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Solar Cell Structure
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http://pveducation.org/pvcdrom/solar-cell-operation/light-generated-current

J/V Characteristics, and the Diode Egn.
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where I; = light generated current. *
The greater the light intensity,

Y the greater the amount of shift. R Conine
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The p-n Homojunction

Consider the the band diagram for a homojunction, formed when two bits of the
same type of semiconductor (e.g. Si) are doped p and n type and then brought

into contact. n-type p-type
Electrons in the two bits have T T ¢
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H. Foll: http://www.tf.uni-kiel.de/matwis/amat/semi_en/kap_2/backbone/r2_2 4.html


http://pveducation.org/pvcdrom/solar-cell-operation/photovoltaic-effect
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Basic Equations for Solving for the Electric Field, Transport, and Carrier Concentrations:
see http://www.pveducation.org/pvcdrom/pn-junction/basic-equations, up through
“Solving for Region With Electric Field”
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Transport equations: -~~~ T7TTTToooommmmm o e T
_ dn(x) , , . :
J =qun(x)E+qD, ; (first term is drift, second is diffusion)
X
Important material-specific properties:
dp(x) P P prop

J,=qu,p(x)E—¢gD, * Carrier mobility (i, and )

dx e Carrier concentrations ( n and p)

Continuity equations:
General conditions Under thermal equilibrium and steady state conditions
an_1d, _(-0) 19, _w-o)

dt g o q &

al aJ
d—pzl—M{U—G) l—P:—(U—G}
dt q & q &

where U and G are the recombination and generation rates in the particular material and depend on
the details of the device and may also depend on distance.
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How do we measure n, p, i, and |, ?

Through conductivity / resistivity measurements?
o,=1/p,= nen (don’t confuse p with p)

| Generally, transport can be due to electron and holes, so;
Ototal = Gn T GP

- though in most cases one deals with holes or electrons

e For achunk:
— R=p (L/A) (Q)
e Forafilm:

—p=R,xt (Q-cm)
—

Current (1)




Do we have electrons or holes?

F=qgE+vxB) Lorentz force

Hall Effect measurement setup for holes Hall Effect mieasurement setup for electrons

p-doped semiconductor n-doped semiconductor

Wikipedia



Hall effect measurements

Hall effect measurements using van der Pauw
sample configuration allows determination of:

* Charge carrier type (n or p)
* Charge carrier density (#/cm3)
* Relevant Hall mobility (cm?/V-s)

* |nvestigations of carrier scattering, transport
phenomena as f(T) and other variables.
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A METHOD OF MEASURING SPECIFIC
RESISTIVITY AND HALL EFFECT OF DISCS
OF ARBITRARY SHAPE

by L. J. van der PAUW

537.723.1: 53.081,74-538.632: 043.9

Sunomary
A method of mensuring speeific veaislivily ond Hall effest of Har
sarriples of arbitrary shape iz presented. The method ia based W[HOLL &
thevrem which Lolds for o flat sample of avhitrary shape if Lhe ¢contaots
wa suficiently small and Togated nt Uhe clveumicrense of the samnle,

furvthermore, the smmple must e singly oonnected, L., 10 s nerk
heve isolated holes.
An ideal sample An real sample

A well-known example is the bridge-shaped sample shown in fig. 2. The
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Fig. 1. TLe classical shape of a sample for mensnring the spevific resistivity and the Hall e/Teet, Fig. 2 The bridge-shaped sample, furnished with large arcas for making low-ohmis contocts,




van der Pauw’s advance

2. A theorem which holds for a flat sample of arbitrary shape

We consider a flat sample of a conducting material of arhitrary shape
with suceessive contacts A, B, € and D fixed on arbitrary places along the
circumference such that the shove-mentioned conditions va) te (d) are ful-

filled (ses fig. 3), We define the resistance Rypcp a8 the potential differenco
o

