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ABSTRACT
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This thesis deals with the measurement and
analysis of steady state characteristics and transient
response of p-n junction solar cells in dark as well
as illuminated mode at various injection or illumination
levels, Since in dark mode p-n junction solar cell
characteristics are similar to those of p-n junction
diode# experimental studies on some p-n junction diodes

also have been done.

In steady state# the saturation of junction
voltage across a forward biased p-n junction at high
injection levels 1is exploited for a determination of
series resistance and diffusion potential of a p-n junction
device, similarly# shunt resistance and reverse satura-
tion current# in principle, may be determined from the
reverse I-V characteristic of a p-n junction device
taking into account the fact that in case of reverse bias#
whole of the voltage appears across the p-n junction. It
is shown that this method can be used to study the effect

of illumination level and wavelength of light on these

parameters of a solar cell.



Transient response has been studied by three
methods. Two of them, i.e. open circuit voltage decay
(dark) and reverse recovery, are based on injection
of carriers and hence can be used for solar cells as
well as diodes. The third one is based on generation

of carriers by exposing solar cell to light pulses.

For the open circuit voltage decay (OCVD)

in a p-n junction device, a theoretical analysis is
presented which 1s based on an old but hitherto unused
expression given by North and which accounts for the
p—n coupling between the emitter and the base of the
device. The p-n coupling makes a significant contri-
bution in modern p-n diodes/solar cells because of
gap shrinkage effects caused by heavy doping in the

diffuse layer. The p-n coupling introduces a sharp,
almost vertical, drop in voltage in the initial stages
of the decay which is added to the voltage drop due

to the series resistance of the diode/solar cell.

The two contributions can be separated by measuring
the current dependense of the total initial voltage
drop. Thus the theory explains the observed injection
current dependence of the series resistance which is
determined from the OCVD data without separating the

p-n coupling contribution. Experiments on OCVD in

p—n junction devices have been conducted which illustrate



the basic features of the theory. The results of

these experiments as well as those of Neugroschel

et. al. can be fitted quite well with the theory.

This analysis yields the value of the excess carrier
lifetime and an estimate of the gap shrinkage. It has
been reported that Neugroschel's results could not be

fitted by the usual linear theory.

A theoretical analysis of reverse recovery
transients is presented which also includes the effect
of p-n coupling in the calculation of storage time by
appropriately modifying the North’s formula, when
p-n coupling 1s neglected the present formulation for
storage time reduces to the usual Kingston’s formula.
Results of experimental studies on reverse recovery,
and their fitting with the theory 1s presented here.
This analysis also yields the value of the excess
carrier lifetime and an estimate of the gap shrinkage,

and can be used to supplement OCVD results.

The experimental studies on photo voltage decay
(PVD) indicate that slope of the decay is independent
of intensity 1in a certain region (presumably where
saturation effects and space charge effects are negli-
gible) + Also the wvalue of slope of the linear region

of the PVD curve is nearly same as that of the OCVD



curve, unlike the results reported by Mahan et. al.

The similarity of the aforementioned slopes is in
accordance with our theoretical analysis based upon
Jain's theory which gives that at large values of time
the slope is independent of wavelength of light. Genera-
1lly, our experimental results are in qualitative agree-

ment with Jain's theory.
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GENERAL INTRODUCTION



CHAPTER I

GENERAL TINTRODUCTION

1. Introduction

After the successful demonstration of the principle
of photovoltaic energy conversion using solar cells in
1954 by Bell Telephone Laboratories, there has been a
tremendous improvement in the technology of fabrication
and understanding of physics of the same. The main adva-
ntages of solar cells over other energy conversion devices
are its light weight, high efficiency, high reliability,
almost no maintenance requirements no pollution and zero
fuel cost. These advantages have made it indespensable
in space applications and many satellites are now being
powered by solar cells. The main disadvantages with solar
cells are the regquirement of high investments initially
and intermittent availability of power. This has limited
their use in terrestrial applications, with the effects
right now being put in to improve the efficiency and
reduce the cost, it is expected that within a few years,

solar cells may compete with the conventional sources of

energy



The first solar cells developed were made of
silicon and till today, silicon is the most widely used
material for fabricating solar cells. Though there are
other materials which are theoretically expected to give
higher efficiencies, but the technology and physics of
silicon are perhaps the best understood, out of these
materials, as regards their use in making solar cells
is concerned. Fig. 1.1 gives a curve of theoretical
maximum efficiency versus energy gap of the material (1).
Table 1.1 gives a list of some selected materials and the

types of solar cells being explored and their present

status in terms of efficiency (2).

To determine the usefulness of a device in varying
conditions and to determine design parameters to improve
its efficiency, or to otherwise study the device/Whatever
context it may be it is necessary to have reliable testing
and characterization methods for the device and they have
to be updated with the improvements in the device. Some
of the most important parameters of a solar cell are
series resistance, shunt resistance and minority carrier
lifetime which directly affect its efficiecy. This thesis
deals with the theoretical and experimental analysis of

some methods of measurement of these and some other related

parameters.



Though the theory of semiconductors is quite
well understood, but there are maby gquestions about
p-n junctions which are yet to be answered satisfactorily,
from practical point of view as well as for the theoretical
understanding. In this context, reliability of the method

of determination of a parameter plays an important role.

Solar cell measurements are normally made in
two modesi steady state and transient;and both of these
modes can be studied in dark or under light. Many para-
meters can be determined in steady state as well as
transients and some of them by more than one method in

each mode (for example minority carrier lifetime).

Series resistance is one of the most important
parameters of a solar cell , To reduce the overall cost,
solar cells may be used at high intensities with concentra-
tors which will make high currents flow through the cell.
In these conditions series resistance of the cell may
become one of the most inhibiting factors. Hence a study
of this parameter is important. As we shall see later,
there are various methods to determine the value of series
resistance. Most of them extract the value of this para-
meter from steady state analysis, though it has been
reported that its value can be measured using the method

of open circuit voltage decay (OCVD) (3), (4). In (5) result



of a study of series resistance variation with respect

to current when determined by OCVD, is reported. It shows
a large variation of series resistance with current which
is not substantiated by other methods and theoretically
not understood. This, perhaps, requires a new look into
the validity of the method of interpretation used in OCVD
to determine series resistance. We shall discuss this
problem in detail in chapter 3 and show that when the
QCVD data Is interpreted as proposed in that chapter, we

get an acceptable value of series resistance.

In the analysis of most of the transient methods,
the contribution of diffuse layer 1s neglected. It has
been assumed that the contribution of this part to the
total current is negligible. However, recent studies
(6) - (9) have shown that energy band gap narrowing due
to heavy doping may take place in the diffuse region which
may increase its contribution. It is in this context
that p-n coupling (introduced in chapter 3) becomes important
and may account for the observed descrepancy 1in the varia-
tion of series resistance with current as well as rest
of the open circuit voltage decay. We investigate the

effect of p-n coupling on OCVD in chapter 3 and on reverse

recovery transients in chapter 4.



In the next section, a brief discussion of the
p-n junction theory is given. In section 3 a discussion
on the effect of p-n coupling on various measurements
is discussed. In section 4 objective of the present
investigations is given and in last section a summary

of the work presented in this thesis is given.

2. Engorv of P-n Junction

The analysis reported here 1s based on a model
of a planar p-n junction based on the usual approximations
(10). |? is taken as heavily doed compared to n-region.

The junction is at x « 0 and n-region extends from 0 to -~ .

The general equations describing the behaviour of
carriers can, then be written (10) - (14) in the n-region

as followsi

3 4y

7 2p > = g .

?‘n " 84n

- o - S o - . 4 4 *
-Tt "Tn 7X 9 iz}
p

J= -D_ - B (1.3)

p P Tx

J ¢ N s D fa it
Jn D e Ml 44



In these equations J _, J and J represent the electron

and hole and total flux densities respectively; p and n are

the excess carrier densities and R and n_ are thermal
o no

equilibrium densities of holes and electrons respectively:

/-r , m D » D, %' and A’ are the lifetimes,
P 'Hn p n 7 in

diffusion coefficients, and mobilities of the holes and

electrons; g is the generation rate of electron hole pairs.

Please note that usually Uf" and 'Y are used to represent

excess carrier concentration, but here brevity we shall

use only p and n.

Similar equations can be written for p-regicon also.

In most cases, it is assumed that condition of

charge neutrality at every point exists; drift current

(due to electric field) 1is negligible and concentration
of minority carriers is much less than that of majority

carriers {( low injection level} e

Thus, for minority carriers on n-side the

continuity equation can be written as

\2 N
v < OF
Iy -—_—-25. - %—— + g = —T—-—,I;' (1.5)
Yo" ¢

'(_f'

It is assumed that carrier densities are never

high enough to disobey the Boltzmann Statistics (for

discussion on a general boundary condition, please see

chapter 2}). In such a case, carrier density injected



at the junction is given by

p{o}) » P_ (exp(gVAT) - 1) (1*6)

where p(0o) is the excess hole density on n-side at the
junction V is the applied voltage, g is the electronic

charge, k 1s Boltzmann constant and T is temperature

on the absolute scale. Another boundary condition 1is

pix,t) » 0 at x A (1.7)

which represents ohmic contact at the back.

2.1 Theory of P-n Junction Diode

In a diode, in steady state

and _h_ °0; =S e=0 (1.9)
Hence eq.(1.5) will reduce to

Uzp o)
~ 2 o = L (1.10)
O »x (52

with the boundary conditions already described

() = plo) exp (=x/L) (1.11)

iy

where I? m# D ‘[ (1.12)
PPP



Similarly in p region, equation for electrons would be

n{x) » n{o) exp(VL,.) (1.13)
2 . o
Ln U!’z n (1.14)

Total flux current will be given by

: dn(o) dnfo)
“w = ..)n % ]_J dx (115)
D D
or J = =—L— n(o) = ~—2- 5(0) (1.16)
Ln L_‘)

Using the relation (1.6}, eq.(1.16) can be written as

J « J, (exp(qV/kT) -1) (1.17)
n D R D
where vo' melecllads g oD% (1.18)

The current density I will be given by

I = qJ (1.19)
and I = gJ ~ (1.20)
where I &S called the reverse saturation current,

Eg.(1.17) coupled with eg.(1.19) and (1.20) can

be written as

I « I, (exp(qV/kT) -1) (1.21)
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This equation describes the I-V relation for a diode.

In transient state

—=il. 4 ¢ (1.22)
Hence for transient state eq. (l.5) can be written as
¢ rZ:- o 0
¢ xX ( ) 4

Similarly an equation for p region can also

be written.

To solve eq.(1.23}), along with the equation for
p-region, to find an expression for V(t) all the boundary
conditions mentioned for the steady case have to be
satisfied along with the conditon that at t a O, the
carrier profile is given be egs. (1.11) and (1.13). The

solution of transient state for a diode is discussed in

detail in chapter III.

2.2 Theory of P-n Junction Solar Cells

- —

We consider a solar cell as shown in Fig. 1.2

whose Junction 1s at x = 0 and diffuse layer thickness 1is *1

The excess carrier generation rate is then given
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(10) by

g*(x) T A Nge*[»™=-" (x+d) J (1.24)

where NC}S the number of photons per unit area per unit
time falling at the front surface of solar cell* 1s <the
absorption coefficient. The incident light is taken as

monochromatic.

The boundary condition at surface is

D\ vt » = & np(-d) (1.25)

where s is the surface recombination velocity. Apart from
this* other boundary conditions are same as those given for

diode.

The solutions of eq. (1.1) and (1.2) are then

given (10} by

cXNT s 2
n_(x) S= A cosh ‘(")‘:"' #B Sinh wi= 4 =@ B - s<T\x+d)  (3,6)
p - 2 2
n 1 I-"x7L
n
&< § Zl K
pP.ix) =De-"p+ = (x+d) (1.27)
1- LT
Y
where
< N ' ]P .
0 - xXd
D g Pno©aVis “1) mmyy— e (1.28)
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————t — e 4 (1.29)
2 -
1 <« R
and
>oZin d .4li ST 0
- P ame= 10N T
e A o n L +
B couh <S= + & Sinh 2
8 L L
n n n
cXN Tn § + DA
e e e - (1.30)
Alg ]
n v
8 L3N Cosh = +8§ sinh |--
1. i
n 0 n -
The junction current 1s given by
I « Io(eq"/kT -1) -Ig (1.31)
where
D n
‘ ¢ | Y. d
D L n 0 scCosh R cinh—l—:-
no ») 120 n n n n
= +
) — Lp l.’n
; | a
Cosh === 43 Sinh
[' [) I.:
n n
ana (1,32)
‘1T AN ol‘;:i & 1 I AN i
Ig * 2.2 b oo omf) S
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A=
|
'
i
]
|

r~

The transient case has been discussed in chapter 5.

3. Effect of p-n coupling

-_—ure

Eqg. (1.6) shows that concentration of holes at
®x « O on n—-side is related to the voltage atross
junction. similar relation exists between concentration
of electrons on p-side of the Jjunction and voltage across
the jJunction. It can be shown that the two concentrations

are related to each other as given below

31
B30) — (1.33)

PV B —— T 'l
*No

s(0)

This means that within the limits of wvalidity
of Jhockley boundary condition {(i.e. low injection
level), concentrations of minority carriers on the two
sides of the junction are related by a constant (whose
value depends on the doping concentrations of the p and
n sides of the junction). We shall refer to this as
p-n coupling. The concentrations on both sides of the

junction are also coupled by the relation (1.15).
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In the usual calculations, the contribution
of diffuse layer and hence the p-n coupling is neglected.

<o ({for a pn divceland L e

ny caces n < n

V. no

Lld

Hence, contribution of diffuse layer to the saturation

current is negligible compared to that of the base.

However, 1t has been shown recently (7) - (15),
that in modern diodes, heavy doping in diffuse layer
causes gap shrinkage which increases the thermal minority
carrier concentration in the diffuse layer so much that
it becomes comparable to or even exceeds that in the
base. Since the ratio of the two minority carrier
concentrations is constant, the concentrations of excess

carriers will adjust themselves to maintain the ratio,

which is an effect of coupling.

It has been reported recently (15) that p-n
coupling affects open circuit voltage and short circuit

current of a solar cell (with a heavily doped diffuse

layer) in steady state.

Lindholm and Sah (17) have reported that p-n
coupling can substantially affect the transient behaviour
of a diode, so that it depends upon excess carrier life-
time andi other material parameters of the emitter as well

as the base. However their theory is based on too
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simplified assumptions i.e. quasi state approxima-

tion and single lump charge control model.

As we shall see later (chapter 3), through
a more rigorous theory that the effect of p—n coupling
is to introduce a sharp, almost vertical drop in
voltage in the initial stages of open circuit voltage
decay. This drop is added to the vertical drop due
to series resistance of the device. Hence to determine
series resistance of a diode using OCVD data* one has
to first separate the two drops. (A method is suggested
in chapter 3* which also explains the anomalous depende-
nce of series resistance on current as interpreted in
(5)). It is also shown (in chapter 3) that an increase
in the contribution from the diffuse layer to the
reverse saturation current and decrease in diffuse lavyer
minority carrier lifetime increases p-n coupling

(i.e. Increases the initial vertical drop).

In case of reverse recovery transients also
effect of P-n coupling is there. Kingston’'s (18)
formulation* which neglects the diffuse layer contri-
bution* predicts that calculated base minority carrier
lifetime is independent of the reverse to forward current
ratio at which the experiment 1B done. It i3 shown in

chapter 4 through a rigorous theory that if p-n coupling
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is substantial then Kingston*s formulation would

give minority carrier lifetime dependent on the reverse
to forward current ratio. Also the minority carrier
lifetime calculated from Kingston's formulation will be
less than the actual lifetime (i.e. the one calculated
when p-n coupling effect is included). It is found that
higher the coupling effect, more is the difference
between the lifetimes thus calculated. In modern diodes
and solar cells in which the diffuse layer is heavily
doped, and p-n coupling is substantial, the calculated

lifetimes may be different by almost an order of magnitude .

The effect of p-n coupling on the photo voltage
decay (when the source of light is abruptly switched off)
of a solar cell has not yet been fully analysed, because
with the boundary conditions of solar cell it becomes
difficult to handle the equations (15). However, the
low time behaviour of photo voltage decay has been
reported in (15) and it is shown that the p-n coupling
can substantially affect the decay at small values of

time. At large times the decay may not be substantially

affected by p-n coupling (15).

Thus, it may be concluded that in modern diodes,
(with heavily doped diffuse layer) because of gap

shrinkage, the p-n coupling can substantially affect
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steady state characteristics and transient response*
However, when contribution from diffuse layer to the

reverse saturation current 1is small, p-n coupling may

be neglected,

4, Objective and Scope of the Present Investigation

The work reported in this thesis mainly deals
with the measurement and analysis of solar cell
properties. The aim i3 to analyse the existing methods
with rigorous theories and introduce new interpretations
wherever it is found necessary and also introduce new

methods of measurement wherever 1t is suggested by

theoretical analysis.

Apart from the studies of solar cells when

exposed to various kinds of illuminations, it is also

of interest to study the dark properties of solar cell3,
since material parameters are the same; although the
processes which are responsible for varicous phenomena

may be different (as in case of OCVD and PVD). Compa-
rison of the results obtained from two or more different
methods may thus prove to be a starting point for further
investigations and deeper understanding of the processes
and phenomena involved. As discussed in the last section

p-n coupling may substantially affect the response of
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a solar cell or diode* whenever the contribution of

diffuse layer is significant. rigorous analysis of

experimental data may in that case give some information
about the diffuse layer. If the diffuse layer contri-

bution i1s negligible then/may not be possible to extract

much information about 1t from the experimental data.

At the same time it may not be of much consequence because

the contribution of diffuse layer is negligible,

In the present work transient response of p-n
junction diode (OCVD and Reverse Recovery) has been
analysed which includes the effect of p-n coupling. In
case of solar cells the mathematics of transient response
{(photo voltage dec y) is quite complicated and no analy-
tical sclution has been reported in literature. Hence
while studying the photo voltage decay we have neglected
the diffuse layer contribution as given by the theory of
Jain (20). The objective of studying photo voltage in
this case is to compare it with the results of OCVD at
moderately large (of the order of minority carrier life-
time in base) and large {more than the minority carrier
lifetime in base) wvalues of time. In a study conducted

recently (19) the tiro methods are reported to have

given different results

In all these investigations* we have neglected

the saturation effects (arising at high injection for



junction voltage >/0.7 for silicon cell) and space

charge effects which dominate at low junction voltages,

viz. 04V (20).

Series resistance and shunt resistance

of a solar cell directly affect its characteristics (13).

An understanding of the dependence of these parameters
on intensity is important for application purposes. In
the present investigation, the studies have been made

on low and moderate (about one sudA) illumination level.
Another objective is to compare the results obtained

by steady state with those of (5) and our own analysis
of OCVD (to determine the value of series resistance).

Space charge effects have been neglected in this

investigation also.

5. Summarv of the work reported in this thesis

In this thesis we present theoretical and
experimental investigations and analysis of p-n

junction diodes and solar cells.

In chapter la general introduction to this

thesis is presented.

In chapter 2, we present experimental results

19

and analysis of steady state measurements. The method



<0

applied here makes use of the fact that when current
passes through a forward biased dicde, there is a

linear region in the I-V characteristic, whose slope
gives series resistance (4) and the intercept with I«0
axis of the (extrapolated) straight line gives the value
of diffusion potential (4)+ In the reverse bias condition,

slope of the linear region determines shunt resistance of

the device,

Mainly the effect of illumination level on series
resistance and shunt resistance has been investigated.
It is found that (within the experimental limits) series
resistance and diffusion potential do not change when
the illumination is changed from low to moderate (about
1 sun) levels, whereas shunt resistance of solar cell

decreases with increase in the illumination level (for

the same limits).

