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AC device Device Hours of AC Watt-hrs.
Watt Lo
ats . daily use per day
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AC/0.85=DC Watt-hrs. per day
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1. Totai DC Watt-hrs./day (All Inads)

System nominal DC voltage

Total PC Ams-hrs./day
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3. Design insolation (ESH)

4. Total PV array current {Amps)

Select module type

5. Module operating current (Amps)

Number of modutes in parallel
Modules nominal voltage
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Total modules required
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Sample Exanination of Solar Cells (ET4-149)

This examination consists of 7 tasks. Give short and concise answers to the tasks, Use the enclosed appendices A
and B to carry out the calculations.

TASK 1: (15 points) a\,;/
Waorking of a solar cell is based on the photovoitaic effect. What is the photovoltaic
- effect and which are the fundamental processes behind this effect? - P
.~ b) Demonstrate these processes schematically using a sketch of a solar cell {use a sing@
junction amorphous silicon solar cell on glass as an example). 410@1 re 78

/g,)»-f"Draw the corresponding band diagram of an amorphous sificon sofar cell. 7.9 A9, -

Answers:.
a) The photovoltaic effect means the generation of a potential difference at the junction
of two different materials in response to visible or other radiation.

,/Fundamentaﬂy, the device needs to fulfil only two functions: photogeneration of
| charge carriers (electrons and holes) in a light-absorbing material, and separation of
. the charge carriers to a conductive contact that will transmit the electricity (simply
. put, carrying electrons off through a metal contact into a wire or other circuit).

b) Demonstrate these processes schematically using a sketch of a solar cell {use a single
Junction amorphous silicon solar cell on glass as an example).
¢} Draw the corresponding band diagram of an amorphous silicon solar cell.

f

SKE {20 points)

A 350-micrometer thick crystalline silicon wafer is doped with 110" acceptors per cubic
centimeter. An emitter layer of 1 micrometer is formed at the surface of this wafer with a
uniform concentration of 5x10%° donors per cubic centimeter. Assume that all doping atoms
are ionized. The intrinsic carrier concentration in silicon at 300 K is n;=1.18 x 10%° cm™3.

How large is (at 300 K and thermal equilibrium):

a) The electron and hole concentration in the p-type and n-type region, respectively?
Which charge carriers are the majority carriers in the p-type region and what is their
concentration?

b) What is the position of the Fermi level {in eV} in respect to the conduction band in
the p-type and n-type region, respectively? Draw the corresponding band diagram of
the p-n junction.

¢} the buili-in voltage of the p-n junction?

d) the width of the depletion region of the p-n junction. Give your answer in
micrometers and also as a percentage of the total thickness of the Si wafer. Which
doped region forms the larger part of the depletion region?

D
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TASK 3: (20 points)

Which are the external parameters that describe the performance of a solar cell and explain
how these external parameters are measured and determined? Use a sketch to iflustrate the
determination of the external parameters. 3

b) What are the main loss mechanisms in a solar cel}?
\#¥ Draw the schematic structure of a wafer-based c-Si solar cell. What is a typical thickness of
evo - 0% a wafer-based ¢-8i solar cell? Describe which external parameters are mainly affected
when the thickness of the solar cell is significantly decreased. 'i‘s;aﬂ'F%doa, e Ten Fﬁ ’(’,oz

How can be the absorption in the solar cell increased without incfeasing its thickness? ~£4 secmare. e
Describe at least two methods, Indicate how the external solar cell parameters are Fens FEBSaTanes,
influenced when these methods are introduced.  mVeerney,  pvp ooy Ras;q;em}fi@

BACK oI CT ( REFLEClo s }Qﬁeﬂ@d-we weﬂ. 'nl%\m Latk
, Tt o anrac
TASK 4: (15 points) g o T o tayeok cheng-.
The schematic structure of an organic solar cell is given below. The solar cell consists of a
stack of two layers of organic materials sandwiched between a transparent conductive oxide
(TCO) top contact and a metal back contact. The optical bandgap of the polymer P3HT is 1.8

€V and the optical bandgap of PCBM 2.3 eV,

/ \;* ~

Iy \:’fﬁi‘
< rar)
o Electron donor / : |
s | TCO s ——re . Metal back contact

PCBM Y )'_\ﬁ.‘__‘
Electron acceptor ¢

) Which contact will be positive and which negative under illumination? Which from two . -t
¥— organic materials is considered to be p-type? Explain why? L%‘(}j"iw; e udion ) gras e I
) Draw schematically the energy band diagram of the stack of organic materials in the solar
cell. The driving force for charge separation at the junction of organic materials is 0.9 eV
and the electron affinity for the electron acceptor material is 3.8 €V, What’s the maxinum

possible open circuit voltage (equal to the effective band gap) of the organic stack for this

solar cell?

