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BULK PHOTO-EFFECTS IN INHOMOGENEOUS SEMICONDUCTORS
ABSTRACT

An observable e. m.f. exists in a semiconductor when a non-
equilibrium carrier concentration is present in a region of electrostatic
potential gradient. These two conditions may arise in a variety of ways,
and the e. m. f.'s associated with various combinations of conditions
are listed. One of these e.m.{, 's arises from a photo-generated non-
equilibrium carrier concentration in regions of electrostatic potential
gradient due to an inhomogeneous impurity distribution. The thesis is
chiefly concerned with the extention of the the9ry of this bulk photo

§

e.m.f. and its comparison with experiment.

Previous work on the subject is reviewed and the theory is
developed to cover all conditions of illumination in the region of an
arbitrary impurity density gradient, An expression for the bulk photo
e.m.f. is derived by two approaches, integration of the electrostatic
potential gradient, and integration of the carrier quasi Fermi levels,
over the illuminated region. The latter derivation is shown to be more
general in its application, and is used to obtain an expression for the
photo e.m, f. both in an illuminated p-n junction and in an illumin-
ated bulk inhomogeneity. Using the general result, expressions for the
e.m. f, are written for the extreme cases of weak and strong illumina -
tion in extrinsic and'nearly intrinsic semiconductors. The relation
between bulk photo e.m.f. and photoconductive resistance decrease
is examined.

Measurements were made of the bulk photo e.m.f, as a
function of light intensity, The proportionality of the -effect at low
levels of illumination was verified. Observations of the photo e. m. f.
patterns showed a maximum of e, m. f, at positions of maximum con-
ductivity gradient. Since the bulk photo e.m.f. is a function of
conductivity gradient, light probe measurements give a sensitive tech-
nique for the detection of inhomogeneous impurity distributions. With



weak illumination, the measured ratio of photo e. m.f. to photocon-
ductive resistance decrease was a constant independent of light inten-
sity. These observations verified the theory and suggested a use for this
ratio in quantitative measurements of conductivity gradient. The photo
e.m.f. at strong illumination was shown to be dependent on the impur-
ity distribution outside the region of incident light. The conditions
under which the ratio of photo e. m.f, to photoconductive resistance
decrease is constant at strong illumination are shown to be in agreement
with the theoretical treatment. Measurements of bulk photo e. m.f. as
a function of temperature show a qualitative agreement with theory at
low temperatures (extrinsic range). At high temperatures (intrinsic
range) the results show a close agreement with the theoretically pre-
dicted behaviour.
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ABSTRACT

An observable e.m.f. exists in a semiconductor
when a non-equilibrium carrier concentration ig present in
& region of electrostatic potential gradient. These two
conditions may arise in a variety of ways, and the e.m.f.'s
associated with various combinations of conditions are
listed. One of these e.m.f.'s arises from a photo-generated
non-equilibrium carrier concentration in regioas of electro-
static potential gradient due to an inhomogemneous impurity
distribution. The thesis is chiefly concerned with the
extension of the theory of this bulk photo e.m.f. and its
comparison with experiment.

Previous work on £he subject is reviewed and the
theory is déveloped to cover'a}l conditions of illumination -
in the region of an arbitrary impurity density gradient.

An expression for the bulk photo e.m.f. is derived by two
approaches, integration of the electrostatic potential
gradient, and integration of the carrier quasi Fermi levels,
over the illuminated region. The latter derivation is shown
to be more general in its application,.and is used to obtain
an expression for the photo e.m.f. both in an illuminated
p-n junction aand in an illuminated bulk inhomogeneity. ‘Using
the general result, expressions for the e.m.f. are written
for the extreme cases of weak and strong illumination in
extrinsic‘and nearly intrinsic semiconductors. The relation
between bulk photo e.m.f. and photoconductive resistance

decrease is examined.
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. Measurements were,made of the bulk photo e.m.f.
as a function of light intensity. The proportionality
of the effect at low levels of illumination was verified.
Observations of the photo e.m.f. patterns showed a
maximum of e.m.f. at positions of maximum éonductivity
gradient. Since the bulk photo e.m.f. is a function of
conductivity gfadient, light probe measurements give a
sensitive technique for the detection of inhomogeneous
impurity distributions. With weak illumination, the measured
ratio of photo e.m.f. to photoconductive resistance decrease
was a constant independent of light intensity. These
observations verified the theory and suggested a use for
this ratiq in quantitative measurements of conductivity
gradient. The photo e.m.f. at strong illumination was
shown to be dependent on the impurity distribution outside
the region of incident light. The conditions under which the
ratio of photo e.m.f. to photoconductive resistance decrease
is constant at strong illumination are shown to be in
agreement with the theoretical treatment. Measurements of
bulk photo e.m.f. as a function of temperature show a
qualitative agreement with theory at low temperatures
(extrinsic range). At hiéh temperatures (intfinsic range)
the results show a close agreement with the theoretically

predicted behaviour.
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CHAPTER 1-INTRODUCTION

1.1 Intrinsic and Extrinsic Semiconductors

An electron moving in a.crystal is subject to a
periodic‘potential arising from the atoms of the lattice.
Quantum mechanics shows that an electron moving in such
a periodic potential has certain ranges or(bands of
allowed energy states. If a band is incompletely filled
the crystal will ‘have a metallic character; on the othef
hand, if a certain number of bands are completely full the
electrons are not available for conduction, and the material
will be an insulator at absolute zero. At temperatures
other than zero, some electrons in the filled band (valence
band) will be excited into the next‘highest empty band
(conductiod'band). If the forbidden energy gap is several
electron volts. wide, the material will remain an insulator
for all practical purposes. For a forbidden gap of thé
order of one electron volt or less, however, a considerable
number of thermally excited electrons appear in the conduc-
tion band at room temperatﬁre and the material 1s classified
as a semiconductor. When an electron becomes available for
cpnduction by excitation across the forbidden gap, a vacancy.
occurs in the valence band. This vacancy or hole can also
contribute to conduction, and behaves like a particle with
positive mass and Charge. |

An intrinsic semiconductor has aﬁ equal number of

electrons and holes, i.e.,, the carriers have all been
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produced by excitation of electrons from the valence to

the conduction band, and the electrical conductivity is

" an intrinsic characteristic of the substance. However,

most semiconductors owe their conductivity to impurities,

and these may be classified electrically as donors or

. acceptors. A donor impurity donates an electron to the
conduction band while an acceptor traps an electron from the
valence band, freeing a hole. In either case, an ionized
impurity is left behind., When impurities of both types are
present, the donors (ND) give up electrons to the acceptors
(Nap) producing an effective impurity concentration (Np - NA).
1f the density (n) of electrons or (p) of holes originating
from impurities is'large compared with the intrinsic concen-
tration (nj), one speaks of extrinsic or impurity semi-
conductors., The intrinsic concentration is a rapidly increas-
ing function of temberature and at a sufficiently high
temperature, all semiconductors will show intrinsic
characteristics. For the same reason, since no crystal can
be entirely free from impurities, sufficiently low tempera-
tures will, produce some extrinsic behaviour.

Sinée electron and hole densities are partly
intrinsic and:partly extrinsic in origin it is often convenient
to express them in terms of impurity density and intrinsic
concentration., Assuming electrical neutrality and complete
impurity ionization, we may equate positive and negative

charges in the crystal.



The generation and recombination of electrons and holes is
a reversible pseudo-chemical reaction, and application

of the mass action law gives

np = constant = h;

These equations may be solved simultaneously to give carrier

concentration in terms of impurity density and intrinsic

concentration.
. A 2 :
= |— + + Nn;
n 5 3 h
N, =N, |
N, - N -

2 2 ¢

Complete impurity ionization is a valid assumption in germanium
except at very low temperatures, providing the impurities

are predominantly the trivalent and pentavalent acceptor and
donor.elements which have very small activation energies

(less than kT). At all points in the crystal, any separatian
of carrier types sets up a counteracting field tending to
restore electrical balancé, and electrical neutrality may

be assumed except in regions of abrupt impurity density
gradient (Shockley 1949), and even here significant depar-

tures from neutrality exist only in narrow regions.



1.2 Semiconductor Impurities

Impurities may be chemical or physiéal‘in origin,
i.e., foreign elements or crystal imperfections. In the
group IV semiconductors for exampie, the grodp IIT and V
élements act as acceptors and donors respectively, and
enter the lattice substitutionally (Pearson 1949)., This
is explained in terms of the valence electron structure of
these elements (Shockley 1950). On the other hand, copper
and nickel take up interstitialApositions and behave as
acceptors, and there is some evidence that coppef substitu-
tionally acts as a donor. The impurity characteristics of
these elements are not thoroughly undersfood,

Crystal imperfections may be produced by plastic
deformation or radiation, or may occur during the crystal
growth. These imperfections can act as donor and acceptor
centers, Experimehtal evidence suggests that lattice
vacancies act as acceptors and intenstitiai atons as‘donors.
Dislocations produced by plastic deformation-or other means
act as acceptor centers. This characteristié is identified
with the unpaired electfons on the edge of the extraldtomic
plane of a dislocation. These tend to trap free electrons
and form "dangling pbonds" (Read 1954), Vvhen these acceptbr
levels are ionized the dislocation acts like a 1iqe of
negative charge and scattering of electrons by charged
dislocations affects the m&bility of carriers in the cryétal

(Read 1955)., Lattice stress in the neighbourhood of a _



dislocation causes local distortion of the band edges

(Chynoweth 1958).



1.3 Generation of e.m.f. in Semiconductors

Concentrations of electrons and holesvin thermal
’equilibrium can be calculated by'integrating the product
of the Fermi function and density of states over the range
of available energies., If the Fermi level is located in
the energy gap several KT from a band edge, the Fermi
function can be approximated by a Boltzmann factor, giving.
the familiar non-degenerate form of the carrier concentra-
tions. Carrier densities may be alternatively expressed as
the product of 1ntrinsi? concentration and a Boltzmann factor
in which the energy term involves the difference of Fermi
level and electrostatic pofentiai in tﬁe exponent (Shockley
1950). Semiconductor parameters such as effective mass,
energy gap, and density of energy states are implicit in the
intrinsic concentration provided the bands have a simple
parabolic energy versus momentumn dependence.

If two'regions of a semiconductor in thermal equili-
brium have different carrier densities, there will be a
gradient of electrostatic potential or "inner electric field"
between these regions. According to the principle of
detailed balance, the drift current associated with holes
moving in this field is exactly balanééd by an equal and
opposite hole diffusion current, and the same current balanc-
ing applies to electron currents, Thus the gfadient of
electrostatic potential in the crystal will be'the sum of any

externally applied and inner electric fields. In the

following pages, electrostatic potential is related to



conditions in the crystal, and e.m.f. or voltage to
externally observed or applied potential differences. If
a semiconductor in equilibrium has an electrostatic
potential gradient, it can effect a charge separation of
injected carriers which appears as an externally observable
e.m.f. In general, e.m.f.'s will exist when a non-
equilibrium carrier concentration is present in a region
of electrostatic potential gradient.

Non-equilibrium carrier concentrations are produced
by optical or thermal excitation, particle bombardment,
or injection. Electrostatic potential gradients exist
with impurity density gradients, energy gap variations,
thermal gradient, or inhomogeneous magnetic fields
threugh splitting of energy levels in the bands. Thus
there are a considerable number of possibilities of
e.m.f., generation with various combinations of these two
sets of conditions. Many o0f them, however, are negligibly
small, or caﬁnot be observed separately. For example,
thermal gradients produce an electrostatic éotential
gradient and also a gradient in energy gap. The relative
contributions of thése to an e.m.f. may be calculated but
the effects cannot be separately observed. An e.m.f. from
particle bombardment of a p-n junction has been observed,
but for particle energies above a threshold value, a particle
flux sufficient to produce measureable e.m.f.'s would'
seriously damage the crystal under observation.

Since an electrostatic potential gradient is always



associated with some spatial gradient of physical charac-
teristics of the semiconductor, an e.m.f. arising from
thermal gradient may be classified as a thermocouple effect.
Condifions which give rise to eiectrostatic potential
gradients also produce a change of carrier mobilities, and
Tauc (1957) has shown that a change of mobility ratio over
the region of non-equilibrium carrier conceﬁtration wili
also cause an e.m,f. This effect, however, is negligible
compared with the e.m.f. from the electrostatic potential
gradient.

Most of the photo e.m.f.'s have been observed
and identified (Tauc 1957). Of these we will be»chiefly
concerned with the photo e.m.f, due to illumination of a
region of impurity gradient. The bulk photo e.m.f. and the
illuminated p-n junction may be considered as two extremes
of this effect. 1In the case of the bulk photo e.m.f. the
electrostatic potential gradient is gradual, and electrical
neutrality may be assumed throughout the crystal, while in
the p-n junction there is a space charge regidn associated
with the abrupt impurity gradient, and the analyses of the
photo e.m.f. in the two cases are quite different, even

though they are fundamentally of the same origin.



