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Abstract

Electron energy states, localized within a few atomic
layers of a semiconductor surface, may exist within the for-
bidden gap; the energy band structure, over the resultant space~
charge region, willlbe displaced relative to the Fermi level.
When the thickness of such a thin film compares in magnitude
to the extent of this space~charge region, marked variations
in the expected conductivity will be observed. Relations are
derived, expressing the conductance of thin film semi-
conducting slabs as a functlon of £ilm thickness; a method of
interpretation of experimental data in terms of the theory is
discussed,

A technique is presented whereby the surface potential=~-
the amount by which the band structure is displaced between
the surface and the bulk material=--can be determined. Basic
to this technique is the simultaneous evaporation of several
thin £film slabs, oflvarying thickness, on the same substrate.

The theory was found capable of explaining dark con=~
ductivity measurements on thin CdS films, ranging from 800'3

[}
to 8000 A in thickness, at temperatures between -20°C and 60°C.

(iii)
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1. Introduction

In a large semiconductor sample of uniform composition the
conductivity (or, the conductivity tensor) may be considered
independent of position; any effects ascribed to the surface
will be negligible. However, when any sampleldimension becomes
~very small--as is the case of thin films--surface effects will
become more important. First, surface scattering may give rise
to a reduced mobility near the surface; second, and more important
to this study, there may be localized energy levels in the sur-
face region--these, as will be séen, will cause local variations
in the conductivity.

This study, theh, is concerned with the theoretical and
experimental effects of surface states on the conduction current

in thin semiconducting films.

1.1 Origin of the Space-Charge Region

The sample geometry utilized throughout most of this thesis
is depicted in Fig. 1-1, wherein the resistance across the length
2 of the sample is being measured; the thickness %, is much less
than either the length % or the width w.

A possible energy structure for such an n-type semi-
conducting film isvshown in Fig. 1-2a, for the case of the
surface having no effect on the band structure. This is not

_realistic; the surface atoms are in an obviously different
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Figure 1-1. Sample geometry
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environﬁent than the bulk atoms. There could be different
chemical species adhered to the surface, or even if the surface
is clean and exposed to a vacuum the sudden termination of the
lattice will cause a local variation in the wave function w(;).

Suppose the effect of the surface (or interface between
the semiconductor and surrounding species) is to introduce loca-
lized acceptor-like energy levels within several atomic layers
of the surface--~this is de
will tend to drop down from the conduction band and populate
these levels, the Fermi level must shift so that it is nearer
to these states, as in Fig. 1l~2c. To end this progression, it
is considered that the Fermi level must be constant throughout
the sample in thermal equilibrium; the resultant energy structure
is pictured in Fig. 1-2d, all bands bending to preserve both
the constancy of the Fermi level, and the necessary variation at
the surface of the relative position of the Fermi level. The
region of the localized acceptor levels is the surface region;
the region in which the energy bands bend is the space-charge
region.

Similar arguments will apply to p~type semiconductors,
where holes are the majority carriers.

A space-charge region [like that in Fig. 1-2d, where there
will be a shortage of majority-carriers, is termed a depletion
region. Similarly, if the effect of surface states is to bend

the bands in the opposite direction (that is, donor-like surface



states), an accumulation region arises, where the number of

majority carriers is increased.

1.2 Historical Outline

It is commonly accepted now that surface states give rise
to a potential at the surface of semiconductors. This idea was

(1)

first proposed by Bardeen in 1947, to explain certain data
on the rectification characteristics of metal-semiconductor and
semiconductor-semiconductor junctions. This superceded the
previous explanation of potential barriers being due to the
difference in contact potential of the two materials. Theo-
retical models of s&rface states had been proposed earlier by
Tamm(z) and Schockley(3). More recent and detailed theoretical
studies of these localized energy states include such work as

(4)

that by Heine , describing the derivation of the'appropriate
wave-functions.

Among the earliest works confirming the existence of, and
describing, the space-charge region are papers by Bardeen and

(5)

Morrison in 1954, and Statz ~nd DeMars(G) in 1958. 1In
particular, Bardeen and Morrison were able to control the sur—-
face potential reproducibly by varying the gaseous ambient sur-
rounding a semiconductor; the magnitudes of the surface po-

tentials were determined by observing surface conductances,

with an electric field applied normal to the surface. Further
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experiméntal techniques are described in the book by Many,

(7) L (8)

Goldstein and Grover , and in the article by Mar

Theoretical treatment of the space-charge region has kept
pace with experimental work; the basic concern is the shape of
the potential within the sample. Among the first papers pub-

lished were those by Kingston and Neustadter(g)in

(10)

1955, and by
Seiwatz and Green in 1958~-the latter discuss the problem
guite generally, allowing for partially ionized donor and
acéeptor levels, and degeneracy in the conduction and valence
bands. Later papers discuss various approximations, applicable
in special circumstances, and the relationship between the sur-
face potential and the localized surface states.

There has been similar work, both theoretical and experi-
mental, on the mobility near the surface of semiconductors. As
well as the contribution of surface scattering, the mobility
will be influenced by the form of the surface potential. Sch-

rieffer(ll)

in 1955 began the theoretical work on mobility in
surface-space charge layers.
Research at present is continuing along the same lines,

desiring an accurate picture of how surface states modify the

bulk properties of semiconductors.

<\

1.3 Origin of Surface States

In this thesis the explicit nature and origin of surface
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states is not considered in any detail-~rather, it is the resul-
tant space-charge region and its effect on conduction that is

(7)

dealt with. Such references as Many, Goldstein and Grover

(12) describe the development of the theory

and Davison and Levine
of surface states quite well; some of the basic ideas are pre-
sented in the next‘paragraphs.

The band structure of a semiconductor is obtained from a
solution of Schrddinger's wave eguation, as applied to an in-
finite lattice(l3); this will describe the interior of a rela-
tively large sample. However; the atoms near the surface are
obviously in an altered environment--new boundary conditions
apply to the wave equation. As a result of the termination of
the lattice, the surface atoms will also be displaced from their
expected lattice sites.

In an infinite lattice, the values of the wavevector k
are by necessity real; when the lattice is terminated, however,
complex values of E are allowable, such that the corresponding
wave functions are damped outside the surface region. From
theoretical work, such as the original proposals by Tamm(z), it
is known that quantum states, localized near the surface, can
arise, their energies falling within the forbidden gap of the
semiconductor considered.

These "Tamm étates" may exist even on a peffect crystal.

In addition, the surface will have layers of other adsorbed

species; this will further complicate the issue. Additional



interface states due to the interaction of semiconductor surface
and adsorbed layers may arise.

Allowing surface states (of electrons) localized in the
first few atomic layers, the curved band structures described in

section 1.1 are possible.

1.4 Objectives of this Study

In a semiconducting film whose thickness is of the same
order as the extent of the space-charge region, the effective
measured conductivity will differ from the bulk value. 1In a
depletion-type space-charge region, the semiconductor can be
assumed depleted of carriers within a distance dO of the sur-

(14)

face; as used by Haering and O'Hanlon the conductance will

have the form
wob
G = T (/t—ZdO) ’ (l"l)

where oy is the bulk conductivity. This equation is also
applicable to accumulation layers, dO being negative. Whatever
the nature of the space-charge region, though, equation (1-1)
is an approximation. Iﬁ\the following study the exact form of
conductance dependence on sample thickness is determined. The
effect of the surface states is characterized by a surface po-

tential Voo the amount by which the energy bends are shifted



in the space-charge region.
Some experimental results
of the theory developed. This
surface states or a particular
the theory of the space-charge

cribed in Chapter 4.

obtained were analyzed in terms
was done, not so much to study
semiconductor, but as a check on

region. These results are des-

In Chapter 5 the capability of the theory to describe

" experimental results is discussed, and other conclusions pre-

sented.
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2. Theory of Conduction in Thin Semiconducting Films

2.1 Introduction

In the previous chapter a potential at the surface of
a semiconductor was seen to arise with the introduction of
surface/interface states. This chapter will assume the surface
potential is known and deduce, from this, the effects on con-

- duction measﬁrements in thin films. The form of the potential
is determined, from which can be obtained the dependence of
conductance (parallel to the plane of fhe film) on the film
thickness. A method of analysis of such experimental results
is introduced to allow the determination of various surface and
bulk properties. Ih particular, a method, unmentioned in the
literature, is described which allows the surface potential Vs
to be measured.

