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Figure 25: CV Measurement Test Diagram 

 The capacitance-voltage (CV) measurement technique is an established technique 

to accurately determine impurity concentrations in PN-junction solar cells [27], and this 

test is primarily conducted in the time domain by measuring the transient decay of a 

voltage step through the cell.  However, this method proved difficult in the lab because of 

the relatively large capacitance of the voltage source used to generate the applied voltage.  

Therefore, this CV-test was performed in the frequency domain to measure the phase 

shift of the output sinusoidal waveform from the solar cell (in the dark) as compared to 

the input.  

 A PN-junction under thermal equilibrium can be modeled as a capacitor, where 

the parallel plates are the quasi-neutral n and p-sides of the device separated physically 

by the width of the depletion region.  The theory behind the test is grounded in the fact 

that the capacitance of a PN-junction diode changes with applied voltage, since the width 

of the depletion region also changes with applied voltage as discussed in Chapter III. 
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(5-1) 

 In the equation above VR is the applied voltage across the cell.  The capacitance 

of the cell under zero applied voltage can be directly measured with a multimeter.  But, 

the capacitance of the cell under applied bias must be measured indirectly with the 

frequency domain CV-test.  Using the set up shown in Figure 25, the phase shift of the 

output waveform compared to the input was measured for the solar cell with an applied 

voltage of approximately -6.6 V.  A diagram of the output waveform from the 

oscilloscope is shown in Figure 26. 

 

Figure 26: Oscilloscope Output Waveform 

The phase difference Δφ of 2.2 µs was converted to a capacitance value by 

equation (5-2) [24]: 
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(5-2) 

Referring to equation (5-2) above,       is the magnitude of the voltage across the 

series resistor, Rm is the series resistance value, and        is the magnitude voltage across 

the solar cell.  With a forward bias of -6.6 V and a phase difference of 2.2 µs, the 

capacitance of the solar cell was measured to be 174.3 nF, a reasonable value for diode 

capacitance.  To verify the accuracy and validity of this test, the same measurements 

were taken with zero applied voltage, and the capacitance measured from the phase shift 

method was identical to the multimeter value of 500.4 nF, adding faith and reliability to 

this method. 

With two capacitance values at two different applied voltages, the doping 

concentrations could be investigated.     

5.2 Donor and Acceptor Doping Concentrations 

 The equation for capacitance of a PN-junction reveals an obvious dependence 

upon doping [12].   

  
 

       

  
  
    

    

  
             

 
(5-3) 

 This relationship can also be expressed in terms of products P and sums S of 

doping concentrations. 

  
 

    

  
  
    

 
  

         
 

(5-4) 
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 The latter form lends itself well to numerical analysis, given the preceding CV-

test measurements.  Since two capacitance values were measured at two different values 

of VR, a system of two equations with two unknowns can be solved for P and S.  

   
 

    

  
  
 

   
 
  

          
 

(5-5) 

   
 

    

  
  
 

   
 
  

          
 

(5-6) 

The system of non-linear equations was solved directly in MATLAB for P and S 

yielding a value of approximately 2 × 1032 for P and 3.2 × 1016 for S.  Given that the 

product of the doping values was so much larger than the sum, it was inferred that the 

impurity doping of the test cell was approximately equal on each side of the PN-junction, 

with an approximate magnitude of 1.7 × 1016 cm-3.   

 
5.3 Reverse Saturation Current Calculation 

 The impurity concentration profile of the device reveals other useful information 

concerning the physical properties of the PN-junction solar cell.  The ideal reverse 

saturation current Is (dark current) is related to the doping concentrations for a short base 

n-side and long base p-side PN-junction by the following equation [10]: 

    
   

  
 

  

  
 

   
  

 

  

  
   

(5-7) 

 However, the width of the n-side Wb is still unknown, so the reverse saturation 

current must be solved another way.  The reverse saturation current is related to the 
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applied voltage across the cell, along with the total current through the cell by the 

following equation: 

       
  
  

   
  

 
 

(5-8) 

 In the equation above, It is the total current through the cell and Va is the external 

voltage applied across the cell.  Ideally, Is remains constant with changes in applied 

voltage and current; therefore, if voltage and current is known the reverse saturation 

current can also be found.   A simple circuit was devised to evaluate this test condition, in 

which the solar cell was placed in series with a 5 V DC source and variable resistor R1.     

