 
        xlswrite(filename,RT,'Sheet1','B2'); 
        xlswrite(filename,time,'Sheet1','A2'); 
        q = {'Temperature(k)'}; 
        r = {'Time(sec)'}; 
        xlswrite(filename,q,'Sheet1','B1'); 
        xlswrite(filename,r,'Sheet1','A1'); 
        num = xlsread('Harmonic.xlsx'); 
        plot(num(:,1),num(:,2)); 
        saveas(gcf,'Harmonic.fig'); 
    elseif m==3 
        %Define Frequency Mode 
        u=menu('What type of frequency do you want?','Single 
Frequency','Multiple Frequency'); 
        if u==1 
            f = input('Frequency in HZ:');          %{HZ} 
            t = input('Time (s):');                 %{s} 
            iteration =0; 
            w = 2*pi*f; 
            for x =1:1000 
                d_x=x/1000; 
                %Demensionless 
                d_w = w*(L^2)/diff; 
                d_i=(L*I)/(T*K); 
                d_a=(A*L)/(T*K); 
                d_t=diff*t/(L^2); 
                %Equation 
                fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
                total = 0; 
                for n = 1:10000 
                    kn=(n-1/2)*pi; 
                    fun1=2.0*((-1)^n)/((kn^2)*((kn^4)+(d_w^2))); 
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                    fun2=((d_i*((kn^4)+(d_w^2))-((kn^2)*d_w*d_a))*exp(-
(kn^2)*d_t)); 
                    
fun3=(kn^2)*d_w*d_a*cos(d_w*d_t)+(d_w^2)*(d_a*sin(d_w*d_t)); 
                    fun4=(fun2+fun3)*sin(kn*d_x); 
                    fun6=fun1*fun4; 
                    total=total + fun6; 
                end 
                d_T = total + fun0; 
                RT(x,1) = d_T*T; 
                fprintf('Temperature: %f k \n', RT); 
                len(x,1) = d_x; 
            end 
            plot(len,RT); 
        elseif u==2 
            f = input('Frequency in HZ:');          %{HZ} 
            t = input('Time (s):');                 %{s} 
            iteration =0; 
            for feq =1:f/10:f 
                iteration = iteration +1; 
                w = 2*pi*feq; 
                for x =1:10 
                    d_x=x/10; 
                    %Demensionless 
                    d_w = w*(L^2)/diff; 
                    d_i=(L*I)/(T*K); 
                    d_a=(A*L)/(T*K); 
                    d_t=diff*t/(L^2); 
                    %Equation 
                    fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
                    total = 0; 
                    for n = 1:10000 
                        kn=(n-1/2)*pi; 
                        fun1=2.0*((-1)^n)/((kn^2)*((kn^4)+(d_w^2))); 
                        fun2=((d_i*((kn^4)+(d_w^2))-((kn^2)*d_w*d_a))*exp(-
(kn^2)*d_t)); 
                        
