Energia Solar Fotovoltaica
Problem Sheet 2

(Ver. 1g: 2015.11.05)

1 Radiation

1.1 Determine the photon flux, power density and spectral irradiance for

the AM1.5 spectrum. [use spreadsheet and excel data file]
The data in the excel sheet gives data in [I]=W /m?®.10nm, that is, every data point gives the

total irradiance W / m? in the interval of 10nm.

The units of power density, i.e. | (W /mz). In this case, we have to sum the spectral power

density;
=[1(4)d2
0

Looking at the data, probably the first thing to do is to take the power density
[1]=W /m®.10nm data and divide it by 10 to obtain the data as [I]=W /m’nm. Let us call this

data I_lambda in the excel spread sheet. You can do this by selecting the data (third
column) and "define name".

3650 0.1 oo1 |

3660 01 o1 Calibi w11 - AT 4T BB sy
3670 0.1 001 (B 7 |E|&-A-F-w%d
3680 0.1 001 |
3630 0.1 001 | £ cCut
3700 0.1 0.01 |23 Copy
3710 0.1 0.01 [ Paste Opfions:
3720 0.1 0.01 =7 (=
3730 0.1 0.01 L‘"DZ =
3740 0.1 0.01 Paste Special...
3750 0.1 0.01 Insert...
3760 0.1 0.01 Delete..,
3770 0.1 0.01 Clear Contents
3780 0.1 0.01 y
Filter
3730 0.1 0.01
3800 0.1 0.01 sert
3810 0.1 0.01 | Insert Comment
3820 0.1 0.01 | = Format Cells...
3830 0.1 0.01 Pick From Drop-down List...
3840 0.1 sl Define Name...
3850 0.1 0.01 & Fyperink..
3860 0.1 0.01
3870 0.1 0.01 I

You are now in a position to plot your data - see the plot chart called I(lambda).

To obtain the total power, or irradiance we now need to perform the relevant summation.

A=4000nm

1= > 1(2)a1

A=280nm
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A=4000nm

—A2 Y 1(2)

A=280nm

[t should be obvious that A2=10nm and remains unchanged. In the excel sheet the A1 is
defined as delta_lamda.

The photon flux can be calculated by:

1(4)

E photon (ﬂ‘)

()=

You can check that this makes sense by looking at the units, i.e. the photon flux is per unit
of area, per unit of time, per unit of wavelength:

- [M)] wmia 3smia 1
[¢(i)} B [Ephoton (/1)] - J - J T m?s.A

Going to our excel sheet we first calculate the photon energyE ., (4) [variable E_photon]

photon

and to then calculate the photon flux ¢(4) [variable Phi].

The photon energy is given by:

Ephoton (ﬂ“) =hy=—
Again, in our case, because the data is discrete:

%(1)=¢ Ihlff()z)

[6,(2)] =~

m°.s.A

The data is plotted in Phi(lambda).
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1.2 Use the PVGIS tool to determine the increase in yield using monthly

inclination adjustment [reference: fixed system with optimum

inclination for location; use insolation data for your hometown]
First visit the PVGIS website to find the tool. Below you can find and example where firstly
the option to let the slope be optimised automatically was selected.