CHAPTER 2 - THEORY OF BULK PHOTO

E.M.F.'S

2.1 General

The equilibrium carrier concentrations in a non-
degenerate semiconductor may be calculated by integrating
the product of the density of energy states and the Boltzmann
distribution over the range of available energies. Alterna-
tively, we may define an electrostatic potential ¥o which
is related to the energy of an electron (or hole) at rest
in the conduction (or valence) band. For reasons of
symmetry we make ¥o the energy of a unit charge placed at
the level at which the Fermi emergy would occur in the
intrinsic semiconductor in thermal equilibrium. Then the

equilibrium carrier concentrations have the form

n.(x) = h; exp% [%(X) - ¢a]

p.(X) = i exp % [¢o - %(X)}
Subscript zero refers to equilibrium conditions. Non-
equilibrium densities are expressed by replacing the common
Fermi level @y by quasi-Fermi 1evéls or imrefs @p and ¢p.
Since the non-equilibrium value of the electrostatic
potential is dependent on the carrier distribution, it is
customary to consider it equal to the equilibrium value at
some unperturbed point, and to specify all other values in

terms of this point. The positional dependence of the
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non-equilibrium electrostatic potential is not in general
equal to that in the equilibrium case, and this is indicated
by dropping the subscript zero.

In equilibrium the imrefs may be thought of as
coinciding with the Fermi level which is uniform throughout
the system. When the carrier concentrations are perturbed,
for instance by illumination, the imrefs separate, and take
up positions describing the new carrier densities, At
unperturbed points outside the illumingted region, the imrefs
return to the equilibrium PFermi level. If the region of non-
equilibrium gives rise to a difference of Fermi level between
two points a and b on either si&e of the disturbed region,
this difference is equal to the integral of either imref

gradient between the two points,

P(b) —@(a) = / grad @, , Ax

_ a
and may be identified with the voltage difference (or e.m.f.)

observed between the points a and b (6hockley 1850).

Electron and hole current densities may also be
expressed in terms of the imref gradients. Current densities
consist of a field induced or drift component and a diffusion
component invﬁlviﬁg the carrier density gradients. By
substituting for the carrier density gradients using the

above relationships, total current densities may be written
Jp = ~Q U, pgrad ¢,

Jn= —qu,ngrad ¢,
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where U, and _{, refer to electron and hole mobilities,

and the Einstein relation D, D, KT
Ay T MG

has been assumed valid. Dp and D, are the electron and

hole diffusivities.
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\
2.2 Imref Representations of Non-equilibrium Conditions

A non-equilibrium condition in a semiconductor
can be graphically represented by an imref and electfo-
static potential diagram. This will specify carrier
concentrations, current densities, existing e.m.f.'s, and
in fact contains a complete physical description of the
electrical properties of the material. In undertaking an
analysis of a semiconductor problem, a qualitative imref
diagram can be helpful as was first demonstrated by Shockley
(1950) for the p-n junction. Such a diagram, without being
quantitatively exact until the solution is reached, can be
consistent and provide information that is not always
obvious, For instance, a qualitative imref representation
can predict the polarity but not the value of an e.m.f. and
the direction but not the magnitude of a current density.
By appealing to fundamental principles, a set of condifions
can be formulated to be used as a guide to consistent imref
diagrams, These involve (i) the continuity equation, (ii)
ratio of drift to diffusion current densities, and (iii)
electrical neutrality. |

(i) The continuity equations for electrons and
holes are

—
h

(g-r)-f-é; de J,

an
dt

dp ;. =
SE.— (q—l") —-(-%—dlv TP
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where g and r are the rates per unit volume of generation
‘and recombination of carrier pairs., If the time derivatives

are zero and using one dimensional geometry these become

jJ" = —g(g-r)

X

_;—j—} = 9(9-r)

One dimensional geometry will be a valid assumption in the
case of photo carrier excitation if the specimen is thdn
enough that the carriers are generated uniformly throughout
the bulk under the illuminated area. We may also make this
assumption in a current carrying filament with low surface
recombination. Regions where generation and recombination
rates are different are easily identified, and the continuity
equations enable us to relate these regions to positional
change of the current densities and hence of the imrefs,.

Where the time derivatives are equal we may write
J. +Jd, = J = constant

This helps in estimating the relative gradients of the imrefs,

In particular, if the total curreant is everywhere zero,

hu, grad ¢, = —pu, grad ¢,

grad ¢, ~_ bn
gradg, P

where b is the ratio of electron to hole mobilities,
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With one-dimensional geometry the gradients depend on a
single coordinate only, and may be considered vectors
lying in the x-axis. Thus the products or quotients of"
gradients are scalar quantities with positive vaiues when
the gradients are in the same diregtion and negative values
when they are in opposite directions.

(ii) The equations for total current densities
consist of a drift and a diffusion term., The ratios éf

these terms are

diff. T, qrad (¢, — V)
drift 7, grad y

and

diff. . qrad(é, -y)

drift 7T, grad y

If the current density is predominantly diffusional, the
elecfrostatic potential gradient is approximately zero.
When the drift current density predominates the gradiénts
of imrefs and electrostatic potential are equal.

(iii) We assume crystal neutrality everywhere
except in a junction transition layer, and therefore the
imrefs must be consistent with an equal disturbance of the
densities of both signs of carriers, The product of non-
equilibrium carrier concentrations establishes the relative
magniétude of the electron and hole imrefs,

np = n; exp-ﬁ:‘: (¢, — &)
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| LA
and'henceA ¢% — @, =_7%~ h1(/'f A )(li— P? )

where Ah and Ap are the added densities of electrons and
holes. Shockley (1949) has used an abproximate form of-
this equation to obtain an expression for the injected
minority carrier density in a biassed p-n junction. He
assumes the added carrier density negligible compared with

the majority carrier density, and thus in n-type material
. 9
p=p. expi= (8 —¢,)

Misawa (1955) gives the exact form for the injected minority
carrier densities., Using the neutrality condition, for

instance in n material

h=h+p—p

so that

p(p+n.—p) = n exp % AN

or
PP ‘3( )
—_— = exp —= -
p i+ P, exp 47 (% ~ P
and the minority carrier density p is the solution of the
above quadratic equation. Pletcher (1957) expresses non-
equilibrium carrier densities in terms of the Jjunction

electrostatic potential step. However, his identification

of the applied bias voltage as the difference of the
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equilibrium and non-equilibrium potential‘step is incorrect.
A subsidiary condition is applicable when the
generated or injected carrie;_densities are large compared
with the equilibrium densities. 1In fhis case- the imref
gradients are inyersely proportional to the ambipolar
diffusion length. In extrinsic semiconductors where the
added minority carrier densities are smaller than the equili-
brium majority carrier density but'Iarge compared with the

equilibrium minority density

k
R
k

grad @,

’qmd A
e
where L, and Lp are the electron and hole diffusion lengths

(Appendix I).
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The imref diagrams (Figures 1 to 5) show how
incident light modifies the imrefs and electrostatic
potential, and can in some cases give rise to an e.m.f.

- These diagrams arevqualitative and are primarily for purposes
of illustration. For this reason the junction transition
regions have been gre#tly expanded to show the behaviour of
the imrefs and electrostatic potential in these regions,

and except for the Tr-(-u junction (Figure 4) the relative
carrier densities are unspecified. The notations TT and U
represent very small impurity densities of the p and n type
respectively. Thﬁs'ﬂ and L materials are nearly intrinsic
and the T-(-u junction is a "weak" p-n junction.

When a homogeneous semiconductor‘is illuminated
(Figures 1 and 2) the imrefs separate and the electrostatic
potential changes from its equilibrium value. The latter is
caused by a difference in carrier mobilities. Electrons and
holes geunerated in the illuminated volume diffuse away from
the region of high concentration, and the electrons, having
the greater mobility, will tend to move ahead of the holes.
Such a tendency sets up an electric field which slows the
electréns and speeds up the holes in their motion away from

the illuminated region.
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This field is identified with a gradient of the
electrostatic potential under illumination (see Appendix II)

and in a homogeneous semiconductor open circuited (J:’O)

(b-1) grad ¢,  (b-1)grad ¢,

grad y = — — =
(+~E— b (1 +&)

lkT grad An.
=(b—‘) G bh+tp

Thus for a given illumination, the gradient of electrostatic
potential will be most pronounced in an intrinsic semi-

conductor (Figure 2) where
(b-1) kT gradAn
rad =
q |4 (b+1) 9 4

In n-type (Figure 1)

grad y = —(b-1) grad ¢,

In the illuminated region where generation exceeds
recombination, the space derivative of hole current density
is positive and that of electron current density negative
in accordance with condition (i). The opposite holds where
recombination is greater than generation. In homogeneous
illuminated semiconductors the current densities are
symmetrical about the mid-point of illumination, provided
that surface conditions are uniform and light intensity is

constant over the illuminated regions.
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In the illuminated p-n junction (Figﬁre 3) carriers
generated in the transition regidn separate because of the
inner electric field and a photo e.m.f. is observed., The
added majority carrier density is usually small compared
with the equilibrium density and diffusional effects cause
a negligible perturbation of the electrostatic potentiél.
This is illustrated in Figure 3, in the carrier concentra-
tion and imref diagrams, Total current densities are zero
everywhere, but the current densities are not necessarily
symmetrical about the x = O plane, sincé diffusion lengths

are normally not equal in the p and n materials.
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The weak p-n k or 7T—i;n0> ) junction (Figure 4)
shows a considerable perturbation of the elecfrostatic
potential under illumination, and these perturbations are
not equaf'on the two éides of the junction. Thus the
resulting photo ew.m.f. is partly diffusional in origin.
The differences of imrefs and electrostatic potential at
the edge of the transition layer have been drawn to corres-
pond to equilibrium hole densit& in the 77 side equal to
twice the electron density, and an equilibrium electron
density in the O side equal to twice that of the holes.,
Although the T and ) materials are very nearly intrimnsic
there is a marked asymmetry of imrefs on either side of the
junction. The diffusion lengths will.be approximately equal,
and consequently the current densities are symmetrical

about x = 0,
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The bulk photo e.m.f._arises from illumination
of a gradual impurity density gradient (Figure 5). The
diagram is drawn for n material and the chief component
of e.m.f. arises froﬁ the difference of electrostatic
potential at the illumination edges. As light intensity
increases, the electrostatic potential gradient in the
illuminated region approaches zero. However, the diffu-
sional perturbations of e.m.f. on either side of the
illuminated region are unequal, and the maximum e.m.f, will
always be less than the difference between the values of
equilipriﬁm electrostatic potential at the illumination
edges. Since we assume the impurity gradient is gradual,
the diffusion leﬁgths on either side of the illuminated
region are approximately equal and the current densities

are symmetrical about x = O,
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2.3 Analysis of the Bulk e.m.f,

A theoretical analysis of the e.m.f. arising from
illumination of an impurity grédient in a semiconductor
was first published by Tauc (1955). Briefly, his derivation
of an expression for the bulk photo e.m.f. involves
integrating the gradient of electrostatic potential between
two unperturbed points on either side of the illuminated
region. This yields an expression for the bulk photo e.m.f.
provided that the equilibrium electrostatic potential is

the same at the integration limits.

b
€;p = grad y dx
it a
% (b) = Y. (a)
We have followed Tauc in making six basic assump-
tions and these are included below for critical examination,
(a) Electrical neutrality is assumed for both
illuminated and equilibrium conditions, except in regions
of abrupt impurity density gradients such as occur in p-n
Junctions. It should be emphasized that this assumption
represents only a close approximation to electrical condi-
tions in the crystal since a tendency towards charge
separation_is the agency which sets up opposing inner fiel&s,
i.e., electrostatic potential gradients. However, except

in semiconductor. junctions, space charge effects are
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negligible and the crystal may be assumed electrically
neutfal. - (Gunn 1958). The postulaté of neutrality
implies ambipolar carrier mobility (Rittner 1954) which is
automatically taken into account in the analysis of the
bulk photo e.m.f. and gives rise to factors involving the
mobility ratio.

(b) Impurity.atoms are assumed totally ionized.
This assumpfion simplifies the mathematical treatmeat but
its validity depends both on the semiconductor and the
impurity. In germanium the activation energies of most
impurities are small enough that ionization is essentially
complete, and this assumption is vaiid in our work.

(c) Classical statistics are assumed in both the
dark and illuminated regions. The most intense illumination
used in the experimental studies was not sufficient to

approach degeneracy since the added carrier density was
estimated never to have exceeded 101%cm™3,

(d) Ratio of electron to héle mobility is assumed
const#nt. This assumption holds for all illuminations used
" since hole-electron scattering would not be significant.