fun3=(kn^2)*d_w*d_a*cos(d_w*d_t)+(d_w^2)*(d_a*sin(d_w*d_t)); 
                        fun4=(fun2+fun3)*sin(kn*d_x); 
                        fun6=fun1*fun4; 
                        total=total + fun6; 
                    end 
                    d_T = total + fun0; 
                    RT(x,1) = d_T*T; 
                    fprintf('Temperature: %f k \n', RT); 
                    len(x,1) = d_x; 
                end 
                hold on; 
                h(iteration)=plot(len,RT,'linewidth',2); 
                legendInfo{iteration} = ['f = ' num2str(feq)]; 
                legend(legendInfo); 
            end 
        end 
    end 
elseif s == 2 
    delete Transient.xlsx; 
    %Define Data Points 
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    m = menu('Do you want data on all points along the length?', 'Yes', 
'No','Del_T vs x graph'); 
    if m==1 
        t_i=input('Initial time(s):');          %{s} 
        t_o = input('Final time(s):');          %{s} 
        RT=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        time=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        for x =1:10 
            d_x=x/10; 
            iteration=0; 
            for t=t_i:((t_o-t_i)/100):t_o 
                iteration=iteration+1; 
                %Demensionless 
                d_w = 0; 
                d_a= 0; 
                d_i=(L*I)/(T*K); 
                d_t=diff*t/(L^2); 
                %Equation 
                fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
                total = 0; 
                for n = 1:10000 
                    kn=(n-1/2)*pi; 
                    fun1=2.0*((-1)^n)/(kn^2); 
                    fun2=d_i*exp(-(kn^2)*d_t); 
                    fun3=sin(kn*d_x); 
                    fun4=d_x*kn*(cos(kn)-1)/((-1)^n); 
                    fun5=fun1*fun2*fun3; 
                    total=total + fun5; 
                end 
                d_T = total + fun0; 
                RT(iteration,1) = d_T*T; 
                all_T(iteration,x)=d_T*T; 
                fprintf('Temperature: %f k \n', RT); 
                time(iteration,1) = t; 
            end 
            hold on; 
            h(x)=plot(time,RT,'linewidth',2); 
            legendInfo{x} = ['X = ' num2str(d_x)]; 
            legend(legendInfo); 
        end 
        xlabel('Time (s)'); 
        ylabel('Temperature Difference (K)'); 
        set(findall(gcf,'-property','FontSize'),'FontSize',14); 
        hold off; 
        filename = 'Transient.xlsx'; 
        xlswrite(filename,all_T,'Sheet1','B2'); 
        xlswrite(filename,time,'Sheet1','A2'); 
        q = {'Temperature(k)'}; 
        r = {'Time(sec)'}; 
        xlswrite(filename,q,'Sheet1','B1:K1'); 
        xlswrite(filename,r,'Sheet1','A1'); 
    elseif m==2 
        x_1 = input('Position in micron:'); 
        x = x_1/1e6; 
        t_i=input('Initial time(s):');          %{s} 
        t_o = input('Final time(s):');          %{s} 
        iteration=0; 
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        RT=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        time=zeros(length(t_i:(t_o-t_i)/100:t_o),1); 
        for t=t_i:((t_o-t_i)/100):t_o 
            iteration=iteration+1; 
            %Demensionless 
            d_w = 0; 
            d_a= 0; 
            d_i=(L*I)/(T*K); 
            d_x=x/L; 
            d_t=diff*t/(L^2); 
            %Equation 
            fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
            total = 0; 
            for n = 1:10000 
                kn=(n-1/2)*pi; 
                fun1=2.0*((-1)^n)/(kn^2); 
                fun2=d_i*exp(-(kn^2)*d_t); 
                fun3=sin(kn*d_x); 
                fun4=d_x*kn*(cos(kn)-1)/((-1)^n); 
                fun5=fun1*fun2*fun3; 
                total=total + fun5; 
            end 
            d_T = total + fun0; 
            RT(iteration,1) = d_T*T; 
            fprintf('Temperature: %f k \n', RT); 
            time(iteration,1) = t; 
        end 
        filename = 'Transient.xlsx'; 
        xlswrite(filename,RT,'Sheet1','B2'); 
        xlswrite(filename,time,'Sheet1','A2'); 
        q = {'Temperature(k)'}; 
        r = {'Time(sec)'}; 
        xlswrite(filename,q,'Sheet1','B1'); 
        xlswrite(filename,r,'Sheet1','A1'); 
        num = xlsread('Transient.xlsx'); 
        plot(num(:,1),num(:,2)); 
        saveas(gcf,'Transient.fig'); 
        xlabel('Time (s)'); 
        ylabel('Temperature Difference (K)'); 
        set(findall(gcf,'-property','FontSize'),'FontSize',14); 
    elseif m==3 
        t = input('Time (s):'); 
        iteration =0; 
        for x =1:10 
            d_x=x/10; 
            %Demensionless 
            d_w = 0; 
            d_a= 0; 
            d_i=(L*I)/(T*K); 
            d_t=diff*t/(L^2); 
            %Equation 
            fun0 = d_x*(d_i+(d_a*sin(d_w*d_t))); 
            total = 0; 
            for n = 1:10000 
                kn=(n-1/2)*pi; 
                fun1=2.0*((-1)^n)/(kn^2); 
                fun2=d_i*exp(-(kn^2)*d_t); 
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                fun3=sin(kn*d_x); 
                fun4=d_x*kn*(cos(kn)-1)/((-1)^n); 
                fun5=fun1*fun2*fun3; 
                total=total + fun5; 
            end 
            d_T = total + fun0; 
            RT(x,1) = d_T*T; 
            fprintf('Temperature: %f k \n', RT); 
            len(x,1) = d_x; 
        end 
        plot(len,RT); 
        xlabel('Length'); 
        ylabel('Temperature Difference (K)'); 
        set(findall(gcf,'-property','FontSize'),'FontSize',14); 
        hold off; 
    end 
elseif s == 1 
    delete Steady_State.xlsx; 
    %Demensionless 
    d_i=(L*I)/(T*K); 
    Position=zeros(length(0:0.1:1),1); 
    RT=zeros(length(0:0.1:1),1); 
    iteration=0; 
    for x= 0:L/10:L 
        d_x=x/L; 
        iteration=iteration+1; 
        %Equation 
        d_T = d_x*d_i; 
        RT(iteration,1) = d_T*T; 
        fprintf('Temperature: %f k \n', RT); 
        Position(iteration,1) = d_x*L*100; 
    end 
    filename = 'Steady_State.xlsx'; 
    xlswrite(filename,RT,'Sheet1','B2'); 
    xlswrite(filename,Position,'Sheet1','A2'); 
    q = {'Temperature(k)'}; 
    r = {'Dimensional Distance'}; 
    xlswrite(filename,q,'Sheet1','B1'); 
    xlswrite(filename,r,'Sheet1','A1'); 
    num = xlsread('Steady_State.xlsx'); 
    plot(num(:,1),num(:,2)); 
    saveas(gcf,'Steady_State.fig'); 
end 
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Appendix B – Wavelength Dependence of Optical Properties  

