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ABSTRACT 

The photoinduced open-circuit voltage decay technique was 

used to investigate the minority canier lifetime in crystalline and 

polycrystalline silicon solar cells. Tlus convenient investigation 

tecluuque allows a fast detennination of the minOlity canier lifetime 

in senUconductor matelials and is an impOltant technique to predict 

the solar cell perfOlmance. The decay curves were obtained with a xenon 

stroboscope lanlp and Nd:YAG laser and Nitrogen laser pulses as an 

excitation source. 
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INTRODtlCtI01V' 
• ., f" ,,' " ,,' , 1 

" ' , 
" , 

" : 

TIle conversion of sunlight directly into,e!ectricity 'lwiIlKsolru" c"lIs can 

provide a limitless energy source. Consequently the demand for photo-voltaic systems 

has increased through out the world. In (((lveloping countries such as Ethiopia, where the 

settlement are scattered, the electric infj'astl1lcture is limited and tile sunlight is plentifiIl, 

the need for solar energy resources is essential. 

Photo-voltaic (PV) systelllS are cum'lltly the most effective developed method for 

directly generating electricity fj'om light and scientists and engineers are working to 

increase the efficiency ofPV systelllS and to reduce the cost. 

Clystalline silicon (Si) cells are the most fj'equently used system pat1s in PVenergy 

conversion. 

Metal back contact 

~ 100-500 1illl p-layer 

n-Iayer 

Contact Bar + Gtid 

ininnil 
Sunlight 

Figure 1.1 Schematic diagram ofa crystalline silicon solar cell! 7 ]. 
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11I11S, the interest in crystalline Si has continued to grow [ 7]. A clystalline Si pn 

junction solar cell consists of a relatively smalln-type emitter mJ(i a much thicker p-type 

base ( Fig.l.1 ). 

11le minority can·ier diffilsionlength ( MCDL ) has been widely used to characterize 

Al 

~.~~~~~~~~ 
p 

-30j.IID 

n 

Swtlight 

Figure 1.2 Schematic diagram of a thin jilm POiyclystalline silicon 
solar cell. Al. abbreviates anti-reflection coating [ 1 j. 

the quality of Si 801m· cellmaterial8 before processing, because it provides a prediction 

ofthe energy conversion efficiency that may be attained in the final cell [8]. 
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In addition, precise detennination ofthis pm"mneter is clllcial for accurate simulations 

ofthe trmlspOlt chm"acteristics of semiconductor devices such as high efficiency Si solm" 

cells" 

TIle photo-induced open-circuit voltage decay technique was originally introduced 

by Gossick [ 9]. It involved creating excess minority cml"iers in ajunction device using 

ml extemal excitation provided by a brief fOlwm"d CIIIl"ent, and monitoring the 

open-circuit voltage, Voc, after the excitation has been abmptly tenuinated" Minority 

cml"ier lifetime cml be detennined by mlalyzing the resultmlt Vo< decay curve" 

Further lifetime studies m"e required to detennine the possibilities mid limitations of 

new solm" cell designs with high efiiciencies [ 8]" 

Various methods have been repOlted for the determination of the lifetime of 

minority cml"iers or their diffilsionlength" TIle photo-conductive decay (PCD ) method 

has been used for the measurement ofthe minority cml"ier lifetime by a number of 

investigators" TIle slllf."lce photo-voltage ( Spy ) teclmique is also a convenient method of 

measuring the minority cml"ier difiilsionlength L which is related to the difiilsion 

coefficient D mid the minority cml"ier lifetime 1:" In the PCD method, the clystal is 

illuminated by a pulse oflight mid the relation ofthe PCD pulse muplitude with the 

applied electric field is studied graphically" TIle Spy method for measuring the minority 

cml"ier lifetime utilizes a bemn of photons incident on the surface of the semiconductor at 

ml energy just above the bmld gap" TIlese methods m"e based on optical mid electrical 

teclmiques" For solm" cells, it is appropriate to detennine the lifetime using an optical 

method [8]. 