Is a two-layer stack of organic materials good or bad geometrical cc;nﬁ ation for a solar | ]

cell based on organic materials? Explain shortly why, ¢\ | SN W A i Jon (" ) @}m ‘v?i};« )
Calculate the minimum thickness of the P3HT layer in order to absorb 90 % of the \ ‘}_\»M

incident light at 500 nm. The polymer has a value of extinction coefficient at 500 nm  © l Ko D
{(imaginary part of the complex refractive index) k = 0,72. Neglect the reflection.
= 22 LUt @ Or exp = minx)
T .

4L vir) “13‘" R T
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LABORATORY OF ELECTRONIC COMPONENTS, TECANOLOGY AND MATERIALS

Examination Solar Cells (ET4149)
Tuesday August 26, 2008, 14.00 - 17.00

Write your name on each piece of paper, This examination consists of 7 tasks. Give short
and concise answers to the tasks, Use the enclosed appendices A and B to carry out the
calculations.

TASK 1: (10 points)

Y and which are the fundamental processes behind this effect? Eotteciofyboplic

\( Working of a solar cell is based on the photovoltaic effect. What is th%ﬁhotovo éaiw effect @

ezl
%5' Demonstrate these processes using a schematic drawing of a crystalline 3111005 sblar cell.

4
? f? 6} What are the transport mechanisms of the charge carriers in crystaltine silicon? Describe

them shortly. Dnly iy dif s o
\(\/d) What is meant by the Energy pay back time of a solar cell? "The fime. requieedt fo- the eregy comversion

J

‘:»15.\(,\){, a3 el 21Ty as Loy cadawanidoh
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TASK 2: (20 points)
A 250 micrometer thick crystailine silicon wafer is doped with 2x10' acceptors per cubic
centimeter. A 1 micrometer thlck emitter layer is formed at the surface of this wafer with a
uniform concentration of 1x10" donors per cubic centimeter. Assume that all dopmg atoms
are ionized. The intrinsic carrier concentration in silicon at 300 K is n;=1.5 x 10" ¢cm™

How large is (at 300 K and thermal equilibrium);

~a) The electron and hole concenirations in the p-type region and n-type region, respectively?

Which charge camiers are the majority cagriers in the n-type region?
b) What is the position of the Fermi level (in eV) in respect to the conduction band in the

L{ p-type and n-type regions, respectively? -~ -
& C)

(

The built-in voltage of the p-n juaction?
d) The width of the depletion region of the p-n junction. Compare it with the total thickness

of the 8i wafer. .
e) Draw the corresponding energy band diagram of the p-n junction. [ s
SK 3: (15 points) tL/J
- Draw a schematic structure of a superstrate single-junction amorphous silicon solar teli

" Describe the function of the individual Iayers that form a single-junction amorphous!=™
silicon solar cell in the superstrate configuration.

Explain the fundamental difference in the structure and the working between the
crystall:me silicon and the amorphous silicon solar cells.
Whlch deposition technique is widely used for fabncatlon of amorphous siticon and Wha et

are their advantages and drawbacks? ;}M ‘éw 4 ijv d ,}\9 Re o
WA "y \1. ko oegy (” “}L

K 41,(15 points) :
What are the external parameters of a solar cell and how are they measared” and \,.
determined? Use a sketch to illustrate the Imeasurement and determmlon of the extemal l

_parameters. D B
Sketch an equivalent circuit of a solar cell with a series and parallel resistances. A )
ow do the external parameters of a solar cell depend on a series and parallel resisiances? v

D avw an illuminated 1-V characteristic to demonstrate the effects.

1ve, typical values of external nal parameters ofa drystallme silicon solar cell and amorphous silicon &% \«\
e pu —t PR
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VAKGROEP ELEKTRONISCHE COMPONENTEN, TECHNOLOGIE EN
MATERIALEN

Examination Solar Cells (ET4-149)

This examination consists of 7 tasks, Give short and concise answers to the tasks, Use the
enclosed appendices A and B to carry out the calculations.

TASK 1: (15 points)
a) Working of a solar cell is based on the photovoltaic effect. What is the photovoltaic
effect and which are the fundamental processes behind this effect?
b) Demonstrate these processes schematically using a sketch of a solar cell (use a single
junction amorphous silicon solar cell on glass as an example).
¢) Draw the corresponding band diagram of an amorphous silicon solar cell,

TASK 2: (20 points)

A 350-micrometer thick crystalline silicon wafer is doped with 1x10"" acceptors per cubic
centimeter. An emitter layer of 1 micrometer is formed at the surface of this wafer with a
uniform concentration of 5x10%° donors per cubic centimeter. Assume that all doping atoms
are ionized. The intrinsic carrier concentration in silicon at 300 K is n;=1.18 x 10'% em™.

How large is (at 300 K and thermal equilibrium):

a) The electron and hole concentration in the p-type and n-type region, respectively?
Which charge carriers are the majority carriers in the p-type region and what is their
concentration?

b) What is the position of the Fermi level (in eV) in respect to the conduction band in the
p-type and n-type region, respectively? Draw the corresponding band diagram of the
p-n junction.

