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Proposal

A. Objective:
1. Tc study the theoretical basic principles underlying the
photovoltaic effect which apply to solar cells in detail.
2. Experiment on solar cells for studying some properties of solar

cells:

To investigate a matched pair of solar cells.

I-V characteristics of solar cells.

Variation of the open circuit veltage and short circuit current of
solar cell with the time of Tight-exposure.

Shadow effect on the test cell.

B. Design, equipment and components required:

1. Silicon solar cells

2. Solar cell panel

3. Digital multimeter

4. AVO-meter

5. Solar radiometer

6. Load resistor (10 @)

7. Rheostat (16 - 220 @)

8. MWatch

9. Artificial sunlight source (photo-lamp)

C. Experimentation:

l. To investigate a matched pair of solar cells by measuring Voc and
Igc of each cell.
2. To observe the I-V characteristics of solar cells by measuring the

lToad current and load voltage at various values of load resistance.
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3.

To observe the variation of Voc and ISC of solar cells by
measuring V,. and Isc Vs time.

To study the effect of shadow on the test cell by measuring the test
cell voltage, load voltage and load current at various shadow condi-

tions on the test cell.

D. Application:

In vur countries where there is no electricity available such as in some

isolated remote rural areas, electricity from solar cells or solar cell

panels might be economically applicable to serve the following needs:

1.

Lighting

Water pumping
Telecommunication
Health Centers

Scheols



Abstract

Solar cells and solar cell panels are the current devices of the
photovoltaic effect, in which the solar energy can be directly converted
into electrical energy. In this report, the theorctical basic principles
underlying the photovoltaic effect are presented in detail. Experiments
concerning the basic characteristics of solar cells were conducted in the
laboratory with silicon solar cells. Experimental results are presented.

The correlation between the theoretical and experimental values were found.
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I. Theoretical Studies



The physical principles and radiation - material interactions of the
photovoltaic effect are described.

A. Solar Radiation Principles and Properties:

Electromagnetic radiation emanating from the sun is received by the
earth at a rate of 5.1 x 1041 BTU/yr. It is not surprising, therefore, that
major interest exists for the capture and conversion to useful work of a
significant fraction of this amount of inexhaustible energy. However,
radiative energy such as sunlight is a relatively dilute form and hence
requires large collection areas to provide the energy equivalent to that
obtained from fossil and nuclear fuels. Further, despite the inexhausti-
bility feature, soiar radiation has the characteristic of intermittency due
to:

(a) the earth's diurnal cycle,

(b) seasonal angular displacement.

(c) localized weather condition, e.g., clouds, particulate absorption

and scattering, etc.

Light is a form of energy and the smallest unit of light energy that
can be transferred in a process is called a photon. The energy of the
photon is related to the frequency of its associated radiation by the equa-
tion E = hv, where h is equal to Planck's constant, 6.62 x 10-27 erg-sec and
v is the radiation frequency. Since the frequency v is inversely propor-
tional to the radiation wavelength, viz., v= %, where x is the wavelength
and ¢ is the velocity of 1light, it is possible to determine the energy
associated with photons of a given wavelength, A. Such energy is often

expressed in electron-volts (eV).



B. Semiconductor Basics:

The role played by semiconductor materials is crucial in the energy
conversion process. A brief review of semiconductor theory is given here.

1) Band Theory

The conductivities of solid materials vary extensively. Representative
values may range from less than 2 x 10'7 mhos/meter for fused quartz, an
insulator, to abuut 6 x 107 mhos/meter for silver, a conductor. Materials
with intermediate conductivity values are called semiconductors. The
distinguishing features of conductors, insulators, and semiconductors can be
explained in terms of what is called the energy band concept of materials.

Electrons in isolated atoms can exist only at discrete energy levels
and are restricted in number at any allowed energy level. When atoms are
brought close together, as in a crystal, so that their potential functions
overlap, the energy level must split and form clusters of acceptable energy
levels. These clusters, or bands, consist of a large number of closely
packed discrete energy levels. There are as many levels in the bands as
there are atoms in the crystal and as many bands as there are energy levels
in an isolated atom of that material. The energy width of these bands
depend on the particular material and its atomic spacing.