Chapter III presents a detailed theoretical analysis
of a formula given by North (3) which describes the open
circuit voltage decay ¢of a p—n diode within low injection
limits and includes the effect of p—n coupling. It is
shown that the effect of p—-n coupling is to introduce
sharp, almost vertical initial drop in the open circuit
voltage decay of a p-n junction diode. This drop is added

to the vertical drop due to series resistance of the



device. In modern diodes (with heavily doped diffuse

layer) this effect 1is particularly significant.

method is suggested to separate the coupling
drop from the total initial drop which exploits the fact
that the drop due to series resistance is proportional
to the current flowing through the device before it is
switched off. When series resistance is determined by
this method it is of the same order as obtained by
steady state analysis. The analysis in this chapter
also shows that the anomalous dependence of series

resistance on current reported in (5) 1s due to mis-

interpretation.

A simpler form of North’s formula (3) is alsco
suggested in the same chapter which describes the open
circuit voltage decay 0% a p-n diode by a single representa-
tion prameter ’'a' but 1s applicable in most cases. The
method to fit this with experimental data to extract the
value of minority carrier lifetime i1s described. However,

it has not been possible to find a unique wvalue of the

representation parameter 'a* for a given experimental data.

Reverse recovery transients are discussed in
chapter 4. The effect of p-n coupling is included in the

theoretical calculation of the storage time by appro-

priately modifying the North’s formula (3). It has been



brought to our attention that a similar formula has been
recently derived by Jain (21). It is also shov.n/when
coupling is neglected, the formulation developed in this
chapter reduces to that of Kinston (18). The effect of
coupling 1s to change the dependence of reverse to forward
current ratio on the storage time. It is shown that 1if
the effect of coupling is not included, the calculated
minority carrier lifetime (by Kingston’s formulation (18))
may be much less than the correct value (calculated when
the effect of p-n couplin is considered) . Reverse
Recovery experiments have been performed on some devices

and the fitting of theory with the experimental results

1s shown.

In chapter 5. results of experimental studies
on photo voltage decay are reported. Since it has not
been possible to analyse fully the photo voltage decay
of solar cell when the diffuse layer contribution is
taken into account, the effect of p-n coupling is not
considered here. It has been reported (15) that at
large values of time, the PVD of a solar cell may not be
strongly affected by p-n coupling. At small values of
.time it has not been possible for us to study PVD because
of experimental limitations. It 1s shown that at moderate
values of time, slope of PVD and OCVD 1is same for the

same device, unlike the results reported in (19). We
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also find by mathematical analysis that at large value

of time, slope of PVD is almost independent of the
wavelength of light which is also confirmed by our
experimental results. At moefgte values of time,

our experimental results of spectral dependence gqualita-
tively agree with the theory propesed in (20). It is also
shown that at moderate values of time, the slope of PVD

is independent of the initial value of voltage (i.e. illu-
mination level) except when space charge effects are

dominant or saturation effects (due to high intensity)

come 1n.
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Photovoltaic solar cells with efficiency of 5% or more

-— e

Vi Highest
Semiconductor Efficiency
Type of Cell Constituents (Air yass 1
Condition) e
Percent
Homojunction Silicon 18
Homojunction Gallium arsenide 22
Homojunction Indium phosphide 6
Heterojunction pCu,S/nsi 5
Heteroj unction plnP/nCds 14
Homojunction
heterostructure Al Ga As GaAs 18
MIS*, Silicon 12
MIS Gallium Arsenide 15
SIS+ Indium tin oxide/silicon 12
SIS Tin oxide/silicon 12
Heterojunction pCdTe/nCdS 8
Schottky barrier wse, 5
Polycrystalline Silicon 8
Th in-f iln/thin-f ilm pCu, S/nCds 9
Heterojunction
Thin-rilm
heterojunction pCUgTe/ncds 6
Thin-film
amprphous
semiconductor,
Schottky
Barrie 1™ Silicon 6

*Metal-insulator semiconductor cell

Semiconductor-insulator semiconductor cell




Fig. 1.1 Percentage theoretical maximum cfficiency

shown as a function of cnergy gap (cV)e

Fig. 1.2 Geometry and notational usage for the

p-n junction photo-voltaic ccll (10).
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CHAPTER I

STEADY STATE MEASUREMENTS AND ANALY SIS
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CHAPTER Il

STEADY STATE MEASUREMENT AND ANALYSIS

1. Introduction

Direct current methods have been used very widely
(1) - (6) to determine the parameters like series resistance,
shunt resistance, diffusion length, cfficiency ctc., of a
solar cell. These arc perhaps the simplest methods (compared

to OCVD, rcverse recovery, cte.) to determinc the propertics

of solar cells.

A method, based on I-V characteristic of a solar cell,
has been developed in our laboratory, to measurc scrics resista-
ncc, shunt resistance, diffusion potential and in principle
saturation current also. The advantage of this method is that
it can be used to study the dependence of these parameters on
intensity level and wavelength of the light. This method makes
usc of the fact that when current passes through a forward
biascd diodc, there is a lincar region in the I-V characteristic,
whose slope gives the series resistance (7)* The intercept
on I = 0 axis of the (extrapolated) straight line gives the
value of diffusion potential (7), Similarly, in the reverse
biascd condition the slopc of the lincar region can be used
to determine shunt resistance and intercept on V = 0 axis

gives saturation current.
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It has been experimentally observed (7) that there
is a lincar region in forward characteristic of a diodc;

however this result is yet to be understood theoretically.

In the next chapter wd shall show that series resi-
stance can also be determineitby open circuit voltage decay
mcthod. An analysis of the thcory and cxperimental results
of'the OCVD is also given there and it 1s shown that scrics
resistance of a diode does not seem to have the kind of
dependence as reported in (8). The results of the method

given in this chapter corroborate our analysis of OCVD.

In the next section of this chapter, a theoretical
analysis of the I-V chatacteristic of solar cclls based on

the boundary condition given by Dhariwal et. al. (9) is

presented.

Dectails of experimental measurcments and results

are given in sec. 3. In sec. 4 an analysis of these results

has been presented.

2. Theory

2.1 Lwv Characterjstic of an Idcal Diode

Considcr a diode with its junction at x =0, p-sidc

cxtending from x = - L2 to x =0 and n-sidc from x « 0 to
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The transport equations in the linear approximation

in steady state are as follows:

D d* n(x) - x> 5 () (-00<x<.0) (2.1)
n df’{ /\n

D — &pk) px)=, _ (0 < X<cxo) 2.2)
P Cp

where n(x) and p(x) are carrier concentrations, as function
of excess minority carriers, D and D are difﬁ.ﬁion
coefficients, X* *nd *® lifetimes“%f minority

carriers on p-side and n-side respectively.

The boundary conditions (9) for the above differe-

ntial equations are as follows:

n(-0™) » p(°*)=0 (2.3)
which  corresponds to ohmic contact at the front and

back surface, and

{ ya "po*Pno P HVD“VIKT3 [exp (qV/KT)-I\ (2.4)
& 1 -exp *-2q (Vp-VYKT ]
(0) « pno+npo exp [-q (V- V)/KT3 [exp(qV/KT)-]] (2.5)

1 -exp [-2q (V,-V)/KTj

where n(0) and p(o) are excess minority carrier concen-
trations on the p and n-side of the junction respectively,

V_;J is the diffusion potential, v is the applied voltage.



n ]g%ld p are tl}]eO thermal equilibrium values of minority
carriers on p and n-side respectively, k 1s the Boltzman

constant and T 1s the temperature in Kelvins.

The solutions of eq.(2,1) and (2.2) are then, as

given below (1)
n(x) = n(0) exp (x/L,)

p(n) «= p(o) exp (-x/L ) B

2 _ 2
where L = D 1(13 I%md Lppp DC
LI;dI]d L arepdiffhsion lengths of minority carriers,

The flux through the junction is given by(l)

dll(O) - dapg°e
J = . —. -DpP)
nn dx P dx

or J = (Ln/ L'n) n(o) _(DPILP> p(0)

W

_lpo * loo> [exp/qV/KT)-Q

or: i “Toexp £-2q (V- VYKTQ

D %
where JIlQ and are tha%j@ctive saturation currents

given by

®
Jno ' Jno t+(pno/npc,; exp VV)/kT] jl'q(

" r \
Jpo = n1.14»(:~;pc)/pm}) exp Z:-q(VD—V)/kT Z( ‘
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(2.6)

2.7)

(2.8)

(2.9)

(2.10)

2.11)

(2.12)

(2.13)



where J a%c(l) J are the I():gnventional (Shockley) saturation

currents (1), defined as

The total effective and Shockley saturation currents

are defined as

* % %
- i *
o = Y9no * JBI(])dJ CTgﬁIO po

Eq. (2.11) gives the value of currents for an applied
voltage V. To obtain the value of V for a given current we
note that Eq.(2.11) is a quadratic equation in exp(qV/kT).

The solution of this equation is as follows:

exp \ q(V,-V)KT I

2(J+13,)
t - 1,) +4(I,C+ 1) (Hip s OC-T)
where C « exp{(qVy'kT) and J* =

'no “no/fpo™t ' po "pr/?

since C 18 quite large (about exp(40), a good

for Eq.(2.16) is the following:

36

(2.14)

(2.15)

(2.16)

NORNCAY)

approximation

= 1 2(T+7T)
exp I _L(-](VD_V)/kT — fd233 05 0gsassssesss TV Y PPy O

T
Lﬁ C2+4) (J-h) C)| £1C
Y Y Y

Eq. (2.18) gives the general I-V characteristic of a p-n

(2.18)



junction diode which is valid at all injection levels.

In the low injection limit J is much less than J,C
and J ’CO. In this limit eq.(2.18) reduces to conventional
Shockley I-V characteristic as given below:

i i 2(J+1.)
exp -q(vu-v)/kT = s
2J(()3

or V= In(ELJ/T)
q

In the high injection limit when ! tends to infinity,
we notice that the right hand side of eq.(2.18) becomes

unity. Hence

V= Vg, ( for J tending to infinity)

Thus we see that at low injection levels, V depends
logarithmically on J as in eq.(2.20) in accordance with
Shockley formula. At very high injection levels, V saturates

and becomes equal to. the diffusion potential as shown by

eq. (2.21)¢

2.2 Effectof R and Rsh on the I-V characteristic of a diode
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(2.19)

(2.20}

(2.21)

In the analysis given above it is assumed that the
whole of the applied voltage acts at the junction which
implies that the resistance of the material is zero every-

where except at the junction where it is infinite. But in



real cases this idealisation cannot be achieved. This

is because the carriers in the material are not totally

free and the region closc to the junction is not totally
devoid of free charges. The resistance of the material
away from the junction manifests as scrics resistance R
of the device wherceas the finite resistance of the matcrial
in the region close to the junction (space charge layer)

1s called the shunt resistance R An ideal p-n dg}/,licc

has R :so and R =» n ¢ . Areal device is modelled

(1), (10) as shown in Fig. 2.1 in which'\e’l and

cxternal terminals of the device.

If a current I flows in the forward direction,
the total voltage across the device will be that across
the resistance R and thast across the ideal diode. The
later is given by the ideal diode law as derived in

eq. (2.18). If is the appligd voltage, then

V= 1+ Wy

where V is the voltage drop across the ideal diode D. In

the forward bias case the current I through the device is

quite large so that the cffect of the high parallcl resistance
Rsh 15 negliylble. my,e high injection case V will
approach V in gecordance with ¢q.(2.21), but the

term will keep increasing lincarly with 1. Thus the curve

of V. plotted with respect to I will show some initial

curvaturc and will then become a straight line. The slope

Vv,

are

38
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of the straight ling, i.c., the lincar portion of the
curve will give R and its intercept with 1=0 axis will

give V7, the diffusion potential.

In casc of reversce bias since J is very small.

eq.(2.18) reduces to the Shockley equation (2.20)

J - % exp (qV/KT)- 11 (2.23)

where V is negative. For large negative values of V, the

exponential term is negligible and

J »-J o (2.24)

which shows that maximum current which c¢an flovr in the
reverse direction under a reverse bias voltage in an idcal

diode (R, = Os ) is equal to the saturation current. This

current is independent of the applied voltage.

However in a rcal diode R, is not inf'érgtc and

therefore some current will flow through R .« Ifalargc

S

reverse  bias  voltage V. is  appliecd then the  current  flowing

through the circuit 1 is given by
I=1,+V/R, (2.25)

where 1 ( =GJO) 18 the saturation current. Sincc R - is sn
large# the  effect of Ry in this case is negligible. We see
from ¢q.(2.25) that for large rcverse bias voltage, 1

increases linearly with V (after an initial curvature)s The
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slop<of the linear portion is given by I/Rgh and its

mtercept with V =0 axis gives 1,

2.3 LV characteristic of a solar cell

It has been described (1), (10) that in case of

solar cells, the diode I-V characteristic will be shifted
down by Ig (generation current winich 1s directly pro orti-
onal to the light intensity falling on the cell). Hence
the slope in the forward charactefistic and reverse
characteristic would still determine R_ and a rf;sRecti-
S o
vely. But the advantage here is that the eftect of radia-

tion intensity and wavelength on R, and R can be studied

by taking solar cell 1-V characteristic under such

conditions.

3. Experimental Study

An SC4yl em x 1 cm solar cell supplied by Plessey
(England) was used for the experimental studies. A KEIC,
Japan, 1000W, 250V projector lamp was used as a light
source. This is expected to give good uniformity in
intensity throughout the exposed area of solar cell (used
n present investigations) even when the lamp 1s very close

to the cell# because of the filament shape.

The cell was fixed on a mount made of brass. The
mount was designed to allow water circulation (at a high

rate) to dissipate heat so that temperature of the cell



could be kept constant. A cover with a square opening,

to expose only the required area has been placed between
the lamp and the cell. With this simple care, it was
possiblc to avoid hcating of the mount. The ris¢ in

temperaturc thus has been controlled to less than 1°C

throughout thc cxperiment.

To keep the voltage across the lamp constant, a
NELCO (India) scrvo control voltage stablizer has been

used, which regulates the voltage within + 1% of the set

voltage.

Since wires longer than 1 meter have been used to
take connections from solar cell to rest of the circuit
(measurement set up), a four terminal network was used to
cnsurc accurate measurcment of voltage across the cell.
This is illustrated in fig. 2.2 where the terminals 1
and V, arc uscd to mcasure voltage across the cell.
Voltage across I standard tesistor (0.005*4)« supplied by
OSAW (India) was measured to determine the current passing
through the cell. All voltages wefe measured by an APLAB
(India) Digital Multimeter (4>; digits, + 0.05% for de .
voltage measurements + 1 digit) Model 1005, which has a
resolution of 10 Al V on the lovzest range of DC voltage
measurements and has an input impedence of 11.1 M ohms

on all dc voltage measurecment ranges. To apply dc voltage,

externally, on cell, an APLAB Regulated DC Power Supply

Model 7211 was uscd.

41
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To make measurements at various intensities
Neutral Density filters were used and/or distance of the
light source from the ccll was varicd to adjust the short

circuit current. All measurements were made at room

temperature (V20°C)

Fig. 2.3 and 2.4 give the Dark forward and reverse
[-V charactcristics respectively of the cell. Since in the
dark reverse characteristic current is very small a known
high resistance was put in the circuit and voltage across
the high resistance was mcasurcd to find the valuc of
current in the circuit. Fig. 2.5 to 2.16 give the character-

istics of the same cell at different intensities of light.

To study the effect of wavelength on characteristics,
interference filters were used to get monochromatic light.
Two filters ( max at’590 and 690 nm) have been employed
in the present study, other filters could not be used due
to experimental difficulties. Fig. 2.17 to 2.22 present

the results of these studies.

In later part of this thesis we shall be using a
silicon diode BY 127 and a Germanium Diode DR25, both madc
by BEL (India), for some studics. Fig. 2.23 and 2.24 present
there forward characteristics and fig.- 2.25 and 2.26 show
their reverse characteristic respectively. In case of these

two devices, however no attempt was madce to keep the

tempceraturc constant.



A discussion of the above results is presented in

the next section.

4. Analvsis of Results

Table 2.1 summarises the results obtained from the
analysis of dark characteristics and white light character-

1stics of solar cell.

Table 2.2 summarises the results of steady state
analysis of the Plessey solar cell when wused with interference

filters.

It can be seen that the measured value of diffusion
potential (v*) remains constant {within the experimental
errors)* Similarly no consistent variation is seen in the
measured value of R either \E\{ith the change in light intensity
or with the wavelength of light*R may change wsith intensity

and wavelength because of the following reasons t

l.  Because of the change in carrier concentration

(due to light intensity) conductivity of  bulk material

is affected.

2. Since there is a finite wvalue of R , there will
S

be voltage drop in bulk giving rise to electric field

which may accelerate or deccelerate carriers, which in

turn will change the current flowing through the device

and hence the effective value of R
S



3. With the change in the wavelength of light,
absorption coefficient of the material changes, which will
change the spatial distribution of the carriers in cell.

This in turn may change the current passing through the
device and hence a change in the effective value of R
may bc there.

Howecver, the experimental and analytical crrors
may over take these effects (as outlined above) and thus

no consistent changes in R have beengbserved.

The value of Ry, 1s found to decrease with increase

in the light intensity.

5. Conclusion

l. The diodc current voltage rclation, valid at all
injection levels is given by eq. (2.18) which reduces to
the Shockley equation at low injection levels. In high
injcction casc, the voltage across the junction will saturate
at the value of diffusion potential. Hence in this region,
slope of the I-V characteristics will determine the series
resistance of the diodce and the intercept of the straight
line with T » O will give the value of diffusion potential.
Similarly in casc of reverse bias, the slope will determine

the shunt resistance and the intercept at V « 0 will give

the value of reverse saturation current.

44
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2. The values of series resistance and diffusion
potential thus determined# when the solar ccll 1s exposcd
to light also# are found to remain same (in the experimental
limits) in the present investigation when the light intensity
is varied. The shunt resistance of solar ccll is found
to decrcasce with increasc in light intensity. A summary of

results is presented in Table 2.1 and 2.2.

The results of the scries resistance measurcments
reported in this chapter show that the large variation of
scries resistance with current reported in (8) may be due
to misintcrpretation. In the next chapter we show that
the samc results when interpreted including the p-n coupl-

ing effect, give a more acceptable value of series resista-

nce.
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Table 2.1

Summary of results obtained by steady state analysis using white light

S+b!O+ Fig. No. Device :”.WMV Wm R K vD _c
(ohms) (K.ohms)  (Volts) (M A)

1. 23 Solar Cell (SC4) = 0.78 : 0.7 *

2, 24 * ; s 172 : 1.0

3. 2.5 n 2.00 0.75 - 0.72 -

4. 2.6 . 2.05 : 74 X )

5. 2.8 u 4.97 0.74 - 0.72 .

6. 2.9 v 4.97 . 57 . :

7. 2.11 9 10.10 0.78 - 0.70 2

8. 2.12 R 10.20 ; 34 § .

9, 214 " 25.70 0.72 : 0.71 .

10, 215 » 25.70 - I8 . .

. 2.23 Silicon Diode (BY 127) - 0.10 - 0.79 .