¢) the built-in voltage of the p-n junction?

d) the width of the depletion region of the p-n junction. Give your answer in micrometers
and also as a percentage of the total thickness of the Si wafer. Which doped region
forms the larger part of the depletion region?

TASK 3: (10 points)

a) Draw a schematic structure of an amorphous silicon (a-Si:H) single junction solar cell.
Sketch the IV characteristics of a typical a-Si:H solar cell at the standard illumination and
discuss the external parameters of the cell.

b) The measurements of the illuminated IV characteristics of an a-Si:H solar cell show that
the fill factor of the cell is low. Give at least 2 possible reasons for the low fill factor.

c) One of the problems in a-Si:H solar cells that lowers the performance of the cell is the
high series resistance. Explain what the cause of the series resistance can be and point out
two places in the a-Si:H solar cell where the problem of a high series resistance can occur.

TASK 4: (20 points)
a) Explain the fundamental difference in the working between a crystalline silicon and an
amorphous silicon solar cell.
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TASK 3: (10 points) Sl VRS nodion.

a@)/ Draw a schematic structure of an amorphous silicon {(a-Si:H) single junction solar cell.
Sketch the IV characteristics of a typical a-Si:H solar cell at the standard illumination and
/ discuss the external parameters of the cell. 78 7.} \ )mfu e
. b} The measurements of the jlluminated IV characteristics of an'a-Si:H solar cell show that
" thefill factor of the cell is IQ;G. Give at least 2 possible reasons for the low fill factor. 5.2, 4
/ ¢} One of the problems in a-Si:H sofar ¢ells that lowers the performance of the cell is the . * wotiegs doof
Y high series resistance, Explain what the cause of the seties resistance.can.be and point =
out two places in the a-Si:H solar ceil where the problém of a high series resistance can|
QCCUT. g g ¢ por, T |
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K 4: (20 points}) -
a) Explain the fundamental difference in tlhf working between!a crystalline silicon and an
amorphous silicon solar cell. 7.6, 1 “edflusion/arifl davice
b) Draw the band diagrams for both types of solar cells. Sketch the IV characteristics in

dark and under standard illumination for both types of solar celis. How can you

determine from the IV characteristics, which type of solar cell you measure? 73, 710 fjurs. '-IL(W‘ .
c) What is a typical thickness of the active silicon layers in a conventional crystalline silicon o
solar cell and in a single junction amorphous silicon solar cell? Whicch ma&grial p‘roperties Crony S
, ; \ - LG o e n- O
determine the thickness of the active layers? 38% - f;,?j“\\:l:m a7 e o ("\‘i%‘""‘\f" & Vusen
d) Explain the approaches how to make the crystalline( silicon solar _cell. thinner without {xeth cs%
H . £l . 2 by - [ LY o
influencing the efficiency,.  7.6.29 «+ slide &0 wedul 7 {ossen . NSO
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TASK 5: (15 points) ._;1‘);5’; ;“,.:m;

}  Family Black has on the roof of their house place for 4 solar modules {the description of
the modules is given below). They decide to place 4 solar modules on their roof using a
campaign of Greenpeace, in which their offer a complete solar cell system {with 4
modules) for the price of 1000 €. How many years has to use family Black the solar
system to earn the costs of the system back?

b} The total use of electricity in the Netherlands is at the moment 80 TWh per year. What
is the total area of solar cells that is needed to generate this electricity consumption in
the Netherlands. (Use the same modules as family Black)

Given:

The module efficiency is 12 % and the area of the module is 1 m?. The lifetime of the module
is 25 years. The PV system is placed in The Netherlands where an average price of
conventional electricity is 0.22 € per kWh.

/ TASK 6:)(10 Points)
“-...a)-Name at least three other types of solar cells than the solar cells based on silicon.
What is the status of these solar cells (efficiency)?
b) Draw the basic structure of a Dye-Sensitized solar cell. Explain how the carriers are

generated in a Dye-Sensitized solar cell. ; :jf,.!;_x‘s.(_ : Wi CO0THTY o oo
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gfi What are the major steps in the production of crystailine silicon solar cell (start with — Jeenlsiock
~ , the natural source of silicon)? €cr wusclu by : =03y 24 rockes, quar
b} Name four major efficiency losses in a crystalline silicon solar cell? Explain them
\J . 14 . v =
briefly.  s{yp 19 ,oghde Tofosst pL b reigdazadiod -g,\ﬂ-}(,{ w
I W PO v B R <'I.E:S:.?“E‘->-§ [l
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LABORATORY OF ELECTRONIC COMPONENTS, TECHNOLOGY AND MATERIALS

Examination Solar Cells (ET4-149)
Tuesday July 03, 2007, 9:00 —-12:00

Write your name on each piece of paper. This examination consists of 7 tasks. Give short
and concise answers to the tasks. Use the enclosed appendices A and B to carry out the
calculations, K

T.}S{{ 1: (10 points)
a) Working of a solar cell is based on the photovoltaic effect. What is the photovoltaic
effect and which are the fundamental processes behind this effect?

b) Name the main advantages and disadvantages of photovoltaic solar energy?