In this investigation the minority cml"ier lifetimes of clystalline mid polyclystalline 

Si solm" cells afe detennined using photo-induced open-circuit voltage decay (OCVD) 
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with Nd:YAG and Nitrogen lasers as an excitation sources and are compared with those 

obtained with a stroboscope lamp as an excitation source, TIle applied photo-induced 

OCVD technique is simple and straightfOlward, requires no complicated tecllllique and 

expensive equipment but nevel1heless achieves reliable experimental results [9,15]. 

TIlis thesis is divided into six sections, Section 2 describes the theOlY relating the 

minority call"ier lifetime to other semiconductor parameters, TIle open-circuit voltage 

decay, the decay time and the minority catTier difiilsionlength are discussed stat1ing 

fi'om the basic continuity equation, TIle chat'acteristics of solar cells at'e a tilllction of 

optical energy, which is absorbed in a semiconductor atld generates excess electron-hole 

pairs producing photocUll"ents, TIle output telluinals ofthe solat, cell at'e connected to a 

resistive load so that input optical power is convel1ed to electrical power, TIle knowledge 

of vat'ious chat'acteristics including the sh0l1-circuit cUIl'ent, the open-circuit voltage, 

optical absorption, maximum power and conversion efficiency of a Si solat, cell is of 

basic imp0l1atlce in designing the devices [ 4 ]. TIle optical atld electrical propel1ies ofSi 

solat' cells at'e also discussed in section 2, Section 3 contains a description ofthe 

experimental appat'atus atld the procedures to CallY out OCVD measurements, In the 

fOUl1h section the results of this investigation at"C presented atld the discussion ofthe data 

and graphs at"C given, In section 5 concluding l"Cmat'ks are given atld finally the reference 

materials at'e listed in section 6, 
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2. THEORY 

2.1 Minority carrier lifetime in semiconductors 

The basic equations for semicondnctor device operation are tbose which 

describe the static and dynamic behaviour of calTiers in semiconductors under tbe 

influence of extenml fields which cause deviation from the thelmal equilibrium 

conditions. 

In the discussion the following representations al'e used, 

Ilpo - thenual equilibrium concentration of minority calTier electrons 

Jlno - tbel1ual equilibrium concentration of minority calTier holes 

Jp - minority cal1'ier hole diffilsion ClIITent density 

In - minority calTier electron diffusion CUIHlIlt density 

Dp - hole diffilSion coefficient 

Dn - electron diffusion coefficient 

Lv - difiilsionlengtb in the Jl side 

1. - difiilsionlength in the n side 

np , pn - minority calTier densities 

E - Applied electric field 

Let us consider tbe case when a semiconductor saluple is illuminated with 

light and the electron hole pairs al'e generated unifol1uly throughout the srunple with a 

generation rate G , TIle boundalY condition are E = 0 alld ;: = 0 Stalting ii'Dlu the 

continuity equation we have the equation in the f0I111 [ 4,12] : 
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anp _ G _ np-npo 
at - T" (2. I ) 

anp 
At steady state, W = 0 and nl' = npo + 1:" G 

Where"tn is the minority carrier lifetime in p-type semiconductor. 

If the light is turned off at t=O, the boundary conditions are np (0) = npo + 1:"G and 

np (t -* CQ) = npo then the solution is: 

( 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]: 

( 2.3 ) 

Where Jdrl" is the drift current density, Iln is the electron mobility, IIp is the hole 

mobility and E is the electric field. 

The drift current density can also be written as: 

lJrj = e(jf."n + f1rp)E = (JE ( 2.4 ) 
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Where (J is the conductivity of the semiconductor material. Then the conductivity 

becomes: 

(i = e(p,,,n + JlrP) ( 2.5) 

The excess carriers generated uniformly 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. Tllis 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 oflligh-Ievel injection, 

where the excess minority carrier concentration exceeds the majority carrier concentration 

in the base region of the cell. When tIlis condition is met, the decay CUive is linear and the 

minority carrier life time ( 't ) may be described using the following expression [ 9 l: 

( 2.6 ) 

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

charge, and t is the time. 
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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]: 

kTI 1 I 7;= q dV""ldl ( 2 . 7 ) 

Finally, in the third region of the decay CUIve, low-injection condition exists, 

where the excess minority carrier concentration is less than the equilibrium minority carrier 

concentration. As Voc becomes much less than kT/q, the Voc decay approaches the 

following time dependence: 

en ( 2.8 ) 

where Vo is the open circuit voltage at the termination of excitation. An exponentially 

decaying low injection curve is mostly determined by the RC time constant of the solar 

cell. 