 

Figure 27: Reverse Saturation Current Test Diagram 

 The total current through and voltage across the cell is easily measured with a 

multimeter since the cell is in series with everything else in the circuit.  However, there 

are two unknowns in the circuit shown: internal resistance rd and the voltage drop only 

across the ideal diode.  The voltage v1 measured with the multimeter includes the voltage 

drop across the internal resistance, but in order to fully investigate the physical properties 

of the cell, especially the reverse saturation current, the voltage va must be determined 

since there is a observable relationship between va and Is.   
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            (5-9) 

        
  
  

   
  

 
 

(5-10) 

Since there are two unknown values Is and rd, the current and voltage in the circuit 

must be measured twice, for two different applied voltages, so that two equations with 

two unknowns can be solved.  

       
  
  

   
  

 
      

(5-11) 

       
  
  

   
  

 
      

(5-12) 

The reverse saturation current term must be iteratively solved using the Monte 

Carlo method for two different applied voltages and corresponding currents to minimize 

the measurement error.  Using the Monte Carlo method and the test circuit described, the 

reverse saturation current density was determined to be approximately 6.269 pA/cm2.  

The value for resistance rd from this method proves incomplete, however.  What the 

quantity rd physically represents is the internal resistance of the solar cell, but the value rd 

measured in the preceding analysis includes the resistance of the wires and contacts, a 

significant contribution to error when typical diode resistance values are considered.  

Therefore, the precise value of diode resistance must be determined another way.  

 

5.4 N/P-side Thickness Determination 

 In order to evaluate the test solar cell internal resistance, the n-side and p-side 

thicknesses of the PN-junction must be further investigated.  The total thickness of the 

cell was measured using the scanning electron microscope (SEM). 
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Figure 28: SEM Image of the Test Cell 

 Since the reverse saturation current density of the cell was solved in the previous 

characterization, the width of the n-side Wb can be explicitly solved. 

   
  

  
 

  
   

 
 

  

    
 
  

 

            Using known values characterized in the previous analysis, the width of the n-

side of the test solar cell was determined to be 40.7 µm.  Given the n-side thickness, 

depletion region thickness (xb + |xp|), and total cell thickness, the p-side thickness can 

easily be solved.  The p-side thickness of the test solar cell was determined to be 

435.6 µm. 

(5-13) 

 
5.5 Solar Cell Internal Resistance 

The internal resistance rd of a PN-junction diode is described by the following 

equation [12]: 

   
 

 
              

(5-14) 



81 
 

 Equation (5-14) is an applied form of the familiar equation for resistance   

 
.  The 

n-side and p-side thicknesses are described by thn and thp  respectively, while ρn and ρp 

describe the resistivities (as a function of doping) of both regions of the cell.  The internal 

resistance of an ideal diode is usually so low that it cannot be measured with a 

multimeter.  Therefore, the only way to determine diode resistance is to solve the 

equation above.  The depletion region can be neglected in the calculations because it is so 

small relative to the quasi-neutral regions of the solar cell.  The internal resistance of the 

solar cell used during testing was determined to be approximately 2.8 mΩ. 

 
5.6 Illumination Test Calibration 

A tungsten-filament halogen lamp was used for the duration of illumination 

testing.  An important issue encountered during any indoor solar cell test is the irradiance 

spectrum mismatch between the manufactured light source and the sun.  A comparison of 

the AM 1.5 spectrum and the tungsten lamp spectrum is shown in Figure 29.  Using the 

reference cell to calibrate the light source, the known short circuit current was reached for 

1 sun.  Under this lighting condition, a short circuit current of 253.9 mA was measured 

for the test cell. 
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Figure 29: Spectra Mismatch [26] 

No light source available exactly matches the spectral irradiance pattern of the 

sun, so in order to maximize the accuracy of the dynamic thermal model a scaling factor 

must be found that relates the light source spectrum to the ideal solar irradiance spectrum.   
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VI:  Illumination Testing 
 

After characterizing the physical properties of the test solar cell, the steady state 

temperature under various concentrations was measured.   

6.1 Test Set-up 

The cell was illuminated using 150 Watt tungsten halogen lamps.  A small electric 

fan provided a laminar flow cooling stream across the surface of the cell.   The 

temperature of the cell was measured using a thermal couple soldered to the cell.  A 

second multimeter was used to measure the short circuit current to determine the 

concentration ratio incident on the test cell, given that short circuit current is linearly 

dependent on concentration and changes relatively minimally with increasing 

temperature.  A diagram of the test set-up is shown in Figure 30. 

 

Figure 30: Illumination Test Set-up 

 However, before the testing could begin the thermal plate convective cooling 

properties of the cell were measured to determine the value for hplate, to include in the 

computer model. 

