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ABSTRACT

The photoinduced open-circuit voltage decay technique was
used to investigate the minority carrier lifetime in crystalline and
polycrystalline silicon solar cells. This convenient investigation
technique allows a fast determination of the minority carrier hifetime
in semiconductor materials and is an important technique to predict
the solar cell performance. The decay curves were obtained with a xenon
stroboscope lamp and Nd:Y AG laser and Nitrogen laser pulses as an

excitation source.
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The conversion of sunlight dircctly i:n;t:Oneiect:’icity;ilsillgzs;)l;u': czlls can ¢ -
provide a limitless energy source. Consequently the demand for photo-voltaic systems
has increased through out the world. In developing countries such as Ethiopia, where the
settlement are scattered, the electric infirastructure is limited and the sunlight is plentiful,
the need for solar encrgy resources is essential.

Photo-voltaic (PV) system,é are curently the most effective developed method for
directly generating electricity from light and scientisis and engineers are working to
increase the efficiency of PV systems and to reduce the cost.

Crystalline silicon (Si) cells are the most frequently used system parts in PV energy

conversion.
Metal back contact
A
o
()
~1.4pm n-layer ¥

Contact Bar + Grid

Sunlight

Figure 1.1 Schematic diagram of a crystalline sificon solar cellf 7 |.
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Thus, the interest in crystalling Si  has continued to grow | 7]. A crystalline Si pn
junction solar cell consists of a relatively small n-type emitter and a much thicker p-type
base ( Fig.1.1).

The minority carrier diffusion length ( MCDL ) has been widely used to characterize

Crrain boundaries
3
™
ot
n
et
=)
=Ly
i

Sunlight

Fgure 1.2 Schematic diagram of a thin film polycrystalline silicon
solar cell | AR abbreviates anti-reflection coating [ 1 |.

the guality of Si solar cell materials before processing, because it provides a prediction
of the energy conversion efficiency that may be aitained in the final cell [8).
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Tn addition, precise determination of this parameter is crucial for accurate simulations
of the transport characteristics of semiconductor devices such as high efficiency Si solar
cells,

The photo-induced open-circnit voltage decay technique was originally introduced
by Gossick [ 9 ]. It involved creating excess minority carriers in a jonction device using
an ¢xternal excitation provided by a brief forward current, and monitoring the
open-cirenit voltage, V., after the excitation has been abruptly terminated. Minority
carrier lifetime can be determined by analyzing the resultant Vo decay curve.

Further lifetime studies are required to determine the possibilities and limitations of
new solar cell designs with high efficiencies [ 8 ].

Various methods have been reported for the determination of the lifetime of
minority carriers or their diffusion length. The photo-conductive decay ( PCD ) method
has been used for the measurement of the minority carrier lifetime by a number of
investigators. The surface photo-voltage ( SPV ) technique is also a convenient method of
measuring the minority carrier diffusion length T which is related to the diffusion
coeflicient D and the minority carrier lifetime <. In the PCD method, the crystal is
illuminated by a pulse of light and the relation of the PCD pulse amplitude with the
applied ¢lectric field is studied graphically. The SPV method for measuring the minority
carrier lifetime utilizes a beam of photons incident on the surface of the semiconductor at
an energy just above the band gap. These methods are based on optical and electrical
techniques. For solar cells, if is appropriate to determine the lifetime vsing an optical
method [ 8 ].

In this investigation the minority carrier lifetimes of crystalline and polycrystalline

Si solar cells are determined using photo-induced open-circuit voltage decay (OCVD)
-3




with Nd: YAG and Nitrogen lasers as an excitation sources and are compared with those
obtained with a stroboscope lamp as an excitation source. The applied photo-induced
OCVD technique is simple and straightforward, requires no complicated technique and
expensive equipment but nevertheless achieves reliable experimental results [9,15].
This thesis is divided into six sections. Section 2 describes the theory relating the
minority carrier lifetime to other semiconductor parameters. The open-circuit voliage
decay, the decay time and the minority carrier diffusion length are discussed starting
from the basic continuity equation. The characteristics of solar cells are a finction of
optical energy, which is absorbed in a semiconductor and generates excess electron-lole
pairs producing photocurrents. The output terminals of the solar cell are connected to a
resistive load so that input optical power is converted to electrical power. The knowledge
of various characteristics including the shott-circuit current, the open-circuit voltage,
optical absorption, maximum power and conversion efficiency of a Si solar cell is of
basic importance in designing the devices [ 4 1. The optical and electrical properties of Si
solar cells are also discussed in section 2. Section 3 contains a description of the
experimental apparatus and the procedures to carry out OCVD measurements. Tn the
fourth section the results of this investigation are presented and the discussion of the data
and graphs are given. In section 5 concluding remarks are given and finally the reference

materialg are listed in section 6.