B8
] P lﬂ' mm
Fig. 3, A snmple of arbitrary shape with four small contacts ul arbitenry places nlong the

ciroumf i roordi :

through the contact B. Similarly we define the resistance Hye ny. 1t will be
shown that the I T Telntion holds:

exp (— 2Ry dfe) -+ exp (— aRpepn dfg) = 1, (1)

e — =
e S

where g is the Fpevriesesi 2ol the mater 15 Lhe—t
sample,

To prove eq. (1) we shall fivst show that it helds for s particular shape
of the samnle, The second step is to prove that if it holds for a particular




Enables measurement of wafers, IB

presents large surface area to B Field Ve = X
to generate larger Hall qis
Square or Square or rectangle:
Cloverleaf rectangle: contacts at the edges
contacts at or inside the
1 4 the corners perimeter
?/ \< : .
J : « [ —» - [ -
>\ /< = =
2 3
(a) (b) (©)
Preferred Acceptable Not Recommended

http://upload.wikimedia.org/wikipedia/commons/0/03/VanderPauwContactPlacement.jpg



A few conditions for valid measurements:

1. The sample must have a flat shape of uniform thickness

2. The sample must not have any isolated holes

3. The sample must be homogeneous and isotropic

4. All four contacts must be located at the edges of the sample

5. The area of contact of any individual contact should be at least an order
of magnitude smaller than the area of the entire sample.

6. The sample thickness should be << than the width and length of the
sample.

7. ltis preferable that the sample is symmetrical.

The measurements require that four ohmic contacts be placed on the sample.
Contacts should be placed on the boundary of the sample. Contacts would
ideally be infinitely small.

Practically, they must be as small as possible; any errors given by their non-
zero size will be of the order D/L, where D is the average diameter of the

contact and L is the distance between the contacts.

http://en.wikipedia.org/wiki/Van_der_Pauw_method



Procedures in Hall effect measurements:

e The contacts are numbered from 1 to 4 in a counter-
clockwise order, beginning at the top-left contact.

* The current |, is a positive DC current injected into contact
1 and taken out of contact 2

* The voltage V3, is a DC voltage measured between
contacts 3 and 4 with no externally applied magnetic field
* The resistivity p is measured in ohms-meters (Q-m).

* The thickness of the sample t is measured in meters (m).
* The sheet resistance R is measured in ohms (Q).

 http://en.wikipedia.org/wiki/Van der Pauw method



http://en.wikipedia.org/wiki/Van_der_Pauw_method

% MMR Hall and Van der Pauw Measurement System
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Data File ”a"‘el Infa || | Sample Diagram
Experiment Type
P wp | Hall Effect Measurement z‘i is Parameter Formula
Process | Four Probes R esistivity Measurement L o
i _ M- My V1LV 1L 12 are Valage 1, Yoltage 2, Current 1, and Current 2
| Probes Source/Meter | | | | - - Resistance [ respectively. Cumrent 12 iz taken with a polarity opposit that of 11,
[Pairt # | [Pairts | L o . ; : )
c A 3 F' meanz Resistance aquired by applying curent to the probes defined
[ Current 1. [4) | | | | [Temperature K] | Ratio ¥ = ‘_‘Zal ‘ b the Firzt indes and by meazuning volkage on the probes defined by
|Vo|tage 1, [+ | | | | |Hesistivit_l,l [Dhmem) | Fag 4 the zecond ?nd;:-:. The Ratio is calculated far &ll sidn_as of the zample .
| Curent 2. (4] | | | | | | Under certain circumstances the Resistance as defined above can be
" hegative,
Yaltage 2, o @2 'a' zatigfies A2 =1 -a, where 2=x if X1 or 2=1/ if 21,
| | Form Factor F
| Resistance, [Ohm] | | | | | | Iha + In(1-8) IFlorm Factor iz needed to calculate Resistivity of the sample.
dF ( R +R ) d |s_the sample thickness, Hesstiabp s cglculated tor all probe
| Field, (5] [ [ [ [ Resistivity o= ROFLPzze " Aoz Eonflgurztl;ns and then a\i'eraged. Fesult is presented o the
2In2 weraged Resistivity panel.
| Ratio | | | | : I 103 & Fiygze* 8P Si)d "B is the chahge in applisd fisld which produces the resistiances
| Farm Factor | | | [Hall) Mobility = 2088 changes ﬂHls,z-t and AR 24,3
[ Resistivity (Ohrem] | | [ Help | Statistics | Close .
Density of camiers 7 = &' iz the charge of an electron.

