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CHAPTER 1

GEN INTRODUCTION

The existence of energy orieis has become all too
clear @irins the laat two decades. A freguemtly mentioned
golution to the problem of obtaining an slternate source
of energy for the future is the use of photovoltailce
ecanvergion of the energy contained {n the sun light with
the help of solar cells.

Photovoltaic effects were first noticed more than
a sentury ago, In 1839, E. Beocgquerel obsexwed a photo-
voltage (o voltage that depends on light) when sun light
was allowed to shine on one electrode in an electrolytic
golution., The first soientific paper to report on photo-
voltage was publighed in 1877 and concerned melenium. In
1954, an ROA group demonstrated praatical conversion of
radiation into electrical energy by a silicon pn junction
oell, and shoxtly thereafter Chapin, Miller and Pearson
(1954 ) reported on a 61 effiocient solar cell.

Beeatige of thelr relatively high efficiency angd

optical genaltivity over a wide range of wave lengths
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modern solinr oells are also useful as optical switching
devices and radiation detectors. It is fmportant to
develop the testing methods for use of solar cellis as
the solar energy conversion devioes as well as for

gwi tching applications.

It 18 well lmown that the transient photoconducting
responge of a semiconduotor provides a powerful method
for teating, particularly for measurement of carrier life
time, sarface recombination velooity eto. It is expected
therefore that the transient response of a solar cell
ghould algo provide a method for the determination of
exoesns oarrier 1ife time and other material parameters
of a finighed solar cell,

In order to develop suitadle testing methods it is
dmportant to study the basio phystcal processes whioch
detemine the response of solar cells, Inspite of a
substantial effort, these physical procesges have not yet
been fully analysed. One of the usual approximation is
to neglect the effect of diffused layer and conpider only
the base of the solar cell which amounts to the approxima-~
tion that solar cell is a uniform semiconductor. Whereas
this approximation may be valid in several penlistic
situations, in certain devices the 41 ffused layer does
meke an important contribution ~ in the steady-state as



well as tronglent state. Diffused layer and its coupling
with the bnpe in accordance with certain boundary condi-
tions 1w referred to as pn coupling (see section 1.4).
Even 1f the effect of pn coupling i8 nezligible it is
important to study the effect of finite thickness of the
base as well os built-in-eleotric (drift) field caused
by non-uniform doping in the base. In the calculations
vhich have hoen published s0 far by other authors these
effects have not been included in the transient response

of molar cells.

The objective of the present thesis is to study the
transient response of a solar cell taking into account the
aforementioned effects which have not been included in thé
work published by other authors so far. It is hoped that
the thesis fllls up this important gap in the literature.

The transient response of a solar cell is determined
by either of the two main characteristios - decay of open
oircuit photovoltage (PVD) or short-oirouit current after
abrupt termination of the exoiting radiation, The short-
circuit current depends upon the series resistance of the
solar oell vhich introduces some uncertainties in the
analysis of the experimental data, It 1p therefore more
convenient to study the open oircult photovol tege deoay
which is an important charecteristio of the trangi ent



responge of a solar cell. In view of this in the present
thesis we confine ocur studies to the open circuit photo-
voltage decaye.

In parxticular the thesis atiempts the following:

(1) To develop a theory of open circuit photo-
voltage decoy in a eolar cell with a view to apply it for
measurenent of various material parameters of solar cell

by analyeing the experimental data om photovoltage decay.

(11) To study the effeot of built-in-electric field
and thickness of the base on open oircuit photovoltaze
deocay.

(111) To study the effect of pn coupling on the
transient response of a 80lar gell and also pteady-state

response in asg much as it affects the transient response.

where the pn coupling makes substantial contribu-
tion the PYD will obvioualy be sensitive to the hulk and
surface-material parameters of the dlffused layer. Hence
the work presented here would also include the effect of
surface recombination velooity, surface generation of
carriers as introduced by Tewary and Jain (1980) in the
solar cell surface boundary ocondition, excess carrier
life time in the diffused layer and the dark saturation
ourrent of the diffused layer. am will be digoussed in
this chapter in section 1.4, the dark saturation current
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depends upon the band gsp narrowing caused by heavy
doping in the diffused layer which ia thus indirectly
4noluded in the praesent analysis.

(1v) To study the spectral dependence of VD
because the relative contribution of various material

parameters modify the spectral dependence of PVD,

Plrst in thie chp ter we shall give a brief review
of a solar cell and the basic concepts nceded for the
developnent of the theory in the text of the thesis. In
section 1.2 a brief introcuotion to solar cell and its
working ia ziven, The importance of transient studies
in pn ju.otion devices (solar cells and diodes) 18 discuss-
ed {n section 4.3, In seotion 4.4 the importance of the
ai ffused loyer and its coupling with the dbase viz. pn
coupling in the solar cell response is discussed. Heavy
doping effect in the modern solar cells are disoussad in
section 1.5, Tewary and Jain (1980) boundary condition
for solar cells which accounts for the recombination as
well as generation of carriers at the front (1lluminated)
surface 18 discussed in section 4.6, In section 1.7 a
chapterwisec sumnery of the work presented in this thesis

is given.

A



1.2 Soler Cell

The modern solar cell is an electronic device,
fabricated from semiconductors that converts a fraction of
the enercy conteined in the incident sunlight direotly
into electrical energy.

The conversion of light into elestricity in a
solar cell is caused by the photovoltaic offest at s
boundary layer, When photons with an energy greater than
the band gap are incident on a solar cell, the absorption
of the photons oreates frees electron-hole pairs. These
exceas minority ocarriers may diffuse to the space charge
region, cross the junotion and give rise to photocurrenty

photovolt-ze, and powsr into a load.

The mumber of eleotron-hole palirs generated per
unit tire in an unit volume of the cell is proportional to
the optic,l energy abeorbed in that time in the unit volume
of the cell. If the cell is exposed to the incident
optical mdiation for sufficiently long time(of the order
of the excess minority carrier life time) a steady-atate
18 reached: a state of a dynamfosl gyetem 1g galled steady
i1f all the variables desoribing i{ts behaviour do not vaxry
with time or are a periodic funotion of time (within a
aennegjlfrentexval)(aarﬂner and Barnes 1942), Xow, L{f the

incident radiation ig switohed off abruptly, the oreated



electrons and holes start recombining and after some
time once ~z-in a stendy-state will be re=ched. The
vapid tr-ncition of the cell from one steady-astate to
the other ig accompanied by a transient process: the
state of a dynamical system which comnot be described by
time-indcpendent ¥alues of 1ts parameters is colled a
transient ptate. The finite life time of the excess
carriers cncbles this state Vo last for a time which is
roughtly ecual to their life time.

1.3 ortnnge of th n udie

The existence of a transient state between two
gteady-states 1o of immense importance in the measuirement
of the solar cell parameters and iu this respect transient
measurenents supplement the stesdy-state measurements., A
very important parameter which playas the key role in decid-
ing the quality of the cell ie the excess minority carrier
1ife time. Xt te defined as the time required for the
goncentration of the excess charges to deeay by recombdina-
tion to 1/@ of its i{nitial value. 8ince the semconduotor
orystal uidergoes several tcmperature treatments during the
preparatian of the oell, life time of the exoess minority
carriers in the finished device is quite different as
compared to 118 ¥alue in the as grown cxyatsl,

The translent response of the solar cell oan be



explored to meaeure this important parameter., There are
various methods of doing thise. The best and most widely
used method, however, is the openr oircult photovoltage
decay method, The alvantages of this method over the
other methods for transient measurements can be summarised

ae follows:

(1) Since no ocurrent flows in the sxternal circuit

in the opcn circult cese, 1t ims purely a jJunction property.

(14) The effect of smnt resistance ia significant
at low voltages only (Bassett 1969).

(111) since no ourrent flows through the device, the
wnecertaintics sasociated with the series resistance are

evoided.

(1v) “hen ptudied at high injeotion levels, this
method yields the value of the diffusion potential
(Gossiit 1955 and Tkhorik 1966).

(v) Since the total current through the device is
zoro, the problem of ite heating ie almost eliminated.

The PVD in a solar cell involves following two etepss

(1) Creation of excess carriers by i{ncident photons
vhich oause & photovoliage to appeer seross tha junction,
Sinoe the solar cell in illuminated mode is in open
ciroul § configuration, this voltage is alao equal to the
open circult photovoltage.



(14) Subsequent observation of the photovoltage
decay pattern on a CRO following an abrupt termination
of light.

fhe slope of the best straight line in the PVD
pattern then gives the life time of the excess minority
carriers (Ii~hom et. al, 1979 and Jain 1981),

Phe conventional theories for the transient processes
in golar cclls neglect the contridution of the diffused
layer. However, recently it has been shown that the
heavy doping in the diffused layer of modern solar cells
causes band gnp narrowing in this part of the ocell
(Lindholm and Sz2h 1977, Sah and Lindholm 1977, Hauser
and Dunbar 1977, Slatboom and Degraff 1976, Lindholm et.al.
1977, Fosesum et, al. 1979, Shibid et. al. 4979a and Shihidb
et., 2l. 1979b) because of which the contribution of the
diffused layer to oell Tresponse oan no more be neglected,
Detailed discusgions on the contribution of the diffuged
layer (pn coupling) and the effects of heavy doping will

be presented in next two seotions,

Trangient response of the golar gell gan alse be
explored for the measurements of the heavy doping effects
as is done by Lindholm and Sah (1977)., These authors have

attempted to measure the band gap narrowing through
transi ent neasurements.



The impoxrtance of the tranasient response in dfodes
wag reallzed mach earlier than in s0lar cells. liany
authors inclucing Ledderhander et., al. (1955), Gosaik
(1955), Lindholm and Sah (1976) and Tewary and Jain (1981)
have used FOVD method for the detemination of excess
minority carrier life time in a diode. Madan and Tcwary
(1581) have cuployed this method for the measurement of
series reglataonce of a dlode., The decay of open oircutt
voltage following an abrupt termination of forward curremt
is 0alled FOVD,

Further studies in dlodes by Kingston (1954),
Kennedy (1962), Muto and Wang (1962) and Moll et, al. (1962)
showed thot when a dlode wae switched from the forward to
the reverse direction, an 'snomalously' large reverse
current fLlowed for some time. This phenomenon is known
a8 reverge recovery, Reverse recovery in the oase of golar
cells has been attempted by Dhariwal (1980). In view of
the importonce of the reverse recovery in the efforts to
reduce the recponse time of the pulsed circuits, many
investigations of the phenomena were carried out (gee, for

example, Nosov 1969).

The theory of transient processes haa stimlated to

development of new devicee as charge stornge diodes (Mol
Ot. 310 1%2).



To conclude, 1t can be sa1d@ that the development of
the theory of transient prooeeses has made it posaible
considerzbly to extend investigations of relaxations
processes in gemiconductor devices, in particular, the

recombis-tion of excess carriers.

In the usual calculations of the solar cell charac-
teristics the contribution of the diffused layer is neglected.
It has, however, been shown by Hauser and Dunbar (1977) that
the diffused layer can represent an important limitation
to efficiency, speclally in the low resistivity base solar
cells., Short-ocircuit current losses ocour in the diffuged
layer due to surface recombination and the bulk carrier
recombination. The diffused layer contributes to the dark
saturation current through carrier injection and recombina-
tion either in the bulk or at the surface. It has been
obgerved by Fossum et. al., (1979) that the diffuged layer
can make on important contribution to the dark saturation
current of the golar cell and hence limit the open oircuit
photovoltage. The presence of the band gap narrowing (to
be dimscuseed in the next seotion) further deteriorates the
cell perfomance. Fossum et. al. (1979) find that the
contribution of the diffused layer to the dyrk saturation

current
A

in the presence of band gap narrowing ean bhe as large am

30 times the cantribution %0 it from the bagse.



Foooun et. al. (1979) further show that the
inclusion of the effecte of band gap rarrowing, modified
by the Fermi-Tirac statistics, in the diffused layer in
the analysis onn be used t0 explain the inoconaistency
obgerved in the open circuit photovoltage of low base
resietivity o licon solar cells, QOpen circuit photo-
voltage in such cells 1g smaller than that predicted by
conventional theory vhich neglects diffused layer im the
ocalculation of cell response (Brandhorst Jr. 1975 and
Shibib et. al. 1979a).

i ffused layer and its coupling with the base in
accordance with certain boundary conditions (to be discuss-

ed next) 1s referred to as pn coupling.

Mothematiocally, pn coupling in a solar eell (or diode)
arises from the following oonsiderations which are imposed
as boundary conditions on time dependent diffusion equations
for the excess minority carrier concentrations in the

di ffused =nd the bage layers of the osell:

{1) The excess minority carrier conocntrationsg at
the junotion on both esidee are related to the Junction
voltage by the Boltagmonn law in accordance with the
Bhockley boundary condition as f£0llows,

at%;? - P—‘%;? = oxp(qV/kT) - 4 ee (1.1)
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where n and p denote the excess minority carxier
concantratiocns at the junetion at time ¢, npo and
i denotc itheir thermal equilibrium values respectively.
¥ 1is the voltage across the Junotion and g demotes the
electronic charge. T represents the thermal energy at

temperature T.

It c¢can be shown that the ratio of the two concente
rations n(0,t) and p(0,t) remains constant during the
decay (Nosav 1969).

(2) T™ae total current tﬁrough the junetion is the
sum of the minority carrier currents from the diffused
layer and the base. The expressiocn for the same ¢2n be
written as follows (see, for exomple, MoKelvey 1966).

Il = Q %(%)0 + q Dp(g)O o (1.2)

where qn and nb denote the diffusion coefficients of

n and p type carriers respectively,

In the open oircuit total current through the device
has t0 be zoro and not necessarily the base and diffused
layer ourrents individually,

In the traneient case the origin of the pn eoupling
gan be exploined as follows. The minority asrrier CONe-
gentrationa at the junotlon are related to the voltage

across the junotion, As mentioned {n (1) in the preceding



disoussions the ratio of their concentrations at the
junction on its either alide remains constant i1,e. does
not depend upon time during the decay (at low injection
levels). The minority carriers on either side of the
junotion o-nnot therefore deoay independently. The
minority carriera on the diffuged layer alde of the jun-
otion will be anihilated more rapidly than those in the
base bec-use the life time of the exoess minority ocarriere
on this side is much smaller than that of the excess
minority carriers on the base side, The base therefore
has to supply eome carriers to the diffuged layer in order
to keep aforcmentioned ratio conetant. Thus the minority
oarrier goncrniration on the base side would reduce at a
faster rate than required by their own life time. The
vol tage decny acrosg the junction in the presence of pn
coupling veauld therefore be faster than that determined
by the bass alone,

To include pn coupling in the analysi® of the celd
we have to solve a coupled set of two continuity eguations
subject to ~ppropriate boundary conditions, The amount of
pn couplinz onn be expressed in terms of a parameter
I & Jd/kb. where J, and Jy @enote the contributions
to the dark saturation ourrent from the Aiffyged layer and

the base respectively., If J = 0, we retum to usual



calculatione which neglect pn coupldng. If J < 1, the
geual ap roximation that the diffused layer contribution
to the cell response 18 negligible is valid, Bat 1f

J >4 ag is the case with modern solar cells, this
approximation is not valid and the theoxy must account

for the contritution of the diffused layer.

Phe effecot of pn coupling in steady-state, as
mentioned earlier in this section, has been analysed by
Bauser and anbar (1977), Wolf (1963) and Foseum et, al.
(1979). Expression for I-¥Y characteristics of a solar
cell with pn coupling is avellable in the literature (=see,
for example, Mckelvey 1966). Wolf (1963) has coneidered
the most geincral case which also includes the drift fields
in both the regions, We find that pn coupling in steady-
gtate ehlfts the position of the excess minority carrier
proﬁ]r.né;lxiix?u ‘!r;nhe base (in open oircuit configuration) away
from the junotion which in the abgence of pn coupling

always occurs right at the jJunction.

Effect of pn coupling on PVD in a sdlar ocell has
been investigated by us snd will be presented in chapter 4.
FOVD with coupling in a dlode has been investigated by
North (1955), Goesik (1955), Lindholm and Sah (1976) and
Tewary and Join (1984). Iindhole and Sah (1976) analysed

the normal mdes of the diode and gave an expression fop



the dominant (natural) mode., Their theory prediote a
linear decny of open cirouit voltage with time, However,
the experincntel results reported by Neugroschel et. al.
(1978) and ¥ohan et. al. (1979) exhidit nonlinear behaviour
of PCVD in the initial stages of the transient, Veasure-
ments made on germanium dfodes at $0lid State Physics
Laboratory, Delhi (India) show that FCVD plot for asmall
values of time 18 not linear even if the space charge
layer effacts are negligible. Space charge layer effecots
are neglizible provided voltage level considered 18 above
0.4 volts (M0ll et. al. 1962).

Recently Tewary and Jain (1981) have given a theoxy
which explains the nonlinear behaviour of FOVD in the initinl
stages of the transient. These authors show that coupling
between the diffused and base increases the curvature of
the FOVD plot in the beginning of the transient, Similay
results for 2VYD in a solagﬁhéle been obtained by us and will
be presexted in chapter 4.

1.5 Henvy Doping Fffects

shockley (1949) theory for current voltage charaoteri-
stics of a pn Junction dlode based on diffucion of minoxity
carriers in the neutral regions om either pide of the
junction 1s applicable only at low doping levelsy when the

thermal equilibrium density of minority carriers ig inversely



proportional to the doping level, Howaver, above a doping

level of 10°8 o>

exceeds that predicted by this law. Rarly in 1970's it

the minority cartter concentration

became obvious that large deviations from Shockley 'e(1949)
theory were ocouring in solar oells vhich had a heavily
doped df ffused layer on low resistivity base layers,
resulting in discrepancies of upto 100 mV detween the open
oireuilt photovoltage observed in such cells and that
expected theoretically (Brandhoret Jr. 1975 and Shibib et.
al., 19792.). Two principal mechanisme were proposed to
ascount for these dlmsecrepanciess Band Gap Narrowing and
Auger Recorbination (Redfield 1978, 1981). The dominant
effeot in the heavily doped diffused layer, however, is the
modification by band gap narrowing of the electric f£ields
which are present because 0f the doping gradient (Foasum
et. al., 1979, Shibid et. al. 1979b and Lanyon 1981). This
reduces the effective width of the diffused layer by an
order of maznitude po that the sirface recombination
veloocity i3 a significant factor in detemmining the dark
saturation current through the device (Lanyon 1981), Below
we briefly summarise the physics underlying the band gap
narrowing cffect based on the model presenteq by Lanyon
and Tuft (1979).

The basic concept which leads to the 3dea of b:ma
gap narroving is that the charge of nrinort ty éa:mer
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attracts to it majority carriers of the opposite polarity,

produeing a gereened Couloumb poten¥lal

;;(r) = ﬁe—r— cxp(- r/t‘) s (103)

where q denotles the electronic charge and ¢ the

permi tivity of the medium. &, the Debye radus is a
function of free cerrier concentration, Q0o WY at \Yh\

carrier smarrounds each central oharge. Because of the

electrostatic foroce between the charges, work must be dong

to separate them since the paipg( M\g\m“

energ than meu Q&Ch 1. 130]—&t.ﬂ. This reduatton o=
energy ¢=n be shown to be Bq'/‘lsueu_ and thas a function

of free carrier concentration, It magt he aubstraoted

ha‘e a lower

from the brnd gap energy at infinite dflution to determine
the activotion energy for palr produstion with a finjte
density of majority carrlers, cansing e reduction in the

effective Dznd gap for both thermal and optiocal procesases.