2. THEORY

2.1 Minority carrier tifetime in semiconductors

The basic equations for semiconductor device operation are those which
describe the static and dynamic behaviour of carriers in semiconductors under the
influence of external fields which canse deviation firom the thermal equilibrium
conditions.

It the discussion the following representations are used.
ng, - thermal equilibrium concentration of minority carrier electrons
Pre - thermal equilibrivm concentration of minority carrier holes
J; - minoritly carrier hole diffusion current density
Ju - minority carrier electron diffusion current density
Dy - hole diffusion coefficient
D, - electron diffiusion coefficient
L, - diffusion length in the p side
L. - diffusion length in the n side
1, , pa - minority carrier densities

E — Applied electric field

Let us consider the case when a semiconductor sample is illuminated with

light and the electron hole pairs are generated uniformly throughout the sample with a

o

generation rate G . The boundary conditionare E=0 and —3- = 0 Starting fiom the

continuity equation we have the equation in the form [ 4,12 ] :




My

P Hpo
a G_ Tn (2' 1 )

iy
At steady state, =T 0 and By = Bpo + T, G

Where 1, is the minority carrier lifetime in p-type semiconductor.
If the light is turned offat t=0, the boundary conditions are 71, (0) = By, + TyG and

1yt — W) = Hpo then the solution is:

Hp(D) = Hpo + TG (—1/Tw) (2.2)

This expression presents the main idea of the Stevenson-Keys method for measuring
the minority carrier lifetime.
Also the net movement of charge due to an electric field gives rise to a drift current.

Since electrons and holes contribute to the drift current, the drift current density is given

by [4]
Jaer = (it + D) E (2.3)
Where Iy is the drift cutrent density, ., is the electron mobility, 1, is the hole

mobility and E is the electric field.

The drift current density can also be written as:

Jag = e(ftan + gy p)E = 68 (2.4)




Where o is the conductivity of the semiconductor material. Then the conductivity

becomes;

6= e(finlt + [tpp) (2.5)

The excess carriers generated uniforimly throughout the sample by the light pulses cause
a momentary increase in the conductivity. The increase manifests itself by a drop in the
voltage across the sample when a constant current is passed through it. This decay can be
observed on an oscilloscope screen and is a measure of the lifetime. But the pulse width
must be much less than the life time.

Using the photo-induced OCVD technique, excess minority carriers are created in
a junction device using an external pulsed optical excitation that creates a brief forward
current [ 9 |.

The variation of V. with time for a device in the decay mode is a graph which has
three distinct regions. The first region corresponds to a condition of high-level injection,
where the excess minority carrier concentration exceeds the majority carrier concentration
in the base region of the cell. When this condition is met, the decay curve is linear and the

minority carrier life time ( T ) may be described using the following expression { 9 :

kr 1
T=27|ml (2.6)

where k is Boltzmann's constant, T is the absolute temperature, q is the elementary

charge, and t is the time.




The second region of the decay curve corresponds to a condition of
intermediate injection, where the excess minority carrier concentration in the base is
greater than the thermal-equilibrium minority carrier concentration but less than the
thermal-equilibrium majority carrier concentration. Under these conditions the decay curve

is again linear, and the lifetime can be computed from the following expression [9]:

_ k| L __
= |dvmm (2.7)
Finally, in the third region of the decay curve, low-injection condition exists,
where the excess minority carrier concentration is less than the equilibrium minority carrier
concentration. As V,, becomes much less than kT/q, the V., decay approaches the

following time dependence:

Vo= (

1] @) (o)
where V, is the open circuit voltage at the termination of excitation, An exponentiaily
decaying low injection curve is mostly determined by the RC time constant of the solar
cell.