(6) Uniform generation of photo carriers is
assumed across the bulk of the semiconductor. Using this
hssumption, the theoretical analysis becomes one-dimensional
and gradients depend on a single coordinate only. This is
not the casé experimentall&, but from the data it would
éppear that this assumption is not particularly restrictive,

(f) Added carrier concentration is assumed zero
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outs;de'a region which is ordinarily identified with

the jlluminated region, and is assumed constant within the
illuminated region. This assumption simplifies the analysis
of the bulk photo e.m.f., and its .implications are

discussed in detail at the end of this section.

(g) An additional assumption is implicit in Tauc's
work but is not stated, i.e., carrier lifetime is assumed
constant. This holds for weak illuminations, but for large
added carrier density lifetime becomes a function of carrier
concentratignf This implies that the excess carrier density
-due to illumination will not be a linear function of the
illumination,

The e.m.f. which exists through illumination of
a region of impurity density gradient may be expresséd either
in terms of the disturbance of the éarrier imrefs or
electrostatic potential. This is illustrated in Figure 6
for the case of a bulk inhomogeneity. When a region of
inhomogeneity is illuminated between the points a'Aand b',

the bulk photo voltage eg between unperturbed points a and

b . b b
g =/gr-ad @, dx =/grad @, dx ='/3rad(y1—%) dx
a a

a

b is

These integrals are entirely general, and apply wherever an
e.m.f., arises from a non-equilibrium carrier density in a

region of electrostatic potential gradient. However for
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physical reasons their eval@ation is not always possible,
In fhe p-n juﬁctioh for instaﬂce, electrical peutrality
does not hold in the transition region where the electric
- field is non-uniform, and thus the integral inboiving
this quantity cannot be simply evaluated. 1In the follow-
ing we will derive an expréssion for the bulk photo e.m.f.
using the integralé of the electrostatic potential gradient,
and also using the integral of the imref gradient. The
former is esseﬁtially Tauc's (1957) method, although
the approach is somewhat different, and this will be
evaluated first.
.By differentiating the expressions for non-

'equilibrium carrier concentrations, the imref gradients may

be written
grad ¢, = grad y + kq)T qrgdp

kT gradn
g n

In the open circuit condition, total current is zero and

grad ¢, = grad y -

qrad ¢P _ _b_r_)_ . .
qrad ¢, P

Dividing the above two equations and substituting for the

ratio of imref gradients

b r‘adnr - grad
| kT °9 gradp
qrady = g bh +p




In eduilibriuﬁ}
' kT gradn,
qrad ¥ - g~

and from these, assuming gradin = gradip
b

grad (\U;\/{,\) dx

b |
kT b-1)grad An B (b+1}An grad n, dx‘
" §/ |p.+bn,+(b+yAn  bn® +An(br)n, + n}

a

The integrands exist only where an added carrier
concentration qombined with an internal field exists or
where a gradient of added carrier conceatration exists,
and this must be takeﬁ into consideration when the integrals
are evaluated. The integration limits are arbitrarily
chosen as two unperturbed points a énd b on either side of
the illuminated region. The equilibrium carrier densities
‘'at these points are not, howéver, involvéd in the solution
since Ah and gradAAn are zero there. Thus the equilibrium
carrier densities which appear in the solution will be the
densities at the edges of illumination. The term involving
the gradient of added carrier concentration is identified
with e4, the diffusional component of the e.m.f., and the
térm involving the gradients of the eqﬁilibrium carrier

densities with ec, the internal field component. The



integrals when evaluated (see Appendix III) give

| (b+l)AIb//
|+ Poat + DN,y

kT (b=
a % (b+)) " | +(b+J)At7/
Poy tD N,y
and |
- b
ol . + An (b+I
e, __2kT (b+1)An, Tgpt 2PN+ An( #1)
Y VP Vo,
when D is positive
| R
‘ kT (b+NAn, h12bno+(b+0Ang—VQS'
T V-D 2bn, +(b+1)An, +vV-D
. | }

when D is negative

where D= 4ntb — (b+) An’
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where Arn_, a constant, is the added carrier concentration

within the illuminated region. The above expressions are

simplified (see Appendix III) in the case of



28

(i) weak illumination @SHLV<< Q,+bTL) .

. \
e =ed+ec=-_._2kTAnL r']h,———n—'
o oca

in n-type (bn,>>p.)

2bkT | |
An, [+
€ % f Pob' Pon.'

in p-type (p.>> bn,)
(ii1) strong ;llumination 0AnL;>>» poﬂ-bng

kT 2 tn Noy

= é €, = - —— ——— ( -t
eB . % bt "%w in n ype
. kT 2 b pob' .
e =e = In n p-type
B d + ec % b +1 poa { P yP

Thesé expressions can also be derived by applying
the appropriate approximations before the integral is
evaluated, and the integration is much simpler in this
case, The complete integral however, involves no assump-
tions as t9 the ratio rk4l and provides a convenient check
on the derivation of the e.m.f. through the imrefs.

Derivation of an expression for the bulk photo
e.m, . f, using the imrefs involves the same general approach

used above,
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b . b
€y = qr;ad @, dx = qrad ¢, dx

a a

and the imref gradients are expressed in terms of carrier

densities and their gradients (see Appendix IV)

_ kT 1 grad(np)

grad ¢, = g bh+p
. _ - bkT 1 grad(np)
grad ¢, = g P bn + 1

under'open»circuit conditionis, These are expanded and
expressed as the sum of terms involving gradient of added
carrier density and gradient of equilibrium carrier densities,

The integration between limits a and b gives (see Appendix

1v)

kT N + 4N, Noy
- — = |n _
d % Nea! _nots' + Ah,_
kT b=t LF (bH)An%Du--*bno«'
4+ — —— 1IN
%. b+i | + (b+l)AnL
Poy + bnoU
. - KT jp[ Doy ew *An,
¢ % hoa.‘ noh' +Ahl~

R bl
kT An, (b+l) Tar 2bn, + An.(b+1)

3 b | VD
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where D =4n/b —(b+l)zAni

In the case of the bulk photo e.m.f., the fifst terms of the
diffusional and inner field componentg of e.m.f. cancel
giving an expression for the bulk phofo e.m.f° identical
with that derived from the integral of the electrostatic
potential gradients. The same final solution is also
obtained from an integration of the hole imref over the
illumiqated region, | ‘

Iﬁ the gradual bulk inhomogeneity the electro-
static potential is a slowly varying function of position
and the appréiimations bn°>> P. in n—type material and
P, 2>~ brL' in p-type material may be introduced in the
integraad when the photo e.m.f. is derived using the
electrostatic potential gradient. The imref gradient
howeVer, is a rapidly varying noq—monotqnic fdnction with
opposite and almost equal excursions near the edges of
illumination aﬁd the above approximations are not valid
when applied to the integrand.

In both derivations the analysis is simplified
by assumption (f), added carrier density is zero outside
the illuminated region and constant within it (Figure 6),
This implies the following approximation: gradient of
added carrier depsity is small compared with gradient of
equilibrium carrier density in the illuminated region,

and at the edges the equilibrium carrier densities do not



change over the region of significant added carrier
density gradient, Using this approximation, the e.m.f,
integral is separated into'two terms involving different
variables, nop inside the illuminated region and An at
the edges, and these terms are identified with the inner
field and diffusional components of e.m.f. respectively.

However, when the width of the illuminated
region is of the order of a diffusion length, the actual
added carrier density distribution will be quite different
from the assumed rectangular one, and n, may change
appreciably over the region of significant grad An . The
validity of assumption (f) and the form of the e.m.f.
integrdls will be examined under these conditions.

When a semiconductor is uniformly illuminated
between points -a and a, the added carrier densities are

(see Appendix V)

GT -2a a-x
AT . <a X >a
An = 5= |1 -exp » exp =T ( )
G'C | _Za a+x 4_ )
An-= 3 exp - p L (
-Q X
An?Gt,[lf_exp—L—; COSHT, (—a<x<a}

where G is the rate of photo generation of carrier pairs

per unit volume between points a and -a, ’EP and LP are

hole lifetimes and diffusion lengths.
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Added carrier density and its gradient are
plotted in Figure 7 for a = L, and a= /0L, , Under
assumption (f) the gradient of added carrier density ié
a delta function at the illumination edges, whereas
Figure 7 shows that in reality a significant gradient
of added carrier density exists over the smaller of 2 LP
or L, + @ at each edge of illumination. . The integral
may still be evaluated by the methods shown in Appendix
ITII, but the equilibrium densities in the integrand are
not those at the illumination edges, but are the weighted
average of the individual densities over the region of
significant grad AJ] . Hence assumption (f) introduces

negligible errors if

L.|grad (In n,)) <

The above equations and Figure 7 show that a
significant added carrier concentration extends over the
illuminated region plus a diffusion length on either side,
i.e,, over 2(a-+LP) . Since the bulk photo e.m.f. arises
from added carrier density and its gfadient, the effectively
illuminated region extends a diffusion length beyond the
region where light is incident,.

In the inner field term, the integral exists
over the region of significant added carrier concentration,

and the integral may be evaluated by the methods of Appendix
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IIT if ‘Anl is considered the average added carrier

density over the region of significant Anh . From these
considerations, the form of the bulk photo e.m.f,

expression derived under assumption (f) is approximately'
valid even though the carrier distribution is quite
different from that implied by assumption (f). The bulk
photo e.m.f. is a function of the equilibrium conductivi-
ties at the edge of the region of significant Z&h,, and

the incident light may be considered an experimental

probe which samples the local conductivity variations.
Figure 7 illustrates that the minimum sampling diameter

with a vanishingly small illuminated region is two diffusion
lengths. Consequently if the bulk photo e.m.f. is used

to investigate crystal impurity gradients, it will show

only the variations which occur over the order of two
diffusion lengths, Finef variations in impurity may be
observed by decfeasing the effective lifetime and diffusion
length, for instance by surface treatment, but this will
correspondingly decrease the net added carrier concentration
and photo e.m.f. at a given light intensity; it would

also make the recombination mechanism preponderantly signifi-
cant at the surface compared with the bulk, and the
photocarrier distribution would be markedly 1nhomogenéous

across the filament normal to the illuminated surface.
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2.4 pPhoto e.m.f, at an Illuminated Junction

¢

The photo éimof.'s arising frdm 1ilum1nation of
a'buik inhomogeneity and of a p-n junction represent two
extremes of the same effect. However, the behaviour:
of the gradients of imrefs and electrostatic potential
"in the p—n junction differs from that in the bulk inhomo-
geneity, In the p-n junction the imref is the slowly
varying quantity while the electrostatic potential has its
maximum change in the transition layer. Electrical

neutrality does not hold in this region and although
e =/ qrad (y/-yfo) dx

is valid, the approximate expression

kT| (b+))grad An _ (b+1)An grad n,
Qrad(y" Y’o) : 9 | p.+bn, +(b+|}An bn2 + L_\.'n(bJrl)r\,> +n’

used previously to derive the bulk photo e.m.f. is not
applicable in the illuminated junction since it assumes
An-Ap and grad An =gradAp .

Thevintegral of the imref gradient can be evaluated
to a close approximation however, since the change of imref

is very nearly zero across the transition region (Fig. 3).

b a' b’ b
/3rad Pn. o dx =/ +/ / .
a a a' b’
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bl
and

grad gbmvdx = O

a
where a and b are two unperturbed points in the p and n
regions and a' and b' mark the edges of the trénsition
layer. This approximation is used by Shockley (1949) in
his analysis of the biassed p-n junction, and is also
Jjustified in the illuminated p-n junction,

Assuming the impurity density has an abrupt
change of type at a given plane, the width of the transi-
tion layer W may Se calculated and is characteristically

4

of the order of 107" centimeters wide for impurity density

lscm-3 1 1f the imref

kT

3La
strong illumination maximum slope of the minority carrier

to potential step ratio of 10

slope in the transition region approached

, the

imref, (see Appendix I),'this would correspond to an imref

kT
change of no more than -—-gﬂ - The diffusion length
q La
Lg will ordinarily be of the order of 0.1 millimeters which

kTw will be small

q L
compared with a typical weak illumination e.m,.f. of Ji[

is small compared to W, and thus

or more, In addifion to this, the continuity equations

show that the space derivatives of the carrier currents
change sign at the edges of illumination, and the carrier
currents are zero at one point inside the illuminated region

(Figure 3). Consequently the imref slopes are smaller inside
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the illuminated regions than at the edges, and if the
illumination is confined to the transition layer the
slopes are zero at one point inside it., These considera-
tions show that the assumption of zero imref change
across the transition region is well justified, and the

p-n junction photo e.m.f. is

=/qrad¢ dx /grad P, @

Assuming the p and n regions are homogeneous, the integral

of the electron imref gradient gives (see Appendix 1V},

o kT ,n hop +(AHL)P No n
r % n0p Non + (Anl.]n

b+1)(An,
{ “13 kT ln l+ ( +l)( n)Ppop+ bnoP

(b“ [ + (bH}(AnL%Mq»bnon

Where subscript p and n refer to carrier densities in the

p and n materials and ZﬁhL is the added carrier concentra-
tion at the edges of illumination, i.e., at the boundaries
of the transition layer.