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

recombination. 

At a distance x into the base [ 7]: 

Lill(x) = Lill(O) ( 2.9 ) 

The probability that an electron injected at x=o survives to a distance x is : 
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lIn(x) 
lIn(O) = 

The probability that an electron at x will recombine at x+dx is: 

lIn(x)-lIn(x+dx) _ (-dlJn(X») (-ilL) _ d:x 
lIn(x) - dx lIn(x) - L 

(2.10) 

(2.11) 

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

il~ ected at x=o will recombine at a given dx is : 

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

( 2. 12 ) 

Thus diffusion length is both the medium distance before recombination and the 

exponential decay length. 

Substituting the expression for minority carrier lifetime 1: in the Einstein equation for 

the diffusion length [ 4 1 : 

( 2. 13 ) 

with the diffusion constant 

( 2. 14 ) 
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where {iii is the mobility of holes in the respective material of the solar cell, 
the diffusion length can be calculated from: 

Careful measurements of the Voc decay and dt of the second patt of the curves 

obtained from the crystalline and polyctystalline 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. 
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2.2. Optical and electrical properties of solar cells 

2.2.1 Optical properties of solar cells 

Optical measurements are fi'equently 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 oflight 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 c/", extinction coefficient k, and optical energy 

gap EgOP! [12]. 

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

semiconductor. The rate oflight 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 

lex) = 10 (-ax) ( 2. 16 ) 

where a is the absorption coefficient. The absorption coefficient determines how 

far below the surface of the solar cell light ofa 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, C/., plays a key role in solar 

cell design [ 4 ]. 
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The intensity of the photon flux decreases exponentially in the semiconductor 

material. The photon intensity as a function ofx for two different values of absorption 

coefficients is shown in Figure 2.1 [ 4 ]. If the absorption coefficient is large, the 

photons are absorbed over a relatively short distance. 

10 

, , , 
, , , , , 

, , , , , , , 

large a 

x 

Figure 2.1 Photon intensity versus distance inside an 
absorbing material. 

When incident light falls on the sUlface ofthe 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 ( c-Si ), 

micro-clystalline silicon (~c-Si:H) and amorphous silicon ( a-Si:H) as a function of 

wavelength. 
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Figure 2.2 The spectral dependence of the absOlption coefficient of 
Clystalline, micl'o-clystalline and all1Olphous 
silicon [ 6 ]. 

Since ex 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 A, is established by the energy gap of the semiconductor and 

is: 
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1 l. 24 ( ) 
ILc == Eg(e V) ~lln (2.17 ) 

Therefore the long-wavelength cutoff is about 1100 lUn for CrSi . For 

wavelengths longer than A, , the values of a are too small to give appreciable 

absorption. The sholt-wavelength cutoff of the photo response exists because the 

values of a for short wavelength are very large ( - 10' cm· l
), and the radiation is 

absorbed near the surface where the recombination time is short. The photo-carriers 

recombine before they are swept out ofthe area [ 4 ]. 

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

The I-V characteristics are frequently 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. 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 = Xn plus the minority 

electron diffusion current at x = - Xp • 
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p 

carrier 
concentration 

n 

P (x) n 

------------------------ PM 
npo 

x=o Xn 

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

x 

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 carrier 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. 
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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 ofthe 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 = Xn plus the minority carrier 

electron diffusion current at x = -Xp . 

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 = Xn 

from the relation [4]: 

( 2. 18 ) 

Assuming uniformly doped regions, the thermal equilibrium carrier 

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

(2.19) 

- 16 -



The excess carrier concentrations are also found to be: 

( 2.20 ) 

Taking the derivative of equation ( 2. 20 ) and substituting into equation ( 2.19 ), 

we obtain: 

J ( ) _ eDpp"" [ 
p..;cn - Lp ( 2.21 ) 

Similarly, we may calculate the electron diffusion current density at x = -xp. 