The model employed by Lanyan and past (1979) for the

band gap nerrowing ie the rigid band model, According to

this model, the shape of the condugtion band is unchanged
by the incorporation of a large density of donars, ALEBOE"
the single donar level is Broadened into 5 bHand by 1:1*""
actions between neighbouring sites (Moxgan 1965), *P*
dominant effoct L8 the shiftt of donor level into the S0n.
duotion band by a sufficiently large distance ghs® 't e



gbove the Fermi level which also lies in the band for
degenerate materiale, This essentislly meang that the
bend gap narrowing occurs without changing the paradolic
dependence on energy of the density of states in the

conduction -nd valence bands.

?he other effects of heavy doping which also tend
to produce = narrowing in the band gap and are mown to

us since o long time are as followas

(L) At high doping levels the energy ,fla).;ld edges are
no longer sharp. Electronic energy levels can extend
beyond the energy positions of perfect single oxystal
material, forming thereby 80 canlled band tails (ILifshits
1942).

(14) A epatial veriation of energy gop cant result
from macroscopic lattice strain introduced by high con-
centration of diffused impurity and structural imperfeoc-
tions in the lattice (mee, for example, Flatul {9690),

Another modification in the presence of heavy doping
which arlisce as a natural consequence of the Pauli ‘s
exclusion principle is that one must use Permi-Dirasc
statistics instead of the conventional Maxwell-Baltagmann
statistics. The band gap narrowing and Fermi-Dirao
statiptios affect the minority ocarrier concentration iy
opposite wiys. For any given position of the Fermi 1&

N



relative to the band edges, band gap narrowing tende to
inoreace the minority carrier concentration, whereas
dnclusion of the Fermi-Dirac statistios tends to decrease
the minoriiy carrier concentration below the valus calou-
lated by using Maxwell-Baltazmann statistics. The
dominance of the either of the two effeots, at any specific
impurity level, depends upon the model of the band gap

narrowing adopted.

For the model adopted by us the combined effects of
band gap narroving and Fermi-DTirac statistics omn be repre-
gented throu~h a single parameter ¢slled effective doping
density (Hauger 1969 and Shibib et, al., 1979%). It is
defined as the doping level that would produce the same
minority cerrier concentration ag the actual doping if the

heavy doping effeots were not present.

It 15 straleht forward to show that the heavy doping
effects (bond gap narrowing and Fermi-Dirac statistics)
degrade n'p cell performance more than that of p™n celd
because the effective mase of electrons in silicon i
greater than the effective mass of holes. The resulting
di fferent effective densities of etates in the concuction
and valence bands (effeotive density of states in Valencg
band 18 smaller than in conduction band) cause the on fgp

of degenerascy % ocour at lower impurity coneentmtiona
ly



p~type material than in n~-type material {(Tunkar and

Hemser 1977), 1f both p amd n type materials have

the same brnd gep narrowing. Thus the net effect of the
band gap narrowing and Fermi-Tirac stetistics fte to degrade
the n-type heavily doped region more than the p-type region
with the s-me impurity concentration,

To cxamine qualitatively the effect of band gap
narrowing on the conduection processes and the recombina-
tion generation-~rates, one miat distinguish whether the
electronic staotes in the presence of heavy doping ore
looali ged or delocaliged, For delocalized states, conduotion
ecan oocur by drift and diffusjon of carriers., For localized
gtates, conduction osn ocour by carrier hoping between the
neighbouring states due to thermally aotivated transfer of
the trapped chamge (Sah et. al. 1970 and Ryvkin 1964),
However, for the ordinary temperatures encountered in solar
cell operantions only the delooalized or band states will
have high cerrier mohility and dominate the conduction
processes (Iindholm and Sah 1977).

Regerding the effect of doping in the bame whioch ig
moderate, 1t 18 usually assumed that the distribution of
impurities in the base is uniform. However in the cpge g
diffused solor oells (or diodes) this condition 1 not
satisfied and the non-uniform distribution of 1mpu:11q..



in such devices causes a built-in-eleotric (drift)fisld
to apoear in the base. Effect of built-in-elecirio field

on the s0lar cell responge will be analysed in chapter 2,

To conclude we oan 81y that the net effect of heavy
doping in the diffused lanyer of modern solar cells (or
diodes) 1s Lo reduce the band gap width below its actual
valune, Dend gop narrowing in tum reduces the effective
width of the diffused layer so that the front (1lluminated)
surface pnrsmeters play an important role in the conduction
processes. In the conventional theories the front surface
of the cell is charscterised only by the surface recombi-
nation velocity incorporated in the usual surface boundary
condition (see, for example, MoKelvey 1966), Reoently,
however, Tewary and Jaln (1980) have modified this boundary
condition for molar ocells to account for the surface genera-
tion of carriers., The resulting surface boundary condition
18 Ymown aas the Tewary and Jain (1980) boundary condition.
The next seoction discusses the fimportance of the surface
generation of carriers as included by Tewary and Jain (1980)
in their surizce boundary condition for solar cells.

1.6 rine nd ondition - Effect of Surfag
300TT o)

The usual surface boundary condition for the 301%
cell a4 ffusion equations specifies that the diffusion

current of the excess minority carriers ig squal to .
]

bqb
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recombination current, Mathematically the same for a
p~type semiconductor can be expressed as follows (gee,

for exsmple, MoKelvey 1966):
n (82), = sn(a) e (1.4)

where Dh end n denote the diffusion coefficient and
the concentration of the exceas minority carriers respec-
tively. o denotes the surface recombination velocity and
d is the distance between the junction and the illuminated

srface.

ixperiments (Mshan et. al. 1979 and Pabre et. al.
1975) show that the life time of excess minority carriers
inoreases subsgtantially (by a factor of 48) in the presence
of light. Other advantage of the injection of minority
oarriers by light over the electrical injection is that the
total current through the cell is zero. This is becouse
the solar cell in the 1lluminated mode is in the open
circuit configuration. %The fact that the total current
through the solar aell in the {lluminated mode {is mero
allows us to neglect the electric field term in the conti-
nzity equation provided the excess carrier concentration
is not too large in which case the Dember field which
arises e to difference in the mobilities of vlegtrons

and holes vill have to be considered, In addftion to thig,



when tot:l current through the cell is gero, the Joule
heating of the cell is elimimated and it 18 thus easier
to make nensurenments at high injection levels, Another
advantage of light injeoction of carriers 18 that this

cage more closely simulates the actual operation of the

solar cell.

Referring back to the increase of excess minority
carrier life time in the presaence of light, there are two
plansible explanations for thia (Tewary and Jain 1980)s
(1) the traps may become paturated and therefore ineffective
as recombination centres or (i1i) the photons may depopulate
the traps by fonizing them which inoreases the concentration
of excess minority carriers and therefore their apparent
life time. The second explanation is supvorted by the
experimcnts on photoconductivity and Luminescence (Bube
1967) and by direct observations on photoionization of
f1lled trops (Dekeersmascker ot, al, 1978 and Felgel et. al.
1976).

The rate of photoionisation of filled ¢traps is found
to be proportional to the product of photom flux (or light
inteneity) and density of trap leveles (Dekmersmaecker et. al,
1978). The photon flux will be much higher at the surface
than in the Yulk because of exponential absorption of u@ht

)

Horeover, the density of trap levels will also be much !.q
Qheb



at the surface as compared to the bulk becmuse of the
various discontinuities and impurities at the surface

(which recultes into a finite surface recombination velooity).
It 18 therefore reasonable to postulate that the photo-
generation of carriers near the surface will be quite

appreciable,

Tevary and Jain (1980) inocorporated this effect in-
to the suriace boundary con:ition forsolar cells (equation
1.4) in a monner similar to the surface recombination of
excess minority carriers. The new surface boundary
condition derived by these authors can dbe written as

folliows:
“n‘%’d = m(d) - %N, ee (1.5)

wher ¢ 1 4is the surface generation coefficient, N, ie
the incident photon flux, T 48 a material parameter
which depends upon the nature of the surface treatment of

the solar cell and also on the wavelength of light,

The gecond term on the right hand side of equation
(1.8) viz. 7§ NB acoounts for the photogeneration of
carriers at the surface. If % = 0, @quation {1.5) reducesg

to the ususl surface boundary ocondition (equation 1.4).

#e sed from equation (1.5) that the effeot 0of 1 &=
to negate the effect of s, A surfade treatment correspong
ing to a hizher value 0f 1 will therefore yield g higheb
sfficiency of the solar cell.
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T, oan be measured by methods similar to those
for measuring & vig. by effectively measuring n(d)
as a function of Ho or by measuring the tranasient
responee of solar cell to a pulse of light, Present
meapurements in which 1 1is not separately identified,
presumably yield an effective value of s in which the
effect of 1 4is partly included. However, T contributes
in differcnt ways to steady-state and transient resvonse
of solar cclls, The effective value of 8 ap determined
by the two methods will therefore be inconsistent,
Simfarly the value of 8 ap derived from a measurement
of dark choracteristic of solar cell (for example when
used ag a ‘dlode N, = 0) will not be aoplicable to the
{1lluminated solar cell, The incongistencies observed by
Mahan et. al. {1979) between the dark and illuminated
traneient rcsponse may be partly due to thia effect,
Further, 1 will be larger for shorter wavelengthe vhich
18 consistent with the observed inoreame of photocurrent

at shorter wavelengths by Pabre et., al. (1975)

1.7 mar f the Wo regented in ¢ @

The objective of the thesis is to study the tran-
sient respoige of a solar cell, It is determined by the
followinz two characteristics:

(1) the vhort-circult current deoay,
(11) the open circuit photovoltage deoay (PpVD),



s i

The short-circult current decay as mentioned in
section 1.1 depends upon the geries resistance of the
golar cell which introduces some uncertainties in the
analysie of the experimental data. The open circuit
photovoltage decay on the other hand as mentioned in
section 1.3 is free from such uncertainties and there-
fore 18 more reliable for the measurement of solar cell
parameters. In view of this in this thesis we have
confined our studies to the open circuit photovoltage
decay followlng abrupt termination of inoident radiation.
In particular the thesis attempts to develop a theory of
PYD with » view t0 apply it for the measurement of various
material nnremeters of the solar cell by analysing the
experimentsl data on PVD.

The work presented in this thesls analymes the
effect of finite thicimess of the base, built-in-electric
field in the base and pn coupling on the transient response
of a solar cell, In chapter 2 the effect of finite thioke-
negs of base and bullit-in~-eleotric field on the tranaient
responge of a cell have been analysed Wy assuning that
the effect of pn coupling is negligible, EBffect of pn
coupling on PVD ip analysed in chapter 4. Since tranmsient
calculations require a prior knowledge of steady-state
calculations, in chapter 3 we analysed the effect of pn



coupling on the ateady-state resp onse of the solar cell.

An n on p silicon pn junction solar cell with
an abrupt junction has been considered throughout the work
presented in the thesis. We have neglected the space
charze layer effects and also agsumed the Shockley boundary
condition at the junciion, Thuas the results reported in
thig thesis are valld only at moderate injection level i.e,
when the excess minority carrier concentration is much less
than the corresponding thermal equilibrium concentration
and at the s-me time the junction voltage is high cnough
for space charge layer effects to be negligible,

The chapterwise sumnary is given below,

Chapter 1 -~ the present chapter; In this chapter
the objective and the importance of the present work are
defined and a drief introdugtion to the pn junction solar
cell is given, The role of transient studies in the
measurenent of the parameters of a pn junction device is
digeunssed. The importance of pn coupling in modern solar
ccelle i discussed and a brief review of the relevant
heavy doping effects is given, As remarked by Lanyon(1981)
the heavy doping in the diffumed layer decreages its effec-
tive width go that the front surface parsmeters play an
important role in deociding the asolar cell responge. In

view of this the importance of surface generation (along
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with the =2boorpiion) of carriers as introduced by Tcwary
and Jain (1980) in the surface boundary condf{ tion for

solar cells is discusmed.

Chapter 2 = This chapter deals with the nommal
mode analysis of the solar cell bage. A solar cell having
a bage with arbitrary thickness, a back contact which can
account for an olmic contact (s = %) as well as the back
surface field (BSF) (s = 0) and a constant tuilt-in-electric
(drift) ficld has been considered. Both accelerating as
well retariing fields have been treated and their effect
on the traneient response of the cell has been studied,
The theory is cuite rigorous and ip based on the powerful
mathematic-l technioue of the Sturm Liouville R-transform
(Sneddon 1972 and Kennedy 1962),

It has been ghown that the fnfinite base approxima-
tion for aolar celle a8 used by Jain (1981) and Dhariwal
and Vasu (1981) 18 valld provigded the thicimesa of the
base layer ies graeater than three times the diffusion
length of the exoess mizority carriers in the base. For
very thin oclls (tl,l'I.n << 13 d-thickness and L, diffusion
length), the decay of open sircult photovoliage is very
faat and linear, YFor 4/L, »> 1, the decay curve exhibits
a ¥ink §n the beginning of the transient which ig more

proncunced for larger values of the abeorption coefficient

of 1light.



in accelerating field enhances the decay rate

whereas a retarding field shows the opposite effgot, Tffect
of an accelerating field on PYD increases as dﬂ'n increases.
Bffect of o rotarding field on PVD als¢ increases with (’,l/Ln
but only unte moderate value of d/Ln (d/Ln ~ 1), TFor

large valuca of (I/I.n (>> 1) the effect of field on the
motion of carriers is exactly offget by their diffusive
motion (beosnge field and diffusion aot in the oppoaite

di rectiona) and PVD is detemineg:{‘ Ila; the bulk recambina-

tion of the carriers which yields unit slope of the PVD

curve.

Lastly, the theory hasm been uged to interpret the
experiment:1 results of Madnan gnd Tewary (1981) on PVD.
Spectral recponas of PVD has been fitted with the experi-
mental dots by ueing a least souare fitting computer
programe snd the valuegfthe life time of excess minority
oarriers, thetr diffusion length, thiskness of the base
and the mo-ndtude of the built-in-electric field in the

base have been obtained.

Ohzpter 3 = In this chapter 1t is shown that the
diffused layer and its coupling with the base (pn coupling)
make on important contribution to the ateady-state
responee of a s0lar cell due to the band g9 narrowing
coused by the heavy doping in the diffunsed layer. fThe

steady-ptate short circuit current, open circuit photo-
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voltage and the excesas minority carrier profile in the
bape in the open eircuit configuration have been
caloculated for different values of the front surface
parameters and the absorption coefficient of light, The
front surfrce 0f the solar cell is modelled by using the
Tewary znd Jain (1980) boundary condition for solar cells
which ac~ocunts for the surface generation of carriera as

well ag treir absorption,

wa find that pn coupling shifts the position of the
maxima of the excess minority carrier profile in the base
(in the open circuit configuration) away from the junction.
The mame in the ahaence of pn coupling as required by the

open circuit condition always occurs at the Junodton.

Effect of surface generation of carriers is found
40 be more pronounced for low values of the absorption
coefficient of light., This as remarked by Tewary and
Jain (1980) increases the chort-oircuit ourrcat and hence

alsoe the open cirouit photovoltage,

Surface absorption of carriers increazses the dark
saturation current of the scell and hence decreaseas the

open civrcuit photovoltage.

Shapter 4 - In this chapter the effect of pn
coupling on the transient response of a solar cell haas

been snalysed. The theory is quite rigorous and is haged



upon the powerful technique of Laplace tranaform (Sneddon
1972). Importance and applications of Tricomi method
(sneddon 1972 and ward 1954) in inverting the Laplace

transform have been dlscusnmed.

It is shown that the leading term in the low time
expansion of PVD geries ig linear in + and is indepen-
dent of the detziled nature of the source of excitation
(optical). In addition to this, we also find that

(1) effect of pn coupling on PVD is substantial only
in its inftial stages.

(11) an increame in the value of the relative dark
saturation current (J) increases the survature

of the PVD plot in its initial stagee

(111) an increase in the value of the absorption
coefficient of light (a) enhances the decay rate

(1v) surfoce generation coefficient (1)) as introduced
by Tewary and Jain (1980) in the solar cell surfade
boundary condition affects PYD more for lower

values of the absorption cocefficient of light

(v) sarface absorption of carriers increases the

decny rate

(vi) &n inoreage in the value of the relative excess

minority carrier 1ife time (T) slows down the decay



(vii) on f{ncrease in the diffused layer thickness (d)
increases the decay rate which is more pronounced

for larger values of J and a.

From the analysig presented in this chapter we
arrive at the conclupion that the measurement of PVD in
ite initi~l rtages would yield useful information about
the followving:

(1) excess minority carrier life time in the diffused

layer.
(11) diffuped layer thickness and
(111) the front eurface parameters i.e. 8 and §.

Measurement of PYD at larger times on the other
hand would yield the excess carrier life time gnd other

parameters ol the base.

Literature references have bsen given at the end of
each chapter, We have followed the gystem used by the
Tnetitute of Physics (U.K,) viz. authors' name and year of
publication in the text and the whole refersnce given at
the end of the chapter fn the alphabatical order. The
figures for ezch chapter have heen given at the end of the
chapter in the order of the figure numbers, The captions
for all figures referred in the text of the chapter are

given after the references in each chapter.
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CHAPTER 2

DRABSIEIT RESPONSE OF A FINITE BASE SOLAR CELL

JITH JUILT-IN-ELECTRIC FIELD

2,1 Introduction

In this chopter we shall study the transient
response of a solar cell in the approximation that the
effect of diffused layer vis. pn coupling is negligible.
As discugsed in chapter 1 seotion 1.4 this is a valid
epproximation in certain devices of practical interest
under certain situations. The effect of pn coupling
will be taken up in later chapters.

The transicnt response of a solar cell can be

studied by mexsuring the decay of open circuit photo-

voltage (PVD) or the short-circuit current. As di gcusged

in ohapter t section 1.1 the open ofrcuit photovoltage
decay is a more reliable method in view of dependence
of short=oircuit current on the series resistance. In
this and the following chapters, therefore, only the
decay of open circuit photovoltage has been discussed,
As 18 well known the deony of open oircuit photoveltage
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is determined by the carrier concemt ration profile, in

this chapter we have also examined the time dependence

of the carrier concentration profile.

The decy of open circuit photovoltage following
abrupt terminaticn of light can be used to determine the
excese minority carrier 1life time and poasibly the other
parameters of o pn junction solar cell (Mahan et. al.1979).
Experimental recults of Mahan et, al. (1979) show that the
1ife time of cxcess minority carriers in the presence of
light inoreaccs by a factor of about 18 as compared to
its value obtnined by forward current voltage decay method,
consequently, the photovoltage persists for longer time,

Theories of photoinduced open cirouit voltage decay
in a solar cell hzave been given by Jain (1981) and Dhariwal
and Vasu (1981). These theories, however, are based on the
aseunptions that (1) the base of the solar cell is infinitely
thiock and (4i) the distribution of impurities aes well as
regi gtivity in the base is unifom,

In solar cells (or diodea), however, a parallel ommiec
contaot 48 usunlly located in the fmmediate vicinity of

the junction and the base recistance is decreased by
deoreasing bage thiclmeses., In such cages when the distance
between the pn Junciion and the contast is comparable with

the diffusion longth of exceas minority ocarriers, the



presence of sn olmic contact alters the process of
accumulation and dispersal of excess carrlers and gonse~

geently, the accompanying transient process.