   



84 
 

6.2 Cooling Coefficient Calibration 

  The convective cooling coefficient term hplate was introduced in the previous 

chapter, and is a fundamental component of the thermal model.  Since the convective 

cooling properties depend on the airflow rate over the solar cell surface, hplate must be 

calculated for the laboratory test condition fan speed in order to maximize control in the 

experiment.  The convective cooling coefficient given in equation (6-1) is a function of 

the specific heat of the solar cell material hsil (Silicon) and the measured exponential 

cooling rate of the cell τh.  An extensive derivation of equation (6-1) is given in Appendix 

B. 

       
    

  
 

(6-1) 

To investigate the parameter hplate, the cell was heated up to above the steady state 

temperature for one sun, and then the light source was turned off.  The temperature of the 

cell was recorded with time as soon as the light source was turned off, essentially 

measuring the time back to room temperature for the cell.  Plotting the temperature of the 

cell as a function of time the exponential form of convective cooling is revealed and can 

be modeled by equation (6-2).  

        
 

 
   

(6-2) 

 In equation (6-2) T(t) is the temperature as a function of time in the convective 

cooling experiment, Tn is the normalized maximum temperature, t is time, and τh is the 

cooling rate.  The temperature was plotted as a function of time for the maximum fan 

speed in order to measure τh. 
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Figure 31: Convective Cooling Calibration 

 Referring to the graph shown in Figure 31, the τh is 6.623 from the equation of the 

exponential regression.  The convective cooling coefficient hplate can then be found using 

equation (6-1), and the convective cooling part of the model is complete.  As an 

addendum, τh for five different fan speeds in measured in Appendix C.  Furthermore, a 

trend plot of hplate as a function of fan speed is given in order to investigate the 

importance of flow rate to the convective cooling properties of the cell. 

A MATLAB plot shows the extrapolated data points demonstrating higher fan 

speeds than were tested in the lab in Figure 32. 
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Figure 32: MATLAB Plot of Extrapolated Cooling Parameter Values 

Obviously, as the fan speed increases the cooling coefficient hplate increases (eq. 

6-1, 6-2) along with the effective cooling of the cell.  However, a higher fan speed 

requires more power in order to run the fan, resulting in an optimization problem 

concerning both cooling and power requirements.  This issue presents an opportunity for 

future research in this area.  After the convective cooling coefficient of the cell was 

characterized, testing under various concentration ratios commenced. 

 
6.3 Test Procedures 

The illumination testing procedures were relatively straightforward.  There were 

three steps used throughout testing to repeatedly measure steady state temperature of the 

cell under different illumination conditions: 

1. Measure the short circuit current (Isc) at one sun  

2. Use the measured Isc to determine different concentration ratios; increase the 

intensity of the light sources accordingly to reach desired concentration conditions 
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Figure 36: IV-curve for Optimum Concentration 

Given the cooling system and cell material, any higher concentration ratios would 

degrade the output of the cell due to the collapse of the open circuit voltage, despite the 

increase in light intensity.  This is a very interesting conclusion because most commercial 

CSP systems use concentration ratios on the order of hundreds of suns.  Therefore, it can 

be concluded that commercial polysilicon cells are not suitable to handle high 

concentration ratios unless cooled extremely well.  This fact also sheds light on the 

proprietary cooling systems used in many state-of-the-art CSP arrays.  These 

manufacturers are using a more effective cooling system than an air fan to manage 

thermal runaway in these cells.  Furthermore, high-efficiency solar cells are inherently 

better at managing heat since a higher percentage of the incident photon energy is 

converted to electricity. 
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VIII:  Conclusions 
 
8.1 Discussion 

This research has demonstrated the ability to predict the steady state temperature 

of a concentrated solar cell.  Furthermore, the optimum concentration factor for the test 

cell was determined from simulation.  The test results combined with simulated 

predictions revealed that the optimum concentration factor for the test set-up was much 

lower than hypothesized, due to the significant amount of heat contributed by multiple 

suns.   

A novel model was developed to facilitate the computer simulation of the cell 

under concentration, and the model was shown to accurately predict the steady state 

temperature of the cell at a concentration of up to four suns.  When used to predict the 

steady state operating temperature of the cell, the Gamma Model outperforms the other 

electrical solar cell models discussed in Chapter II as shown in Figure 37.  