12, 2.24 Germanium Diode (DR25) - 0.38 - 0.33 =

(. 325 Silicon Diode (BY 127) - - 3310 - L5xI0

14, 2.26 Germanium Diode (DR 25) - - 2O = 964




Tablc 2.2

Summary of results of steady state analysis of the

solar ccll when usced with interference filters.

49

S. Fig. i];[]i;x SC Rs Rsh VO
NO. No. (nm) (mA) (ohms) (K. ohms) (Volts
1. 2.17 590 2.03 0.75 0.72
2. 2.18 590 2.02 - 75 -
3. 2.20 690 2.02 0,76 c 0.72
4. 2.21 690 2.02 - 79 -
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Figure captions

Fig . 2.1 Circuit model of a practical diode. D is
an 1deal diode, = is the sseries resistance
and R Slﬁ the shunt resistance of the

practical diode.

Fig. 2.2 The circuit for [-V characteristic measure-
mentst To measure voltage across the cell.
tcrminals and Vyfrc uscd. Current
through the cell is measured by mcasuring

voltage appearing on 1 ohm standard resistor.

Fig. 23 Dark forward I-V charactcristic of the
SC4 (Plesscy) Solar Cell. Intcreept with
1=0 axis is 0.72V and slopc of the lincar

region 1s 0.78 ohms.

of
Fig. 24 Dark reverse I-V characteristic/SC4 (Plessey)

Solar Ccll. Intercept with V = 0 axis is
1 microampere and slope of the linear region

gives R, = 172 K ohm.

Fig. 2.5 Forward -V characteristic of SC4 under
whitc light (adjusted for [ » 2.00\,511}\)
Intercept with 1=0 axis gives 0.72V and

slopc of the lincar region gives 0.75 ohm .

Fig. 2.6 Reverse [-V characteristic of SC4 under

white light (adjusted for I _» 2.05 mA).

oM
(S LS

Rgh #etemi* 0®3 from the linear region is

74 K ohms.
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[-V charactcristic of SC4 solar cell under

white light (adjusted for I=2.03 mA)._ .,

Forward I-V characteristic of SC4 under
whitc light (adjusted for I m 4.97 mA) sc

¢. of the lincar region is 0.74 ohm
and the interdept of the straight line

with 1=0 axis is 0.72 V.

Reverse 1-V characteristic of SC4 under
white light (adjusted for I =4.97 mA) &
Rs‘n dctermined from slope of the lincar

rcgion is 57 K ohms.

[-V characteristic of SC4 under white light

(adjusted for [, « 4.97 mA).

Forward I-V characteristic of SC4 under
white light (adjusted for [=10.1 mA)
slope of the lincar region is 0.78 ohms
and intercept of the straight line with

1 =0axis1s 0.70V.

Reverse 1-V characteristic of SC4 under
white light (adjusted for I =10.1 mA) “
Rsh determined from the lincar region is

34 K ohms.

¢2.13 1-V characteristic of SC4 under white

light (adjusted for I « 10.1 mA)

80
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Fig. 2.14 Forward I-V characteristic of SC4 under
white light (adjusted for I, =25.7 mA)
Slope of the linear region is 0.72 ohms

and intcrcept of the straight linc with

1=0 axis is 0.71 Volts.

Fig.2.15 Reverse -V characteristic of SC4 under
white light (adjusted for I » 25.7 mA) Ne

R . determined from the slope of the

sh
linear region is 18 K ohms.

Fig. 2.16  I-V charactcristic of SC4 under whitc light
(adjusted for I « 25.7 §QA).

Fig. 2.17  Forward I-V characteristic of SC4 under
light of max « 590 nm, (adjusted for 1= sc
2.03 mA). Slope of the linear region is
0.75 ohms  and intercept of the straight

line with 1=0 axis is 0.72 Volts.

Fig. 2.18 Reverse I-V characteristic of SC4 under
light of X max «= 590 nm {adjusted for
[,. «2.02 mA). R determiged from the

slope of the lincar region is 75 K ohms.
Fig. 2.19 1-V characteristic of SC4 undcr light
of X max € 590 nm (adjusted for [ « 2.03 mA). o

Fig. 2.20 Forward [-V characteristic of SC4 under light

of A max « 690 nm (adjusted for I « 2.02 mA), “



Fig. 2.21

Fig. 2.22

Fig. 223

Fig. 224

N
2

Slopc of the lincar region is 0.76 ohms
and intercept  of  the  straight linc  with

1=0 axis 1s 0.72V.

Reverse -V characteristic of SC4 under
light of /A max = 690 nm (adjusted for
Is=c2.02 mA). R . determir_&fﬁd from the

slope of the linear region is 79 K ohms.

I-V characteristic of SC4 under light of
/A max « 690 nm (adjusted for I « 2.10 mA)__,

Dark forward [-V  characteristic of BY 127
(silicon diode). Slope of the linear
rcgion is 0.1 ohm and intcreept with 1=0

axis 1s 0.79 Volt.

Dark forward I-V characteristic of DR25
(Germanium Diode). Slope of the linear
region is 0.38 ohms and intercept with

1=0 axis 1s 0.33 Volts.

Fig. 2.25 Dark reverse I-V characteristic of BY 127
(silicon ,dff?dc). R determined from the
slope of the linear region is 3.3 x 10 ohms ?

and intercept with V =» 0 axis is 1.5 nA.

Fig. 2.26 Dark reverse characteristic of DR 25

(Germanium diode). ®sh determined from the

slope of the lincar region is 2.2 x 10 ohms

and intercept with V«0 axis 1s 0.64 microamperes.
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CHAPTER III

OPEN CIRCUIT VOLTAGE DECAY
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CHAPTER TIIT1

QPEN CIRCUIT VOLTAGE DECAY

1. Introduction

Minority carrier lifetime of a Jjunction device
is one of the most important parameters and directly
affects its characteristics and suitability for a
particular application. Open circult voltage decay
(OCVD) 1s a very conventient and widely used method
to determine the minority carrier lifetime (1)-(10).
OCVD has also been used to study surface effects (1)

and to determine series resistance (1), (2) of Jjunction

devices.

3ince no current flows in the external circuit
in case of OCVD, it 1is purely a junction property. The
effect of shunt resistance (11) is significant at low
voltages only, when studied at high injection levels,
this method yields the value of diffusion potential
(2), (3)= Unlike the case of d.c. measurements, the
problem of heating of the device is almost eliminated
in the OCVD experiment because current from the external
This

circuit flows only for a small part of the cycle,

simplifies to a great extent the whole set up.

When a diode is forward biased, it offers low



Bl

resistance and current flows through it. If the

current 1is now suddenly switched off, an emf across

the diode appears due to nonequilibrium carrier

concentration at the junction barrier. Since the

excess carrier concentration at the junction barrier

is related to the voltage by Shockley relation, by

monitoring the voltage across the diode, we can find

out how the excess carrier concentration at the junction

is varying. The decay of voltage across a diode after

the forward current has bheen switched off 1s referred

to as Open Circuit Voltage Decay.
In chapter 5, we shall discuss photo voltage

decay {(PVD) of a solar cell in which case carriers are

generated by a flash of light and then decay of voltage

across the junction in open circuit condition is studied.

To distinguish open circuit voltage decay studied after

injection carriers, from PVD, we shall call it OCVD

(dark) . However, in this chapter it shall be simply

referred to as OCVD.

Fig. 3.1 gives a representative circuit for

doing the OCVD experiment and Fig.3.2 gives a typical

OCVD of a diode.

As soon as the current is switched off, there is

a sharp almost vertical drop in the voltage across the



diode. This has been referred to as initial drop Vi
in Fig. 2. This has been normally attributed to series
resistance (1), (2). After the initial drop there are

mainly two processes (8) governing the decay, i.e.
diffusion and recombination of excess carriers. It 1is
found that for first part of the decay diffusion compo-
nent dominates and then the decay s {(*ows down which
signifies the domination of recombination (3). Later

space charge effects set in and in some diodes, depend-

ing on the geometry and processing there is a faster

decay (11).

Studies on OCVD were first reported in early
%i(&ct{, In the earlier work (1}, (2) an asymmetric
diode was considered and the contribution due to
emitter was neglected because of the low saturation
current and concentration of excess minority carriers
in emitter side, although it has been mentioned that
there is— coupling of excess minority carriers concen-
trations across the junction because of Boltzman
relation (2)e¢ It was also assumed that the excess
carrier concentration decays exponentially according
to a single effective lifetime, which at low times
would lead to a linear decay. By measuring the slope

of this line it was shown (1}, (2) that the value of

effective lifetime can be determined.



According to the formulations given by

Lederhandler and Giacoletto (1) and Gossick (2)

voltage decay is given by
I iV /K , v
(VKT - ( oV KT 1) A )

kT
or V{t) = === Tn 1,

Iq —

( quO/RT ~1) e=* )

where V(t) 1s the voltage across diode terminals
time t, g is the fundamental unit of charge k is
Boltzman constant, T is temperature in Kelvins V %ﬁ

the voltage across diode terminals when current is

83

(3.2)

7-
shut off i.e. at t = 0 and is the single effective

lifetime.

In (1) as long as V{(t) <,

VL) = . -

- JSLy _ 1 =5

SO 1A% - —
q slop of the linear decay

' vit) &
and 1n the range -y a

V= £l ( c«VKIL]) o=t/ Te
q

Whole of the initial sharp drop has been

attributed to series resistance assuming that voltage

(3.3)

(3.4}

(3.5)
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across an ohmic resistor decays almost instantaneously
(compared to recombination times in semiconductors)

(L)Y, (2), (14). In (14) a plot of sexies resistance,
thus calculated, has been given with respect to current,
it is shown that series resistance thus calculated by
this method first decreases rapidly and then approaches
an asymptotic value., Such a variation in series resista-
nce with respect to current has not yet been observed,
when determined by other methods. This means, there

may be some additiocnal voltage drop apart from that

due to series resistance. At high value of currents

when IRgis much larger than this drop, the series

resistance thus calculated is of the same order as

determined by other methods.

Recently there has been a renewed interest
in OCVD (6) - (10), (13). It has been reported in
{(10) and observed in our laboratory also that for
small values of time OCVD plots are not straight lines
even for Germanium diode in which space charge effects
are negligible* it has also been shown that coupling
between the excess minority carrier concentrations
across the junction due to Boltzman's condition (hence-
forth called p-n coupling) can substantially affect
OCVD so that it depeds upon the excess carrier lifetimes

and other material parameters of the emitter as well as



the base (6) - (8), The effect of coupling is parti-
cularly important in modern diodes {(or solar cells)

with a heavily doped diffuse layer in which, due to

gap shrinkage, the thermal equilibrium value of the
minority carrier concentration becomes comparable to

or even exceed that in the base (7). The theory of
Lindholm & Sah (6) which includes p-n coupling, 1s based
upon a simplified charge control model and provides a

simple and useful methodology for analysing the OCVD

data in diodes. However, in the present thesis a more

rigorous theory has been attempted.

A formula for OCVD was given by North as quoted

in (1). Recently Tewary and Jain (10) have shown that

this formula includes the effect of p-n coupling and is
an exact result based upon a simplified but realistic
In

model of a diode within low injection approximation.

this chapter, the derivation of this formula is given

with the details of boundary conditions and the limits
of its validity are defined. Then a method for analysing
OCVD data using North’s expression i1s developed. The
effect of various parameters entering the formula on

the final OCVD is also discussed and it is compared

with earlier experimental data (13), and a good fit

between the theoretical and experimental results is

obtained*

85
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It has been reported (10) that p-n coupling

introduces a sharp, almost vertical, fall of voltage

in the initial stages of the decay. This drop 1s added

to the wvertical drop due to series resistance of the

device. A method to separate the p-n coupling drop

is given here which exploits the fact that the drop

due to series resistance is proportioconal to the initial

current whereas the drop due to p-n coupling is inde-

pendent of the current, flowing through the junction

for moderate currents. Thus the observed anomalous

dependence of series resistance on injection current (14)

at moderately low injection currents 1"Hen determined by

OCVD method is explained taking into account that a

current independent initial voltage drop due to p-n

coupling is added to the voltage drop due to series

resistance. The series resistance determined in this

way after separating the contribution due to the p-n
coupling is found to be gquite independent of the inject-

ion current for our experimental results as well as

those reported in (14).

The space charge effects which dominate at very
low Injection currents and also the saturation effects
associated with high injection currents have been

neglected so that the present theory is valid for

moderate injection levels, in present work, OCVD
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experiments on silicon and germanium p-n diodes and

a silicen solar cell were conducted. The experimental

results are found to be in good agreement with the

theory. The expression of OCVD is derived in sec. 2.

In sec. 3 a thecretical analysis of the expression

derived in sec. 2 and its application to interpret the

experimental results of Neugroschel et. al. (13) is

given. The OCVD experiments on silicon and germanium

p—n diodes and a silicon solar cell and the measure-
ments of thelr series resistance by separating the
initial voltage drop due to p-n coupling and an analysis

of these experimental results in terms of the present

theory are described in sec. 4. A summary of the main

results is presented 1in sec. 5.

2. Theorv of OCVD
e —

Consider a forward biased p n diode as shown
in Fig* 3.3 whose base and emitter widths are much

larger than the diffusion length of the minority carri-

ers of the respective regions.

When the current from external circuit 1is switched
off at t ™ 0, the following equation will govern the
decay of excess minority carriers on p side.

.‘) 2n
n 2

p - = = 23 (3.6)

~r
=
a/
o
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where n 1s the excess electron concentration on p side
D, and 'V _ are diffusion length and lifetime respecti-
vely of electrons in the same region, n is a variable

of x and t and aqg X , are taken as constants.

Following are the boundary conditions

1. n{ -co, t) « 0 (3.7)
2. n{x,0) = F_{0) ex/Tn (3.8)
AVg
where F_ (0} - Neg { e o - 1) (3.9)
gv (t)
3. n{O,t) = F (t) = n,( e aut 3 A 1} {(3.10)

where V, is the junction voltage at t » 0- i.e. before

the current is switched off, n , is thermal equilibrium

pQ
electron concentration on p side, V(t) is the junction

voltage at time t.

Similarly for n-side the equation would be

R | 5
D —1-%— - 5 = P (3.11)
P D x Tp Dt

with the following boundary conditions

1. p( co , t}y =0 (3.12)
X/ L
2. p(x, 0) « Fp(O) @ P (3.13)
V_/KT
where Fp(O) x p no(eq o/ -1) (3.14)
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3. p(O,t) = F (t) « B, (eW(®)/K _1) (3.15)

where p is the excess hole concentration on n-side
which is a function of x and t, Dlgnd 'T ﬁﬁ; diffu-
sion coefficient and minority carrier lifetime respect-
ively which are taken as constants, p, is the thermal

equilibrium hole concentration on n-side.

The first boundary condition of both sides
means, that excess carrier concentration is zero at
the ohmic contact. Second boundary condition is the

excess carrier profile of both sides before the current

18 switched off.

Third boundary condition explains how the excess
carrier concentration at the junction (x ® 0) is related
to the junction voltage at time t. This is also called
the Shockley condition and is valid at low injection

levels. The exact boundary condition wvalid for all

injection levels is given by Dhariwal et. al. (15).

For p side it will be

exp {-(q/k'i‘) (vy=vie) )]]

n + P v
n(0,t) = —2e Foo (e 1)
) =2q (V =V(t) 1
1 - PXp\_ D” J
k1 (3.16)
where i@f the diffusion potential. A similar relation

can be written for n-side. When V{t) is less than V 0
}
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such that

-
Pno *© kfl— BRI EAIES NPU

!

and e i (Vp, — V(t)Jd < < |,

g

eq. (3.16) reduces to Shockley condition. This sets
the limit of validity of the Shockley condition and hence

that of the formulation developed below.

Since excess carrier concentration at x = 0
of both side is related to same variable V(t), they can

not decay independently. From edg. (3.10) and eq. (3.15)

n(0, t) npo
= p_"""" (3.17)
p(0, t) no

v/hich means the ratio of the excess carrier concentrations
of both sides of the junction is constant for all times.

This is called Boltzman condition.

Now consider the diode as shown in Fig. 3.3
p side is heavily doped so the minority carrier lifetime
may be of the order of nanoseconds in that region as
compared to that of the order of microseconds in n region.
If the minority carriers on both sides were to decay

independently electrons in p side will try to recombine



in nanoseconds according to their natural lifetime which

would according to eqg. (3.10}) mean that the junction

voltage becomes zero within nanoseconds, on the other

hand there is a negligible reduction in the concentra-

tion of minority carriers (holes) on n side which would

according to eq. (3.15) lead to a negligible reduction

in voltage across juncticon. However, the two concentra-

tions are related to the same voltage and one out of

them can not go to zero while other one still retaining

its same value. This may lead to the conclusion that

the decay of concentration on any side of the Jjunction

affects the decay on other side.

This, in the present case means, somehow or other
electron concentration on p side will not be allowed to
go down that fast as it will independently tend to be.

The only way to allow the electrons to recombine and

still retain their cortcentration in this case (open

circuit) 1s to supply some electrons from n side which

are majority carriers on this side, since the charge

neutrality is to be maintained, and there is no current

flowing in the external circuit, same number of holes

will also have to cross from n side to p side. This

means at the cost of minority carriers on n side, concen-

it

tration of minority carriers/the junction on p side is

91



being maintained to keep the ratio constant described

by eqg. (3.17).

In a general case, the above discussicn can be

summarised as follows

I. The minority carrier concentrations at the junction
on 1ts eithex side are related to the junction
voltage by the Boltzmann factor in accordance with
the Shockley boundary condition. At low injection
levels it can be shown that the ratio of the two

concentrations remains constant during the decay.

IT. The total current through the junction is the
sum of the minority carrier currents from the
emitter and the base. In the open circuit condition
the total current has to be zero and not the base

and emitter currents separately.