The assumption (11) amounts to saying that the
solar cell base ig uniform in its electrical properties.
Bt there are devices like df ffused sO0lar cells and diodes
where this agsuuption 1s not satisfied. 4All types of non-
und form distributliona of impurity (acceptors for p-type
semiconductor) concentration (K.) can be divided into tweo
eategoriea; an increasing value of l‘ away from the junotion

in the direction of the body of the basej; and a decreaeing
value of § along the same direction (see, for example,
a

Nogov 1969)0

It 18 known that electric field alwnys existe in
the body of the semiconductor solar cell (or dlode) with
a non-uniform distribution of acceplor or donor impurities.
The expression for the electric field in the dame of an
np solar cell (or diode) is given below (Nosov 1969).

kT _1 dg(x)
T N (x) &

E(I) = e (2-1)

Thus, the presence of an goceptor concentration
gradient in the bage of an np solar ¢ell producas an electria
field pointing in the direotion of inoreasing impurity
conoontration. Such a field is 0alled Built-in-Rlectrig



field nince it 1s mot associated with the flow of an electrio
current through the semiconductor but $s establighed duxing
the preparation of the cell. Huilt-in-Tlectric field orx
drift field, in general, is a function of x (ecuation

2.4). However, to a geod approximation (Moll et. al. 1962
and Wolf 1963), we can replace it by an uniform field
extending throughout the base.

An electric field in a base with a nonr-uniformly
al strituted accepter densitiea alters the equilibrium
digbribution and the rate of establishment of the equili-
brium of excess minority carriers,

This field is called accslerating or retarding depend-
ing upon its action on the motion of the minority carriers.
1f it enhances minority carrier movemlent towards the baok
ocontact, 1t is 0alled accelerating. On the other hand if 4¢
retards thelr motion towards the back contact, 1t ias oalled
retardiing field.

It should be mentioned that equation (2.4) is v-ltd
only when low injection condition is matisfied., When ihe
injection level i incrensed g0 that excess minority ocarrier
goncentration exceeds the esuilidbrium majority carrier con-
gentrntion, the field produced by a non-uniform disgtridbution
of impurities becomes weaker and eventually ceases to have
any eifect altogether. Therefore, all processes involving
ilt-in~-electric field in solar cells (or diodes) are of
{aterest only in the low injection oasse (Nosov 1969),
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Effect of the finite sime 0f base on the transient

response 0f a solar cell has been studied by Tada (1966)
and Dhariwal et, al. (1976, 1977). Toda (1966) measured
excesg minority carrier life time by measuring the decay
constant of chortecircuit current., His results show a
great dependence of short-circuit ourrent decay constant
on the thickncsos of the base, Dhariwal et. al. (1977) have
carried out a tiicoretical asnalyeis of the transient photo-
current, photovoltoge and photoconductivity of the solar
cell. Their results support the findinge of Tada (1966)
and show that the decay constant of photocurrent for a

very thin cell is independent of the carrier life time.

Effect of bullt-in~electric field on the steady-
state responme of the solar cell has been studied by wolf
(1963). Wolf (1963) has shown that the presence of built-
jn-cleotric field in the base of the solar cell inoreasces
itg resistance to radiation damage. Its effect on the
tranafient respoiigse of a solar cell has not been investigated

in any of the published calculations so far.

In this chapter we present a theory of PY¥D in a
solay cell which accounts for the finite sige of the base

as well as Wili-in-electric field in the base. An n on
p silicon pn Junction solar cell with a base of arbitrary
thickness and a back contact with arbitrary surfase recombi.
nation velooity hag been considered. aAn uniform electria



field is assumed 10 exiagt in the base of the solar cell
at low injection level., Both acoelerating as well as
retarding fields have been considered and their effect

on the transient responge of the solar cell hag been
annlysed., The theory is quite rigorous and {s baged upon
the powerful mathematical techninsue of Sturm Iiouville R =
troneform (Sneddon 1972) as used by Kennedy (1962) for
studying the rcverse recovery transient in a pn junction
dtode, We have 2lpo used our theory to interpret the
experimental recults of Madan and Tewary (1981) on PVD,

In section 2,2 and 1ts subseotions the normal mode

analysis of solar cell base as obtained by applying the
sturm Liouville R-transform is given., In seotion 2,% the
time dependence of the excess minoxrlity carrier conocentra~
t4on has been calculated., The effeot of base thickness
and built-ine-electric field on PVD have been calculated
in peotions 2.4 and 2.5 reespectively. Spectral dependence
of PYD is analysed in section 2.6, Effect of baok smurface
recombination on PVD is calounlated in mection 2,7. Finally
in section 2.8 the theoxy is uaed to interpret the experi-
mentnl results of Vadan and Tewary (1981) on PVD,

2.2 Normal Mode inplysis of Dage

The one dimensional distribtution of exocess minordi ty

aarriers (electrons) in the base of an np solar aell g
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governed by the following contimuity equation (see, for

example, McKelvcay 1966 ).

2
an 3n
D, 2’ £ D 33 *on, ‘P[-‘(1061)]-.§: - g_g
e (2|2)

whore f = gqB/kT. q 18 the eleotronic charge and kTt
repregente the thermal energy. FE denotes the magni tude

of built-{n-olect¥io or drift field (uniform) in the base.

Dn and ™ reapeciively denote the diffusion coefficlent

and the life time of exceas minority carriers, g is the
abgorption coeiiicient of 1light (assumed to be monoohromatic).
xo is the mumier of photons per unit area per untt time in
the incident light., The cell under consideration has an
abrupt junotion at x = 0 and back surface at x « 4, d,

denotes the thicliness of the diffused layer.

Equation (2.2) has to be solved mubject to following

boundary conditionss

(L) at x = 0s Ueual Schockley boundary condition gives

m " BKP(QVM) - 1 s (?os)

“vo

While writing this boundary condition we assume that
Boltzaann law 18 valid in the transient case also (Nosow
1969, lLindholm and Sah 1976, Neugroschel et, al 1977, Lindholn
et, al. 1977 and Heugroschel et, sl., 1978).



(i1) at x = d: Ve have the surface boundary condition

(%)a +(£48/D)n(@) = 0 oo (2.4)

where 8 denotes the surface recombination veloecity.

Tae open circuit condition at X = 0 Treguires
(g;)o * fn(o) a O se (2.5)

In transient case, in addition to above, we also
impose the initial condiition that =n(x,t) for % «0,
returns to its stesdy-state value. While impoaing this
condi tion we aseume that the Cell has been exposed to light
gich that steady-ctate 18 reached for t <0 and light is
g tched off at t = 0.

To asolve ecuation (2.2), we carry cut the transfox-

mation n(x,t) = ¥(x,%) exp(-£x/2), The transformed
equation (2.2) con be written as follows:

2, £ 4
D 1 - (T + )Y + 0 Ky emplou(xe 4] « u
ae (2.6)
Boundary conditions (equations 2.3 - 2.5) subject

to above transformation can be written ae followa;

(111) at X = 0t ug'l » ﬁp(q?/kff) - 4 ve (2.7)

s
(iv) at x e ds (g)ﬂ » (1/2 + 8/D,) ¥(2) =0 .. (2.8)



and (v) ($L) +370) = o ve (2.9)

respectively.

2.2.1 Steady-3tate inalysis

To solve equation (2.6) in steady-state, we replace
its right hand side by gero. The expression for the relative
value y(x)/y(0), where y(0) denotes the Value of y at

the junction as given by equation (2,.7), wan be written as

follows:

;%;* = A, .xp(Gﬁx) + A, CXP(-th) -V exp@@hfalx] oo (2.10)

wheéres
’u - é (] (2.11)
2 4 1/2
. - ‘Pa’_f,:') oo [2.12)
L: = DD 'l *a (2l13)

The constants A, and A2 in eguation (2.10) oan be
evaluated by applying beoundary conditionms (Li1) and (iv)

(equations 2,7 and 2.8), The results are

1 ¢+ ¥
= I, + (1 + V)X, e
- 11
X 1 « W)X
Ay = -4 Al L ie (2.15)
X=X,

14 w '.‘5 .9 (2-16)



v = R/R' .e (2.17)

20 X,
n
R m = - (Fp + Oy) ee (2.18)
v 26 (I + X )
R = (G, F + a) -2 2 1 ee {2.19)
L-%
X, = (F, + G, + /D) exp(d d) .o (2.20)
X, = (P, -G » s/D,) exp(-G,4d) s (2.21)
L = («-2F - mu’lim)x,j .o (2.22)
I, = axpl (B, = @)4] e (2.23)
2.2,2 Trangient sStat 1lg - t

Photovoltinze Decay

Equation (2.6) without the generation term is the
desired equation which governs the transient behaviour of
the cell. It is given below

2
%t% - ( ‘ ¢ '.)’ = g se (2.2‘)

A general solution of this equation is obtained by
agsuming that the excess minority carvier di stribution
funotion, ¥(x,t), can be expressed in the form (amee, for

example, Carslaw and Jaeger 1959).



y(x,t) = X(x).7(%) oo (2.25)

Upon substiduting equation (2.25) into ecuation
(2.24), we obt-in the separated equations

2
2 D
0;2 pn 4 n r
3T , @° St =0 ee (2+27)

Ot

Solution of equation (2.26) oan be obtained by

il

pplying Sturm Liouville R-tranesform technigue (Sneddon 1972

and Kennedy 1962). From the aolutions of eguations (2.26)
y(x,s)
lati e follows
and (2127). wa oan write relative —y(—oLr a H

u%s_g), - z;(....coahprz--g-sinhp x)exp(—eﬂ)
y r

oo (2.28)
where g = t/'a’

Back subgptitution of equation (2.28) into egquation
(2.24) yields

2 2
ei - {1+ (m,/2) - (_:E.) V1, .o (2.29)

d/hn
surface boundary condition equation (2.8) aan be

applied to eviluate By The rerult 1w

u
‘D * t(_f) - (-5 ~5-)) tank 4 = 0 e (2.30)



The summation of equation (2.28) is conducted over

asgending positive roots -~ hoth real and imaginary of
equation (2.30), TFor each set of physical constants within
eupntion (2.30), there is an infinite set of roots b on
the poeitive ima inary axiag in some physical situations it
will algo exhicit a root on the real axis. These indepen-

dent roots give the normal modes of equation (2.30).
For 8 = 0, the positive imaginary roots of equation
(2.30) are given by nx where n is an integer. For & = =,

equation (2.30) reduces to

2p
t h - —-r .0 -
anh v, - (2.31)

For £ = O, the positive imaginary roots of (2.31) are given
by (n+1/2)x, where n 18 an integer. 1In this onse it does

not exhibit any finite real root.
The coefficients 4, Oan be avaluated by satisfying

the initial condition

[y(x.t)ltno - ¥(x) .o (2.32)

wher e y(x) denotes the steady-state value of y as glven
by equation (2.10). Upon substituting the values of ¥y(x,%)
and y(x) in ecuation (2.32), we get



M
r , !_f X
iAr(T cosh fra =B einh e E)

- A, exp(G X)+ A, oxp(~Gpx) = ¥ expl(Pp-a)x] .. (2.33)

PThe left hand side of equation {2.53) is a met of

orthogonal functions and therefors by conventional methods

we obtain

d
{ ({Ay exp(G x) + &y exp(~G 3) - ¥ expl(P —a)x]] x

, (:f cosh “ri - é sinh u %)]‘l
v = I oo (2.,‘)
min
where
2 2 e £ 2 ?
(aL(=E) - ()10 =G ° ) - 150
W 2
FUCOREC P S
i, "

2 2
2[(:‘5) - (';' . -1',-) ]
n ase (2055)

The intezral in egquation (2.%4) can be easlily
evaluated and the resulting expression for ‘“'r can be put

in the following iorm
(a ("1, - 2I) (“'I -rX)
1‘711 na’ *t&L\T 2T,

- w(F I, - 1))
A = '0(2036)

r I
=




where

.
'OXD)

sinh by exp(G d) - —-—-——[cOah W exp(G d)- 11}/1
hy/d (v /a)?
e (2:37)
h
(Biui,:r exp(-G_a) » - Loosh 4, exp(-G d)-111/1
e (#2/0) . (2.38)
G 2
- 2] oo (2,39
Lt »o/d ) e
sizh vy expl(F - a)d]
k/d
(?n“' ‘) 4
- {cosh p expl(F -e)d]=- 111/T .. (2.40)
(b,/a)?
r - a 2
1 - ( o (20‘1)
u‘/d
cosh b exP(Gnd)"‘ 1
»‘/d
]
- -—--9—-~ sinh u exp(ond)]/l oo (2.42)
(a,/d)
cosh u o!p(-t}nd)- 1
u-r/d
* et #inh oxp(-ﬂnﬂ)]/f[ o {2.43)

(»r/d)z
cosh OIP[(?'-G)tl]ﬂ
»,,/d

(r ~-z)

("r/d)

{

stnh s expl(F -2)alI/T' .. (2.44)



To find the coefficients Ar corresponding to
tmaginayy roote, we only need to replace B, by 1ur in
equation (2.36).

Tronsendential equation (2.30), except for cases
(1) 8 =0 and (1) s = and f = O, has to be solved
nurnerically for Bpe Roots of this equation correasponding

to these two cases have already been discussed earlier in

this scotion,

Having calculated u, and A, the right hand aide

of equation (2.28) can be summed over ascending positive

roots to find y(x,z)/y{0). ¥(x,3)/y(0) when multiplied
by exp(~F x) gives the desired value of relative excess
n

carrier concentration n(x,z)/n(0) where n{(0) is equal

to 3(0).

For X = 0, eguation (2.28) reduces to

0 - 2
%TS’)"! = 1’:?11_ 1 m(-cr "n) oo (2.45)

It can be shown that the eguation (2.45) is nothing
but & ¥(s) which is related with V and 'o by the
follouing relationship

AV(s) = (¥=V,)o/k? oo (2.46)

From equations {2,46) and (2.45) wo can write the

following expression for PVD 4in a solar ocell



Uo

[
AV(s) = Il 1, F exel-e, =)l v (2.47)

In wrliting equation (2.47) in this form we have
made the two usual assumptions vig. (1) the space charge
layer effects are negligible and (11) the effect of pn
coupling ie negligible, Assumption (i) is valid for silicon
golar cells at room temperature provided V(t) > 0.4 Voltis
(Moll et, al, 1962, Neugroschel et, al, 1977, Lindholm et.al.
1977 -nd J2in 1981)., Rogarding assumption (1i) as will be
dt gcusced in the following chapters the effect of pn coupling
18 important only im those devices in which the dark satura-
tion current in the di ffused layer is comparable to that
{n the base. In such devices, pn coupling sffects the
decny mainly in the initial stages during an interval which
48 oi the order of the excess carrier life time in the

a1 ffuped layer and will be discussed in the later chapters.

2.3 Exce orit er Profile in the
Configuration

The effect of built-in-electric field on the nature
of the oxcess minority carrier profile in the open oircuit
confizZuration has been shown fn figures 2.1, 2.2 and 2,3
for znn = =5,0, and ¢5 Yespectively. In these figures
relative n(x,t)/n(0), where n(0) demotes the number of
earriers at the junction in steady-state, has been plotteq



b

as a function of x/d. The values of fI  which we have
taken are the same aw® used by Kennedy (1962) for studying
the reverse traneient characteristics of a pn junction

dloée, The malin observations of these figures acre summarised

below:

(1) For fL, = -5, which corresponds to an accelerat-
ing rield, n(x,%¥)/n(0) 4increases with x/d,

(i4) For £L =0, n(x,t)/n(0) decre-ces mnotoni-
cally with =x/4.

(111) For L, = +5, which corresponds to a retarding
f1e1d, n(x,t)/n(0) daecreases much faater than that in
case (11),

The above observations can be explained with the
help of emationa {2.8) and (2.9). Prom equation (2.9) it
1@ obvicus that for negative £, dy/dx at the junotion
will be positive, At the surface, however, there is a
gompetetion between £/ and S/Dn {(equation 2.8), If /2
is negotive and greater than ¢ n? dy/dx at the surface

will nlso be positive. In our caloulatlons £/2 = =250 om™ '

and s/nn = 100 cl'1. This, therefore, explains obgervation

().

For fL =0, dy/dx = 0 at the junotion and
negative at the surface. This explains monotonic f£all of
the relative carrier density W th x/4 in figure 2.2,



Tor !Ln = +5, dy/dx 18 negative at the junction
as well as at the surface. Magnitude of dy/dx at the
surface and the junction in this case, however, is much
larger than thelir corresponding valuss in the case with
rnn = 0, This explains the rapid deorease of relative
carrier density with x/d in figure 2.3.

It mey be mentioned here that field does not ereste
carriergy it only redistributes them. An accelerating
field drags the minority carriers asway from the junotl on
and thue decreases the number of excess minority oarriers
at the junction. Consequently, the steady-state open
circult photovoltage (V,) which depends upon the mumber
of corriers at the junction, is reduced below {ts fisld-
free vclue, A retarding fleld, on the other hand, pushes
the minority carriers towards the junction and hence ino-
reases vo above its field-free value, The degree to whioch
Yo is changed depends upon the intensity of the field.

2.4 pifeot of Base Thickness on PVD

70 study the effeot of bagse thickness on PVD and
£ind a value of d/l.n which corresponds to the infinite

base approximation as used by Jain (1981) for golar oells,

we oalculated PYD by using equation (2.47) for many
A £ferent values of d/Ln' For the purpose of illustration,

we have shown the calculated PVD for Q/Ln = 1 and 3 in



figure 2.4, Since the decay of voltage for d/t[,n << 1
is very fast, 1t was not found convenient to draw PVD
curves corresponding to d/Ln = 0.1 on figure 2.4, The

game however, have been shown geparately in iigure 2.5.

Figure 2.4 also shows the PVD curves as obtained
by ucing Jain's (1981) theory based upon the infinite dasme
approxi ation, The expression for PVD in a solar cell

with infinitely thick base as derived by Jain (1981) is

given below.

2
AV(s) = =selnl °'(')°_'_,"(° 3); .. (2.48)
where
G = ﬂIln LR (2'!4‘9)
s(z) = exp(z) Erfc (5)1/2 ee (2.50)

The main obpexrvations of these figures are summari-
sed bcelows

(1) For &/L, = 0.1 the decay of A V() with s
18 linear and very fast,

(11) Por G/Ln = 1 the decay is linear btut slower

than in case (1).

(1i4) For d/fl:.n = 3 the PVD plot exhibits curvature
in the beginning of the transient and then becomes linear,

Por emcll values of g, results of the two theorhes match



but deviate as g inereases. TFor large values of g,
the theory presented in this chapter predicts a faster
dec2y vithout altering the nature of the decsy curve,

Above obgervations can he physically interpreted
as follows. The moment we switch off light, junoctionm
loges carriers by diffugion and recombination. Fror
d/Ln <¢ 1 (= 0.1), diffusion effects predocimate (Choo
and Mazur 1990 and Bassett et. al. 1973) and the presence
of n ideal ohmic contact very near to the junction cauges
a very fast decoy of photovoltage. TFor d/Ln << 1, only
firss term of the series on the right hand side of equation

(2.47) needs be retained., Equation (2.47) under such

conditions reduces to

2 A
AvV(e) = -, 37, +1n (_.;.; oo (2.51)
where 3 - 2
g, = [1e (ﬁ:—) i/, e (2.52)

Eguation {2.51) prediots a linear deecny of & V(sg)
with gz, For d/I.n <& 4, unity in side the brackets in

emation (2.52) ocan be neglscted in comparigson to the
2 2

di ffusive term viz. (x/2) /(d/':.n) » vwhich justities the

deminance of diffusion effects in the present cane.