 

Figure 37: Electrical Model Results Comparison 
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Although the electrical portion of the model provides a relatively minor 

component of heat generated in the cell, using the wrong model (i.e. exponential model) 

can adversely affect the steady state temperature predictions.  Furthermore, the 

expression for total current calculated using the Gamma Model captures the important 

phenomenon of surface carrier recombination, discussed in Section 2.8.  This can be seen 

when the calculated photocurrent is compared to the current computed using the ideal 

diode model against the measured short circuit current of the cell, shown in Figure 38. 

 

Figure 38: Simulated Photocurrent Comparison 

The standard diode model photocurrent                  , fails to 

adequately capture the effect of surface recombination because the assumption is made 

that the majority of EHP generation takes place within or near the space charge region 
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Another benefit of the Gamma Model is that the temperature dependence of the 

photocurrent is incorporated into the overall current calculation.  Figure 39 demonstrates 

this contributing feature of using the Gamma Model in the solution for the solar cell 

current equation, showing that as the temperature of the cell increases the photocurrent 

decreases because of an increase in the kinetic energy within the semiconductor crystal 

lattice.  An inclusion of the thermal effects into the electrical model yields a more 

complete solution for the dynamic thermal effects of the solar cell over the ideal diode 

model, which assumes that the photocurrent is independent of changes in temperature 

[17] [12].  

 

Figure 39: Temperature Dependence Feature of Gamma Model 

Using the Gamma Model simulation, an optimum concentration factor analysis 
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open circuit voltage begins to collapse and the output efficiency decreases.  Given the test 

cell and cooling system, it is not practical to concentrate beyond a few suns.  This 

research has really demonstrated the importance of thermal management in a CSP 

system.     

 
8.2 Key Contributions 

 There are several contributions of this research to current and future solar energy 

research projects.  The thermal model presented in this work represents the first and only 

solar cell model that incorporates both the electrical characteristics and thermal properties 

of the cell in order to predict the steady state temperature under illumination.  Thermal 

models developed from a purely thermodynamic perspective were studied and used in 

this research, but nowhere in the literature had someone combined the thermodynamic 

properties of the solar cell surface with the solid-state physics governing the flow of 

charge across the PN-junction.  This research, and the Gamma Model in particular, is 

beneficial to future research since different materials can easily be incorporated into the 

computer model. 

Another important contribution of this research is the novel model for excess 

carrier concentration in a PN-junction solar cell.  Existing models use an exponential or 

linear approximation on both sides of the PN-junction, but upon further investigation it 

was determined that a more accurate model capturing the effect of surface carrier 

recombination was necessary to complete this research.  Furthermore, it was determined 

that a negative exponential approximation of carrier concentration produced a 

mathematical singularity as the photon penetration depth approached the minority carrier 
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diffusion length.  Using a gamma function to solve the second order different transport 

equation on the n-side yielded an initially complex solution that, when simplified, 

resulted in an eloquent solution to carrier concentration.  The model was verified with 

experimental results that demonstrate the ability of the thermal model to predict steady 

state temperature as a function of concentration.  The model can easily be adapted to 

reflect different cooling systems and with little manipulation other semiconductor 

materials.  However, the full extent of these possibilities exceeded the boundary of this 

initial research. 

 

8.3 Future Research 

One of the main goals of this research was to open the door for future 

photovoltaic research at AFIT.  As the first modern solar power related research project 

at AFIT, this work has laid the foundation for several future research opportunities in the 

field of solar energy.   

A very exciting opportunity lies in the development of low-power methods to cool 

CSP systems.  As was shown in this research, even a modest increase in concentration 

causes a severe increase of temperature that ultimately degrades the output efficiency of 

the cell.  Passive cooling methods such as heat sinks are readily available to dissipate 

some of the heat, but at high concentration ratios the relative size of the heat sinks would 

physically dwarf the cells, essentially making them infeasible in this capacity as power-

to-weight ratios are considered.  A real breakthrough lies in the discovery of an efficient 

passive cooling system that requires no external power and effectively manages the cell 

temperature to an optimum operating condition.  The goal of any solar power system 
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should be a stand-alone power supply that is optimized under every illumination 

condition.     

The test set-up used in this research demonstrated that the active cooling system 

used was effective at cooling the cell, but only under low concentration ratios.  

Additionally, air was used as the laminar fluid in this research, but it would be very 

interesting to investigate the possibility of using a shallow liquid flowing over the surface 

of the cell to cool the system.  A number of transparent liquid coolants exist to 

accomplish this research, but again this active cooling system would require external 

power.  However, investigation of alternative solar cell cooling methods (both active and 

passive) would be extremely interesting and beneficial to the field of solar energy 

research.   