The geometry of Fig. 1l-1 again applies, current flow
being in the x-y plane. The details of the energy structure
are shown in Fig. 2-1. Ec and EV are theenergies corresponding
to the conduction and valence band edges, respectively; Ep is

the Fermi energy of the system, with Ei being the corresponding

intrinsic Fermi energy. The energies Epg and E refer,

AjJ
respectively, to the lth donor level and the jth acceptor level.’
The potential gV is introduced as a measure of

the bending of the energy bands, with g being the magnitude

of the electron charge; V may then be defined through
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qv = (EC) - E . | (2-1)

Here, as in the remainder of this study, the subscript b
refers to the value of the parameter being discussed in the
bulk material. Note that gV is negative when the energy
bands bend in the.direction of positive electron énergy.

It is convenient to work with dimensionless variables;

v = | (2-2)

with T being the absolute teﬁperature of the sample, k being
Boltzmann's constént.

This study will be concerned with n-type semiconducting
thin films; the extension to p-type material does not involve
any new principles and is not included. The temperatures
being considered range between -20°C and 60°C.

(

2.2, Application of Poisson's Equation to Semiconductor

Statistics

The shape of the electric potential throughout the sample
is obtained from a solution of Poisson's equation. For the
geometry shown in Fig. 1l-1, and assuming the sample has a

uniform chemical composition, Poisson's equation takes the
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form

“a’v(z) _ _pl(2) -

where k is the dielectric constant and €q is the permittivity
of free space; p(z) is the free charge density, which will
include both free carriers and ionized donor and acceptor
atoms.

In fhis section of theory p(z{ will be expressed in terms
of the potential V(z) and several bulk parameters,
thus allowing equation (2-3) to be integrated. This calcu-
lation has been done (see, for example, Kingston and

(9) or Seiwatz and Green(lo% previously in

Neustadter
the literature under varying boundary conditions, and vary-
ing degrees of donor level ionization. Since the combination
of incomplete donor level ionization and thin (in the z-
direction) semiconducting films is not dealt with in the
literature, a complete presentation will be given here.

If n and p represent the densities, respectively, of
electrons in the conduction band and holes in the valence
band, and if‘N;Z and N;j represent the densities, respectively,

of ionized donor sites with energy Eqp and ionized acceptor

sites with energy E then p(z) may be expressed as

Aj’

— — +_ - ~—
p = ql-n + p + ENDZ § NAj 1. (2-4)
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For the case of non-degenerate statistics, where both
[EC~EF| and IEF-EVI exceed 3kT, the free carrier densities

may be represented by(ls)

Ec - Ef Ep - E
= ~-[2c T E = -
n Nc exp [ T l, and p Nv exp [—E—ET—Z],
(2-5)

where, o

' _ 2mmpk T, 3/ 2 _ 2TMpkT -3/
= 7NN = . -
N, = 2[= 1%, N 2[5=p5—1%"2;  (2-6)

here, h is Planck's constant, and m, and mp are the effective
masses of electrons in the conduction band and holes in the
valence band. Impiicit in equations (2-5) and (2-6) is

the assumption that the semiconductor pas spherical or
\

elliptical energy surfaces(lo). \

Similarly, the densities of ionized donors and acceptors

are given by (16)
N +_ N _ NDE ] :
bt DL 1+ exp D& __ EF (2-7a)
9pe kT
and Ny~ =Ny - T, 9py XD ?EE%_EQJ, (2-7b)

where Npyp and NAj are the densities of donor and acceptor

sites, and Ipr and gAj are the degeneracies of the energy

levels EDE AND EAj' Combining equations (2-2) to (2-7),

Poisson's equation becomes
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d’v _ _q® |Bc - EF | _ _|EF - Evy
dz? = ke kT N, exp = N, exp =

kT kT
Npg ¥ Naj
- X TF - FE + . L Ers: - EfF
1 + g ,exp | 2F DY j 1 + 7= exp|_A]
L D& [—*—Eﬁ——— gaj KT ’

(2-8)

Equation (2~8), as it now stands, could be used to cal-
culate the potential for n-type, p-type or compensated
semiconducting films. This study, however, is concerné& solely
with n-type semiconductors; this restriction allows equation
(2-8) to be simplified. For n-type material the Fermi level
will be sufficiently far removed from the acceptor bands that
they will be completely ionized; as well, there may be some
donor levels (particglarly those near the conduction band)
which may also be vef& nearly completely ionized. In equation
(2-8) allow the summation over £ to be separated into a
summation over &' for those donor levels fully ionized, and
a summation over i for the levels of incomplete ionization;

this gives

a%v g? .[Ec - EF] _[é, - E ]

— = —! N exp -{ —————| -~ N, exp -|_F 3

dz 2 KeokT c kT v %7
ND

. i ) .
- EI}IDQ' + § Naj ~ f 1+ 955 exp[EF ;EDl] . (2-9)
T

Equation (2-9) is still not in a form suitable for integra-
tion since both (EC—EF) and (EF—EV) are dependent on v; further

manipulation of equation (2-8) follows in the next section of theory.
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2.3 The Determination of the Potential

Equation (2-9) can be further simplified if written in
terms of certain bulk parameters. Suppose the surface states
were such that the energy bands of Fig. 2-1 extended to the
surface without being bent up or down; equation (2-9) would
still be applicable, with all parameters referring to the
bulk material--the semiconductor would be essentially bulk
material right up to the surface. Now, though, the term

2y
%;r would be zero. Hence, a subsidiary equation to (2-9) is

(Ec - Ep)p [(EF - Ey)b
0 = N_ exp - . - N_ expl-‘% "“Vv'2 Z, N
N _ .
D1 .
+ I N.. - X ' (2-10)
: CAF g (EF - Epi)
J i + . ex F D1’b
‘//]' gD:L P kT

where again the subscript b refers to that parameter in the
bulk. Substituting this back into equation (2-9) to remove
the terms (E'NDg,
and (2-2), it is found that

.), and utilizing equations (2-1)

and (Z N
) (2 Wy

azv . g? v _ -v
dzZ ~ KeokT |"b° Dp T Pp®  * Py
+ I N f—L - , (2-11)
i P4l Ei7V 1+L  oXi
Ipi, Ipi.
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where Xy ig defined by

(E—E ).
- “Ypi™F'b -
X; = T . (2-12)

If no donors or acceptors were present the Fermi energy would

have an intrinsic value given by(lS)

Z

= 1 1 e,
E. ..-Z-(EC+EV)——2—lenﬁ-—,

i (2-13)

<

typically, Ei is located near the middle of the band gap. It

is now convenient to define a bulk potential u, as

- (E.-E.)
= F 71i’b
“p kT _ (2-14)

Equation (2-14) can be used to re-express equation (2-~11) in

, |
a more convenient form. Thus,

a2y 1 [ 51nh(ub+v)-sinh ub+2 . 1 ) 1
dz? 12 cosh ub . H_¢2£ 1+l exi—v l+£ exi
b Ppb\ 9pi 9pi
(2-15)
where
ke kT ) ‘
qz(nb + pb)

The parameter L is the effective Debye length;

it is a direct measure of the extent of the space-charge

(7)

region . In this study a typical value for L would be

o
2000 A.
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Poisson's equation has now been expressed in a form
suitable for integration.