The electrons are constantly seekirg the lower energy levels but can be
excited to higher states by interaction with photons. The distribution of
electrons in the outermost or highest energy bands determine most of the
electrical and thermal properties of the material. If a crystal, for exam-
nle, of a metal, contains an outermost band which is partially filled, an
externally applied electric field can shift the occupation of the energy
levels and cause a current to flow. If a band is completely empty, there

can be no contribution to an electric current by the band. These materjals



are then good electrical insulators.

The highest occupied band corresponds to the ground state of the
valence electrons in the atom. For this reason the upper occupied band is
called the valence band. In an insulator, the valence band is full. In
addition, the width of the forbidden energy gap between the top of the
valence band and the next allowed band, called the conduction band, is so
large that under ordinary circumstances a valence electron can accept no
energy at all from an applied field. Semiconductors are similar to insula-
tors, except that in semiconductors the forbidden gap is much narrower. In
a semiconductor at room temperature, though the valence band is full, some
electrons may receive enough energy from light so that they may jump the
narrow forbidden energy gap into the empty conduction band. The greater the
intensity of the 1ight source, the larger the number of electrons that will
be excited across the gap. The electrons that are raised are then free to -
accept electrical energy from an applied field and to move through the crys-
tai. In addition, the sites or "holes" left vacant in the valence band
become charge carriers themselves. An electron near a hole can Jjump in and
fill it, leaving a new hole in the place it has occupied, and this in turn
can be filled by a neighbor, and so on. Current is actually carried by
electrons but it can also be pictured as a flow of positively charged holes
moving in the opposite direction. Thus conduction is done by both electrons
and holes. When the conduction of current is due only to those electrons
excited up from the valence band to the conduction band, the material is
called an intrinsic semiconductor.

Any disruption of the perfect crystal will disturb the periodicity of
the system and result in additional energy levels within and between the

allowed bands. Imperfection in crystals usually come from such sources as:



foreign atoms substituted into lattice sites;

)
(2) wvacant lattice sites and interstitial atoms;
) dislocations of crystal (or grain boundaries);

) the crystal surface.

The technology for producing low-defect crystals has been developed by
using ultrahigh purity material and in slowly growing large, single grain
crystals. However, with carefully controlled impurity levels it is possible
to obtain desirable properties for semiconductors. By adding small amounts
of impurities called dopants to semiconductor crystals, it is possible to
choose the dominant type of conduction (either electrons or holes) in a
material. When the conduction is due to impurities, the material is called
an extrinsic semiconductor. Impurities can supply extra electrons, negative
charge carriers, in which case they are called n-type materials. If the
impurities are deficient in valence electrons, they are called p-type, posi- .

tive charge carriers.

2) Optical Effects

Electrons can be excited from the valence band to the conduction band
by absorption of electromagnetic radiation, e.g. sunlight. To accomplish
'this, the energy of the photons must be equal to or greater than the energy
associated with the forbidden band width in the specific material. A sche-
matic energy diagram for this tranfer is given in Fig. 1.

To obtain useful power from photon interactions in a semiconductor,
three processes are required:

(1) The photon must be absorbed and result in electron excitation to a
 .gher potential.

(2) The electron-hole charge carriers must be separated. This is done

by use of the p-n junction which provides an internal electric field.
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(3) The charge carriers must pass through a useful load before they
recombine with each other and lose their potential energy.

The absorption of photons in a material is given as a function of dis-
tance into the material, x as I(x) = I,e”®X, where I(x) is the intensity of
photons at depth x, I, the intensity incident on the material, and a the
absorption coefficient. Several materials with absorption coefficients at
energy levels of interest are shown in Fig. 2.

3) Photovoltaic Junction Properties

a. P-N Junction. It has been stated previously that certian

dopants diffused into a semiconductor will create either p~ or n-type mater-
ials. The juxtaposition of a p- and an n-type semiconductor will create a
p-n junction. A homojunction device has the same base material but differ-
ent dopants. A heterojunction device is formed from the joining of two
dissimilar materials that have different band structures. The simple p-n
junction and the more complex heterojunction equivalent permit electrons
generated by photonic absorption to be accelerated across a potential yrad-
ient (created by the junction) into an external circuit to perform work. A
schematic of such a junction is shown in Fig. 3.

b. Voltage-Current Relatjonship. The voltage-current relation-

ship for a typical p-n junction cell is shown in Fig. 4. The power avail-
able for the system is the product of current and voltage with maximum power
output generated at point A for a given illumination value.

c. Conversion Efficiency and Materials. The bulk of the solar

energy reaching the earth's surface falls in the visible spectrum where
photon energies range from =1.8 - 3.0 eV. It has been determined that the
theoretical efficiency of conversion peaks at =1.5 eV but with a broad

maximum so that materials with band gap energies between =1 and 2.2 eV are
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within =80% of the maximum. Fig. 5 shows theoretical efficiencies as a
function of band gap energies for a variety of suitably - doped semicon-
ductor materials.

d. Limitations. There are a number of factors contibuting to the
fact that real photovoltaic cells do not achieve the theoretical efficien-
cies noted in Fig. 5. These are 1isted belotr.