¢) Which photovoltaic technologies are in production at present and which of them
dominate the market?

d) Explain the difference between the 1* and 2™ generation of solar cells for terrestrial
applications? Which PV technologies are the main representatives of the 1% and 2™
generation of solar cells?

¢) What is meant by the energy pay-back time of a solar cel]?

Answers:
a) The photovoltaic effect means the generation of a potential difference at the junction
of two different materials in response to visible or other radiation.

Fundamentally, the device needs to fulfil only two functions: photogeneration of
charge carriers (electrons and holes} in a light-absorbing material, and separation of
the charge carriers to a conductive contact that will transmit the electricity.

b)

Advantages:
v environmentally friendly v

®  no noise, no moving parts -/

®  noemissions

¥ no use of fuels and water .

" minimal maintenance requirements v

* long lifetime, up to 30 years ./

u electricity is generated wherever there is light, solar or artificial v

" PV operates even in cloudy weather conditions v

® modular or “custom-made” energy, can be designed for any application from
watch to a multi-megawatt power plant v



\Cost ofa PV syst@
Excercise: o
a) 1. What must be the production costs of a PV system, which generates electricity at a

price that is comparable with the price of conventional electricity?
b) What are the costs of this system per Wattpeak?

(Given: The efficiency of PV modules that comprise the PV system is 14% and the
lifetime of the modules is 20 years. The PV system is located in The Netherlands ‘
where the average price for conventional electricity is 0.10 € per kWh. The average
energy per unit area delivered by sunlight during one year is in The Netherlands
1000kWh/(m? year). We neglect the conventional electricity price change due to
inflation or other circumstances.)

Module area
Excercise:

/\Clliyow big area of a roof must be covered with PV modules in order to generate an
.average household annual use of electricity?

Zlﬁow expensive must the PV system be in order to deliver electricity at the same
“price, as is the price of conventional electricity?

A
.

(Given: The efficiency of PV modules that comprise the PV system is 12% and the
lifetime of the modules is 20 years. The PV system is located in The Netherlands
where the average price for conventional electricity is 0.10 € per kWh and the
average energy per unit area delivered by sunlight during one year is 1000 kWh/(m?
year). The household average electricity use is 2500 kWh per year.

Questions ~ Organic solar cells

* Which factors do affect the potential in a polymer solar cell?

i,,f » Calculate the critical distance in a photoactive blend layer with £=4.5 at room
temperature

\ * Calculate the minimum thickness of an organic blend layer consisting of a 1 tot 1
" mixture of a conjugated polymer and a wide bandgap SC in order to absorb 90 % of
-._‘-l the incident light. Neglect the reflection; the polymer has an.a = 18x10°m™

1\ e Calculate the gverage period! it takes for an exciton to cross 5 nm in a molecular

\':\ material. The exciton lifetime’is 2 ns and the exciton diffusion length is 25 nm.
\

€
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\}dj Draw the band diagrams for both types of solar cells. Sketch the IV characteristics in dark
and under standard illumination for both types of solar cells. How can you determine

from the IV characteristics, which type of solar cell you measure? 300500 Nk 200500

\/¢$ What is a typical thickness of the active silicon layers in fiventional crystalline silicon™ ™
solar cell and in a single junction amorphous siliconmi? Which material properties ‘

. . . - i - o 0 S

9 i~ '\O’\ i CJ.{ WIS\ a8 + bior b fakeid | (“"‘{7‘ L4 .

determine the thickness of the active layers? _bg AL §i0r o o D e ,)L.J;cr RS

. ; . . Ay
\ ) Explain the approaches how to make the crystalline silicon solar cell thinner' withou
influencing the efficiency. 4hinner jayers wnith wghf’f e{{icrenc, e ﬂ:‘;*ijg,c.&ses Lhe. g,{‘.(u-m;:;
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TASK 5: (15 points)
Family Black has on the roof of their house place for 4 solar modules (the description of
the modules is given below). They decide to place 4 solar modules on their roof using a
campaign of Greenpeace, in which their offer a complete solar cell system (with 4

modules} for the price of 1000 €. How many years has to use family Black the solar
system to earn the costs of the system back? \[g,5 2% ff;éf;‘;}” &,ﬁﬁ,ﬁem Syeod
\}a’) The total use of electricity in the Netherlands is at the moment 80 TWh per year. What is
the total area of solar cells that is needed to generate this electricity consumption in the
Netherlands. (Use the same modules as family Black) 80 xt0%kw LETtm®
VLO i
Given:
The module efficiency is 12 % and the area of the module is 1 m?. The lifetime of the module

is 25 years. The PV system is placed in The Netherlands where an average price of
conventional electricity is .22 € per kWh.