For d/I'n = 1, both the diffusion as well as

precom ination processes contribute to the decay rate, The
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inorensed distance betwaeen Junction and the ohmic contact
caises the deocay in the present case to be slower than

that for d/I,n = 0.,1. The first term in the PVD geries
atill maffices the purpose and, conseaguently deoay is
lirear. For d/I'n = 1, 1t may be verified that the
reconiination term in equation (2.52) is no more negligible
in compnrison to the diffusion term vhich emphasises the

fmportaice 0of bulk recombination in thias cage.

d/Ln = 3 corresponds to infini te base aspproximation.
The presence of an ideal ohmic contact at a finite distance
from the junction in the present theory causes the slope
of steady-state excess minority carrier profile to be larger
than that in Jain's (1981) theory. The moment we gwitch
off lizht, junction in Both the theories losea carrlers by
at ftusion and recombination, In the beginning of the
srancient in both the theories diffusion effect predominate
and the effect of surface on the processes occuring at the
junction is very small. Consequently, both the theories
predict nearly the same decay rate. However as time
incrences, diffusion in Jain's (1981) theory loses its
effect mich faster than in the present theory because of
the cirfferent slopes of steady-state carrier proffles,
which explains the deviation between the two theories for
larger times, Tecay in Jain's (1981) theory for large

times i8 mainly recombination conirolled whereas in the



present thaory both recombination aad some il fiusion of
carriers to ohmic contact contrioute to it, This explaina
the faaster decay of 4L V(z) with g as predicted dy the
present theory in observation (11i).

1t may be mentioned here that the deviatlon between
the two theories decreases as ¢ Aincreases, In figure
2.4 we nave also plotted & V(z) against s for o = 0.1
and 100 for &/L, = 3 and o. The two obgervations of thia

fi ures are given below:
(1) For ¢ = 0.1, the deviation for z = 5 is 18/

(14) For o= 400, the deviantion for assme g is

reduced to about 87 only.

The above two obgervations o0an be understood am

follows, A8 ¢© 1increapes, the absorption length of light
L (= 1/a) decreases and conseouently the distance upto
a

which sarrier generation in the base occures aslso decrenges.

for € = O.%, DLy = 0L, tut the thickneas of the
base 18 only SLn. Morsover, carrier concentration at the
back puriace owing to an fideal ohmic contact has to be gzero.
gonsequently, the slope of the steady-state excess minority
onrrier profile in the present theory becomes much larger
than that in Jain's (1981) theory where infinitely thick

base nllows carriar generation upto the desired valug of



La. This therefore followinc the reasoning given earlier
in this section explains observation (i).

For © = 100, L_ = 0.0% L . Since d/Ln = 3, the
carrier generation in the present theory occures only upto
a distance 4/300 from the Junction leaving the back
suriace far away. For large valuee of ¢, carrier genera-
tion in Jain's (1981) theory aleo takes place in the game
resion though the base is infinitely thick. Consequently,
the clopes of steady-state oarrier profiles in both the
theorlies are nearly same which accounts for the improved
agrecment between the two theories for large values of c,
™is explains observation (ii).

From above dimcusslion it ipg obvious that the value
of L (or ¢) relative to d/i.a also contributes to the
validity of the infinite base appromimation. On guantita-
tive grounds we find that the infinite base approximation

48 valid provided d/fba <0.3.

The aforementioned reasoning may also be used to

explain the ocourrence of a kink in the beginning of the
transient in all those curves for which 1L, < L,. %The

idnk becomes more and more pronounced as the difference

between L. and L, inoreases.
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To conclude we can say that the infinite bage
appaximation is valid provided d/Ly > 3 or equivalently
1f d/n, < 0.3.

2.5 IZfect of Bailt-in-Flectric Field on PVD

In section 2.3 we have seen that the presence of

built-in-electric field in the base of a solar cell in
steady-ptate altere the distribution of excess minority
carriers; an accelerating field decreases the mimber of
carriers at the junction as ocompared to field-free value
whereas a retarding field exhibits the opnosite effect,
How such a change in the nature of steady-state carrier

profile affects PVD in the transient ease will be d1 soussed
in the present section.

PVD as calculated by using equation (2.47) for
fLy = =5, O 2nd +5 havVe been shown in figures 2.5, 2.6
and 2,7 for 4/L, = 0.1, 1 and 3 respectively,

To analyge the effeot of field on PVD, 4n table 2.1
we g2ive the magnitude of the slope of the straight line
portion (S) of these curves. This table shows that as
comparad to field-free aase; a retaxding field slows down
the deczy by about 19, 64 and 20), whereas an acoelerating
fLeld enhances 1t by about 22, 275 and 5727, for Q/qn, 0.1,
1 and J respeciively. The nmumber of torms of the pYD
geries (equation 2.47) taken in these calculationg are 3,

10 and 40 for 4/Ly = 0.1, 1 and 3 reaspeotively,
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Before we proceed to analyze above observations,
let us examine the convergence of the series in equation
(2.47). For thip purpose we calculate the slopes of the atore-
mentiored PVD curves by taking only the firat term of the

PVD scries. The expression for S under these conditions

ean be written as followe:

s 172 » 1 - (5=
Values of § as calculated by using equation (2.53)

are 2iven in table 2.2,

Now we compare table 2.1 with table 2.2, Let us
firat consider the case d/L, = 0.1. 1In this case we see
that whole of the decay 18 due to the first term only and
therefore we need to retain only the firast term of PVD

geries. It should be mentioned here that though equation
(2.31) algo exhibits a real root for tL = +5 in thia

cage but it is so amall (0.36 x 107 ) that {ts contribution
can be safely neglected.
For 4/Ly = 1, the first term describes the decay

with o tolerable error, For an = +5, however, it i3 the

real root at wy = 2.46 which socounts for the decay rate.

Yor d/I.n =% and :Ln = +5, 1t i@ again the real
root at g = 7.5 which accounts fox the entire decay rate,

For fLn = =5, first term yields a decay rate with 5/.

{nacouracy.



It is ipportant to mention here that above analysipg
examiies convergence at the junction (x = 0). For higher
values of x, the need of mmber of terms rises ag the
ratio d/Ln increases, Por d/L, = 3 and fl, = ~5, we have
found that the convergence is slow for x >0¢ -nd to
calculate cxcess minority carrier profile in this case we

have to retain as many as 40 terms of the series.

Referring back to the effect of field on PVD,
aforcnentioned effect of field on PYD e¢an be physically
exploined as follows. An acoelerating field as mentioned
earlier in thip section drags the oarriefs away from the
junction and hence adds to the decay rate. For smzll values
of &/Ly, (= 0.1) since the deecay ims dlffusion controlled,
field is not able to show its full effect on PVD, Howaver,
as a/zn inoreases, diffusion effects become weaker and

weaker and consequently, the contribution of drift of

oarriers to the decay rate increases.

A retarding field pushes the carriers towards the
junction and hence slows down the decay. The effect of

f1eld increages with d/L, upto 4/Iy = 1. For d/L, = 3,
however, the effect of field has decremsed to 20/, from

64/, corresponding to d/L, = 1, To explain this obmerva-
tion let us recall that for 4/L, = 3 decay is desorived
by the real root alone which is located at u, = 7.5. We
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also know that the maximum value which tanh »y can toke
is 1. For ,, = 7.5, tanh kg = 1. Furthermore, we see

that for s, = 7.5 and d/Ln = 3 the drift and diffusion
terms in ecuation (2.53) cancel each other exactly becamuse
(1’]:,11/2)2 and (3%)2 are ecual. Consequently, the decay
in this case ie governed only by the bulk recombination of

carriers which yields unit slope of the PVD curve,

In view of the exponential nature of the decay modes
(equation 2,47), after a long enough time only the leading
mode corresponding to the loweat value of ei suwives. In
this rezion, A& V(z) is linear with s. For a retarding
f101d o eimple estimate of the real root may be eadl ly
obtained 4n the limit fd -« o, Since <tanh o gaturates to
anity, we obtain from equation (2.31) that (O 1a/2.
Prom here we obtain an interesiing result that for f£4 - =,
S 1g independent of f and d and is equal to unity.
fhis shows that for large fd, the deocay 1s controlled by
recombination only. Physloally this can be explained by
reoalling that a field does not generate or absorb carrierss
4t only rediatributes them., When a field is strong enough
counteract the diffusive loss of carriers for any value

to
of ¢, then the loss of carriers at the Junction will occur

by reccombination only and will not be affected by a furthep

increrege in the ¥value of the field,



A change in the value of the surface recombination
velocity (s) does not alter the aforementioned behad our
of PVD in the presence of a retarding field for large
value of d/py. This statement can be easlly verified
with the help of ¥able 2.5, In this table we have talu-
lated 5 for s = 103 cma.1 as obtained from figures 2.8,

2.9 and 2.10. All other parameters are same as for table

2.1,

1t should be mentioned that although PVD in the
pregcace of a retaxding field for d/];.n = 1 too is desaribed
by the real root alone but the root in this ocase is looated

at iy = 2,46 and tanh p, = 0.985, This is well below the
2 e
paturation 1imit of tanh sy Comnsenuently, (an/Q) ><37E;)

shich explains the increased contribution of fleld for

1aetly to conclude, we can say that the effect of
aoorlerating field on PVD increases with d/Ln. The effeot
of retarding field on PVD though increases with d/L, tut
only upto that value of &/L, for which tanh 4, where

P denotes the dominating root ias less than 1.

2.6 Speotral Dependence cf PVD

spectral dependence of PYD for 4/L, = O.1, 1 and 3

as oalculated by using equation (2.47) has been ghown in



figures 2,11 to 2.19., Figures 2.11 - 2.13, 2.14 - 2.16

and 2.17 - 2.19 are for ILn = =5, 0 and +5 respectively.

A common feature exhibited by all these figures is
that the effect of Vvariation of ¢ on PYD is substantial
only vhen d/L, 2 1. The effect of field on PVD has already
been ciscupsed in the last section and may be observed here
alao,

To analyse the effect of 0 on PY¥D let us reeall
that as we increase ¢, the slope of the gteady-state
excess minority carrier profile increases which enhances
the decay rate of photovoltage in the tranalent cage. In
fact the importance of contribution of ¢ %o the decay

rate depends upon its magnitude relative to d/zn. & 4 L,
18 comparable to &, the perfeot sink at the ohmic contact

makea the decay quite sensitive to d. On the other hand
1f I, ip very mich smaller than 4, the decay wl 1l not be

sensi tive to the value of d,

Mathematically the affeot of ¢ on PVD comes through
the coefficients A, (equation 2.36). For &/L, = 0.1,
gince 1t 18 the first term of the PYD geries that desceribes

the (socay, we oan rewrite the equation (2.47) as follows:

ALV(g) = = ef £, ¢+ In (%%) + 1n(a,) oo (2.54)

It can be shown analytioally that the dependence gt
A¢ on o for d/I.n < 1 i@ vVery weak. In our aalculation.
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for fI, =0, Ay for c = 0.1, 1and 5 1s 0.66 x 10~,
0.66 x 10"3 and 0.65 x 10'3 cm respectively. Physically
this would mean that all the values of o correspad
nearly to the same profile of excegss minority carriers

which vhen decays, yields our observation for d4/p, << 1.

For d/Ln = 1, ¢ = 0.1 and 1 correspond nearly to
the pome profile of excess minority carriers whereas
0 = 5 ylelds a different one. This follows from the faot
that ~lthough the absorption lengths Ly for ¢ = 0.1 and
4 are different hut the presence of an ideal ohmic contact

(8 = =) at q = I’n forces the profile with ¢ = 0,1 to merge
into the profile with o¢ = 1. This explains the ocourrence
of degenerate curves a and b in figures 2.11, 2.14 and
2.17. Tor e = 5, L, = 0.2 L, only and consecuently, the

slope of the carrier proftle is higher than in the first

two ocnses which explains the faster deory of photovoltage
i{n these figures for ¢ = 5.

Above reasoning may be applied to show that for
dﬁ’n = 3, all the three carrier profiles corresponding to
¢ = 0.1, 1 and 5 have different slopes. Consequently, as
goon as light is switched off, the three profiles decay
with individual decay rates,

Another characteristic of PVD which has also been
obscrved by Jain (1981) is that for o << 1 and o > 1,



4 V(z) i independent of ¢, We find that all “v({z)

Y8 2z curves corresponding to o << 1 and ¢ » 1 pile

up togetiier into two ocurves (one each for o << 1 and

0 > 1), This behaviour of PVD is observed regardless of

the value of d/In and field (magnitude as well as direction),

2,7 Effect of Back Surfaoce Recembination on PVD

Effect of purface recombination velocity (s) on PVD

{8 shown in figures 2,20, 2.29 and 2,22 for d/Ln = 0.1, 4
and 3 respectively. The main observation of these figures

48 that the effeot of surface recombination velocity on PVD
decrences as the ratio d4/L, increases.

e mow that the presence of an ohmic contact in the
vicinity of the junction accelerates the leakage of excess
minority carriers from the base and, thaerefore, acoelerates
the trznsient procese in open circuit, 4s ratio d/Ln
inoreases, back surface is shifted further and further away
from the junotion and consequently, theeffeoct of surfaoce

on the process occuring at the Junotion vis., PVD decreases.

In this section, as an example, we shall apply our
theory to interpret the experimental reaults of Madmn end

Pewary (1981) on PVYD in a milicon pn jJunction solar cell,
Tthe experimental results were obtained on a Plesay x4
solar cell at 19° by using the same circuit as given by



MaB:n et, al., (1979) and using a General Radio (US4)

Type-1531-AB Flectronic Stroboscope us the source of light,
Monocliromatic light was obtained by using appropriate
interierence filters. We have chosen the experimental
results of Madan and Tewary (1981) beoause they refer to
monochromatic 11ght and therefore are azenable to the
present theoretical analysis., The only other avatlable
experimcntal data on PVD s due to Mshan et, ol. (1979).
However, they have used a composite light source whoge
speotral composition has not been given, It 1g not

poassible therefore to analyse their data quentitatively.

The experimental results on pVYD corresponding to
monochroratic light of wave lengths 5000 Ao, 5600 10.
5900 Ao and 6900 ‘o are given in figures 2.23 and 2.24,
The v:lues of the abeorpiion coefficient « for thepe
wavelcoigths as obtained by using the formula of Shumkae
(1970) are 9441 ca~ ', 6126 @™, 4937 ™" ana 2362 cp™!
recpectively. Using these ¥alues of g, we estimate the
values of ¥, L,y &/L, and L, by fitting the theore-
ticsl volues oblained from equation (2.47) to the experi-
mentnl results. Two sets of values of theage parsmetears
are obtained, one in which the field ig forced to be gero
(f = 0) and the other in which f 4 sllowed to be fingte,
In both these canes & 18 taken to be infinite becange the
cell is known to have no back murface field (B3F). Thene

capes are desoribed bdelow.



(1) Zero mjlt-in-Tleoctric Field

In this case which corresponds to an uni form doping
in the base, f 48 forced to be gero angd Tn? I.n and
d/Lp, 2re allowed to vary. The best f£it between the
theoretical and experimental results as obtained bty using
a leact square fitiing ocomputer programme is shown in
figure 2.23. The 'best' values of thege parsmeters corraes-
ponding to this fit are Th = 47 us, L, = 458 pm (which
glves D = 44.6 ow’s ') and &/5, = 1.57.

It may be noted that 1f the 11fe time is obtained
following the usual method in terms of the slope of the

linear region of the PVD ocurve at large times, as done by
for exnmple Mahan et. al., (1979), "a COREs out to be 23 us,
The dlscrepancy between this value of v, (indicated by
7n=-) and our value v, = 47 ua is explained by observing
that Tpo is an effective life time which does not take
into account the iinite thiockness of the basa layer. An
approximate relation betwsen Ve and Tq ©an be obtained
by keeping only the first term of the geries in anuation
(2447, cné relating the sxcess carrier life time to the
slope of the PVD curve (Noeov 1969, Choo and Mamr 1970
and Zopsett et. al. 1973). Ueing emation (2.53), this

gives

1. . 2 by 2
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For £ = O, by a8 obtained from ecuation (2.31)
is ni/2. Using dl/'Ln = 1.57 and 7 = 47 pa as obtained
by the least scuare fitting, we find The = 23 us as would
be expected from the conventional analysis. This clearly
showp that if finite thickness of the base ig not accounted
for, a totally misleading value of life time may be obtained.

(11 ) Finite Bujlt-in-Electrioc Field

A8 a further refinement, we algo allowed f to vary
i{n the least souare fitting programme. The resulting fit
between the theoretical and experimental results is shown in
figure 2.24., We seeé that there ims no real improvement i{in
the fitting by introduoing another parameter f but the
values of the paraneters come out €0 be quite different and
are og followss ¥, = 19.6 p®, L, = 128.2 um (this gives
D = 8.38 om’s ), d/u, = 1.55 snd fL, = 7.63. This value

of f corresponds to the field E = 15.5V m—i‘

The dlgorepancy between the ¥alue of Vo and the
effactive life time ¥ _ = 25 us oan alss be explained
by using ecuation (2.55) and by taking the {itted values
of o, and /Ly, In order to uase sguation (2.55), 1t
may be noted that 4n thie case the value of real root Bq

as obtained by solving eguation (2.31) is 5.98.

v find that in this case the experimental data and

the analysis is not adequate to yield an unicue set of



materizl parameters except for d/_r,n which is roughly

game in the both the cases, However, i1t can be safely
concluded that both the thiokness of the base and the
£101d poke significant contributions to PVD. The excess
parier 11fe time obtained by neglecting these contribtu-
tions smd only considering the slope of the linear region
of the PVD curve will be only an effective life time and
may be ouite dl £ferent than the actud excess carrier life

time in the base.

2,9 Conclugions

The normal mode analysis of the golar oell base
baged upon the gturm Liocuville R-tranaform technique hap

been presented. The theory considers a base with (1) an

arbi trazy thicknsss, (11) an arbitrary surface recombina-
tion volocity at the back contact which can account for

an ohmic contact as well as back surfage field (BSF) and
(111) a constaont built-in-electric (drift) field whioch may
be present due to the gradient of the doping concentration.

Following results have been reported,

I. The infinite base approximation for solar cells
g8 valld provided a/k, > 3.
11, In the absence of built-in-electric field we
¢ind that (1) for a/L, << 1, the decay of open eireuit photo.
voltage with time 18 very fast and linear and (111) for
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d/Ln »> 1, the decay curve exhibiis a kink in the beginning
of the tranpient which is more pronounced for larger values
of tiie absorption coefficient of light. For larger velues

of time, however, the decay is still lnear.

I1I. The presence of a built-in-electric field affects

PYD in the following manners
(1) An accelerating field enhances the decay whereas

a retarding field bas the opposite effeot.

(11) The effect of an accelerating field on PVD
{ncreases with d/bn. The effect of a retarding field on
the deoay rate though inereases with d/nn but only upto
that value for which tenh s, < 1. Beyond this limit the
effect 0f reterding fleld om decay rate 18 balanced by the
diffusion and is independent of the values of d/Ln and m.

1V. The theory ham been used to interpret some
experinental data on PVYD, The values of ™ Ln' d and ®
have been obtsined by fitiing the theory wit this experi-
ment-1 data. It is ehown that the conventional enalysis
of the excess minority carrier life time based upon the
slope of the linear region of PVD curve for large time
yields only an effective life time which may be quite
41 fferent than the actual value,
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Table 2.1
Slope S as obtained from figures 2.5, 2.6 and 2.7
a8 a function of 4/Ly and fL, for ¢ = 1 and 8 = o,
a 0.1 1 3
TLn
+5 200 1.25 1
0 247 %.47 1.25
-5 300 13 8.4
Table 2.2

Slope S as calculated by taldng only the first
term of the PYD series as a funotion of a/Ly and

21, for =1 and B ==,

0.1 1 3
fly
s 5 201 1.2 1
0 248 3.46 1.27

~a

o




Slope S for s = 10° oms™

Table 2 . 2

1

and 0 = 1

as

obtained from figures 2.8, 2.9 and 2.10.