(1) Surface reflection losses
(2) Incomplete absorption of photons

(3) Utilization of a fraction of the available photon
energy for the creation of electron - hole pairs

(4) Incomplete collection of electron - hole pairs

(5) Degradation due to excessive internal series resistance
(6) Lack of requisite chemical purity

(7) Crystallographic imperfections

(8) Current collector masking of surface

(9) Fabrication technology problems

e. Temperature Effects. The efficiency of photovoltaic devices

varies nearly Tinearly in the temperature regions of interest to these
devices and decreases with increasing temperature, viz.,

n(T) = n(28°C)(1 - g[T - 28]),
where n(T) is the efficiency at temperature T and g is the temperature
coefficient. Both the use of the proper material and temperature control
will be important in those systems where sunlight concentration is used to

enhance total efficiency.
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C. The Principles Underlying the Photovoltaic Effect:

Three processes are involved in the photovoltaic effect. Firstly,
excess positive and negative charges, at least one of which is mobile, must
be generaed in the semiconductor by the absorption of ionizing radiation.
Secondly, the excess charges of opposite sign must be separated at some
electrostatic inhomogeneity like a p-n junction, a metal - semiconductor
barrier, etc. Thirdly, the mobile generated carriers must retain their
mobility for a time long compared with the time they require to travel to
the localized charge separating inhomogeneity.

1) Light Absorption in Semiconductors

When a monochromatic beam of light whose photons have an energy in
excess of the forbidden energy gap of the semiconductor passes through a
semiconductor, the flux of photons remaining in the beam after it traverses

a distance x, [Nph(x)] is given by

where N_,.(0) is the photon flux at x = 0 and «{}) is the absorption constant

ph
for photons of this wavelength (energy). It is found that direct gap semi-
conductors are better suited for photovoltaic cells because the thickness of
the material required to absorb all photons in excess of energy gap Eg for
the material is smaller than for indirect gap materials; consequently, less

material would be needed for the solar cells.

2) Charge Separation in the Photovoltaic Cell

Charge separation requires that an electrostatic potential barrier be
present in the photovoltaic cell. Excess carriers of opposite signs move in
opposite directions at such an electrostatic potential barrier, which can be
produced by a metal - semiconductor (Shottley) junction or a p-n junction.

Two types of p-n junctions can be distinguished and are important in

10



photovoltaic solar cells:
(1) p-n homojunctions in which the junction exists in a single
semiconductor;
(2) p-n heterojunctions in which the n- side consists of one
semiconductor and the p- side of a different semiconductor.

3) Migration of Charge Carriers tc the Charge Separation Site

The excess carriers generated as a result of the absorption of ionizing
radiation must remain free until they reach the charge separation site,
i.e., their recombination prior to separation must be minimized. Recombi-
nation can be intrinxic or extrinsic in origin; it can occur at the surface
or in'the bulk.

The magnitude of the intrinsic bulk recombination rate is determined
mainly by the dependence of electron energy E on wave number k in the
conductinn and valence bands of the semiconductor, i.e., on whether the
semiconductor is of the direct or indirect type.