Integration of the hole imref between these same
limits must give an identical expression for the photo e.m.f.,
and this provides a convenient check on the derivation,

Using the hole imref
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er — “(T /n pop + (An‘-)v pah
(‘Z) pop Pon + (An‘-)h

%(b—l\ kT I I+ (b+()(AnL%P+ bhoe
(b+) 3 | . (b+l)(AnL)/

Pon + D Ne,,

Since the two expressions have the same second term, the
first terms must be equal, and this can be shown to follow
from the assumption of zero imref change across the
transition layer, When the imref change is zero, the
differences of imrefs are equal at the transition boundaries,

i.e.,

i
P\
S

°
|
ASY
4
~——
]

(¢P - ¢n)n

il

But (¢p - ¢")n —%I |n Er';_?_P_n
(-8, = G

where np, p, and By, Pp are the carrier concentrations at the

boundaries of the transition layer.

Thus kT ‘n Pe Ne =0

9 Pa Ny

or

kT In Pop T (AnAp _ _kl In Nep + (Anl.)p’
g p°'\ +(An'~)n . % Mon +(An:.)h
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and since Non _ Pes
h

op pon

the first terms of the two expressions for the e.m.f, are
equal.

If the carrier lifetimes are substantially
different in the p and n regions the imrefs will tend to
separate less in the region of low lifetime. This produces
a sharp gradient of imrefs across the transition layer
which corresponds to a large flux of carriers of both signs
into the low lifetime side, maintaining the separation of
the imrefs essentially equal at both edges of the transi-
tion layer. Thus the relative magnitudes of the carrier
concentrations (Ant)n and (AHL)P are insensitive to lifetime
and are dependent'on the equilibrium majority carrier
densities in the material on either side of the junction
(see Appendix V1),

The above expressions for photo e.ﬁ.f. were derived
with no restrictions as to the type of material on either
side of the junctions, and can be applied to any type of
Junction where zero imref change across the transition layer
may be assumed. It should be noted that zero imref change
has been used to imply equal differences of imrefs at the
transition boundaries, which is a less restrictive condition,
and the derivation will be valid so long as the imref
changes across the transition layer are equal or zero,

With weak illumination the added carrier densities

are negligible compared with the equilibrium majority carrier
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densities, and the p-n junction photo e.m.,f, becomes

er=—~£ln t+(é—n~‘)-P . SIS I+M”
q Nop 9 Pex

and the photo e.m.f. is proportional to log light intensity
when ﬂﬁry) lies between the majority and minority carrier
densities. At strong illumination the photo e.m.f. satur-

ates to

_—k_—[_,n_rj::\_ (b—\\ kT pon+bn°h

e = qj Mo + (b+|§ % Pop + bn,,,

(b-1) kT ., %-
= = (Yo = Ver Yha) g o
The second term of the saturation e.m.f. involves the log

of the ratios of conductivities of the material on either
side of the junction, and will ordinarily be small compared
with the first term. The saturation e.,m.f., is then approxi-
mately equal to the equilibrium electrostatic potential

step at the junction,

The weak illumipation photo e.m.f. in a n-n+

junction becomes

which is equivalent to the result obtained from illumination

of a bulk inhomogeneity (see section 2.3) when N, . >> N,
These expressions for the photo e.m.f. at illuminated

Junctions hold for an arbitrary concentration of photo

generated carriers. The form of the e.m.f. expression is the

same as that derived by Cummerow (1954) for very weak



illumination (AnL << hop_, pon) where the e.m.f. is
proportional to light intensity,»apd for weak illumination
(nop < An_< pop) where the e.m.f. is proportional to
log light intensity. Cummerow's treatmént however, does not
"show saturation e.m.f. at strong illumination.

In a p-n junction, the second term of the e.m.f.
expression will be very small since the conductivities of
the p and n materialé will ordinarily be of the same order
of magnitude. 1In this case the only sigﬂificant contribution
to the e.m.f.Parises from the first term, which is identical

with an expression derived by Fan (1948).
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2.5 Bulk Photo e.m.f. in a Near Intrinsic Semiconductor

Assuming completeAimpurity ionizatibn and electrical
neutrality, the equilibfium carrier densities in a semi-
conductor may be written in terms of intrinsic carrier
concentratibn, ny, and the net positive impurity ion‘density,

Np-Ny (see section 1.1},

— — 2_
ND‘NA ND—NA 2
o= * tT] T

-

R
- Np=N No =N
Po = = ——%f~f + .__32,_5 +ni

We consider a semiconductor to be near ihtrinsic when

N, > > IQD—-AQI , and in this case the equilibrium carrier

concentrations are approximately

Np =N
o= = 4N
Np =N .
P = "’"D—a*—A‘ t N

The analysis of the bulk photo e.m.f, inAéection
2.3 gives a genergl expression for the e.m.f, in terms of
the added carrier concbntratiou in the illuminated region
and the equilibriu@ carrier concentrations at the edges. .The
e.m.f. in neér intrinsic material is obtained by substituting
the above. carrier densities into the general expression, If

the semiconductor is illuminated between points a' and b' and



assumptions (a) to (g) used in the general treatment are

valid, the e.m.f, between unperturbed points a and b is

2b KT . (No=N).. = (No-N,).
2 "7 b+} S An. ng

for weak illumination (An,_ << m)

and

b ar ()~ -m),
B (b+l)2 9 - n,

for strong illumination (AnL >> n‘-\

42



43

2,6 Ratio of Bulk Photo e.m.f, to Photoconductive Decrease

of Resistance

Illumination of a semicohductor filament increases
the number of carriers available for conduction and thus
decreases the filament resistance.‘ In the following this
photo conductive resistance decrease ZlR will be referred
to as the photo resistance, and is equal to the filament
resistance in the dark minus the illuminated resistance., If
the illuminated region has an impurity gradient, the added
carrier density will also give rise to a bulk photo e.m.f.
Both these effects originate from the same carrier distribu-
tion and their ratio does not contain the added carrier
density. This gives a convenient method of relating the
bulk photo e.m.f. to the semiconductor impurity gradient
without kpowledge of the illumination intensity in terms of
the numbér of effective photons absorbed per second,

For weak illumination, the bulk photo e.m.f, in an

n-type semiconductor may be written (see section 2.3)

2 KT ! |
SRR LA

where'AJh is the added carrier concentration in the illuminated

region, and fl,,. and N,,. are the equilibrium carrier
densities at the illumination edges.
When the filament is uniformly illuminated producing

a constant added carrier density throughout the volume under
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the illuminated area,

L[ dx
AR=R. — 2| G +ae

L

where R, is the equilibrium dark resistance, A is the '
crossectional area, and the integfation is over the entire
length, L, of the filament. Ao , the conductivity
increase due to illumination, is assumed small compared
with O, , the equilibrium conductivity, |
Thus b

AR = ;%—(/wn4}A“)ZSnL gjz

oL

2!
The integratibn limits are the edges of illumination since
A'nL is zero elsewhere and o;z becomes O;Lz , the average
equilibrium conductivity over the illuminated region. The

ratio of bulk photo e.m.f. to photo resistance becomes,

ea _ 2A kT o-o-q'_.q-b'
AR " b+ § b-a

The illuminated region acts as an experimental probe

which samples ;he equilibrium conductivities at the illumina-
tion edges a' and b' (see section 2,3)., If the illuminated
region is sufficiently narrow that the equilibrium conductivity
fluctuations may be regarded as monotonic within it, then

the rﬁtio is approximately

€ _  2A kT dgo

— — ——
-

AR~ b+l 9 dx
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In impﬁrity semiconductors the conductivity is very closely
proportional to £he impurity density, and the bulk photo
e.m.f. may be expressed in terms of the coanductivity
gradient. However, conductivity has a minimum where

| -b

nyb

and in near intrinsic material the ratio of bulk photo e.m.f.

ND "NA

to photo resistance must be expressed in terms of the
impurity density gradient. Using the approximations and

results of section 2.5

e _ 2kTAb d (N,=N,)

AR _up(b+) dx

The ratio of bulk photo voltage to photo resis-
tance was derived assuming a uniform added carrier density
throughout the volume under the illuminated area, and this
brings the filament crossectional area into the expression
for photo resi§tance. Consequently, when the ratio is
used to estimate the conductivity gradient, the condition
of uniform added carrier density must be closely approxi-
mated. With a non-uniform added carrier concentration,
the effective crossectional area is unknown and a
quantitative estimate of the conductivity gradient cannot
be obtained. The photo resistance is linear with light
intensity for weak illumination A0 << o . As the
light intemnsity is increased the ill;minated region approaches
zero resistance and the increase in the photo resistance

is predominantly due to carrier diffusion away from the
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illumination edges. As a result the photo resistance is
proportional to log light.intensity with strong illumina-
tion since the phdto resistance there depends chdiefly
on diffusional spread of carriers and is insensitive to
impurity gradients.

The bulk photo e.m.f. is linear with light intensity
for weak illumination. However, at strong illumination,
the e.m.f. component in the illuminated region may reach
saturation, and if the added carrier density is increased
further, any e.m.f. change must arise from carriers that
have diffused far enough to arrive in an unsaturated region.
This has the effect of increasing the regiom of significant
added carrier concentration beyond 2(a:+L1) (see section
2.3). 1f the region outside the area of illumination has
a resistivity gradieht opposite to that in thq illuminated
region, the net effect is a lowering of the observed
"saturation" e.m.f. On the other hand, if the impurity
gradient increaées monotonically along the filament, the
strong illumination increase of the region of significant- . .
added carrier concentration will give rise to e.m.f.
components of the same polarity as the saturated component,
and the bulk photo e.m.f. will increase monotonically with
strong illumination. In the first case, the behaviour
of the strong illumination photo e.m.f. is unlike the photo
resistance behaviour and the ratio of these quantities is
constant at weak illumination only. In the second case,

the photo e.m.f. increase with strong illumination depends
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entirely on diffusional carrier spreading, and the ratio
of photo e.m.f. to photo reéistance is constant at all

light intensities.
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CHAPTER III -~-PREPARATORY

EXPERIMENTS

3.1 Filament Preparation

The germanium filaments used for photo e.m.f.
observations were cut from monocrystalline ingots using a
reciprocating wire saw. Typical filaments had a reétangular
crossection of ~ Imm’ and a length of ~ [.5cm . After
the filaments were cut and cleaned, the ends were sandblasted
and electroplated to obtain a metallic contact to the material
(see section ‘3.2). The filament was then heated in an inert
atmosphere, tin ﬁas melted on the plated areas and 0.010 inch
diameter wire leads were attached, The filaments were mounted
by securing the leads in phosphor bronze clips which were
bolted on a plastic holder. The clips served as terminals by
which the filament was connected to the measuring circhits.

If the photo e.m.f. is used to investigate satura-
tion photo effects, a long ca;rier lifetime is desirable,
while investigation of filament conductivity variations
requires a short lifetime and carrier diffusion length
(seétion 2.3). With a lnwnz crossection, the effective carrier
lifetime in the filaments was strongly dependent on surface
conditions through the surface recombination velocity. The
filameht effective decay éonstant (reciprocal of lifetime) is

the sum of a bulk and a surface decay constant (Shockley 1950).
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f
’TTlDa | ]
and g = 7 B? + ? S — o0
S J— +~J;S S — O

where s is the surface recombination velocity (cm./sec.),

2B and 2C are the crossectional.dimensions of the filament
and Dy is ambipolar diffusivity. High surface recombination
velocity and short effective lifetimes were obtained by
sandblasting or polishing the filament surfaces and the
surface recombination veloéity was reduced by etching the
filament in a 3% solution_of hydrogen peroxide.. Hydrogen
peréxide has the advantage of being easier to handle than
the fluoride etchants, and does not attack the metallic

contacts.
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3.2 Metal-Semiconductor Contacts

Metal to semiconductor contacts in general.show
some degree 6f rectification depending on the method of
contact fabrication. When an n-semiconductor filament is
heated and a mefal wire alloyed with an acceptor element
melted onto it, a p-n junction is formed at the contact. If
the wire is alloyed with a donor element, a low-high (L-H)
n-n+ junction is formed. The p-n junction is unsuitable as
a contact since its reverse resistance is ordinarily large
compared with a typical filament resistance and because it
is photo sensitive and can cause injection effects. The L-H
Jjunction has negligible resistance for both directions of
current flow and provides an electrically '"smooth" metal to
extrinsic semiconductor transition. The alloying technique
howevér, is not particularly successful in contacts toopear
intrinsic material.