It will be assumed that the semiconducting film
(Fig. 1-1) is symmetric about 2z = 0: this is not un-
reasonable since the physical environments of the opposite
surfaces, z = + Z/2, can be made quite similar. Hence at
z = 0 it follows that.%¥-= 0; further, define v, as the

value of the potential at z = 0. Carrying through one inte-

gration of equation (2-15) it is obtained that

av F(v,vo)
az - % ,2 - Ln (2-17)
where the functionvF(v,vo) is given by
cosh(ub+v)—cosh(ub+vo)
F2(v,v_ ) = - (v-v_) tanh u
o o b
cosh Uy
vl
NDi (v—vo) NDi e +gn.e 1
e T x;  np N Vo T o= (2-18)
b Pp 1+= e7i b Pp \eVo+rz e¥i
Ipi Di

In equation (2-17) the assigning of the + or - depends
on the sign of z and the sign of Vi since, in the following
work, it will be obvious which sign to choose, the conditions
determining the sign in equation (2~17) will nbt be detailed.
The effective Debye length, L, which characterizes the bending
of the energy bands is seen to enter equation (2-17) quite

simply.
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A numerical integration of equation (2-17) could be made
to obtain the shape of the potential v(z). Since the actual
variation of v(z) is not essential to the future sections of
theory and thus, only of incidental interest, examples of
such curves are not displayed. They appear, gqualitatively,
as depicted in Figure 2-1; actual examples may be seen in

. 17
such references as Dousmanis and Duncan( ).

2.4 ' Theoretical Dependence of Conductance on Thickness

This study is directed toward obtaining the expected
modification of sample conductance caused by changes in carrier
density near the su{face of the material.

Consider a sample as in Fig. 1-1, where
current flows in the x-direction. For a sample with length &,
width w and thickness £, with both w and £ being much larger

than L or £, the measured conductance, G, is

+ t/2
¢ = %f o(z) dz (2-19)
- t/z )

It will now be assumed that the electrons, the majority carriers,
will completely dominate the holes in making up the conductance;
it is then necesséry to restrict the range of v since values

too strongly negaﬁive will result in a greater domination by

v "V)

the holes (noting that n = ne’, p = pye . 'Also, the mobility
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p is assumed to be constant throughout the semiconductor; this
is tenable when it is considered that the thermal mean free
path(7) (A=~1/g [3mnkT]%)for Cds is less than 90 i at room
temperature--in fact, values of A < 10 i were found for the
samples being worked with in the experimental chapter; hence,

p will be about the same to within ten Angstroms of the surface.

The conductivity can then be expressed as

o(z) = n(z) gqu . (2-20)
Utilizing the fact that n(z) = ny ev(z)’ and that (anﬁ) is
the bulk conductivity Oyyr then equations (2-19) and (2-20)
give
. t/2 '
G =2.%".f o, ev(z)dz , (2-21)
o

where the symmetry of the sample has been incorporated. Con-

verting equation (2-21) to an integral over v--using

dz = (g%)dv and the expression for (g%) in equation (2-17)
it is found that
Vs v
fEee Af T
w Oy, v "o
o

where the sign is chosen unambiguously to give a positive

conductance.
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A numerical integration of equation (2-22) results in
the theoretical determination of the conductance. In such a
calculation Ve the reduced potential at the surface,
would be assumed known--it can, under appropriate conditions,
be determined experimentally. Vo1 the potential at z = 0,
is not arbitrary but determined by the thickness £ of the sample.

This is seen by a rearrangement of equation (2-17) to give

v
S
dv =
£/L = + sz (2-23)
- i FZV,VOS !
(8]

where the sign is chosen to make % positive.

An experimental approach to the measurement of surface
potentials is now evident. If several samples of identical

chemical composition and preparation, but with different thick-

nesses are prepared, a plot of % _G_
W GbL

structed experimentally; a comparison with similar theoretical

versus %/L can be con-

curves can then be made, and information about the surface
obtained. The appropriate tools necessary to enact this com-
parison are developed in the following section of theory.
Concerning the above discussion it is expected that the
surface potential Vs will be fhe same for the samples of dif-
ferent thicknesses. .The potential will be dependent upon the
density of surface states and their occupation statistics: it

is the surface region which determines Vs’ the rest of the sample
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merely\adjusting its electron distribution to satisfy Poisson's
equation and semiconductor statistics.

In Fig. 2-2 are shown examples of the theoretical vari-
ation of % Egi-with X/L; for these it was assumed that the
b .
donor levels were completely ionized, with U, = 10. Several

features are evident which are shared by all such curves: the
curves are approximately linear for both t<<L and t>>L; the
transition between these two occurs near t = Lf

The space-~charge region 1is an éccumulation layer when

VS>0, and a depletion layer when VS<0. The measured con-

2 G
w £

will be larger (for accumulation layers) or smaller (for

ductivities will not conform to the relation o = , but

depletion layers).

The slope of the % ng versus £/L curve is 1 at large
b

values of £, which is the expected bulk behaviour. A correct
determination of conductivity requires knowing the rate change
of conductance with thickness when £>>L. When the samplebthick-
ness is coﬁparable with L it is essential to form a G versus

t curve and deduce Ob from this.

2.5 The Parameterization of Conductance-thickness Curves

Rather than attempting to match experimental and theo-
retical conductance-thickness curves point for point, it is
by far more convenient to characterize such curves by appropri-

ate parameters, and then to match these parameters.
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Pigure 2-2. Theoretically predicted dependence of conductance

on sample thickness.
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Consider a plot of % G against £. The first obvious
parameter is Tpy the slope of the curve at large sample thick-
nesses. A second parameter is the slope of the curve near
X = 0--this, as will be seen, is most useful: consider a sample
whose thickness t' is approaching zero--simultaneously, vy
will be approaching Vgr SO that Av = v_ - v_ is approaching

s o
zero. Then,

oo
£ 4G L o4 G(tF
o azt ,t=o == }mo l,j(—'_)-_j (2-24)

In equation (2-22) the integrand FT%_V_) may be expanded into
7
o
powers of (v—vo)-—a Taylor series expansion--and for small

values of (vs - vo)'an approximate solution to the integral

may be found:

L G e O AR (2-2
a)-a—l;'ﬂfv e ag (VS"VO) L0, ~25)

i N
—Di
where a, is a constant dependent upon Vr np+pb v Ipir Ypr
and X, A similar expansion and integration can be performed
using equation (2-23) to give
/L2 e (v - vo)%, t'> 0, : (2-26)

where this a, is identical to that in equation (2-24); hence,

from equation (2-24) noting that vV, TV, as >0,

®w ar 'z:o =0p e - (2-27)
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This result might be expected intuitively: as £' - 0,

the electron concentration will be almost uniform, being given
(B )py-aVs-Ep
by (see equation 2-5) n = N, exp - { %7 1; equation

(2-27) follows from this almost immediately.

The reduced surface potential vy is an easily determined
parameter: eVS is £he ratio of the slopes (of an % G versus t
curve) at very small and very large sample thicknesses.
Experimentally, several samples of identical chemical compo-
sition but varying thicknesses are prepared--presumably (as
discussed in the previous section of theory) A will be the
same for each. By constructing a plot of conductance versus
thickness, the surface potential Vg is then easily found.
Results obtained using this technique are discussed later.

Although the technique described above is very useful,
it should be noted that the curves have not yet been uniquely
specified. Complete specification would require quite a few
more characterizing parameters, and the increased knowledge
(of only bulk parameters) would not be worth the increased
work. Only one more parameter will be introduced; in this
study, this parameter's main use will be to develop an experi-
mental check on the developedrtheory.