When voltages of opposite polarities are applied across the p-n struc-
tures, the current flowing through them is high in one direction -- the
so-called forward direction -- and low in the other -- the so-called reverse
direction. If the voltage is varied continuously, rectifier current-voltage
characteristics having the form of curve (a) in Fig. 6. are obtained. When
light is absorbed in the junction space charge region and/or in the adjacent
material on either side of the junction, minority carriers flow toward the
Junction and increase the reverse current. The current voltage character-
istics of the illuminated cell has the form of curve (b) in Fig. 6. For
curve (b), part of the I-V curve is now Tlocated in the fourth quadrant,
where the current is negative and the voltage is positive; the I-V product

-- the electrical power -- is negative, i.e., the device is generating power

11



which can be delivered to a load connected across the junction.
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Fig. 6. Current voltage characteristic of a solar cell
(a) in the dark, and
(b) subjected to illumination

4) Short Circuit Current

The magnitude of the light generated short circuit current I can be
determined from the following integral:
Ise = af Q(hv)Npy (hv)d(hv) (1)

Eg=hvg
Here q is the charge on the electron; Q(hv), the minority carrier collection
efficiency of the absolute spectral response of the cell, is defined as the
fraction of carriers generated by absorption of photons of energy hv which
contribute to Isc; and Nph(hv) is the number of photons/cmzsec with energy
hv incident on the solar cell. The collection efficiency Q(hv) is a func-

tion of the absorption constant a, the bulk lifetime T, the surface of the

12



cell, and of the cell geometry. Q(hv) can be and has been calculated for
various models of a cell.

It is an objective of solar cell technology to produce cells in thch
the absolute spectral response is close to unity for all solar photons
having energies in excess of the forbidden energy gap. In the 1limit the

response curve would have the form of a step function, i.e.,

0 for hv < Eg
Q(hv) =

1 for hv > Eg

It is found that for 1.0 < hv < 2.5 ev, I.. is an exponential function of

sC
energy gap; in this range of hv values

ISC > ISCO exp[—klEG] (2)
For the AMO spectrum, kj ranges between 1.2 and 2 and Isco-i 200 mA/cmé,

5) Current Voltage Characteristic and Maximum Efficiency

The current through an "ideal" wunilluminated p-n junction can be

describad by the expression
Ij = lolexp(qvj/AKT) - 1] (3)

if internal series and shunt resistant are neglected. Here I, is the reverse
saturation current of the junction, g the charge on the electron, vy the
voltage across the junction, k Boltzmann's constant, T the absolute tempera-
ture, and A a constant whose m’nimum value is A = 1 for an "ideal" p-n junc-
tion but whose actual value is higher; its value depends on imperfections in
the space charge region, etc.

For moderate illumination level, the load current-voltage character-
istic of an illuminated photovoltaic cell (Fig. 6b) has the form

IL = Ij - Ige = Iolexp(qvj/Akt) - 1] - I, (4)

13



The cell may also contain internal series and shunt resistances so that a
Tumped parameter model of a cell including these resistances would have the
form snown in Fig. 7. For this circuit model the load current-voltage
characteristic is described by the equation
IL = Io explq(vy + I RL)/AKT] - 1 - [(v + ILRL)Rgp] -~ I, (5)

A more general model of the cell would treat the series and shunt resis-
tances as distributed resistances and would decompose the series resistance
into components contributed by the contacts to the two side of the p-n
junction, by the base region and by the diffused skin region; this Tlast
contribution is usually the largest.

In a well-designed solar cell, R Must be large compared to the dyna-
mic impedance of the junction at the operating point. The operating point
s usually chosen so that maximum power is transferred from the ceil to the
load. The resistance of the matched load for which this occurs is calcu-

lated from the relation

oV . V.
Rimp = (572 S ot (6)
J v=sv Lmp

mp
(The subscripts "mp" refer to the values of the indicated parameters under

maximum power transfer conditions.)

Now from Eq. (3)

oV, -qv.;
o= o AKT or
TRy T Teq OPlmer 7)

In the case of single crystal cells, the main contribution to Rsh arises
from the periphery of the junction; in practice, it is found that no special

treatments of the periphery is needed to satisfy the requirement Rsh » ijp‘

14
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The contributior to the series resistance Rg from the shest resistance
of the diffused skin can be reduced by forming a contact grid over the light
receiving surface. In conventional diffused silicon solar cells, this sheet
resistance is a few tenths of an ohm for cells with an optimized grid
geometry.