1
peL

Hall Coefficient Finan = &

Sheet Number Nepone =11 d Sheet Mumber iz the humber of camiers per unit area of the sample.

-
Sheet d

Type of carriers Type of carriers iz defined by the sign of Hall Mobility. If pozitive, then
cariers are holes, negative means elections.

Sheet Resistivity R

System Status

| Point # ,_ | Error H-50 Ewor. AF |

Status | Waiting for instruchions

Current.[A) Taget | Read | | Fleld [G]  Target | 1] Read | |
Read | | Power(W)/ || Runtime| 000002 ||

Temper.[K] Taget |

4 Start fB] Inginnop MR Hall and van der. ..




Parameter Formula
_ Ma-
Rezistance R = .- 1
R
Ratio w = ‘Tﬂ.-i ‘
234
Form Factor F= -din2

Iha + Ih(1-a)

AdF (F,se * Roa )

Resishivity P = -
f
1084 R pn oy APy o)d
[Hall] Mobility o= 123,24&.E= 24,71
o
Density of carriers 7 = ,3'31,.'.-',

Hall Coefficient Rua = &

Sheet Humber Meopoar = 7 ol
i #
Sheet Hesistivity Figpoer™ I

Type of carmers

Mote "More i| Close |

YW1,W2 1, 12 are Voltage 1, Vaoltage 2, Current 1, and Current 2
rezpectively. Curment 12 iz taken with a polarity oppozit that of 1.

'R meanz Resiztance aguired by applving curent ta the probes defined
b the first index and by measuring voltage on the probes defined by
the second index. The Fatio iz calculated for all sides of the zample .
Under certain circumstances the Resistance as defined above can be
hegative.

'a' zatisfies af =1 -a,where z=x if xg1ar 2=1/%if x>1.

Form Factor iz needed to calculate Resistivity of the zample.

'd" 1z the zample thicknesz. Hesiztraty 1z calculated tor all probe
configurations and then averaged. Aesult iz prezented on the
Averaged Resiztivity panel.

‘MBIz the change in applied field which produces the resistiances

change: AR and AR

13,24 24,1

'e' Iz the charge of an electron.

Sheet Mumber iz the number of carmers per unit area of the zample.

Type of camerz iz defined by the sign of Hall kMobility, [F pozitive, then
carriers are holes, negative means electronz.




Hot Probe Test to Determine Carrier Type

Seebeck effect: All you need is a soldering iron, and an ammeter!

http://ecee.colorado.edu/~bart/book/hotprobe.htm



Hot Probe Test to determine Carrier Type

Intrinsic

p=n=n
Number of thermally generated
Holes equals number thermally
generated free electrons

After Hamers

n-type
L T T
(T2
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11
17

Number of free electrons

equals number of

positively charged donor ions

p-type

Number of free holes
equals number of
Negatively charged acceptor cores



Hot Probe Test to determine Carrier Type

After Hamers

Distribution of OCCUPIED

C.B. levels:
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These are not in equilibrium!



Hot Probe Test to determine Carrier Type

Seebeck effect, n-type semiconductor

Electrons diffuse from region of high
Concentration to region of
lower concentration

Fick’ s Law of Diffusion:

j—_p&
OX

“Cold” side becomes slightly
negatively charged
Hot side becomes positively charged

After Hamers