For large thicknesses the conductance varies linearly

with sample thickness, having the form

2 - - -
5 G =0y (t 2do) , t>>L. (2~-28)

The asymptotic intercept, 2do, is the third parameter used

to characterize the conductance-thickness curves. It may be
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defined as

. % G(t)
2d_ = limlt - = 20— 1| | (2-29)
o t+oo[ w Ob ]

Realizing that v, tends to zero when t»>« , and using equations

(2-22) and (2-23) one obtains the expression

v
o V2 S(l--ev)dv
dom =2 / F(v,0) (2-30)

o

where the sign of O/L is chosen to be opposite that of Vo

and where the function F(v,0) is the value of F(v,vo) evalu-

ated at vy = 0; from equation (2-18) it is seen that
. cosh(ub+v)—cosh uy
F (V,Q): <55k ar - v tanh uy
v, 1 X3
Npi v Npi € *3,.° l
- X T T — - - In R (2-31)
il "™Pp 14k i BptRy oL K
Ipi 9pi

The three parameters, o and 2do, may be used to

b’ Vs
describe theoretical and observed curves of G versus t; their
origins are summarized in Figure 2-3. The only information,
using these techniques, about the surface states that can be
obtained is the height of the surface barrier VS; the detailed
energy structure of the surfaée states must be deduced using

other techniques(718'12)

. The technique presented in this
study, although not providing specific details about the sur-
face, has the utility of predicting several bulk properties by

an appropriate analysis of do and Voo This aspect is developed

in the following section.
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Figure 2-3. Summary showing, schematically, the origin
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2.6 Temperature Dependence

In a typical set of samples only one set of values——cb,
Vs and 2do-—can be deduced, at a particular temperature.
This, in itself, would not be sufficient to provide a com-
parison with the fheory developed. On the other hand, if
several different sets of samples were made up (that is, by

=\ I R, | T~ D o PO
15) LilclL e woudu pe 110 addulbarniCe Ttiiac

]

they had identical physical makewups.

To properly check the theory developed it is desirable
to have several values of Ve, available to work with, all for
the same sample. The reduced potential,vs, can be varied
(after the sample preparation) by several means: variations

(5)

in the ambient atmosphere , or the application of an

electric field normal to the surface(6 ). However, 1in the
experimental portion of this study, v, was easily varied by
changing the temperature--in equation (2-2), if the surface po-
tential Vg is roughly constant then \A will vary inversely

with temperature. This section of theory discusses, then,

the temperature dependence of the characterizing parameters.

Combining equations (2-30) and (2-16) it is found that

g2 o1 Vs(1 - eV)dv ’ KESK T . (2-32)
~/~ F(v,0) qz(nb + pb) !
o

o]

ST

Assuming ny >> Py and substituting for n._ from equation

b
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(2-5)

s v 2
.y (l - e ) dv Ke hdiN -
do2 B 1[ F(v,0) ] (}“%) N expEE _E )] . (2-33)

o]

The effective density of states Nc also has some temperature

dependence, as seen in equation (2-6); it is convenient to

]
define a temperature independent parameter, Nc ¢+ by

o 2mmp 3/2 — ! 3/ 2
N, = 2[—11-2——] 7 Ny = N (kT) 3/ 2 (2-34)
]
For €dS, with m = 0.165 m, N, = 4.05 x 1029 (ev)-3/’- cm~ 3.

Using equation (2-34), equation (2-33) becomes

do? = -5 1 S(1 - ev)dv] _
(evs o] — >_ (2K€0> (kT)' 321_[0/\7 o) %exp[(Ec EF)b]
1

- 2
VS q NC Vs kT

e - VvV_ -

S

(2-35)

This equation is quite useful in the analysis of experimental

data . Assuming some particular energy-band structure,

dg?
v may be calculated theoretically; this term, as
e S - v, -1

a function of temperature, may be compared directly with

experiment. The reason for the particular form of equation

(2-35) becomes apparent when the limit of complete ionization

Vs (1 - ev)dv]z
F(v,0)

-v_ -1
s

1
is considered: in this case, the term z‘[ 5

v
e S

approaches a value of 1; as well, for a one donor system -

nox N,. Under these conditions, as will be shown in section
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a:
2.8, o is linear with temperature; any deviations
e’s - Vg T 1 '

from linearity can be ascribed to the effects of the donor

levels.

The theory being presented here does not attempt to obtain
the form of VS(T). .Rather, the experinentally-determined
values will be used in equation (2-35) to form theoretical
curves. This gap between theory and experiment cannot be
avoided unless the nature of the surface states is well known.

In Fig. 2-4 is seen the effect of partially ionized
dep?

- Vv
S

a bandgap of Ec - Evf= 2.42 eV was assumed, with single donor

donor levels. For this plot of (evs - l) versus KT

and acceptor levels located at Ec - ED = 0.03 eV and

EA - E, = 0.01 eV, respectively; values of dp = 2, Ip = 2
and ub = o were also used. The values of VS(T) used were
0.05 ev,

given by vy T 0.66 - — the exact position of E, was

kT '
determined numerically using equation (2-10). This plot is
relatively insensitive to the values selected for Ia and NA'
A comparison of these results with experiment appears

in Chapter 4.

2.7 Van der Pauw Method of Conductivity Measurement

The measurement procedure thus far has been a two-probe

technique; experimentally there is the possibility of contact
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resistances developing between the sample itself and the
attached contacts. A different set-up--a four-probe tech-
nique--can be used which eliminates this problem: this is

the so-called Van der Pauw technique(lS)o Other four-probe

methods are described in the paper by Kataev, et al.(lg)

The basis for this method is the following theorem. Con-
sider a thin (two-dimensional), homogeneous, and simply
connected sample of arbitrary shape, as shown in Fig. 2-5a;
it is allowed to have an arbitrary small thickness d, and
a constant conductivity o. A, B, C and D are point contacts
on the circumference of the sample. A resistance RAB,CD is
defined as the ratio of the voltage drop VD - VC between

contacts D and C, to the current I flowing from A to B;

AB
a resistance R is similarly defined. Van der Pauw
BC,DA

shows that

% _ ziz (Rap,cp + Ree,pa) ¢ §ABLQQ , (2-36)

2 BC,DA
where the function f depends only on the ratio of RAB oD to
[4

RBC,DA’ and is a solution of

Rap,cp - RBC,DA
RaB,cp + Rpe,pa

= &n 2

arc cosh [e p f_o].
' 2

(2-37)
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2.

(a)

(b)

Figure 2~5. The geometries used for Van der Pauw's
theorem for (a) the two-dimensional case,

and (b) the extension to three dimensions.
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The function f equals one when R = R and other-

AB,CD BC,DA’

wise is less than one; it is essentially a geometric factor.
Thus far, only a two-dimensional analysis has been

given. This will now be extended to the three~dimensional
sample sketched in Figure 2-5b; to allow for space-charge
conditions the cohductivity is a function of position, o(z),
and the sample is considered to be a pile of infinitessimally
thin layers, of thickness dz. The current flow (except for
a negligible edge effect within a distance L of the circum-
ference) will be parallel to these planes: equations (2-36)
and (2-37) will hold for each of the planes, with d replaced

by dz, o replaced by o(z), and replaced by the

1

1 RHI,JK

infinitessimal 4 =) -
HI,JK

The function £, being geometric in nature, will be the

same for each layer; likewise, the ratio of d<~——l—~) to

1 RAB,CD
d(ﬁ_—_—_i> is the same in each layer. It follows then that
BC,DA
-:—.t/z ] 1 .
in 2
/ o(z)dz = nﬂ (R 2+ R ) £ {~AB,CD\ (2-38)
2t/ , AB,CD BC,DA RBC,DA
1 3 1
where RAB,CD and RBC,DA are now the total measured 'resistances

of the sample. An alternate treatment of this problem may be

2
found in the paper by Pavlov( 0),

If the function yl(t) is introduced through

1
2 .
vy, (£)= RAB, CD) - (2-39)
1 (R ¥ RBC,DA) f( )

AB,CD RBC,DA
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then equation (2-38) becomes

t/
2y (@) = f “0(z) dz (2-40)
2t/

Referring to equation (2-19), it is seen that the term

2n 2
m

yl(t) from a Van der Pauw measurement, is equivalent to
% G in the previous two-probe arrangement. Hence, if both
types of measurements are performed on samples with the same
compositién and thickness, a comparison between the two may
be made.

The analysis in the previous sections of theory applies
equally well to both methods of conductivity measurement.

The Van der Pauw measurements have the advantage that
measurements are not affected by contact resistances(lg). As
well, such samples can be readily adapted to the study of the
Hall effect in thin film semiconductors.