TIlls may be written as: 

( 2.22 ) 

and finally we obtain: 

J (_ ) _ eD"npo [ 
n Xp - L" ( 2 . 23 ) 

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

(~¥) -1] ( 2.24 ) 

We may define a parameter J, (the saturation current) as: 
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( 2.25 ) 

So equation ( 2.24 ) may be written as: 

e~-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. 

lout 
~ = 

Rs 

~~ 
ID 

f- Rsh 

Figure 2.4 The idealized equivalent circuit of a solar cell . 

The constant current source results £l·om the excitation of excess carriers by 

radiation. The difference between the diode current ( ID ) and the light generated 

current ( Iph ) is the output current ( lout) which is given by: 
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( 2.27) 

Where V is the voltage, e the magnitude ofthe charge, T is the absolute 

temperature and 10 is the diode saturation current. 

The current obtained when V = ° is called the shott-circuit current ( I~ ) 

similarly the voltage obtained when I = ° is called the open-circuit voltage ( V", ). An 

expression for the V", can be obtained from the equation (2.27 ), by setting I = 0, as: 

( 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 [V m . 1m 1 , where V m and 

1m are the voltage and the current corresponding to the maximum power point 

respectively [14 l 

The energy conversion efficiency (11 ) of the solar cell is given by : 

(2.29 ) 

Where Pin is the total power of the light incident on the cell and FF is the fill 

factor given by: 

FF- V",lm 
- V ",I,. ( 2.30) 
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Figure 2.5 Ideal cllrrent voltage characteristic of a solar cell 
under illum ination. 

Grain boundary states playa 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 mechanism 

in polyclystalline solar cells. Most theoretical calculations have been made for the 

column grain growth boundalY. But all grain boundaries at different physical locations 

must be taken into account, and the efficiency must be calculated after estimating the 
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effects of grain boundalY 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. EXP ERI MENTA L 
APPARATUS 

The minority carrier life time ( 't ) 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 carriers inside the sample solar cells, 

causing a momentary increase in conductivity. 

The increase in conductivity results in a peak open circuit voltage ( Voc ). The 

decay of the Voc was observed with a storage oscilloscope. The minority carrier life time 

was calculated fi'om 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 ofNd: Y AG is shown in (Fig. 3.1). 

For tIllS experiment the pumped Nd: Y AG 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 (FigJ.2D) by a 60 mm focal length lens 

(Fig. 3.2C). 
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.... - - - Terminallevel 

\ Fast nonJ'adialive decay 

Figure 3.1 The foul' level Nd: YAG laser [13 }. 

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

laser 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 RG 1 000 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. 

-23-



G F E D c B A 
,- ~ ,-"""- ,-

., ,-
i 'I., ..; 1 ...... 

"' ~ 

~' "' J' 
t-

r-- ~ 

H 
Temp. Curr. 

,--'-.., ,-, 

~J 0 c:::J CJ 

0 0 

'--------' LDC-01 

Figure 3.2 Schematic diagram afthe Nd: YAG laser set up 

3.2 Samples 

This investigation was conducted with four different silicon solar cells. 

1) A mono crystalline silicon solar cell (CrSi-1) produced by Solarex with 

an effective area of 400 mm 2
• 

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

effective area of 1600 mm2 
• 

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

an effective area of 2500 mm2 
• 
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4) A polycrystalline silicon solar cell (poly-CrSi-2) produced by Solaris with 

an effective area of 10000 mm'. 

For tIlls investigation, the shott-circuit current ( I,,) and the open-circuit voltage 

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

light illumination of 100 mW/cm2 as shown in table 3.1. 

Name Manu- Dimension Voe Ise Efficie 
facturel' (Jum) (mV (lilA UCy 

Ct'Ystalline CrSi 1 
Solarex 

20x20 540 114 15.4 
Si CrSi 2 40 x40 522 500 16.3 

Poly Poly-CrSi 1 50 x 50 
480 510 9.8 

cl'Ystalline Solaris 
Si Poly-CrSi 2 100 x 100 470 2,100 9.9 

Table 3.1 Solar cell parameters under standard conditions: 1'00111 

temperature and white light illumination of 1 00 m W/cm 2
, Vac 

is the open-circuit voltage, Isc 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: Y AG laser pulses of 10' Hz and an 

intensity of 0.02mW/cm2
. The full width half maximum (FWHM) of these pulses were 

6 Ilsec, wlllch is very shott compared to the V GO decay time of the solar cells. The 

photo-diode (mod.: SFH 202) was the input of the first chatmel of a 100 MHz digital 

storage oscilloscope from Hameg ( Mod.1 007) and used as a reference for the signal from 

the excitation source. 
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Figure 3.3 Experimental setuplor measuring Voc decay 

The photo-induced open circuit voltage of the sample cells was the input of the second 

channel ofthe 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 fi'om Griffin (mod. 65). The experimental otherwise unchanged. 