In this work we were not primarily conéerned with
the characteristics of metal to semicoudﬁctor contacts,
which were considered acceptable if their resistance change
with a modérate current density increase was small compared
with the resistance of filament plus contact. A one per cent
overall resistance change with a current density of plus
or minus one anp/@Tnz was chosen as a tolerable upper
limit of non-ohmic behaviour, and an attempt was made to
achieve this figure by using soldered or electroplated

contacts.



Facing Page 51 FIGURE 8

DEPENDENCE OF FILAMENT PLUS CONTACT RESISTANCE

ON CURRENT DENSITY

3T
®
o o 40 -cm, n-type
g 1o 10 -cm, n-type
2+ ¢ 3Q-cm, p-type
QL
(8]
c
2
\\ g ///
A w |- P
o

-5 -10 05 1.0
J (amps/cm?)
(3}
(2]
(o]
] 8 l T
(&)
QL
©
[+
Q
[ =
S22+
w
B
[+ ¥]
@

%

()]
1
T



51

Each solder or electroplate was given two trials,
once on a sandblasted, and on an etched surface since these
correspond to the two extremes of surface condition at the
contact. The soldering trials were made using pure tin,
pure lead, antimony-doped tin, ;ntimony-doped lead, and both
pure and doped 50-50 solder. These contacts gave non-ohmic
behaviour which ranged from five to twenty per cent resis-

tance change with one amp./cm.2

current density increase.
Plated contacts gave more satisfactory results.
Nickel, copper and rhodium plating was tried, with various
temperatures, plating current densities and Gg surface
conditions. Optimum contact characteristics were obtained
using a rhodium plate (Weisberg 1953) on a sandblasted surface
at room temperature and 20 ma/cm.2 pléting current density.
This gave a resistance changé of one to two per cent at 1‘
amp./cm.2 with the n-t&pe and near intrinsic materials
(Fig. 8). With the 3 ohm-cm p-type, rhodium plate on a sand-
blasted surface gave lesslthan 0.2% resistance change up to
15 amp;/cm.z; Plating on etched surfaces gave markedly non-
ohmic contact with n and near-intrinsic material, but in the
p-type was not noticeably different from results obtained
by plating over a sand blasted surface. These observations
are in agreement with those of Borneman (1955). The conductivity
of germanium in the intrinsic range is a rapidly increasing
function of temperature, and ﬁith the near intrinsic filaments

at room temperature, as much as five per cent filament

resistance change could result from one degree Centigrade
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temperature change. Hence the measufements of contact
linearity were made with an ambient temperature constant

to better than 0.1 degrees Centigrade and to avoid electri-
cal heating the filament resistance was measured on a
wheatstone bridge using 60 « sec.‘pulses at a 30 pps repeti-
tion rate as the bridge current source. The bridge balance
point was obtained using an oscilloscope withLa differential
input amplifier. The departure'from linearity of the
resistanée versus current density plot indicated the

quality of the contact; if-the variation was symmetrical

the indication was that the contacts were electrically
equivalent and would be reproducible. When asymmetry was
observed, the implication was that the contacts under study
would not be closely gepréducible.

‘Plated CuzGe (Fink 1948) was also given a trial
as a contact to germanium filaments. This compound has the
electrical characteristics of‘a metal, and gives a bright
silver coloured deposit that is inert to comcentrated nitric
or sulphuric acid. 1In this respect its chemical properties
are similar to germanium.' Considering the characteristics
of this material it seemed plausible that it might pro&ide
a smooth electrical transition from metal to sémiconductor.
The‘electriéal characteristics of the plated'contacts of CugGe
were acceptablé but not better than the rhodium contacts.

In the course of a few monthé the Cu3Ge plated on germanium
lost its lustre and darkened, while»a dep§sit on a metal
backing remained bright and untarnished. This behaviour was a

further reason for rejecting the compound as a contact material.



3.3 Filament Conductivities

A sem;conductor in the intrinsié range has an
equal number of carriers of both signs, and the condﬁctivity
is

T = qn; (My +4)
The intrinsic concentration ﬁi and the mobilities are both
temperature dependent. In germanium at tempefatures from
100°K to 500°K the electron mobility is proportional to

T-1.66 -2.33

and the hole mobility to T (Morin 1954). The
variation of these quantities with temperatures is slow

compared with that of the intrinsic concentration-

3 Eg .
n; & T* ex;a-gif

and thus to a close approximation
. Ea

g = C: ex fiEf'
A plot of log © versus l/7 gives a étraight line in the
intrinsic range of conductivity, from which the energy gap
at absolute zero, Eg, is determined. At lower temperatures,
the intrinsic coﬁcentration becomes negligible compared
with carriers arising from impurity centers, and if the

impurities may be assumed totally ionized (see section 1.1)

the conductivities are

o2

i

%/dn (ND —NA) in n-type

CT = CZ/U;(A&" N%) in p-tipe
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Using published data on mobility these extrinsic conductivi-
ties give an estimate of (Np - N,).

The germanium filaments used in this work were cut
from ingots of 3 ohm-cm p-type, 10 and 40 ohm-cm n-type,
and from a near intrinsic ingot with residuai n impurities."
Filaments were also taken from a ''graded" n ingot having a
monotonic resistivity gradient from approximately 3 ohm-cﬁ to
30 ohm-cm over a 5 cm, length.. The conductivity temperature
. dependence of these materials are plotted in Figure 9. The
graded specimen is not included because of its extreme
inhomogeneity. The filaments were glued in turn to a ther-
mometer bulb and heated in an oil bath to 150°C. Resistance
and temperature readings were taken simultaneously as the
bath cooled to room temperature. For low temperatures a
copper-constantan thermocouple was attached to one terminal
of the filament. The filament was immersed in petroleum
ether cooled to liquid nitrogen temperature and resisfance
and temperature readings were taken simultaneously as the
bath warmed to room temperature. With this relatively simple
experimental set-up, the values of energy gap obtained were
close to the accepted value of 0.785 ev. (Morin 1954)7and
this leads us to place.éonsiderable confidence in our values

of (ND - NA)' N
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Table [
Material Resistivity at 20°C Apparent Eg (ND-— NpJ
(ohm-cm) (ev) (cm™3)

15

p 3.1 0.783 1.14 X 10
n. 9.1 . 0.725 1.75 x 10t?
a 40.0 0.750 2.87 x 1013
near idtrinsic A 56.0 approx, 1013

Close agreement with the accepted value of germanium zero-
temperature energy gap was obtained with the p specimen

confirming the ohmic quality of the contacts to this material.



Facing Page 56 FIGURE 10

SPECTRAL DISTRIBUTION OF RADIATION FROM A

ZIRCONIUM CONCENTRATED-ARC LAMP

J v T K “Tl2se0 |
’ - 1800 +
1600 1
‘ -jqoo .
1200 )
) -
;000 =
' ~
t m -
‘800 | :
-600 ‘ -
i—‘oo >
WAVELENGH IN MICRONS ' ) -
. 0
: o ®

=

e T mp———— =

e



56

3.4 Apparatus

When a germanium filament is illuminated with a
small light spot in a region of impurity density g;adiént,
a bulk photo e.m.f. is observed between the end contacts.
If the spot is scanned over the length of the filament and
the voltgge plotted as a function of position, the e.m.f.
pattern obtained is characteristic of.the filament aﬁd is
related fo its impurity distribution.

Two light sources, a one hundred watt "Point-o-Lite",
énd'a twenty-fivé watt zirconium arc lamp were used for
developing the bulk photo e.m.f. The point-o-lite is
essentially a black body radiator while the zirconium arc
has a continuous spectrum and many very intense lines. The
spectral distribution of theAzirconium arc as supplied by the
manufacturer is shown in Figure 10, The zirconium arc was
a more intense source than the point-o-lite, and was used for
most of the photo e.m.f. work. Both sources produced intense
spots of approximately 0.l'inch diameter with the Péint-o—
Lite, and 0.03 inch diameter with the zircbniﬁm arc. These
wgre"demagnified using a two lens system to 0.1 millimeter
diameter or larger at the germanium filament surface.

The filament on its plastic holder was bolted to
a small carriage which moved verticaily in a brass track,
and the second lens of the optical system was mounted rigidly
in front of it (Figure 11). Adjusting screws.wére provided
so that the carriage and track could be moved in a horizontal

plane parallel or perpendicular to the direction of.the
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light. These were used to position and focus the light
spot on the filament. The carriage was driven by a reversible
synchronous clock motor, and the e.m.f. was recorded on a
6—10 mv recordingvpoteﬁtiometer aé the light spét scanned
the filament. Typical e.m.f. patterns obtained in this way
are reproduced in Figure 12, section 3.5.

.For scanning at temperatures higher than room
temperature the whole assembly was placed in an insulated
box and the light beam was brought in through a lucite window.
The temperature iﬁside thé box was maintained constant within
1°C using an electronic thermal regulator, With this
arrangement the change of e.m:f. pattern with temperature

was observed up to 70°C.
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3.5 Identification of the Photo e.m.f. as a Bulk Effect

The magnitude and pattern of the positional
variation ofithe photo e.m.f. observed with a given filament
changed markedly with ditfferent surface conditions. This
suggested the possibility that in some cases the observed
photo e.m.f. originated from surface rather than bulk
irregularities.

To identify the origin of the effect, the photo
e.m.f. was examined as a function of illuminating position
with surface conditions varying from the extremes of sand-
blasted. (high recombination velocity) to heavily etcﬁed (low
recombination velocity). A light spot was scanned along a
five centimeter long specimen and positioqal variation of
photo e.m.f. was recorded. Three photo e.m.f. plots were
made for each surface condition using light spot diameters
of approximately 0.40, 0.80 and 1.40 millimefers. Surface
conditions investigated were, in order, polished, sandblasted,
and etched. The filament was subjected to four successive
etches of four minutes in three per cent hydrbgen peroxide
at 45°C. and was scanned after each etch. Photo e.m.f. plots
are shown in Figure 12 for the two extremes of surface
conditions. The e.m.f. pattern observed with a polished
surface showed many small peaks superimposed on larger peaks.
As the light spot diameter was increased these smaller peaks
were no'longer resolved and the pattern reduced to several

relatively broad peaks. The sandblasted surface showed
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essentially the same patterns buf with> reduced amplitudes.
Ali major e.m.f. peaks were in the same position,

| The first three etches prqduced a progressive
de-emphasis of the minor peaks with the smallest light spot
diameter and atter the third eich, the light spot diameter
had very l;ttle effect on the photo e.m:f. pattern. The"
fourth etch produced no appreciable cﬁange in the e.m.f.
pattern, indicating that the surface had reached the limit-
ing condition obtainable with a hydrogen peroxide treatment.
Throughout the entire range ot surface cﬁnditions, the
positions of‘the major peaks were unchanged.

Surface etching increases the carrier lifetime

and diffusion length, and consequently increases the effeétive
" light spot diameter, i.e. diameter of the region of signifi-
cant added carrier concentration. The effective light spot
diameter éan.never be smﬁller than twice the diffusion
length (see gection 2.3) and this explains the insensitivity
6f photo e.m.f, to light spot diameter with the heavily
etched surfaces. The disappearance of the smaller peaks when
the surface is etched is also explained by fhe increase in the
diameter of the region of significant added carrier concean-
tration. As the sampling widthﬂincreases only the grosser
v#riations inlimpurity density are detected and the fine
structure.is averaged out. This explanation of the e.m.f.
pattern change is borne out by the polished and sandblasted
surfaces where carrier diffusion length is much shorfer,

and the effective light spot diameter approaches the actual
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light spbt diameter. In these cases the e.m.f. plot with
small light spot diameter is superficially dissimilar to

the etched surface plot while the pattern with large diameter
spot is very similar to it (Figure 12),

On the basis of these observations we may definitely
identify the observed photo e.m.f. as a bulk effect, and
consider surface conditions as one parameter determining'
the‘dimensions of the sampling light probe. Thié conclusion
is suppofted by e.m.f. patternsvobtained by scanning the four
sides of a filament. These were essentially the same even
with a polished surface. It was unlikely that surface
irregularities were the same on all sides of the filament,
and'thus the similarity of the patterns indicate that the
observed e.m.f. origiﬂated from variations in the bulk

of the filament.
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3.6 Measurement of Carrier Lifetimes

In a semiconductor in eqguilibrium, the volume
rate of thermal generation of electron-hole pairs is exactly
balanced by an equal volume rate of recombination. If
excess carrier pairs are momentarily generated by some means,

their effective lifetime T is defined by

When the excess concentration.is small compared with the
equilibrium concentration,'r is the time required for the
excess concentration to decay by a factor efl. Decay
constants are defined as reciprocals of lifetimes.