The condition II will lead to the mathematical

boundsxy condition

92

J o1 n 1

-1 —j-;( I B l -0 (318)

{_ Py X=y) o |::| - 3 X((O
The Laplace transform of eq. (3.6) with respect to t
would give
A T
2 D

¥* 7 - n (148 t-) - - (‘n
_—-——T_ 2 b n - 2 r:(:-:,C') (3.19)

¢ x Ln IJ
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where Ln is the diffusion length given by

2 op | (3.20)

Solution of eq.({(3.19) with the mentioned boundary

conditions for p-side is

o A n = T - Z.40)
nix, s) = (F(s) - &mm—m & (I+s T) o JX{L
Lp

(3.21)

and hence

A ' P v~
- A Fo(0) T X\ \1+5]
- (o), P38
+ 0 ' (3.22)
“
n
: roE o T, F 0
or - n\v.
2 % x»0 S Ln SLn
(3.23)
We now define, (based on boundary conditions | and 2
~ /\
F (s) =n f(s) and F (o) =np0 £(0) (3.24)
Putting eqg. (3.24}) in eqg. (3.23) we get
N I~ j——-_ﬁ"—-__
A 1487 0
_-—_D-'!-— = n (£(s) - L0} 3 O -0 EAD)
D X jale) g +
; : L sk
x=0 . n n



sSimilarly for negide

34

: \ F (0 _ Yo | X r_ (o)
plxys) = (5 (8) - = y & v il¥s T L) L e S
(3.26)
- A F_{0) \ l+s Ly ' (0)
") i3 o L0 - o 1 wx
—5p— = =7 (s) = =) P ) s ‘T e™vL,
- D P
(3.27)
N N - 1+S
T | D [-(fin)- £L0) [o. (Rl | (3.28)
= X * Pno ‘7 g L sL
' x=0 P P
where
~ ~
F(S ) s=p t(s) and F (0) =B, £(0) (3.29)
Putting eq. {3.25) and eq. (3.29) in eq. (3.18) we get
no P\ " el £(0) £L0)
O n . - ;
n =5
> g (N A . 2%
,,._p.l’."__i'- zl(i+sr, (E(s) - __1_3_(_-'2)) +-—“‘19L = 0
Lo D B
) P B (3.30)

~ n D [ P L ' ‘f;»
or f(s)[—LL s T ¢ BB T pj
n

P

—

£(0) | T Pro 2 |
$ o PP (1 - \1+8 T ¢ =222 (1-\14¢ ) =0
"'n n Lp %

(3.31)
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n D p- D
Let J = . —B2-~= and J . UB-.-B-
n T p T.
n p

Then eg. (3.31) can be written as

: - | . _£60)
f(s)l . l4s o' JQ l+s . * _~E-_—'[ Jn(l-. 148 :
| (3 3%)
1= l4s [ )| =0 X B
+ J_( v
T+ J

A f.v o - —é- - =il T == (3.33)

- nl ;°S - 4+

B(J1 T | 145 7T )

where lajis thermally generated electron current density
in p type semiconductor and %*is thermally generated
hole current density 1in n type semiconductor. They are

also called saturation currents. BTI'JLV&NW e name el
Ami<A denonn'nA” ¢j-tk. -N=“‘kﬂ“(j‘7(53@<$CM.UQ.73;J6N/Aﬂy

CVWA by rearranging eq.{(3.33) and taking the Inverse

Laplace Transform we get

e | ol .
£(0) IR L Y pJ AN \1 °n J

Jaa = J J
+ ___232— /A e Bt erf 79— A L erf JD A f
JP n J P P W on tn



where
[ 5 W n ‘ p" n )
= .
2 2
J'L' %) " Jn n
Ji - J
B «= 3 ’
2 o~
% ‘p~ Y ‘n
V(L) gV

f(t) = e KT -1, £(0) » e kT -1

2 y 2
and erf (y) = =— I e 2= rfe,

J*

—

as
which is the same expression/given by North in the

appendix of (1).

Using the following relations

erf (x) « 1 - erfc (x)

2{2
and S{x) » e erfc (x)

The expression (3.34) can be put in the following

form

e(lV(t) -1 .

[

.

- z
-a € S S{y}) -b S{by) 5

36

il I ey &
be l s(z) -a s(az) (

(3.35)
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wherc
2
Jo0 0 - )
b2 = | 2 n (3036)
2 2
Jp rp = Jn n
2
J (= U )
az = n i n_. ‘3.37)
2
J, e J% {1
LI T ) (3.36)
‘p
- &}
and |° = &

Tn a general case eqg. (3.36) (3.37) and (3.38) can be

written as

2 o ey
Je (U= )
R 92 : (3.39)
2 — —
Iy ‘g =Y ‘g
2 s —
5 Jh ( { D (E)
o’ = —E— > (3.40)
JB (B - JE (E
2 t 2 .
z° = —;(:D e Y =t/ 7 . (3.41)

where suffixes B and E refer to the base and emitter

respectively.
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We shall use expression (3.35) for theoretical

analysis 1in sec. 3.

3¢ Theoretical Analysis of OCVD and Measurement of Device

Parameters

3.1 zpeoretical Behaviour of OCVD

In this section an analysis of the expression
(3.35) is presented. Mathematical expression for small
and large times are found and analysed. Then a simpler

expression for OCVD is presented which is an approximation

of (35} but is practically applicable. A method of fitting

is given at the end of this section.

>V 27 1. 25 1°%9 as the

In most cases o

following inequality is also satisfied

e PV(®) » T (3.42)

from eq. (3.35) voltage decay is given by

Av(t) S (V(t) - V) = (~) ﬂl‘)l W(t) (3.43)
r

and is independnt of V,

To examine the low *t' behaviour of V(t&ﬁwe

expand W({t) using the McLaurin’s expansion for the error

function and expanding In W{t) we obtain for t << 7 , T
B E



(=) 7 =
“ ''BJTB™.J>B

we notice from eg. {3.44) that Av{t) is linear
in Jt for small values of t. Its derivation with
respect to t would therefore be very large near t « 0,
Usually A V(t) is observed as a function of t rather

than Jt on a CRO. The observed Av{(t) curve would

therefore show a kink at t ® 0.

For a typical diode the emitter i1s more heavily

doped and Ty éé-(ao For gxample Z 15 ygually of the

1 - (3.
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44)

order of 10 - 100 ns whereas 7 g « 1 - 50 microseconds.

The terms containing y» i.e. the second curly bracket on
the right of eq. (3.35) therefore fall off much more
raPidly than the terms in the first curly bracket. This
combined with the large derivative of Av(t) with respect
to t, £°7 1% values of t shows that the voltage drop
will be very fast within a time period of the order of

Y . If it is observed on a CRO on which the time scale

i
is set to the order of lrho

vertical and may be confused with the vertical drop due
to the series resistance; this drop has been referred as
the coupling drop. It may be resolved on a CRO set to

the time scale of - MQ@lternate method has been
Ed

it would appear to be almost
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described in the present work to separate the two drops

by analysis.

It can be easily verified that the magnitude of

the coupling drop depends upon the relative value of
Jpand J_,, The drop would be more for J . '> J an% be
- o

small for J: =~ Jp. In a diode with heavily doped emitter
the value of J, estimated in terms of the doping density
is much smaller than J,. However it has been found (7)
that due to gap shrinkage the effective value of J may

be larger than J, and therefore in real cases the coupling

drop would be gquite substantial. This drop would be

added to the drop due to series resistance and has to ke

separated out for a measurement of series resistance

of the device using OCVD.

The origin of the coupling drop can be physically

understood as follows. The minority carrier concentra-

tions at the junction are related to the voltage across

the junction. As mentioned in 1 in sec. 2. the ratio

of their concentrations at the Junction on its either

| ~ £~ )
Seper
does cot/upon't during the

-
side remalns constant, l.e.
decay at low injection levels. The minority carriers

on either side of the junction cannot therefore decay

independently. The minority carriers on the emitter

side of the Jjunction would be annihilated *re rapidly

than those in the base because of low value of T
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The base therefore has to supply some carriers to the emitter
in order to keep the aforementioned ratio constant. Thus
the minority carrier concentration on the base side would
reduce at a faster rate than required by their own life-

time. The voltage decay across the junction due to p-n

coupling would therefore be faster than that determined

by the base only.

The number of carriers which has to be supplied
by the base to the emitter to keep the ratio constant
would of course depend upon the number already in the
emitter. If the number on the emitter side is already
small, the extra carriers it would need from the base
would also be small. Hence 1if L " is much smaller than

T ..j 1s either comparable to or more than J ; the

coupling drop for t 04~ ;<H would be quite substantial.

For large values of t the number on the emitter side
would have substantially decayed and the effect of coupling

would be reduced; then the voltage decay would be largely

determined by the base.

Now we consider large t behaviour of Ayit),
For t >7 <B =7 lE the contribution of the second curly
bracket in eq. (3.35) becomes very small and can be

neglected. Using the asymptotic expansion (16) of S{z)

in powers of 1/z which is reliable for z 2, Jwe obtain
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1 1 L
( 5 -1 =75 +of -2-5—) (3.45)

n b 2
(t) = e exp (=2 )i :

If the inegquality (3.42) is still satisfied for

_;_ 4) we get from eq. (3.43)

such values of € (
B

V

o t £, =3/2 | _b(1-a)
{>£\V(t) = - _T-B + 1ln ( (B) + 1ln V_—ETS:ET. {(3.46)

Since for t }XI_D the contribution of the logarithmic

term is really small, we find that A V(t) has a linear

dependence on t with its slope equal to 1/.; If the

inequality (3.42) is violated by the time (3.45) becomes

valid (—4i >+ 4), then, as can be seen from the definition
B

of W(t), AV(t) will not have a linear dependence on t

and will depend upon V,

To findthe exact <Av(t) within the limits set by

ool (3.42), In W(t) was numerically computed using eq. (3.33).

It was found that for calculating erfc (z), Chebyshev

series works well for z <L 4. For z *> 4 first three terms

of the asymptotic expansion (16) give the most optimum

results which can be written as

2

folz) = & - S S — (3.47
erfc(z 7" - 3 S 3.47)
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For the purpose of calculations we have taken a and

as the basic variables where

T = ‘.-’E/ e (3.48)

b 1s calculated using

.J_ 'T' v (5'—2) 'a"’l e (3._1.,}

which can be derived using eq. (3.39) and eq. {(3.40)

Again using egns. (3.41) and (3.48) y can be written as

y=2“f‘:(g— (3,
A summary of these results is presented in

Tables 3.1 to 3.5, which give In W(t} with respect to

z for various values of a and T ¢ Fig. 3.4 gives for

rE = 2, the variation of In W({t) with respect to z for

a * 0.1, 1 and 10. Fig. 3.5 and 3.6 give similar curves

for - = 50 and 1000 respectively. Figs. 3.7, 3.8 and

2
3.9 give In W(t) with respect to z ( » t/""f,) for the

same values &f and a used in Figs. 3.4 to 3.6 respect-

ively.
Some observations on these figures are presented
here:
(1) As mentioned earlier, when In w(t) is plotted
with respect to t/'Tg, a kink is foundat 150, in

the beginning there is a sharp fall.
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(2) For a fixed value of '+ , coupling drop increases

with increase in a. When a is large-(10), the coupling

drop 1s so sharp that it may mix up with that due to
= (

series resistance, 1f observed in the time scale of 5

Hence, in such cases, series resistance should be measured

independently or by a method given in sec. 4 of this

chapter and its contribution to the initial decay (1), (2)
should be calculated and subtracted from the initial drop

to determine experimentally the true shape of the curve

for small values of time.

{3) For a value of a, the coupling drop increases

with increase in 'T

t .
(4) At large times 01=‘ ~1), for a value of C
< B

the slope 1is essentially same for any value of a. in

this region recombination process 1s dominant and the

slope is™1/ - B*

(5) At 'f%- S‘ 1 , decay 1s slower than that found
B
at t — 0 but 1s faster than when I=—;t» i. -phis is
B
There is

the region where diffusion terms is dominant.

a movement of carriers outwards from the junction because
of the concentration gradlant.

From a practical point of view for analysing OCVD

data on a typical diode, eq.{(3.35) can be simplified by
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neglecting the y dependent terms and taking b = 1 and

a = J;/J,. These approximation are valid provided
o .2 2 7
‘B » *E #nd' B "B » J, c. * The former inequality

will generally hold in a typical p-n diode with heavily
doped emitter which also implies the latter inequality

if gap shrinkage is neglected in which case J, » Jg.

Even i1if gap shrinkage effects are 1ncluded such that J,

may be comparable to or more than JB' ( 0would be, in

2 =7

general# so much larger than 'T . that ip . g my Still

remain much larger than CEOYRE!

Subject to above assumptions, we can write

eqg. {3.35) in the following form

Wiz} Iz~ =T e AR R RRE (3.51)

and provided 1nequality eqg.(3.42) Iz satisfied

- |
T-. "-"(Z} —m'T) '/\“'._’,] (3-52)

that it describes

}
n

The advantage of eq.(3.52)
the theoretical behaviour of W(z) LN terms of a single
representation parameter ’‘a*. The wvalues of In W(t) for
several z and some values of "a’ have been given in

Table 3.6. Fig. 3.10 gives In W({z) plotted against z for
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9
a = 0.1, 1 andl0. Fig. 3.11 given In W(z) against z ~

for the same values of a.

3.2 Method to determine Solar Cell Parameters using QCVD

We shall now describe the use of eqg. (3.51) and
eq. (3.52) for the purpose of analysing experimental OCVD
data. The experimental OCVD data in general contains a
vertical drop which 1s usually attributed to the series
resistance. As discussed earlier, this drop will also
contain the coupling drop. It is therefore important
to separate out the series resistance dop by an independent
measurement or using the OCVD data as follows: initial
sharp drop is plotted with respect to current; slope of
the linear region in this plot determines series resistance
and intercept at I = 0 would give the value of coupling
drop. (For ¢ detailed discussion on this point, see next
section)+* After subtracting the series resistance contri-

bution from the initial drop, we determine the value of

V and experimental V(t).
o

If the experimental A v(t) vs. t curve contains
a linear region for large values of t, its slope gives
an estimate of T, in accordance with eq. (3.46). Then
from Table 3.6 {(or more extensive tables of In W{z) as

defined by eqg. (3.5%1) an estimate of ’a* can be obtained
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which gives a good fit between the theory and the

experimental result + If the aforementioned linear

region is not found in the experimental Z3v(t) curve,

both ' T ' and "a' have to be obtained by comparing

DA
\

the experimental values with the theoretical values in

Table 3.6. For this purpose we find it more convenient

to plot the experimental values of A V{(t) as a function

o£ jt~ rather than t. A crude fit can be usually obtained
by a visual inspection, then a more refined fit can be

obtained by using the least sguare or some other method.

The value of 'a' can give some information about

gap shrinkage by using the arguments similar to that

given in (7). For example if a>1 it indicates gap

shrinkages. However, to find reliable information about

T . it would be necessary to resolve the low t (0 - 'T”)&

E

behaviour of "V(t) on the CRO., A point to be noted

is that none of the above mentioned fitting procedure
gives a unique value of a, as will be shown in the

next section.
in those cases where 'G, and j| ' { mgi,be
t. 2 C7- .
comparable to (‘ and Jé raﬁgectlvely, eq. {(3.51)

may not be reliable andthe whole of eg.{(3.35) has to be

used. It may be noted that this equation contains three



108

independent parameters ( e ' Eand JB/JL or "a*

which can be determined by a suitable fitting procedure

such as the least square analysis. Once having determined

these parameters, we can calculate the value of gap

shrinkage using the methodology described in (7).

In certain special cases J;CIma% be less

than JS frE while Y G.“ >ff;o In these cases a and b

will become imaginary and the nature of eq. (3.35) will

become gquite different.

3.3 cgmparison with earlier Experimental Data

As an example we use the present theory to

analyse the experimental results of Neugroschel et. al

(13) on OCVD of a silicon p-n diode at 376°K. In their

results the initial vertical drop aleut 0.05 V which,
as discussed earlier, should be partly due to series
resistance and partly due to p-n coupling. In the

absence of any information about the series resistance
and since our objective is only to illustrate the present
theoretical method, it may be assumed that the series
resistance of the device is zero. Thus the vertical

voltage drop at t”t. can be attributed entirely to
p-n coupling. We take V. as 0.4V which is the starting

value of the voltage.
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Fig. 3.12 shows the theoretical V(t) as

calculated from eq.{3.51) by taking a = 5 and

'-91» 27 microseconds along with the' experimental

results of Neugroschel et. al (13). We see that the

fit between the theoretical and the experimental

results 1s reasonably good. The values of a and ¢'%£ »

are realistic* the larger than unity wvalue of a

indicates gap shrinkage. However it ts not quite justi-

fiable to attach any gquantative significance to the
values of a and Xb because of two main uncertainties
one arising from the lack of information about the series

resistance and the other from the fact that the experi-

mental values given in Fig. 3.12 were read from the

printed figures of (13) which may have introduced a

substantial numerical error. It is not therefore worth-

while to compare this value of 'C | with that obtained

by other methods reported in (13). It may be mentioned,

however, that the authors of (13) have reported that it

was not possible to fit those experimental results with

a simple linear formula for voltage decay.

To demonstrate the application of the present

theory and to extract more quantitative information, we

have done OCVD experiments on a silicon diode and on a

solar cell. Since we have neglected space charge effects

and Germanium diode are found to have less space charge
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effects than silicon diodes, we did similar experiments

on a Germanium diode also. All these experimental

results and their analysis is reported in the next section,

4. Experimental studv and Analvsis

4.1 Experimental Arrangements

he conducted some simple experiments on OCVD
in p-n diodes and a solar cell with the objectives of
experimentally verifying the existance of the coupling
drop by separating the contribution of the series resis-

tance of the diode to the initial voltage drop.

Fig. 3.13 gives the circuit we have used to

study OCVD of diodes. A Yamuna Digital Electronics

(India) Model 108 pulse generator which gives pulse

rise and fall times of approximately 50 nanoseconds was

used. S D i1s a switching diode. Switching diodes like

IN914 or SD40 can be used,Ufe did not get any difference
in experimental data while using any of these two in

the present investigation. The voltage decay was

observed on a Philips (India) PM3231 CRO which has a
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rise time of 23 nanoseconds.

All the experiments were done in ambiant

conditions. The minimum time over which the voltage

drop could be resolved is about 1 microsecond ¢ We

could not <jet any data for the devices we studied from

manufacturers regarding the carrier lifetime, doping

concentrations etc. The OCVD data was read from CRO

and the plots were made later. We expect that the

experimental error in the measurements is less than 10%
except when the magnitude of voltage measured by CRO
is of the order of the least count of the, scale on the

screen for the particular setting {(which sometimes is

the case when initial drop is measured). Such limitations

will provide only a gualitative verification of the basic
physical phenomena involved in the theory of OCVD as

discussed in the preceding section.

The circuit operation and the experimental proce-
dure are as follows! The pulse generator generates
pulses whose repetition rate and width can be adjusted
independently. A 50 ohms termination is provided to
match the characteristic impedence of the coaxial cable
used which reduces overshoot and ringing. As soon as

there 1s a positive pulse from the pulse generator,

switching diode offers a low resistance path and the
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diode under test gets forward biased, and current flows

through it. Pulse width is so adjusted that the whole

system attains equilibrium before the pulse gets terminated,
When the pulse is being terminated, voltage across the
pulse generator goes to zero within a very short time (fall
time of the pulse), but the device under test will have
some voltage across 1t because of the presence of excess

minority carriers at the junction. If there is no switch-

ing diode in the circuit the current from the device
under test will flow through R and 50 ohms termination
of the pulse generator and it uj;ould not be possible to
study OCVD of the device, Hence a switching diode is
employed. The selection of switching diode depends

upon two factors. One is the time constant of the device

under study. The switching diode should have a much less

time constant than the device under test, at least less

than 1/10 for reasons of reliability. The second factor
is the peak forward current at which it is proposed to
study the device. Table 7 provides a guide to such a

selection. There ar many such commercial diodes

available. The injection current X in the device under

test can be adjusted by controlling the amptitude of
the pulse and/or by varying resistance R. The initial
i.e., steady state voltage across the diode can be

controlled by adjusting the current 1. The repetition

rate of the pulse generator should be so adjusted that
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the open circuit voltage across the device under test

comes down to zero before the next pulse starts. Pulse

generator and CRO also have to be selected carefully so

that there rise and fall times ar much less than the

time constant of the device under test. CRO should

be used only in DC coupled mode. Pulse generator should

be checked for de bias to the pulses being generated.

If there is any de bias in the pulses, it should be

removed. The final de bias should be negligible compared

to the open circuit voltage across the device under

study. The circuit described in Fig. 3.13 would give

reliable open circuit voltage decay till vit) > v de

where V{(t) is the open circuilt voltage across the diode

and V4, 1s the de bias in the pulses available from

the pulse generator.

The initial voltage drop can be easily discerned

from the other decay on CRO because this being a sharp

vertical drop, is very faint compared to the other part.

The electron beam spends the same time for the same

horizontal length. In case of initial drop it travels

a large vertical distance so the time spent by the
beam on screen is much less per unit distance in this
case than in the case of the slow decay. Hence the

vertical drop is less bright than the other decay. In
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fact it was found, on the CRO used in our laboratory,

than any phenomena about two to three orders of magnitude
faster than the other one can be easily discerned because

of the large difference in intensity of the display on
the CRO screen.