 
%This MATLAB program calculates reflectivity, 
%transmittivity, and absorptivity as a function of the wavelength. 
%This is done for a perfectly smooth surface considering interference 
%effects. Coherence length must be determined by the user to see if this 
%is and appropriate assumption or not. 
% 
%input files: lambda is in nm 
%All the input files contain n and k values for 300nm to 1600nm wavelength 
%with an interval of 1nm. If new materials need to be added please follow 
%the format. n and k for most of the materials are taken from 
https://refractiveindex.info 
% 
%Variables used in this program 
%INDEXING VARIABLES:  A, B, C, D, E, F, G 
%numlay = number of material layers in the problem 
%matlbylayer = a column vector, the row number is the material layer number 
%   and the number in that position is the material 
%props = is the master materials' properties matrix containing: 
%   lambda first, then n1 / k1 / n2 / k2 / etc 
%r = amplitude reflection coefficient as calculated from the Fresnel 
Equations 
%t = amplitude transmission coefficient as calculated from the Fresnel 
%Equations 
%h = is the thicknesses of the layers 
%beta = is a named variable containing h and lambda (among other things) 
%rembed = is the embedded amp refl coeff 
%tembed = is the embedded amp trans coeff 
%reflectivity = as advertised 
%transmissivity = as advertised 
%absorptivity = as advertised 
  
clear all; 
clc; 
  
%Define inputs 
  
answer = inputdlg('How many layers are in the problem? >','Number of 
layers',[1 20],{'3'}); 
numlay = str2num( answer{:} ); 
  
prompt = {'Please list the layers, using their material number listed below, 
from the first layer that is encounter by the EM wave to the last layer it 
encounters, in this format [1;5;23;etc...]. The materials that you have to 
choose from are:  1-Al  2-Au  3-Sn  4-Pb  5-Cr  6-Pt  7-In  8-Ge  9-ZnSe  10-
SiO  11-SiO2  12-Ag  13-H20  14-Air  15-Vacuum  16-Si  '}; 
title = 'Select Layers'; 
dims = [1 100]; 
definput = {'[14;16;14]'}; 
% opts.Interpreter = 'tex' 
answer = inputdlg(prompt,title,dims,definput); 
matlbylayer = str2num( answer{:} ); 
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%Read in the material data 
  
for a = 1 : numlay 
    if matlbylayer(a,1) == 1 
        al = xlsread('Al_data.xlsx'); 
    elseif matlbylayer(a,1) == 2 
        au = xlsread('Au_data'); 
    elseif matlbylayer(a,1) == 3 
        sn = xlsread('Tin_data.xlsx'); 
    elseif matlbylayer(a,1) == 4 
        pb = xlsread('Pb_data.xlsx'); 
    elseif matlbylayer(a,1) == 5 
        cr = xlsread('Cr_data.xlsx'); 
    elseif matlbylayer(a,1) == 6 
        pt = xlsread('Pt_data.xlsx'); 
    elseif matlbylayer(a,1) == 7 
        in = fopen('Indium.xlsx'); 
    elseif matlbylayer(a,1) == 8 
        ge = xlsread('Germanium.xlsx'); 
    elseif matlbylayer(a,1) == 9 
        znse = fopen('ZnSe_data.xlsx'); 
    elseif matlbylayer(a,1) == 10 
        sio = xlsread('SiO_data.xlsx'); 
    elseif matlbylayer(a,1) == 11 
        sio2 = xlsread('SiO2_data.xlsx'); 
    elseif matlbylayer(a,1) == 12 
        ag = xlsread('Ag_data.xlsx'); 
   elseif matlbylayer(a,1) == 13 
        h2o = xlsread('H2O_data.xlsx'); 
    elseif matlbylayer(a,1) == 14 
        air = xlsread('Air_data.xlsx'); 
    elseif matlbylayer(a,1) == 15 
        vac = xlsread('Vacuum_data.xlsx'); 
    elseif matlbylayer(a,1) == 16 
        si = xlsread('Si_data.xlsx'); 
    end 
end         
  
%construct the master materials' properties matrix 
  
%first read in the first 3 columns of props which will consist of lambda 
%then n and then k 
  
props = zeros(1301,2*numlay+1); 
  
