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ABSTRACT

The simple theory of solar cells operation is discussed

using the help of the energy level diagram. The equations
governing doping level and currents of a one dimension solar
cell are presented plus the limitatiqns of conventional cells
and the possible means of overcoming these limitations.

The advantages of a rod cell and the experiments done by
Johnson are explained. The continuity equations and the photo-
generation rate are derived in cylindrical coordinates. These
equations are solved numerically and the behaviour of the short
circuit current, the open circuit voltége, the‘efficiency and the
fill-factor w.r.t., the surface recarbination velocities and the

cells dimensions are studied theoretically.
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CHAPTER I

INTRODUCTION

A solar cell is a photovoltaic device designed to convert
sunlight into electrical power and to deliver this power to a SU;';table
load in an efficient manner. The advantage of solar cells lies in
their ability to provide nearly permanent, uninterrupted power at no
operating cost with only heat as a waste product, and their conversion
. of light directly into electricity rather than some intermediate form
of energy. They also have a high power/weight ratio compared to
other power sources. Their chief disadvantage lies in the low power/
unit area, their relativity low efficiency, and high cost. [1]

The traditional silicon solar cell consists of a Si single
crystal "wafer" 12-18 mils thick having a very thin (0.2-0.5) um)
diffused region at the surface to form a P-N junction. Electrizcal
contact is made to the diffused region in such a way as to allow a
maximm amount of light to fall on the Si element. An ohmic cdntaci; is
to the back of the wafer. An evaporated antireflection coating is made
applied to reduce the amount of light lost by reflection fram the
surface. Finally a covef of glass quartz, sapphire, or specially
treated glass, with additional antireflection and ultraviolet rejection
filters, is bonded to the cell with transparent adhesive to prevent
high energy particles from reaching and degrading the device. The
optimm material in terms of efficiency is a semiconductor with band-

~gap around 1.5 eV. Materials with band gaps from 1.1 to 2.0 &V are



nearly as good. The chief candidates are Si, InP, GaAs, (d4S. Of
all the available semiconductor, Si is the most abundant, the least

expensive and whose technology is the most advanced.




~Fig(1) I-V curve of an illuminated p-n

junction sofar cell. 12




1.1 Device Parameters

Solar cell behavior can conveniently be examined through three
main parameters (as shown in Fig. 1).
(a2} The Open Circuit Voltage voc
this is the voltage oufput when the load impedance is much
greater than the device impedance. |
(b) The Short Circuit Current L
this is the current output when the load impedance is much
smaller than the device impedance.
{c} The Fill Factor F-F v
this is the ratio of maximum power output to the product of
Voc and I.sc"
The efficiency of the cell can be expressed in tei’ms of the

above parameters by the relation

v FF Isc ° Vocv

P. . a
in

where a is the surface area of the device.



1.2 Literature Survey

The effort in Si can be divided into two main parts: a low
[3] ‘

cost material effort and a device improvement effort.

Two paths of device improvement are underway: (1) to obtain
higher efficiency cells (possibly at higher cost) and (2) to produce
less expensive cells (probably at lower efficiency). High efficiency

cell development received a boost several years ago with the advent

of the "violet cell” which used narrow junction depth and reduced
surface state concentrations to eliminate the dead laver at the surface of
the diffused region, enhancing the photocurrent. The photocurrent had
been enhanced by texturing the surface [21,13) a5 shown in Flg 2 and
by using improved anti-reflection coatings of Ta,0s together with
silica cover glasses. The reflection loss has been reduced to :3% in
this way and photocurrents of 46 mA/cm® (AMO) have been obtainéd.
Attempts are underway to reduce the cost of Si cells 1n four
possible ways: by lowering the processing costs of conventionally
designed cells, by automating the processing, by using hetréjunctions,
and by using Schottky barriers. Lower cost processing techniques include
screen printing of the contacts, spin-on anti-reflection coatings, and
______ painted-on diffusion surfaces. (31 : A sodium ﬁydroxide etch is used

to remove the damaged area from the Si surface after crystal sawing

and to texture the surface as in Fig. 2. All these techniques have
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Fig.2 Textured surface of a high efficiency Si cell.



proven successful and have produced 10-13% -efficient cells (AMb) .
A radically different structure that could lead to lower
cost Si cells is the heterojunction cell shown in Fig. 3. A wide
band gap material such as Sn0O,, In,0;, Cds, or GaP is deposited upon
an n—type or p-type Si substrate. The wide band gap material acté
as a "window" passing most of the light into the silicon. Short wave-
length light is absorbed within the depletion region in the Si,
erhancing the blue response of the cell, while the long wavelength
respconse is good if the diffusion length in the Si is hidgh. Materials
such as SnO, and In,0; are inexpensive and easy to apply, leading to
a potential cost reduction. Good experimental results have been
cbtained on several different structures using these transparent,
highly coﬁducting glasses. Efficiencies of 12% at AML have been
reported for Sn0,-NSi cells |
Schottky barrier devices (Fig. 4) are another potentially low
cost meihod for cbtaining terrestrial Si cells. A very thin me;tal |
film (75-150 A®°)of Au, Ag, Cr, Cu, AL, and the like are applied to a

Si substrate, usually by evaporation. The metal film is thin enough

_to transmit most of the light into the Si. A thin oxide, 10-20 A°

thick, is intentionally incorporated between the metal and the Si;

it has been found that such an interfacial oxide erhances the voltage

output (by lowering the dark current) without affecting the phbto—
[31

current



Sn(}z

Fig. 3 Energy band diagram of a Si—SnO2

heterojunction solar cell.
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Fig. 4 Energy band diagram of a metal—-ox;'Lc'ie—-S:.L Schottky

barrier solar cell.
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1.3 The Thesis Objective

The objective of this thesis is to study theoretically a
Rod and Half Rod silicon cell and the optimum dimensions for this
cell. Such cells will be used in trough nontracking concentrator

system.