TASK 6: (10 Points)

iastic SC+5% Vz() Name at least three other types of solar cells than the solar cells based on silicon.
wmer SC 57, What is the status of these solar cells (efficiency)?

A4°1, \}zf) Draw the basic structure of a Dye-Sensitized solar cell, Explain how the carriers are
generated in a Dye-Sensitized solar cell,

TASK 7: (10 Points)

What are the major steps in the production of crystalline silicon solar cell (start with
the natural source of silicon)?

Name four major efficiency losses in a crystalline silicon solar cell? Explain them
briefly. :f-) &) A= Sileen growsthn bsng CZ zdted od add \J_W\(’?/\(&L: LoV VL
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. TASK 5: (15 points)
Silicon wafers are cut from ingots that are about 25 cm high. The concentration of interstitial
oxygen [Q] and substitutional carbon [C4] is shown in the figure below. The [O;] above 10
ppma (particle per million atoms) will affect the lifetime of minority carriers negatively. For
{C,] this limit is ats ppma. The solid solubility of carbon is about 10 ppma. For higher
impurity concentrations silicon carbide precipitates will be formed that will also reduce the

lifetime of the charge carriers.

25
j}\

\ o
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o
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10 goir
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conceniration (ppma)
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3]

PERVERE SRUI R WO N OO0 DO TN W I I T O |

O -llll'l_\ L . !
0 10‘4-20 3035-410 50 60 70 80 90 100

position from bottom ingot (%)

\jlf Which material parameters of a semiconductor, which are related to the petrformance
of a solar cell, are strongly affected by impurities? Describe the influence shortly.

\}6 Wafers from which positions of the ingot do you expect to lead to the best
efficiencies?

\)35 Make a sketch of the short-circuit current Jg as a function of the position from the
bottom of the ingot. Use arbitrary units for the Iy axis.

(10 points)

“amnily Smith decided to place 4 solar modules (the description of the modules is given
TR A below) on their roof using & campaign of the government energy department, in which a
f”"; ¢ “bomplete solar cell system was offered for the price of 1000 €. How many years has to

WLt s amily Smith the solar system to earn the costs of the system back? (The PV system is
¢y placed in The Netherlands where an average price of conventional electricity is 0.20 € per
kWh and it is expected that it will not change in near fufure. The arinual solar irradiation
in the Netherlands corresponds to 1000 equivalent sun hours.)

b The total use of electricity in the Netherlands is at the moment 80 TWh per year. What
should be the total area of solar modules that is needed to generate the present
consumption of electricity in the Netherlands? (Use the same modules as family Smith)

Given:

The module rated power is 150 Wp and the area is 1.5 m?, The lifetime of the module is 20
years. In the Netherlands, 1 installed Wp of the above mentioned PV system generates in 1
hour 0.80 Wh under equivalent sun conditions. Tera = 107
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Example of the examination Solar Cells (ET4-149)
Write your name on each piece of paper.

This examination consists of 7 tasks, Give short and concise answers to the tasks. Use the
enclosed appendices A and B to carry out the calculations,

TASK ¥: (20 points)

A 250-micrometer thick crystalline silicon wafer is doped with 5<10'® acceptors per cubic
centimeter. A 1 micrometer thick emitter layer is formed at the surface of this wafer with a
uniform concentration of 3x10'? donors per cubic centimeter. Assume that all doping atoms
are ionized. The intrinsic carrier concentration in silicon at 300 K is n;=1.5 x 10*° cm™.

How large is (at 300 K and thermal equilibrium):

a) The electron and hole concentration in the p-type region and n-type region? Which
charge carriers are the majority carriers in the p-type region and what is their
concentration?

b} What is the position of the Fermi level (in eV) in respect to the conduction band in the
p-type and n-type region, respectively?

¢} The built-in voliage of the p-n junction?

d) Draw the corresponding band diagram of the p-n junction.

e) The width of the depletion region of the p-n junction. Compare it with the total
thickness of the Si wafer.

TASK 2: (15 points)
a) Working of a solar cell is based on the photovoltaic effect. What is the photovoltaic
effect and which are the fundamental processes behind this effect?
b) Demonstrate these processes using a schematic drawing of an amorphous silicon solar
cell.
¢} What is meant by Erergy pay back time of a solar cell?

TASIK 3: (20 points)

a) Explain the fundamental difference in the working between the crystalline silicon and the
amorphous silicon solar cell.

b) Point out the differences between the solar cell structure of amorphous silicon and
crystalline silicon. Draw the schematic structure of both single-junction amorphous and
crystalline silicon solar cells.

¢) Draw and compare the band diagrams for both the solar cells under thermal equilibrium.

d) Draw the I-V characteristic under dark and illuminated conditions for both the solar cells
and point out the differences.