Photovoltaic Geographical Information System - Interactive Maps =N PV power estimate information - Google Chrome =]
/e maps > EUrope Contact Important legal notice 3 . —
[3 rejrcec.europa.eu/pvgis/apps4/PVcalc.php
E PV Estimation
Search . Performance of Grid-connected PV
38 277 Performance of Grid-connected PV
r.mGDtD lat/lon Radiation database: Climate-SAF PVGIS v | [What is this?] NOTE: before using these calculations for anything serious, you should read [this]
Malyeira — PV technology: | Crystalline silicon ¥ PVGIS estimates of solar electricity generation
g Installed peak PV power 1 kWp Location: 38°33'18" North, 9°16'33" West, Elevation: 232 masl.,
Q Estimated system losses [0;100] |0 %
anhies | Fixed mounting options: .
Lousg Fanhoe . . Lo - Solar radiation database nsed: PVGIS-CMSAF
s | Mounting position: | Free-standing v
HaT4 Nominal power of the PV system: 1.0 kW (crystalline silicon)
Slope [0;90] 34 P T e E-'atti;:ec'plno:'ffndue:ote1‘.1-‘ e:'::bre and lol‘\\'r-‘rr:cl :re"e'l 1‘00:”’ (using local ambient
_ i} ‘ stima s3e5 pera an wirradiance: 10.3% (vsing local ambien
L Azimuth [-180;180] 0 o Also optimize azimuth temperature)
R fres . . o - o Estimated loss due to angular reflectance effects: 2.6%
iro - Almargem [Azimuth angle from -180 to 180, East=-90, South=0} o A = ) N
do Bpo = A ) Other losses (cables, inverter etc.): 0.0%
Loures | Tracking options: Combined PV system losses: 12.8%
i i Slope [0;90] 0 @ imi
= Vertical axis pe [ ] Optimize
1 Inclined axis Slope [0;90] 0 o Optimize Fixed system: inclination=34°, ori jon=0°
T e o o g o
Odivelas 2-axis tracking (Op at given or )
. . Month E; = Hy H,
Belas | Horizon file] Choose file | No file chosen g i, i e WE
an 2 J
FPontinha =
' Amadoms BITE GRITE Feb 431 121 475 133
. Show graphs Show horizon M 517 160 33 120
m ] { A36 | 3 ) ar 3 2
+ * Web page Text file FDF Apr 530 150 6.05 182
=5 ’ ' = -
salvo - _ May 5.50 173 6.44 199
- calculate thelp] Tun 573 172] 676[ 203
= de Utilizagio_ Gomunicar um erra no mapa o o B T
Aug 6.01 186 7.18 223
Sep 557 167 6.39 198
Oct 4.39 142 327 163
Nov 3.70 111 413 124
Dec 3.15 976 347 107
Yearly average 458 148 | 561 171
Total for year 1780 2050

The data we are interested in is E_, i.e. the monthly electricity production.

We can now gather the data for the angle optimized for maximising the energy produced
over one year (kWh/year) and we can also manually set the inclination and extract the
monthly production.

This has been done and shown in worksheet Q2.1 of the excel file and the data plotted in
the chart E(theta).
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So what is the increase in yield? Marked in red in the worksheet is marked the month at

which production is maximised as a function of angle.

We can see that there is only an increase in c.a. 5% if we adjust the inclination of the
module on a monthly basis.
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2 Absorption

Consider the absorption coefficient of silicon at 500nm and 800nm (check data plot on
Handouts 3). Determine the minimum thickness of a slab of silicon in order to absorb 90%
of the incoming radiation. Compare it with a slab of germanium.

10" . T S O —
— (GAAS |
Ge

— S

—
o
v

InP

absorption coefficient (cm'1)

200 400 600 800 1000 1200 140(
wavelength (nm)

First let us determine the absorption coefficient at 500nm and 800nm by looking at the
data in the graph above.

o (500nm) =10°cm™

a; (800nm) =8x10%cm™

. (500nm) = 6x10°cm™
o, (800nm) =4x10*cm™

5
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The basic equation we want to start with is:

This equation describes the intensity of the radiation as it passes through the absorbing
material, i.e. it decreases at an exponential rate, following the Beer-Lambert law.

What we really want to know is what is the value of x (i.e. the depth) at which 90% of the
incident radiation I,is absorbed A(x), or where only 10% is still being transmitted. i.e.:

I(x)=1.e""

o =1(x)+A(X)
L A(X)=1,-1(x)
A(x) =, (1-e™)

Now we can rearrange to find the value of the depth x for which A, =90% of the incident

radiation I, is absorbed:

A, =1-e*
1-A, =™
In(1-A,)

-

We can now find the depth for all the values of the absorption coefficient:

In(1-90%)  In(1-90%)

X — =
aSi(SOOHm) _aSi (SOOnm) _104 Cmfl

2.3x107*m = 230um
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) _ In(1-90%)  In(1-90%)
e (B00m) gy (500nm) - _8x10%°cm™

=2.9%x10°m = 2390um

In(1-90%)  In(1-90%) ,
X, (s00mm) = - ) ~38x107m =0.38um
e —ag (500nm)  —6x10°cm

In(1-90%)  In(1-90%) y
X, (300 = - . =5.8x10"°m =58um
o —ag (500nm)  —4x10%cm

As we can observe, the Ge can absorb the same amount of light as Si but in a significantly
thinner layer.
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3 ndgap

The bandgap of crystalline silicon is 1.12€V.