Diftusion length, L, is defined as the mean distance a minority carrier travels before
recombination,

At a distance x into the base [ 7 ]:
An(x) = an(0)  (F) (2.9)

The probability that an electron injected at x=0 survives to a distance x is :
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2y

oty = 7 (2.10)
The probability that an electron at x will recombine at x+dx is:
bn(Ry-An(xds) (—d&n(x}) dx ~ _ dx
o N\ @) =T (2.11)

By taking the product of the above two probabilities, the probability that an electron

injected at x=0 will recombine at a given dx is :

P

Then the medium distance that an electron diffuses before recombining is :

=lx  @P=1 (2.12)
Thus diffusion length is both the medium dis;tance before recombination and the
exponential decay length.
Substituting the expression for minority carrier lifetime t in the Einstein equation for

the diffusion length [ 4 ] :

L=JDz (2.13)

with the diffusion constant

D=8, R (2.14)




where f1; is the mobility of holes in the respective material of the solar cell,
the diffusion length can be calculated from :

L= J(Punt (2.15)

Careful measurements of the V,,, decay and dt of the second part of the curves
obtained from the crystalline and polycrystalline silicone solar cells will be used to
determine the minority carrier lifetimes from equation ( 2 . 7). So the minority carrier

diffusion length can be determined by the OCVD method.

- 10 -




2.2. Optical and electrical properties of solar cells

2.2.1 Optical properties of solar cells

Optical measurements are frequently used to determine the band structures
of semiconductors. Photon-induced electronic transitions can occur between different
bands which lead to the determination of the energy gap; or within a single band such
as the free-carrier absorption. Optical measurements can also be used to study lattice
vibrations. When a beam of light is incident on a semiconductor material, the light
reflected or transmitted by the material can be described by optical parameters such as
refractive index n, absorption coefficient o, extinction coefficient k, and optical energy
gap B [12].

Light incident on a semiconductor is attenuated as it passes through the

semiconductor, The rate of light absorption is proportional to the photon flux at a
given wavelength. The intensity of monochromatic light as it passes through the

semiconductor is described mathematically as

ICo=I. (—ox) (2.16)

where o is the absorption coefficient. The absorption coefficient determines how
far below the surface of the solar cell light of a given wavelength is absorbed. Photon
interaction with a valence electron creates an electron in the conduction band and a
hole in the valence band-an electron-hole pair. Therefore, o plays a key role in solar

cell design [ 4 ].

-11 -




The intensity of the photon flux decreases exponentially in the semiconductor
material. The photon intensity as a function of x for two different values of absorption
coefficients is shown in Figure 2.1 [ 4 1. If the absorption coefficient is large, the

photons are absorbed over a relatively short distance.

Figure 2.1 Photon intensity versus distance inside an
absorbing material.

When incident light falls on the surface of the photo-conductor, the increase in
conductivity comes from carriers generated either by band-to-band transitions or by
transitions involving forbidden-gap energy levels.

Figure 2.2 shows the absorption coefficient for crystalline silicon ( ¢-Si ),

micro-crystalline silicon ( pc-Si-H) and amorphous silicon ( a-Si:H ) as a function of

wavelength.

-12-
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Figure 2.2 The spectral dependence of the absorption coefficient of
crystalline , micro-crystalline and amorphous
silicon [ 6 ].
Since o is a strong function of the wavelength for a given semiconductor, the
wavelength range in which appreciable photo-current can be generated is limited. The

long wavelength cutoff 2. is established by the energy gap of the semiconductor and

is:
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Aczﬁ%(um) (2.17)

Therefore the long-wavelength cutoff'is about 1100 nm for CrSi . For
wavelengths longer than A, , the values of o are too small to give appreciable
absorption. The short-wavelength cutoff of the photo response exists because the
values of o for short wavelength are very large ( ~ 10° em™), and the radiation is
absorbed near the surface where the recombination time is short. The photo-carriers

recombine before they are swept out of the area [ 4 ].

2.2.2 Current-voltage (I-V) characteristic of solar cells !

The 1-V characteristics are freuently used to characterize the performance
of solar cells.

The total current in the pn junction is the sum of the individual electron and
hole currents which are constant through the depletion region. Sinée the electron and
hole currents are continuous functions through the pn junction, the total pn junction
current will be the minority carrier hole diffusion current at x = x, plus the minority

electron diffusion current at x = - x;
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concentration

Mpo

Xp x=0 Xn X

Figure 2.3 Steady-state minority carrier concentration in a
pn-junction under forward bias [ 4 .

When a forward-bias voltage is applied to the pn junction, the junction is no longer
in thermal equilibrium. The forward-bias voltage lowers the potential barrier so that
majority carrier electrons from the n-region are injected into the p-region, thereby
increasing the minority cartier electron concentration, This produces excess minority
carrier electrons in the p-region,

Exactly the same process occurs for majority carrier holes in the p-region which
are injected across the space charge region into the n-region under a forward-bias
voltage. Figure 2.3 shows these results.