The experimental arrangement for observation of
effective lifetime is as follows, The germanium filament in
series with a variable resistance is connected across a
constant voltage source. A pulse of light generates excess
carrier pairs in the germanium and the resulting increase of
conductance causes a voltage increase at the resistor
terminals which decays back to the steady state voltage as
the photo-generated carrier pairs recombine. The time
dependence of the photo—éonductive voltage pulse across the
resistor is the same as that of the excess carrier concentra-
tion provided that (i) no carriers are swept out of the
filament (ii) filament surface conditions, bulk lifetime,
and conductivity are Qniform, (i1i) no excess carrier genera-

tion occurs during the time of observation.

When the illumination consists of a light spot,
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condition (i) is satisfied if the field conforms to the

sweep-out condition

d

F</u4'r

where d is the distance from the-light spot to the contgct
towards which the carriers are moving. If the whole filament
is illuminated, carriers will be swept out unless the field
is smalf.enough that carrier motion is predominantly

diffusional

i.e. F < EI:

3la
where L,=+1/ILT is the ambipolar diffusion length. With
light spot illumination the field may cause appreciable drift
without violating the sweep-out condition. 1In this case
condition (ii), uniform surface conditions and bulk lifetime
must apply, for otherwise the recombination rate changes
as the carriers move along the filament. The effects of non-
uniform conductivity are discussed in section 3.7. 1If
surface and bulk conditions are not uniform, the field must
be reduced to conform with the diffusional condition, and
the photo-conductive pulse gives a measure of the carrier
lifetime at the point of illumination. The measured effective
decay constant may be considered the sum of a bulk and a
surface decay constant (section 3.1) and by measuring decay
constants under the extremes of high and low surface
recombination velocity, a measure of the bulk lifetime can

be obtained (Stevenson 1955).



Facing Page b3 FIGURE 13

LIGHT SGURCE AND BALANCE CIRCUI1

FOR LIFETIME MEASUREMENTS

Ge sample

6 KV
D.C.
Shield

T -

L ;

: |

| |

| |

| — }

| |

! A

: |

----- a !

A !

Amplifier
Difference O
Amplifier ' -’Scope
|Differentiating Exponential o
‘ Amplifier
Network Generator




63

'From condition (iii) the photo-conductive decay
method of lifetime measurement requires a light source
which can be switched off in a time short compared with
carrier lifetime. Since lifetimes may be as short as a
few microseconds, the light source should go from full to
zero intensity in 0.5 U4 sec. or less. A spark gap is the
most convenient light source capable of meeting this -
requirement. Such a light source was obtained by charging
an 0.00Q/JF condenser through a high resistance and discharg-
ing 1t across a gap using the circuit shown in Figure 13.

By adjusting gap width and placing a small resistance in
series with it, the light pulse duration measured with a
photo multiplier and fast oscilloscope was reduced to 0.1 U
sec. The gap consisted of an auto'spark plug with approxi-
mately one millimeter between the electrodes énd was operated
in air. The condenser, charging resistor, and gap were
enclosed in a metal container to reduce electrical inter-
ference and the spark was focussed on the filament using

a two lens system (see Figure 13).

Decay constants of the photo conductive pulses
were measured using a null balance method. This method
required gemeration of exponentially decaying pulses with
adjustable and accurately known time constants. The
~generated pulses were balanced against the photo conductive
decay pulses using an oscilloscope with an input difference
amplifier; When the amplitudes of the'two pulses were

equal, the decay constant of the generated pulse was adjusted
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to givé a zero signal.

An attempt was made to generate the desired
pulses by reflecting part of the light from the spark gap
to a photo multiplier whose load resistance was shunted
by a variable capacitor. For this system to be satisfactory
it was necessary that a given:number of photons should always
produce fhe same exc?$§ carrief density, and that a constant
fraction of each iighf‘pulse be incident at the photo
multiplier. Because of variation of spark path across the
gap, neither of these requirements was closely attainable -
and this method of pulse generation was abandoned.

The technique finally developed involved genera;
tion of sténdard decay pulées directly from the photo
conductive pulses (see Figure 13). The photo conductive
pulses are ampliﬁied and fed to a 1 U sec. RC differentiating
network and the resulting spikes are applied to the grid
of a triode biassed to cutoff. The cathode resistor was
made much larger than the tube transconductance and was
paralleled by a variable capacitor. As the spike was applied
to the grid the condenser was charged. Approximately a
microsecond later, the tube had returned to the cutoff
condition, and the capacitor discharged through fhe cathode
resistor supplying the necessary pulse of adjustable decay
time. To ensure that the generated pulse heights were
proportional to the photo conductive pulse heights, it was
necessary for the spike amplifude to be large compared with

the difference between applied bias and cutoff bias,
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The lower limit of pulse time constant measureable with this
system was approximately 3 A sec. Shorter time constants
were estimated directly from the photo conductive pulse
displayed on the oscilloscoﬁe.

The performance of the circuit was tested by
measuring an accurately known time coastant of an exponen-
tially decaying voltage pulse. kThe null point was sharp
enough to allow a balance to within one part in four hundred
of the variable capacitance, i.e., of time constant. This
figure however, represents operation under aptimum conditioné;
the pulses were of constant amplitude, éxactly exponential,
and free from noise, The photo conductive pulses did not
have a uniform amplitude, and in most cases had an unavaidable
noise background. 1In addition to this any pulses with
émplitudes'sméller than the difference between the triode
applied and cutoff bias appeared without a corresponding
balancing pulse, and tended to make the balance point less
well defined. With these practical difficulties, the

uncertainty in balance was within five per cent.
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3.7 Photo-Conductive Effects

In the lifetime measurements described in section
3.6, the field applied to the filament is kept small enough
that carrier motion is predominantly diffusional

F < Ll
3L |

When the field is increased beyond this value, the packet of
carriers photo-generated by the spark image moves along the
filament decaying as it goes, and Qith a field larger than.;f%
carriers will be swept out of the filament before decaying
(see section 3.6). If sweep-out fields are applied to the
filament wi;h the circuit shown in Figure 13, one expects

the observed wave-form across the resistor in series with

the filament to be a truncated expomential. The expected
wave-form was observed with the 3 oﬁm—cm p-type filaments
only. With filaments of the other materials the wave-form

was exponential immediately aftér the light impulse but

was follpwed by a subsequent 1ncreése in pulse height which
fell rapidly to zero (Figure 14).

With a consfant field in the filament, the time
between the original spark impulse and the peak of the '"after-
pulse" was proportional to the distance of the spark image
from the contact towards which the carrier packet was moving,
and approached zero as the spafk image approached the
contact. With the spark image at a fixed position on the

filament, the time between the spark impulse and the after-

pulse peak was inversely proportionmal to the sweeping field.:
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In both cases it was necessary for the field to be large
enough to produce sweep-out. These observations indicate
that the after-pulse is associated with a coatact effect.

A given density of excess carriers produces a
larger resistivity decrease in a low conductivity region
than in a high conductivity region, and this fact is used
to explain the pulse wave-forms. A pulse of light produces
a packet of photo-generated carriers in the filament which
drifts towards a contact decaying and spreading as it goes
(Figure 14). The local conductivity increase due to the
carrier packet causes a decrease of filament resistance. As
the packet decays the filament resistance returns to its
unilluminated value. However, if the crystal is inhoﬁo—
geneous, the carriers may move into a region of lower
conductivity, resulting in a lowering of the filament resis-
tance even though the total excess carrier density is
decreasing through recombination. In our case the region
of lower conductivity is the metal-semiconductor contact (see
section 3.2) and as the carrier packet moves out of the
filament, the photo conductive after-pulse is observed. This
effect was not present in the 3 ohm-cm p-type filaments, and

this confirms the ohmic quality of contacts to this material.
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CHAPTER IV-MEASUREMENTS OF BULK

PHOTO E.M.F.

4.1 Linearity of the Photo e.m.f. with Weak Illumination

Intensifz

Mbst of the bulk photo e.m.f. measurements were
‘made using filaments from the 40 ohm-cm n material and the
graded material (see section 3.3). In the 40 ohm-cm
material the resistivity fluctuates about a mean value
throughout the length of the ingot while in the graded »
material the resistivity increases monotonically along the
ingot. Photo e.m.f. scans of the 3 ohm-cm P and 10 ohm-cm n
filaments showed bulk e.m.f.'s of a fraction of a millivolt,
and although these were useful in assessing the homogeneity
of the ingots, the voltages were not large enough for
detailed investigation of photo e.m.f. behaviour.

In measurements of the bulk photo e.m.f,, the
incident light is considered "weak" if the photo-generated
carrier concentration is small compared with the equilibrium
majority car;ier cbncentration. When excess carrier density
is comparable Qith the equilibrium concentration saturation
e.m.f. effects are observed (see section 2.3). Thus for
our purposes illumination intensity rfefers to the ratio of
photo generated &o'equilibrium carrier densities and not to
photons incident per unit area per second. For example, photo
generated carrier density is dependent on the filament

effective lifetime (see Appendix V) and a given illumination
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which approaches saturation intensity when incident on an
etched surface may be weak when the surface is sandblasted.
Also, the equilibrium carrier density in the intrinsic
range increases rapidly with temperature and an illumination
which has saturation intensity at room temperature will be
weak at some higher temperature.

The light incident on the filament was varied
using a stepped wedge with equal density increments per step.

Optical density is defined as
L
It

where I; is the incident intensity and the transmitted

density = log,,

intensity. When a collimated beam of light is incident on
the wedge the total transmitted intensity consists of an
attenuated beam plus forward scattered light. The diffuse
density is defined with I; equal to the total transmitted
intensity and the specular density is defined with I. equal
to the intensity of the transmitted beam. The manufacturer's
data for the wedge specified optical neutrality for wave-
length frém 0.4 to 1.0 micron; and included a calibration

in diffuse densities. In our experiment set-up, the
transmitted beam was focussed on the fiiament and thus it
was necessary to recalibrate the wedge for specular density.
A germanium photo diode was used to make this calibration,
first, because the short circuit photo current was known to
be directly proportional to the incident light intensity
(Cummerow 1954) and second, because its spectral sensitivity

was identical with that of our filaments thus giving a
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calibration which automatically took account of any departure
of the wedge from optical neutrality at wavelengths greater
than 1 micron. Using the photo diode the measured wedge
specular density was 0.234 per step, or 2.34 db per step.
The theory of the bulk photo e.m.f. predicts a
linear dependence of photo voltage on weak illumination
intensity (see sectidﬁ 2.3) and this was verified using the
calibrated wedge. Log photo voltage was plotted against
wedge step, and from the wedge calibration a linear relation
between voltage and illumination corfesponded to a straight
line of 2.34 db per step, i.e., slope of one in log voltage
versus log illumination intensity. Observations were made
with both the 40 ohm~cm n material and the graded material
at various e.m.f. peaks in the filaments. 1In all cases the
slopes were between 0.94 and 1.01. Typical plots are shown
in Figure 15. These results verified the linearity of éhoto

e.m.f. with weak illumination intensity.
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4.2 Dependence of Bulk Photo E.M.F. on Impurity Density

Gradient

The bulk photo e.m.f. arises from an impurity
gradient in the semiconductor and the final form of the
e.m.f, expression involves the equilibrium carrier densities
at the edges of illumination for both weak and saturation
intensities (see section 2.3). Except in the near intrinsic
case the equiiibrium carrier densities may be identified
with the equilibrium conductivities (see section 2.6), and
in extrinsic materials the photo e.m.f. with a given
111um{nation should have a maximum value where the impurity
density gradient, i.e., conductivity gradient, has a maximum.
Thus for an n-type specimen with weak illumination intensity
we may write (see section 2.6)

€g = %;:TA”LH@»'_ nL‘J = -gzgr—l ‘g Ao, (ﬂw " /ﬂ)

The proportionality of bulk photo e.m.f. to the
differences between equilibrium resistivities at the illumina-
tion edges was experimentally checked by comparing a probe
measurement of local resistivity with a photo e.m.f., pattern
obtained over the same length of filament. A constant current

was passed through a germanium filament and two metal probes
with a fixed spacing of approximately 0.7 millimeters were
moved along it. The voltage between the probes was propor-
tional fo the local resistivity, and the positional
variation of this voltage is shown with the corresponding
photo e.m.f., pattern in Figure 16. Points in the plot where

the photo e.m.f. has a maximum or minimum correspond to
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points where the resistivity gfadient has a maximum or
minimum, and the curves suggest that the photo e.m.f.
is proportional to the local resistivity grad;ent as
predicted by the theory. Shortly after these observations
were made the proportionality of bulk photo e.m.f. to
resistivity gradient was adequately confirmed by Frank
(1956) and further investigation of this point was
unnecessary. |

The photo e.m.f., gives a measure of impurity
gradient and is thus better suited for investigation of
crystal inhomogeneities than probe measurements of
resistivity. This is especially true in near intrihsic
material where conductivity has a minimum (see section
2.6). Figure 16 illustrates the advantage of light probe
measurement of impurity gradients; the fine structure in
the photo e.m.f. pattern may be identified with resistivity
gradients which were not detectable by the probe

measurementis,
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4.3 Measurements of the Ratio of Bulk Photo e.m.f. to

Photo Resistance

From the analysis of section 2.6 the ratio of bulk
photo voltage to photo resistance should be constant at
weak illumination. With a uniform density of photo-generated
carriers, the ratio is directly related to the impurity

density gradient, i.e.

e __ 2A kT do
AR b+l G dx

To verify this expression experimentally, an accurate probe
measurement of local conductivity, and uniform generation
of carriers in the bulk of the filament are necessary.
Although a non-uniform photo-generation rate corresponds
to an effective crossectional area less than A (section 2.6),
the ratio should remain constant at weak illumination even
under this condition.