3.1 The energy of photons with energy below the bandgap will be lost.
Considering the AM1.5 spectrum, determine the fraction of energy

loss due to these photons.
We will make the simple assumption that:

All photons with an energy greater than the bandgap are absorbed.
All photons with an energy smaller than the bandgap are not absorbed.

The fraction of energy loss (or power loss) will be the ratio of the power not absorbed to
the total incident power. Now we know the incident power, it is P,,,,.1000W / m?.

In our case, we only need to account for the photons that are absorbed, i.e. those with an
energy smaller than the than the bandgap. However, our data is given as Intensity as a
function of wavelength, we must find what wavelength this bandgap energy corresponds
to:

Ephoton (/1) < Eg
E, =1.12eV
. E joon (4) <1128V

* * = photon

E proton (2) <1126V

6.6x10**J.sx3x10°m/s
1.12eV
leV =1.6x107°J
6.6x107*J.sx3x10°m/s

1.1x1.6x107*J
A>1.13um

A>

SA>




Energia Solar Fotovoltaica
Problem Sheet 2

(Ver. 1g: 2015.11.05)
So all photon with a wavelength greater that that calculated will not be absorbed. As such,

we now understand what integration has to be performed:
Lo = [ 1(2)d2
2,

And because our data is discrete:

di—> AL
1(A)—>1,,(2)

o0

cleg =D 1 (A) A = A/Ii 1, (2)

AEg lEg

If you now look to the excel sheet (Q3), you can see that we can now perform the
summation of the intensities between the wavelength corresponding to the bandgap
energy (1130nm=1.130um) to the longest wavelength in the data (4000nm) to obtain our
result of:

4000nm

I, =10nm Z .,
1130nm
=188.7ﬂ2
m
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3.2 The photons with energy above the bandgap will be absorbed and
contribute to the cell current. The useful energy of those photons is
however limited to the bandgap energy (the rest is lost as heat).
Determine the fraction of energy lost due to this inefficient energy
conversion.

The first concept that needs to be understood is that the energy absorbed by an electron is
that of the photon promoting the electron from the valence band to the conduction band.
Thereafter, the electron loses its excess energy until it reaches the bottom of the
conduction band. This process is called thermalisation.

Therefore, all electrons that are promoted to the conduction band eventually have all the
same energy, that of the bandgap. As such, knowing the bandgap and the photon energy
we can deduce the energy of thermalisation for absorbed photons:

Ephoton (ﬂ“) = Eg + Eth
i.e.
Eth (ﬂ’) = Ephoton (ﬂ’)_ Eg

Now, the bandgap does not vary, but the photon energy does vary according to its
wavelength. As such, the energy lost due to thermalisation is the difference between the
photon energy and the bandgap.

To work out the power lost to thermalisation we must know what the rate of this energy
is, and for that we use the photon flux which we have calculated beforehand:

As we have a photon flux, we will work out the power lost due to thermalisation.

Lerm (4) = #(2) Eppern (4)
= ¢(/1)( Ephoton (l) - Eg )

Now we want the total lost to thermalisation, thus:

10
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lEg

Itherm = I Itherm (i)dﬂ’

0

#(2)(Eqpon (1)~ E; ) d2

lEg

O ey

Because our data is not "continuous”, the integration is a discrete sum:

di— Al

/IEg lEg

ol = ZO“@ (A)(Epghoton (4)— E )AL = AAZO:@ (2)(Epporon (4)— Ey )

As before, knowing the bandgap energy we can work out the associated wavelength. Also
remember that we are interested now in the photons who's energy is greater than the
bandgap (unlike the previous exercise).