CHAPTER IT.
i
QUANTTITATIVE ANALYSIS OF ONE-DIMENSIONAL

SOLAR CELLS
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CHAPTER TII

QUANTITATIVE ANALYSIS OF ONE DIMENSIONAL SOLAR CELLS

2.1 Simple Theory of Single Crystal p-N Junction Solar Cells

;gﬁfgjﬁ If the junction is illuminated (Fig. 11) the incident photons
are absorbed at different depths depending on their energy compared
to the width of the energy gap (Eg) of the semiconductor. These
photons librate electron hole pairs. If these minority carriers
(electrons on the P-type and holes on N-type)succeed in diffusing to
the edge of the depletion region before they recombine they will be
swept through the barrier. If the external circuit is shorted a
current will flow, which is the photo-current (assuming negligible
series resistance). If a load is connected, there will be a voltage
drop, this voltage will be applied to ﬁhe P-N junction in a forward
sense causing a dark current in opposite direction of the bhotocurrent.
The net current will be the superposition of two currents, (the photo-
current and the dark current) as shown in Fig. 5. This can be
explained with aid of the energy level diagrams of the junction as
below;{z]

The flow of carriers in the p-N junction occurs by two mechanisms.
Mincrity carriers are swept by the junction field down the barrier and

t mechanism leads to the reverse saturation current while the majority

carriers diffuse against the barrier.

Under open-circuit condition (Fig. 6-a) the external.current'
is zero which means that the rate of flow of minority carriers in one

direction is just counter-balanced by the rate of flow of majority carriers
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Fig.{5 )Cross section of P-n junction
solar cell.
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of the same type in the opposite direction. If a reverse bias voltage
is applied to the junction (Fig. 6-b) the barrier height increases.
This increase in the barrier heicght does not affect the movement of
minority carriers (the reverse saturation current), while it inhibits
the diffusion of the majority carriers. If a forward bias voltaée
is applied to the junction (Fig. 6-c) the barrier height decreases.
This again does not affect the drift qf minority carriers. The
diffusion of the majority carriers up the barrier is enhanced for a
lower barrier in an exponential manmner resulting in a large forward
externél current. The I-V curve for a simple P-N junction diode is
shown in Fig. 7. -

In an actual junction, current flow also reéults from recamb-
ination or generation (for forward bias and reverse bias respectively)
within the depletion region. The total current for a practical junction

can be written as

= —«g\]__ —_
I IOQ’ [@@(Aom) 1] (1)
where
Ab - is called the diode ideality factor
Ab - is equal unity for a perfect junction and if

A, increases - the aensity of traps inside -the depletion
layer increases.
The value of Ioo also depends on the traps in the depletion region,

it increases with the trap density. For trap free junction IOO is equal
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Fig.(7) I -V curve for a p-n junction diode
in dark. '
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to the reverse saturation current (IO) of a perfect junction.

The external junction current is the superposition of the
photo-current (which is almost voltage independent) and the diode
current. If the junction is reverse biased, the diffusion current
is inhibitted and the external current is equal to the photo-current
in addition to a very small reverse saturation current (Fig. 8-a).

If the junction is forWard biased the diffusion is enhanced since
this current flows in a direction opposite to the direction of the
photo-current, the external current then-decreaseS'(Fig; 8~-b) .

If the forward bias is gradually increased, the external current
will decrease until the voltage reaches a value at which the dark
current is equal and opposite to the photo-current, i.e. zero éxternal
current. This value of the junction voltage is the open circuit voltage
Voc *

If the junction voltage increases beyond Vo, the difquion

current dominates and the junction functions as a forward biased dicde

whose I-V curve is shifted along the current axis by T

2.2 'The Equivalent Circuit

Under normal conditions the solar cell feeds a passive load
leading to a forward bias condition. Such a cell can be represented
by the simple equivalent circuit shown in Fig. 9. The photo-current

is represented by a current source I , and is opposite in direction to

ph

the forward bias current of the diode. Shunt resistance paths are

represented by Ry, and series resistance represented by Ry
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2.3 Derivation of the Photo-current

When licht of wavelength A is incident on the surface of a
semiconductor, the generation rate of electron-hole pairs as a function

of distance x fram the surface (Fig. 5) is
G(2) = a(d) F(A) (1 - R(\))exp (-a(A)x) (2)

where F()\) is the number of incident photons per cm? per sec per unit
bandwidth. R(A) is the reflection coefficient. a(A) is the absorption
coefficient.
The photo-current that these carriers produce can be determined
for low injection level condition using the minority carrier continuity
[1} "

equation’ -

For N-Region, continuity equation is:

de
T Gp + (Pn - Pno)/'l.‘p =0 (3)

Q-

The hole's current will be

= P E - dPp, '
I g Dy n/ax) (4)
wheri Gp is the Generation rate (2) for holes, E is the electric field,
P, is the photo-generated minority carrier density, Ppo is the minority
carrier density in the dark in equilibrium.

‘Since the continuity equation is linear, the general solution
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is a superposition of the solutions over all wavelengths.

The boundary conditions applicable are:

Dp(d(Pn)/ax) - up Pn E = Sp(Pn - Pno) at x =0 : (5)
(Pn - Pno) =0 at x = Xj (6)

where Sp is the surface recambination velocity due to the surface
states on the surface at the top.

For the P Region, the continuity equation is

The electron current is
Ty =d om0y E+q Dn(dnp/ax) | (8)

where Gn is the Generation rate for electrons, np is the photq—generated
minority carrier density and, npo is the'minority carrier density in
equilibrium in the dark.

The boundary conditions applicable are:

n -n =0 at x =x. +W ' (9)
P Py - J

— - . 10
D g tTW, L E sn(np ny ) (10)
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where Sn is the surface recombination velocity at the back and W is
the depletion region width.
If the doping is constant, the electric field E will be zero

in equations (4), (5), (8), and (10).