Since both series resistance drop and coupling

drop are more than about 3 orders of magnitude faster

than the other decay part, they will get mixed and whole

4nitial drop will be much faint compared to the voltage

decay of diode, provided the fall times of pulses generator

and CRQO are of the order of a few nanoseconds.

4,2Experimental Results of OCVD

In th/s subsection, we present the results of

OCVD experiments of three devices i.e., a silicon diode
2Y127 made by BEL (India), a silicon solar cell SC4

m?de by Plessey (England) and a germanium diode DR25

made by BEL (India).

Fig. 3.14 to Fig. 3.1% give the OCVD observed

across BY127 (silicon diode) at different injection

levels. W® cobserve that except at very low currents

({Fig. 3.14 and 3.15), shape of the curve essentially

remains the same.
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Similar experimental results for SC4 (silicon

solar cell) are given in Fig. 3.20 to 3.23. Fig. 3.24

gives the dimensional details of silicon solar cell SC4

used in the present study. w« see that at moderate

injection levels the shape of OCVD is different from

that observed on 3Y127. This may be attributed to

space charge effects {(j.l). Moreover from the Fig, 3.24

it is clear that the carrier distribution will be highly
nonunirorm in the diffuse layer when solar cell is forward
biased. Hence even where current is switchel off there
will be movement of carriers parallel to the junction

also which may introduce changes in the O0OCVD.

Since germanium diodes are observed to have

much less space charge effects (7), (8), (13) than found

in silicon diodes, this will give a good estimate of

the minority carrier lifetime even at low voltage and

large times l.e. it is expected that linear decay

in the region where recombination dominates may be more
apparent*

Results of OCVD experiments done on DR25

(germanium diode) are presented in Fig. 3,25 to Fig.3 27,

4.3 Measurements of Ipnjtial Drop
—_——— —

in the last subsection, we observed in OCVD

figures that there is a sharp initial drop irmedlately
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after the current i1s switched off. m this subsection

we present results of the measurements of initial drop,

in Fig. 3.28 curve "a' represents the sharp initial drop

with respect to the injection current for BY127. if we
f

ado a small resistance and measure the

whole drop, the drop will be that due to the added

resistance and diode. Fig. 3.29 g,,,, for different

added resistance values, the wvariation in sharp drop

with respect to the Injection current for BY127. Fig.3.30

and 3.31 give sharp drop with respect to current for SC4
and DR25 respectively.
The analysis and discussion of these data are

presented in the next subsection.

4.4 Analvsis of Experimental Results

As polinted out earlier, the Initial sharp drop

contains the drop due to series resistance andthe
coupling drop. If we want to extract the value of series

resistance, we should first separate the two drops by

analysis.

We note that the coupling drop 1s independent

of V. (the voltage before the current is switched off)

and therefore the current I; whereas the drop due to



117

series resistance; is equal to I R , where g 1s the

serlies resistance.

Thus 1f “" represents the total initial

(vertical) voltage drop, we write

/N v s5 A.V + IR {3.53)
o) C s

where AV %f the coupling drop.

We see from eq. (3.53) that if Av,, which can
be measured on CRO, is plotted against I, it would be a

straight line with slope R;. and intercept A V, at I = 0.

Our measured wvalues, for BY127 of Clvb as a

function of I are shown in curve ‘a’ of Fig. 3.28. We

see from this figure that our experimental results follow
the linear law given by eqg. (3.53) reascnably well except
at very low values of current. The descrepancy at such
ioj values of current is not surprising partly because

it was difficult to read the drop accurately on CRO for
ouch low currents and, what is perhaps more important is
the space charge effects which become prominent at low

injection levels which are not accounted for in the present

theory.

By measuring the slope of the line (curve *a')
and its intercept on the Y-axis in Fig. 3.28, we obtain

the ftollowing result in accordance with eqg. (3.53);
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JS— 0.24 ohms and Ay =,C0.027 V. These are

Though the value of R
"3

obviously realistic values.
thus found is different from that found by DC analysis

for the same sample. This may be so because R by
3 -

DC method was calculated at much higher currents and

Hfis known to have current dependence (17) - (19).

Secondly in the DC method current flows continuocusly
which may heat the device, we did not make any effects
to control the temperature of the device. It has been

already reported that a change in temperature affects

the value of R  (19).
_b

To obtain a further verification of the above

result we adoed an extra known resistance R L%_series
to the diode and measured the voltage across the combi-

nation. The extra resistance has the effect of increasing

the series resistance of the diode from R to R + R
S s a

We again measured the voltage drop A v, across this

combination and plotted with respect to I. As expected

¥oan

from eq. (3.53) we found a linear dependence of z\ ¥ @

I with no change (within experimental limits) in the

intercept LSVE- This experiment was repeated for

various values of la' Fig. 3.29 gives the plot of

A v with respect to I for wvarious R .
O a
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To verify it further we plotted the slope of

each line in fig. 3.29 with respect to R,. The intercept

at = 0 would give . This is shown in Fig. 3.32.

a
When initial drop V-is observed across a

diode with a resistance padded to it, the following

equation may hold

pxr ARY 3.54)
Av 5 IR+ IR (

For a current I, if we put R* =» -r, 1in g (:..4) we

-~

get AV, « " .« I Fig. 3.33 we give a plot of

2"V, with respect to Ry at I = mA. w_, find that at

fa 7 -Rg on xwaxisk At gives the coupling drop on y-_,..

and its slope is I. The points for this were read from
Fig. 3.29 at I = & mA. We believe all this provides

adequate verification for the existence of the coupling

drop and gives a reliable value of R .p

A more direct study of coupling drop may be
4 by usin a more sophisticated CRO by expanding
one

: This would at least partly resclve
the time scale, v
Such a study should be quite interest-

14

the voltage drop
able to provide an estimate of ""*.,.

ing and may be 4
are experimental limitations to such a
Although there
because of the constraints described earlier.

study,
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i.e. rise and fall times of pulse generator and CRO

should be at least an order of magnitude better than
the times for which wc want to study the phenomena.
Switching diode will also impose limitations on the

study at low times because of its reverse recovery

time of the order of nanoseconds. As described earlier,

this also should be at least an order of magnitude better,

At such high frequencies, capacitances and inductances

introduced due to circuit layout and lead lengths of the

components and their connections may introduce time cons-

tants comparable to T »* Hence there art chances of

misinterpreting a decay pattern obtained for such low

times. Such a study will have to be done with extreme

care.
(1), (4) the p-n

In the theoretical analysis
/—\vc in eq. (3.53)

coupling and therefore the coupling drop

is neglected and the whole of the initial drop is assumed
to be due to the series resistance. On this assumption
series resistance is calculated by dividing Av, by i.

We refer to it as the apparent series resistance R\s s
defined by

AV -
: 2. = K fo. cmmmp <
X (3.55)
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The dependence of og I for our experimental

results of curve <«+* in Fig. 3.28 is shown as curve -b-
in the same figure. As expected from eqg. (35.5) this

shows a nonlinear dependence of R; on I. For low I
’

the second term on the right of eq. (3.54) dominates

which gives the sharp rise in R*
S as I decreases. For

large I, this term makes a small . . _
contribution and R R
S 8

1s approximately independent of I.
PP 7 P It i1s therefore
clear that the usual analysis gives only r I , _
L which is

approximately equal to R only if the
@ measurement was

made at noderately high value of the initial injection
current. If the value of the current is too high,
then the

high injection effects would set in, which
have not peen accounted for in the present theory.

*
Qur observed dependence of on I is quite
-

similar to that reported in literature (14). m the
usual analysis this 1s interpreted as the dependence
of the series resistance on the injection current (14).
whereas a weak dependence of the series resistance on
injection current can be expected on physical grounds,
no really satisfactory explanation of such a strong
dependnce of series resistance on I has been reported in
literature. ® have shown here that the usual method

of determining the series resistance actually yields
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){.
‘s and not R,;. The dependence of r’_on I 1is correctly

explained by present theory which also gives a method

for extracting R, by plotting Y., as a function of I.

As an additional verification of the existence
of the coupling drop we have analysed the experimental
results on series resistance reported in (14) by using

the present theory. In the light of the above discussion,

m

we ldentified these values as andgplotted v . o

as a function of I. We have found a linear dependence of
Zv,on I with a finite intercept for I = o which gi_,,
the magnitude of the coupling drop. This is shown in

Fig. 3.34. Thus we infer that the experimental results
on series resistance as reported in (14) are

with the present theory.

The resulting CCVD curve after separating out the

resistance contribution is shown in Fig. 3.35.

series
be noted that the initial voltage drop, the non-
It may
, dependence on t for low values of t and a linear
linear

dependence on t for large values ofij in qualita-

tive agreement with the present theory. The theoretical

calculated from eq. (3.51) and (3.52) by taking
AN vit)
11 microseconds 1s also shown 1n
a « 1.1 and T, *
.21 Fid. 3.35 we see from this figure that the
curve m OL vy

. »v-tween the theory and experimental results
agreement oew
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of OCVD Is quite satisfactory. We could of course fit

different values of a by taking a suitable T ag

shown in curve ‘B* of same figure for a = 0.1 and

* 8 microseconds. Hence there is no unigue value

of a available from this fitting procedure.

We did similar experiments for a germanium diode

macde by BEL India. Fig. 3.31 gives the initial

DR25
vs. I for DR25 from which we get R « 1.06 ohms
AV, 0.013 V. Fig. 3.36 gives the final 0OCVD
curve af£er subtracting the series resistance contri-
bution. get a = 1.1 and T, = '8 ™r curve 'A’
and a «= 0.1 and T, 11 for curve 'B' of Fig. 3.36.
similar experiments on a silicon solan cell

We also did
SC4 supplied by Plessey (England). Fig. 3.30 shows the

/IV I plot for SC4. In this we could not

O
find a good straight line as was the case with BY127

may be because of the nonuniform

and DR25. This we feel,
non-

S of carriers and taeir/jniform concentration

1njeCtlion oL

at the junction. * Secondly eq. (3.ui) is valid for a

diode having infinite emitter and base widths whereas

. Case of solar tcells the emitter width is much smaller
n
the order of 100-200 & {20). So just to demonstrate

of
3,.3C

have taken an approximate straight line in Fig.

w¢e
«<— R —1.5%5 ohms, and z\V 2 0.024V.Fig. 3.37

which gi&eé -



gives the OCVD curve after subtracting the contribution

due to PEpalculated above, which gives a = 1.1 and

= 30 microseconds for curve *A' and a = 0,1

20 microseconds for curve ' B’. 1n this

' 2

and

case we find that space charge effects set in at comoa-

ratively higher voltages which indicates a low leakage

resistance (1l1l) .of this device compared to BY127 and

DR25. This also confirms gualitatively the results

obtained in chapter 2.

5. Conclusions

To summarise, the maln results of this chapter

are following:

1. OCVD 1in a p-n diode or solar cell is affected

by the p-n coupling.

The experimental data on OCVD can be represented

2.
in most cases by eg. (3.51) which is valid for 7, D‘$>‘
i
5 J2 - 7 "(Le 1f these inequalities are
ana B B T E E

not valid eqg. (3.35) has to beused.

3. The decaying voltag. has a sharp near t = 0

be confused with the imitiadp que 0 <ol es
Ser
will be

which may

resistance. Th. magnitud. of the COUPUssg rop
more for J, > Jy  whichlmpii, shrinkage., the

coupling drop can be separated from th -ne drop due to
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series resistance by measuring the current dependence
of the total initial drop and exploiting the fact that
the coupling drop is independent of the current whereas

the drop due to series resistance is proportional to the
current,

4, The usually reported values of the series

resistance obtained from OCVD actually give an apparent

1
series resistance which has I dependence on I for low

values of I and is approximately constant for moderately

high values of I. It i1s only in the latter region when

the apparent series resistance is approximately equal
to the actual series resistance which is independent of I

{apart from a possible weak dependence on I which was

not resolved 1in our experiment (due to experimental

limitations) and which has not been accounted for in

our theory).

5,The decaying voltage, has a nonlinear dependence

on t for low values of t which, if accurately measured

can vield information about gap shrinkage and possibly

T zor t— = ~ 4 the decaying voltage has a
“BX =

lincar dependence on t with

1 : _
slope Wn provided exp.( p V)

remains much larger than unity.

a summary of rcsults obtained using thc analysis

o e

described in this chapter 1s presented in Table 3.8.
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TABLE 3.1

In W(t) for HC « 2 and different values of a as
calculated from eq.(3*35).

‘-—. -

. 0.10 0.50 1.00 5.00 10.00
0.00 -0.00 -0.00 -0.00 -0.00 -0.00
0.10 -0.12 -0.14 -0.14 -0.14 -0.15
0.20 -0.26 -0.29 -0.30 -0.31 -0.31
0.30 -0.42 -0.46 -0.48 -0.49 -0.49
0.40 -0.58 -0.65 -0.68 -0.70 0. 69
C.50 -0.77 -0.85 -0.89 -0.93 -0.93
0.60 -0.97 -1.08 -1.13 -1.17 -1.18
0.70 -1.19 -1.32 -1.39 -1% 44 -1.44
0.80 -1.42 -1.58 -1.67 -1.72 -1.74
0.90 -1.67 -1.86 -1.96 -2.04 -2.05
1.00 -1.94 -2.16 -2.28 -2.38 -2.38
1.20 -2.53 -2.82 -2.98 -3.10 -3.11
1.40 —3 18 -3.55 -3.74 -3.90 -3.91
1 60 -3.91 -4.36 -4.59 -4.78 -4.79
1.80 -4.72 -5.23 -5.50 -5.72 -5.73
2.00 -5.59 -6.18 -6.48 -6.74 -6.75
2.50 -8.11 -8 * 86 -9.24 -9.56 -9.58
3.00 - 11.09 -11.99 -12.40 -12.81 -12.81

3.50 -+14.55 -15.58 -15.99 -16.51 -16.53
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TABLE 3.2
in W(t) for C « 20 and different values of a as calculated
from eq .(3.35).
™
0.10 0.50 1.00 5.00 10.00
z
0.00 -0.00 -0.00 -0.00 -0.00 -0.00
0.10 -0.13 -0.16 -0.20 -0.32 -0.34
0.20 -0.27 -0.35 -0.43 -0.70 -0.76
0.30 -0.43 -0.55 -0.68 -1.11 -1.20
0.40 -0.60 -0.77 -0.94 -1.53 -1.65
0.50 -0.79 -1.SO -1.22 -1.94 -2.10
0.60 1.00 -1.25 -1.51 -2.34 -2.51
0.70 1.22 -1.52 -1.82 -2.73 -2.92
0.80 1.45 -1.80 -2.14 -3.12 -3.33
0.90 1.71 -2+ 10 -2.47 -3.53 -3.73
1.00 1.98 -2.41 -2.82 -3.93 -4.14
1.20 2.57 -3.08 -3.55 -4.76 -4.93
1.40 3.23 -3.83 -4.35 -5.63 -5.85
1.60 3.96 -4.64 -5.21 -6.55 -6.77
1 80 4.76 -5.52 -6.13 -7.51 -7.74
2.00 5.64 -6.47 -7.12 -8.54 -8.77
250 8.15 -9.15 -9.88 -11.37 -11.60
3.00 11.13 -12.28 -13.04 -14.62 -14.85
3.50 14.60 -15.87 -16.63 -18.33 -18.56




TABLE 3.3

In W(t) for « 350 and different wvalues of a as calculated
from eq.(3.35)

d

0.10 0.50 1.00 5.00 10.00
Z
0.00 0.00 0.00 0.00 0.00 0.00
0.10 -0.13 -0.17 -0.22 -0.42 -0.50
0.20 -0.27 -0.36 -0.45 -0.90 -1.07
0.30 -0.43 -0.56 -0.71 -1.36 -1.60
0.40 -0.61 -0.78 -0.98 -1.80 -2.08
0.50 -0.80 -1.02 -1.25 -2.21 -2.53
0.60 -1.00 -1.27 -1.55 -2.61 -2.95
0.70 -1.22 -1.53 -1.85 -3.00 -3.36
0.80 -1.46 -1.81 -2.17 -3.40 -3.76
0.90 -1.71 -2.11 -2.50 -3.80 -4.17
1.00 -1.98 -2.42 -2.85 -4.21 -4.58
1.20 -2.57 -3.10 -3.59 -5.04 -5.42
1.40 -3.23 *3 84 -4.38 -5.90 -6.29
1.60 -3.96 -4.65 -5.24 -6.82 -7.21
1.80 *e4* 76 -5.53 -6.17 -7.79 -8.18
2.00 -5.64 -6.48 -7.15 -8.81 -9.20
2.50 -2 15 -9.16 -9.91 -11.64 -12.04
3.00 -11.14 -12.29 —13.08 -14.89 -15.29

3.50 -14.60 -15.88 -16.66 -18.60 -19.00




In W() for =»100 and different valucs of a as calculated
from eq.(3.35)
= - .
Ued Te50 J 0O 500 10,00
UeU G.00 Qa3 a 072 0.0Q0 0.00
0410 0,13 =067 -Ve22 -0ed3 -Ja64
e 20 -{)e 28 -0, 36 -4 d6 =1.01 ~1.29
Ce30 ~0,43 =057 -0.72 =148 ~l.024
14 40 N.E1 .79 0499 ~1.91 -2432
5650 -, e80 ~1l.02 -1.2¢ =2,32 -2.77
CeB0 -1.00 -1.,27 -1.56 -2.73 ~3.19
OafO -1.22 =-1,04 ~1,86 -3,12 ~3.60
De80 ~1,46 ~1,82 «2.18 ~3.51 -2,00
0490 -1.71 «2411 ~2451 -3,02 -4,41
1.00 -2.00 -2.43 -2.96 -4,32 -£.32
1.20 -2.57 «3.10 «3460 =5.15 =5,G5
1.490 =3.23 =3.84 -4 440 -6 42 -Ge33
1.60 -3.96 el 65 =5.25 -Ge23 ~7445
1.80 =4,76 =553 =613 =7 20 «8,42
2.00 5,464 =64 43 -7.10 ~5493 -9.44
2.50 el -3,17 =0,02 -11.76 -12.28
3,00 -11,12 =12430 =13.09 -15,01 =15,53
3,50 14,60 =15,89 =16,07 =18,71 «19,24




TABLE 3*5

In W(t) for T = 1000 and different values of a as
calculated from eq.(3.35)

133

a
CelC CeS0 1.G0 5600 10,00
2

e 00 0. 00 0,00 0. 00 .00 D00
el =613 -Ualo -Ce23 -,R0 =004
1629 (g 20 -(e37 ~0a.47 =1,13 =1.63
e 30 =43 -0e57 ~Ce73 -1,60 =2416
19 40 ~De61 ~0s79 ~0.99 ~24C3 -2.66
e B0 - (e 30 ~1,02 «1.27 =2.45 =3.10
760 -1.00 «1,27 =1.5C =-2485 =253
1470 -1.22 -1.54 =1,37 -3.24 -3.94
Je80 -1,46 -1.82 =2.19 ~3,63 -4,34
490 -1,71 2412 “~2e52 -4,04 «4.,75
1,00 =149 =2,43 =287 ~hed4 =5.16
1,20 =257 ~3.10 ~3.61 ~2427 -3 499
1.40 -3.23 «3665 =1,40 w(igld - 537
1.60 «3496 ~4,66 =626 =7+ 06 =778
180 =4.76 =5,54 ~5,419 =3,02 *3,75
2+ 00 =5e04 b o 49 =T7+17 «0,05 -0,73
2 .50 ~3416 ~0617 =93 -11.85 =12.61
300 ~11.14 =}2630 =13,09 -15613 =15,87
350 ~14,60 =16,09 ~16.68 18,84 ~29e57
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TABLE 3.6