E, =1.12eV

hc
E photon (2’)

E proion (4) > E,

photon (

Py 6.6x10**J.sx3x10°m/s
1.1eV
leV =1.6x107J
6.6x10**J.sx3x10°m/s
1.1x1.6x10™J
A<1.13um

A

LA

We are now in a position to perform the sum:

11
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1130nm

e = O H(A)(Eppoon (4) —1.126V )x10nm
0

1130nm

=10nm D" ¢(A)(Epgpoen (4)—1.72x107°J)

= 316.6%

12
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3.3 Determine the ‘ideal’ efficiency of a silicon solar cell under AM1.5

irradiation (we are neglecting other very relevant loss mechanisms

such as reflection and recombination).
Having calculated the power lost to:

Photons not being absorbed and
Electrons undergoing thermalisation
It follows that the power that is left over is one which we can be useful:

I | +1

total — ' useful + Itherm lost

The total power is that which is incident, and for a AM1.5 spectrum, this is by definition
1000W/mz2.

It therefore follows that:

Iuseful = Itotal - Itherm - IIost

Lo = D anzs =1000W / m?
IIost = Ilost,Eg:l.lZeV =118.7W /m?
I = Itherm,Eg:l.lZev =316.6W /m2

therm

: — 2
o Iuseful,Eg:l.lZeV - 565\/\/ /m

Power conversion efficiency is defined as:

U

ne)

=1

And in our case:

13



Energia Solar Fotovoltaica
Problem Sheet 2

(Ver. 1g: 2015.11.05)

=P

out

useful — I useful,Eg=1.12eV

total — IAM 156 — Pin

IusefuI,Egzl.lzeV — 565W /m2
| risc 1000W / m?

=57%

14
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3.4 Repeat 1-3 for a different semiconductor with a bandgap of 2.0eV.

Discuss the results.
With a larger bandgap the range of wavelengths we have to work with is different:

Ephoton (ﬂ’) < Eg
E, =2.0eV
" E oo (4) <1128V

* * = photon

Z>E
E

g

g 6.6x10*J.sx3x10°m/s
1.1x1.6x107™J
A>0.620um

A

L.e. the range is larger, that is there is a greater range of wavelengths which are not
absorbed.

00

Sl = 2 1 (A) AL = A/li 1(2)

lEg /IEg

4000nm

Lo =10nM > 1(2)

620nm
=639 %

Next we work out the power lost due to thermalisation.

15
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Eth (ﬂ’) = Ephoton (ﬂ“)_ Eg

| herm (/1) = ¢(ﬂ) therm (’1)
= ¢(/1)(Ephoton (ﬂ’)_ Eg)

ZEg

e = [ Vioerm (4)d 4

therm
0

lEg

- I ¢(/1)(Ephoton (l)—Eg)d/l

0

di— AL

AEQ

Itherm = Aﬂ“z¢l (ﬂ)(Ephoton (2’)_ Eg )

The problem is set out the same way, now we have to only modify for the bandgap.

E, = 2.0eV

=3.2x10™")

hc
Ephoton (ﬂ’) = 7

hc

Ephoton (ﬂ‘)
Ephoton (ﬂ’) > E

A=
9

.'./1<E
E

g

- 6.6x102*J.sx3x10°m/s
2.0eV

leV =1.6x107"°]

6.6x107*J.sx3x10°m/s

2.0x1.6x10™J
A1 <0.62um

A

VRS

Because the bandgap is larger, the range of the spectrum which is absorbed is smaller.

16
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620nm

Itherm,Eg:Z.OeV = Z ¢(ﬂ’)(Ephoton (ﬂ)—Z.OEV)Xlonm
0

620nm

=10nm " $(A)(E ypon (4)—3.2x107°J)

= 74.5ﬂ2
m

The power lost to thermalisation is noticeably smaller, because the bandgap is larger,
there are fewer photons being absorbed that have an energy greater than the bandgap.

Finally we can now work out the "ideal max efficiency" for a device with a 2.0eV bandgap.