0.1 | 3
+ 5 8.46 1.03 1.0
0 10.66 1.74 1.16
-5 13.33 513 7.64

i
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Caplionsg for Figures

Figure 2.1

Figure 2.2:

Pigure 2.3

Figre 2.2

Relative exeess minority carrier concentration

ni{x,zJ
":‘:'('671’ as a function of x/d. fL,, s, ¢ and
cl/_[.n for these curves are =5, 103 cmu-1, 5

and {1 respectively., Curves a, b and o in thig

figure are for z = O, 0.1 and 0.2 resnectivecly.

Relative excess minority carrier concentration

nn(:o, l)_, ag a function of x/4, fL,s & @ and
a/L, for these tcurves are 0, 103 cmf". 5 and
4 reagpeatively. Curves a, b end ¢ are for

g = 0, 0.1 and 0.2 respectively,

Relative excess minority carrier concentration,
!'r(ixo ) as a funoction of x/4. fL,, 8, o and
d /‘[’n for these calculations are +5, 103 oma'l
5 snd 1 respectively. Curves a, b and ¢ are

for £ = 0, 0.1 and 0,2 respectively.

AV(s) es a function of s for g m » gnd

m, = 0. For ourves 1, 2 and % d/x,n =1, 3
and = respectively., PFor curves a, b and o

¢ = 0.1, 5 and 100 respectivaely,

» ¥(p) as a function of g for d/‘_t.n = 0.1,
o= 1and s . omg” . Curves 1, 2 and 3 ip

this figure are for f,, = =5, 0 and 5
respectively.



Fleure 2,65

HEEZ" 2.7s

Fj_ggre 2.8

Fizurs 2.9

Figure 2, 10:

4V(2) as a functi
ox: of 2z for d/z.ll = 1,
C=1and g oeaomg ., Curves 1, 2 and 3
in this £
B figure ars fopr :l!I.n = >3, 0 and .5
regpectively,
A V(g) as a funotion of g for d/Ln = 3
]
¢ = 1 and auuoma"1. Curves 1, 2 ond 3 in
this figure are for ﬁ'n = =5, 0 and .5
respectively,
4 V(s) as a function of 4 for 4/1_ = 0.1
3 -1 . !
s = 107 oms and ¢ = 1, Curves 1, 2 anq 3

are for fL, = <5, 0 and 5 respectively.

A V(z) as a function of 4 for /1y, = 1
1 ]

3 -
8= 10" cms  and o o 1, Curves 1, 2 ang 3

are for fL, = =5, 0 and 45 respectively,

AV(z) as a function of g grop A/Lp = 3
]

1

3 wln
g w10 cm8  and ¢ « 1, curvea‘l.zand3

are for n’n = =5, 0 and +§ respectively,

A V(s) as a funotion of

1: for n,n = -5,
dﬁ'n = 0.1 2nd 8 = « cng™', All the thyee
curves corresponding to o . 0.1, 1 and 5

overlap.



Flrure 2.92:

Fleure 2.13:

Figure 2.14:

Bgure 212

pLgure 2:16¢

pugure 217

AV(z) es a function of g for fI_ = =5,

n
d/'I,n = 1 and § = = omsg 1, Cuxves correspond-
ing to ¢ = 0.1 and 1 overlap and are represen-

ted by curve a in this figure, Curve b is

for ¢ = 5.

AV(s) as a function of g for f, = -5,
dﬂ;nss and s--ml-1. Curves a, b and o

{n thie figure are for c = 0.1, 1 and S

respectively.

A V(s) as a function of g for fL, = o,
4/1, = 0.1 and & = ems~'. ALl the turee
ourves correeponding to ¢ = 0.1, 1 and 5

respectively.

av(z) as a function of s for ﬂ’n = 0,

d/I:n =1 and 8 = om-‘1.0urvea corresponding
to ¢ = 0.1 and 1 overlap and are represented

by curve a 1in this figure. Cuxve b ig
for O = 5o

5 ¥(s) as a fanctionof g for f =0,
/Ly = 3 and 8 = me™'. Curves ay b and ¢

in this figure are for 6 = 0.1, 1 and §

re’p”ﬂ?‘wo

AV(s) asa function of s for M, = 45,
a/Ly = 0.1 ond 8 = o oun"‘- All the threg
eurves correeponding 0 o = 0.1, 1 and 5

ov .rla?.
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18; 4 V(z) as a funotfon of s for fL, = +5

d/I‘n =1 and 8 = e cms™', Curves correspond-
ing %0 ¢ = 0.1 and 1 overlap and represented

by curve a in this figure. Curve b is

for ¢ = 5.

Figure 2.19s A v(z) ae a funotion of x for n,n = 45,
a/I,n =3 and 8 = -cma"‘. Curves a, b and

o in this figure are forc = 0.1, 1 2nd 5

reppectively.

A V(z) ae a function of z for fI, = 0,

Figure 2.20s
/0y = O.1and ¢ = 10, Curves a and b

ipn this figure are for s = ‘l‘.'J3 and oo cms—1

respectively.

pigure 5,29y 4 ¥(z) ss s function of g for fI, =0,
d/I'n w1and ¢ e 10, Curves a and B in

this figure are for 8 = 105 and o Oma"

raspectively.

b Y(g) as & function of g for n‘n = 0,

pgare 2.28
d/ty, = 3 and 0 = 10. Curves a

and b in this figure are for g = 103 and

P ou'1 respectively.



Figure 2.23%

Flgure 2.24:

V(t) as a function of ¢t curves 1, 2, 3
and 4 are for wavelengthe (in mm) 690,

590, 560 and 500 respectively. Corresponding
experimental points are shown by X, 0, &
and [] respectively.

v(¢) as a function of % curves 1, 2, 3
and 4 are for wavelengths (in nm) 690, 590,
560 and 500 respectively. Corresponding
experimentel points are shown bWy X, 0, &

and [ respectively,
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CHAPTER 3

E¥¥ECT OF pn COUPLING OF STEADY-STATE RESPONSE
OF A SOLAR CELL

3.1 Introduction

rhe theory presented in the last chapter is based

on the assumption that the contribution of the diffused layer

coupling with base to the solar cell response is

and Lts
nezlizible, and tme considered only the base. Thise is
jueti g4 ed in many coses because the thermal ecuilibrium

concentration of minoxrity carriers in the diffused layer ia

mich smaller than that in the base. However as described in

»
gection 1.5, in modern R'P (or p™n) solar cells, the heavy
doping in the diffused layer causes bend gap narrowing

which i
{n the diZ

pnoreases the thermal minority carrier concentration
fused layer 80 muoh that it becomes comparable to
od that in the base. In such capes the diffused

or even ex0¢
portant contribution to the steady-state ns

1ayer makes an i

1 as trensd ent response of the solar cell,

wel

gecent exporimental results of Fossum et. al. (1979)

on the gensi t1vity of the stendy-state open oircuit photo=-

coltage of a 2013T gell to 1ts surface treatment oclearly shoyw



the importance of the contribution of the diffused layer
Possum et. al. (1979) have analysed their results on the
basis of a simple model in which they have neglected the

contribution of the base to the dark saturation curreny

and the contribution of the diffused layer to the genera-

tion current, In this chapter we present a more rigorous

theory which accounts for the pn coupling and includes the

contributions of bvoth the di ffused layer as well as the

base.
In this thesis our main interest is to investigate

the tranai ent respoise of the cell i.e. when the light has

been gwi tohed off., However, the transient c¢aloculations

a prior inowledge of the steady-state calculations,

reqire
1a view of this {n thip chapter we have studied the effeot
of pn coupling on the steady-state response of the solar

oell in &8 puch 22 it i@ applicable to the transient

respONse presented in the next chapter.

In the theory given in thig chapter we have modelled
the front (111um 1ated) surface of the solar oell by using
the Tewary and Join (1980) boundary condition which accounts
reconbination ase well as generation of carriers at

for the

cout § photovoltage of an n*p solar cell on the absorpt-

e decpendence of short-circuit current and

op‘n 01
siotent of 11ght, surface recombination velooity

qon coef



and surface generation coefficient have been calculated
The effect of suriace generation of carriers has not been
i{ncluded in any crleulations so far but we find that it

makes & significant contribution to the solar cell

characteristics. e have alao oalculated the excess

minori ty carrier profile in the base in the open cirouit

configuration and find that pn coupling shifts the position
the maxima of the profile away from the junotion. The
abgence of pn coupling however as dictated by

of

ganme in the

the open circult requirement alwaye ocoures right at the

junction.

In section 3.2 the theory of the steady-state

pegponse of oo a*p solar cell is given. The dependence

of ghort-circuit current and open oircuit photovoltage on

the absorption coeificient of light, surface generation

@oeffioient and surface reconbination velocity have been
oalonlaﬁﬂd {n sul geotions %.2,1 and 3.2,2 respectively. In
subsection z,2,% the excees minority carrier profile in the
ase in the °pen

in .ﬂb gecﬂ.on

cirouit configuration has been caloulated

b
%,2.4 the expression for the maxima in

and
the ©

5,2 Iheotl

T0 .tudf
ce11 responde 17 steady-state, one has %o ®1ve a eet of

arrier proﬁ.le in the diffused layer is given.

the effect of pn coupling on the golay



two diffusion ecuatiang subject to appropriate boundary
conditions. Here we consider an n*p solar cell with abrupt
junction at x = 0, front surfece at X = -d and back

surface at X = =. The approiimation that the base is

intint tely thick has been made for the sake of mathema-
tical simplicity and i8 valid {f base thickness 18 mich

larger than the corresponding exceps minority carrier

di £fusion length. The effect of finite sige of base has

already been 4f goussed in chapter 2 which changes the

glope of PVD ourve 0y certain amount,

The diffusion equations for excess minority carrier

congentrations P and n respectively in the diffused

layer ond the base aTe given below (see, for example,

Moxelvey 1966).

2
n,(ﬁf)-’;'; = =& oxp (~ux) 4<x<0  (3.1)
Dn(:':;) - !'!.; - - g oxp (-ax) x>0 (3.2)
nere &= af, axp(=ad). Dp.n and L. denote respeotively

the 4iffusion coepifioient and 1ife time of the p oxr n
e oarrierss L i® the mumber of incident photons

gamed 40 be mWoNO

typ
chromatic) per unit area per unit time

(ae
Lt the front mTiRCe snd @ 18 the abeorption coefficient
g 11ght, The boundary omATAns for p and n in the

- girﬂﬂ' cage are given below
op



& 3

(a) at X =-d: We uge the boundary condition
derived by Tewary and Jain (1980) which takeg into account

recombination as well as the generation of excess carriers

at the surface viz.

a
D’(a-,!)_Li =~ #p(-4) - g N . (3.3)

where 8 denotes the surface recombination velooity ana

7 4s the surfnce generation coeffioient,

(b) at x =03 The usual Shockley boundary

cond tion gives

2.(.2.2 - m = oxp(gy) - 1 e
"0 npo *; (304)

where Pp, and Boo denote respeotively the thermal

ecuilibrium values of p and n and V is voltage
across the jﬁncﬁono

The open eciroult condition at x = 0 requires

total current J, (not necessarily the individual &f ffused
layer or base current) to be zero 1.e,

dn
Jt 2 Qn’(§)0 i ‘D.(E)c . % L (305)

(c) at =1 Assuming an ohmic contact at the

basa, WO take
ni=) = 0 ce (3.6)



the aolutions of equations (3.1) and (3.2) sbjeot
to above boundary conditions can be eaeily obtained (see,

{or example, MeZelvey 1966). Ve give bdelow the expressions

for V_ = the gtondy-gtate open circuit photoveltage, Jg =
o
the light generated or the ghort-cirouit current, J = the
dark saturation current, and n(x) and p(x) - the excess
minority carrier concentrations in the base and the diffused
layer recpectively, 1n the open circuit configurat on
J
kT
— 1n(1 & ) s (3.7)
vy, = (g 75
L N .8
Jg = JP + Jn (3 )
Jp = Jps + pr () (309)
D %
o ee (3.40)

(an, cosh ¢/By + D sinh &/1,) exp(-wd)- &l ~ aD Ly
T ™ B, cosh d/L’ L ainh d/I.p

- o L
a ' '—"{!'o oo {3.1%
*‘I'vm("‘).l(i- - )
d)
:!’__‘_L__'_:!-(-:_- s (3-12)
. gL_ ocosh d-/!-‘ - D! sinh dﬂf] o TS
;g = Jao PO Py cosh d/!‘p v oL, sinh a/x.p



J, o
no anpo I‘n/ "n

7 »: (3014)
po b qpno Lp/.rp

n(x) o g “P("I/Ln) *_‘_'Nov

(1-=“L) P [-a(xsa))

E = npotexp(qvo/kf)- 13 - ﬂﬂotn SXpP (- )
1-a n LA (3017)
P(X) = 4, oo0sh x/zp

o st Sy eair

’ e .?p\
ak v .. (3‘18)
dy =D Etxp(qV.,/kT)- 11 - \h_"
e o 2 oxp(-ad) (3.19)
8L oogh d D
8 =4, P /L, + D sinny a/1,
Dp cosh dﬂ.’ + mp &inh d/],p

al No T {aD , 9)
» B y
{1~ I’P)(Ib “ard/zp* ‘I'p ainh
'} @1

er,p )

D, cosh dA’.’ + 8 sinh dA" «» (3.20)

where q ie ithe eleotionio changye and

L deno teg the
atffusion lenzih of the minopy ty oarri ep

* The mgpey ces

p and n refer to minority Carrters in the ditfug d
e

r and the boge Tempectively,
S b 0 demnne gy,
ocontributions to the nhort-oircuit CUrrent Py

’ ’

di ffumed layer and the bage respoouvely J s
aontributions o b

deno te the J'p Irom Rrfage and the J
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of the di ffused layer respectively. Jo is the dark

gaturation current of the cell, The two terms on the
right hand side of equation (3.13) denote the contribution

teo Y from the basge and the di ffused layer regpectiyeh.
o

pn coupling in the present theory arises from

eqations (3.4) and (%.5) which couple the values of p

ond n and ghelyr derivatives soross the junction. If the

band gap narroving effects in the diffused layer are

neglested, P, << Tpo and einoe 7, << 7, then the

contribution of the dj2fused layer becomes mmall, The
asual eal

taking (dn/dx)
only ‘the pecond e

culations in thie case neglect pn coupling by

- 0 instead of equation (2.5) and use
quality in equation (3.4). However, as
and as shown by Lindholm end Sah (1976),

remarked earlier

geagroechel et. al: (1977) and Fossum et. al (1979), the

p narrowing caused bY heavy doping in the diffused

band ga
a modern n*r golar cell makes Pro comparable to

layer I8

mt be n.sleﬁtedh
o investigate the effeot of pn coupling on the

er then Bpo and thereiors pn coupiing can

T

11 response, we have considered an n'p stlicon

solar C€
a0

rial pnramctera as guoted by Tossum ef, al (1979) are
mate

-4 -
2 3., = 6:2% 107 °A ™, For the other

d'Oo"'- >



material parameters we have chogen the I0llowing val
alueg

on the basis of vartous estinates and other dat, gl
Yen
Foseum et. al, (1979)s »
Dn = 15.5 0!2 5-1. Tﬂ = 4,1 B8, L = 80 R 3
n = =
n ) po 00 (<] o

2 -1
= 1 Cih 8 T = 1 n 1
Dp v T 8, Iop 0.5 jam, Ppo = 368 Gll-’.
" =13 -2
and J,, = 18.6 X 107"y on~c,
The effect of bdand gap Narrowing f{n the i frused
layer is included in the chosen valye
sofp, and Jpo

which are larcer than the correspond ng Valuee {in the b
age

. 8 d -
vig pno/npo = 1 and J = Jpo/-"m = 30,

3.2.1 Stegdy-yitate Short-Oircuit Guppent

from equation (3.8) is showm in figure (3.1), me matp

obgervations of figure 3.1 are summari ged below:
(1) Por W= 0,1 Jg is sensitive to & for large
a(> 10° cn ') only.

(11) For nounzero T, JE 18 sensitive to 4 in a¥mogt
the whole range of a,

(111) Jg .
e 8{n 10 ~1
for large 8( WE) g 18 1ot sensipyye

(1v)
to 7 for moderate and large value, 2
o -
I a2 10 cm 5



4 -1
(v) Por low & (£ 10 cms '), e ie sensitive to
in almoot the whole range of ¢,

(vi) In general, as remarked by Tewary and Jain (1980),

Js increnpges with 7).

T™he abovVe behaviour of J‘s can be understood from
equation (3.8). J’g ie the sum of Jp and J ., the contri.

butions from the diffused layer and the base respectivcly,

as given by equation (3.9) snd (3.12), J, 18 made up og

, the contribution arising from the surface absorption

J
pe
of photons given by egation (3.10), and g, the

eontribution from the bulk of the dlffused layer, given by

eqation (3.11)s
For 14 =0 as in abservation (1), which is the well

nown case, unless &d > 1, J, 58 Jn WSy I‘p € Ly

o this case tie cantribution of the diffused layer 1s

If ad > 1 Jn ~ 0 and the diifused layer

makes a signl. tonnt contribution to J ¢ which therefore

4s gensitive to s and other parameterc of the 41 ffuged

to.
layer such 28 LP' % .
pzero T as long as exp(-gd) m» 4
ror & tribution ot ] pr « Jn
and the pelative COR u o J'” depends upon e 8,

. as followss
a ane Yp



i C 0
&y i

;2! (1 « aL_)D

= T (p cothd oL .o (3.21)
n a1 (D, /Lp + p) sinh O/L_

The ratio J /T will be sensitive to s for large

ps D

enough 1 unlees 8 << (DP/LP) coth d/‘.[.p. In the present

5 -1
eanlculations (Dp/Lp) coth dﬂ-p % 10" cm s . This there-
obsexvations (1) and (v). Observation (111)
ation (3.21) beocan
on ) e J, ’/J o M1
rge for low ., In the limit 8 ~ =,

fore axplains
41s apoarent from ©

obviously be quite la
J a/Jn -0, vhich explains observation (iv).
P

Tms wWe +4nd that the sarface absorption of photons

gntroduced 1n the boundary condition by Tewary and Jain

(1980

current

) makes 1 smportant contribution to the shori-ecircuit
through 1§ 88 well as e. NO measurement of 7
the li terature as yet, but it should dbe

stimate W by using the behaviour of Jg as

above. In addition to ¢his, in all these calcula-

been assuned to be independent of a. It is
g will bave an implicit, perhaps wealk,

g because both 1 and a« depend upon
ary and Jain 1980), In the adbsence of

eoretiaal or experimental information about the values

any B
the approximation in these scalculationg

of U we have nade
tat 0 17 ¢ndcpendent of &3 80 as to get atleast a

: arding the 4
qualitﬂ“" den ve8 e ependence of .rg on .,



We have als0O neglected the effect of band gap
narrowing on & by assuming that &« has the game value
in the diffused layer and the base. This erffect can be
easlly included in a more refined caloulation, However,

this effect 18 lil‘ely to be mich mmnller than the effent

of band gap narrovdng on p,, Which has been included in

the present calculetions. This is becange Pao has an
exponential dependence on energy gap whereas the dependence
of o on ener:y gap 1e relatively weaker: a is propor-

tional to the scusre of the difference between the photon

energy and the cnergy gep (Pankov 1971),

3.2.2 gteady-State Opan CAXONLYE Photovoltage

Phe depencence of ¥V, On & | and a as caleula-
ted from equation (3.7) bas been shown in figure (3.2).

figure reflects the dependence of ‘l’o on | and ¢

This
—— (equation 3.8) and on s through Jg and
teon 3.13).

which causes a deoresse in Vo. An inorense

g8 8 increamens
-.Ta (equa A y J g degreasea and
{ncreanef

Io
J
W {pnoreases Jg

in

which results in an increase in V.
(]

gf the dependence of Jg on 4§ and g 48 not
or, ot foF ezatple is the came conmidered by

(1979)s ¥, depends upon s only through
then :0 and therefore 'o will not

accounted f

I'O!m et. 31.