The stroboscope has a frequency of250 Hz, an illumination intensity of 0.58 mW/cm2
, and 

a FWHM of 22 Ilsec. 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 3 96 Hz and an 

illumination intensity of 7.5 mW/cm2 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 llluminated 
SOURSE (l1sec) ( mW/clll2

) AI'ea 
(Hz) 

Xenon whole 
Stroboscope 22 250 0.58 sample 

Lamp 
Nd:YAG 

6 10,000 0.02 0.04 mm2 

Laser 
Nitrogen 

0.005 396 7.5 0.5 cm2 

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 fi'om 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 ± 20% of error. 
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4. RESUL TS AND DISCUSSION 

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

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

decay time dt, the calculated minority carrier lifetime 1: (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. 
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Figure 4.1 Photo-induced open-circuit voltage decay ( OCVD ) 
curves Jor the Clystalline silicon solar cell sample CrSi-J 
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 (sholi dots 

line), with the Nd:Y AG laser (bold line) and with the Nitrogen laser (short dash line). 
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In Figure 4.1 the OCVD spectra demonstrate the existence of two types of decay CUIve 

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 tlus case. The excitation sources intensity used 

for this investigation are not sufficient to produce lugh injection spectra. The data was taken 

from the linearly decaying first paIt of the curves. The curves were copied from the 

oscilloscope screen using transparent paper and scaImed into the computer for further 

analysis. The results are summarized in table 4.1. 

4.1 Crystalline silicon solar cells 

The open circuit voltage ( V DC ) obtained for the solar cell samples excited by the 

stroboscope lamp is nearly ten times larger than the V DC for the laser excited solar cell. The 

V DC obtained for the solar cell samples excited by the Nitrogen laser is larger than that of the 

Nd:YAG laser, but this difference is veIY small compared to that of the stroboscope lamp. The 

Nd:YAG laser and the Nitrogen lasers only illuminate a fi·action of the solar cell area, 0.04 

mm2 and 0.5 cm2 respectively, whereas the stroboscope lamp illuminates the whole solar cell 

area (Table 3.1 ). Tlus demonstrates that the maximum value of the open-circuit voltage 

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

The nunority carrier life time ( "t ) and the nunority 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. 

Solat' Exitation Max. dVo, dt dVoe/dt 't L J.1 L(J.1m) 
cell source Vo, 

J!sec) (V/sec) (!!Sec) Refer 
(IlIV) (IIIV) I (J.1I11) ence 

CrSi Nd:YAG 
70 20 30 600 41.7 216.5 laser 

Strobo 
400 35 20 1,750 14.3 126.8 50 

1 scope to 
Nitrogen 

260 80 36 2,222 11.25 112.5 1200 
laser 450 [8] 

CrSi Nd:YAG 
9.6 12.8 28 457 54.7 244.1 laser 

Strobo 
510 120 85 1,411 17.7 141.2 2 scope 

Nitrogen 
200 15 6 2,500 10 106 laser 

Poly Nd:YAG 6.9 12 9 1,333 18.8 43.3 laser 
- Strobo 20 590 40 15 2,667 9.4 30.6 CrSi scope to 

1 Nitrogen 
300 40 9 4,400 5.75 24.9 30[1] 

laser 
40 

Poly Nd:YAG 6.5 2.6 2.4 1,083 23.1 48 laser 
- Strobo 

CrSi scone 530 50 20 2,500 10 31.6 

2 
Nitrogen 

90.5 14 13 1,077 23.25 48.21 laser 

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 silicon in the 

energy range of its absorption edge [ 6 ]. 
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The absorption coefficient is displayed on the right axis and drawn as a dashed line. The 

Nd: Y AG laser line at 1.165 e V ( 1064 nm ) is located in a region oflow absorption for 

crystalline silicon. The stroboscope spectmm extends far into the visible spectral range where 

the clystalline silicon absorbs up to 1000 times stronger than in the near infi·ared spectral 

region at the Nd:Y AG 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: Y AG 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: Y AG laser pulses (Fig. 2.1). 