In W(z) for diffcrent valucs of a as calculated
from eq.(3.51)

e - r—
-———ee - -

a

0.01 0.10 0.30 L.50 0.80
0.00 -0.00 -0.00 -0.00 -0.00 -0.00
0.10 -0.12 -0.13 -0.15 -0.18 -0.21
0.20 -0.25 ++Qc 27 -0.32 -0.37 -0.43
0.30 -0.40 -0.43 -0.50 -0.57 -0.67
0.40 -0.56 -0.61 -0.70 -0.79 -0.92
0.50 ol 4 -0.80 -0.91 -1.02 -1.18
0.60 -0.93 -1.00 -1.14 -1.27 -1.45
0.70 -1.14 -1.22 -1.39 -1.54 -1.74
0.80 -1.36 -1.46 -1.65 -1.82 -2.05
0.90 -1.61 -1.71 -1.92 -2.12 -2.37
1.00 -1.86 -1.98 —2.22 -2.43 -2.71
1.20 -2.43 -2.57 -2.85 —3-10 342
1.40 -3.06 -3« 23 -3.56 -3.85 -4.20
1.60 -3.77 -3.96 -4.34 -4.66 -5.05
1.80 -4.54 -4.76 -5.19 -5.54 -5.96
2.00 -5.39 -5.64 -6.11 -6.49 -6.93
2.50 -7.84 -8.16 -8.13 -9.17 -9.67
3.00 -10.76 -11.14 -11.81 -12.31 -12.84
3.50 -14.16 -14.60 -15.36 -15.90 -16.44

B T — ——— . <
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TABLE 3.6 contd.

el

L 1.00 3.00 5.00 8.00 10.00
Z
0.00 -0.00 -0.00 -0.00 -0.00 -0.00
0.10 -0.23 -0.43 -0.62 -0.85 -0.99
0.20 -0.47 -0.84 -1.14 -1.49 -1.68
0.30 -0.73 -1.24 -1.61 -2.02 -2.23
0.40 -1.00 -1.62 -2.05 2.49 2.71
0.50 -1.27 -2.00 -2.46 2.92 -3.16
0.60 -1.57 -2.37 <2+ 86 -3.35 -3.58
0.70 -1.87 -2.75 -3.26 -3.75 -3.99
0.80 2.19 -3.13 -3.65 -4.16 -4.39
0.90 -2.52 -3.51 «4% 05 -4.56 -4.80
1.00 -2.87 -3.90 -4.46 -4.97 -5.21
1.20 -3.60 -4.71 -5.29 -5.80 -6.05
1 40 _4.40 -5.58 -6.15 -6.68 -6.92
160 -5.26 -6.48 -7.07 -7.59 -7.84
1.80 -6.19 -7.45 -8.04 -8.56 -8.81
2,00 -7.17 -8 ¢ 47 -9.06 9.59 -9.83
350 -9.93 -11.90 -11.90 -12.42 -12.67
3.00 -13.10 -14.55 -15.15 -15.68 -15.93

3.50 -16.69 -18.25 -18.86 -19.39 -19.63
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TABLE3.7

Specifications of some switching diodes* available commercially

. ———— ————

Switching Manufa- trr ¥ P1V
S.No. Diode cturer (ns) (mA) (Volts)
1. SD 40 BEL 20 100 40
2. IN914 NGEF 2 10 100
3. SHI 51 NGEF 2 10 30
4. CDo61 CDIL 20 15 12
5. CDS 2 CDIL 20 15 12
6. CD63 CDIL 20 10 20
7. CA40 to CDIL 4 10 to 100 25 to 100
CAT79**
e EA40 to E.C. 4 10 to 20 25 to 100
' EA59**
9. BA220 to
BA222 and Philips 4 7510200  10to50
BA316 to
BA318**
10 BAWG2 Philips 4 100 75
1 IN4009 to Philips 2t04 75 to 200 25t0 75
' IN4448 %

S— —

o « Reverse Recovery Time
T - Forward Current (average)

PIV = Peak Inverse Voltage.

LIThis 1s only a representative list. There may be some more
switching diodes in the list of the manufacturers mentioned
Zlrr- There are many other manufacturers also offering

s”Uar devices.

LI/ For details of each diode, please see the manufacturers
data sheet.



TABLE 3.8

summary of results obtained by OCVD method
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NOo Device

Silicon Diode
(BY127)

Germanium
Diode (DR25)

Silicon Solar
Cell (SC4)

Scrics Coupli- Minority
resista- ng Drop carricr
nees R 8 AV, lifetime
(ohms) (Volts) ‘B
(microseco-
nds)
0.24 0.027 1.1 11
0.1 8
1.06 0.013 1.1 16
0.1 11
1.55 0.024 1.1 30
0.1 20
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Fig. 3.1 A representative circuit for OCVD experiment,

S is a switch, R is a current limiting resistor,

D is the diode under test and V is the voltage

sourcc.

Fige 3e2 A typical OCVD of a p-n junction diode. Current

is switched off at t = 0. v 1s the initial

sharp drop.

Fig. 3.3 Approximate profiles of excess carrier concentra-
tions in a forward biased diode with base and
emitter widths much larger than the diff .

length of minority carriers in the respective
regions.

, In W(t) as a functionof zfor T - o - 2 as predicted
Fig. 3.4

by eq.(3.35). The three curves shown are for

. oo s .
different values of *a‘ie. 1,1, 1,

In h (t) as a function of z"'U 50 as prcdictcd-

Fig. 3.5
by ¢q.(3.35). The three curves shown are for

different values of ’a' i.¢. 0.1, L.o, 10.0.

{,) . a function of z for ® 1000 as
1" v as

Fig. 3.6
o dieted by eq.(3.35). The three curves shown

- re *or different values of ’a’ i.¢. 0.1, 1.0, 10.0 R



Fig. 3.7 In w(t) as a function of z ( = B t/ - ) for
- t> 2 as predicted by eq. (3.35) .The  three

curves shown are for different values of ‘a’

t«€?+ Oel; 1.0, 10.0.

2
Fig. 3.8 In WCt) as a function of z ( = t/"y) for T ~=50
as predicted by eq.(3.35). The three curves

shown are for different values of 'a’, 1.e. 0.1,

1.0, 10.0.

Fig. 3.9 In w(t) as a function of z* ( = t/"y) for
T « 1000 as predicted by eq.(3.35). The three
curves shown are for different values of a*

1«e« Q«l# 1%0/ 10.0.

Fig. 3.10 in w(t) as a function of z for three diff,
values of a (i.e. 0.1, .o, 10.0) as predict®

by eq.(3.51).

Fig. 3.11 In W(t) as a function of z° (  +./_, ' I for threey’

different values of a (i,,. 0 1 1 * -+ 1*0 and 10.0)

as predicted by €q.(3.51),

Fig. 3.12 calculated open circuit voltage decay curve in
a p-n diode (fora . 5 and T, . 5, microseconds).
Points indicate experimental results of

Neugroschel et. al. (13).
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xig. 3.13 (a) Circuit to stucIJvOCVD. v, is a pulse

generator, S.D. is a switching diode and R i

the current limiting resistor.

(b) waveshape of the time varying voltage
available at the output of pulse generator.
On right side is shown the voltage observed

across the diode terminals.

Fig. 3.14 Open circuit voltage decay of a silicon diode
(BY 127). Current passing through the device
(before t = 0) is very low (of the order of

microampere).

Fig. 3.15 Open circuit voltage decay of a silicon diode

(BY127). Current passing through the device

(before t « 0) is approximately 20 microamperes

Fig. 3.16 Open circuit voltage decay of a silicon diode
(BY 127). Current passing through the device
(before t=0) is 0.5 mA.

Fig. 3.17 OP®" circuit: voltage decay of a silicon diode

(BY 127). Current passing through the device
(before t»0) 1s 3 mA.

Fig. 3.18 Open circuit voltage decay of a silicon diode
(BY'127). Current passing through the device

(befoi'® t=»0) 1s 9 mA.
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Fig. 3.19 Open circuit voltage decay of a silicon diode

(BY 127). Current passing through thc

device
(before t=0) is 21 mA.

Fig. 3.20 Open circuit voltage decay of a silicon solar

cells (SC4). Current passing through the
device (before t=0) is 0.4 mA.

Fig. 3.21 Open ciicult voltage decay of a silicon solar

cell (SC4). Current passing through the
device (before t«0) is 6.5 mA.

Fig. 3.22 Open circuit voltage decay of a silicon solar

cell (SC4). Current passing through the device
(bcfore ts»O) 1s 17 mA,

Fig. 3.23 Open circuit voltage decay fa silicon i

cell (SC4). Current pacing .\ the devy
3 woadaev co

(before t»() is 54 mA.

Fig. 3.24 Geome#t«r?.1 details of the silicon solar cell

(SC4) used m present investigation.

Fig. 3.25 Open circuit voltage decay of a geraanium diode

(DR25). Current passing through the device
(before t=0) is 3 mA.
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Fig.  3.26 Open circuit voltage decay of a germanium diode
(DR25). Current passing through the device
(before t«0) is 23 mA.

Fie 3.27 Open circuit voltage decay of a germanium diode

(DR25) Current passing through the device

(before t=0) is 58 mA.

J.28 Initial voltage drop (curve ’a') and apparcnt
series resistance (curve 'b*) of BY 127 (silicon
diodce) as a function of injcction current.
Dotted portion of curve *a» indicates lincar

cxtrapolation to zcro current.

29 Initial voltage drop of silicon diodc (BY 127)

Fig. Je

with a small resistance added to it. .Valucs
of added resistors are 1.54, 3.27, 4.64 and

5.49 ohms respectively for curves a, b, ¢ and d.

Initial voltage drop of silicon solar cell
Fig. o
g (SC4) with respect fo injection current.

initial voltage drop of germanium diode (DR25)

Fig.? 31 . .
‘ with respect to Injection current.

W% Ge 3 e
32 Slope of the curves shown in - 903229 u

Fig.? resistance

function of the added (B

added resistance. e \{ith B ° represeptg

o 3Xis

is 0,23 ohm,



Plg. 3.33 .. .
I Initial voltage drop (;, .4,
iviara
54 Action of _,ed reel- ' Curent 8 mA)
resistance (R ) AL
2 - -0.24, initial voltage drop i, * (. .,
el
—3.3. —-tage drop , a funti o, curren
L=

for the results reported in

Pig. 3.35 calculated open circuit voltige

decay Curvesg,
Parameters for curve *A» _ a-1,

- -

* and
T =11 microseconds and those for
curve *5 ®
are a = 0.1 and = & micrésgconds,

Ly , Joints
indicatc experimental results of

W (slliy n
diode) after subtracting scrics resists

O ce
contribution.
fig. 3.36 Calculated open circuit voltage decay .,
fora l,1and -
"8’ 1 "—scconds (curve , .,

and a e o,] and

T, = 11 microscconds (curv. .5,

Points indicate experimental re™ni*.

results of DR25

(germanium diode) after subtracting seri

S ..
G
o sista-
nee contribution.
Fig. 3.37 Calculated open circuit voltage decay
-~ curves
~ * -

fO} a « 1 1 and (. B * 30 "”('T()_S‘(EC()}?.Q’,S' e
, {curve *a*)

and a « Ol ﬂnd e o 20T g
B oseconds (curve  tpr)
Points indicate experimental results of
®11licon
golar cell (SC’4) after subtracting

Sery

contribution.
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CHAPTERIV

REVERSE RECOVERY

1. Introduction

It was found in the late 1940's that when point
contact germanium dicdes were used in circuits through
which short (several tenths of a microsecond) electrical
pulses were being passed, the effective reverse resistance
of these diodes decreased considerably below the static
value. Further studies (1) showed that when a diode was

switched rapidly from the forward to the reverse direction,

an anomalcusly large current, which often actually destroyed

the diode, flowed briefly.

In view of the importance of this phenomenon in

time of pulse circuits.
the efforts to reduce the response

Investigations of the phenomenon were carried out and
many
these provided the basis of a theory of transient processes

in semiconductor diodes.

Since the phenomena of accumulation and dispersal

of non-equilibrium carriers govern this process, such a

study may be effectively used to relate the physical
and geometrical properties of the device with the various

involved in the above mentioned phenomenon.

parameters
theoretical Investigations (1) - (9) have

Experimental and
shown that the large current surge obtained as mention above.
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is a consequence of the finite decay time of minority

carriers which were stored in the base while the forward
current was flowing.

The investigations into this phenomenon later

led to many applications (2) {6) and improvement of

device designs. It has alsc stimulated the development

of new devices such as charge storage diodes and some

special types of varactor for frequency multiplication.

in chapter 3 we discussed the use of ocvD to

determine the minority carriers lifetime. Study °F

reverse recovery as we shall see later, can also we

used to determine minority carrier lifetime.

. reverse transients, a p-n junction

To study tne
forward biased and a current Ip is allowed to

rst
18 23 AS Jhown in Fig. 4.1(a), at t = 0,
flow through it*
~ s is suddenly thrown to the right and
the switc . X fi__. (io) for a time
i reverse current I, .

Inltia jled the CONstant current phase. Fig.4(b)

. . a
'I'hislsL
c] . J..ant currents phase (also called the

shows the con

21 nhase. Fig* 4.1(c) shows the

- haseAdeoay P
storage P function of time and Fig. 4.1 (d)

, « volrmgeas
junction Jrrief distribution for wvarious

gives ¥ th® mioony €3
Jd«tervals-

time 1"
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F 3 7

b . o
ase contribution yag taken ine | oY the
€0

2ccount
r , a
elatisn be tween the storage né the

Eim tso mi
{in the base) lifetime T and r "Oorlty cargap
as follows, & F and In ««* Giv_,
{ €
Erf g L = ]
\ '3 S —
1/75 - {(4.1)
XF

in the chapter 3 of this thesis, it .,
bi’:en
shown that p-n coupling affects the decay f
minority
carriers. Although the current contribution f

the
emitter side is normally negligi,;., put 1n

some cases,
for the reasons described in chapter 3, the
P=n coupling
becomes important, which may substantiall-
y affect the
decay of carriers and hence the determinati
-on of minority
carrier lifetime may not be accurate if .
contribution due
to p-n coupling is not taken into account.
-7 In the
work reported by Smet and Overstraeten (in
' the current
contribution of both sides is considered h»+-
“ut pP-n coupling
is not taken into account.

in this chapter we report our theoretics]

and

experimental investigations of the Averse Recovery
Transients. X» the next seAtion we present theory f

. constant current phase of reverse recovery transient
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when p-n coupling is taken into account and its

qualitative analysis, it is also shown that when

contribution of the diffuse region is neglected, our

results reduce to Kingston's formulation (8). in

3 we report our measurement set up and analysis

sec.

of the experimental results. Finally a summary of

our findings is presented in sec.4.

2. Theory and Analygis

2,1 Theory of Constant Cyurrans Phata-—e——w—e

— —
— on————

consider a diode, in forward biased

e

ascribed in chapter 3. Egns. (3.6) to

condition, as oescrx
(3.19) to (3.29) describe the carrier

(3.17) and Eqns.
boundary conditions etc. which are applicable

E)r:)fileso

to the present ease also.

the OCVD case (chapter 3) the external supply

Iin
; - 0 and as described earlier

1 "

rer switched Off at

s boundary condition (3.16) which essen-

¢*his led to th
Soss” . total current through the junction
that tne©

tially me?"®

is zero*
constant current

. in the reverse recovery
Since e
Unction i_

phase, the total current through the
0.) - 01, ke

constant and is in reverse direction

can write
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- D =2 =g (4.2)

x»0 - X=0

where J %3 the reverse current flux. We shall use

this boundary condition Instead of the boundary  condition

(3.18). Rest of the conditions remain same .,

The Laplace Transform of ea.(4.2) can be written

as

n (xl s ) = -
, -D - \ S (4.3)

x=0

\

S| '
oOYyW<—-1 | 2 e (VIX- ' AN N (
-

{(3.25) and (3.28) respectively
by equations

Following this we can write

—
T —

- B - = 1= \/ T
Jx.. £ (o) ‘,Jn(l .\'1 148 G J + Jp ( \l+s p)’

1 - =
8 ' — : - (4.4)
— e J 1+s
£(s) \Jn\1+8(“+ P\ p (
L
have the same meaning as in
a1 the symbols hav
where al¥*
chapter 3 ' 4
written as
c'i be
e (4'4) anr
[ 148 T = %p Jl+8“p }
-7, Yn \ £ =
N R 2 1 s I
f(S) = JZ (1+3.(n) - C% (1 + 827 ¥
S n
g, tip 1 ]
- == = (4,5)

n -~ e )
/ 13" N S
1 g (1% in MR Ry , ‘
nl

- f(O) ( Bl
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- 3 2
2 “- J )
Ji- Jp+s (7 B - P

-

2o l 1
-2 A - J ‘z_ .- —— (4.6)
‘Jn n 3 ] ' O)] 8 j

Jf, B Jj + 80, Tn

of Pboth sides

taking Inverse Laplace transform
we get
e R | t
t |
I J  erf| —— -9y erf\, Tn
£(t) o 2_q
Yn TP

+£f (o)
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- (
- (—1- -5} “ ers (....1.. ~Bjt |- 2rn \ 2n
| P \ [ P /'/ Jn - J
p—— = \ = "#__ -5
n 'n Ln Cn / )
(4.7)
sing the relation
f ('k> w1l % erfﬂ(Z) (48)
er
(4.9)
and s(z) - / erf u
Bq. (‘.7) can be urltten aE
\
In b e? ”fS(z) - a s(az) [
£(8) =7 | pea
Jo | ( -~
)
2. f = 3
a e-Y | n(y’ - D (bY)
2" |
z /
+ £(0) =
b-2
2 2 (4.10)
b~-a
whekte 5 (4.11)
= J t n
Jo P
the same meanings as in chapter 3
and b b

and z* Yo



"ge (4,10) can also be written in the form

£(t) = =B () = 1

J

| + £{0o) w({t)
JO -

~here n(t) is defined by relation (3.35),

The constant current phase is retained till

the voltage across the junction becomes zero (10).

Lett besthe time till the current in reverse direction

remains constant then at t =t

V(t) = OMCt) « 0

eq.(4.13) in combination with eq.(4.12) would yield

the result

where J, =1..§%o)

which can also be written as

Where I
the reverse

through the

18

W(st)« V‘!p

1% \IE

() = —EE
> 1+ I/ 1

the forward current before t « 0 and IK

current during constant current phase.

junction.

188

(4.12)

(4.13)

(4.14)

(4.15)

15



It can be shown (12) that when

neglecting the contribution of diffuse

———

Mt) » | - =T t

A —

"B

using eqs. (4.15) and (4.16) we can write

erf 8 >

which is the same as reported in (8) and (9).

We shall be using eq.(4.15) for further theoretical

analysis and fitting with experimental data.