Though ine internal shunt and series resistances must be included in
detailed analyses of the photovoltaic cell, for most purposes the simplified
circuit model of Fig. 7(b) can be used to describe the solar cell because it
is possible to design cells so that effects of Rsh and Rg can be neglected.
neglected. The I-V characteristic of this circuit is described by Eq. (4),
from which parameters 1ike open circuit voltage Voc» current and voltage at
the maximum power point, and the maximum efficiency can be calculated. For

convenience the symbol A = q/AkT is introduced into Eq. (4) which then has

the form
IL = Iglexp(Av) - 17 - Ic (8)
The open circuit voltage Voc is found by setting the load current I = 0,and
Voo = (1/1) 1n(ISC/Io + 1) (9)

The values of current and voltage at the maximum power point can be
found by setting the load impedance equal to the dynamic impedance at the

maximum power point:

= ov = - = n
Rimp (M)Vmp exp( Avmp)/IoA Vmp/Imp (12)
After substitution the following equations are derived for Vinp and Imp
[exp(Avmp)][l + /\vmp] = ISC/IO +1 = exp(/\voc) (11)
Imp = [Avmp/(l + Avmp)] (ISC/IO + 1)1, (12)

16



I
as functions of 1n(T§9), it can be seen
0

From a plot of Avoc and /\vmp

that for (I, /1o) > 104, Avpp 2 10 and from Eqs. (11) and (12),

I 2 0.9 I, and v 2 0.8 vy

mp mp

Tne maximum efficiency, i.e., the efficiency for matched load

conditions, is given by

[ v
Nnax = (Power Out)/(Power In) = _MP_MP
. in
- Avmp . Avmp . Ise Voc (13)
1+ Avmp Kvmp + In(l + “Vmp) Pin
CF I v
= ___5C 0C (13a)
Pin

where CF is the curve factor, i.e., a measure of how closely the I-V curve

approaches rectangular shape. As Vo~ Voc and I, — I

c m— lsc» CF —1.0.

p
From the discussion presented above, for Isc/IO > 104, CF > 0.72, i.e.,

Nmax 2 072 IoVoo/Pip (14)

6) Open Circuit Voltage and Its Dependence on Io

Let us now turn our attention to the parameter v c and explore its

0
dependence on the properties of the semiconductor. According to Eq. (9),

V.. is determined by Isc’ Io and A. We have already discussed ISC

ocC

and its dependence on «, L, s, etc. The other two parameters appear in

the expression for the I-V characteristic of a diode, i.e.

Ij = Iolexp(Av) - 1] (15)

17



Such an equation assumes that the 1-V characteristic is a simple exponential
curve. In fact this is not so; for example, the I-V characteristic curve of
the silicon p-n junctions has two distinctly different slopes -- one in the
low voltage region and the other at intermediate voltages. Furthermore, at
high voltages the internal series resistance begins to affect the shape of
the curve and it departs from exponential behavior. Such an I-V curve can
be fitted by an equation of the form
Ij = Iol[exp(Alv) - 1] + Ioz[exp(Agv) - 1] + v/Rg (16)
where the values of %], 102, A], AZ’ and Ry are determined by fitting the
experimental I-V curve; Rs is the series resistance of the diode, whose
magnitude could be a function of illumination level, i.e., it could be a
photoresistor. In general, therefore, the I-V characteristic for voltages
and currents having values low enough so that internal series resistance can
be neglected should be represented by an equation of the form
Ij =2 Ioi[exp(Aiv) - 1] (17)

Two basic mechanisms which can control the I-V curves of a p-n homo-
junction have been identified and analyzed theoretically. The first is
based on the assumption that minority carriers move only under the influence
of concentration gradients and that they cross the space charge region with-
out any change in their concentrations. This is the classical p-n junction

diode and the I-V expression has the form

Ij = Ipilexp(qv/kT) - 1] (18)
and
Lo2- 1 1
I01 - n'i[on[_n + Op[_p (19)
where n? is the concentration of carriers in intrinsic material; o, and %

are the dark conductivities of the two sides of the junction; Ln and Lp

18



are minority carrier diffusion lengths in the two regions. Now
L = (pr)l/2 (20)
where D and T are the minority carrier diffusion constant and lifetime,

respectively. Also

né = NNy exp(-Eg/kT) (21)
Consequently,
Iy1 =exp(-Eg/kT) (22)
A second mechanism is based on the assumption that generation and
recombination occur in the space charge region. Under certain assumptions

about the nature of the process, the I-V relation assumes the form

Ij = (%)[exp(qv/sz) - 1] (23)
or .
Iop =exp(-Eg/2kT) (24)

For these two cases one can therefore write,

Iji = ki exp(-Eg/BikT)[exp(qv/A;kT) - 1] (25)
with A} =By =1, Ap = Bp = 2, and ky << ko.