The CrSi-l sample has a sh0l1er minority carrier lifetime ( 'C ) and a sh0l1er 

minority carrier diffusion length ( L ) than the CrSi-2 sample cell when using Nd: Y AG 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 experimentally 

determined diffusion lengths for both C1ystalline silicon samples are within the interval of the 

literature values ( Table 4.1 ). 

The absorption coefficient of silicon for the Nitrogen laser emission line at 3.678 eV 

is about 10' cm- I [4]. Using equation ( 2.13), it can be calculated that only about lie of 

the initial intensity of the photon flux striking the surface of the cell can travel a distance larger 

than 0.1 11m 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 absOlption 
edge of the clystalline silicon _ The energy dependence of the 
absofption coefficient of cfystalline 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 Il-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 clystalline 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 to that later one. 
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4.2 polycrystalline silicon solar cells 

The OCVD CUlves of the polycrystalline silicon solar cell samples have a very similar 

characteristic to those obtained for the clystalline silicon solar cells (Fig.4.1 ). 

The open-circuit voltage ( Voc ) determined for the PolyCrSi-l 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 (Voc) for the 

PolyCrSi-l and PolyCrSi-2 sample solar cells with Nitrogen laser excitation is, about SO 

and IS times respectively, larger than with that of the Nd:YAG laser. Therefore, comparing 

these values with the illumination area of the excitation sources ( Table 3.1 ), the maximum 

open circuit voltage ( Voc ) of the polycrystalline silicon solar cell is influenced by the amount 

of the solar cell area illuminated by the excitation sources. 

Grain boundary states playa dominant role in determining the electrical and 

photo-voltaic propeliies of polyclystalline silicon by acting as traps and recombination centers 

[ 9 l. The open circuit voltage obtained for PolyCrSi-l 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 PolyCrSi-2 sample solar cell is four times larger than that of the 

PolyCrSi-l sample solar cell ( Table 3.1 ). This experimental data suggests that the grain 

boundmy state of the polycrystalline silicon plays a role in determining the electrical propeliies 

of polycrystalline silicon. 

The minority carrier lifetime ( 'C ) and the minority carrier diffilsion length ( L ) 

obtained, for both polycrystalline solar cell samples, with a stroboscope lamp is smaller than 

that obtained with the Nd: Y AG laser. But, the difference is very small compared to that 

observed for the crystalline solar cells. The absorption coefficient of polyclystalline silicon, is 
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assumed to be similar to that of the clystalline silicon (Fig. 4.2). In the energy range of the 

strongest stroboscope emission (X is larger 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 shOliened lifetime obtained with the stroboscope 

excitation. 

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

PolyCrSi-l sample solar cell with the Nitrogen laser excitation are shorter than those obtained 

with both the stroboscope and the Nd: Y AG laser excitation sources. Tins is to be expected 

due to the strong absorption coefficient of polycrystalline silicon for the strongest Nitrogen 

laser emission. However, the contraty result is observed for the PolyCrSi-2 sample solar cell. 

TIns indicates that the minority carrier lifetime and difihsion length 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 tills experiment with the 

stroboscope lamp and the Nd: Y AG laser as an excitation source ( Fig. 5.1 ). 
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Figure 5.1 The minority carrier l((etime for the photo-induced 
open-circuit voltage decay ( oeVD ) technique 

measurements of clystalline and polYClystalline 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 deternllned in this 

experiment with the stroboscope lamp and the Nd: Y AG laser excitation are 

reasonable. 
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There is a strong relation between the different investigated solar cell types 

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 (OeVD ) technique 
measurements of clystalline and polYClystalline silicon 

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

The stroboscope excited OCVD measurements of the investigated solar 

cells produce shorter minority carrier lifetime, compared to the Nd: Y AG 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 Land 't, 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. 
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Figure 5.3 The efficiencies of the sample solar cells in 
percentage. 

However, the measured minority carrier lifetime ( 1: ) 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.l, 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 spectlUm) 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 polyclystalline silicon solar cells. 
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