In the preceding discussion it was assumed that the four
contacts were point-contacts. Realistically, the contacts
must be of finite size. To reduce errors arising from
this source the shape of the Van der Pauw units was chosen,
experimentally, to resemble clover-leafs (see, for example,

Fig. 3-4); the wedges removed from the originally circular

shape will tend to make the contact region less important.
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2.8 Aﬁproximate Solutions

2.8.1

Before considering some approximations of the previous
equations it is convenient to collect the several assumptions

already made in the theory, either implicitly or explicitly.

a.) Essential in the theoretical development are
equations (2-5), (2-6) and (2-7), describing the statistics
of semiconductors. It has been assumed that the Fermi level
is sufficiently far removed from conduction and valence bands
that the carriers may be represented by Boltzmann statistics;
the case of degenerate free carrier distributions is analyzed

and discussed by Seiwatz and Green(lo).

b.) The region between the gpace-charge region and the
surface proper, where the surface charge excess accumulates,
is assumed to contribute little to conduntion. Since most of
the surface charge is effectively immob: =, trapped in surface
states, and since the surface layer is only Angstroms thick,
this assumption seems appropriate. The surface potential,

\Y is the potential at the boundary between the surface and

Sl
space~-charge layers.

c.) The bulk energy-band structure, except for the
location of EF’ is taken to be temperature independent, although

allowance for variations could be made.
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Other less fundamental assumptions include:
d.) The sample (see Fig. 1-1) is symmetric about z = 0.

e.) The mobility, u, is assumed constant throughout the

sample. This is discussed in section 2.4, and in other

references such as Schrieffer(ll)

(21)

, and Greene, Frankl and

Zenmel

f.) The semiconductor described was n-type, only electrons
contributing to conduction. This disallows values of the
potential, v, too strongly negative since an inversion layer

would result whereiq hole conduction becomes dominant.

g.) A somewhat arbitrary division of donor levels into
ionized and unionized classes was made. It is always pos-
sible to consider all donor levels as unionized, and hence

increase accuracy.

h.) The surface potential,VS, was assumed to be inde-

pendent of sample thickness.

2.8.2

In strongly n-type semiconductors like CdS at room
l o
temperatures, where kT'"ZD eV and (EF - Ei)b"'lfo ev,
the bulk potential U, is effectively infinite. More speci-

fically, when u, + v > 3 in n-type semiconductors, equation (2-18)
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reduces to

v AN vV )
FZ(V,VO)I =]leY - e © - (v=v_) - I El —T ° —
w = i b 1+— e™1
Ipi
Npj ev+é_- i
- == 1 —— .1]7_1 < , ub+VZ3; (2-41)
b O+= 1
Ipi -
and equation (2-31) reduces to
PN :
F2 (v,0) | = {eV-v-1-% El .1V =
Uy = e il b 14— 71
Ipi

Npi ev+é—{eXi
- ——r—l— in '—TD‘]‘;“— |y U.b+V23 ° (2"'42)
b 1+=— "1
9pi

This approximation, although simplifying numerical calcu-
lations, does not yield an analytic expression for ZdO——a

further assumption can do this.

2.8.3

If all the donors in the n-type semiconductor are
completely ionized increased simplification of the previous
formulae results. Under these conditions, the charge neu-

trality condition in the bulk {see equation 2-4) may be
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written

In Cds, however, with its large band-gap, the bulk hole

density is negligible, so that

The Fermi level is obtained from this using equation (2-5):

N

(E. - E_ ), ~ kT 1n|. = . (2~
c ™ Flp [z X, § NAj}

L

Equation (2-42) may now be simplified; each donor level

D&

+ I N . (2~

43)

45)

is

relatively near the conduction band, so if N, >> I N - I NAj)

. - L J
then e*i becomes large, and equation (2-42) becomes

2 ~ aVo. - -
F4(v,0) ® e -v-1 , for NC>1§ Ny § NAj)' (2

Equation (2-30) is now easily integrated to give

d | Vs L
o/L = + V2 (e A 1% , (2-
and combining equations (2-47), (2-33) and (2~44), then
a? o 2ke L

v 2
S_., _ a°(Z N, = Z N,.
e Vg 1 (2 D& 3 A])

46)

47)

48)
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Thus, under the appropriate approximations, the term
2
A
o is proportional to the temperature; these conditions

Vs

e °~v ~1
S

include nearly complete donor ionization, large u,, and
an effective density of conduction states Nc much greater

than (Z N

. - I N,.). It is noted that complete donor
JZ,D . A

J

ionization is not sufficient to give equation (2-48).

section 2.6, and in particular, the use of the term

do

7 to evaluate experimental data.
S.

e v -1
s
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3. Experimental Technique

3.1 Introduction

To observe the conductance versus thickness curves de-
scribed in the theory it is necessary to have several semi-
conducting films of the same composition but with varying
thicknesses. This was achieved by evaporating, in vacuum,
cadmium sulphide onto a prepared glass slide: suitable masks
allowed several samples to form on the same slide, while a
moving shutter enabled the thicknesses to be varied in a
uniform manner. Both two-probe units, as in Fig. 1-1 (hence-
forth termed 'conducLance units'), and Van der Pauw units were
produced on the same slide. Suitable surrounding layers of
insulators, and the necessary electrical contacts, were also
vacuum evaporated onto the slide.

Measurements of the various resistances were then made
in a prepared measurement chamber, under a rough vacuum.

The experiment may be broken into three stages.

The first is the preparation of the glass slides;

this is followed by the vacuum deposition of CdS and other
materials onto the slides} this is followed by the various
measurements on the completed device in the measurement chamber.

Further discussion of each of these steps follows.
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3.2 Preparation of Substrates

Type 7059 Corning glass slides were used for the sub-
strates; these are two inches square and 1/32" thick. This glass
is an alumino-borosilicate, being virtually sodium free--
its resistivity is greater than 10'? Qcm at 300°C.

The glass slides were ultrasonically cleaned in a detergent
solution (usually Sparkleen) for five minutes, then rinsed
in hot running water for 15 minutes. Four more ultrasonic
washes, each for five minutes, followed, the first two in
acetone, the last in éthanol. After drying in running nitrogen
gas the slides were clamped together in pairs (using small
metal clips) and stored in a dessicator.

To allow the substrate temperature to be controlléd during
the CdS evaporation a nichrome film, approximately 800 R thick,
was first evaporated onto the back face of the glass slide
(the good side of the glass slide still being protected by the
other slide clamped to it); current passing through this re-
sistance film would heat the substrate quite uniformly (vari-
ations within a spread of 5°C are estimated). The nichrome
evaporation was done with a pressure of 10_5 torr, a boule
formed from nichrome wire being heated to evaporation tempera-
ture with an electron beam gun (powered by a SlQan six/ten

electron beam power supply). Electrical contacts were made

to the nichrome film by evaporating onto two opposing edges
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an 80 R\layer of chromium, followed by a 1000 R protective
covering of gold. Fig. 3-1 shows the back face of such a
prepared slide.

A chromel-alumel thermocouple (made from #50 wires spot-
welded together at their ends) was attached with torr-seal
epoxy onto the nichrome film; the amount of epoxy used was

minimal so thermal contact with the substrate was as good as

ature gra
film were minimized.
The voltage output of the thermocouple was used in a

feedback circuit to drive the nichrome current source. In this

study, substrate temperatures of 70°C up to 170°C were used.

3.3 The Vacuum Deposition of Thin Films

3.3.1 The Vacuum System

Fig. 3-2 shows the arrangement of the essential device
within the evaporator/vacuum system. The type 3176 NRC vacuum
system and evaporator was capable of achieving 1077 torr.