TASK 4: (10 points)

a} What are the external parameters of a solar cell and how are they determined?

b} How do the external parameters of a crystalline silicon solar cell depend on temperature?

¢) Give typical values of external parameters of a commercial crystalline silicon solar cell,
What is the efficiency of the best laboratory crystalline silicon solar cell?




ANSWER 1 (20 points)
a) {4 points)

Hole concentration in the p-type region: p = N, = 5x 10 em™

2 1042
Electron concentration in the p-type region: n= ST M =4500cm™
N, 50x10

. . . 9 -3
Electron concentration ir: the n-type region: # =N, =3.0x10" cm

2 1042
fi__z(l‘sxw ) =75 o

Hole concentration in the n-type region: p=
A VI TN T

The majority carriers in the p-type region are holes. The hole concentration is equal to the
concentration of the (ionized) acceptor atoms Na=5x10'"¢cm™.

b) {6 points)

Reference level Ec=0¢eV
In the n-type region;

19

E, —E =kTln| 2| =0.02586x 1| 22101 g 0ev

NC 3.0)(1
In the p-type region:
E, -E E.-FE;-E,.
=N v F =N [ G £

L A

5.0x10'

19

E,—E, =—kTin| £ |- E, = 002586 x In
N 1.0x10

¥

) ~1.10 = -0.9629eV

p-type ¢-Si Ee=0eV n-type c-Si
™

Eg:— Ec= -0.9629¢V

Figure. Band diagram for the crystalline silicon solar cell
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d) (2 points)
Energy pay back time: the time required for an energy conversion system or device to produce as
much energy as is consumed for its production

ANSWER 3,

a) (5 points)

The differences between c-Si and a-8i solar cells:

a) The erystalline silicon solar cell is a diffusion-type device and the a-Si:H solar cell is a drift-type
device.

b) (6 points)

a) Fora ¢-5i solar cell the thickness is around 300 to 500 micrometer. The diffusion fength of the
minority cartiets mainly affects the thickness of ¢-Si solar cell. For a-Si solar cell the thickness is
around 300 to 400 nm. The thickness of a-Si:H solar cell is determined by the absorption
coefficient and the degradation of a-S1 material.

b) Structure of ¢-Si solar cell is p-n, where the structure of a-Si is p-i-n

A ¢-8i solar cell is a thicker cell, with the thickness around 300 to 500 micrometers, An a-5Si is a thin
film cell with the thickness around 300 to 400 nm. Structure of ¢-Si solar cell is p-n, where the
structure of a-Si is p-i-n.

¢) {4 points)

Band diagram (2+2 points) c-81 solar cell band diagram see figure in answer 1.
ptype ] intrinsic a-Si:H n-type
«-SiC:H a-5iH

Er

Ev

Figure. Band diagram for a-Si:H solar cell
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Both the fill factor and open circuit voltage has a linear relationship with temperature.

¢) {2 points)
Typical values of the external parameters of ¢-8i and a-5i solar cells.:

Open circuit voltage | Short circuit current | Fill factor | Efficiency
¢S [0.6-07V 30-40 mA/em’ 0.8 18%

a-8i [ 0.75-1V 12-18 mA/em’ 0.65-0.7 | 9%
Record efficiency of ¢-Si solar cell is 24.7%.

ANSWER 5.

Efficiency=15%, Lifetime 25 year, Solar insolation in The Nederland is 1000 kWh/m® per year.
a) (5 points)

1 module of 1.5 m® generates per year: 1000 kWh year * 0.15 * 1.5 =225 kWh/ year.

4 modules generate: 4 x 225 kWh/year= 900 kWh/year.

The family spends 950 € for solar panels. So the electricity they can buy for this money from grid
supply = 950/0.20 = 4750kWh

The number of years they have to use the panels to produce this much electricity = 4750 kWh/900
kWh/year = 5.3 years.

b) (5 points)
1 module of 1.5 m” generate 1000 kWh/year * 0.15 * 1.5 = 225 kWh/ year,

For 80 TWh/ year (80 * 10° kWh) the number of modules needed
=80 * 10°/225 = 3.6 * 10° modules.

Each module has an area of 1.5 m’, so the area to be covered by modules = number of modules
=36%10"* 1.5 m* = 5.4 * 10° m® = 540 km’

ANSWER 6:

a4) (4 points)

The following are the major losses in a solar cell.

i)  Loss by long wavelengths — Long wave length photons which have an energy less than the band
gap energy of the semiconductor can not be absorbed.

ii} Loss by excess energy of photons — The energy equivalent to the band gap energy will be used to
generate an electron hole pair. The excess energy possessed by the photon will be released to the
crystal lattice and it will generate heat waves in side. In other words the semiconductor cannot use
the excess energy possessed by a photon for carrier generation,

iti) Loss by metal electrode coverage by reflection and absorption ~The metal electrode is used to
collect generated electrons. This metal electrode covers the area over active layer and it reflects
and absorbs the light falling on it. We make the electrodes in such a way that it exposes most of
the area of active layer to sunlight. Still then there is a small portion covered by this electrode and
we cannot use the Hight falling on this area.