For measurement of the ratio of bulk photo e.m.f.
at weak illumination, the light spot was focussed on a
position in a filament exhibiting a large e.m.f. peak. The
stepped wedge was used to decrease the light intensity by
known increments, and the photo e.m.f. was measured by a
potentiometer. The illuminated and dark resistance measured
on a wheatstone bridge gave the photo resistance. The added
carrier distribution must be the same in the e.m.f. and
resistance measurements, and for this reason an a.c. bridge
source is preferable. Thg bridge balance point was deter-

mined using a high gain oscilloscope with an input difference
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amplifier. Plots of log photo resistance and log photo
voltage were parallel with a slope of approximately one
(Figure 17). These observations show that the ratio of
photo e.m.f. to photo resistance was constant at weak
illumination as predicted by theory. However, since the
photo-generated carrier density was not uniform throughout
the filament crossectional area, the results could not be
used for a quantitative verification of the expression for
the ratio of photo voltagéﬁto photo resistance.

Photo resistance measurements were also made using
a d.c. bridge source. In this case the field applied to the

filament must be kept small enough that carrier motion is

predominantly diffusional, i.e.,

The maximum allowable field from this condition was small
enough that the photo e.m.f. substantially affected the
bridge balance. This difficulty was removed by bucking out
the photo ;éltage with an equal and opposite voltage applied
across a known resistance in series with the filament. With
this method, the photo resistance was fdund to be dependent
on direction of current flow, and plots of log photo resis-
tance against log light intensity were parallel to each
other and to the log photo voltage plot (Figure 17).

The change of photo resistance with current direc-

tion was explained by the dependence of dark and illuminated

resistance on current density. The dark resistance of the
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filament used for the d.c. bridge measurements showed
COnsiderableAasymmetry with current densities in opposite
directions. With light incident on the photo e.m.f. peak,
this asymmetry decreased with light intensity and at strong
illumination the filament resistance was not affected

by the directiod of current up tb the maximum allowable

from the diffusional condition. Thus the observed dependence
of photo-resistance on current direction originated in the
asymmetry of ihe dark resistaﬁce with current density. When
the filament was illuminated at a point where the photo
voltage was zero, the illuminated resistance showed a depen-
denée on current density similar to the dark resistance.

The characteristics of the dark and illuminated
resistances corresponded to a weakly rectifying junction at
the point of illumination. This region exhibited a large
peak photo voltage, i.e., had a large local impurity gradient,
and the asymmetry in the dark resistance as a function of
‘current density corresponded to the direction of rectification
implied by the polarity of the photo e.m.f. The voltage
drop across the weak junction was sufficient to perturb the
added carrier distribution from its open circuit value even
though the total field applied to the filament conformed to
the diffusional condition. This could account for the change
in photo resistance with current direction.

At saturation illumination intensity, the electro-
static potential step associated with the impurity gradient

was flattened out, and the cause of rectifying behaviour

removed. As a result the illuminated resistance of the
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"filament showed less non-ohmic behaviour than the dark
resistance. These observations showed that_thé electrical
contacts to some of the 40 ohm-cm n filaments were better
than was indicated by the methods of section 3.2 in the
sense that a part of the observed non-ohmic behaviour
originated in the bulk of the filaments.

At the higher light intensities the ratio of photo
e.m,.f.  to photo resistance was measured using a method
described by Tauc (1957). A constant current was passed
through the filament and the light beam chopped using a
rotéting slotted disc. The light pulse inéident on the
filament produced a photo resistance pulse which appeared
at the filament terminals as a voltage pulse equal to the
product of current and photo resistance. When the light
was incident on a region of impurity density gradient, a
photo voltage pulse also appeared at the terminals. The
resultant voltage across the filament was displayed on a
high gain oscillescope, and the direction and magnitude
of the current was adjusted to reduce the observed pulse
to zero. At this point

f’lzzF

AR
where if is the current through the filament. With photo
voltages of the order of a millivolt the oscilloscope gain
was not sufficient to allow an accurate pulse balance,
however, photo voltages of this magnitude are ordinarily

in the linear range (Figure 17) ﬁhere the ratio of photo
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voltage to photo resistance is known to be constant. The
accuracy of the compensation method described above improves
with increasing photo voltage and was used chiefly to
investigate the behaviour of the ratio in the saturation

range of illumination intensities.
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4.4 Saturation Effects

When the illumination intensity is sufficient to
produce saturation e.m.f. in the volume under the illuminated
area, a further increase in intensity affects the photo
e.m.f. only through carriers which have diffﬁsed far enough
to arrive in an unsaturated region. These Gnsaturated
components will always be present in the observed e.m.f,
unless the impurity density gradient occurs only in the
_ region where light is incident. Since this is not normally
the case, the observed '"saturation" e.m.f. will increase or
decrease with light intensity depending on the impurity
distribution in the immediate neighbourhood of the light
spot (see section 2.6). 1If the light spot is considered
a sampling probe, an increase of illumination intensity into
the saturation range may be thought of as increasing the
probe dimensions beyond 2(a + Lp) (see section 2.3).

In the 40 ohm-cm n material, the impurity density
fluctuates about a mean over the length of a given filament
(Figure 16). In this material the unsaturated components
will generally bhave a polarity opposite to the saturated
component, and the photo e.m.f. will decrease as the
illumination intensity is increased into the saturation
range. This is illustrated in Figure 18(a) which consists
of records of successive scanning of a heavily etched 40
ohm-cm filament with illumination intensity decreasing in
the saturation range. The corresponding decrease in probe

dimensions permits a better resolution of the e.m.f. peak
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and a consequent higher e.m.f. at lower illumination
intensities.

In the graded material the impurity demnsity
increases monotonically along the filament and all e.m.f.
components are of the same polarity. In this case the
photo e.m.f. continues to increase up to the maximum
illumination intensity. The dependence of photo e.m.f.
and photo resistance on light intensity is shown in
Figure 18(b). 1In both materials the photo resistance
behaviour is the same, and because of the impurity distribu-
tion in the graded material the ratio of photo voltage
. to photo resistance is constant up to the maximum
illumination intensity. This is discussed in section

2.6,



4.5 Temperature Dependence of the Bulk Photo E.M.F,.

The temperature dependence of the bulk photo e.m.f,
can be calculated from the results of section 2.3. For
weak illumination in extrinsic material

2kT A | j .

= An, | — — — in n-t e
eB %b L nob' nod : yp

and

bkT :
- dTufy i) e

The impurity centers may be assumed totally ionized in
germanium at temperatures greater than 50°K and thus the
eqﬁilibrium concentrations are independent of temperature.
The temperature dependence of b, the rafio of mobilities

of electrons and bholes is calculated from publiéhed mobility

data (Morinm 1954)

Lo 49X o7 T
l.os x 10% T %33

~1.6b6
.66

= 4.85x107° T

The added carrier concentration ¢Ar\Lis dependent on life-
time, and if the carrier lifetime is temperature dependent” “
this will influence the temperature dependence of the bulk
photo e.m.f. Where lifetimes are constant in the extrinsic

material

eB°< - o< TO.33 ln n-type

e, x bl « T in p-type
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In near intrinsic material (section 2.5)

TR A AN
T

In this expression the temperature dependence of the factor

¢

involving the mobility ratio may be neglected, and where¢QnL
is temperature independent
€g

!
—_— 0 —
T n

Observations of the bulk photo e.m.f. temperature
dependence were made over a temperature range of -120°C to
100°C. For measurements at low temperatures the filament
was placed in a dewar flask with an aperture in the silver-
ing, and the light was focussed on a position exhibiting
a large photo e.m.f. peak. The temperature was lowered by
pumping liquid nitrogen through a coil of copper tubing
ingide the dewar and temperature measurements were made by
méﬁns of a thermocouple connected to one contact of the
filament. To minimize tempgrature differences between the
contacts, the filament was mounted horizomtally. In the
first measurements the dewar was filled with petroleum ether
to provide thermal inertia and stabilize the temperature
in the region of the specimen. This was upnsatisfactory at
the lower temperatures as the petroleum ether became
increasingly cloudy below -30°C. and froze at approximately
-80°C. Since no other suitable coolant was available, the
petroleum ether was removed and the filament temperature

was lowered by cooling the surrounding air in the flask.
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When a sufficiently low temperature was reaqhed, the pump
was shut off and measurements of the photo e.m.f as a
function of illumination intensity were made at 10° intervals
as the filament wa;med to room temperature. One dis-
advantage of this arrangement was the rapid rate of warming
at low temperatures which made it difficult to get complete
observations of the photo e.m.f. as a function of illumina-
tion intensity before the temperature had changed
appreciably.

After the necessary experimental techniques for
measuring the bulk photo e.m.f. at low temperatures had
been developed, the filament was incorporated into a circuit
which allowed concurrent measurement of both fhe bulk photo
e.m.f. and photo resistance. Two equal constant currents
were passed through the filament and a variable resistor

which was made equal to the filament dark resistance.

i A,
| A/oTTTTTTTT T Y .
i o_,L_._I\____>_2|

recorder o o
o———-—
Rf ?B
| —> ~
filament
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With the switch in position 1 as shown, one terminal of

each of the resistor and the filament was connected together
and the voltage between the other terminals (i) was zero
with no illumination and (ii) with filament illuminated

was equal to the bulk photb voltage plus the product of
current and photo resistance. This voltage was measured

on a recording 0-10 mv meter. With the switch in position
2, the current was shut off and the photo voltage recorded.
By subtrdcting the two voltages a value of the photo
resistance was obtained. This metbod of measuring photo
resistance is subject to considerable error at weak illumina-
tion but the accuracy improves at strong illumimation where
the difference between the two voltages is greater. Since
the photo resistance is known to be directly proportional

to the photo e.m.f. at weak illumination (see section 4.3),
inaccuracy at low light intensity is not a serious
disadvantage.

At temperatures from -120°C. to -30°C. both the
photo e.m.f. and photo resistance increased with temperature
(Figure 19a and b) in a 40 ohm-cm filameant. As the tempera-
ture was increased further, both quantities decreased slowly
until the temperature had reached approximately 10°C., and
then decreased more rapidly as the filament entered the
intrinsic range of conductivity. With the graded filament
the behaviour of photo e.m.f. and photo resistance was
similar to that described for the 40 ohm-cm filament.

With both materials the increase of photo e.m.f.

with temperature in the extriansic range is too rapid to be
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accounted for by the T/b term (see above) and is attributed
to the lifetime dependence of the ‘AnL factor. This is

borne out by the photo voltage versus illumination charac-
teristics for the 40 ohm-cm material which sﬁbws a
progressive decrease of e.m.f. with light intensity at strong
illumination from -120°C. to -40°C. This corresponds to an
increase in the effective light intensity, i.e. increasing
lifetime (see sections 3.2 and 4.1).

In successive low temperature measurements, the
magnitude of the photo e.m.f. with a given light intensity
was not closely reproduciﬁle, In all cases however, the
photo e.m.f. and photo resistance were linear_with weak
illumination intensity and the curves showed the other
characteristics of Figure 19. By drying the air in the dewar
flask the variation between successive sets of low temperature
measurements was reduced, but not entirely removed. Because
of this behaviour, an analysis of ZXnLthrough lifetime
measurements at low temperatures was not attempted.

The same methods of measurement were used to investi-
gate temperature dependence of the photo e.m.f. in the
intrinsic range. The filament was heated in air in a dewar
flask and at a sufficiently high temperature the heater was
shut off and observations of photo e.m.f. as a function of
illumination intensity were made as the filament cooled to
room temperature (Figure 20). The photo e.m.f. showed
piogressively less saturation behaviour as the temperature

was increased because of the rapid increase of equilibrium

carrier concentration, and consequent decrease in the ratio
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of photo-generated to equilibrium carrier densities (see
section 4.1).