The substrate is mounted in place at the top of the assembly,
being held by four plastic screws; the gold stfips on the
nichrome film make contact with two spring-loaded mounts. The
thermocouple leads are spot-welded onto larger, permanent con-
nectors within the assembly. All sets of electrical leads leave

the assembly through hermetic seals within the vacuum collar.
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Figure 3-1. Reverse face of substrate after nichrome
evaporation.
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Mounted just beside the substrate is a quartz crystal used
to monitor the aggregate thickness of the films being evaporated.
The resonant frequency of the crystal decreases approximately
linearly with the added mass of the upward-streaming evaporant(zz).
Knowing the calibration factors--a partial list of which appears

in O'Hanlon's thesis(zz)

--between change in resonant frequency
and thickness of film deposited, the thickness evaporated can
be controlled.

Each of six different masks can be swivelled into position
directly beneath the substrate} they are mounted on a plate
which is rotated using controls outside the system. The masks
themselves were made from 0.005" beryllium-copper foil by an

etching technique described elsewhere(zz). The mask plate it-

self could be dropped %" to allow easy swivelling, or raised
to within 1 mm of the substrate; guidepins ensured repro-
ducible aligning of the substrate to within 0.001".

Below this is a movable shutter which can be pulled
slowly across the face of the substrate--this is used to
vary the thicknesses of the different samples. It is operated
by a six revolutions/hour synchronous motor situated outside
the vacuum assembly. A second shutter‘set so as to rotate

about the vertical axis, could be swung between the substrate

and evaporator sources whenever called for.
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3.3.2 The Evaporator Sources and Materials

The various crucibles, holding the materials to be eva-
porated, are located at the bottom of the bell jar. They
are heated either by the passage of current through a
tantalum heater, or with an electron beam gun.

The principal material being investigated in this study
was cadmium sulphide. High-purity Grade A crystals supplied
by Eagle-Picher were ground up into chunks having dimensions
less than 0.1 inches, and placed into a cylindrical boron
nitride crucible; this, in turn, was set up in a tantalum
heater. A sketch of this assembly is shown in Fig. 3-3,
Shown also is the boron nitride cap and baffle used to
prevent the ejection of solid CdS particles from the crucible;
an alternative to this is to use a glass wool plug.

The actual form of the deposited CdS film is strongly
dependent upon evaporation conditions. The CdS film may be
deficient in sulphur due to the different coefficients of

(22)

adhesion of sulphur and cadmium to the substrate As

(23% both the hexagonal (wurtzite)

shown by Shalimova, et al.
and cubic crystal structures of CdS may appear with substrate
temperatures less than 200°C; the orientation of the crys-

tallites making up the film is also dependent upon substrate

temperature, and vacuum pressure. Hence, the reproducibility

of results between different prepared substrates may not be
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Figure 3-3. Details of the heater used for the evaporation

of Cds.
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good. However, the CdS films are being studied as a
check on the theory, not to extract particular information
about CdS. All that is required is that the various units
evaporated onto a single substrate be uniform in composition
and structure.
The different units of CdS film on a substrate typically
varied from 1000 R to 6000 £ in thickness.
On either side of the CdS film is evaporated a layer of
insulator, usually about 3000‘£ thick; an attempt is made
to make these two layers as similar as possible, so that
the surface potential Vs will be nearly the same on either side
of the sample. Two different insulators were used, CaF, and
Siox. CaF, 1is evaporated simply from an open boat of tantalum,
and gives reliable films. The SiOX films required a partial
pressure of 10~* torr of oxygen during the evaporation; they
had a tendency to shatter if exposed to the atmosphere for
more than a few weeks. 510 pellets are evaporated from a
device similar in construction to that used for the Cds
(although $iO is evaporated, the resultant film contains

(22)

many species such as S5i0,, Si, and Si,03).

The electrical leads from the CdS units out to the
edge of the substfate were 1000 £ of aluminum; a further
3000 X of aluminum and 2000 £ of silver were added on the

ends of these evaporated leads for strength--this is where

external connections are to be made. The silver was
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evaporated from an’open tantalum boat, while the aluminum
was evaporated from a large solid.boule using an electron
beam gun.

The substrate temperature was held at 170°C for the
evaporation, except for the Cds film, for which the temperature
was varied, values between 90°C and 170°C being used.

A completed substrate is shown in Fig. 3-4. The twenty
darkish rectangles are the conductance samples, while the
six clover-leaf patches are units for Van der Pauw measure-
ments. The brighter lines leading out from these are the

electrical contacts. There are forty external connections.

3.3.3 Associated Electrical System

The change in resonant frequency of the quartz monitor
is measufed with a frequency meter; an output from this is
plotted on an X-Y recorder (Moseley 7001 AR Autograf) using
a constant time sweep on the y-axis. The rate of evaporation
can be controlled by observing the time rate change of
frequency on this plot, or by using a Keithley electrometer -
connected through a differentiating circuit wiﬁh the

frequency meter output.



Figure 3-4.

Front face of substrate after evaporation.
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3.4 The Measurement Apparatus

A separate chamber is used for making resistance/con-
ductance measurements on the prepared sample; it is pictured
in Fig. 3-5. The temperature of the substrate is controlled
with a thermo-electric module (Temptronix Model G9-65)~-—
current applied to this Peltier-effect device causes a tempera-
ture drop across the module; it was possible to vary the sample
temperature from -20°C up to 60°C. The thermo-electric module
is powered by a Kepco 15v/20 a. bipolar operational power
supply/amplifier, utilizing a 20002 thermistor imbedded
in the copper plates between the module and the substrate.

Also in the copper plating is a copper-constantan thermo-
couple used to measure the sample temperature; it is connected
externally to a Moseley 7100B strip chart recorder, so that
the approach to thermal equilibrium can be observed.

The copper plates had been affixed to the thermo-
electric module with a conducting epoxy, arni the substrate
mounted on the copper plating with thermal conducting grease.
Two twenty-contact connectors clip onto either side of the
substrate, matching the external contacts on the substrate;
leads from theée go to the measurement electronics. 1In
Fig. 3-6 is shown the measurement chamber with a substrate
mounted in position. When the cover plate is in place, the

sample holder is virtually light~tight.



Magnet Poles

L 17
{ ‘[{— Substrate
Thermal-Conducting Grease

Copper Plating

Thermo-electric Module

Figure 3-5. The measurement chamber.
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Figure 3-6.

Measurement Chamber, showing positioning

of the substrate.
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The entire sample holder is mounted between the poles
of a Cenco 4" electromagnet; Hall measurements on the Van
der Pauw samples may be made when desired. Fig. 3-7 shows
the measurement chamber in place in the magnet, and the
associated electronics. The system is evacuated by a small
roughing pump, pressures of about one torr being reached.

The forty leads from the substrate contacts enter a
switchboard which can select the necessary leads for a
particular measurement. In this way the resistances of the
twenty conductance units on the substrate can be measured
in succession; as well, current can be directed between two
contacts of any of the six Van der Pauw units, with the
voltage being measured simuitaneously across the other two
contacts.

The measurements of resistance, voltage and current
are performed using type 602 and 610C Keithley electro-
meters; these devices are quite adequate for resistive

measurements on samples having resistances up to 10'°Q.

3.5 Experimental Procedur=s

As mentioned previously, the freshly cleaned glass
slides are clipped face-to-face to avoid contamination;
they remain like this during the nichrome evaporation,

and while the thermocouple is being attached. They are

separated only when the slide being used is placed in the



Figure 3-7. Measurement Chamber in place in the magnet.
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vacuum system prior to the CdS evaporation.

Before evaporation, the substrate is baked at 200°C
and 10~ ° torr for an hour, to remove adsorbed gases. At
the same time, the other crucibles are heated at temperatures
just insufficient for evaporation--these bake-outs last for
five or ten minutes each.

After the deposition has been completed and the sub-
strate cooled, the substrate is transported to the measure-
ment chamber under a flood of helium gas.

Because CdS is photoconducting (so time must be
allowed for recombination), and because the measurement system
is slow to stabilize thermally, the substrate is left un-
disturbed for at least a day before the resistance measure-
ments are made; similarly, a wait of at least two hours ié
necessary each time the substrate temperature is altered.