Recombination and generation in the space charge region can at least,
in principle, be controlled by controlling the recombination center concen-
tration. If this concentration is Tow enough, the 1j-V curve will be
governed by the ideal diode equation. Now high efficiency requires high
values of Vocr The question arises: which of these two mechanisms

would produce a higher v,. for a given value of I_.? The difference between
oc sC

Voc Values produced in the two cases is

o ) = ot = (g - M) (kT/a) Tn(lly (26)

02
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From Eq. (26), Voc(]) > voc(z) provided only that Iy2 > Iy1» which is always

true. Because Voo " and therefore Mmax ~= 71s higher in cells in which
space charge recombination and generation do not occur, it is a goal of
of solar cell technology to fabricate cells in such a way that their I-V
characteristics conform to the ideal diode form, i.e., so that A = B = 1.

7) Dependence of Mmax on EG

The dependence of Mmax ©ON Eg can now be calculated starting with

Eq. (14). The dependence of v_. on Eg can be deduced by substituting the

ocC
band gap dependence of Isc on Eg [Eq. (2)] and of I, on Eg [Eq. (24) into
Eq. (9)1:

.1 Isco exP('klEG)

Yoc —'KT']n ks exp(-EG/BiETT) (30)
el TEa(L o - kq) + ]n(£§£9)] (31)
AT HGERT TN ks

For the case of A = B = 1 (the ideal diode case) and T = 300 K, this

becomes

I
Voe (gl)tsa.a B + 1n(-39)] . (32)

For the case A = B = 2 (recombination - generation in the space charge

region) and T = 300 K, this becomes

<
I

I
= (Zgl)tla.a Eg + 1n(-559)] (33)

ocC 2

In both cases, at a fixed temperature, v.. increases as Eg increases.

ocC

On the other hand, ISC decreases with Eg; consequently, N passes through

max
a maximum,

20



8) Dependence of Nmax on Temperature

The dependence of Mmax  °n g is a strong function of temperature T
because of the strong temperature dependence of Ip. This lTeads to a linear

relation between v,. and T. From Eq. (30)

0oC
E I
Voo = (BRT)L(E) - Egky + Tn(=3£9)] (34)
q BKT Kj
AE I
= G _ (AKTyre Es + 1n(=3€9)] (35)
Bq q 16 K

Thus, the value of Voc decreases as T increases. If A = B, the intercept of
Eq. (35) is equal to the energy gap Eg/q. Now according to Eq. (13)

max - CF Isc Voc/Pin (36)
The curve factor CF has a very weak temperature dependence because its
numerator and denominator are both approximately 1linear functions of T.
Therefore, the temperatures dependence of Mmax is essentially the same as .

that of Voc? i.e., is a linear function of T.

"max
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II. Experimental Results



Experiment #1: To investigate a matched pair of silicon solar cells

Equipment & Components:

4 Silicon Solar Cells (ARCHER - Silicon Solar Cell. Cat. #276-127,

4" Diameter + 1/8")

1 Silicon Solar Cell (Edmund Scientific - Sicon Solar Cell, 4"

Diameter)

1 Digital Multimeter (HP 3465 A)

1 AVO-Meter (Simpson 260)

Solar Radiometer (Matrix, Mark VI - Sol-A-Meter)

10Q Load Resistor

Artificial Sunlight Source

N TN

TN TN P
/ Gl #1 \ /7&##,4*\ { c_u’(’#s\ / a&’#a\n, / ad’#s\

N N N I I
N 2
—V > —Vy—> < Vg;—» YV, — R S B—
1/“ Yz >—C
—I- -1 ;Q‘__q_l_o_,[z__ T
NN 5
Yo —

Cell #1-#4: ARCHER Silicon Solar Cell
Cell #5 : Edmund Scientific Silicon Solar Cell
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Procedure:

Four Archer silicon solar cells and one Edmund Scientific silicon solar
cell are used in this experiment. The cells are temporarily fixed to a
transparent plastic plate. They are arranged such that they can be simul-
taneously and uniformly exposed under any light source. Wires from each
cell are orderly connected to the barrier strip for ease of measurement and
flexibility. Al11 cells are connected in series. The open-circuit voltage
and the short-circuit current of each cell are measured. With the load
resistance of 10Q in the series circuit, the load current and the voltage
drop across the load are measured. The experiments are perforhed under the

insolation of 100 Btu/hr-ft2. The data are presented.
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Data