Iuseful = Itotal - Itherm - IIost

=1 15 =1000W / m?
= liost £g-20ev = 638.9W /M’
=74.5N / m?

total
lost

therm — I therm,Eg=2.0eV

: — 2
° IusefuI,Eg:Z.Oev =287TW /m

— Pout
T=p
in
Iuseful = Iuseful,Eg:l.lZeV = Pout
Lot = amise = P
2
_ IusefuI,Eg:Z.OeV _ 287W/m
l i 1000W /m?
=29%

Comment: By almost doubling the bandgap we have reduced the power lost due to
thermalisation, but have significantly increased the power which is not absorbed. As such
the "ideal efficiency"” decreased significantly.

*You may want to try to plot the ideal efficiency vs bandgap to find what the maximum
ideal efficiency is.

17
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3.5 Consider a solar cell made of two different layers, one with a bandgap

of 2.0eV and the other one with a bandgap of 0.94eV.

3.5.1 Which layer ought to be on top? Why?

Es 91 Eg(L
.
= L = ‘
)
- [ v e L
-~ s
A
AN A
T A
_f“ R \/ p‘,':"—""" L= (=
: } ;
NN - X
D
’LJ , T O € U
A iy |
— J— U

For the sake of argument, imagine a device with two layers with differing bandgaps:

E,.=2eV
E,,=1eV

and three incident photons of differing energies:

E,,, = 2.5¢V
E,, =1.56V
E,,; = 0.5V

If the photons are incident from the left (incident on the higher bandgap layer) only the
higher energy photon E, , =2.5eV is absorbed in the first layer. The E, , =1.5eV photon is

absorbed in the second layer, and the lower energy photon is not absorbed.
18



Energia Solar Fotovoltaica
Problem Sheet 2

(Ver. 1g: 2015.11.05)
However, if the photons are incident from the right (incident on the lower bandgap layer)

both E,, =2.5eV and E, , =1.5eV photons are absorbed in the lower bandgap layer. The

lower energy photon is again not absorbed, because its energy is always smaller than any
of the bandgaps.

Although the number of photons absorbed for both cases is the same (2 here) the energy
lost to thermalisation is different.

In the first case the energy lost to thermalisation in each layer is:

Eerms = Eph,l — Egy1 =2.5eV —2eV =0.5eV
Etherm,z = Eph,Z - Eg,2 =1.5eV —-1eV =0.5eV

In the second case with the higher energy photon being absorbed in the lower bandgap
layer:

Etherm,l = O

Epermz =(Egnz —Eq2 ) +(Egny — g, ) =0.5eV +1.56V

therm, 2

19
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3.5.2 Repeat 1-3 for this multijunction solar cell. Discuss the results.

Firstly we can work out the power which is not absorbed, i.e. this corresponds to the
photons who's energy is smaller than both bandgaps.

Ephoton (ﬂ“) < Eg,2
E,, =0.94eV

" E yroon (2) < 0.948V

* * = photon

hc
Eg,2 > E_

9.2

34 8
1E92>6.6><10 J.sx3x10 m/s:1.32,um
’ 0.94eVv

Knowing this wavelength we can now integrate to find the intensity which is never
absorbed:

di—> AL
I(ﬂ)—) IM(A)

o = 3 1(2)A2 =823 1(2)

AEg’z AEg’z

4000nm

I, =10nm Z I,
1320nm
= 114.3ﬂ2
m

Before we move on, we will require the wavelength corresponding to the first bandgap is
(already done beforehand!):

20
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Ephoton (ﬂ“) < Eg,l
E,, =2.0eV
" Epoon (4) <1.128V

* * = photon

Aegs > g =0.620um

g
The power lost to thermalisation will be a sum of that which is lost in each individual
layer. However, one must not forget that the photon flux arriving at the second layer is
decreased by the amount absorbed in the first layer, i.e. we have to restrict the range of
wavelengths.