Finally, when all electrical measurements are complete,
the thickness of the CdS units on the substrate are determined
using a Talysurf (Rank Organization) contacting-stylus, in
which a diamond stylus is pulled across the units. Measure-

[+
ments are believed accurate to 300 A.
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4. Experimental Results

4.1 Introduction

In the course of this study, some twenty-one different
substrates were prepared for measurement (labelled RH-3 up
through RH-23). Some were made for comparison with the
theory previoﬁsly presented, while the others were used to
explore the effects of varying certain evaporation para-
meters.

Two of the samples prepared for comparison with theory
are discussed in sections 4.2 and 4.3, one of which shows an
accumulation-type space~-charge region, the other a depletion
region. The ability of the theory to fit the experimental
data is illustrated; the actual information concerning the
Cds is incidental since the exact composition of the Cds
film was not determined. Other samples, prepared for the
same purpose, do not match with the theory--these will be
discussed later in relation to the importance of various

deposition conditions.

4.2 Films with Depletion Regions

In the prepared substrate, RH-13, an analysis of the
conductance measurements showed a depletion layer to exist

at the surface of the C4As films.
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RH-13 was prepared by evaporating CdS onto the sub-
strate at about 12 R/second; the travelling shutter pro-
vided a gradient in thickness, the values ranging from
1000 2 to 6660 i (an error of 300 2, using the Talysurf
contact-stylus, is estimated). The substrate temperature
was 110°C during the CdS evaporation, and 170°C for the
evaporation of the other materials.

On either side of the CdS film a layer of SiOX approxi-
mately 3000 2 thick was evaporated; this deposition pro-
ceeded at 10 %/second. Oxygen, with a partial pressure of
107* torr, was present during the evaporation of the Si0
material.

Measurements of the conductance of he twenty rec-
tangular units were made, and the values of'% G (see
equation 2-22) calculated and plotted against the measured
thicknesses. For this study, %/w was equal to 3.35. A few
of the resultant conductance-thickness curves are shown in
Fig. 4-1; one such curve is obtained for each of eleven dif-
ferent temperatures, ranging from -22.3°C to 61.0°C. Van der
Pauw results were obtained only for a temperafure of 16.8°C;
these are included in Fig. 4-~1, although a more thorough com-
parison of Van der Pauw and conductance techniques follows

in section 4.6.
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Figure 4-1. Conductance curves for RH-13, showing depletion
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The conductance curves can be analyzed to obtain the

parameters Oy 1 Vg and 2do. A least~squares fit was made,

using the data points corresponding to thicknesses greater
o
than 4600 A; the values obtained for % and 2dO are tabu-

lated in Table 4-~1., Also listed are measured values of Vg

by equation (2-27) the conductance at small thicknesses is
2 V

e Y e {re -~ S\J—- AT AN et +Fh
w I - \Vb S §F gy ELA T A e 4 uﬂ.l..l].\:, L=

each curve, the initial slope o, e 7y and then vy, can be
determined.
For comparison, a similar analysis of the Van der Pauw

curve gives o, = (147 + 0.30) x 10 °Q 'cm™! and 2d_ =

b
(]
(2070 + 800) A at 16.8°C.

As seen in the graph of 4n o, versus 1/kT, in Fig.

b
4-2, the bulk conductivity is described by oy (T)a exp[-—giéggz];
a donor level at Ec - Ep 2 0.56eV could account for this
relationship, but such a deep level is discounted. More
likely the form of Oy is dependent upon grain boundary effects(24),
whereby a boundary between two crystallites of the film
results in a potential barrier-~this would cause an expo-

nential dependence of the mobility with temperature.

Fig. 4-3 shows the temperature dependence of Vg

(0.0500%0.004)ev_
KT '

The best fit of the data is vy = (0.66 + 0.10)
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o L 24 v

Sample Temperature ‘ b "o _S_
°C) (Q_lcm-lxlO—é) (R)
61.0 11.9 - 2250 -1.085
52.5 9.11 2340 -1.129
40.8 © 6.16 2410 -1.181
33.6 4.83 2480 -1.221
27.3 . 3.84 2540 -1.259
17.5 2.66 2660 -1.335
10.8 2.05 2700 -1.376
1.7 1.43 2790 -1.443
=7.0 1.00 2890 =1.522
-14.0 0.731 2940 -1.585
-22.3 0.516 3040 -1.670

TABLE 4-1, Bulk conductivity, 2d0, and the reduced surface

potential of RH-13 units at various temperatures.
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Figure 4-3. Reduced potential vs. inverse temperature

for RH-13.
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in the experiment, the errors due to conductance and tempera-
ture measurements are swamped by the + 300 i erroxr in
thickness measurements. It is found by error analysis that
the uncertainties in thicknesses will affect only the inter-
cept, and not the slope, of the vy versus 1/kT graph; it is

for this reason that error bars are not included for the

ordinate.
d2
a5 . .
The dependence of - - on temperature is shown in
. e s_vs—l

Fig. 4-4. As with the Ve data, the dominant source of error
is the thickness measurements; however, since each data point
of Fig. 4-4 (corresponding to the same set of conductance
units, but at a different temperature) is affected by the
errors in thickness in a related fashion, the use of error
bars is ambiguous. That is, variations in the set of thick-
ness measurements for the substrate samples may cause the
curve of Fig. 4-4 to move by large amounts, but always so
that the basic shape is relatively unchanged. The error

bars used, then, show the estimated variation .in each data
point relative to the others; the subsidiary curves, labelled
1A and 1B, show the extremes in the behaviour of the entire
curve as allowed by the errors in the thickness measure-

ments.
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As seen in section 2.8.3, at sufficiently high tempera-

tures (but not so high that the semiconductor becomes

. . ) . d2. . )
intrinsic) the term - o) is expected to become linear
e S—Vs—l
S 2K€o
with temperature, with a slope — 5
Ny, ;NAj Iq

From Fig. 4-4 then, it is found that the net donor concen-

. -3
tration is given by [Z NDQ - IN = (9 + 2) x 10'* cm .

8 j

As well, the donor level cannot be situated too far from

aj’

the conduction band, since effects due to incomplete
ionization would betome apparent; a comparison of theo-
retical curves (as in Fig. 2-4) with the experimental

data suggests an upper bound of Ec - Ep S 0.08 eV.

The solid line on Fig. 4-4 is a theoretical curve using
Ny = 9 X 10'* cm™ ® (for a one donor model) and Eo~Ep= 0.03 eV.
Other values used were I9p= 2, U, =, K= 10 and EC—EV= 2.42 eV;
the last two are values typical of CdS. The assumed form
of the surface potential was the experimentally derived

_ _0.05 ev o '
vy = 0.66 — T - The values of EA Ev = 0.01 eV and
Igp = 2 used have a negligible effect on the theoretical

curves.
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4.3 Films with Accumulation Regions

The substrate RH-3 was prepared in much the same fashion
as the previously-discussed RH-13, except that a substrate
temperature of 170°C was used during the CdS evaporation.

Fig. 4-5 shows the variation of conductance with
sample thickness. The form of these curves is indicative of
an accumulation-type space-charge region, and hence, a down-
ward bending of the energy bands at the surface (refer back
to Fig., 1-2). An analysis of these curves, for the ten
temperatures used, completes Table 4-2.

As with RH-13, the bulk conductivity depends exponentially
"'0;26’eV]_

kT !

activation energy is again attributed to grain boundaries.

on 1/kT, having the form ob(T)oc exp [~ this

The reduced surface potential, Vg1 is shown in Fig. 4-6;

(0.0204 + 0.0008eV)
kT :

the best linear fit is v, = (1.48 + 0.10) -

2
dO

Finally, Fig. 4-7 shows plotted against tempera-

\%
e S-v_-1
s

ture; an analysis similar to that made for RH-13 has been per-
formed. Curves 2A and 2B show the approximate limits of the
experimental curve, as determined by the error in the thicknesses;
the error bars show the estimated error of one data point relative
to the curve.