Another future research opportunity lies in running the same illumination tests 

with different semiconductor material solar cells, such as GaAs, InGaP, CdTe, and other 

high-efficiency cell materials to investigate the thermal properties of higher efficiency 

solar cells, like the ones used in industrial CSP systems.  Exotic multi-junction 

semiconductor cells are used in most modern CSP systems, but much of the research 

behind the design and implementation of these systems is proprietary. 

A significant hurdle facing solar cell researchers in academia is that many 

breakthroughs in the field are often closely guarded “trade secrets”.  Obviously, if 

someone develops a technology that could dramatically increase efficiency and decrease 

cost that would create a major competitive advantage in this extremely competitive field.   

Consequently, the lucrative field of solar energy has created a vacuum of academic 

literature, especially research concerning CSP systems.  It is the author’s sincere belief 
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that solar energy research is especially important within the department of defense as the 

culture continues to shift towards energy awareness.  As the military searches for ways to 

save money and increase efficiency across all sectors, defense-minded solar energy 

research will only catalyze this effort to reduce demand and increase energy supply. 
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Appendix A:  MATLAB Code 
 
% this m-file computes the total current of the cell using ambipolar 

% transport equations and the ideal diode law.  The currents are 

derived 

% from expressions for the excess minority carrier concentrations on 

either 

% side of the pn junction. The current will change depending on the 

% illumination, temperature, what else? 

h=6.626e-34; 

c=3e8; 

% IV curve!!!! 

PD = [1.32 20.96 113.48 182.23 234.43 286.01 355.88 386.80 381.78 

492.18 751.72 822.45 842.26 890.55 1077.07 1162.43 1180.61 1212.72 

1180.43 1253.83 1242.28 1211.01 1244 1299 1273 1276 1277 1292 1284 1262 

1261 1255 1240 1243 1233 1188 1228 1210 1200 1181 973 1173 1152 1133 

974 1110 1086 1070 733 1036 1018 1003 988 860 932 923 914 407 857 843 

835 817 807 793 778 217 163 249 231 255 279 529 496 585 486 448 486 500 

100 116 108 155 139 374 383 424 382 383 323 344 345 284 175 2 30 67 59 

240 226 220 211 211 201 199 180 161 136 2 39 72 80 72 70 64 68 62 57 53 

50 31 28 24 15 2]; 

lam = 0.3e-6:0.01775e-6:2.5e-6; 

R_vec=[.25 .245 .24 .235 .23 .225 .22 .21 .2 .19 .18 .17 .16 .15 .14 

.13 .12 .11 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 .1 

.1 .1 .1 .1 .1 .12 .14 .16 .18 .2 .22 .24 .26 .28 .3]; 

R_vec(54:124)=.3; 

vv= 3e8./lam; 

PDconv = PD.*1e-4; 

  

F=PDconv./(h.*vv)  ; % compute flux from power density (124 elements, 

ie wavelengths) 

  

PDtg = [0.0427 .068 1.33 1.845 2.232 3.521 3.9 4.4 5.3 5.8 6.8 7.1 7.3 

7.9 8.3 8.8 9.7 10.2 11.13 11.5 12 12.5 13.06 13.6 14.5 14.9 15.4 15.9 

16.5 17.7 18.1 18.6 19.12 19.5 19.89 20.02 20.41 21.31 21.7 21.82 22.21 

22.6 22.99 23.63 23.63 23.9 24 24.15 24.15 24 23.8 23.4 23.1 22.34 

21.95 21.7 21.57 21.31 20.92 20.79 20.54 20.15 19.76 19.38 18.99 18.73 

18.6 18.22 17.44 17.06 16.67 15.9 15.5 15.12 14.7 14.7 13.96 13.96 

13.58 13.19 13.19 12.8 12.54 12.16 11.77 11.77 11.51 11.38 11.13 10.74 

10.48 10.35 10.09 9.8 9.45 9.2 8.9 8.8 8.5 8.3 8.03 7.9 7.6 7.4 7.13 

6.8 6.36 6.1 5.9 5.7 5.6 5.3 5.2 4.9 4.8 4.6 4.4 4.2 4 3.8 3.7 3.58 3.4 

3.4];          

  

PDtgscale=PDtg.*trapz(PD)/trapz(PDtg); 

  

PDtgconv=PDtgscale.*1e-4; 

   

Ftg=(PDtgconv./(h.*vv)); 

  

for T =300:1:700; % temperature in Kelvin (open circuit voltage 

decreases while Isc increases as T rises) 

A = 15 ; %  cell area = 1 cm^2 

q = 1.619e-19; % electron charge (C) 

k = 8.62e-5; % Boltzmann's constant 

k1 = 1.38e-23; % Boltzmann's constant J/k 



102 
 

  

Vt = k*T; % thermal voltage = 0.0258 V 

  

ni = 9.38e19*((T/300)^2)*exp(-6884/T) ; % source PV education "Intrin. 