For a single layer:

AEg

[ Vpern (2)d2

0

- j;‘g ¢(ﬂ’)(Ephoton (4)-E, )dﬂ,

therm —

However for two layers where the photon flux is incident first through the higher bandgap
layer:

ﬂEg 1

I Itherm (ﬂ’)dﬁ“

therm,1 =

And

AEg,z
I Itherm (ﬂ’)dﬁ’

/1Eg 1

therm,2 =
lEg,Z

- .[ ¢(ﬂ')(Ephoton (4)- Egyz)di

lEg,l
In our case, because the data is discrete:

21
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]“Eg 1

Itherm,l = Aﬂ‘z ¢(i)(Ephoton (ﬂ‘)_ Eg,l)

A
Eq .2

Itherm,z =A1 Z ¢(l)(Ephoton (ﬂ) - Eg,Z)

A
Egd

With numbers:

620nm

Lerms =100M D" $(2)(E yqon (4) — 2.0V )
0

=745V / m?
1320nm

Itherm,z =10nm z ¢(/1)(Ephoton (/1)—092€V)
620nm

=181.9W / m?

I | +1 = 256W / m?

therm — therm,1 therm,2

Therefore, the total power lost to thermalisation and that which is not absorbed is:

2567 11143Y _371
m m

W

Lost = 1| +1 —
m

therm lost

The useful power is therefore:

Iuseful = Itotal - Itherm - IIost

Lo = Lnys 10000

total m
w

| =114.3—
m

lost

= 256.7ﬂ

therm 2
m

Ny =620
m

useful

22
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_ Iuseful _ 629W /m2

- _ 63%
| 1000W /m? °

total

23



Energia Solar Fotovoltaica
Problem Sheet 2

(Ver. 1g: 2015.11.05)

4 Transparent modules

For some applications (e.g. solar windows) it might be interesting to allow the visible part
of the spectrum to get through the solar cell, only capturing the infrared part of the
spectrum. Determine the ideal efficiency of a transparent solar module.

This exercise is the same as the exercise beforehand, except we have to choose a bandgap
such visible light is not absorbed. The visible spectrum can be defined as light with
wavelengths:

400 < A <700nm

If we convert this to photon energy:

400 < A <700nm

£ :hc

hoton — — ,
P A

E, 1o = 4.95x10-19J =3.1eV
E, on = 2.83x10-19J =1.8eV

~.3.1eV > 1 >1.8eV

L.e., to let visible light through between 3.1eV and 1.8eV, the bandgap of the transparent
solar cell has to be greater than 3.1eV, and this corresponds to a wavelength of 400nm.

We can now repeat the exercise for determining the ideal efficiency:

1 - determine incident radiation which is not absorbed:

24
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Lo = [ 1(2)d2
g,

A =400nm

Eg=3.1eV

= [ 1(2)d2=8231,(2)

400nm Z

4000nm

I, =10nm Z I,

400nm

9537
m

And the power lost to thermalisation:

lEg

therm — J. Itherm
0

#(2)(Eqpon (1)~ E; )42

(2)da

e

<

O ey

1130nm

e = D, B(A)(Eppon (4) —1.126V ) x10nm

* "therm
0
1130nm

=100m D" ¢(A)(Eqpoen (4)—1.72x107°J )

= 4.4ﬂ2
m

Thus the ideal efficiency is:

| 2
useful _ 44W /m - 2004%
I 1000W /m

total

25
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5 Current
Considering the AM1.5 spectrum, determine the maximum current density (mA/cm?) of a

silicon solar cell (assuming that every useful photon will produce an electron-hole pair).

Firstly, every usefull photon is the total number of photons absorbed, and that is all
photons with an energy greater than the bandgap are absorbed.

¢abs = ¢e— = ﬂw

Thus:

g
b= | #(2)d2
0
For silicon, with a bandgap of 1.12eV, this means that all photon with an energy greater
than 1.12eV are absorbed, or with a wavelength below 1105nm.

1105nm

buns = | B(A)A

0

Or using our data:

1110nm

¢abs,5i =10nm Z ¢(l)

400

=2.73x10” iz
m-s

Or:

1
=d¢. . =2.73x10%° —
¢e— ¢h+ mzs

This flow electrons and holes can be converted to a current because this is effectively a
flow of charge. By the units of current (Amp.)
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And each electron and hole has q charge:

J=0q4,
=1.6><1o-19c:><2.73><1020i2
m-s
:43.732
m-s
:43.7i2
m
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6 Fill Factor

If a 100cm? solar cell has a rated efficiency of 15%, an open circuit voltage of 0.6V and a
short current of 3.33A, what is the fill factor?