if matlbylayer(1,1) == 1 
    for a = 1 : length(al) 
        props(a,1) = al(a,1); %lambda 
        props(a,2) = al(a,2); %n value 
        props(a,3) = al(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 2 
    for a = 1 : length(au) 
        props(a,1) = au(a,1); %lambda 
        props(a,2) = au(a,2); %n value 
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        props(a,3) = au(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 3 
    for a = 1 : length(sn) 
        props(a,1) = sn(a,1); %lambda 
        props(a,2) = sn(a,2); %n value 
        props(a,3) = sn(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 4 
    for a = 1 : length(pb) 
        props(a,1) = pb(a,1); %lambda 
        props(a,2) = pb(a,2); %n value 
        props(a,3) = pb(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 5 
    for a = 1 : length(cr) 
        props(a,1) = cr(a,1); %lambda 
        props(a,2) = cr(a,2); %n value 
        props(a,3) = cr(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 6 
    for a = 1 : length(pt) 
        props(a,1) = pt(a,1); %lambda 
        props(a,2) = pt(a,2); %n value 
        props(a,3) = pt(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 7 
    for a = 1 : length(in) 
        props(a,1) = in(a,1); %lambda 
        props(a,2) = in(a,2); %n value 
        props(a,3) = in(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 8 
    for a = 1 : length(ge) 
        props(a,1) = ge(a,1); %lambda 
        props(a,2) = ge(a,2); %n value 
        props(a,3) = ge(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 9 
    for a = 1 : length(znse) 
        props(a,1) = znse(a,1); %lambda 
        props(a,2) = znse(a,2); %n value 
        props(a,3) = znse(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 10 
    for a = 1 : length(sio) 
        props(a,1) = sio(a,1); %lambda 
        props(a,2) = sio(a,2); %n value 
        props(a,3) = sio(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 11 
    for a = 1 : length(sio2) 
        props(a,1) = sio2(a,1); %lambda 
        props(a,2) = sio2(a,2); %n value 
        props(a,3) = sio2(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 12 
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    for a = 1 : length(ag) 
        props(a,1) = ag(a,1); %lambda 
        props(a,2) = ag(a,2); %n value 
        props(a,3) = ag(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 13 
    for a = 1 : length(h2o) 
        props(a,1) = h2o(a,1); %lambda 
        props(a,2) = h2o(a,2); %n value 
        props(a,3) = h2o(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 14 
    for a = 1 : length(air) 
        props(a,1) = air(a,1); %lambda 
        props(a,2) = air(a,2); %n value 
        props(a,3) = air(a,3); %k value 
    end 
elseif matlbylayer(1,1) == 15 
%again, we will incorporate the constant properties for a vacuum later     
    if matlbylayer(2,1) == 1 
        for a = 1 : length(al) 
        props(a,1) = al(a,1); %lambda 
        props(a,2) = al(a,2); %n value 
        props(a,3) = al(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 2 
        for a = 1 : length(au) 
            props(a,1) = au(a,1); %lambda 
            props(a,2) = au(a,2); %n value 
            props(a,3) = au(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 3 
        for a = 1 : length(sn) 
            props(a,1) = sn(a,1); %lambda 
            props(a,2) = sn(a,2); %n value 
            props(a,3) = sn(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 4 
        for a = 1 : length(pb) 
            props(a,1) = pb(a,1); %lambda 
            props(a,2) = pb(a,2); %n value 
            props(a,3) = pb(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 5 
        for a = 1 : length(cr) 
            props(a,1) = cr(a,1); %lambda 
            props(a,2) = cr(a,2); %n value 
            props(a,3) = cr(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 6 
        for a = 1 : length(pt) 
            props(a,1) = pt(a,1); %lambda 
            props(a,2) = pt(a,2); %n value 
            props(a,3) = pt(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 7 
        for a = 1 : length(in) 
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            props(a,1) = in(a,1); %lambda 
            props(a,2) = in(a,2); %n value 
            props(a,3) = in(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 8 
        for a = 1 : length(ge) 
            props(a,1) = ge(a,1); %lambda 
            props(a,2) = ge(a,2); %n value 
            props(a,3) = ge(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 9 
        for a = 1 : length(znse) 
            props(a,1) = znse(a,1); %lambda 
            props(a,2) = znse(a,2); %n value 
            props(a,3) = znse(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 10 
        for a = 1 : length(sio) 
            props(a,1) = sio(a,1); %lambda 
            props(a,2) = sio(a,2); %n value 
            props(a,3) = sio(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 11 
        for a = 1 : length(sio2) 
            props(a,1) = sio2(a,1); %lambda 
            props(a,2) = sio2(a,2); %n value 
            props(a,3) = sio2(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 12 
        for a = 1 : length(ag) 
            props(a,1) = ag(a,1); %lambda 
            props(a,2) = ag(a,2); %n value 
            props(a,3) = ag(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 13 
        for a = 1 : length(h2o) 
            props(a,1) = h2o(a,1); %lambda 
            props(a,2) = h2o(a,2); %n value 
            props(a,3) = h2o(a,3); %k value 
        end 
    elseif matlbylayer(2,1) == 14 
        for a = 1 : length(air) 
            props(a,1) = air(a,1); %lambda 
            props(a,2) = air(a,2); %n value 
            props(a,3) = air(a,3); %k value 
        end     
    elseif matlbylayer(2,1) == 16 
        for a = 1 : length(si) 
            props(a,1) = si(a,1); %lambda 
            props(a,2) = si(a,2); %n value 
            props(a,3) = si(a,3); %k value 
        end 
    end  
%back to the original (non-vacuum) if statement     
elseif matlbylayer(1,1) == 16 
    for a = 1 : length(si) 
        props(a,1) = si(a,1); %lambda 
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        props(a,2) = si(a,2); %n value 
        props(a,3) = si(a,3); %k value 
    end 
end  
%This section sorts the data according to the available wavelengths for 
%each material. Here we first keep all values of lambda for material one. 
%Then we inspect material two's wavelengths if there isn't a match with 
%material one then it puts a zero in props(x,1). Then later we will remove 
%that row. If there is data for that wavelength for material 2 then we 
%write data into the corresponding columns of that wavelength (row). 
for a = 2 : numlay 
    if matlbylayer(a,1) == 1 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(al) 
                if props(b,1) == al(d,1) 
                    props(b,2*a) = al(d,2); 
                    props(b,2*a+1) = al(d,3); 
                    g = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(al) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end     
    if matlbylayer(a,1) == 2 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(au) 
                if props(b,1) == au(d,1) 
                    props(b,2*a) = au(d,2); 
                    props(b,2*a+1) = au(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(au) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 3 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(sn) 
                if props(b,1) == sn(d,1) 
                    props(b,2*a) = sn(d,2); 
                    props(b,2*a+1) = sn(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
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                end     
                if c == length(sn) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 4 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(pb) 
                if props(b,1) == pb(d,1) 
                    props(b,2*a) = pb(d,2); 
                    props(b,2*a+1) = pb(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(pb) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 5 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(cr) 
                if props(b,1) == cr(d,1) 
                    props(b,2*a) = cr(d,2); 
                    props(b,2*a+1) = cr(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(cr) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 6 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(pt) 
                if props(b,1) == pt(d,1) 
                    props(b,2*a) = pt(d,2); 
                    props(b,2*a+1) = pt(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(pt) 
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                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 7 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(in) 
                if props(b,1) == in(d,1) 
                    props(b,2*a) = in(d,2); 
                    props(b,2*a+1) = in(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(in) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 8 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(ge) 
                if props(b,1) == ge(d,1) 
                    props(b,2*a) = ge(d,2); 
                    props(b,2*a+1) = ge(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(ge) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 9 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(znse) 
                if props(b,1) == znse(d,1) 
                    props(b,2*a) = znse(d,2); 
                    props(b,2*a+1) = znse(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(znse) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
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            end     
        end 
    end 
    if matlbylayer(a,1) == 10 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(sio) 
                if props(b,1) == sio(d,1) 
                    props(b,2*a) = sio(d,2); 
                    props(b,2*a+1) = sio(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(sio) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 11 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(sio2) 
                if props(b,1) == sio2(d,1) 
                    props(b,2*a) = sio2(d,2); 
                    props(b,2*a+1) = sio2(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(sio2) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 12 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(ag) 
                if props(b,1) == ag(d,1) 
                    props(b,2*a) = ag(d,2); 
                    props(b,2*a+1) = ag(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(ag) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
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    if matlbylayer(a,1) == 13 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(h2o) 
                if props(b,1) == h2o(d,1) 
                    props(b,2*a) = h2o(d,2); 
                    props(b,2*a+1) = h2o(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(h2o) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 14 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(air) 
                if props(b,1) == air(d,1) 
                    props(b,2*a) = air(d,2); 
                    props(b,2*a+1) = air(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(air) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end 
    if matlbylayer(a,1) == 16 
        for b = 1 : length(props) 
            c = 0; 
            for d = 1 : length(si) 
                if props(b,1) == si(d,1) 
                    props(b,2*a) = si(d,2); 
                    props(b,2*a+1) = si(d,3); 
                    c = 0; 
                else 
                    c = c + 1; 
                end     
                if c == length(si) 
                    props(b,1) = 0; %Here we set the lambda = 0 and remember 
we must go back and remove all values associated with that lambda 
                end 
            end     
        end 
    end   
end        
  