For ohmic contact at the back of the cell this lead to Sn = »

in equation (10), so the equation will be

(np - npo) =0 (11)

The solution of equation (3) with the boundary conditions

(5), {6) for constant doping is

— _ 202 _
,(Pn - Pno) = [a F(1-R) Tp/(oc Lp 1)1

xj-x SPLP < %
; (spr/Dp + osz} sinh T’E‘ + exp(—ocxj) (——Dp sinh g + cosh “1‘,5 )
- _ X X,
= 0T 3
L /D inh == + cosh —
(spl/Pp) L, L,

- exp—-ozx ] (12)

and the resulting hole photocurrent density per unit band width at the

Junction edge is

F(1-R) L
5 g F( )p

S TerE- 1 %
p [ozp ]

\spr/Dp + OLLP) - @(p(—axj)((spr/Dp) cosh xj/Lp + sinh Xé/Lp) (13)

[
(spr/Dp) smh(xj/Lp) + cosh(xj/Lp)

- Oin eXP("OLx’j)]
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The solution of equation (7) with the boundary conditions (9), (10)

for uniform doping is

F(1-R) T :
(np - npo) = —(Ez'ﬁrzl":—i) expl[-a (Xj-; + W) ]
X=X _~W
[cosh ———'—I—’g———-— exp [-o (x - Xj - W]

n

. ~oH"!
) (SnLn/Dﬁ):[cosh H'/Ln - exp(~aH')] + sinh H‘/Ln +al, e

(SnLn/Dn) Sinh(H'/Ln + cosh(H'/Ln)

KX —W

L
n

sinh { )] e (14)

and the resulting electron photocurrent density per unit band width
at the junction edge is

q F(1 - R)OLLn
0= T eele (G W]

i

~0H"*

. _ —qH" ) ‘ : .
L ((SnLn) /Dn) (cosh H /Ln e ) + Sll_lh H /Ln + oLye

T — — — s
(s nLn/Dn)Slnh H /Ln + cosh H /Ln

 where H' is the total cell thickness minus the junction depth and

depletion width H' = H - (xj + W .



_ The Depletion Region

Some photocurrent collection takes place from the deplfetion‘
region. The electric field in this region can be .considered high
enough that photogenerated carriers are accelerated out of the depletion
....... region before they can recombine, so that the photocurrent per uﬁit
bandwidth is equal simply to the nurber of photons absorbed. The
dsgletion region current is :

J3- = g F(1 - R) exp(~a Xj) [1~-e (16)

The total short circuit photocurrent at a givén wavelength is

> >

J =3 +3 +7J 17
photo ~ “n ' “p  “ar : (17)
211 of the above equations can be transformed from their

present form for N-P cells equivalent to P-N cells by interchaﬂging

Ln, D:“’ Tn’ and Sn with Lp, Dp’ Tp and Sp’ respectlvely,

2.4 Derivation of the Dark Current

'In all P-N Jjunctiong, several current transport mechanisms can
be present at the same time and the magnitude of each one is determined
by the doping 1evels_ on the two sides of the junction and by the presence
of any added energy barriers as in heterojunctions. These transport
mechanisms with forward bias are: 11

1. Injection of carriers over the junction barrier.
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2. Reconbination of electrons and holes within the depletion
region.

3. The injection of carriers up to a portion of the barrier

followed by tunneling into energy state within
the band gap. ‘
In the normal Si P-N junction device with 1 or 10 {i-cm base
material, the tumelling current is not likely to be of importance -
campared to the other two, but in Si devices made with 0.01 Q-cm bases,

‘ﬁhe tunnelling camponent will prcbably. dominate.

1. Injected Current

The N-Region

The behavior of minority carriers is governed by the continuity
equation, (minority carriers injected from P-side to N-side). The

continuity equation for minority carrier in the N-Region is

1 P 4
e (Pn - P )/’rp =0 (18)
and the current equation is
J = P E - gD (dP /dx 19
p g Up n q p( n/ ) (19)

‘The bounda.ry conditions applicable are

qu
P =P exp —m atx=xj (20)
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_ d : _
Sp(Prl PnQ_) = Dp 3 (Pn an) up Pn E at x=20 (21)
where
Vj = the voltage across the Jjunction.

The maximun value that the photovoltage can theoretically have

is the "built-in" potential vd which is related to the band gap by

Vd=Eg-— [Ec—Ef) - (Ef—Ev)
NN,
== KT in 22

where Na, ‘Nd and n, is the acceptor, the donor " and the intrinsic

charge carrier densities.

The P-Region

The continuity equation is

1 n
3 —— - (n_ - n o)/Tn =0 (23)
and the current equation is
—P
J=qunE+an 5 (24)

The boundary conditions are

np = npo exp(qVJ/KT) at x = x5+ W (25)
d(N —Npo)

— = N ___&_._. — =
_s,n(Np Npo) B = un np Batx=H (26)
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If we have wniform doping the electric field E will be zero

in equation (19),(21), (24), and (26), and the solution will be

- X trh e
Pn - Pno = Al oosh(Lp )( + Bl sinh I x < X
- = A, cosh[(x-(x. +w ) : (27)
np npo 5 [ (= ( 3 ))/Ln |
+ A, mnh[(x—-(xj + w))/Ln] Xj +w<<x<H | (28)

and using the boundary conditions, the injected curirent becanes

Jinj = Jo(exp[qvj/KT] - 1) (29)

2 .

5 =g ]_DE _r:li : (sPLp/Dp) cosh (xj/Lp) + smh(xj/Lp)
L
P

1.
(SPLP/DP) smh(xj/Lp) + cosh(xj/Lp) -

ni2 (snLn/Dn) cosh(H'/Ln) + sinh(H'/Ln)

a (snLn/}'Bn) sinh H' /Ln) + cosh(H‘/Ln) |

2. Space Charge lLayer Recombination Current

When a P-N junction is forward biased, electrons .from the
N-side and holes from the P-side are injected across the junction
depletion region into the P- and N - side respectively, but at the
same time some of these carriers recombine inside the depletion region,

5,6 . This is the

resulting in an increase in the dark current
space charge layer recombination current. In the Sah-Noyce-Shockley
(S-N-S) theory, the doping levels were assumed to be the same on the

two sides of the junction and a single recombination center located in

the vicinity of the center of the gap was assumed. This canponent
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of the dark current was shown to be

qn, W 2 sinh(g Vj/ZKT
Jrg = — a0 = Vj)/KT F(b) (31)

where V 3 is the built~in voltage, W is the depletion region thickness,
and Tpo, Tho &¥e the minority carrier lifetimes on the two sides of the
Jjunction, and

Fb) = J —_— (32)

where
T
b= [exp(~q V3/2KD)] cosh[(B, - B)/KT + % (=21,  (33)
no

vhere Ei is the intrinsic Fermi level.