Start with a definition of fill factor and work through with what we are given:

ff = imppvmpp
iSCVOC
F)malx = impmepp
o ff = _Pmax
ISCVOC
i, =3.33 A >
100cm
vV, =0.6V
s ff = i“ax
3.33 >x0.6V
100cm

Now we have to think about how we can calculate P,,. Remember that the solar cell is

rated as 15% efficient, and this is typically a rating under AM1.5 conditions, i.e. 1000W /m®.
Therefore:

— Pout
T
n=15%
Pout = Prax

Pin = PAMl.S :1000W/m2
" Prax =1Pam1s

=15% x1000W /m?
=150W /m?

And remembering to take into account the actual area of the solar cell, the maximum

power output is:
28
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P =150W/m* =15 W

100cm?

A 06V 333

3.33 5 5
100cm 100cm

=75%
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7 Diode Equation

7.1 Looking at the diode equation =1 -1, {ekBTV —1} write out the equations

describing

7.1.1 in the dark,

7.1.2 illuminated short circuit conditions, i.e. no applied voltage, and

LRy
=1, -1 e -1

V=0
SV =0)=1, -1 {e° -1
1(V=0)=1,

7.1.3 illuminated open circuit conditions i.e. no current flow.

Ry
=1, —1 e -1

Ay
S0=1 —1 " —1
Y
I, =1e*" —1
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7.2 Determine the expression describing the short circuit current Isc and

open circuit voltage Voc. What do these expressions tell us?
When there is no applied voltage the diode equation is reduces to:

1(V=0)=1,

What this tells us is that the short circuit current (when V=0) is equal and directly
proportional to the photocurrent generated by the absorption of light.

When there is no current flow, the diode equation reduces to:

Ay
I, =1e%" -1

What this tells us is that the total recombination current within the cell is equal to the
current generated by light absorption. We can rearrange the expression to obtain the
voltage at which this is case is open circuit voltage:

L kT
V(1=0)=v, = kel jpLt]s
q I,
I >1
Vi kT L
a |
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7.3 Considering the solar cell in question 4, and the diode equation, what

does this tell us about the magnitude of the saturation current for the
specific solar cell?
The Voc of the solar cell is 0.6V. As such:

Vv, =<
q |
Voci: |nI_L
KgT I

V. —0.6V =0.62
C

T =300K
q=1.6x10"C
kg =1.38x102JK ™!

kT o262~ Ly
q C 40

4 4ol

kT

v % _06vxdot—24
k,T v
IL

sInEt>1

A

Given that we know all the variables except for the saturation current, we can calculate it:
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q
I, exps-V _ ——=I
L p{ oc kBT} s

I, =1, =333A—~ —333™
cm cm
V,, =0.6V
9 _gov
kT
1, =333 72 xexp{-0.6v x40v )
cm
~1.3x10° ™
cm

7.4 Inideal conditions the current produced by a solar cell at short

circuit is linear with the light intensity. Assuming these conditions,
how does Voc vary with light intensity?

i.e.

Let us think of a multiplying factor which is by how much the intensity of the incident
radiation varies and how this changes the open circuit voltage.

X: Inc
VOC:kB—TInI—L
q s
sy, =Kl X
oc q IS
:kB—T[InI—L+Inxj:kB—TInI—L+kBT In x
q s q I, ¢
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i.e.
KgT

V. =V, +-—L—Inx
q

Thus, e.g. if [ have a 10 fold increase in the incident light intensity, and assume that the
photocurrent also increases 10 fold then:

F)irI'IC :10Pinc
x:i=10
V,. :kB—TInI—L
q
AN
q I
V.. =V, KTy
q

VESRERVETITS
40
=V, +0.058V

i.e., the voltage "only" increases by 0.058V or 58mV per decade increase in the incident
light intensity.
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