Carr. Conc." (for Si) 

  

ND = 1.7e16;  % doping levels 

  

NA = 1.7e16; 

  

Dn = 1350*Vt/((1+(81*NA)/(NA+3.2e18))^(.5)); % diffusion coeffecient 

for electrons (cm^2/s) 

  

u_n = Dn/(k*T); 

  

Dp = 480*Vt/((1+(350*ND)/(ND+1.05e19))^(.5)); % diffusion coeffecient 

for holes (both temp dependent) 

  

u_p = Dp/(k*T); 

  

pno = ni^2/ND;          % initial minority carrier conc on the n-side 

(function of temperature) 

  

npo = ni^2/NA;          % initial minority carrier conc on the p-side 

  

es = 11.7*8.85e-12 ; % relative permitivity for Si 

  

vbi = (k*T)* log(NA*ND/ni^2) ; % built in voltage 

  

xb = sqrt((2*es*(vbi)/q)*(NA/ND)*(1/(NA+ND))); % position of the depl 

region boundary on n-side (w/ the center of the depl region as ref) 

  

xp = sqrt((2*es*(vbi)/q)*(ND/NA)*(1/(NA+ND))); % position of the depl 

region boundary on the p-side (w/ depl region center as ref) 

  

tau_p = (12/(1+(ND/5e16)))*1e-6 ; % minority carrier lifetimes (s) 

  

tau_n = (12/(1+(NA/5e16)))*1e-6 ; % (s) 

  

Lp = sqrt(Dp*tau_p) ; % diffusion length (cm) 

  

Ln = sqrt(Dn*tau_n) ; % (cm) make sure units work out 

  

C = 3; % CONCENTRATION FACTOR!! 

   

Eg = 1.17 - 4.73e-4*(T^2)/(T+636) ; 

  

Eg_max = 1.1245; 

vmin=Eg_max*q/h; 

lambdamax=1000000*c/vmin; % 1.1034 um 

  

dlambda=0.01775; % to get 124 elements 

  

lambda_count=0; 

Itot=zeros(1001,124); 
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Itot1=Itot; 

Itot2=Itot; 

Itot3=Itot; 

Itot4=Itot; 

Itot5=Itot; 

  

for lambda=0.3:0.01775:2.5; %  

     

    lambda_count=lambda_count+1; 

  

     

  

R= R_vec(lambda_count); % reflectivity for Si about 20% 

     

v=(c/lambda)*1000000; 

  

Ftemp=dlambda*Ftg(lambda_count).*C; 

   

l1 = 0.5; 

l2 = 0.8; 

l3 = 1.1; 

  

if(lambda<l1)   

alpha = 10^(-6.7*lambda+7.4); % how far photons penetrate into material 

(1/cm) 

  end 

  if((lambda>l1)&&(lambda<l2)) 

alpha = 10^(-3.3*lambda+5.6);       

  end 

  if ((lambda>l2)&&(lambda<l3)) 

alpha = 10^(-6.7*lambda+8.4); 

  end 

  if (lambda>l3) 

alpha = 0 ; 

  end 

   

  alpha=alpha; % to go from 1/m to 1/cm 

alpha_vec(lambda_count)=alpha; 

% alpha will vary from 10^6 - 10 

pen_depth= 1./alpha_vec; % penetration depth in cm 

  

% hv is the number of joules per photon 

  

Go_prime = alpha*Ftemp ; % gen rate at surface photons/cm^3/s 

  

nthick = 3e-4 ; % thickness of n-side (cm) 

  

Go = Go_prime*exp(-(nthick-xb).*alpha)*(1-R) ;  % gen rate at edge of 

depl boundary 

  

Go_vec(lambda_count)=Go; 

  

W=xb+abs(xp) ; % width of the depletion region 

  

count = 0 ; % store each current in a diff count variable 
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if(lambda<=lambdamax) 

for Va = 0:0.001:1; % this is in VOLTS 

     

    count = count + 1; 

    %if((1/(Lp^2))>alpha^2) 

  

    Itot1(count,lambda_count)=A*(q*Dp*((pno*(exp(Va/(k*T))-

1)*exp(2*xb/Lp))/(1 -exp(2*xb/Lp))*(1/Lp)));  

 