The approach used to determine the current in a pn junction is based on the

following three assumptions.

-15-



1. The total current is a constant throughout the entire pn structure.

2. The individual electron and hole currents are continuous functions through the

pn structure.

3. The individual electron and hole currents are constant throughout the depletion

region.

The total current in the junction is the sum of the individual electron and hole
currents which are constant through the depletion region. Since the electron and hole
currents are continuous functions through the pn junction, the total pn junction current
will be the minority carrier hole diffusion current at x =x, plus the minority carrier
electron diffusion current at x = -x;, .

The gradients in the minority carrier concentration, as shown in Figure 2.3,
produce diffusion currents, and since we are assuming the electric field to be zero at
the space charge edges, we can neglect any minority carrier diffusion current
component.

We can calculate the minority carrier hole diffusion current density at x = x,

from the relation [4]:

Jp(en) = —eDp2a2y (2.18)

Assuming uniformly doped regions, the thermal equilibrium carrier

concentration is constant, so the hole diffusion current density is written as:

{(Cpn (X
Jp(x;z) = —'QDPMIA-:X" (2.19)

dx
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The excess carrier concentrations are also found to be:

e A=
s =p|  (F)-11 (%) (2.20)
Taking the derivative of equation ( 2. 20 ) and substituting into equation ( 2.19 ),
we obtain:
el P, &
Jp(xn)ZT[ (ﬁ —1] (2.21)

Similarly, we may calculate the electron diffusion cuirent density at x = -x;.

This may be written as:

clrty (X)

Sn(=xp) =eDp——/, (2.22)
and finally we obtain:
el
Iy =72 (£)-1] (2.23)

The total current density J at the pn junction is then:

pa[Bm e () ] (20)

We may define a parameter J; ( the saturation current ) as:

-17-




el el
Js — [ vl o ]

I, T L (2.25)

So equation ( 2.24 ) may be written as;

J=JS[ (%Z)—l] (2.26)

Equation ( 2. 26 ), known as the ideal-diode equation, gives a good description
of the current-voltage characteristic of the pn junction over a wide range of currents
and voltages [ 4 ]. The simplest equivalent circuit of the solar cell under radiation is

shown in Figure 2.4.

] out

Rs

Iph@ lID U R sn U R

Figure 2.4 The idealized equivalent circuit of a solar cell .

The constant current source results from the excitation of excess carriers by
radiation. The difference between the diode current ( Ip ) and the light generated

current ( Lw ) is the output current { Ly } which is given by:

- 18-




lrow:!o[ ("%g%)_l]”fpk (2.27)

Where V is the voltage, e the magnitude of the charge, T is the absolute
temperature and I, is the diode saturation current.

The current obtained when V = 0 is called the short-circuit cutrent ( I, )
similarly the voltage obtained when I = 0 is called the open-circuit voltage { Vo ). An

expression for the V.. can be obtained from the equation (2.27 ), by setting T =0, as:
ﬁ I_vi:
Vae =% I_d'i"]. (2.28)

The power output is equal to the area of the rectangle indicated in figure 2.5.
The power output is maximum at the maximum power point [Vy, . I, ], where V,, and
I, are the voltage and the current corresponding to the maximum power point
respectively [14 ].

The energy conversion efficiency (1 ) of the solar cell is given by :

??: Pfu = Pa‘n FF (2'29)

Where P;, is the total power of the light incident on the cell and FF is the fill

factor given by:

¥
FFz-ﬁf{;ji- (2.30)
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Figure 2.5 Ideal current voltage characteristic of a solar cell
under illumination.

Grain boundary states play a dominant role in determining the electric and
photo-voltaic properties of polycrystalline silicon by acting as traps and recombination
centers. The recombination loss at grain boundaries is the predominant loss mechanisin
in polycrystalline solar cells, Most theoretical calculations have been made for the
column grain growth boundary. But all grain boundaries at different physical locations

must be taken into account, and the efficiency must be calculated after estimating the

-20 -




effects of grain boundary states on short-circuit photo-current, open-circuit voltage
and fill factor. Cell parameters can be calculated based on a transformation of grain
boundary recombination centers to a uniform distribution of such states throughout the

grain[ 1}
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3. EXPERIMENTA L
APPARATUS

The minority carrier life time ( © ) of different silicon solar cells were studied at room
temperature ( T = 300 K ). Open circuit voltage decay (OCVD) technique was used to
measure the minority carrier life time. The Nd:YAG (Neodymium doped Yttrium
Aluminum Gamete ) laser pulses, the nitrogen laser pulses and light pulses from a
stroboscope lamp were used to generate excess catriers inside the sample solar cells,

causing a momentary increase in conductivity.