%Gets rid of zero element rows and rows where lambda is zero 
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%********************************************** 
  
%Shifts the rows, overwriting the rows with 0 for lambda 
  
[a,b] = size(props); 
f = 1; 
for d = 1 : a 
    if props(d,1) > 0 
        for e = 1 : numlay*2+1 
            props(f,e) = props(d,e); 
        end 
        f = 1 + f; 
    end     
end   
  
%takes out the bottom rows with 0 for lambda 
  
[a,b] = size(props); 
for c = 1 : a 
    [a,b] = size(props); 
    if props(a,1) == 0 
        props(a,:) = []; 
    end     
end     
  
%trims the repeat columns from line 556-565 
  
a = f-1; 
[b,c] = size(props); 
for d = 1 : b-a 
    [e,g] = size(props); 
    props(e,:) = []; 
 end 
  
%adds in the lines for a vacuum 
  
 [a,b] = size(props); 
 props4model = zeros(a,b); 
 for c = 1 : a 
    d = 1;  
    for e = 1 : numlay 
        if matlbylayer(e,1) == 15 
            props4model(c,2*e) = 1; 
            props4model(c,2*e+1) = 0; 
        else 
            props4model(c,2*e) = props(c,2*d); 
            props4model(c,2*e+1) = props(c,2*d+1); 
            d = d + 1; 
        end 
    end 
end          
 props4model = [props(1:a,1) props4model(1:a,2:numlay*2+1)]; 
 props = props4model;           
 clear props4model 
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 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Data ALL read in 
  