2.2 Qualitative Analgsis

Tables 4.1 to 4.5 present the value»/W(t) for
different values of a and T. Fig- 4.2 shows the
functional dependence of W(t) on z, for three different

values ' a (le€e «* > »-r-v1-11p.
Fig. 4.3 and 4.4 show w(t) for X - SO and 1000 respect-

ively*

i €an be seen from the plots that with the

increase In a# in a for the same value of \'. W(t) goes

wpich essentially means that the effect of coupling

dOWn 1 . the value of the ratio IR/ Ix-‘"

is to decrease the

189

Inhe (ive.
region})
(4.16)
(4.17)
Which means



if a X O for the device, eq. (4.17) would yield a
lifetime lower than the actual value. As the value of
[ increases, this effect becomes very significant and
at higher values of a and I, the determination of
minority carrier lifetime by eq.(4.17) would yield a
substantially low lifetime. ITence to determine the

minority carrier lifetime. it would be better to do

. ™ 7 H *
the experiment for various  t.and W Plot the ratio

I/ | . -
' with respect to 171, and (v to obtain the

-

I
|+ R

.ll.'
values of a. X and Tg by fitting a suitable theoretical

curvo (Tsblc 4el to 4«5 can ba used fox en approximate

estimate of these values).

From a practical point of view, for the reasons

described in last chapter, W(t) can be simplified to

2 —
I 7 "S8(z) -a s(azQ (4.18)

wiy = —— ¢

L 0s equation (3e51)»
which 1s same

he advantage with eq.(4.18), as  described earlier.

that the sl u1‘~ the curve now depends only on one
TE- at the shape
- a Phi simplifies the fitting procedure to
. g
Paxanv-té £ — 5 shows w(t) as a function of z
a great e* " extent,
various values of e

for



If we put a « 0 in eq.(4.18) we again arrive
at eq. (4.17), which is a case of no p-n coupling, if
a / 0 for the device, and still if we neglect the second
term in the right hand side bracket ot eq. (4.18) we are
taking a higher value of W(t) than its actual value,

which means it will lead to the determination of a lower

lifetime,

Table 4.6 gives a summary of the functional

dependence of w(t) on a and s as predicted by eq.

This can be used for fitting with the experimental

values plotted in a manner described earlier.

It can be seen that @ unique value of a

be achieved because to fit eq.(4.18) with experimental

data, a pair of values of a and T'g has to be chosen.

which may not be unique.

N
To start with, an approximate value on can -

be determined by eq,(4.17) which 1q <-w the reAtion £

. To fit eq. (4.18) with experimental

uncoupled casg, ya pioher than the vai,,_determine

data, CB hay v
>~ . .
Now for a ug higher than thia, one can
by eq.
yeq (4.17). the experimental data and
obtain a  good fit between .
will g the valueofa .
eq.(*el8’  which
cases as described in last chapter,
those

in
may not be reliable, the whole of the

where eq.(4.18)

191

(4.18).
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eq. (3.35) may have to be us@dforfor a good fit. The

analysis of this equation similar to the one  presented

in last chapter is applicable here.

3. Experimental stud¥
3.1 Expepimental Arrangements

The circuit shown in Fig. 4.6 |1, :
- as been use

for the experimental studies ;----------m-mmmeeeeee- _
presented m this chapter.

An  Aplab  Model 7211 DC Regulated Power
—m Supply was uy

as . : )
a dc. source. The 600 ohms termination (rise  time

0.1 microseconds) of a Hewlett Packard Model 21 n

square wave generator was used to supply _
¥ 0<9atiy;, pulges,

A Tektronix 'Type 556 Oscilloscope with Type j,, |, al
a

Trace Plug In (rise time 7 nanoseconds) was used t 5

study the waveform.
£, the reasons described in the last chapter,
risetime 4nd r. df Mane of the pulses should be at least
an order of magnitude  onde less than the time for which the

A uj-avefo"" 7510 be studied. I1ence with this set up, it
ible to do -

W t-hls experimental study only beyond
sgond , .
was P°R» storage time. To set the forward current
) da Ce
1 micros- voltage of the power supply was

throng "ode

adjusted*
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To do the experiment, first forward current

was adjusted and then the pulse height (within the
limits defined in (8) and other references) was varied
to get a required I/Ip. % was read by noting the

point when the voltage across the diode goes to zero.

in the next subsection we present the results of

this experimental and their analysis on three samples.

2esults_and analysis

3.2
Ip/Ip

Flg- 4.7 shows the ratio A

plotted

1§ e

ZF
different forward currents for

Y

against”™ *>r three
Curve ‘a’ is for ® mA ™4  curve

BYI127 (silicon diode).
Ao shows that

.. are for U"* ad 22 This

- bl" Ql‘ih < ' o o ' L
. 1 variation of lifetime with the forward
there 10 * small varl
current.
4 0 curve 'b' of Fig. 4.7 is shown and
in Fig- 40
the values

procedure described earlier.

n
by the fittl & . by fitting with eq.(4.1Q) are

of parameters O _ _ )
85 microseconds. As discussed earlier,
T

¢ d y .
g @ lland ’ fit the same results for other sets

was possiblc to - .
It P Two of them are a « 0.1, La= 33 micro =

. ~d t,valu- )
of * a0~ "B ‘T« 29 microseconds.

oo B
an u -4 -
scconds I/ Ip
R )
with respect to
4 ‘,2 shows the IR p

‘r
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t &for DR25 (Germanium Diode) at IS mA forward

current. A similar  analysis  gives  three sets of  values,

a* 1.1, 7\=d45 microseconds; a» 0.1, Z = [ & micro- .

seconds; and a » 0.01, Ty = 16 microseconds.

Fig. 4.10 shows a similar curve for SC4 (silicon

solar cell). The sets of values obtained by analysis

i1 -7 s* 160 microseconds; a= 0.1, T =60
area * LA, tg B

microseconds; and a = 0.01, Z, - 52 microseconds.

Table 4.7 presents a comparative study of the

. - VD Rev R Metl
results obtained oy bv OC and Reverse Recovery Methods,
...n that, for all the three samples Reverse

It can D& s

llethod has yielded a higher lifetime than
Recovery

As the value of a increases, the
the OCVD method.
of lifetime for the best fit increases

matching ~ value '

) of reverse recovery than in case

- 1, case
much mOLre , ,
~ might mean that Reverse Recovery is

ofOCVD.  bis

[tiv. to P-n COUP!I"? than 0CVD.
more sens-

. Feasons for difference in the

The po«s!bler

i D€ the follow”*
T

results
effects have been neglected in
. gpace charge
m case of OCVD, if the initial
both the theories. o
h ai,de) is high enough (13), space
-he
(across ©
voltade neglected for the OCVD curve at
charge efieote can :
8 ., case of Reverse Recovery, it
Whereas

low ti"'s-
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necessarily involves an excursion over the entire range
of forward voltages, including the range for which the

space charge region will dominate in producing the

response (14).
2. In both the theories the junction is assumed

to be abrupt and of zero width. In practical cases, it

ver be so, and hence the theories may give different

may ne

results. It has been reported (9) that a non-abrupt

Junction would Introduce some changes in results.

nrvo. there is no external electric
3 In case or e .
but in case of reverse recovery,

field after t 0

_ lectric field after t = 0, which may
there 1s a large e
carriers and hence the results

affect the movement of

obtained may differ.

the fitting has been done

mease of OCVD
10 microseconds) whereas

. fimes (normally >

at larg
& * -en
recovery has oe

reverse re _
!5 microseconds)e

studied for small times

{( ~«1to

only (
oaeumes infinite length in both sides

.-

_ rnhe theory 8
S5« ] . Of solar cells, diffuse

‘U

whereas m
Jfjunctio / n . of INfinite length, This
«nt be taxen

¥ o
"“iintroduce deviations.
may as0

it was found that in case of
. from these,
AP? * would give a better fit at

Higher value of
OCVD/*?



small values of time whereas a lower value of a would
give a better fit at large values of time* It was not
possible to make such a study in case of reverse

recovery because of experimental limitations.

4. Conclusions
The study presented in this chapter may be
summarised in these points:

1. in general p-n coupling would aftect the reverse
recovery results. As the values ofaand T ( «

increases, the effect increases.

2. Results obtained  for  the samples under

by the two- methods namely OCVD and reverse

are different s summarised in Table 4.7. Reverse
is found to give higher value of minority

recovery :
obtamed by OCVD

S than those
carriers lifetime

. used in this investigation
The fitting procedure s

L)

: . of the fitting parameter
not give a unique value :

is evident from the results hence a unique value

iq diﬁhkcun to Tl

ofIn- B

study,

recovery

196



ces

t.A. Meacham and ... \; .1

the Rapid Withdrawal Vatlons of

Transistors and :
Varistors... pYs.

kev., Vo
No. 2, 1950, + ¥ol. 78
2 nG.  Shulman and ME  McMohan, "
Recovery Currents
in  Germanium  p-,  Junction  Diodes,
¢ JUApP|, Phys.
Vol 24 p.1267, 1953.
3. w. Miller. "Arc Prevention Usingp__, .
Reverse Transieni-, Proc, IRE, |,
voL4r M **3,NO.H,
1957.
4. K.C Hu, "Improving Pulse Ri_, ;.. . .... _‘.h’\”-
Diodes ", Electronics, Vol. 36, No. T, -
S. Yu. A.Tkhorik, -Transients in Pulsed Semiconductor
Diodes, Jerusalems Israel Program for Scientifi
<
Translations, 1968.
6. Y .R. Nosov, Switching in Semiconductor Diodes
’
New Yorki Plenum Press, 1969.
v B. Lax and S.P. Neustadter, “Transient Response of a
p-n Junction", J. Appl. Phys., vol. 25, p.li g, |54
P RH. Kingsion, “Switching time in Junedl Modes
and Junction Transistors". Proc. j,e, vor.: a2
i

p. 829, 1955



198

9.
R.H. Dean and C.J. Nuese, "A refined Step Recovery
Technique for Measuring Minority
. ) Carrier Lifetimes and
Related Parameters in Asymetric
_ p-n Junction Diodes.,
IEEE Trans. Electron Devices
Vol. ED-18, p.151, 1971.
io' N M 0z . ~ . .
>M. Sze, Physics of Semiconductor Devices,
New York John Wiley & Sons, 1969,
11 L. DE Smet

and R. van Overstraeten, “Calculation

of the Switching Time in Junction Diodes
"* Solid state

Electronics, Vol. 18, p.557, 1975

123 J.R. Lederhandler and L.J. Gia coletto, "Measurement

of Minority Catrier Lifetime and Surface Effects |

junction Devices’!, Proc, IRE, vol. 43, p.47y, 45

13. S.C. Jain*‘Theory of Photo Induced Open Circuit

voltage Decay in a Solar cell”. Technical Report,

Soli
d State phyﬂC S Laboratory' Mareh 19804

14. F.4. Lindholm et. al., “A MBthatfoloov « yy tor Experian

tally Based Determination of Gap t-h rinkage ang » £5
Lifetimes in the Emitter and Base. of « "k Gerivx
¢ % P-n Junction ¢

Cells and other p-n Junction Devieoou St Okar
* USE Trans,

Electron Devices, Vol. ED-24, p.4qyu10m



W(t) as a function of a and z for ( = 2 (eq. (3.35))

TABLE 4.1

199

a
X

2» 0.10 0.50 1.00 5.00 10.00
0.00 1.00 1.00 1.00 1.00 1.00
0.05 0.94 0.94. 0.93 0.93 0.93
0.10 0.89 0.87 0.87 0.86 0.86
0.15 0.83 0.81 0.80 0.80 0.80
020 0.77 0.75 0.74 0.73 0.73
025 071 0.69 0.68 0.67 0.67
0.30 0.66 0.63 0.62 0.60 0.61
. 061 0.58 0.56 0.55 0.55
033 0.56 0.52 0.51 0.50 0.50
040 0' 0.47 0.46 0.44 0.44
04 0 f(l 0.43 0.41 0.40 0.40
0-50 o 0.38 0.36 0.35 0.35
0.55 8':2 0.34 0.32 0.31 0.31
0.60 ' 0.30 0.28 0.27 0.27
0.65 034 027 0.25 0.24 0.24
0.70 01 023 0.22 0.21 0.20
0.75 gi: 01 0.19 0.18 0.18
0.80 ' 0.18 0.16 0.15 0.15
0.85 0.21 0.15 0.14 0.13 0.13
0.90 0.1 0.13 0.12 0.11 0.11
0.95 o.r - 0.10 0.09 0.09
1.00 0.1% 0.08 0.07 0.07 0.06
1 10 0.10 0.06 0.05 0.05 0.04
' GeCE
1.20




W(t) as a function of a and z for T = 20 {(eq. (3.35))

TABLE 4.2
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. 0.10 0.50 1.00 5.00 10.00
0.00 1.00 1.00 1.00 1.00 1.00
0.05 0.94 0.92 091 0.86 0.85
016 0.88 0.85 0.82 0.73 0.71
' 0.0 0.78 0.78 0.60 0.58
0.15 06 071 0.65 0.50 0.50
0-20 0'70 0.64 0.58 0.41 0.38
0.25 ocs 0.58 0.51 0.33 0.30
0.30 ot 0.52 0.44 0.27 0.24
0.35 ‘ 0.46 0.39 0.22 0.19
0.40 0.55 0.41 0.34 0.18 0.15
0.45 020 037 0.29 0.14 0.12
0.50 0.45 0.3 025 0.12 0.10
0.55 041 0.29 0.22 0.10 0.08
0.60 037 0.25 0.19 0.09 0.07
0%65 0.33 022 0.16 0.08 0.05
0.70 0.30 0.1 0.14 0.07 0.04
075 0.26 017 0.12 0.05 0.04
0.80 0.23 0.14 0.10 0.04 0.03
0.85 0.21 0.2 0.08 0.04 0.02
0.9 0.i8 o1 0.07 0.03 0.02
bom e em
1.00 ' 0.06 ' ' ‘
10 0.1° 0.05 0.03 0.01 0.01
‘ 0.0

L’//




(et} as a function of a and =z for

TABLL

4'3
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‘= 50 (ea.(3.35))

0,10 0.50 1.00 5,00 10.00
z
0.0C 1.00 1.00 1.00 1.00 1.00
0e05 0,94 0492 0.90 0.82 0.79
0419 2.88 0.64 0.81 0.66 0.61
Uel5 0.82 0.77 0.72 0,52 0.46
0.20 0.76 0.70 0.63 0.41 0.34
.25 5.70 0463 0.56 0,32 0.26
0«30 Ne65 2.57 0.49 0.26 0e20
N,35 0.60 0.51 0.43 0.21 0.16
0. 40 0.55 0.46 0.38 0.17 9.12
0,45 0.50 0.41 0.33 0.13 0.10
0,50 0.45 Q.36 0.29 0.11 0,08
9.55 0.41 N.32 0.25 0.09 0.06
0.60 0.37 0.23 0,21 0.07 0.05
7.65 0,33 025 0.18 0.06 0.D4
3.70 0.30 0.22 0.16 0.05 09.03
.75 0,26 0.19 0.13 0.04 0.03
. 0,23 J.16 0.11 0.03 0,02
Dl
5.85 0.21 J.14 0.10 0.03 0402
90 0.18 0.12 0.08 0.02 0.02
Je : 0.16 0.10 0,07 0.02 0.01
?'90 0.14 0.09 0.06 0.01 0.01
:.0 0.10 006 N.04 J0.01 0.0l
110 0.08 0.05 0.03 0.01 0.00
1.20




W(t) as a function of a and z for (= 100 (eq. (3.35))

TABLE44 _
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a
0.10 0.50 1.00 5.00 10.00
2
0.00 1.00 1.00 1.00 1.00 1.00
0.05 0.94 0.92 0.90 0.79 0.74
0.10 0.88 0.84 0.80 0.61 0.53
0.15 0.82 0.77 0.71 0.47 0.38
0'20 0.76 0.70 0.68 0.37 0.28
0'25 0.70 0.63 0.55 0.29 0.21
' 0.65 0.57 0.49 0.23 0.16
0.30 i 051 0.43 0.18 012
0.35 0.54 0.46 0.37 0.15 0.10
0.40 ' 041 0.33 0.12 0.08
0.45 gzg 036 0.28 0.10 0.06
0.50 : 0.3 0.24 0.08 0.05
0.55 g‘:; 0.28 0.21 0.07 0.04
0.60 ' 0.25 0.18 0.05 0.03
0.65 0.33 022 0.16 0.04 0.03
0.70 0.30 0.1 0.13 0.04 0.02
0.75 026 0.16 0.11 0.03 0.02
0.80 0.23 0.14 0.10 0.02 0.01
0.85 021 012 0.08 0.02 0.01
0.90 0.16 0.10 0.07 0.02 0.01
0.95 0.1° 0.00 0.06 0.01 0.01
1.00 0.1¢ 0.06 0.04 0.01 0.01
1.10 0.10 0.05 0.03 0.01 0.00
0.08
1.20




w(t) as a function of a and ztor » 1000 (eq. (3.35))

TABLE 4.5

2U3

0.10 0.50 .00 5.00 10.00
Z
0.00 1.00 1.00 1.00 1.00 1.00
0.05 0.94 0.92 0.89 0.74 0.61
' 0.88 0.84 0.79 0.55 0.39
3::2 0.82 0.76 0.70 0.42 0.27
020 0.76 0.69 0.62 0.32 0.20
' 0.70 0.63 0.55 0.25 0.15
0.25 0.65 0.57 0.48 0.20 0.11
039 0';0 0.51 0.42 0.16 0.09
033 0'5 4 0.45 0.37 0.13 0.07
0.40 ' 0.40 0.32 0.11 0.06
0.45 g'jg 0.36 0.28 0.09 0.04
0.50 | 0.32 0.24 0.07 0.04
0.55 o 0.98 0.21 0.06 0.03
0.60 037 025 0.18 0.05 0.02
0.65 053 021 0.15 0.04 0.02
0.70 030 0.19 0.13 0.03 0.02
0.75 gii 016 0.11 0.03 0.01
0.80 ' 014 0.10 0.02 0.01
0.85 021 012 0.08 0.02 0.01
0.90 0.18 0.10 0.07 0.01 0.01
0.95 0.1 0.09 0.06 0.01 0.01
.00 0.1* 0.06 0.04 0.01 0.00
c.1°
1,10 n.08 n.04 0.03 0.01 0.00
1.20



W(t) as a function of a and z (eq. (4.18))

TABLE 4.6
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a

0,01 0.10 0e3C G50 J.80
2
0.00 100 1.00 1.00 1.00 1.00
0.05 0.94 0.94 0.98 0.92 0.90
' 0.89 0.88 0.86 0.84 0.81
0-10 0.83 0.82 0.79 0.76 0.73
015 0'77 0.76 0.72 0.69 0.65
0.20 ' 0.70 0.66 0.63 0.58
0.25 072 0.65 0.60 0.56 0.51
0.30 g'zz 0.59 0.54 0.51 0.45
0.35 ' 0.54 0.50 0.45 0.40
0.40 0.57 0.50 0.45 0.40 0.35
0.45 032 0:45 0.40 0.36 0.30
0.50 048 0.41 0.36 0.32 0.27
0.55 043 0.38 0.32 0.28 0.23
0.60 039 0.33 0.28 0.24 0.20
0.65 033 0.29 0.25 0.21 0.17
0.70 032 0.26 0.22 0.19 0.15
0.75 029 0.23 0.19 0.16 0.13
0.80 02> 0.20 0.17 0.14 0.11
0.85 gj(g) 018 0.15 0.12 0.09
0.90 0.16 0.13 0.10 0.08
0.95 0.13 014 0.11 0.09 0.07
1.00 or odi 0.08 0.06 0.05
1.10 o.H 0.08 0.06 0.04 0.03

1.20

(.04

Contd eeaseee



TABLE 4.6 (Contd.)
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1.003.00 5.00 8.00 10.00
zZ
0.00 1.00 1.00 1.00 1.00 1.00
0.05 0.89 0.80 0.72 0.63 0.58
‘ 071 0.52 0.41 0.30 0.26
0.15 ' 0.43 0.32 0.22 0.19
0.20 0.63
0.55 0.35 0.25 0.17 0.14
0.25 0' 12 0.29 0.20 0.13 0.11
0.30 ' 024 0.16 0.10 0.08
0.35 0.42 ' .
' 0.37 0.20 0.13 0.08 0.07
0.40 ' 0.10 0.07 0.05
- 0.16
0.45 ' 0.13 0.08 0.05 0.04
0.50 0.28 0.07 0.04 0.03
0.24 o.n
0.55 ' 0.Cit 0.06 0.03 0.03
0.60 0.21 0.08 0.05 0.03 0.02
0.18 |
0.65 e 0.06 0.04 0.02 0.02
0.70 : 0.05 0.08 0.02 0.01
0.75 0.13 0.04 0.03 0.01 0.01
0.80 (())61; 0.04 0.02 0.01 0.01
0.90 e 0.02 0.0l 0.01 0.01
0.07 0.01 0.00
0.95 6 0.02 0.01 .
. 0.00 .
1.00 0 0.01 0.01
0.04 0.00 0.00 0.00
1.10 0,03 0.01
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TABLE 4.7

A summary of the results obtained by reverse recovery

and OCVD methods.
Minority carrier lifetime In,,secs.
Reverse recovery* OCVD
S.No. Devices % ——
3=0 | a=l.1 Ja=0.1 a=l.1
l. BY 127
(Silicon Diode) 33 85 8 1
18 45 11 16
2. DR 25
(Germanium
Diode)
60 160 20 30
3. SC 4
(Silicon Solar
 Cell)

———



207

Figure Captions

Fig. 4.1 Reverse recovery transient behaviour of a
pP— 1 junction
(a) basic switching circuit
(b)  transient response, t).is the time
mterval for constant current phase
(¢)  junction voltage as a function of time
(d) minority carrier distribution for

various time intervals.