. - Btu
Insolation, I, = 100
° hr-ft2
Load condition cell #1 cell #2 cell #3 cell #4 cell #5
Open circuit v_.=0.449 v_..=0.494 v..=0.492 v..=0.473 v_.=0.486 v_.=2.353
condition, Ry = °¢ volt °¢ voit °¢ volt °¢ volt °¢ volt °¢ volt
Short circuit Isc=289.5 mA Isc=490.0 mA Isc=485.0 mA ISC=461.7 mA Isc=490.2 mA ISC=336.O mA
condition
With load 1=188.9 mA
resistance of VR, =1.95
10 Q L volt

(RL=10 Q)

ARCHER silicon solar cell (cat. #276-127)

Specification: 4" dieameter +1/8" (10.1 cm +3 mm)
Positive lead (back)
Negative lead (front)

-} Absolute maximum rating at full

%
I

1]

sC
sC

0.55 v
2.0 A

Sunlight at noon

, at 25°C

From the experimental data, the cells #2 and #3 or the cells #2 and #5 can be considered as a matched
pair of solar cells.
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Experiment #2: I-V characteristics of 5 silicon solar cells in series and

solar cell panel

Equipment & Components:

- 1 SOLAR ELECTRIC INTERNATIONAL - Solar Cell Panel
- 4 ARCHER - Silicon Solar Cells

- 1 Edmund Scientific Silicon Solar Cell

- 1 HP - Digital Multimeter

- 1 Simpson AVO-Meter

- 1 Matrix Solar Radiometer

- 16-220Q Rheostat

- Artificial Sunlight Source

A
m
\ A
\\ . N : /
AV 61
Solh Gl ) 0_%,1
N g
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Procedure:

(1) Five Solar Cells in Series:

Five solar cells are connected in series and then are exposed under
the photolamp with the insolation of 70 Btu/hr-ft2, 100 Btu/hr-ft2 and
120 Btu/hr-ft2 respectively. The circuit diagram for the I-V charac-
teristic measurement is shown. The load current and the load voltage of
the circuit are measured and recorded. The experimental data of I and V
are then plotted for the I-V characteristic curves. The I-V characteris-
tics of the solar cells in series are presented.

(2) Solar Cell Panel:

The solar cell panel is exposed under the photolamp at the insola-
tion of 100 Btu/hr-ft2 and 120 Btu/hr-ft2. The load current and voltage
of the solar cell panel are measured and recorded. The I-V characteris-

tic curves are obtained.

27



Data:

No.l No.
- Btu - Btu
I, = 70 I, = 100
0 hr-ft2 0 hr/ftZ
I (mA) v (volt) I (mA) v (volt)
Ioc = 265.0 0 I¢c = 340.0 0
262.0 0.25 330.0 0.50
257.0 0.50 328.0 0.65
252.0 0.75 327.0 0.75
247.0 1.00 320.0 1.00
243.0 1.25 316.0 1.25
238.0 1.50 311.0 1.50
219.0 1.75 265.0 1.75
139.0 2.00 147.0 2.00
91.0 2.10 90.8 2.10
64.8 2.15 57.5 2.15
36.5 2.20 24.2 2.20
12.3 2.25 12.0 2.22
0 Voc = 2.26 0 Voc = 2.26
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No. 3 No.
Btu = Btu
I 120 =24 I 110
0 hr-ft2 0 hr/ft
I (mA) v (volt) I (mA) v (volt)
ISC = 378.0 0 ISC = 366.0 0
362.0 0.70 356.0 0.25
354.0 1.00 346.0 0.60
350.0 1.20 342.0 0.90
347.0 1.50 339.0 1.00
326.0 1.70 334.0 1.30
259.0 1.90 328.0 1.50
196.0 2.00 292.0 1.75
138.0 2.10 248.0 1.85
95.2 2.15 199.0 1.95
61.8 2.20 172.0 2.00
31.0 2.24 113.0 2.10
12.3 2.25 76.3 2.15
37.0 2.20
12.2 2.25
Voo = 2.26 Voc = 2.26
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No. (1) No. (2)
AN PaYaYa%avd
- Btu - Btu
fo = 100 27 fo = 120 207
I (mA) v (volt) I (mA) v (volt)
I, = 830 0 I, = 905.0 0
890.0 0.50
888.0 1.00
885.2 1.50
812.0 2.00 884.0 2.00
809.0 3.00 884.0 3.00
806.0 4,00 880.0 4.00
800.0 5.00 872.0 5.00
793.0 6.00 867.0 6.00
788.0 7.00 858.0 7.00
778.0 8.00 844.0 8.00
774.0 9.00 835.0 9.00
770.0 10.00 830.0 10.00
757.0 11.00 817.0 11.00
745.9 12.00 802.0 12.00
728.9 13.00 779.0 13.00
694.5 14.00 738.0 14.00
626.8 15.00 660.0 15.00
493.8 16.00 526.0 16.00
234.0 17.00 255.0 17.00
91.8 17.50 95.0 17.50
Voo = 17.6 Voo = 17.60