At temperatures above room temperature, successive
sets of photo e.m.f. observations were accurately repzro-
ducible, and it was possible to obtain an experimental
check on the weak illumination temperature dependence of
the photo e.m.f. predicted by the theory. The measurements
were made from 20°C. to 100°C. in the manner described above
except that the light intensity was maintained constant
and the photo voltages were measured on a potentiometer. The
carrier lifetime decreased slowly with increasing tempera-
ture, showiné a total change of appfoximateiy 10% over the
temperature range investigated. Thus the ZXHL factaf has
negligible effect on the bulk photo e.m.f. temperature
dependence and from the theory (see above)

Le L
T ng
" The value of nig was taken from published data (Morin 1954)

he =30 x10°° T7? exp[—- 912—8—.5]

This relationship was checked by plotting log eg and logeééT
as a function of reciprocal temperature, and comparing the
slope of the plot with log 7%} as a function of reciprocal
temperature (Figure 21). The slope of the log e@éT and
log Dﬁf plots are equal within experimental error, and
this confirms this feature of the theoretical treatment

of the bulk photo e.m.f. in the intrinsic range.
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APPENDTIX I

Imref Gradients with Large Added Carrier Concentrations

Equal added carrier densities n, and p, are present
at the plane x = 0. If all carrier motion is diffusional,

then

pOX) = o + pa exp[- ]

n(x) = h, + Na.exp [— —i—J

where L, is the ambipolar diffusion length.

v [ emert2)
q ne

Then PfP(X)‘—-yU(Xﬁ =

d

and kT plexp(—é%>
gred [pe) -] = =T 1= P«exp(‘zﬁh

In extrinsic material where carrier motion is predominantly

diffusional, grad ¢, (X) will be large compared with

grad V/(X)- and where Pa €XP [—- %—} > > D,
then sqrad ¢P(X)l = g—}“
Similarly if Na exp[—-?—i—] >> N,

o

then )qrad ¢n(>ﬂ! = :;—E
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In extrinsic semiconductors, the added minority
carrier density from injection or photo generation may be
large compared with the equilibrium minority density but
is usually negligible compared with the equilibrium
majority carrier density. 1In this case the diffusion
length is that of the minority carriers (Rittmner 1954)

and the imref gradients are approximately
{

kT
Sqrad ¢P(x)} - %—L—P in n-type
KT )
tqrad @, (X)| = 5L in p-type

where L, and Lp are electron and hole diffusion lengths.
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APPENDIX 11

Dependence of Electrostatic Potential on Added Carrier

Concentrations

A non-homogeneous semiconductor is illuminated
producing a uniform‘concentration of added carriers
throughout the bulk under the illuminated area. The

concentrations of the electrons and holes are

n=n; eXP"?T' (W‘¢n>

p = h exp -%—(% - Y)

and the concentration gradients are

rad n
J - - kq')l' grad (y/—gbh)
grad p

5 ared (¢, -y)

No net current flows in the open circuit condition-so that
bngrad ¢, + p grad ¢,=0

and we use this relation to sﬁbstitute for grad ¢$ in

terms of grad ¢g

pqradn grad (v - ¢,)

Thus m =

- %‘— grad ¢, —grad y
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and
n grad(p-bn)
grad{hnp)

qrad ‘70'= qrad th

p grad (bn-p)
bgrad (np)

similarly grod y = grad @,

1f the semiconductor is homogeneous, (assumption (a),

section 2.3)

gradn, = gradp, =0
and | gradn =gradp - grad An

where Z&h is the concentration of added electrons and holes.

The above equations are simplified in this case and become
4 (b—!) p grad ¢, ~ —(b—') nh qrad ¢,
grad y = b (n+p) N+ p

In the homogeneous semiconductor the eléctrostatic potential
gradient can also be expressed in terms of the gradient of

added carrier concentration. Since gradhn = gradlﬂn

kT grad4dn
then grod ®n -y Th t grady
which leads to g A
) _\ kT graddn
grad y - (b ‘)% bn+p



and in intrinsic material where h = p

(b —l> kT grad An

qrady/=<b+l) —5?,— A
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APPENDIX III

Evaluation of the Integrals

b
eg =/ grad(y - v.)dx
Q
b _
_ kT (b~) grad An . (b-1)An grad n, dx
9 p.+bn, +(b+1)An bnz +An(b+i\n, + !

Q

The first term is identified with the diffusional e.m.f., eq.
From assumption (f) section 2.3, a significant gradient

of added carrier density exists only at a' and b', the
edges of illumination (Figure 6), and the first term of
integrand is finite only at these points. The equilibrium
carrier densities are slowly varying functions of position
and may be considered constant at the two points where the

integrand exists. Thus we write
b a'+¢ b +¢

I
+

e, =

a a'- ¢ b'~¢€

where € is very small and

H(b"’) . o (be)An,
© 3 b+ |, (b+)An,

Pacr +bNow

Poh' + bnob'
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The second term is identified with the inner field
component of e.m.f., e.. In this case the integrand exists
only in the region where an added carrier concentration
exists, i.e., betﬁeen the points a' and b'. The added
carrier concentration is assumed to be constant, Z&nL ,
between these points (Figu;e 6) and the variable of integration
is the equilibrium carrier density. Thus the integral

becomes

b .
.~ KT An, b 1) n, :
¢ 9 bn? + AnL_{bH)nq + 0.

an

which is readily evaluated giving
_ b’
T An, (b+} - 2bn, +An_(b+i
_ 2k L( ) 171n ! o ( )

&= -5 Vo il

when D is positive

e __ kT An, (b+1) | 2bno+(b+0AhL—~qu

c n
% /-D 2bn, +(b+l) An, +,/-D

when D is negative
2 2
D-4ntb —(b+l) An,
These solutions are unwieldy, and it is more convenient to
consider the two extremes of weak and strong illumination

i.e., added carrier density Z&nL much smaller or much larger
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than the equilibrium majority carrier densities.
(a) Weak Illumination ‘
When AhL << Pt bn,, , the diffusional component

of the e.m.f. is approximately

kT | |
ed = ’(—%'— (b+‘) AnL P°“,+ bn - po),' + bhoh'

oat

In the inner field component we assume
L]
(b+l)An; << 4n?b

Then since tan 8 = 8 if B is small

KT An, (o =N, u
ST T g (b1 nZ + b,y N

_ -“%-(bu\AnL pﬂjbna‘& + pw:bno,,.
and
S
in n-type material (bn, >> p.,)
Or
€= B¢+ €. = — g_t%_k_T_ An‘[—;ﬁ- ) —P%J

in p-type material (P, >>bn,)
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(b) Strong Illumination

When AnL >> p°+bh° , the diffusional e.m.f,.

component becomes approximately

KT (b—l) In Doy + DN,y

€ = q (b+1) Poo + b Ny

In the inner field component of e.m.f. the log

form of the integral solution is used, and assuming(bHYAmf>>4n:b

If the substitution in the original integral

expression is made in terms of p,, then

ec=—k§)1 n%i

The complete expression for strong illumination or saturation

e.m.f. is then

- 2 kT'l
e,= €4 +&, = — —— — In
BT Td T e b+l 9 Noa

in n-type material (bn°>>;%)

2 b pob'
or ea= e, +e. = T In Pom

in p-type material (po > > bn°>
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. APPENDTIZX IV

Imref Derivation of the Photo e.m.f.‘

Using the gradients of the carrier concentrations
and relating the imref gradients through the open circuit
current condition

bngrad ¢, + pgrad @, =0
we may write
- arad kT 1 grad(np
_.qu1 ¢n;=-__ TT —Er_~____
S 9 n+p

and

_ bkT | grad(np)
qrad , - 9 P bntp

This is expanded to a more suitable form using assumption
(a) section 2.3, An = Ap and grad Anh = grad Ap

The expression then contains terms which may be identified
with the diffusional and inner field components of the
e.m.f. ‘The integration will be carried through using

the electron imref.

b
€g =/ grad @, dx

b b
k1 [ (+p) grad An i - KT An grad (n,+ps)
9 n(bn+p) g 9 h(bn+p)

(28

dx
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The first term is written

b |
kT (no+p,+2An) dAn

9 (na+An> [p.+bno+(b+l)lln]

a

ed'——_

and expanded by partial fractions to

b | b
kT /| dAn KT d An
Ca=- 'q / n,+An + (b ) p, + bn, +(b+1)An

a a .
These integrals are evaluated using the methods outlined

in Appendix III, giving
Noa + Anl— Nop
e, - — KL
% noa' nob' + An,_

KT (b—l) - ; + b+l AHADW +bn.

+
(b+') ‘_*_(b"'lAn Pob"*'bnoh'
Using the relation grad p, = - ”%1 gradn,

the second term is written

b |
kT An (n -n}t) dn,

b No(Na+4n) [bnoﬁ-ﬂn(b%-l) 0, +n§]

a

e = —

and expanded to

R
_ kT /dn, k1 kT | dn,
€ /—ﬁ_ /) +4n, g An (b ) bng +4n (b+)n, +n}

al
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These are evaluated giving

. k_T ln Now' Noa +Anc-}

= 9 Moar n,.. +4n0,
o
_ 2KT An (b+) o 2bn, +An,(b+1)
9 VD 5

where D =4 nfb —Ahf (b+l\)2

The arc tan term above takes a log form when D is negative

(see Appendix III).
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APPENDIX A

Added Carrier Densities with Uniform Illumination

A homogeneous n-type semiconductor is uniformly
illuminated between the points a and -a. If the time
derivatives are zero and one dimensional geometry is assumed,

the continuity equation for holes is

.d?

Dad—xpzwvg——r =0
where g and r are the rates per unit volume of carrier genera-
tion and recombination. Carrier diffusion will be ambipolar
under the above conditions, but if the total hole density is
small compared to the total electfon.density, the ambipolar
diffusivity, Dy, is approximately equal to Dp, the hole
diffusivity. Assuming a uniform rate, G, of carrier pairs

are photo generated per unit volume, the generation and

recombination rates are

po
9= 7

(x>a and x< -a)
)

q=%+G (-a < x < a)
. P + An(x) ( for all x)

T

where TP is the hole lifetime and An(x)' = AP(X) is the

added carrier pair density.
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For X >Q and X <~-Qa the continuity equation

becomes

d?Ane An(x)
2ahe -0
d x D.1,

Using the boundary conditions

An =0 X = + o0

An =An@ x = + a

the solutions of this equation are

An(x) = Anfa) exp aLx (x >a)
Anxy =An@) exp azx (x <-a)

where Lj = j/ll,fp =~ hole diffusion length.

In the illuminated region the continuity equation

becomes ) .
_d_é__rl(_x_) L An(X) + G‘ -0
dXz DPTP Dp

ane Anx) = G, +C,exp(—{—?> +C exp(—’-&\

and its derivative must. be

X =

The added carrier density /Zn(X)

continuous at the edgés of the illuminated region

and from these conditions

and

An(a) =Gt, +2¢C COSh(L,)

Substituting for An (a\

C < -Gr, exp(——a{_—)

e


http://orAn.fr
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;nd Ani) = G, {l - e>§p(— %) coSh(—Z—;} (Fa<x<a)

Angx) = %Ep [l - exé(--%gﬂexp(%i) (x >a)

An(x) = G;" [! -exp(—-g—ﬁ) exp %—_ﬁ (x <-a)

The ratio

An(a) o o a
An(oy 2 p ¥ EXP( Lp)}

shows that the added carrier concentrations at the edges of
the illuminated region are alwaysigreater tban one half the

concentration at the mid point.
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APPENDTIXKX VI

Added Carrier Concentrations at Illuminated Junctions

When the differences of imrefs at the edges of

a junction transition layer are equal, i.e., when

(3, -2.). =@ - %),

n

then

Pop + (AnAP h"" + (AnLBP -

Pon + (AN.), Non (4N,
Assuming h, >> D, and D, >> N,p this simplifies
to ¥

op Nom

Then for weak illumination, when the added carrier densities

are negligible compared with the majority carrier densities
(Anl-)? nOn

s, " P,

and for strong illumination, when the added carrier densities _

are large compared with the majority carrier densities

(An), - (4n),

Similar relations apply to junctions in which one
side is intrinsic and to low-high (L - H) junctions where

there is a large abrupt increase of impurity density. In the

2

i -n junction

@n,); n | ‘
( l-)c. - on (weak illumination)

Gn), ~ 20




and

| (A “L)a = (A”‘-\n

In the n - n+ junction
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(strong illumination)

(weak illumination)

(strong illumination)
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