-

3. Tunneling Current

Tunneling can be a major contribution to the dark current in
0.01 Q-cm Si devices, heterojunctions such as Cu,S-CdS, and for

[7]

Schottky barriers. These tunneling currents take the form

Jtun = K; Nt exp(B Vj) (34)
where K; is a constant containing the effective mass, built~in barrier,
doping level, dielectric constant, and Planck's constant, N © is the

density of energy states available for an electron or hole to tunnel
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)

into, and
B= (2) (mrem, .)? (35)
-7 ‘3h d,a )

The only method for differentiating tunneling currents from théxmal
ones such as Jinj and Jrfg is by temperature measurements. Tunneling
is very insensitive to temperature while the opposite is true for
thermal currents.

When more than one dark current component is present, the

S total dark current is the sum

> > > >

Jaark = Jinj + Jrg + I (36)

Fram the equivalent circuit (Fig. 9 ), the relation between

the output current IO

ut

and the output voltage Vot 18

Iout 1+ Rs/ Rsh) = Iph - (vout/ Rsh) - Ida:n:k 1 (37)

If 'RS -0 RSh + o, equation (37) reduces to

Iout Iph " Lsark

The actual operating point on a given solar cell I-V characteristics
(Fig. 1) is determined by the value of the load resistance RL' and it is

clearly desirable to choose R, so that biasing occurs at the maximum

power point (Imax' -vmax) . The energy conversion efficiency is then
given by
T : vV
h7 o max! max (38)
Pi . a

a is the surface area of the device.
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The incident sunlight power density (Pi) at any position on earth
depends on the thickness of the atmosphere between the dbservation
point and the sun.

The air mass number (AM) is a measure of this thickness. AMD
refers to the sunlight outside the atmosphere, while AMl refers fo the
spectrum on earth when the sun is overhead. Figure 16 shows the

spectral distribution for AM1.and AMO.
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CHAPTER IIT
The Limitations of Conventional Solar
Cells and the Possible Means for Overcoming

these Limitations

3.1 The Band Gap

When the incident photons havg energy greater than the band
gap,. absorption of the photons can take place and electrons can be
 raised in energy from the valence band to the conduction band creating
hole-electron pairs. If the minority carriers are able to diffuse
to the edge of the space charge region before they recombine, they
are swept across the junction giving rise to photocurrent, photo-
voltage aﬁd power into the load. The necessary energy for the ;:reation
of electron-hole pailjs is equal to the energy gap, the excess energy of
the ghotons contrj_bu;ces to lattice vibrations, meaning that it is
dissipated as heat. The photons with energy less than the energy
gap pass through the cell. The role played by the energy gap 1n
matching the properties of the semiconductor to the portion of sun
energy utilized in the generation of electron-hole pairs is illustrated

in Fig. 17 (a1 - Fig. 18 shows the variation of the maximm efficiency

with energy gap and temperature [10] .

3.2 The Absorption Coefficient

The ability of a material to absorb light of a given wavelength

. . , . e . -1
is measured quantitatively by the absorption coefficient in cm .
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As a general rule the intensity falls exponentially. The absorption
coefficient depends on the densities of states of the conduction
band, the valence band, and on the directness or indirectness of the
band gap and of the value of the band gap. Fig. 13 shows the

intrinsic absorption coefficients for Si, Ge and Ga As.

3.3 The Reflection Coefficient

For Si the loss of the incident light due to the reflection
amounts to 34% at long wavelengths (~1.1 ym) and rises to 54% at
short wavelengths (~0.4 im) . To reduce the reflection coefficient,
anti-reflective coatings can be used which reduce the reflection

[1]

coefficient to 10% average for single layer and to 3% for double layer'™.

3.4 The Life Time

The collection of photogenerated carriers by motion across
the P-N Jjunction is in competition with the loss of these carriers by
bulk and surface recanbination before they can be collected. Bulk
recombination can occur by band to band recombination, where an electron
in the conduction band drops to the valence band to recombine with a
hole and emits a photon, but annihilation through an intermediate
recormbination is usually the dominant mechanism. Fig. 14 shows the.

;75¥;‘t different recombination processes in the bulk of the Semiconductor.

If there are Nr recombination centers of a single energy levelv

Er and having capture cross-sections N and qp for an electron when

empty, and hole when filled, respectively, then the hole life time
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on the n-side of the junction is given by:[ll]
T = ( 1 )[lJ{NC ) exp(l_f‘?_:_Ef_._)
P Opvtth nnyo KT
o, Ny B, _E, '
‘4‘ (5 ) (;;— ) exp( - —RT )] (39)
n no

where LA is the free electron concentration on the n—type side and
is essentially equal to the doping concentration, Vih is the thermal
velocity, Nc and Nv are the densities of states in the conduction and
valence band respectively, Ec and Ev are the conduction and the valence
band edges respectively.

An analogous equation can be written for the electron life-
time in a p-type material.

lLarge vaiues of lifetime result in hidgh probability thaf

carriers cross the depletion region leading to high current.

3.5 The Surface Recombination Velocity

In addition to recombination in the bulk, a loss of photo-
generated minority carriers also takes place at the surface of the material
due to the presence of surface states which arise from chemical residues,
native oxides and the like. The rate at which carriers are lost at a
surface is dependent on the surface recarbination velocity S and the

minority carrier density toward the surface and is given by

JS =q sp(Pn - Pno) for N-Region (40)
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Js =g sn(np - npo) for p - Region (41)

The recombination velocity at the illuminated surface is of
critical importance, since the number of carriers generated for a given
wavelength is highest at this surface and decreases exponentiallj with
distance into the cell.