< 3
7. ¥ Tgo < “mo



be gensitive to s, This would be the case 1f diffuged

layer were more heavily cdoped than the bage layer and the
band gap narrowing effect was neglizivle., In modernm n*p
dlodes, as discussed by Fossun et. al. (1979), Jpo > Jno
and hence Vo becomes sensitive to 8 through J‘po. In
this limit, 28 expected, our results are similar to thoss

obtained by Foscum et, al, (1979).

our results on the dependeunce of vo o1 8 are
in qualitative azreement wilh the experimental results of

Fogeun et. al. (1972). However, a quantitative compart son

o th their experinmental results i{s not posaidle because
the nature of light which was used by Foesum etl a, (1979)

to generate the photovoltage is not known,

5.2.3 Wg er profile in the Hane

rhe stecdy-state oarrier profile in the bage in the
guration as calculated from equation

2 5

spen cirouit coanil 4
and 10 o." have been shown in

(3.16) for a =10 o=
tigure (3.3). Ve notice that n(x) bas a maximum when
2 1 4na decreases monotonically with x fop

g = 10° om
) 105 “...1. If pn coupling is neglected the behaviour
-

¢y oondition given by Scuation (3.5) mimply becomey

_ o which forces =a(x) to have maximum at

litatively different. In this cage the

pounda

(an/d42),
(x = 0) for all ¥alues of €, 1in contrant to

ar shows in figure 3,3,

ghe behavif



e ocourrence of the maximum in n(x) away

¢rom the junction cauged by the pn coupling for low «a
con be physically understond as follows. The value of
n(x) at the junciion is defined by the junotion voltage

in accordance dth equation (3.4). If a 18 small go
that the conccntration of earriers generated in the base
close to the junction is larger than n(0), as allowed by

the equation (5.4), then some carriera near the junction

will cross over t0 the other side. This will affect the

carrier concentration within a diffusion length of the

junction. purther away from the junction the carriex
entration will not be very much aifected and apart

conc
e diffusive contribution 1t will be determined

from 800
mainly bY
nentdally. Thu

gncreases a8 we mOV

the absorption of photona which decreages expo=~
g the ecarrier congentration in this case
e gway irom the Junetion a2nd then starts

secreasing which explaine the ocourrende of the maximum

1t 20y ve rezarked that in the oper circuit

¢n the bage.
aprent ue to the movement of carriers acroas

case, the€ °
the junctio”
polanced bY BV
of oarriers

¢n order to satiafy equation (3.4) is just
o current due to crossing over of other
in accordance with equation (%.5).

type
12 on the other band « 1s large, s0 that the
ontration oF carriers generated by photon sbsorption



We see ° ai equation (3,22) that in the limit

e gar
a @ the loZaritimio term znd henge xn will be negative,
Thzs there will be no maximum in a(X) 4n the bage (x >0)
for large a. Further, 1f we neglsot pn coupling by
putting J, AT, =0 1B J  (equation 3.13) ang L, =0
in Jg (equation 3.8), we see that X, a8 given by
equation (3.22) becomes zero. This is the usual case in
which the maximuz in n(X) oocures at the junotion, The
effect of pn coupling is to shift this maximum to positive

x for low & =and to negative x for large o,

Afﬁm@ntiond effeot of a on x' in the presence
of pn coupling ccn also be soen from figure (3.4)., Curves
(a) and (b) in this figure are for J a 30 and 0.01 respeo-

is we ave interested in studying only the efrfeot

tively.
of pn coupldng on X WO have token 8 and 3 equal to

1t 48 obvious from this figure that pn coupling

Z8ro.
to
shi fts the maximumjpositive Values of x for low & gna
: for large a«., Fo
tive valuog of x . r Ja 30
vo nes a £ 10‘ on? However for J o
18 posttive 10T -1 = 0.0, z

‘ n f
5,2.4 wmmmm;_mmm

e gu,fﬂliod layer can be calculated by ueing equation
in

(3.18). P° coupldng in P(X) comes besause of the dependeng
.18) . @



' T -
“ <)

of constants A, (equation 3.19) and B, (equation 3.20)
on p and 70 whioh, as shown earlfep, strongly depena
upon band gap narrowing and pn coupling, 1In the abgeice
of pn coupling p(x) as diotated by open ofrcuss boundary

condition (equ-tion 3.5), always has an extremum at ty
&
junotion. pn coupling shifte this oxtremum away from t
he

Junctdon.
Po obt~in the position of extremum in p(X) 1in th
@

diffugsed layer, we differentiate ecuation (3,18) with

respect to x and ecquate it to zero. The result 4s

B cosh x/%
A1 ainh x/-['p* 1 p
2 N«

‘2!2:?" oxpls(xe d)] = 0
(1=a"L,)

on set of physical constante equation ( 3.23) has

sss (3.23)

For a 81V
to be solved nuerioally for x,

onc]naidn'

3.3 g——————'——-——

¢ the solar ocll has Deenl analyeed. It is shown that pn

coupling
mnoxity oarriex profile in the base (in the opén circuit
oouﬂsﬂmuon) amey from the function which in the absence

of po coupling o8 diotated by the open ofroust oonditioy

alway® oocur?

o the position of the maxima or the exceng

g right at the junotion,



Effect of surface generation coefficient 59
fatrocuced by Tewary and Jain (1980) in the surfaos
bouxndary condition for golar cells is found to be more
pronounced for lower values of the absorption coeffioient
of light, Thie as predicted by Tewary ana Jain (1980)
increases the short-circuit current and hence also the

open circuit photeovoltage of the solar sell,

Surface recombination velooity increases the
dark saturation current »nd deoreases the short-cireui t
current and thus in accordsnce with equation (3.7)
decrezses the open circuit photovoltage of tne solar cell,
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Figure Captiong

Pigure 1:

Ploure 23

Varintion of ateady-state short-oircuit current
with absorption coeffioclent of light (z) for
dlfferent values of surface recombination
velocity(s) and surface generation coefficient
(1) in a 1®p solar ocell, A full curve s
compoged of three labelled segments. For curves
ama, bmi,and omu, & = 107 mnﬂ and |} » 0, 0,01
and 0.1 respectively. For curves amv, dmv ang
enw, 8 = 104 OM-A' and | m 0, 0.01 and 0.1

reapectively.

variation of steady-state open cirouit photo-
volt-ge (vo) with absorption coefficient of
1ght (a). FOr curves a, band o, s = 10 cma” !
and i = 0y 0.01 and 0.1 respectively and for
ourves 4, o and ¥, 5 = 10‘ cllll-lI and 3 = 0, 0,01

and 0.1 raspectively,

gxcess minority oarrier concentration (n(x)) in
the base in the open oircuit configuration as

a ‘unction of the distance (x) froam the Junction
in a n'p solar cell. The values of the absorpe
tion coeffiolent of light (a) for curves a gpg
p are 105 om" and ‘N)2 cn”' reapectively,



variation of position of maxima (xﬂ) in the
ecarrier profile in the base in the open
circulit configuration as a function of the
abgorption coefficient of lght (a). For

s a and b J = 30 and 0.01 respecti-

cumwe
vely. 8 and 1 in these oalculations

have been taken as ZOXo.
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CHAPTER 4

E ECT OF pn COUPLING ON THE TRANSIENT RESPONSE

OF A SOLAR CELL

4.1 Introiuction

In the last chapter we analysed the effect of pn
coupling on the gteady-state response of a solar cell and
found that it is quite sensitive to the pn coupling. 'he

i{mportance of pn coupling in the transient case has been
emphasized by Lindholm and Sah (1976) and Tewary and Jain
(1981). Theae anthors have oonsidered only the dapk

transient response of a solar ocell or diode vig, FOVD
aiter rapid termination of forward current, However, as
shown by Mahan et. al. (1979) the decay of open ofrcuit

toze (PYD) after switohing off the {llumination 1g

photovol
8 convenient method for measurement of life time of excens

ninorlty © apyi ers and possibly the other parameters of g

golar celle
fn this chapter we have studied the transient

ar oell including the effeot of PR coupling

response of 2 =
pticular we have studled the open oirouit photovoltage

in pa
decay 1
measure °

n a solar cell which as meationed in ohaptey 2 18 a
¢ the transient response of the solar oall,



SERON D

The effect of pn coupling on pVD in a golar cel
cell

has not been theoretically analysed before, T th
. n e
present chapter we have calculated PVD in an nt 3.
P solar

cell and find that under certain conditions it i8 quit
q &

pengitive to the pn coupling. FEffect of various diffuged
us

layer paramecters on PVD has been analysed and 1t 1i
e
sugegested tiat the meacurement of PYD in its initial
a
gtages would yield ugeful information about the dffs d
ge

layer excess minority carrier life time and algo front

surface p-rameters.
In scction 4.2 the theoxy of PVD has besn developaed
pe

by applying JLaplace transform technique (Sneddon 1972). 1
. In

on 4.3 it is asoumed that the absorption of incident
en

gecti
radiation is uniform and the low time behaviour of pyp g
2

d4 scu ssed. 1t i8 shown that the leading term in the low

time behaviour of PVD 18
v our of PYDDIIowing exponential absorption of radiatio
n

proportional to . The low time

beh
Lp given 11 gection 4.4 and results similar to thope in
geotion 4.3 bave been obtained. In seotion 4.5 the impon.

1jontions of Tricomi method (Sneddon 1972 d
an

tance and app
erting Laplace transform have been A4 acu
ased,

ward 1954) in 1™
¢ and 1ts subeections the effect of varion
]

rn geotion 4e
- parameters on PYD i8 annlyged. ¢

+ The convg
TR eNay

a1 tfuged 107
geries obtained by applying Trigoms method {
n

of the PVD
’ection ‘070

dinonaﬂ"d in
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4.2 Theory

n*p
has been congldered here also. The time dependent diffusion

~olar cell as discussed by us in chapter 3

aquations which describe the distribution of excess minority

carriers in tae 41 ffused layer and the base respectively are

given below

(azp/uz) —p/r, 8 exp(-ax) = 3p/3t oo (4.1)
L -d {x <0
D (OQ#axz) - n/fn + B up(—ax) = an/at oe (4.2)
» x>0

N ozp(-ad) and other symbols have their usual

derivati'” 3/
ar cell under consideration has been expoased

t and an/3t are gero.

the sol
shat stesdy=
¢¢ at t » 0 which marks the beginning

atate 18 reached for ¢ <0 and

t0 ught 'uC!!

Bwitcheﬂ o
1ight 18 e gtate rhe eouations which desoribe the
rond
of the © o of the solar ocell are obtained by
t beh®
yransien generﬂuon term in eguations (4.1) and (4.2),
the
deleting
low
Theﬂe are Fs’ivcn be
/ )-’/' = dp/ot -4 £x<0 oo (4.3)
(a %X
n’ /0’2) _ "/n = /2t x>0 o (4.4)
2°n
a Byl



The boundary conditions for equatione (4.3) =nd

(4.4) in the tronsient state are given below

(1) at X = .33 The surface boundary condition

ag obtained bY putting 1 = O in equation
(3.3) ie given below

Dp(ap/ax)_d = sp(~d) e (4.5)

(1) at x =01 The usual shockley boundary condition

gives
p(0)/250 = P0¥Ppo = exp(qV/K)= 1« (4.6)
shere Pyp % Ppo denote the thermal equili-

prium volues of p and n respectively, q 1a

aleotron:lﬂ charge and kT repregent g the

the
ghermal enerey at temerature T. V denotes the
vyoltage across the junction,
(111) 8% *~ »; We teke sn ohmic contact at the back
80 that
n(e) = 0 T
rn addition to these, in transient case we also
gmpose th° initinl 0% iption that the time dependent functions
(2, ®) and n(x,t) peduce to their steady-state values
’
a4 v (x) fJor t = 0, 1i.e.
n-(!) an i)
(x)
(1v) P("a”'t-ﬂ ol oo (4.8)



n(x’t)ltso = n,(l)
e (409)

where p_(x) =nd
o(%) n_(x) are given by equations (3.18)

and (3.16) respectively.

Me open circuit condi tion at x = O recui
res that

qD (2 9/8x), = ab, (on/?
P x), =
o] n 0 Y ®e (4010)

To solve eocuations (4.3) and (4.4) we apoly th
: ]

Laplace transform technique (Sneddon 1972). Upon taki
. aking

the lLaplace g¢rangform of equation (4.3), we get
¢ ]

2 (1+ St_) p(x s)
a“p(x,8) - : .
2 Jgfnp - - -E-Lp p.(x) oe (4.11)

ppon suibstituting the value of p_(x) in equati
& acion

(4.141) from equation (3.18), we get

(1 + St ) P(I,S)

- -
e p(E,8) - — -

BX
P
T
- =HLA coch 3= # B stnh Z- s < P
g oo 0 e T e

gimi larly for the excess minority carriers on th
%

e o= wri te
(1 + 87,) n(x,8)

aznxs -
S ?f"

3x
gv_ exp(-ex)
;‘5 (x exp(- ) e T"—' d .o (4.3}

base side W




golutions of eguations such as thege can be written

ag the sum of the corregponding homogeneous equation

golution and 20y particular solution %o the homogeneous

The game are ao follows:

1/2
S) = O coah(hs'fp)

equation,

p(x, x/f[.p-t D sinh( 1¢3fp)1/2x/‘,[.p

B
acosh x/I. s -gi sinh xﬂ,p

Ulr-

exp(-cx)
ce (4.14)

%2)[31 0(1-0 L, -

and

g expl=( 1457, )1/2 x/Lg ’§ exp(~ x/Ly)

P 2 gxp(-ex)
oo (4.15)

p (1_‘!§i)£81 & (1‘.2;2ﬁ3

of integration ¢ and E oan be
poundary cendition (11) (eouation

n(‘os) =

re the congtonts

whe
ged bY ap?l‘yj’ng

evolua

4.6) and n b applying equation (4.5). These are given
B8) 2

bheloWw

e ‘,2

oo (4.16)

£ (5) “8' (1-a % (v e (1-12?_1

0 = Ppo'P



D = C(s cosh X - Dpxz sinh 21)/1(8)

A
o - (s cosh &/, ¢ (D/5,) siub 3/8,1/A(S)

B
- .g‘. (e sinh ¢/D, +(DP/LP) cosh d/LpJ/A(S )
+ 2'/A(8) oo (4.17)
where
1/2
x1 = (1 + s'p) dﬂ'p oy (4.18)
xz - H/d se (4-19)
.l(s) o Dp 12 QOSH 11 + 8 "'nh x1 e (4’020)
' ¢ exp(ad) T5 (aTyee)
T = eiiysrye( 1 Ty)] (2
2
[ o
# s)-§ - —TTJ_—T;‘?_ .o (4.22)
2 = Bpo n( 5 {(1-a I.n)[.s'rn*(‘l-a n)]
nd tn(s) & ’P(S) " ‘% Lup(qu)- 1le= 1(3) de (4-23)
How of applying open circuit ocondition (enuation
4.10) we got
1 (8) 1 (8) J,
e .- o2y T 1(8) Te s {2
s ere :
* esp(qW) ok s (4.25)

2(0) *

5 ()



YV, denmotes the steady-gtate open circuit photoy 1t
(4] age

P and JB are mvenw
squation (3.13) =nd (3,8) respectively,

a8 glven by ecuntion (3:7)s F

I(8) = J,, 3, (1s s"1’)1/2" Jno““s"nJ'/z

v (4.26)
1/2
g . B oosR(145T ) /e (D /0 )(1ese ) V20 o )2y
1 (D./L_)(1:87_) "/ “cosh(1+ST_) d/L ‘L17!"*"
P’ p p p pt? d.nhn,s") A
P
<+ (4.27)

where J_, end J,, are given by equationg (3.15) and

(3.14) respectively.

1/2
I M J_(1+S¢_)7/'"8 J J 1/2
. 01 _ po 1 _s_“"..h?“*s')
bl (4028)

sinh
N s cosh d/-[v_p o (DE/LE) 1 dA‘_E
1 (Dpﬂp) cogh dﬂ,p ¢ 8 ginh d/f,p

e (4.29)



i a3

D
_ 1/2
i‘f (1 +87,)"/% cosh(1 + s‘rp)‘/2 a/L,
inh(1 ¢ sv.)172
+ 8 sinh(1 ¢ vp) /5, oo (4.33)

U,

U, = # sinh d/'.!‘..p + (Dpﬁ'p) cosh d/Iup eo (4.34)

3

Now the inverse Iaplace transfom of equation
11 yield the desired expreession for PVD, However,

d pogeible 10 obtain an analytical closed
{nverse Laplace tranaform of this ecuation.

(4.24) vl
1t was not fouw

expragsion f0T the

1ged a gemianalytioal method vig, Tricomi

ge therefore

gneddan 1972 nd Ward 1954) to obtain the inverse

method (
ation (4.24). Before that in

sudy the behaviour of PVD wo apsmame

on that abgorption o light {s unifom gas

.33 and algo obtain the law time behav our

ential gbsorption in section 4.4,

{ radiation is uniform which amounts

the nbﬂorp“'oa 4
(n equation® (4.1) and (4.2) while keep-

18
gini . gne a1 ¢rused layer as well as base is

er then the corresponding diffusion



(111) the surface recombination velocity (8) and the

surface generation coefficient () are zero,

Thie case although does not simulate the actual
oneration of solar cell exposed to the sun light tut ia
good for qualitative analysis and also for understanding
the physical processes (Dhariwal et, gl, 1976). Some of
the oases to vhich i1t 18 applicadble are given below;

(1) solar cells irradiated by X-rays

(11) solar celle when the photon energy is just short (1)
of the band gap energy i.e. vhen photon energy
is very close to the absorption edge on its lower

energy slde
(111) this is often used for analysis of photoconduo-
tivity (see, for example, McKelvey 1966),

The equations which describe the dfstribution of
excese minority carriers in this case can be obtained by

putting a = O while keeping g oconstant in equations (4.1)

and (4.2). The boundary conditions (11) - (1v) (equations
4.6 ~ 4.9) nlong with the open circuit condition (equation

4.10) apply to this case also. The surface boundary

condition (ecuation 4.5) however due to infinite thickness
of the alffused layer in the present case assumes the

following form
(opfox) , = O oo (4.35)



T

golutions of ecuations thus obtained subject to

thege boundary conditions in steedy-state can be easily

obtained (sce, for example, McKelvey 1966). Below we

give expressions for p(x) end n(x) ~ the excess minority

carrier profiles jn the diffused layer gnd the base
- the short-circuit current, J‘o - the

reapectively, Jg
and Vo = the steady-atate open

dark gaturation ourrent

eircuit photoV oltage.

p(x) = Ty exp(x/1,) + &%p o (4.36)
n(x) = B exp(-%/Ty) + 8%y oo (4.37)
whers

IR pnate:p(qva/k‘!) - 1] - g7, .o (4.38)
r, = npo[cxp(OVOM) - 1] - 8%, .o (4.39)
v, " (c2/q) 1n(t + .rg/.ro) . (4.40)
o - (L, + Tp) o (4.41)
I, ™ Joo * J 0 oo (#.42)
o = Paod "%y - 449)
Tio ® R q pn/,[.n oo (8.44)
where I po and Jpo denote the contributions to J, from

raapactjﬁe]u.

the ai £rused 1ayer and the base



Tn tronsient caee, solutions of equatione (4.3)

and (4.4) for this case oan be obtained by putting a = 0

and taking the 14mit 4 = « in equations (4.14) and (4.15)

reapect].ve]y. che results are given below:

. 1
p(x,8) = 4 expl(1 ¢ Sfp) i xfbp] )
&*
—D ., (4.45)

4
- §[I(O) - s'tpl oxp(zfx-p) ¢ vy

L1 o 87)"% 2/1,

a(x,5) = g2exp
gr2

1 ot 1 os &
o 3 £200) g7yJ expz/L,) + (150 (4.46)

wher®
(

p__ 2(0) - &7 gr2
- £(s) --m"‘!"__’ - 1—;—37;' ee (4.47)

e a £f£(0) -8 g e
(a) - D—x— " " Tesy,
By *= “po n
pplying the oF

.at the tollowing ex
able S

en oircult gondi tion equation

Nov
preasion for PYD which is

qn terms of the Laplace vari
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(JPO ¢ Jno)

SLI o1 ¢ 81’)1/2’ 301 e stV

Q

+ 1;—

-1/2
ol & [ Iap‘l'p(‘l » Sfp) * L7 (1 o g,n)-‘lla

Ipolt * 8'9)1/§ ¢ Tpolt + srn)vr]

1‘708(1" + L)

’ sy W k' ¢ 87 )1/2 J (1 S 1/2
g po P *“no * '.) J

8 L J’o(1 - 879) 0:n°(1 .8")'”-]

e (4.49)

shere Joo and J,, 8r¢ given by equations (4.43) and

(4.44) respectively.
(4.42) and (4.41) respectively.