From the experimental results (the I-V characteristic curves), one
can select the proper operating point in order to get the maximum power
output of the systems.
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Experiment #3: Variation of Voc and Isc vs Time, t, of the five

solar cells in series

Equipment & Components:

4 ARCHER - Silicon Solar Cells

1 Edmund Scientific Silicon Solar Cell

1 HP - Digital Multimeter

1 Matrix Solar Radiometer

1 Watch

1 *tificial Sunlight Source

/}'fﬁw \ \/UCA .vh
y
O —&
A oo

-3

—0
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Procedure:

The open-circuit voltage, Voc? and the short-circuit current, Isc’ of

of the five solar cells in series are observed as time goes on. The results

are recorded. The (lﬂq and (%%) can be observed and measured in this experi-

At
ment. From this experiment, the cells should be allowed to expose to the
insolation for not less than 7 minutes before any measurement to perform, in

order that the cell temperature is constant.
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= Btu = Btu
fo = 150, 7 fo = 190 o7
Time, t (min) | vy (volt) Time, t (min) I, (mA)

0 2.465 0 342.0
1 2.376 1 350.0
2 2.337 2 351.0
3 2.306 3 352.1
4 2.283 4 353.2
5 2.262 5 354.0
6 2.246 6 355.4
7 2.236 7 355.6
8 2.223 8 356.1
9 2.215 9 354.2
10 2.202 10 354.3
11 2.194 11 354.4
12 2.200 12 354.6
13 2.198 13 354.6
14 2.196 14 354.7
15 2.193 15 354.4
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Experiment #4: Shadow effect on the test solar cell

Equipment & Components:

4 ARCHER - Silicon Solar Cells

1 Edmund Scientific Silicon Solar Cell

1 HP - Digital Multimeter

1 Simpson AVO-Meter

1 Matrix Solar Radiometer

16-220 2 Rheostat

Artificial Sunlight Source

/ ce&’#a\ < /e-;&‘# 4> ,\ < :w{#5>

P — t} —~— Ri__ -
/eaa”#.z\ /&u*/\ y QL
NN T

The experimental circuit was arranged as shown in the circuit diagram.
The cell #5 was used as the test cell for shadow effect study. The voltage
drop across the test solar cell was measured at various shadow conditions.
The load voltage and load current were also measured. The experimental

results are presented.

38



Data: Shadow effect on the test solar cell (cell #5)

Conditions 2 (volt) Vg (volt) VR, (volt) [ I (mA)
- No shadow 1.9 0.45 2.3 90
- Partially shadow 1.78 0.43 2.17 86.03

(Half-cell)

- Total shadow 1.75 -0.68 1.1 43,20

. - Btu
Insolation, I, = 120
0 hr-ft2

Experimental results seem to confirm with the theoretical predictions

about the shadow effect.
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ITI. The Cost of the System



1) ARCHER Silicon Solar Cell = @ $20.00
(cat. #276-127, 4" diameter +1/8")

2) Edmund Scientific Silicon Solar Cell = @ $20.00
( =4" diameter)

3) Solar Electric International - Solar Cell Panel = @ $600.00

(35 modules, serial #137703)

At the present time, the cost of a solar cell (or a solar cell panel)
which is made of single crystal silicon is still very high. The technology
for solar cells is being developed. It is expected that the cost of the

system will be lower in the future.
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IV. Conclusion



It is our conclusion that the experimental results agree with the
theoretical predictions. From a technical point of view, the generation of
electricity from the solar cell is applicable, but from an economic point of
view, the cost of the system is very high at the present time. It is felt
that there will be a trend toward lower prices as technological break-

throughs occur.
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