2 w(t) as a function of z for T= 2. The

Fig. 4.
three curves are fora - 0.1. 1.0 and
10.0 (eq.(3*35)).
3 w) @8 @ function of z for I = SO. The
Fig. 4o R
three curves shown are fora-0.1. 1.0
and 10.0 (eq.(3.35)).
. as a function of z for t - 1000, The
B 4 T
Fig. ree CUrves shown are fora=0.1. 1.0
and 10.0 (eq.(3.35)).
, function of z, based Qn eq.(4.18),
As W()asa'!
Fig* s -~ three values of a, i.e. 0.1, 1.0
shown tor .
and 10-°’
o . “<aaram for studying the reverse
, Circuit -
Fig* 4.0 transients of a p-n junction,

recovery tr
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Fig. 4.7 Experimental result of reverse recovery

transients of BY 127 (silicon diode) plotted
as (I'?/'I__‘)/( Lo+ I/ i) versus (tp for three
different forward currents (a) 6 mA (b) 11 mA

{c) 22 mA.

< 1./1.) S
Fig. 4.8 Calculated Il/IF)/(l-O- ;\_/ )85 g

of £fora-o.land. 33 mlcroseconds LB

Points indicate the ejqjerimental results of

silicon diode (BY127) at L. li mAs .

points could also be fitted quite well  with

calculated curves fora « 1,1, £ o5

microseconds and a = 0.01, 7.3 »& micro-

seconds.

calcuated (W, +17 43 aYunciion

Fig* 4"
p fora® 0.01 and 'r B ® micro-
of

. . - cX Py
seconds. Points indicate the P 'me“E‘I
a

16 mhe results of germanium diode (DR 25ke
I, =
gitted quite

Gels

for 8 ®
. 748 -itarcaseondsind

These points could

well with calculated curves

38311/ Lig * 2
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Fig. 4.10 Calculated (/"/17)/U+1j/1 > as a function

t for a = V.1 anc Ciﬂ = 60 microscconds,

of
Points Indicate the experimental results
of silicon solar cell (SC4)yatl=13.5 P mA
These points could also be fitted quite well
with calculated curves for a ® 0.01,
7 _ a 52 microseconds and a « 1.1, [ * 160

,(B

microseconds.
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CHAPTER V.

LPLOTO VOLITAGE DECAY

In last two chapters we have studied two
different methods of measuring lifetime ot minority
carriers in p-n junction diodes. Both methods are

based on injection of carriers using electric pulses
Both of them can be used to study the transient behaviour

solar cells as well*
A solar cell, for appU, ..., PPpiication purposes,

almost always exposed to light. The profit ,

carriers in the base as well as emitter ¢ © emitter region, |,

minority

case

of exposure to light is different from w
by injection of carriers by electrical
Hence whether a solar cell is used in
transient (e.g. switching) applications

optical excitation may be different from that

electrical excitation (1). For this
solar cells under optical excitation
carrier lifetime determination, become. 4
Mahan et. al (2) have reported their
of the study of photo voltage decay of
using a stroboscope. They have used the

(dark) to Interpret the results of p,,

"itone create O _¢,

Mear methods d),

direct current or

"its response to
to an

reason 3 study of
* *or minority
'«® Wortant.

experimental results

solar cells by

[ I
¢ theory f o VD

m * ° voltage decay)
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they find that the voltage decay pattern in
the two cases may be different. However, they have not
studied the spectral dependence and intensity dependence
of photo voltage decay. Jain (1) has given a theory to
interpret the results of such an experiment by taking
solar cell equation while neglecting the diffuse layer
contribution and has suggested that response will be

different for different wavelengths of light.
In this chapter we report our experimental results

Of photo voltage decay of a solar cell at different wave-

lengths and intensities. Our experimental results of

spectral dependence are found to be qualitatively n
agreement with the theory proposed in (1). Tt is also
4at slope of the OCVD and PVD arenotmuch  different
shown
at large values of time.
2.TheQ =X
with abrupt junction

We consider a p.’\n solar  cell
at x=-d and back

at x = 0 fromt (illuminated  surface

surface at (see Figed 24

i-iaht 1s switched off, the continuity

-

\t >0 when . .
o carriers can be written (4) as
_ . for mmority
equation®
dn
%y _ L = dt (5.1)
p———— —



o
-
L=

2
p ;.L = -—4?,- = “ 13
P 3x2 T, = Tt
(5.2)
In eq (5.1) and (5.2) all the r m -
symbols have their |
meaning. The boundary conditions (5, usua
. (4) for the
eq. (5.1) and(5.2) are the following,
f I L n .
L no g{ "-d *sn(-d)
(5.3)
where  sisthe . .
surface recombination velocity.
(ii) no)
e = 7’2“.“" - exp(q\?/}”)_l
pe no (5.4)
where  Vis  the open circuit voltage.
.. in ) s (
(H) o, ("'%5‘;-)(-0;) D "IN > -0
o (5.5)
iseey total current throu h the Junction 1
s 2ero>
(IU) p(/\) — {
(5.6)

(assuming an ohmic contact at the back)

(v) The steady state carrier profile including the

p-n coupling effect is given (4) by

p(x,0) = K exp(-VLp) * (L
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where
ot "t-_bexp (- A d)
‘o fexp(qV/kT) -1j - )
"no (I-ck’17)
All 1l symbols have the same meaning as described n
/ mne
chapter L.
It has not been possible to solve eq.(5.1) and
_ all the above boundary conditions. However,
(5.2) with
the contribution due to diffuse layer,
if we neglect
(1) for the open circuit voltage (photo voltage)

the solution

IS given as

| ¢ S(z) - s(czf

{(5«7)
&V - - P ln B C'l
where
P (5.8)
3 - _:—-
/'Tp
erfe(z) (5.9)
SMqz) ¥
(5410)
O —== ’LI.P
- o (5%11)

and v ‘(ﬁ( Vi) - Vio) )
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The slope of PVD curve at a point z |, given

(1) by
j ¢S(cz) - S(z) J
-T2y *le osCzy T’"@CCZ} S T (5.12)°
which shows that slope at a point z depends on ¢cL , 1,
-L'l

and T . He?)ce, if a graph is plotted between AV and

t for experimental data and a suitable fit is obtained
with eq (5.7) and 7 eq.(3«12y *ould give the valuest ©

of ¢ <- 0Z.L ) and 'tp-

We now examine the large t behaviour ofeq(5 ,, |

We shall use the asymptotic expansion {€q.(3.47)) , 0
expand S(z) for large values of z(z >2), -
when iz and zc >2. eq. (5.12) can be written as
88 1
—T(™)*¥ 1t - 5.13
22" \i= =3 *+ 33|
L. 2z 2z7¢c™ A
Using the expansion
(1+x) s 1-XH (5.14)
write ¢q.(5.13) in the form
we can '



Eq. (5.15) shows that when z >> 1 and zc>> [,
slope of a PVD curve will have a very weak dependence
on c. At sufficiently large values of z slope will be

independent of the wavelength of light falling on it.

3. Experimental Study

All the measurements reported in this chapter

were taken on an SC4 (Plessey) solar cell. 4 i =

General Radio (USA) Type 1531-AB electronic stroboscope
Vie used its medium speed range

to get light flashes,
flashes of 1*2 microseconds duration measured

which gives
peak intensity.
at 4
traveform a Tektronix Type 556 oscillo-

—

To monitor
scope with IA1 Plu, in was used.

r -hows the photo voltage decay patterns
Fig. 5.1%

. h
for composite f ** 4 o
- ' ' ~4.4- lioht. interference filters
1, Obtain monochromatic )
,» d by Toshina (Japan) were used. X of the

light and five monochromatic lights.

- -

SUPP 6 /90, 590, 560. 500 and 410 nm.

filters I3/
. the PVD curves for ditferent

Fig. 5.2 shows t.
h were obtained by changing the distance

. . i
intensities' wh ¢
.. from strobe lamp.

of solar cell tr



Fig. 5.3 shows the same results plotted in the
form of (V(t) - V(0)) with respect to t. This figure

shows that curves of V(0) 0.5, are idertical for first

about 80 microseconds.

Fig. 5.4 shows PVD curves for composite and
various monochromatic lights (shown in Fig. 5.1) in the

form of (V(t) - V(0)) with respect to t.

Fig. 5.5 shows the (v(t) - V(0 )) dependence on t

for composite (VQ - 0.5V) as well as monochromatic lights

of -X = 690, 590, 560, 500 nm.
"naxF

rom Fig. 5.1, it is clear that all the filter

pypy (€xcept the one for ax - A 410 nm) . oSV
It mere Was 10 A dependence, on a (y(t) - V(oj) vs. t
plot, they Should have been identical for first few tens
of  microseconds.  Fig. 55  shows that for  different W
msix’
slope  of the curves is  different. Also  as  wavelength

decreases ($.Cn -.'Js increases), slope of PVD curve Increases,

which qualitatively confirms the theory proposed in (1).

Mabhan et, al. (2) have reported that > F-

in casc of OCVD (dark) is different « OUfrom e O ESETvVed

in PVD for the same sample. To stud {this we | WV served
OCVD (dark) and PVD for SC4 in pi, y* 3.6.Cu™ 3 dotted
in Fig. 5.6 represent OCVD (dark) 1<, “ itiareurr- ‘Wepresent

17 mA and 54 mA respectively, , , ¢ and £ of
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PVD at VQ =m 0.495, 0.5 and 0.6 respectively. Curve 2
and5 are for composite light (only the distance of cell
from lamp is changed) whereas for curve 1 we have used
an Interference filter of __ ® 500 nm, it ¥s apparent
that, though the behaviour at t ~ 0 is different, but later
(after 20 microseconds) slopes become almost same, and
they remain so till the space charge effects set in . The
value.* of minority carrier lifetime calculated from the

linear region by using the approximate formula (1)

T=-T-gr (sas)
(where %A is the slope of the OCVD (dark or PVD curve)
\- * l

for curves | to 5 inFig. 5.6 is tabulated in the Table 5.1.

Thig shows, that even by using a very approximate

formula (5.15) we 9etreSutk FELHAN 209 of cach other.
Another point, which Mahan et. al * (2) have put
forward is that the photo induced volta, ge persists for

than that of OCVD (dark)* We can see

longer durations chat & . least for the curves 1, 2 and 3 the

from Fig, PVD (after an initial difference) are almost
slopes of also Fig* 5.3) till approximatcly 0.4v, where-

SPHKE (rgo cffccts sot in (1) and a faster decay starts (5),

If the initial voltage is higher than <~»0.4 V, the curve
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has almost the same slope upto 0.4 V and then-decays

faster. We have studied this phenomenon upto 0.64 V.

The conclusion we have drawn that higher the initial

more is the time for which they (almost) straight

voltage,
line region persists and it looks lke thatthe voltage

persists for more time.

A study of Fig* 5.6 woule reveal that if two

curves of approximately same V(o) (excluding initial

“h rp drop for OCVD (dark) case) are taken, there is no
appreciable ditference in the persistence of voltage

sho n in curves representing the two methods, till the

start dominating. In fact, for this

space charge effect-

—nd that 1OT @pproximately the same V(o) (as

sample we rina
% 4* is the OCVD (dark) curve which persists

described above) it
Corves 3 & 4). This may mean that decay

slightly longer (cuxve
time when space charge effects are

in this sample at the
slower when the carriers are injected by

{2 iS
) ’ by shinin
<SOmma® 1| method than when they are generated 4 .
ic
1 . o to a b tter
el6Cir A detailed study of this kind may lead Dabls

phenomena taking place in the space

l i' \j). 3 t -

OL the
sorstanding o .
un + d@L g Tedistribution of carrierss

charge region
oy we e*perimentali .
As proposed in (1), y

n
¥ > "I py . ; o (- " [h
asthe  Wavelength of light (falu,,, fhi. cell) 57
o« S .
the waveform starts showing , kink st Ok wr®Reses,
uld not

take N

been shown in Fig. 5.1 though we

B «
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in that region because of limitations of measurements.
The light pulse also has a finite (of the order of micro-
second) decay time which puts limitations on the inter-

pretation of PVD at small times. For these reasons, we
eq.(5.7)
find it difficult to fit / in the region of t 0

where it 1s more sensitive. However we shall use eq.(5.12)
to interpret the results by finding slope of the curves
for various wavelengths in Fig. (5.4) around t 20 micro-

seconds. Table 5.2 summarises these results.

Table 5.2 also shows the value of calculated o
for each curve. The reasons for descrepancy in the

value of L may be the following}

L. Space charge effects have been neglected.

2. Thickness of the base 1s assumed to be infinite

whereas in modern solar cells, it is comparable to the

diffusion length.

3, The contribution due to diffuse layer and also

the p-n coupling have been neglected, it has been already

shown (see chapter 3) that p-n coupling can substantially

affect the decay pattern.

- -h theoretical curve is most sensitive to various
4% g was

_, 0. whereas It/ not possible for us to

parameters at t



take data in this region because of experimental limita-

tions. With more sophisticated equipments one may be

able to examine the theory m more details.

V(O) for the curve for \ - 410 mm i
max -

already too low (0435 V) hence the space charge
will be dominating after a few microseconds, so no

calculations for the PVD for ( A ») 4, 2
max ' J-Ynm  have

been presented here.

4. Conclusion>

/. In our investigations we find that PVD curve
gives almost a straight line, independent of the intensity
or light (upto about 0.64 volts on higher side), till the
space charge effects start dominating (yn the lower side)

1s expected that at higher intensities, saturation
effects will start dominating, but those studies have

not been carried out in this investigation.

2. With decrease in wavelength slope of the PVD

curve increases {at small values of time) as suggested

in (1).

3. For our sample, we dl*ot find much diff_ ¢
in the slope of the straight linc for OCvD (dark) and PvD

curves. Nor did we find much difference in the time for

which voltage pcrsists.

effects

na

£a

g
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Calculated minority carrier lifetime using eq.(5.16) for

SC4 solar cell from the OCVD (dark)y and PVD curves shown

in Fig. 5.6.
. 7
Region used e
S.No. Curve Experiment for calculation (Microseconds)
1 1 PVD (Filter 20 to 40 micro- 18.3
' seconds
7 =500
max
nanometer)
2. 2 PVD (Compo- 40 to 60 micro- 20.2
site light) seconds
3 OCVD (dark) 20 to 80 micro- 20.0
(I1=17 mA) seconds
F
4 4 OCVD (dark) 40 to 30 mitfcro- 20.1
’ (1=54 mA) seconds
5 PVD (Compo- 50 to 100 micro- 19.2

> site light) seconds
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TABLE 5.2 _

A summary of PVD results for different wavelengths

of light.
T — For = "% micrc N
Filter . Vi_v (For =77 pmicro |
= T seconds) approximate

S No /\ max o i g value of L

1 690 nm 0.045 20 micrometer

2 590 nm 0.050 80 micrometer

3 560 nm 0.052 100 micrometer

4 500 nm 0.057 200 micrometer
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Figure Cantions

Fig. 5.1 Photo voltage decay of silicon solar cell (SC4)
at different wavelengths of light. The distance

of lamp from the cell was kept same for all the

sets of readings taken here. Curve 1 is for the

composite light given by the lamp. For other
curves# interference filters were used to get
monochromatic light, curves 2, 3,4, 5 and 6
correspond respectively to the filters of

K = 690, 590, 500, 560 and 410 nm.
max

Fig. 5.2- Photo voltage decay of silicon solar cell (SC4)
at different illumination levels. Illumination
level was changed by changing the distance of
lamp from the cell. Curves 1 to 5 represent

increasing distance of lamp from the cell.

Photo  voltage decay of silicon solar cells (8C4)

1’35 Ge3

at different lumination levels. Curves | to 5

of Fig. 5*2 plottedws % oltage drop as a
function of time. The voltage att ® 0, i.e.

Vio) « 0%64, 06, 05 045 and 044  respectively

for curves 1, 2, 3, 4 and 5.
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m ig. 5.4 Photo voltage decay of silicon solar cell (SC4)
at different wavelengths of light, plotted
as voltage drop as a function of time, curve 1
corresponds to composite light andcurves 2 to 6
correspond respectively to filters of

A max ¢ 690% 590% 560% 500 and 410 nm.

Fig. 5.5 Photo voltage decay of silicon solar cell (SC4)
at different wavelengths of light. Curves 2, 3,
4 and 5 correspond respectively to ?\max _— €90,
590, 560 and 500 nm. Curve | corresponds to
composite light, but the distance of the lamp
was so adjusted that V(o) (i.e. open circuit
voltage at t » 0) is equal to 0.5 Volts. This
has been done to compare it with the PVD
corresponding to various” wavelengths, because
V(o) for /A, « 690,/560 and 500 nm i's
about 0.5 Volts. The curve corresponding to
410 nm gives V(o) 0.435V and it can be seen
from Fig. 5.1 that space charge effects start

dominating within a few microseconds, hence

PVD for/ * 410 nm has not been put here

max

for comparison. Although it is shown in Fig.5.4

along with curves for other wavelengths.
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Fig. 5.6 A comparison of open circuit voltage decay
and photo voltage decay of silicon solar cell
(SC4). Curves 3 and 4 correspond to open circuit
voltage decay with forward currents of 17 mA
and 54 mA respectively. C:lI'VCS 2 and 5 correspond
to photo voltage decay for composite light at
V() = 0.5V and 0.6 respectively. Curve 1
corresponds to photo voltage decay for filtered

light of 7\ _ - 500 nm and V(o) 0.495V. =

NTax
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