Jo and Jg are given by ecuations

Inverse Leplace gransforn of equation (4.49 )

yields the following expression for PVD,



-

JD, exp(~0 's)

~ = = V= (Brf Y_- Trf Y )

- exp(=C ') Bl(L = J) I (8't) exp(-a't)

P .I't exp(-a‘'u) I (p 'n)m]}
o

fp('c"l- (1= 0'n)"/? m[(l:g-'i),]‘/"’

J-1

e 1/2,

- (1-C') Ext( (4-C ' )=l

__._.."--—-»——-' {(L~ 1)1~ axp(~0's)]
(F-1)(L+1)

 weptest) 1,8 8)(E- 38)/2"2

1/2
- _(__I'_"ﬂ_r__._. .ft exp(-ou) I (pu)d

'p (+]

* G, axpl-(0 "5+ a')8] I, %)

t ]
, Glexp(-¢'s) J exp(~a )1 (f u)dn}
° &

.o (4.50)

and
where 9J ® Jpo/'rno



g2 =
t/rn

T = 'p/'n
0 = -ﬁ%;:*ll

(J"1r~1)

Yn = (J'Kz)1/2

L= (ks/75 )12

L = I,p/zn

1=C*D.4/2
D = J( )
¢ 1-J 27

P = G'TVQ
% (Le1)(3-1)

’ (1=C*)L, - J(1=0"'
Foa POE )‘L fi _zm]

L(1=C!T) - FT(1=C")

Go- T"/!
. (1=0r)(1=c )T )2 /2
6 =
° T
P
I(2= 1)
(3°1-1)
¢ 1 3 1 c!
¢’ = 'z‘“?; * ';;’ -

%, 9 1
B! = !‘1" Tn)

«« (4.51)
-+ (4.52)

«e (4.53)

o» {4.54)
LS (4055)

ee (4.56)

o (4.57)

LX) (4 -58)

ee (4.59)

¢ (4060)

.o (4.61)

e (4.62)

s (4.63)

e (4064)

. A\



<)

5 N e (4.65)

B =0 .o (4.66)

Io denotee the modified Bessel Manotion of
geroeth kind. I _(s) oan be expressed as follows (see,

for example, Zrdelyi 1954 and Abromovitz and Stegun 1965).

- 2n
I(8) = I % e (4.67)

M=0

For ¢ = 0, the entire right hand side of equation
(4.50) reduces to unity so that voltage V 18 equal to the
steady-stage open circuit photovoltage Vo.

If we negleot pn coupling in the present theory
by putting J and L sero then equation (4.50) reduces

to the following expression
AV(t) sV(E) -V, = -t/ oo (4.68)

Equation (4.68) predicts a linear decay of open
circuit photovoltage with time, The elope of the PYD curve
yields the excess minority carrier 1ife time in the base.

glthouzh the uniform absorption approximation has
enabled us 1o obtain an analytical form for PYD but this

equation (equation 4,50) 18 still not convenient for

mumerical use, Since our interest in this seotion iz only



in the quali tative study of PVD and also aince the effect
of pn coupling is substantial only at low times (TPewary
and Jain 1981), we obtained the low time behaviour of

PVD by expanding the error functions and the Besgel
functions in equation (4.50) in powers of t/vp and t/yn,

The leading term in this case {s found to be proportional

to t which is given below, Similar dependence is

obtnined in the exponential case also (discussged in the
next section),

AV(t) & V(8) -V, = = (kI/qat/r,

¢ higher oxder terms oo (4.69)

where

1

(Lt J(Jzi- 1)

It mey be mentioned that the low time debaviour

of PVD observed zbove is in oontrast to the low iize

behaviour of FOVD in which leading term is proportional
to t1/ 2. the dotailed discussion on the low time
behaviour of PYD and ite comparison with the low time

behaviour FCVD will be given in the next section.

of Tnoident Radiatl
A8 shovm by Tewary and Jain (1981) pn ooupling is

more effeotive in the initial stages of the deocay i.e. for

0]



clo
ge to zero. Since our present {nterest 1a to analyse

the effect of pn coupling, in this section we consider

PYD for ¢t » 0., The 1eading term in the low time

¢ pYD (egquation 4.24) is given below

expansion o

= = (kT/q)At

+ higher order terms ..

AV(E) = v{) - Vo
(4.71)

where
A = Jop/Jgr (4.72)

p = a¥, ea:p(—ad)(amp/sp'/z,.x.n/f;/z) .o (4.73)

/2 o o)) o (4.TH)

T = Jno(J?p

J . Jp/Jno o (4-75)

e Verfied that the
r the jow time beh

ooeffioient A in

I¢ mY b
aviour of PYVD following

acuation (4.69) fo
{n the prealat

uni form absorption of padintion and that

case (equatlon 4.,74) are gome.
Bquetion (4.71) predicts a linear decay of open
or Y alose to gsro. Ihe dependence

on € is

aond 8.

oiroult photovoltage 4
A which denotes the deocsy mte at t = 0
alues of 0

ay mate tprough all

of
ghown in figure (4.1) foT agzferent ¥
oupling contributea to the dec
actors T Js. p and t. The

pehavioun¥r of J,
The

The pn €

the four £
pter ,c

has already beon disouased {n cha

and J‘
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charaotert stice of Jg described in gection 3,24 may also
be observed in A 1in fugure 4.1,

We sec from equatione (4.73) and (4,74) that the

effect of pn coupling is to increase P as well ag Ts

the former increases A whereas the latter has the

opposite effect.

Physically the effect of pn coupling on PVD ariges

from two factors:

(1) Nature of steady-gtate profile for ¢t < 0O

(11) Orossiiug over of carriers across the junotion

after t = 0 without contributing to the total

curront in accordance with equation (3.5),

Flret we oconsider the effect of the steady-state

profile n(x) in the base. As discussed in gection 3,2.3,

the carrier concentration n(x) inoreases with x away

from the junction for low vzlues of «. As soon as light

1s owltehed off the junction loses carriers due to recomii-
nation, but zlso gains some carrierse by diffusion from

the near by rezion which has a higher conocentration of

carriers. fThus the decay rate of voltage, which depends

upon the number of carriers at the junotion, is alowed
the garrier conoent-

down by pn coupling., For large «,
In this case

ration falles as =x inoreases from zero,



the junction loses carriers by pecombination as well as
by diffusion, +hich makes the voltage decay faster than

that in the absence of pn coupling.

Reg-riing process (11) which involves the moVement
of the carriers across the junction, the carriers on the
di ffumed laver glde of the junction are removed much
faster than those on the bape side because fp << qn.
Hence some carriers from the base side have to cross over
the junction to gl ffused side in order to satisfy the
equation (4.6). Tois yncreases the rate of carrier loss

on the bage side of the junction and therefore inoreases

the decay rate. The net decay of voltage 18 a resultant
of these two processes.

The other important characteristic of A which

45 shown in figure {4.1) 18 that 15 has a maxioum at
about « = 1/4. T8 maximum ariees from the a oxp(~ad)
term im P 4in ecuation (4.73). To analyze physically
the occurrencc of the naximm, we jdentify the factor

N, exp(-ad) os the intensity of 1ight reaching the
junction and 0Ly, and a‘Lp ag ths mamber of carriers in
a 4iffusion length from the junction on jts two sides

which can crops over the junction. As & inoreases,

these numbers increase which increases the contribution

.

s

4



L
— A()

of the diffusive motion to decay rate. However, the

intensity of light at the junction {tself decreases

exponentially with a. The resultant of the two processes

gives the maximum at & = 1/4,
The maximm in figure (4.1) does not oscur
on

which can algo be verified

mathematically.
exaotly at @ = 4/3 becnuse of the dependence of Jg

a vwhich is yelatively weak ae compared to the dependence

of P on a.

An intereating thing to note i® that the leading

{mes 18 proportional to0 t. In

term in PYD at low t
rm in FCVD in a pn diode i8

RV

contrast, the leading te
g the erroT sfunctions in the

whioh can bc seen by expandin
The t1/2 beha~

mewary and Jain (1981).

{mes ariBes becaulk

rofiles at the juncti

recult given by
g of the di sconti-

onat t =0
< 0) 1is

vious of FCVI at low t

naity in the slopee of P
gy-state current (%

In a FCVD experiment the atea
on the otherx

gero for ¢ » 0.

not zero but is forced to be
ent in golar cells, the current 18

hand, in a pV¥D experim
that there in

gitive times 890

gero at all negative and po
hehaviour

This contrast i1 the

no a3 scontinuity at t = 0.
xp‘rimental re

of PVD and FoVDie apparent in the o

sulte

Of Mahﬂn Qt- ala (1979)-
enoe between pvD and

another mathematioal aiffer

FCVD 18 that the low pYD gon tain® even

time expansion of



ag well as odd powers of t1/2 whereas in FCVD only
n

the odd 1
powers of % exist. The terms containing the

1/2
gven powers pf ¢ / {n the PVD series arise only due to

the photogenarated terms in the steady-atate, which

{ncluding the linear term in t, become zero in the limit

g = @

ynfortunately., 4t {2 not possible to make a

mparison between the present theory and the

detelled o0
sults of Mahan e¥. al, (1979) besause they

experimental re

nave used a compogsite 1ight source for PVD and {ts spectral

regponge has not beel peported. Other material parameters

olar ccll used by Ma
1t should be quite

rimental gtudy of PVD,
yield useful information

han et. al. { 1978) are also

¢c? the B
{nteresting to carrxy out

not known.
particularly its

. detailed expe
wmoh ’hO“ld

speotral recpDonBe,
jer 1ife

t the minorli ¥y carr
of solar call and 1ts sur!
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ngfo

1.aplace r

time in the diffused layer

abou
ace propertioa.

em in a =olar gell oan, in

ed transient probl
ransfom techni que. Finite

coupl
be solved BY Laplace ®
ed layer and 1ight

r, make 1t gmpossible
In the following

prinoipleé,
e of the aiffus
howeve

generated terms in

sizn
(at present) to

gteady-8tates

pyeree Lapiace transfOorm.

£ind the i



gect ha
jong we sizll apply Tricomi Method (Sneddon 1972 and
4 an

ward 1954) for inverting the I.aplace transform in
equation (4.24) and hence study the decay of open ci
circuit

photovoltage in a golar cell.

It 111 appear below that there are advantages in

inverting such a transform in orthogonal functions. If

the funotions ¢1, ¢é, 95....... ﬂn form a closed,

normali zed and orthogonal get over the fnterval 0 to

P
gnd if for some funoti
.) are given by the integral

on F(%t) the cosfficlents a,

(n = O, 192p0--
. = of ﬂn P(t)4%, .. (4.76)

hen under squitable conditions the

gapposed conv ergent, t

sum
a‘oﬂo ¥ a1¢1 F e 32¢2 $ tosee + angn

m F(%). The advantage of this method

conv arges t0 the su
roximate golution which 18 based

hat 1t offers an apo
rat few terme of an
and Hilbert 1931) t
gonal functions and a

is ¢
infinite series. It may be

on the fi
ghown (Couxr-n® hat where inversion is
in a geries of ortho

rms are only taken,

14nited number

the mean square error ia at a

of te
ents as are used are glven the

when such coesffioi

minimam
¢nfinite geries.

values of those {n the



. 2
- t"')

0f the geveral orthogonal functions which are

available the Laguerre polynomial is the most attractive
because 1ts Laplace transform is simple, Its use for the

inversion of tronsforms was Firat described by F, 2ri comi

in 1935, He used the definition

P R e (4.77)

I"n‘t) T g r!

go that the polynomianls of the lowest order are

Lo(t) = 1 ve (4.78)

Ly(t) = (1-t)/1 .o (4.79)

L(t) = (3% - 4t 2)/21 .. (4.80)

Ly(t) = (-t7 & 9t° = 18t + 6)/31 .. (4.81)
and so on.

The Loplace Transform of this function 4ig
oo (4.82)

Y1t = § "

and therefore
1 S5 - 1.0
/ff’ .-ht Ln(t) a 7‘;:;-) (-_S-:E—) ve (4.83)

I1¢ then the traneform which

where h 48 a real conatant,
is to be inverted be P (8) =-nd Dbe rewritten in the fomm
1 - Seh-1,8 o (4.88)
o = I ( ) ’
78) = ey I, aChE



the appropri te inversion is

-ht o
P(t) = e F a o‘n x P
ieo M 2(e) .o (4.85)
where
. S +b ~ 1
? . S + h ¢ (4.86)

This ecuation {ransforme any circle |¢| = r 1n

the ¢ plane into a circle in the S plane which may

be made to enclose all the singularities of (S4h) By (S)

by taking suitable values of r and h. The function

(Seh) F, (S5) m=y be sxpanded in powers of ¢ with a

radius of convergence greater than one.

The procedure of inverting a transform by Tricomi

Method 18 as follows (Sneddon 1972):

(a) GiLven the function F(S), we make the substitution

S = B(FEZ) .o (4.87)

we monipulate the resulting function of o to

(b)
give the expression
-0 = n ..
FS) = “a5 S, ™ (4:84)
) snterpret the original funotion F(t) = L LK(S), ¢]
(‘o [ g
as the series
et (‘089)

~ bt)
rs) = 5, %"



«‘/‘)

where the functions By(x) are defined by the ecuation

B (x) = exp(-x) 1 (2x) o (4.90)

Here b 48 a real constant vhich has 3 powerful
effect on the convergence of the series (Ward 1954), The
functions Ln(x) have been tabulated by Abramovits and
Stegun (1965) and can also be calculated numerically,
Bumerioal calculations carried out by ward (1954) by
Tricomi method show that this method yields a high dogree

of accuracy.

4.6 Results and Digcussions
In this seoction we present our results on the decay

of open circuit photovoltage decay in the presence of pn

coupling as obtrined by applying Tricomi Method (Snedden

1972 and Ward 1954) for inverting the Laplace transform
of ecuation (4.24) for PVD, The expression whioh governs

PYD is given below

AV(E) a V(E) =V, = (-bt s+ 1nPRT/g .. (4.91)
where

P = —[aor.oczbt) * 311,1(21:1;)] oo (4.92)

&, = 0,5+ g, oo (4.93)

a, = 04 + ¥ e (4.94)

oo (4.95

el e

open circ uit photowiltage

tes the
where V, deno tes



!
U]

by equatioen (3.7). The congtants g , g 0
are given below: B 91

g = g g,
o oa * ob'goc*ﬁod’goe"ger*ﬁog'rﬂohapﬁ
of
4 = 2L (£ = K,P, - K T
oa o'y 11 9) «« (4.97)
g. = 2D X, &L
od 1 oﬂ'p 1 (4.98)
p zez y Lob
oc ‘CJ " b'p) oo (4.99)
. 1/2 .
2, 2Ky D(1 ¢ br)) L,L'/Ipr ve (4.100)
1/2
’o. . 2b sttl* bfp) .I'g . (4 10‘)
Gy + br_ ) )
g, - s L (4.102
o LX *
‘cp'b'n) )
«-2b L ¥
- o7
“2b L % (1 & br jue
ﬁ . o 8 . -5 e (4-104)
oh (cp * bfn)
1/2
L 2b K (14 br) oe (4.105)
T!(CJ P bfp)

g, = By + T e Ty 910t P10t 1ot Y1t Pt Py
.o (4.106)
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P16

P15

(4.107)
(4.108)

(4.110)

(4.111)

(4.412)

(4.113)

(4.114)

{4.115)

(4.116)

(4.117)

. (4.118)

(4.119)

(4.120)



(4.121)
(4.122)
(4.123)
(4.124)
(4.125)
(4.126)

(4.127)

(4.128)

(4.129)
(4.130)
(4.131)

(4.132)

(4.133)

(4.134)

(4.135)

(4.1%6)

R |
«'\A()



UL</T

ut:v Dp 3% P

99011/L9

-ad)/C
el 7, axp( j

—ad )/0
AR AR exp(~ad /¥y

e
P ' (n+ ailJp)C'p

]

.o (4.130)

.o (4.138)

e (4.139)
v (4.140)
.o (4+141)
oo (4.142)

eo (£.143)

.. (4.144)

o (4145)
.. (4.146)
. (4.14T)
. (4.148)
oo (4.149)
e (4150}
o (4.151)

.o (#.152)

‘-'\)'1



III

I11

n'gI + b'aII . °'¢HI

I
a|a1 ¥ b'¢1

)1/2

o -

.. (4.153)
s (4.154)
14 (4.155)
ee (4.956)
es (4.157)
s (4.158)
e (4.159)
eo (4.160)
eo (4.161)
.o (4.162)
.o (4.163)
oo (4.164)
e (4.165)
e (4,166)
.o (4.167)
ve (4.168)

.o (4.169)

=
-0



(4.170)
(4.171)
(4.172)
(4.173)

(4.174)

. (4.175)

. (4.176)

(4.177)

(4.178)

(4.179)

(4.180)
(4.181)
(4.182)
(4.483)
(4.184)

(4.185)



o (4.196)

(4.187)

(4.,188)

. (4,189)

. (4.190)

(4.191)

. (4.192)

. (4.193)

L& ]

(4.194)
(4.195)
(4.196)

(4.197)

. (4.198)

. (4.199)

(4.200)
(4.201)

(4.202)



L {40205)

5, = (=W

M - u . (4.204)

. . exp(-EEV .v (4.205)

K,y © - U, Se oo (4.206)

'

L - B s,) oo (4.207)
Equation (4.91) gor PYD 18 based on the assumptions

that (1) ghe spac® charge layer effects are negligible

(Moll et. ale. 1962 a Jain 1981), (11) the Boltazmann law

im velid {n the tine agpandent ogee also (Noso¥ 1569,

eugroschol et. al. 1977, Lindholm

1978) and (411) the

.to 31‘ ’977 i
monoo hromatiC.

a the effect of relative

ng gubaaction
t of the diffuaed layer (J ) absorption

suriace generation coofficlient (W)

relative excess minority

1004ty (8)
¢tused layer (1)
pvD a8 caloulated by using

and thiokness




iY

(4.91) 18 shown in figure 4.2, From this figure it is

0
vious that the presence of pn coupling causes a curvatu
8 re

n -
in the beginiing of the transient vwhich increases os the

value of J increases. OQur this observation is in agree-

yent with the theoretical observation of Tewary and Jain

(1931j for 178 gage of p8 Jenction dinde = tin omrvediure of

the FOVD plot {ncreases with J and 18 attributed to the
narrowing (discussed in chapter 1) caused

effsct of b-nd &P
he di ffused layer, Experimental

by the heavy doping int
'{ou;;:oechel ot.