 [a,b] = size(props); 
 disp('The range of wavelengths available is (nm) :'); 
 display(props(1,1)); 
 disp('to'); 
 display(props(a,1)); 
  
 %Define layer thicknesses 
  
 answer = inputdlg('What is the thickness of each layer? (Express in 
Angstroms and this form [1;2;3;4;etc])','Thickness of each layers',[1 
35],{'[1000;1000;1000]'}); 
 h = str2num( answer{:} ); 
  
%define reflactances and transmittances for normal incidence 
%eg  r = [r12;r23;r34;r45;etc] 
  
r = zeros(a,numlay-1); 
t = zeros(a,numlay-1); 
clear i 
for c = 1 : a 
    for f = 1 : numlay-1 
    r(c,f) = ( (props(c,2*f+2) - (props(c,2*f+3)*1i)) - (props(c,2*f) - 
(props(c,2*f+1)*1i)) ) / ( (props(c,2*f+2) - (props(c,2*f+3)*1i)) + 
(props(c,2*f) - (props(c,2*f+1)*1i)) ); 
    t(c,f) = ( 2 * (props(c,2*f)-(props(c,2*f+1)*1i)) ) / ( (props(c,2*f+2) - 
(props(c,2*f+3)*1i)) + (props(c,2*f) - (props(c,2*f+1)*1i)) ); 
    end 
end     
  
%define beta 
%eg  beta = [beta1=0, beta2, beta3, etc, betan=0      all at lambda1 
%           [beta1=0, beta2, beta3, etc, betan=0      all at lamda2 
%           [beta1=0, beta2, beta3, etc, betan=0]     etc 
  
beta = zeros(a,numlay); 
  
for d = 1 : a 
    for e = 2 : numlay-1 
        beta(d,e) = ( 2 * pi * ( props(d,2*e) - (props(d,2*e+1)*1i)) * 
h(e,1)) / (props(d,1) * 10); %the lambda * 10 is to convert to angstroms 
    end 
end     
  
%embedding of r and t 
% rembed = [r13,r14,r15,r16,etc...r1n] 
  
%gotta do the rembed13 and tembed13 first and then can set up a loop to 
finish out 
%rembed 
  
rembed = zeros(a,numlay-2); 
tembed = zeros(a,numlay-2); 
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for g = 1 : a 
        rembed(g,1) = (r(g,1) + r(g,2) * exp(-1i*2*beta(g,2))) / (1 + 
((r(g,1) * r(g,2) * exp(-1i*2*beta(g,2))))); 
        tembed(g,1) = (t(g,1) * t(g,2) * exp(-1i * beta(g,2))) / (1 + 
((r(g,1) * r(g,2) * exp(-1i*2*beta(g,2))))); 
end 
  
%now do the loop 
  
for c = 1 : a 
    for d = 2 : numlay-2 
        rembed(c,d) = (rembed(c,d-1) + (r(c,d+1) * exp(-1i*2*beta(c,d+1)))) / 
(1 + (rembed(c,d-1) * (r(c,d+1) * exp(-1i*2*beta(c,d+1))))); 
        tembed(c,d) = (tembed(c,d-1) * (t(c,d+1) * exp(-1i * beta(c,d+1)))) / 
(1 + (rembed(c,d-1) * (r(c,d+1) * exp(-1i*2*beta(c,d+1))))); 
    end 
end 
  
%calculate reflectivity and transmissivity and absorptivity (note though i 
%have all data for R, T, and A at every layer increment I am choosing to 
%calculate R, T, and A for the whole system only 
  
reflectivity = zeros(a,1); 
transmissivity = zeros(a,1); 
absorptivity = zeros(a,1); 
  
for c = 1 : a 
            reflectivity(c,1) = (abs(rembed(c,numlay-2)))^2; 
            transmissivity(c,1) = (props(c,b-1) / props(c,2)) * 
(abs(tembed(c,numlay-2)))^2; 
            absorptivity(c,1) = 1 - reflectivity(c,1) - transmissivity(c,1); 
end 
plot(props(:,1),reflectivity,props(:,1),transmissivity,props(:,1),absorptivit
y); 
legend('R','T','A'); 
xlabel('Wavelength (nm)'); 
ylabel('R, T, A'); 
set(findall(gcf,'-property','FontSize'),'FontSize',14); 
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Appendix C – Thickness Dependence of Optical Properties  