The increase in conductivity results in a peak open circuit voltage ( Vo ). The
decay of the V.. was observed with a storage oscilloscope. The minority carrier life time

was calculated from the measured decay curves (see Chapter 2.1.).

3.1 The Nd :YAG Laser

Good pumping efficiencies can be obtained from four level laser media. A
simplified four level energy diagram of Nd:YAG is shown in ( Fig. 3.1).

For this experiment the pumped Nd: YAG laser ( MEOS) is used for the
generation of short pulses. A pump laser beam produced by a photo diode laser (
Fig.3.2.A) controlled by a controller unit LDC: 01 ( Fig. 3.2H) is first collimated by a 6
mm focal length lens
(Fig. 3.2B) and focused into a YAG rod (Fig.3.2D) by a 60 mm focal length lens
(Fig. 3.2C).
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Figure 3.1 The four level Nd:YAG laser [13 ].

The ray traveling along the resonator axis is reflected back and forth between the two

faser mirrors (Fig.3.2D & Fig.3.2E). The ray transverses the Neodymium active medium

many times resulting in a larger total gain. Then laser radiation at 1064 nm emits on the

out put side of the resonator.

The RG1000 filter (Fig.3.2F) is inserted into the path of the beam. The filter absorbs

the pump radiation and only the Nd: Y AG laser beam is passed through it.
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Figure 3.2 Schematic diagram of the Nd.YAG laser set up

3.2 Samples

This investigation was conducted with four different silicon solar cells.

1) A monocrystalline silicon solar cell (CrSi-1) produced by Solarex with
an effective area of 400 mm?

2) A monocrystalline silicon solar cell (CrSi-2) produced by Solarex with an

effective area of 1600 mm? .

3) A polycrystalline silicon solar cell (poly-CrSi-1) produced by Solaris with

an effective area of 2500 mm? .
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4) A polycrystalline silicon solar cell ( poly-CrSi-2) produced by Solaris with
an effective area of 10000 mm?.
For this investigation, the short-circuit current ( I, ) and the open-circuit voltage

( Vo) of the sample cells were determined experimentally at room temperature and white

light illumination of 100 mW/cm? as shown in table 3.1.

[Crystalline [CrSi 1 | (| 20x20 | 540 | 114 | 154 |
Si CrSi 2 o 40 x 40 522 500 16.3
Poly ' Poly-CrSi 1 - 50 x 50 430 510 93
crystalline Solaris
Si Poly-CrSi 2 100x100 | 470 | 2,100 | 99

Table 3.1 Solar cell parameters under standard conditions: room
temperature and white light illumination of 100 mW/cm?. V,,
is the open-circuit voltage, I, the short-circuit current.

3.3 Experimental procedure

. The experimental set-up is schematically displayed in Fig.3.3. The Nd:YAG
laser beam was split into two parts by a beam splitter. One part was directed to a
photo-diode and the other to the sample solar cell.

The sample solar cells were illuminated by Nd:YAG laser pulses of 10* Hz and an
intensity of 0.02 mW/cm? The full width half maximum (FWHM) of these pulses were
6 usec, which is very short compared to the V. decay time of the solar cells. The
photo-diode (mod.: SFH 202) was the input of the first channel of a 100 MHz digital

storage oscilloscope from Hameg ( Mod.1007) and used as a reference for the signal from

the excitation source.
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Figure 3.3 Experimental setup for measuring V,, decay

The photo-induced open circuit voltage of the sample cells was the input of the second
channel of the oscilloscope. The open circuit voltage decay curves change in open circuit
voltage (dV, ) and the differential decay time (dt) of the sample solar cells were
determined.

In addition to laser excitation, the samples were also illuminated by a light pulse
from a xenon stroboscope from Griffin (mod. 65). The experimental otherwise unchanged.
The stroboscope has a frequency of 250 Hz, an illumination intensity of 0.58 mW/cm?, and
a FWHM of 22 psec, The voltage decay (dV.. ) and the decay time difference (dt) were

determined by OCVD curves.