Recombination velocity at the back of the cell is not as
critical, but its importance increases as cells are made thinner,
particularly for lightly doped base regions.

Surface recombination at the front is even more important
for direct band gap materials than for indirect ones. This is because
for direct gaps, a larger portion of carriers are generated close to -
the surfaéee‘

To reduce the effect of the surface recarbination veloéity
one needs to provide (a) an electric.field in one or both regioqs of the
cell, (b) a back surface field. |

Providing an electric field in one or both regions of ﬁhe cell
will aid in moving the photogenerated carriers toward the junction,
where the energy band edges are sloping (rather than flat). The field

at any point is given by

E =1/ dEC/dx
1/q dE \/dx

D/u 1/N aN/dx (42)

Il

il

where N is the ionization impurity concentration.
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This electric field aids the collection of carriers generated
at low photon energies. The photocurrent and the dark current for
constant electric field is discussed by H. J. ovel

In back surface field devices the front part of the cell is made
in the normal way, but the back of the cell instead of containiﬁg
just a metalic contact to the moderately high resistivity base has
a very heavily doped region adjacent to the contact as shown in
Fig. 21.

The potential energy barrier wp (Fig. 15) between the two base
regions tends to "confine" the minority carriers in the more lightly
doped region away fram the chmic contact at the baqk with its
infinite surface recambination velocity.

If Wp = L, (Ln is the diffusion length) in region (1), then
some of the electrons that would have been lost at the béck surface
crcss the P-N junction boundary instead, enhancing the short circuit
current and increasing Vbc due to the effect wp and the decrease of
the dark current (because of the isolation of carriers from the back

. . . 1
contact). B.S.F. effects are discussed in detail by H. J. Hovel[*l,

3.6 Dicde Ideality

The total current for a practical junction is indicated by
equation (1)
= N
I Ioo(eproKT 1)

AO and Ioo increases as the density of traps inside the depletion region
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increases resulting in increasing the dark current. For a perfect

Junction Ab = 1 and lOO equals to the reverse saturation current.

3.7 The Series Resistance

The Fill factor is seriously reduced due to the series
resistance because of the voltage drop across it leading to reduced
output voltage and current. The short circuit current will be reduced
below the value of the photo-current éue to the forward bias across
the dicde caused by the voltage drop across RS, which results in

appreciable dark current as shown in Fig. 16a.

To reduce the effect of the series resistance, it is necessary
to make the top region thin but very highly doped and to optimize
the chmic contact grid pattern, by incfeasing the nunber of fingers
while decreasing the finger width and the distance between fingers.

Fig. I6b shows the efficiency as a function of Rs‘

3.8 The Shunt Resistance

Fig. 17a shows the effect of the shunt resistance on Si solar
cell curves, where the fill factor and VOc are reduced as the shunt
resistance decreases. Fig. 17b shows the effect of R.Sh on the

efficiency where low Rsh leads to low efficiency. 1In general, surface

passivation and careful preparation of the devices prevent significant

shunt resistance problems.
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CHAPTER IV

Theoretical Analysis

4.1 The Problem

One concept for reducing the cost of photo-voltaic arrays is
the use of nontracking, trough-like sunlight concentrators especially

[13] and

the ideal shape for trough reflectors described by Winston
Baranov[l4],‘ This shape is said to be "ideal" because it achieves
the maximum possible acceptance angle for a given degree of concentra-

tion. Fig. (18) shows the trough-like sunlight concentrators.

A major difficulty in using trough concentrators for photo-

voltaic arrays has been the lack of a suitable shape of silicon cells.

The basic problem is that linear concentrators require lineari(i.e°
elongated) energy receivers, |

The obvious approach is to arrange conventional réund wafer
cells into a line at the bottom of the trough. This has two dis—
advantages :[15] (1) packing geometry prohibits receiving mbre than
78% of the concentrated sunlight, (2) for ordinary 75 mm wafers the
reflections are necessarily very bulky.

Another approach has been the use of linear arrangements
116], Although this overcomes the
previously mentioned problems, it introduces a new problem namely
that of interconnecting large numbers of individusl cells.

An ideal silicon geometry for use in trough concentrator

would be a long, narrow ribbon such as that prdmised by the continuous
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ribbon growth techniques. To date however this technique does not

yvield silicon from which high efficiency cells can reliably be made.

[15]

As an alternative to ribbon silicon cells, Johnson has

considered using solar cells on the surface of small diameter (4 mm)
silicon‘rods.
This. chapter presents a theoretical analysis of the cell

fabricated by Johnson[ls]°

[15]-

4.2 Rod Solar Cell - Experimental Results

Johnson has developed a laboratory procéss to make two types
of solar cells on 4 mm diameter silicon rod as shown in Fig, 19.°
The full rod design, which is intended for use in metallized reflectors,
uses a copper fin to serve simultaneously as a mechanical support,
an electrical contact, and as a heat dissipator. The half rod design
is an adaptation for use in transparent dielectric concentrators
which function by total internal reflections. G. Johnson reported
that the solar cell performance is measured at several illumination
ievels using two quartz halogen bulbs, equidistant fram and on opposite

sides of the rod cell which are adjusted to each give a flux 157 mw/cm?®.