    Itot2(count,lambda_count)=A*(q*Dp*((pno*(exp(Va/(k*T))-1))/(1 -

exp(2*xb/Lp))*(1/Lp))); 

    Itot3(count,lambda_count)=A*q*Dp*((Go.*(1/alpha+(nthick-

xb)))./(2*Dp)); %new photo current 

    %Itot3(count,lambda_count)=A*q*Dp*(alpha.*Go./(Dp*(1/(Lp^2)-

alpha^2))); %photo current flows in the reverse bias direction (opposi 

    Itot4(count,lambda_count)=-A*q*Dn*(npo*(exp(Va/(k*T))-

1)*exp(xp/Ln)*1/Ln); 

    %end 

%Itot5(count,lambda_count)=A*Go*q*.01 ; % any photon that makes it to 

the depletion region gets turned into a carrier 

Itot5(count,lambda_count)=(Go_prime./alpha)*A*q*(exp(-nthick+xb)-exp(-

nthick-xp));     

    Itot(count,lambda_count) 

=Itot1(count,lambda_count)+Itot2(count,lambda_count)+Itot3(count,lambda

_count)+Itot4(count,lambda_count)+Itot5(count,lambda_count); 

Vaplot(count) = Va ; 

     

end 

end 

end 

  

Itot22=sum(Itot,2); 

hold on 

P = Vaplot.*Itot22';  %  

xx=find(P>=0);  

if (T == 361); 

plot(Vaplot(xx),Itot22(xx)); 

end 

maxpowercount = find(P == max(P)); 

  

Iop(T-299) = Itot22(maxpowercount) ; % operating current for max power 

  

  

%%  This subroutine m-file computes the entire time dependent component 

of 

% heat generated by the cell under illumination.  In order to reach 

steady 

% state, the amount of heat generated by the cell must eventually be 

% balanced out by the amount of heat dissipated by the cell 

   

n0 =  (ND-NA)/2 + sqrt(((ND-NA)/2)^2+ni^2) ; % ni^2 = n*p ;  NA+n = 

ND+p 

  

p0 = ni^2/n0 ; 
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sigma = q*(n0*u_n+p0*u_p) ;% mobility of both holes and electrons 

DECREASES with increasing temp! 

  

rho= 1/sigma ; % sigma is conductivity, increases with temp increase 

  

W= 1 ; % cm 

L= 1 ; % cm 

  

pthick = .06 ; % thickness in cm  

  

t= 470e-6 ;  % total cell thickness  

  

%Rcell = rho*L/(W*t) ; % ohm-cm sheet resistance 

Rcell = .10; % ohms 

Pr= Iop(T-299)^2*Rcell ; % heat due to illumination (Itot computed in 

another subroutine) 

  

  

Eg = 1.17 - 4.73e-4*(T^2)/(T+636) ; % source 

http://www.ioffe.rssi.ru/SVA/NSM/Semicond/Si/bandstr.html 

 

lambda_count2=0; 

  

%  this is for photons ABOVE bg energy 

  

for lambda3 = 0.3:0.01775:lambdamax; 

    lambda_count2=lambda_count2+1; 

    R=R_vec(lambda_count2); 

    Ftemp=dlambda*Ftg(lambda_count2).*C; 

  

     

    vv2=(c/lambda3)*1000000; 

    Pa2(lambda_count2)=(A).*(((h*(vv2)/q)-Eg)*q*(1-R).*(Ftemp)); 

end 

for lambda2=lambdamax+.01775:.01775:2.5; % 1.1034 is lambdamax (140 

data pts) 

     

   lambda_count2=lambda_count2+1; 

   R=R_vec(lambda_count2); 

    Ftemp=dlambda*Ftg(lambda_count2).*C; 

  

    vv=(c/lambda2)*1000000; 

   %Pa2(lambda_count2)= (A)*(h*c/lambda2)*(Ftemp)*(1-R) ; 

% accounts for temp change F= flux (J/sec)! increases as temp rises 

since the band gap decreases 

Pa2(lambda_count2)= (A).*(((h*(vv)/q))*q*(1-R).*(Ftemp)); 

end 

  

%Pa_tot=sum(Pa2)+sum(Pa); 

Pa_tot=sum(Pa2); 

  

Pgen = Pr + Pa_tot ; 

%Pgen= Pa_tot; 

%% 19 July 2011 

% This subroutine m-file computes the time dependent amount of heat 
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% dissipated from the solar cell under illumination 

  

  

sigma = 5.6704e-8  ; %  W/(m^2*K^4) 

  