Finally, the sample photo cells were illuminated by a Nitrogen laser pulse from
ORIEL (mod. 79110) . The Nitrogen laser pulses have a frequency of 396 Hz and an

illumination intensity of 7.5 mW/cm® and a FWHM of 5 nsec.
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The parameters of these excitation sources are summarized in table 3.2

LIGHT FWHM Frequency Intensity Numinated
SOURSE (usec) ( mW/em?) Area
(Hz)
Xenon whole
Stroboscope 22 250 0.58 sample
Lamp
NAYAG 6 10,000 0.02 0.04 mm?
Laser
Nitrogen 0.005 396 7.5 0.5 o’
Laser

Table 3.2 The parameters of the excitation sources.

The OCVD decay curves and the decay time are observed on an oscilloscope

screen, Because of the broadening of the curves and the precision a maximum error of +

10% is expected. Then the curves are drawn by hand from the oscilloscope using a

transparent paper and scanned to a computer. Four curves for each smaple cells are drawn.

Then calculating the standard deviation adds an error of about + 10% to the accuracy of

the measurements. So totally the accuracy of the minority carrier lifetime determination

can be approximated to be within 1 20% of error.
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4. RESULTS AND DISCUSSION

The photo-induced open-circuit voltage decay curves of the pn junction solar cell

sample CrSi-1 are shown in Figure 4.1. The change in the open-circuit voltage dV.., the

decay time dt, the calculated minority carrier lifetime T (equation 2.7), and the calculated

diffusion length L (equation 2.15) of each sample cell from the three different excitation

sources are shown in table 4.1.

-
~..
~

500 - .
400 \\
: R Stroboscope
: “.‘ — Nd:YAG Laser
3007 Yot N e Nitrogen Laser
I S 5
E.: "-.“Idvoc \\

Ewm|
o e inter- :
b J i : mediate :
> {linjection i el
low injection ""te-.,

1
160

—
140

I L
100 120

. .
time (us)

Figure 4.1 Photo-induced open-circuit voltage decay { OCVD )
curves for the crystalline silicon solar cell sample CrSi-1

obtained with a xenon stroboscope lamp, Nd. YAG laser

and Nitrogen laser as an excitation source.

Figure 4.1 shows the photo-induced open-circuit voltage decay curves of one of the
investigated pn junction solar cell samples illuminated with a stroboscope lamp (short dots

line), with the Nd:YAG laser (bold line) and with the Nitrogen laser (short dash line).
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Tn Figure 4.1 the OCVD spectra demonstrate the existence of two types of decay curve
parts. The observed curves initially consist of a nearly linear decay, which gives the decay time
dt of the intermediate injection condition. The second part shows an exponentially decaying
low injection curve, mainly due to the RC time constant of the solar cells. The high-level
injection region is not expected to appear in this case. The excitation sources intensity used
for this investigation are not sufficient to produce high injection spectra. The data was taken
from the linearly decaying first part of the curves. The curves were copied from the
oscilloscope screen using transparent paper and scanned into the computer for further

analysis. The results are summarized in table 4.1.

4.1 Crystalline silicon solar cells

The open circuit voltage ( Voc ) obtained for the solar cell samples excited by the
stroboscope lamp is nearly ten times larger than the Vo for the laser excited solar cell. The
Voc obtained for the solar cell samples excited by the Nitrogen laser is larger than that of the
Nd:YAG laser, but this difference is very small compared to that of the stroboscope lamp. The
Nd:YAG laser and the Nitrogen lasers only illuminate a fraction of the solar cell area, 0.04
mm’ and 0.5 cm? respectively, whereas the stroboscope lamp illuminates the whole solar cell
area ( Table 3.1 ). This demonstrates that the maximum value of the open-circuit voltage

strongly depends on the amount of the solar cell area illuminated by the excitation source.

The minority carrier life time ( 7)) and the minority carrier diffusion length ( L ) were
obtained to be minimum when the sample solar cells are illuminated by the Nitrogen laser and

maximum when illuminated by the Nd:YAG laser ( Table 4.1). Thus, the FWHM pulse width
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is not related to the minority carrier life time (<t ) and minority carrier diffusion length (L)

values obtained experimentally.