reasults of '
¢ open gircuit v
quoted by thege authors show that PVD

al., (1978) and Mahan et. al,(1979)
the decay o oltage also support this,

on &

erj,mental resu

yp) ourves a

1ts
re non 1inear in the beginning of the

¢ransient-
oeffic h v

sf 00t of & O pVD is shown in figure 4.3. Corres-
E
ancoupled case as obtnined by using

ats foT the
(ecuation 2.48) have glgo been

sormulation
main observations of this figsure

b(.‘lo'o
e value of ¢« enhances the decay

)y o8 g ncress® in b

g of time® the coupled and uncoupled

rate.
31 value
put predict a common deoay rate for

theori 88
& of time®

1arge Y2



for larger volues of ? o
g (> 107 cm ) than for its smaller

values (< ‘IO3 cm—‘)-

our obcervation (1) is a well known casze (Jal
n 1981

and Dhariwal

nd Vasu 1981). The faster decay of phot
o-

voltage for iarger &« 18 caused by the increased sl
one

axcens minority
sharacteri stic of the spectral dependence of PVD

in chapter 5 and also observed by Jain (1981)
and ol »> 1, the decay rate is

of the carrier profile in stealy-state

snother

am mentioned

oL << 1
n

is that for
conseal ently,

.1.n6.917'4!!”"!""t gt &
1 and 1 in 1'18’«"-'
(11) amounts %o saying that the effect

atantj_al only in the initial stages of

the PYD curves for

X = 0. e 4.2 overlap.
of pn coupli’s ig oub

onis 18 what Tewary and Jatn (1981) remark

the decay.
pn coupling on FCVD in a diode

regardinﬂ the effect of

gibstantiel for small valuea of

time only. ror 18T8@ values of time decay is mainly
echB‘ nj,nor:lt

controlled py t@e

page and conseojlentl?'o poth the coupled and uncoupled

sheories PT° ot nearly the same decay rate wiioh explains
e

ation (11 )-
obn!‘"“‘on (111) let us recall that th
8

y carrier life time in the

obsex?
4n the base (n(x)) inore
ages with x



away from the Junotion for low values of «a. Therefore

as soon as 1i bt 1a swi tched off the Junction loses
carriers due to recombination, but also gaing some oarriers
by diffusion from the nearby region which has a highex
concentration of carriers. Thus the decay rate of voltage
which depends upon the mamber of carrieras at the juuction,
18 plowed down by pn coupling. Por large a, the carrier
concentration £211s as x increagpes from zero. In this
onse the junotion loses carriers by recembination as well
a8 by diffusion, which makes the voltage deecny faster than

that {n the absence of pn coupling. In addition to thim

Shockley condition (eouation 3.4) also recuires that
{rrespective of the value of @« some carriers on the base
gide must oross over the jJunction to the diffused layer side

This ~poarently increases the decay rate,

besause ¥, << Tpe
the net decry rate in the preasence of pn coupling i8 thus
of these two processes (one due to g and other

the resultan?
ondi tion) and i3 greater than that in the

due to ghoekley ©
dncoupled oast. gffect of @ on this is as follows:
the recombination and cross-

values of @&,

)y for pmall
o the diffused layer aide contribute

r of earrieTs L
g A4 1fusion (1

(1

ing ove
a the beginning of the trangient)

to 1 3 whera&

of oa’rﬂer’ on
for large v

poses 1%t.

alu" Qf o, 311 the thr“ iaotorg nam.ly

(11)



U

recombination, croseing over of carriers to the diffuged
layer side and diffusion contritute to 1t and will therefore
be higher than that in case (1). PThis explaing the

observation,

4.6.3 foot of Surface Generation Coefficient on PVD

Effect of surface generation coefficient (%) as

introduced by Tewary and Jain (1980) in the surface boundary

condition for solar cells is shown in figure 4.4, From thig

figure we notice that the effect of 7 om PYD is more

pronounced for gmaller Values of a which is consistent with

our observation regarding the effeot of 1 on the decay rate

A in section 4.4, (figure 4.1)« A decreases vith 1 for

e < 102 c.-‘!. For a 102 cu“ however, effeot of 7 on

YD is independent of a which 18 also obviocus in figure 4.4
(curves for s = 104 om") - A ¥s8 a ourwes for M fferent

meet at about c = 10 oﬂ-1 and averlap thereafter,

1

6.4 Effect of Suxface Recombination Velocity on PVD
# surface recombination velocity (s) on pVYD
It i3 well known that an increase
mbination velocity enhances the
1969, Choo and Masur 1970

gtfect of

45 chown in £iruxre 4.5.
in the yalue of surface reco
for example, Ho sov

+0 (BC'"O
decay TA ) 1. 1973 ) and may also de observed in figuyre
tt abe B2
and Passe © qrvation which emerges from figure 4.4 {1
er ob8

oo O PY A proncinel Jov i 100y~

4.4, Anotd

that the effec



~cd

than for & = 102 cm-1- This is because as « increases,
the abgorpiion length of light (= 1/a) decreases. ConSe-
quently, the effect of the diffused layer parametsrs and so
of @ on PVD incresses. Similar effeot of s on the
steady-state open circuit photovoltage Yo may be observed
in figure 3.2 (chapter 3): effect of s on ¥, inoreases

as « Iinoreases for a« 2 10 ¢m~1 (ourves for 1 = 0).

Life Time
4.,6.5 Effect of Relative Bxceas Minority Cerrieriin the

Diffused Laver om PVD

Effect of relative excess minority carrier life time

(T 2 «rp/rn) on PYD 18 shown in figzure 4.6. From this figure
we sse that as T increases the deoay rate deoreases. This
is phyeically understood because decay rate is governed by

the 1ife time of carriers and therefore as 1life time inoreases

the deoay rate decreases.

("] YD

40606‘ BLL 2

atfect of ddffused layer thickness (4) on PYD &a

4.8 and 4,9 for J = 0.1, 5 and 10

ghown in rigurest.Ty
The main observations of this figure are given

pesp ectively.
below.
sract of 4 on pVD is to enhance the decay rate
(1) eile
and
ea Ath J
and inoreas effect of 4 on BYD



These observations oan ba explained as follows., We

xnow that 28 J {ncreases the importance of the difiused

layer inerenges and therefore effect of the diffused layer

paramsters and s0 of 4 on PYD increases. Since pn

coupling increaxses the deoay rate, s0 also will d. This

explains our observation (1).

Regarding observation {ii), we know that as @
fon length of lght I (= 1/a) decreases

PYD to the diffused layer para-

inoreases the ab gorpt

and therefore gengl tivity of

meters increages. Now for a given value of J 1f we increase

3, the decay rte for larger @ will obviously be higher than

that for low &

From the foregoing analyeis we conclude that the

¢ PVD in ite initial stages would yield useful

:_n_ea.surenlent o
+ the excess minority oarrier 1ife time in

1nfor!Hation abou

ghe ai ftuped layer
mentioned that theories exiet (sase, for

§ and Nallinson and Landsberg 1377a)
pling in & solar cell in the steady-
however, found to

and its surface properties,

16 mny be
e, HGKBJN ey 1 96

oant for pn oou
ect of diffused layer was,
Heville 1976) wioh justifies

exampl

which ace

gtages The eff
gor example,

pn coupling {n steady-stage in the

rowing. in the ¢ransient case, Vig,

and g0 N8T
pling has not beel included in

cell, P8 e



The effect of the transition region recombination
hag been thcoretically analysed by ©llis and Moss (1970)

and Mallingon =nd Landsberg (1977b) and ie found to be

important at low intensities. This and other contridbutions

1ike those due t0 series resistance, bulk field etc. may be
included in an elaborate design calculation by using the

gtandard methods.

4.7 Conv of & for
ghoggvoltagg Deogy

The parameter b {ntroduced in the last section

has a powerful effect an the convergence of the series in
The best value of b that would lead to

determined by the coeffi-

rapid convergence of the series is

of the denominator of the transform, It has dbeen

cients
ward (1954) that the best value of b falle aercund

found by
should 1i¢

¢ mean of the roots of the transform,

¢he geometri
result in slowly converging terms of like sign b should be

on the other hand if 14 results in slow conver-

with alternate signs, b should be made smaller,

gence
rhe above guidelines for the choice of b help only
we are able to jdentity the roots of the transfomm, e.g.
when " 1 e e
sunoction {g of the gorm (Se0)  (Se ) then (od)
{ our
i the peat cboice for the parameter b to start with,
d be
woul o weV 0T ,.23959 aorose the1f“ o’.ons (S« A )"/?
in our case 1_.2 1 . )
- y ' and (8 ¢ ——g— and thet
) 1/7. (3¢ —Tvg » .



~ b6

cross products. Moreover, all these coefficient

1/% 1/%p, (1—a2Li)/%n and  (1-a°38)/r .

df fferent co.ioinations. All this me:han:ama:::ar .
difficult to relate the best value of b with ::e:: -

coefficients.

Regording the choice of ¢, t~ 1/b would yi
the b -~
est results., Thie {8 expected mathematioally becau
-1

for o = 0 emuation (4.87) reduces to

S = Db
oo (4.208)
The inverse Laplace transform of equation (4.208)

yields ¢ = 1/b.
ro calsulate PYD trangient by this method, we started
and increased 1t in omall steps. TFor a

with b = 0.2/7,
tsok t = 0.95/b and thus calculated

ziven value of b we

by using ecuation (4.91),
84 which show the convergence of the

2VD For a given v2lue of b, the

coefficients By and
pVD series in souation (4.91) have been glven in table 4.1

~heck of the pregent theoretical formilae

AS one
s ooupling by putting J and LP =0 and

we negleoted P

ated PVD corresponding o the uncoupled canse. These
en compared ¥
(1931) theory

oalcul
corresponding values obiained

volues WB
by using J ad.mb
nowed 2

th the
(eguation 2.48) for unocupled

oage 5 rrﬂ)d agr”ment-



4.8 Conclusions

& detrdled analysis of pn coupling in the transient
state has becn carried out. The theory is quite rigorous

and is based upon the powerful mathematical technique of

Laplace transform (Smeddon 1972), Importance and application

of Tricomi Method (Sneddon 1972 and Ward 1954) for inverting
the Laplace transfom have been discussed,

It is shown that the leading term in the low time

expansion of PVD 1@ linear in time and is independent of the

detagled nature of the excitation source (optical). The

effect of Various diffused layer parameters on PVD has been

analysed. It is found that

(1) effect of pn coupling on PVD is substantial only

at low values of time
(11) pn coupling increases the curvature of the PVD curve

{n the ini t1 o1 stages of the trangient

(111) san increase in the value of the absorption coeffi-

ent of 1ight increast
surface generation coefficient as

Jain (1980) in the surface boundaxy

g more pronounced at smaller values

¢ g the decay rate
c

‘1') ef.f.O'b of
aged by Tewary and

gntrod
n for solar cell 4

conditio

of @

g



(v) surface absorption of carriers characterised by

surface recombination velocity incresses the descay rate

(vi) an increase in the value of the rslative excess

minority carrier life time in the diffused layer decreames

the decay rate ond
(vii) an increasse in the thickness of the diffused layer
increases the decay rate which is more pronounced for the

larger valucs of the relative dark saturation current and

the absorption coeificient of light,
It i5 concluded that the measurement of PVD in {ts

gnitial stages should yield useful information about the
excess minority carrier 11fe time in the diffused layer and

1ts surface properties.



References

1.

2.

3

4.

5.

7.

8.

9.

10.

11.

ABronovits M. and Stegun I, 4. (1965) Rd. Handbook of
Mathematical Functions (N.Ys Dover Publications)
Baseet® R.J., Fulop W, and Hogarth C.de (1973) Int, J
Eleotronics 35 177-92,

Cheo 3.C. and Maszur R.Q. (1970) Soli14 state Electronics

33 553-64,
Courant R, and Hilbert D. (1931) Methoden der
Mathemati schen Physik I.

Dhariwal S.R., Kothari L.S. and Jain S.0, (1976) IEER
PTrans. on -lectren Devices ED-23 504-07,

Dhariwal S.R. and Vasu N.K. (1981) IEEE Electron Devige

Letters ED-2 53-55.
Ellis B. and Moss T.S. {1970) Solid State Electronics

“g 1"‘"24.
Erdelyl A., Magme W., Oberhettinger F. and Tricomt 7.9,

(1954) mobles of Integral Transform Vol I (N.Y.s

(1981) Solid State Fleotronics 24 179-.83,

Jain 8.C»
and Ssh G.T. (1976) J.Appl. Phys, 47

Lindhom Fohs

203-05
* Neugroschel A., Sah C.T., Godlewski u.p,

Olm Fo-.t‘"
Lindh (1977) IEEE Trans. on Rlectron

and grandhorst Jr. H.¥.
02"'00
pevioes sp-24 4



12.

13.

14.

15.

16.

17.

18.

19.

20,

21.

(1973) IERE Trans, Electron Devices ED-26 733-39,

Mallinson J.R. and Landsberg p.7T, (19T7a) Proe, Royal
Soc. London 4 355 115-30,

Mallinson J.R. and Landsberg P.T, (1977p) Proceedings
of the International Photovoltaioe Solar Tnergy
Converczion held at Luxembourg; Published by D. Reidel

Publishing Company Dordrecht, Holland,
MeKelvey J.P. (1966) Solid State and Semicanductor

Phyeica (N,Ys Harper and Row),
Moll J.L., Krakamer S. and Shen R. (1962) Proec. IRE

50 43-53.
FNeugroschel A., Lindholm P,A, and Sah C.T. (1977) IEER

Prans., on Electron Tevices ED-24 662-71,

Neugroschal Aa. Ohen P.J.’ Pao S.C. aﬂd Ipindholn F.A.
(1978) IEEE Trans. on Electron Devices ED-25 485,

i11eRechard C. ( 1978) Solar Energy Conversion: The
Nev

“ (I'-{)

1ay Cell (N.Y: Elsevier Scientific Publishing GCompany),
Solar .

0 (1969) Switching in Semiconfuctor Diodes

Rosov Ye
(n.y 3 Plemm press).
§. (1972) fhe Use of Integral Transforms
gneddon I.Me
;mGraW"mn ).

(Nor i



22,

23.

24.

P O |

T”ary V.K. Bnd Ja’.n 5.0. (1980) Jo P‘W!. B! &pbl.
phye. 13 835-37.

Tewary V.K. and Jain S.0. (1981) Technical Report
Solid ctrte Physics Laboratory Delhi, India.

ward E.Z. (1954) Proc, Cambridge Philosphical Soc,

50 49-59.



Table 4.4

-
Q

VYalues of coefficlients a, and a, for
= 103 cﬂﬂ.1. ﬂ = 0 and J = 30.
T~ | 10" ca™' 10" on” "
b
0.97 x 10° -0.23 -0.10 ~0.089 =0.012
0.15 x 10° ~0.31 0,12 ~0.11  -0.024
0.24 % 105 -0.44 ~0.12 ~0.16 -0.039
0.29 X 10: “00‘9 -0011 -0.,18 -0.044
0.34 x 10 ~0.54 -0.096 -0.2 ~0.047
0.39 x 10° -0.58 -0.078  =0.22  -0.048
st ) 0 _0.62  =0.058  —-0.23  -0.049
.48 x 10° ~0.65 -0.038 -0.25  -0,049
' 6 -0.72 0.004  -0.28  =0,047
0.58 » 10 > 0,046
106 _0.75 0.026 -°l29 °
0,63 6 -0.77 0.047 -0.31  =0.,044
0.68 * 106 -0.8 00068 -0032 ""0-04‘1
0.7 % 106 B B2 0.088 -0.35 0,039
0.78 X 106 -0, 85 0.11 -0.34 «0,036
0.92 ¥ 10, _0.92 0.7  -0.38  =0.027
0,97 X “’7 s 0.19 -0.39  =0,024
0010 X 107 _0‘96 0020 =0,40 -0,020
0.1% % 107 —0.99 0.22 -0.41  =0.04T7
10 ’ 0.26 -0.43  =0.01
0.111“ 7 .‘1.00 a
O , 0‘27 -00“ =0.006
0.121% 19, -1.,02 i 4
0 0.29 ~0.45 «0,00%
0.126% 1 ’ -1,0%

‘\J—:
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Captions for Iigurep

Figgre 4.1:

pmre 4:4

Variation of decay rate (A) of open circuit
photovoltage at ¢ % 0 as a function of

absorption coeffiocient of light (a). For

1

cuxves a, b and o, B = 104 cms = and

1 = 0.1, 0.01 and O respectively. For curves
4, e and £, & = 107 cme”® and Y = 0.4, 0.01

and O respectively.

rffect of relative dark saturation current

31

of dffused later (T) on PYD for & = 10 om s

-1
8 w 103 cms o, % = 0.0, T = 0,001 and 4 = O.1unm.

Curves 1, 2 =2nd 3 are forJ = 0.1, 5 and 10

regpectively.

pffect of absorption coefficient of light («)
on PYD for 8 = 104 Oll'-1, B =0, T = 0.0003,

J = 30 and 4 = 0.1 pm. For ourves 1, 2, 3 and

43 a = 1, 10 102 and *lt‘.i3 om respectively.
correaponding pointe for the uncoupled, oase

are shown vy O, X, & and 1 vrespectively,

nffect of sarfaoe generation coefficient (1)
15
on PVD for g = 104 ons1. J =30, T« 0,0003

ﬂnd d-001 p.

2 0,01 respeotively
a8 | 2 and 103 dl-‘ respeati

qox & & 10 10 W Peotively,
a8

curves 1 and 2 are for 7 =0
a, b and o denote the

cu IV



Figure 4.6:

bes
& @
[T

Eftect of surface recombination velocity

(8) on PVD forJ = 30, T =0.0003, d = 0.1 um

end | = O, Curves 1 and 2 are for a = 102

3 -1
ond 10 om  respectively, a, b and o denote

the curves for s = 10%, 10> and 10% cmg~'

respectively.

gffect of relative excess minority carrier

1i fe time in the diffused layer (T) on PVD

for J = 001' g = 103 Cnﬂ-1’ Q= 103 m"'1 and

d = 0.1 pm. Curves 1 and 2 are for T = 0,001
and 0.01 respectively.

pffeot of diffused layer thickness (d) on PYD

-1
ford = 0.1, 8 =10 cms™ ', 1 = 0,01, T = 0,001,

For curve 1, ¢ = 10 om ! and @ = 0.1 ym

(a3 fferent values of 4 yield the same ocurve).
ror curves 2 and 3 d = 0.1 um (or 0.3 um) and

-1
0,5 pi regpectively and ¢ = 102 om . For ocurves

4,5 and 63 4 = Co1y 0.3 and 0.5 pm Trespeotively
5 -t

anda.-‘loon.
t of diffused layer thiokness (d) on PVD

g = 10’ cl!-iy 7 » 0.01 and T= 0.001,

tor J = 5 2 _
2 and 31 a = 10, 10° and 10° cu™!

b and o denote the curves

pifec

PoT ouﬂ.‘ 19

0.3, 0¢3 and 0.5 um respeciively,
= L ]

for 4



Fizure 4.9

Effect of diffused layer thickness (d) on
PYD for J = 10, 8 = 10° cme |, 1 = 0.0
and T = 0.001. For curves 1, 2 and 3j

@ = 10, 10° and 10> om respectively.

a, b and o denots the curves for 4 = 0.1,

0.3 and 0.5 pm resnectively.
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