Pbb = (A)*.0001*sigma*(T^4); % blackbody radiation (convert area to 

m^2) 

   

Tstream = 300 ;   

  

Hsil=0.0123; 

  

%tau_H=9.259; % 1.75 m/s (slowest setting on the POT) 

  

tau_H=6.625; % 4.25 m/s (fastest setting on POT) 

  

%tau_H=1; % example 

   

hplate = Hsil/tau_H  ; 

  

Pc = hplate*(A)*(T-Tstream) ;% convective cooling of the cell by the 

ambient air 

  

% as it stands now, Pc remains constant with temp (could be refined to 

% reflect changes in T) 

  

Pdiss = Pbb + Pc ; % total heat dissipated from the solar cell 

  

%% 

  

Ptot(T-299) = Pgen - Pdiss ; 

end 

Ptot2=abs(Ptot); 

  

steadystatecount = find(Ptot2 == min(Ptot2)); 

  

steady_state_temp=steadystatecount+299 
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Appendix B:  Convective Cooling Coefficient Derivation 

 
The expression for Hplate shown by equation (6-1) was derived using 

thermodynamic steady state cooling properties.  Initially, the change in temperature with 

respect to time    

  
  is expressed in terms of the total power dissipated and the inverse of 

specific heat, where Hsil
-1 is the inverse of specific heat (for Si) and PD is the total power 

dissipated.   

  

  
     

     
(B-1) 

 The resulting dimensional analysis of (B-1) proves the validity of this expression, 

where temperature is in units of Kelvin K, time is in units of seconds, power is in units of 

Joules per second, and the inverse of specific heat is in units of Kelvin per Joule . 

 
 

 
   

 

 
  

 

 
  

(B-2) 

 As demonstrated in Chapter IV, specifically equations (4-11) and (4-12), the heat 

dissipated can be expressed  as a function of both the convective cooling and the 

blackbody cooling.  Additionally, the change in temperature with respect to time should 

be negative since the convective cooling will decrease the temperature with time.  Using 

the full expression for power dissipated and the correct sign for the change in 

temperature, equation (B-1) can be more completely expressed by equation (B-3). 

 
  

  
     

                       
   

(B-3) 

 Equation (B-3) takes the form of an ordinary differential equation, and must be 

solved in order to extract an expression for temperature.  Following the procedure used to 

solve any differential equation, a conjecture to the solution of equation (B-3) is made 
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using an exponential form for temperature, given by equation (B-4) where Tm is the 

maximum temperature, Tc is the temperature of the convective cooling stream, and τH is 

the exponential cooling decay rate. 

          
 

 
      

(B-4) 

 Referring to equation (B-4), at     the light source is turned off, and at     

the steady state temperature point is reached and the temperature is equal to Tc.  The 

solution conjecture given by (B-4) must be used in the original differential equation to 

determine its validity as a solution.   

 
 

 
   

     
  

       
                

 
 
        

          
  

 
  
   

(B-5) 

 Expression (B-5) can be simplified by removing the like exponential terms and 

the like temperature difference terms (Tm – Tc). 

 
 

  
       

              
          

  
 
  
   

(B-6) 

 Since the goal of this analysis is to determine steady state temperature, equation 

(B-6) can be used to solve for Hplate as    , since the exponential term is driven to 

zero.  The resulting solution concludes the derivation. 

 
 

  
       

         
(B-7) 

 
    

  
          (B-8) 
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Appendix C:  Thermal Coefficient for Different Air Velocities 

 
Figure 40: Cooling Coefficient test- Air Velocity 4.25 m/s 

 
Figure 41: Cooling Coefficient Test- Air Velocity 3.75 m/s 
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Figure 42: Cooling Coefficient Test- Air Velocity 3.0 m/s 

 
Figure 43: Cooling Coefficient Test- Air Velocity 2.25 m/s 

0 10 20 30 40 50
0

5

10

15

20

25

30

35

40

45

50

Time (sec)

Convective Cooling Calibration Test #3

N
o
rm

a
liz

e
d
 T

e
m

p
e
ra

tu
re

 (
F

)

0 5 10 15 20 25 30 35 40 45 50
0

5

10

15

20

25

30

35

40

45

50

Time (sec)

Convective Cooling Calibration Test #4

N
o
rm

a
liz

e
d
 T

e
m

p
e
ra

tu
re

 (
F

)

                 
          

               
          



111 
 

 
Figure 44: Cooling Coefficient Test- Air Velocity 1.75 m/s 

 
Figure 45: Hplate as a Function of Laminar Air Velocity 
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