 
%This MATLAB code is written as a part of 'suspended thermoreflectance (STR)' 
%calculation. 
%This calculates reflectance, absorbance and transmittance for a range of 
%thicknesses once refractive index and extinction coefficient (can also be    
% found using the code) for all the layers are given. 
% All the equations in this code are taken from 'Thin-film optical filters 
% (4th edition)' by H Angus Macleod 
clear all; 
clc; 
f = menu('Do you need to understand how this code works?', 'Yes', 'No'); 
if f == 1 
    fprintf('Proceeding to the main program\n'); 
elseif f == 2 
    figure=imshow('Explaination.JPG');   
end 
numint=input('How many interfaces are in the problem? > ');  
deltathick = input('Which layers thickness will change? >'); 
%Creating Material Properties 
nummedia = numint + 1;                                                  
%Number of media light will travel through 
s = menu('Is the first and last layers are same?', 'Yes', 'No');        %If 
they are same, no need to give same input twice 
n = zeros(nummedia,1); 
k = zeros(nummedia,1); 
m_pros = input('For how many materials you need to know refractive index and 
extinction coefficient?'); 
for x = 1:m_pros 
    m_pros2 = menu('Which material property you need to find?', 'Silver', 
'Aluminum', 'Aluminum Oxide', 'Gold', 'Chromium', 'Lead', 'Platinum', 
'Silicon', 'Silicon mono-oxide', 'Silicon di-oxide', 'Tin'); 
    if m_pros2 == 1 
        figure=openfig('Ag_n_k.fig'); 
    elseif m_pros2 == 2 
        figure=openfig('Al_n_k.fig'); 
    elseif m_pros2 == 3 
        figure=openfig('Al2O3_n_k.fig'); 
    elseif m_pros2 == 4 
        figure=openfig('Au_n_k.fig'); 
    elseif m_pros2 == 5 
        figure=openfig('Cr_n_k.fig'); 
    elseif m_pros2 == 6 
        figure=openfig('Pb_n_k.fig'); 
    elseif m_pros2 == 7 
        figure=openfig('Pt_n_k.fig'); 
    elseif m_pros2 == 8 
        figure=openfig('Si_n_k.fig'); 
    elseif m_pros2 == 9 
        figure=openfig('SiO_n_k.fig'); 
    elseif m_pros2 == 10 
        figure=openfig('SiO2_n_k.fig'); 
    elseif m_pros2 == 11 
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        figure=openfig('Sn_n_k.fig'); 
    end 
end 
if s == 1 
    for z = 1:nummedia-1 
        if z == deltathick 
            n(z,1) = input(['What is the value of n(',num2str(z),')? >']); 
            k(z,1) = input(['What is the value of k(',num2str(z),')? >']); 
        else 
            fprintf('n = 1 and k = 0 for air and Vacuum \n');  
            n(z,1) = input(['What is the value of n(',num2str(z),')? >']); 
            k(z,1) = input(['What is the value of k(',num2str(z),')? >']); 
        end    
    end 
    n(nummedia,1) = n(1,1); 
    k(nummedia,1)= k(1,1); 
elseif s == 2 
    for z = 1:nummedia 
        if z == deltathick 
            figure=openfig('Si_n_k.fig'); 
            n(z,1) = input(['What is the value of n(',num2str(z),')? >']); 
            k(z,1) = input(['What is the value of k(',num2str(z),')? >']); 
        else 
            fprintf('n = 1 and k = 0 for air and Vacuum'); 
            n(z,1) = input(['What is the value of n(',num2str(z),')? >']); 
            k(z,1) = input(['What is the value of k(',num2str(z),')? >']); 
        end 
    end 
end 
%Declaring the change of thickness of the layer whose thickness will change 
thicknessinitial = input('What thickness will the layer whose thickness 
changes start at? (nanometer) >'); 
thicknessfinal = input('What thickness will the layer whose thickness changes 
end at? (nanometer) >'); 
steps = input('How many increments, between these thicknesses, do want to 
take? > '); 
thicknesses = zeros(steps+1,1);                                                                             
%thicknesses the problem will be solved for 
thicknesses(1,1) = thicknessinitial; 
for x = 2:steps 
    thicknesses(x,1) = ((thicknessfinal-thicknessinitial)/steps) + 
thicknesses(x-1,1); 
end 
thicknesses(steps+1,1) = thicknessfinal; 
thick = zeros(nummedia,1); 
for u = 2:nummedia-1 
    if u == deltathick 
        thick(u,1) = thicknessinitial; 
    end 
end     
%Define the optical admittance of free space Y 
Y = 2.6544*10^-3;                                                                                              
%Macleod Book - Symbols and Abbreviations 
%Turn n's and k's into imaginary indexes of refraction and define etas 
m = zeros(nummedia,1); 
eta = zeros(nummedia,1); 
for y = 1:nummedia 



 