RS —
(Visec)

| Exitation Max, dVoe dt
source Yoc

mv) f(mV) hsec)

laser

70 20 30 600 41,7

Strobo I 50
| scope 1,750 to
piogen | 260 | 80 | 36 | 2,222 | 11.25 | 1125 | 1200
. asel { [8]

| Na:vAG
Iaser

Strobo
scope

1,411

Nitrogen
Iaser

NO:YAG
laser

200 15 6 2,500 10 106

Strobo 20
scope to
Nitrogen | 300 | 40 9 | 4,400 | 575 | 24.9 30[1]

laser

Strobo
scope
Nitrogen
laser

90.5 14 13 1,077 | 23.25 | 48.21 |

Table 4.1 Results of the photo-induced open-circuit voltage decay (OCVD)
technique measurements with Nd: YAG laser, Nitrogen laser and the
stroboscope lamp as an excitation source.

On the other hand, in Figure 4.2, the spectral dependent emission spectra of the Xenon
stroboscope lamp ( Left axis, solid line ) and the Nd:YAG laser ( Left axis, dashed line ) are
compared with the spectral dependent absorption coefficient for crystalline siticon in the

energy range of its absorption edge [ 6 ].
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The absorption coeflicient is displayed on the right axis and drawn as a dashed line. The
Nd:YAG laser line at 1,165 eV ( 1064 nm ) is located in a region of low absorption for
crystalline silicon. The stroboscope spectrum extends far into the visible spectral range where
the crystalline silicon absorbs up to 1000 times stronger than in the near infrared spectral
region at the Nd: YAG laser emission. The Nitrogen laser line at 3.678 eV (337.1nm) is in the
ultraviolet region where the crystalline silicon absorbs about 100 times stronger than that of
the xenon stroboscope lamp in the visible range [ 4 ] . Therefore the Nd:YAG laser pulses
penetrate deeper into the solar cell than the stroboscope lamp photons and the Nitrogen laser
pulses. The Nitrogen laser pulses are absorbed over a relatively short distance compared to
the stroboscope lamp and the deeply penetrating Nd: YAG laser pulses (Fig. 2.1).

The CrSi-1 sample has a shorter minority carrier lifetime ( © ) and a shorter
minority carrier diffusion length (L ) than the CrSi-2 sample cell when using Nd: YAG laser
pulses and the stroboscope lamp as an excitation sources. Conversely, when the cells are
illuminated by the Nitrogen laser pulses the opposite results are observed. All experimentalty
determined diffusion lengths for both crystalline silicon samples are within the interval of the
literature values ( Table 4.1 ).

The absorption coefticient of silicon for the Nitrogen laser emission line at 3.678 eV
is about 10° cm™ [ 4 . Using equation ( 2 .13), it can be calculated that only about 1/e of
the initial intensity of the photon ﬂux-striking the surface of the cell can travel a distance larger

than 0.1 pm deep into the solar cell from its surface.
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Figure 4.2 Spectral dependent emission spectra of the xenon stroboscope
lamp and the Nd:YAG laser in the energy range of the absorption
edge of the crystalline silicon . The energy dependence of the
absorption coefficient of crystalline silicon ( right axis, dashed

line) [6].

Compared to the thickness of the crystalline silicon ( Fig. 1.1 ), about
99.999917% of the incident photon energy is absorbed within the n-type emitter, The photon
energy of the Nitrogen laser entering the p-type base to generate electron-hole pairs is almost
negligible compared to the incident photon energy.

Therefore, for crystalline silicon solar cells, the reduced measured minority carrier

lifetime and diffusion length measured with the Nitrogen laser compared with the results
measured with the Nd:YAG laser is the result of the strong surface absorption of the first

excitation source compared fo that later one.
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4.2 polycrystalline silicon solar cells

The OCVD curves of the polycrystalline silicon solar cell samples have a very similar
characteristic to those obtained for the crystalline silicon solar cells ( Fig.4.1 ).
The open-circuit voltage ( V.. } determined for the PolyCrSi-1 and PolyCrSi-2

sample solar cells with the stroboscope excitation is about 90 times larger than that with the
Nd:YAG laser as an excitation source ( Table 4.1 ). The open-circuit voltage ( V.. ) for the

PolyCrSi-1 and PolyCrSi-2 sample solar cells with Nitrogen laser excitation is, about 50
and 15 times respectively, larger than with that of the Nd: Y AG laser. Therefore, comparing
these values with the illumination area of the excitation sources ( Table 3.1 ), the maximum
open circuit voltage ( V. ) of the polycrystalline silicon solar cell is influenced by the amount
of the solar cell area illuminated by the excitation sources.