He assumed that this is equivalent to 100 mw/cm” when averaged over
the cylindrical surface. He reported that the best sample gave him
nearly 14% efficiency over an area of ~ 7 cm’® and I, =33 ma,/cm?
(active area only), Vbc = 0.61 V, and FF = 0.77. Typical samples

ranged from 10% - 13% in efficiency.
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Trough-like sunlight concentrator

(18)

. Fig.
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. 4.3 Model and Numerical Calculation for a Rod Solar Cell

In this work a model is introduced to study the characteristics
of both full rod and half rod, where the full rod model is slightly
different from the cell designed by Johnson, to facilitate theoretical
calculations (Fig. 20). Assuming constant cell paramefers and constant
temperature at 300 K and constant intensity of incident sunlight over
the surface of the cell, short circuit current and dark current are

'calculated,

4.3.1 Calculation of the Short Circuit Current

Under the assumption that the life time, mobility and the

doping level are constant and no electric field exists outside the

depletion region, the continuity equatic s is
&+J‘.§E+L§i€+?ﬁ_P =0 (43)
or? r 39r r2 362 D DT
p pp ‘
for the n-type region, and
.3_22.;.5_324._1_@2.2 Lo~ (44)
or? r or r? 3¢ D T.D
n nn

for the p~type region. The generation rate Gn and Gp in cylindrical

cooxrdinate is

_%o ., ° . 1 - (r )
G(A) = r CF(A) (1 - R (o (X)) - E') e o (45)
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It is assumed that the excess photogenerated minority carrier
density reduces to zero at the back surface due to the ohmic contact
and reduces to zero also at the edges of the depletion region due to

the barrier electric field. The excess minority carrier densities

at the top surface and at both ¢ = 0 and ¢ = ¢max edges are governed
by the recarbination velocities. So the boundary conditions can be

written

D — =8 P atr=r1r (46a)
p or p o
P =0 at r = r., +X (46b)
3 n
1 &P ;
= o = .+
Dp T p Sp at ¢ = 0, r,>r> rj Xh (46c)
,Dl_af_:ps at ¢ = ¢ ry >r>xr., +X (464)
PIr 39 P max’ "o J n

for n—region, and

= atr=r, -X 47a
n 0 a 5 o (47a)
1l on _ — - .
Dn ; -;O\-— ——*Sn n at d) - Or rj Xp >.l’ > rl (47b
=D lon _ +S n at: ¢ = ¢ r~-X >r>r (47¢)
nr 3¢ n - max’ 73 p 1
n = 0 'at¢=0,r<rl (474)
n =0 ’ at ¢ = d)max’ r<r (47e)

for the p-region.



The continuity equations (43, 44, 45) were solved numerically using
the boundary conditions mentioned before. Knowing the minority
carrier distribution, we can obtain the short circuit current densities

from the equations

Jp = —-qg Dp e at r = rj + X (48)
Jd = gb an at’'r =r. =X (49)
n n or J p

In addition to the currents densities given by (48), (49) the depletion

region current is.

(W) = ér_ q F() (1-R) ST L e s (50)

N +N
w = ~/(2€/P) N*"“T (Vd V_Vj)
a

4.3.2 (Calculations of Dark Current

The continuity equations (43, 44) take the form

32P 1 8P, 1 %P P
or2 r ar r?2 3¢° D T (51)

for the n-type region, and

2
%5%— N = 9 (52)

DT
nn

1

+r2

a’n , 1
w2z b r

e

for the p-type region.
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Neglecting the effect of the series and shunt resistance, the junction
voltage Vs will be equal to the terminal voltage and hence the
density of the minority carriers at the edges of the depletion region
are given by Boltzman's relationships (20), (25) and the density of
the minority carrier reaches its thermal equilibrium value at tﬁe
chmic back contact. The density of the minority carriers at the

top surface, at ¢ = 0 and ¢ = ¢max edges are governed by the

reconbination velocities there. The boundary conditions will be

D — = 5§ P at r =1 (53a)
p or P o

p -p =p (VAT _ 1)  atr=r +X (53b)
n . no no 3 n

o1 P _ ;
DPEEHJ-—SPP atq>—0,r0>r>rj+xn (53c)
1 oP _ -

Dpr 50 SpP at ¢ = ¢ ’ro>r>rj+fxn (534d)

for the n-region, and

( o (V7KDY _ 4y

n_-n = n =r., - X ' 54
o po bo at r = ry 5 (‘a)
D—l—-§2=+8n at =0, r, - X >r >r (54b)
nr n " P 1
»Di-l——a—r—l—=+Sn at ¢ = ¢ r~X>xr>rxr {54¢)
nr 3 n max’ T p 1 O=C
" %o = 0 at ¢ =0, r < (544)
: np-npo, = 0 at ¢ = ¢ s T < Iy (54e)

for p-region.



The dark current densities is calculated fram the equations

{48}, (49). The load current can then be calculated since

Tiaa = Ton ™ Faark (55)
for different values of applied voltage. From the I-V curve, we obtain
the value of the open circuit voltage and the maximun power point.
The efficiency of the cell was calculated using the input solar power
density for AMI of 100 mw/cm’® and for AMO of 135 mw/cm?.
The data used in the calculation is shown in table (1).

High base resistivity § gives a high life time cell of low

base
bulk recawbination, but at the same time the series resistance will
increase and the problems mentioned in section 3.7 will appear.

The series resistance of a half rod can be written

approximately as

=2
R, =7 (56)
which is independent of the radius, so the decreasing of Pbase

is the only way to reduce R for a fixed length.
Iow § ase gives low series resistance cell but the bulk
recombination will increase because of the decrease of the life time.

The chosed Gbase of 1 Q-cm is suitable because it gives

R_ = 0.3 for % = 1 cm and life time of 10 x 10°° sec.

The numerical method used in calculation is Gaus—Seidel

[17]

method ; this method will be explained in appendix (c).



TABLE (1)

Top Region Base Region

N, = 5x10% am ° N. = 1.5x 10 cm °
el a

Dp = 1.295 cm?®/sec . Dn = 27 cm®/sec.

Tp = 0.4x10° sec En = 10 x 10.—6 sec

Vd = 0.930 volt
n, = 1.6 x 109 em
e = 11.8 ¢
S :
L —_ l Q_
ﬁbase o
' Eg = 1,12 eV
r = 2 mm
o
rj = 1.9999 mm
T = 300 K

Py
Il
W
oe
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CHAPTER V
Results and Discussion

In this chapter the results of the calculations are presented

and discussed.