Analysis of the data on Fig. 4-7 gives estimates of

-3
N, = (8 + 2) x 10'* em ~ and E, - Ej £ 0.05 eV, for an assumed

D D

one donor model.
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Sample Temperature % '2do Vs
(°C) (Q—lcm—lx 10_? (z) —
62.0 2.05 2450 0.765
53.0 1.55 2360 0.742
41.5 1.06 2240 0.723
32.5 0.801 2210 0.718
27.5 0.653 2130 0.691
16.5 0.456 2000 0.665

9.5 . 0.362 1810 0.626
-0.5 0.249 1800 0.619
-8.5 0.177 1690 0.584

-16.0 0.133 1510 0.550

TABLE 4-2. Bulk conductivity, 2do, and the reduced surface

potential of RH-3 units at various temperatures.
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For a comparison with theory, Fig. 4-7 also includes
a predicted curve (solid line) for which it was assumed that

N, = 8 X 10" cm 3, E, - Bp = 0.03 eV, gy = 2 and uy_ = «;

a dielectric constant of Kk = 10 and bandgap of 2.42 eV

were used. An assumed surface potential had the form

'40.02 eV

VS = 1.48 - kT o‘

4,4 Discussion of the Data

Figures 4-4 and 4-7 illustrate the capability of the
derived theory to explain the experimental data; unfortunately,
the large errors associated with the thickness measurements
of thin films disallow a more precise comparison. As well,
the material (CdS) and temperature range used tested only a
small portion of the applicable theory. Using a combination
of smaller band-gap material, lower temperatures and deeper-
lying donor levels, future experiment may check the realm of
incomplete donor level ionization.

A further experimental problem, discussed in section 4.5,
is the variation in bulk conductivity over the units of
the prepared substrate; this would also tend to increase errors
for the parameters 2do and vy

The exponentiai variation of the bulk conductivity with
1/kT, as demonstrated in Fig. 4-2, has been attributed to grain-

boundary effects; the boundary between two crystallites
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is the seat of a potential barrier, the energy bands shifting
in a similar fashion as that for surface states. Each grain
boundary will be surrounded on either side by an appropriate
space-charge region. The size of crystallites in evaporated

Cds films is strongly dependent upon evaporation :onditions(zs)

(-]
and substrate treatment(26); values of 2000 A, could be

expected. Since this is of the order of the extent of the

)
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measured cannot be expected to coincide with the single
crystal value. Also, the actual conductivity will be a
function of deposition conditions(27); hence, the differing
of o, for RH-13 and RH-3, by a factor of five is easily
accepted.

The form of the surface barrier, for both accumulation

and depletion space-charge regions, was vy = 1A| - IB]

/kT.
This suggests that a semiconductor with a depletion layer may
become an accumulation layer at sufficiently large tempera-
tures (for example, an extrapolation of Fig. 4-3 suggests

that RH-13 has an accumulation layer for T 2 1000°K); more
likely, however, the linear form of v, as a function of 1/kT

is only approximate. More work experimentally and, especially,
theoretically, must be performed before any conclusions may

be drawn: throughout this thesis a consideration of the exact
nature and behaviour of surface states has been omitted.

« (8) (4)

Again, reference to Mar or Heine

might be in order.
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4.5 Variation in Bulk Conductivity across the Substrate

It has been presumed that the twenty conductance and
six Van der Pauw units, deposited on a single substrate, have
the same bulk conductivity. To check this, RH-18 was pre-
pared in a fashion similar to that of RH-3 and RH-13, but
‘without the use of the movable shutter: hence, all the units
have the same thickness. The CdS, deposited at a substrate
temperature of 150°C, was surrounded by 3000 2 layers of
SiOx,

Fig. 4-8 shows the resultant measured conductances
for the various units. The conductance units are numbered
1 through 20, with the Van der Pauw units numbered
3, 6, 9, 12, 15, 18 (this designates their relative positions~-

G was

&l

see Fig. 3-4). For the conductance units the term

plotted on the ordinate; for the Van der Pauw units, the

equivalent (compare equation 2-1 and 2-40) term in 2

Yy

was used; the unit number appears on the abscissa.

Although all samples are approximately the same thick-
ness (5000 2 + 6%), the conductivities may differ by as much
as 50% across the substrate. Unless this variation can be

accurately and consistently allowed for, the errors in the
d2 :
= 9 : kKT curves will be increased.
S

-~y _ -1
€ s
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This local variation in conductivity can be explained

by considering the manner in which CdS evaporates(zz):

Ccds (solid) ~ Cd (vapour)¥ % Sz(vapour). (4-1)
The separate existence of both Cd and S, in the vapour
stream and their differing coefficients of adhesion to the
substrate allow for a non-stoichiometric formation of Cds.
As well, varying degrees of reflection off the baffles (see
Fig. 3-2) can account for the position-dependent stoichio-

metry (or bulk conductivity) evidenced in Fig. 4-8.

4.6 The Use of Four-Probe Conductivity Measurements

Two-probe conductivity measurements, discussed pre-
viously, are susceptible to errors due to contact resistances
between the semiconductor film and the evaporated connections.
This will tend to decrease the measured conductances, the
éffect being more dominant at the high conductance/large
thickness portions of the G versus t curves.

The Vah der Pauw technique, utilizing four probes, will
eliminate this difficulty(l8). In the experiments the
necessary size of the Van der Pauw units allowed only six
such units to be constructed with each evaporation.

The experimental data of Fig. 4-8, presented previously,

might suggest contact resistances developing in the two-probe

units. However, the results of Fig. 4-9 show the opposite
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effect--the Van der Pauw curves (plotting l%—g yl) are not
above the conductance curves as would be expected. Fig. 4-9
is obtained from RH~15, prepared in the same fashion as RH-13
except for a substrate temperature of 90°C during the Cds
deposition.

No conclusive evidence was found to suggest the for-
mation of contact resistances in the two-probe conductance
units. As well, the actual resistances being measured are
relatively large--~ranging from 1072 to 10°Q--so any contact
resistances might be swamped. 1In this study, then, the ob-
served difference between the two and four-probe measurements
was assumed to be due to variations in bulk conductivity over
the substrate.

In these experiments, more two-probe than four-probe
units could be deposited on a single substrate; the determi-

nation of v 2do, and Gb was then more accurate for the two-

SI

probe units.
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5. Conclusion

In the theoretical portions of this study the effect of
surface states on conduction in thin semiconducting films
was described. The work of Kingston and

(9), Seiwatz and Green (10) ang mark (8 nas

Neustadter
been extended to include both the effect of incomplete
donor level ionization, and the use of films of finite
thickness (as opposed to the thick, or semi-infinite,
models of most authors). The conductance of thin film
slabs has been expressed theoretically as a function of
film thickness, and.a parameterization procedure intro-
duced which allows an easy comparison with experimental
data; the form of the theoretical relations also permits
the determination of the degree of donor level ionization.
The experirients described in Chapter 4 could be inter-
preted guite well using the derived theory; the large
errors associated with the measurement of film thickness,
however, disallowed a more precise comparison. In future,
related experiments, more simultaneous units mﬁst be con-
structed, or the thickness errors reduced; the use of
optical interference techniques might be practical; another
possible technique, still being developed for thickness

measurements, is the use of a non-contacting field-emission
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probe, as discussed by Young (28’29).

The precise nature of surface states was not considered;
instead, their effects were characterized by a surface
potential, VS, the amount by which the energy bands
are displaced, from their bulk locations, at the surface.

The actual experimental determination of the surface states
is a difficult problem at best (8)0

Also arising out of the theory was a new method for
measuring the surface potential, Vs’ of thin film semi-
conductors. For this technique-~-described in Section 2.5--
a number of conductance units, of varying thickness, are
evaporated simultaneously on one substrate; the observed

rate changes of conductance with thickness, for the limits

of zero and infinite film thicknesses, can be used (via
agVv

-8
kT"

be practical experimentally and, with refinements in the

equation 2-27) to obtain This technique was found to

determination of film thickness, should prove useful in the

future.
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