iv) Loss by reflection from the active layers — All the materials other than a perfect black body reflect
or transmit light at an interface. So at every interface of a solar cell there is a transmission and
reflection of light. The reflection from the top most interfaces is a loss, as it cannot be used for
carrier generation.

v) Loss by incomplete absorption due to finite thickness —All the photons in the light cannot be
absorbed in a finite thickness. The will be getting transmitted through the back electrode

vi} Loss due to recombination — In the crystal lattice of a semiconductor there will be defects and
impurities present. These defects and impurities can capture generated carriers and will act as
recombination centers.




Number of modules in parallel

System nominal voltage
Module operating voltage

Number of modules in series

Total modules required

Daily Ah requirement
Reserve days needed

Usable battery capacity

Minimum battery capacity

So the design is:

- ;o
&i:XﬂJA.Pufff 5

17.05/44=3875—4

24.0V
34.0V

24/34=0.705 — 1

modules in series * modules in parallel
4% ]

4

102.3 Ah/day
4 days

80%

102.3 % 4/0.80
511.5 Ah

1) 4 solar cell modules of peak voltage 34.0V and peak current 4.4Amp are to be

connected in parallel

2) Inverter of efficiency 85% to be used
3) Battery capacity should be a minimum of 511.3Ah. Battery can be discharged up to

80% and charging losses are 20%.

4) System is designed for 24V operation

5) It has 4 days reserve time.




LABORATORY OF PHOTOVOLTAIC MATERIALS AND DEVICES

Examination Solar Cells (ET4-149)
Friday July 3, 2009, 9.00 — 12.00 v

Write your name on each piece of paper.
This examination consists of 7 tasks. Give short and concise answers to the tasks. Use the

enclosed appendices A and B to carry out the calculations.

02 T? K 1: (10 points)
7« A) Working of a solar cell is based on the photovoltaic effect. What is the photovoitalc effect

» p and which are the fundamental processes behind this effect?

b) Demonstrate these processes using a schematic drawing of a crystalline silicon solar cell. v~

R ¢y What are the transport mcohamsrx@s of the charge carriers in crystalline silicon? Describe

T [

’ ﬂ’ . them shortly, e 3
/gdj' What is meant by the Energy pay back time of a solar cell?
&
TASK 2: (10 points)

Only photons of appropriate energy can be absorbed and generate the electron-hole pairs in the
2~ semiconductor material. It is important to know the spectral distribution of the solar radiation when we
design solar cells. Figure 1 shows different spectra referring to the black-body radiation at 6000K,
AMO radiation and the AM1.5 radiation.

Questions:
hat is the definition of an Optical Air mass? Describe the AMO and AMI spectrum.

n Figure 1, the spectrum corresponding to AML.5 shows general attenuation and some gaps,

' éompared to AMO radiation. Explain the reason.
cj In the case of AMIL.5 radiation, what is the photon flux den31ty at the wavelength of O 4ym Use

/jr"‘# _ Figure 1. Ldu N
@) Crystalline silicon, whose bond-gap is about 1.12ev, is the material used in the first generatmn
solar cells. Amorphous silicon, whose bond-gap is about 1.7ev, is a kind of promising material for
4 low cost thin-film solar cell representing the second generation solar cells. Estimate the maximum
wavelengths which could be absorbed by amorphous and crystalline silicon respectively. (Plank’s

constant is 6.625x107* Js ; the elementary charge is 1.602x 107" C; the speed of light in vacuum
is 2.998x10°m/5)

25 T T T T T T T T T

45-} ......... .

I ‘\ % b
oo« BMYIC
&

W

li)

gt

_Spectral power density [KW/(m? pm)]

14 0.2 0.4 0.5 0.8 1.0 1.2 1.4 16 1.8 2.0
Wavelength fum)

Figure 1

1
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E/SI(Y (15 points) A
ésign a solar cell system for a summerhouse with 12V nominal operating voltage. The house \ o
apphances that are installed in the house are in the table: /

DC apphances
Lamps -
Laptop - .
'Televxsmn

33 .Powel wnsumptwn [ Wattb]':"""""i “Usi

:-ACappltances
‘Washing. machme
‘Microwave oven - e
Coffee maker . z' 10000

The available solar cell modules, battery and inverter details are given below.