5.1 Short Circuit Current: (ISC)

Figure 26 shows the short circuit current as a function of the
surface recarbination velocity on the top surface. It can be seen -
from the figure that as the surface reconbination velocity S
increases, the short circuit current decreases slightly for surface
recarbination velocity values less than 10* cm/sec and then decreases
steeply for the values greater than 10" aw/sec. This is because
the surface states on the top act as a sink for the minority |
carriers and as the rate of the surface recarbination increases the
minority carrier loss increases leading to the decrease of theishort
circuit current. The material used is silicon which has an indirect
band gap, so most of the electron-hole pairs are generated far
fram the surface, so the effect of the surface recarbination does not
appear until the surface reconbination velocities have high enough
values. Figure 27 shows the short circuit current as a function of
the surface recanbination velocity S; st ¢ =0and ¢ = ¢max surfaces.
As expected, increasing S; leads to decreasing short circuit current
similar to the effect of the surface recambination velocity on the
top surface. The effect of S, appears at values equal to 10% cm/sec,

rather than 10* cm/sec in the case of S, This is because the great
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part of the area of these surfaces is on the base region (Fig. 25)
where most of the carriers generated there leads to great effect of
small values of 8; on Isc" Increasing S; leads to the decrease of
ISC mtil it reaches a constant value.

Figure 28 shows that the increase of the top thickness causes
a serious decrease in short circuit current. This decrease in short
circuit is expected because the top region is very highly dopéd

(N, =5 x 10'° cm °

5 ). This means it has a very low life time resulting
in a high recombination rate inside the region, which results in a low
short circuit current.

The variation of cell radius has great importance. This can
be seen fram Figure 29. In this graph one can see that if the radius
increases the short circﬁit current alsé increases to a maximum, and
then decreases to reach a constant value. This behavior can be
interpreted by the aid of equation 45. The reason the short circuit
current inéreases with radius is due two factors: (a) the loss of
transmitted light decreases with increasing radius, (b) the influence
of the back contact decreases (an ohmic contact of infinite surface
recarbination velocity). The reason for the existence of a maximum
is the geometry of the cell. There are two terms in-equation (45)
which have opposite effects as r, varies. First, the term -1/r which
reduces the Generation rate G(A), and second the term ro/r which is
greater than or equal to unity. If r, is large, the term -1/r tends
to zero and the term ro/r tends to unity while G(A) tends to the one

dimensional case. This is the reason for the constant current values
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for large radius. This interpretation appears correct because r changes
from a maximum value to r, to a minimum value below g by double the
diffusion length within which distance nearly all the incident photons
are absorbed. If r, is few times the diffusion length, the effect

of these two terms will appear, resulting in a maximm value of G(\)

and thus a maximum value of ISCO If r, is smaller than the diffusion
length the effect of the two factors (a) and (b) will be dominant

and will govern the behavior of the cell.

5.2 The Open Circuit Voltage (Vbc)

The value of the open circuit voltage as a function of the surface
recarbination velocities S;, S and the thickness of the top regibn
RT.is approximately constant at a value about 0.66 volt. Its va?ue
as a function of cell radius is not so constant. Figure 30 showé
that if the radius increases, the open circuit voltage increases;also,
but to a limit and it then decreases to a constant value. This %
behavior is due to two influences: (i) the increase of the short
circuit current due to the increase of the radius (factor (a) mentioned
before), (ii) the increase of the dark current due to the increase
of the amount of the bulk recombination if the radius increases.

The first effect tends to increase Vbc and the second tends

- to decrease Véc leading to the behavior shown in Fig. 30.
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5.3 Efficiency (?@

Figure 31 shows that as the surface recambination velocity S
increases, the efficiency will decrease. This is simply because
the increase of S leads to a decrease in ISC meaning a decrease in
the load current and consequently a decrease in efficiency. The
effect of the increase of the surface recambination velocity S,
is similar to that of S as shown in Fig. 32.

Figure 33 indicates the behavior of the efficiency as a
function of the top thickness RTo As RT increases the efficiency
decreases because of the decrease of Isc due to the increase of RT
which leads consequently to a decreased load current.

Figure 34 shows the effect of the cell radius on the efficiency

-which is due to the behavior of ISC aﬁd Vbc as a function of the

radius as shown in Fig. 29 and Fig. 30.

5.4 The Fill Factor (F-F)

The Fill Factor does not change if S, S; and RT changes.
It has an approximate value of 83.9%. The Fill Factor as a function
of the cell radius is shown in Fig. 35. The behavior depends on the
behavior of the efficiency, the short circuit current and the open

circuit voltage.
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CONCIUSION ‘AND ‘SUGGESTTION FOR FURTHFR RESFEARCH

From the previous results it is clear that the decrease of the
surface recambination velocities S and S lead to high values of
efficiency and short circuit current, S and Sy should therefore be
as small as possible. This could be achieved by etching the
surface. Also we should reduce the top thickness to obtain high
ISC and effiéiency° The effect of radius is of great importance,
giving us a maximum output power if the radius is around 500 Lm.

The dominant disadvantage of this cell is the series resistancé.

The series resistance for the half rod solar cell can be determined

P (56 ) ; Ry = f/("ﬂ?,) .

To avoid this problem we can construct a central region with very
high doping levels. This region will lead to a low series resistance

and will give a batk surface field leading to high short circuit

current and high open circuit voltage and consequently to high
efficiency. This highly doped central region cell could be used
in high intensity solar cell systems needing low series resistance.