156 

    clear i 
    m(y,1) = n(y,1) - k(y,1)*1i;                                                                               
%Macleod Book - Symbols and Abbreviations - Complex refractive index  
    eta(y,1) = Y * m(y,1);                                                                                     
%Macleod Book - equation 2.103 (Considering perpendicular incident) 
end 
%Define the wavelength of light in the experiment 
lambda = input('What is the wavelength of light in this experiment 
(nanometer)? > '); 
%Begin solution for characteristic matrices 
deltas = zeros(nummedia,1); 
charamatrix = 1; 
for a = 2 : nummedia - 1 
    deltas(a,1) = (2*pi*m(a,1)*thick(a,1))/lambda;                                                              
%Macleod Book - Symbols and Abbreviations - Phase thickness of a coating 
    matrix = 
[cos(deltas(a,1)),(1i*sin(deltas(a,1)))/eta(a,1);1i*eta(a,1)*sin(deltas(a,1))
,cos(deltas(a,1))];   %Macleod Book - equation 2.103 
    charamatrix = charamatrix*matrix; 
    if a == deltathick - 1 
        unxmatrix = charamatrix;     
    elseif a == 2 
        unxmatrix = charamatrix; 
    end 
end 
BC = zeros(2,steps+1); 
BC(1:2,1) = charamatrix*[1;eta(nummedia,1)]; 
for b = 2 : steps + 1 
    delta = (2*pi*(m(deltathick,1))*thicknesses(b,1))/lambda;                                                     
%Macleod Book - Symbols and Abbreviations - Phase thickness of a coating 
    matrix = 
[cos(delta),(1i*sin(delta))/eta(deltathick,1);1i*eta(deltathick,1)*sin(delta)
,cos(delta)];           %Macleod Book - equation 2.103 
    charamatrix = unxmatrix*matrix; 
    for c = deltathick + 1 : nummedia 
        matrix = 
[cos(deltas(c,1)),(1i*sin(deltas(c,1)))/eta(c,1);1i*eta(c,1)*sin(deltas(c,1))
,cos(deltas(c,1))]; %Macleod Book - equation 2.103 
        charamatrix = charamatrix * matrix; 
    end 
    BC(1:2,b) = charamatrix * [1;eta(nummedia,1)]; 
end 
%Determine R, T, A 
R =  zeros(steps + 1,1); 
T =  zeros(steps + 1,1); 
A =  zeros(steps + 1,1); 
for d = 1 : steps + 1 
    R(d,1) = ((eta(1,1)*BC(1,d)-BC(2,d))/(eta(1,1)*BC(1,d)+BC(2,d))) * 
conj(((eta(1,1)*BC(1,d)-BC(2,d))/(eta(1,1)*BC(1,d)+BC(2,d))));       %Macleod 
Book - equation 2.113 
    T(d,1) = 
(4*eta(1,1)*real(eta(nummedia,1)))/((eta(1,1)*BC(1,d)+BC(2,d))*conj(eta(1,1)*
BC(1,d)+BC(2,d)));                                %Macleod Book - equation 
2.115 
    A(d,1) = 1 - R(d,1) - T(d,1);  
end 
plot(thicknesses,R,thicknesses,T,thicknesses,A); 
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legend('R','T','A'); 
xlabel('Thickness (nanometer)'); 
ylabel('R, T, A'); 
set(findall(gcf,'-property','FontSize'),'FontSize',14); 
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Appendix D – STR Control and Data Collection Program 

 

 A LabView program was written to collect data and control electronics during the STR 

experiment. Only the user interface is provided in this dissertation. The full program can be divided 

into five major sections (shown in Figure D.1): cryostat temperature control (Figure D.2), cryostat 

data collection (Figure D.3), data collection from both lock-in amplifiers (Figure D.4), function 

generator control (Figure D.5) and data collection from both nanovoltmeters (Figure D.6). 

 Heater, heater range, gain, mode, input current, polarity and end state are selected for the 

PID controller using the cryostat temperature control section. The cryostat data collection section 

shows the real-time temperature of the cryo-head and sample. The temperature ramp rate for 

multipoint measurement is also defined through this section. The lock-in data collection section 

not only shows real-time lock-in data, but it also allows control of parameters such as signal and 

reference type, sensitivity, filter type, and time interval. On the other hand, the function generator 

section assists in setting up the modulation frequency, amplitude, function type and dc offset. The 

nanovolt meter section presents the pump data collected using the meters.  

 Time-dependent data like cryostat temperature, lock-in amplifier signals, and nanovolt 

meter readings are stored in the same Excel file with time-independent data, including modulated 

frequency and amplitude. This allows all data to be obtained in one file and analyzed later using 

short MATLAB scripts.  

 The cryostat is first turned on manually. The program is usually started when the cryostat 

temperature reaches its minimum level. The ramp rate, which is stated in the program, then raises 

the temperature to the desired value, and waits for the full measurement to be completed. 
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Figure D.1 Full user interface for STR data collection and control. Five sections are (upper left 
to right) cryostat temperature control, cryostat temperature collection, lock-in amplifiers data 

collection, (lower left to right) function generator control, nanovolt meters data collection.  
 

 

Figure D.2 This section controls the cryostat temperature by setting values for PID controller.  
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Figure D.3 This section measures the cryostat and sample temperature. It also sets the 
temperature ramp rate for cryostat.  

 

 

Figure D.4 Lock-in amplifiers data is collected using this section of the program. Parameters 
like signal and reference type, sensitivity, filter type, time interval etc. are set here. 
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Figure D.5 Function generator parameters are controlled through this section. 
 

 

Figure D.6 This section sets the parameters for nanovoltmeter data collection.  
 