Solar insolation detazls - ’k i ]J
Hoursof =~ 14 .. A
insolation/day. ... \hours, i )
3
Battery details N
Reserve time 2 days
Usable battery power | 80% Eﬁ Y a
Battery system losses  |120% 1 | .
R
- 0.8 e ﬂ ﬁ) MS
. VR6S W SNl '"S 3
B ARl B S I T Y )
u b, i, ,i\
R ?’ 5:15 - \}_?Mm:j < 053 e fanqt
2o, J;%, b




Appendix A Appendix B

PHYSICAL CONSTANTS Chapter 2: SOLAR RADIATION
q electronic charge 1.602 x 107" coulomb v=cfd 2.1
g electronic rest mass 9.108 x 16°H kg
c veloeity of light in vacuum 2998 % 10° mfs v L 25
o permittivity of free space 8.854 x 10" farad/m g ‘ (2.2)
h Planck’s constant 6625 % 10 joule x5 _4 |
23 e
k Boltzmann’s constant 1.380 % 107 joule/K. 1
kT/g  thermal voltage 0.02586 V (at 300 K) d(A)= %ﬁﬁwi {2.3)
¢
n wavelength in vacuum associated with photon of 1 eV energy 1.239 % 10 m
Air mass ={cos 3-“ (2.4)
Chapter 3; SEMICONDUCTOR MATERIALS FOR SOLAR CELLS
SELECTED PROPERTIE OF SILECON (at 300 K)
1 Eg=E;~E, (3.3
E;,  energy band gap 1.08 eV - Y2 )
Ng  effective density of states in conductipn band - 3.0 % 10® m™ om0 = S g (E)= m@ (£ |mnu_.r (3.2a)
Ny effective density of states in valence band - 1.0 % 107 B.ua,... H o h
a; intrinsic concentration of carriers - 15%10%m> . . SR a2 am’ 3
&  relative permittivity : . 117 g (E)= voam, (E-£)" (3.2b)
# refractive index 3.5 (at 1.1 % 10°* m wavelength) B
i, electron mobility g 1350 % ﬂmk ﬁw~\<m (5 i
o hole mobility . 480 % 107 m*/Vs FlE})= (3.3)
D, electron diffusion coefficient 0.02586 x u, 14exp Tm - Ep u\»u.”_
Dy hole diffusion coefficient 0.02586 * 1y n= .‘Ma gc(EVf(E)dE (3.43)
p= 5 g (EY1- f(E)]dE {3.4b)
n= Neexp (Ep —E.)/kT ] for E,— E, 23T (3.52)
p=N,exp[(E, —E.)JkT] for £, ~E, 23T (3.5b)
np=n = NNy expl (E, —Ec)/KT |= No N, exp[ -E, [4T |, (3.6}
n, = Neexp{ (E, - E.)/kT = Nyexp[(E, - E)/kT | (3.7
= Mw. .
m_.uE._.m_m LA nilt._r+....,H_= Ny (3.8)
2 2 N, 2 2 N,
p=g¢(p+N;-n-N) (39
pHNL—n-N;=0 (3.10)
pP+Ny,—n—-N,=0 (3.11}
prN,—n=0, (3.i12)
N, =N} =n (3.13)
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Chapter 4: SEMICONDUCTCGR MATERIALS FOR SOLAR CELLS
n= i, =Ny

P=Pu n.ﬁ.w\zb.

P=Pp ™ N,

A=y =nl[N,.

plx)=gnN, for -1, £x<0
plx)=—gn, for 0x=l,

(3.442)
{3.44b)

(3.45)

(3.462)
(3.46b)

(3.47a)

(3.47b)

(3.482,h)

(3.4%a,b)

(3.502)

(3.50b)

(3.51a)

(3.51b)

(3.52a)
(3.52b)

(3.53)

(4.12)
(4.10)
(4.22)
(4.2

(4.38)
(4.3b)

1
E=—m [pax
.n.\v\nn\.c
Wmlﬁvﬂ.:%@.cvﬂoﬁ
q
B Ny +x for =1 <x<0
£09= L ) o1, <5
Elx)= mﬁamc N, -x) for 0<x<l,
ZLPHZUP
w=-[tax
i, )=0.
wla)=———=Np (et oL, 12 0,12) for -1, S x50
2€,€, " 2gg P e "
—__ 4 2
Q\?vlmmlmg?\_?lpvv. for 0sx</,

wo=y(-L)}-wl-t, )= wl-1)
W, =3 (N, 12 + ¥, 12).

28,8,
G¥ =By~ E £,
¥, = B, —kT1n 2% | 710 e = E, —kTln Yelle
[—— Ny Ny NNy
S =H m,,ﬁ
: /
/ i
" N, +N,
1
ﬁv I
{Tu_h.b&b ——
-~ 26,8, h RIS
. AN Ny
N,N
%gbk 4 £
N, +N,
J=J =S =0 for ¥, =0V

3 l)= 7,7, =0) %ﬁ ﬁ

kT
JplVe)= SV, =0)

(@.4)

(4.5)
(4.6}

(4.72)

(4.7h)

(4.8)
(4.9)
(4.10)

(4.113)

(4.11b)
(4.12)
(4.13)

(4.14)

(4.15)
(4.16)
(4.17a)
(4.17b)
(4.18)
(4.19)

(4.20)
(4:21)

(4.22)