We could also use another material of low cost like a polycryétaline

material or of high efficiency like the Ga As but in any case it

is advisable to use a highly doped central region to improve performance.
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We could use an induced electric field in the top region and in the

base or in both, but the problem of series resistance remains. For

optimm conditions we can use an induced electric field in the

top and a central region of high doping in the base plus a radius

around 500 pm.
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APPENDIX (A)

DERIVATION OF EQUATION (45)

The number of photons absorbed by a hollow cylinder of unit

length and dr thickness (Fig. (A.1)), can be written as
dN = 2nrIodr (A.1)
where I is the photon intensity and r is the radius of the

viinder. This is equal to the differential of the number of

incident photons at radius r which is

B
Il

d(2nrI)

2mrdI + 2nIdr - (a.2)

equating (A.1) and (A.2) and dividing by the common factor, the

result is
rIodr = rdI + Idr (A.3)
dividing by rdr, (A.3) takes the form

- daI L
ol = + - (A.4)
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therefore

ar

- _ L
> = I(a r) (A.5)
H
putting I = —i— , the L.H.S. of (A.5) becanes
ar _ 14’ _ L g,
a - r ar 27 (2.6)
and the R.H.S. of (A.5) becomes
L, I, -1
I{a ~- ;) =7 {o r)
so, equation {A.5) becames
ioa' I o, 1, T
r dr 2 b= 2t (.8)
cancelling equal terms on both sides,
ar' _ .
& I'o (A.9)
or
)
—d—]—:I—, = adr

(A.10)
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the solution of equation (A.10) is

Il

=1 & (a.11)
and using I = I'/r, (A.11) this leads to
II
I=-2 % (a.12)
r
To determine I(') one can use the boundary condition
I="F(1-R) at r = . (A.13)
substituting we have
I’ |
F(1-R) = 2 Xro (A.14)
O .
‘hence

"I' = r F(1-R) e o
O O

(A.15)
from equation (A.12) and (A.15), the intensity I at a radius
becames

X

I= }9 F(1-R) e *To™)

(A.16)
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Assuming that every photon absorbed creates an electron hole pair,

the density of electron hole pairs generated per second will be

r
$ - 2 raRe- S (3.17)

this equals the photogeneration rate G, which is

r

GO) =2 FO)RMW I a0 - 5 e N o) (3.18)

X
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Fig. (A.l)
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APPENDIX (B)
DERTVATION OF EQUATICN (50)
.... Photon intensity at r = rj + xn can be determined from equation
(A.16) giving

r _ e )
I, =—©  p(-p) o *For5 %) | (8.1)

T
3 n
The total number of photon per second per unit length tall can be
determined by multiplying equation (B.1l) by (rj + Xn) Pt which gives

Ty = 6, T, FO-R) & @0 [ (B.2)

Similarly, the total number of photons per second per unit length

at r = rj - Xp beccires

o | Lo, = 6t P(LR) & T [ (®.3)
The number of photons absorbed by the depletion region is the
‘difference between equations (B.2) and (B.3), which is equal to

the number of electron hole pairs generated within the depletion
region per second. If the electric field, inside the depletion
region is high enough so that these pairs will not recambine,

the difference between (B.2) and (B.3) will be equal to I__‘:g
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therefore

Irg max o F(1-R) S U [1-e~ ] A (B.4)
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APPENDIX (C)
THE NUMERICAL METHOD USED IN THE CALCULATION

(GAUSS—-SEIDEL METHCD)

Dividing the r-¢ plane of both the top and the base regions by
sy $ L, curves of constant r and by M, and I, lines of constant ¢
respectively as shown in Fig. (C.1), the derivatives of the excess
minority carrier P and N w.r.t. r and ¢ can be expressed using
Taylor'’s expansion. Expanding in Taylor's series for P(I-1, J)

and P(I+1l, J) about the central value, we obtain

P(I~1, J) = P(I, J) - Ar

SIS

(Ary? &’ _ (Ar)d® dPp

21 dr2 31 as T T - (c.D

neglecting the 3xd term in equation (C.1), the lst derivative of
P{I, J) w.r.t. r will be
dar P(I, J) - P(I-1, J)

ar " Arx (C.2)

neglecting the 4th term in equation (C.1), and using eguation (C.2),

the 2nd derivative will be

d’p _ P(1I-1, J) -2 P(I, J) + P(I+1, J)
dr2 (Ar) 2

(C.3)
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Similarly the 2nd derivative w.r.t. ¢ becomes

a*p _ p(I, J-1) - 2P(I, J) + P(I, J+1) (C.4)
ar . .4)
d¢2 (A¢)2

Substituting equations (C.2), (C.3) and (C.4) in equation (43) we

obtain
. ' : -2 1 2 1
o R L X
+ P(I+l, J) [YZ%T + 'r%f 1+ P(I, J+1) [—(}%&7 ]
+ P(I, O-1) [—ar ] + P(I-1, J) [~ ]
rY (rAd) 2 ! (Ar)?
+ M)_ =0 ' l(C.S)
D
P
Thus 3
2 1 2 1 .
B=toz "o Y w@aenz T ox (C.6)
P p
_ 1 1
5.5 o7 T ot (.7
_ 1 '
‘B;)_'— W . (C.8)
1
B TaeT (C.9)
C = 9—(-%—‘1)— (c.10)

p
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A, = B;/B (C.11)
A, = B,/B (C.12)
A, = By/B o (C.13)
D=C/B . - (C.14)

therefore equation {C.5) becomes

P(I, J) = A, - P(I+l, J) + A, - P(I-1, J)

+ Ay * P{I, J¥1) + Ay« P(I, J-1) + D (C.15)

Similarly eguation (46.a) will be,

1

P(1, J) = T s(Ar/DP) P(2, J) (C.16)

equation (46.b) becames,
P(ML, J) =0 : (C.17)

----- equation (46.c) beccmes,
P(1, 1) = 1/(1 + S, %@E) | (C.18)

b



85..

and equation (46.d) becomes

P(I, ) = 1/(1 + 5, 20X (c.19)
p

by the same method it is easy to derive similar formulas for base
region photocurrent and the dark currents for the two regions.

The method of solution is to iterate ?hrough all grid points,
calculating a better approximation for the excess doping at each
point (I, J) in turn from equation (C.15). As soon as a new value
of P is calculated at a point, its previous value is discarded.

To start, a doping concentration of 0 is assumed everywhere
within the boundary. The process of iteration through all grid points
is repeated until further iteration hopefully change in the. computed
doping level. The calculation stops if every absolute value df all
the. grid points falls below a small quantity fram its previously
carmputed value. From these minority carrier concentration vafues we
can calculate the current for a specific wavelength. Total cu;rent
can be calculated by suming over all the wavelengths. In the same

way we can calculate the dark current for certain applied voltages.
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