Grain boundary states play a dominant role in determining the electrical and
photo-voltaic properties of polycrystalline silicon by acting as traps and recombination centers
{ 9]. The open circuit voltage obtained for PolyCrSi-1 sample cell is larger than that for
PolyCrSi-2 with both the stroboscope lamp and the Nd:YAG laser pulses (Table 4.1 ). But the
illuminated area of the PolyCiSi-2 sample solar cell is four times larger than that of the
PolyCrSi-1 sample solar cell { Table 3.1 ). This experimental data suggests that the grain
boundary state of the polycrystalline silicon plays a role in determining the electrical properties
of polycrystalline silicon.

The minority carrier lifetime ( © ) and the minority carrier diffusion length (L)
obtained, for both polycrystalline solar cell samples, with a stroboscope lamp is smaller than
that obtained with the Nd:YAG laser. But, the difference is very small compared to that
observed for the crystalline solar cells. The absorption coefficient of polycrystalline silicon, is
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assumed to be similar to that of the crystalline silicon ( Fig. 4.2 }. In the energy range of the
strongest stroboscope emission ¢, is farger than in the energy range for the Nd:YAG laser
pulse. However, polycrystalline solar cells are about ten times thinner than the crystalline solar
cells. So the stroboscope light can penetrate into the p-type base to generate electron-hole
pairs. Therefore, the lifetime determined by the Nd:YAG laser excited OCVD spectra is

similar to the surface recombination shortened lifetime obtained with the stroboscope

excitation.

On the other hand, the minority carrier lifetime and diffusion length obtained for the

PolyCrSi-1 sample solar cell with the Nitrogen laser excitation are shorter than those obtained
with both the stroboscope and the Nd:YAG laser excitation sources. This is to be expected
due to the strong absorption coefficient of polycrystalline silicon for the strongest Nitrogen
laser emission. However, the contrary result is observed for the PolyCrSi-2 sample solar cell.
This indicates that the minority carrier lifetime and diffusion fength of polycrystalline silicon

are affected by grain boundary states.
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5. CONCLUSION

The minority carrier lifetimes for crystalline silicon solar cells are larger
than the polycrystalline solar cells determined in this experitnent with the

stroboscope lamp and the Nd:YAG laser as an excitation source ( Fig. 5.1 ).

o]
(]
!

—e— minority carrier lifetime (Nd:YAG laser)
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Figure 5.1 The minority carrier lifetime for the photo-induced
open-circuit voltage decay ( OCVD ) technique
measurements of crystalline and polycrystalline silicon
solar cells obtained with xenon stroboscope lamp,
Nd:YAG laser and Nitrogen laser excitation.

Since the polycrystalline samples have relatively poor electrical properties
compared to the crystalline samples, the minority carrier lifetimes determined in this
experiment with the stroboscope lamp and the Nd:YAG laser excitation are

reasonable,
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There is a strong relation between the different investigated solar cell typés

and their minority carrier lifetime ( t ) and diffusion length ( L ) { Fig. 5.2).
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Figure 5.2 The minority carrier diffusion length for the photo-induced
open-circuit voltage decay ( OCVD ) technique
measurements of crystalline and polycrystalline silicon

solar cells obtained with xenon stroboscope lamp, Nd: YAG
laser and Nitrogen laser.

The stroboscope excited OCVD measurements of the investigated solar

cells produce shorter minority carrier lifetime, compared to the Nd: YAG laser
excited measurements, due to the influence of surface absorption. The Nitrogen laser
excited OCVD measurements of the solar cells show a complete different trend for

the L and 1, compared to the other two excitation sources, due to the very strong
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surface absorption. These factors are pronounced in the thicker crystalline solar cell

samples.
a
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Figure 5.3 The efficiencies of the sample solar cells in
percentage.
However, the measured minority carrier lifetime ( T ) and its correlated

diffusion length ( L ) of the sample cells with the stroboscope lamp and Nd: YAG

laser excitations produce good information about the attainable cell efficiency.

The larger the minority carrier lifetime, the larger is the diffusion length and the

efficiency of the solar cells (compare fig.5.1, fig 5.2 and fig 5.3).

Therefore, the open-circuit voltage decay ( OCVD ) technique with the
excitation source from either the visible spectral range (xenon stroboscope lamp
emission spectrum) or the near infrared spectral region { Nd:YAG laser emission )
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is a useful alternative method to the IV characteristics of solar cells to forecast the

efficiencies of crystalline and polycrystalline silicon solar cells.
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