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-11. THEORETICAL CONSIDERATIONS
1.1. Introduction

Surfaces play an important role in solid-state investigations. On the whole,
if the dimensions of solid-state devices are decreased, the importance of the
surface region is increased. The specific properties of the surface region may
determine the properties of the device.
In a single crystal there is a difference between the atoms at the surface and
those in the bulk. The bulk of a single crystal may be described as a regular
repetition of the elementary cell, which generally consists of only a small
number of atoms. The atomic coordination at the surface is no longer complete
because of the abrupt discontinuation of the crystal. The surface atoms can be
extremely reactive due to the presence of unsaturated bonds. The surface of the
crystal is, therefore, generally covered with one or more layers of a compound
produced by a reaction between the surface atoms and their surroundings. The
surface atoms often assume a different position than they normally would
because of the crystal structure. The properties of this region just beneath the
surface atoms may thus be different from those of the bulk.
Probably the first experiments in the field of semiconductors were made by
Faraday 1 - 1 ) in 1833 when he found that silver sulphide, apart from other
conductors, had a negative temperature coefficient of resistance.
In 1874 Braun 1 - 2 ) found that a resistor, consisting of two metal contacts
on sulphides such as galena and pyrite, did not obey Ohm's law, but depended
on sign and magnitude of the applied voltage. About the same time similar
results were found by Schuster 1 - 3 ) for contacts between untarnished and
tarnished copper wires.
These experiments were probably the first measurements related to the field
of semiconductor surfaces. At that time the role of the interface was not
appreciated. In 1876 Adams and Day 1 - 4 ) reported the occurrence of a voltage
across a selenium rectifier upon illumination.
The best-known rectifiers in the period 1920-1930 were the copper-oxide and
selenium rectifiers. At that time some workers thought rectification was a bulk
effect, others explained it as a surface effect. From 1930 it became more probable
that rectification and photovoltaic effects were associated with the interface
between a metal and a semiconductor. These effects could arise from the differences in work function of the two solids.
In 1939 Schottky 1 - 5 ), Mott 1 - 6 ) and Davydov 1 - 7 ) independently reported
theories of rectification based on these considerations.
In the measurement of the contact potential, i.e. the difference in the work
functions of two conducting solids, its value may be expected to depend upon
the work function of the metal (Wm) and upon the affinity (X) and dope of the
semiconductor.
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Fig. 1.1. Energy-level diagram for an electron in a metal and a semiconductor without surface
states; (a) isolated from one another and (b) in close proximity and in thermal equilibrium.

Figure 1.1 shows the energy levels for an electron in a metal and a semiconductor where there is thermal equilibrium in the metal and in the semiconductor
themselves but not between the metal and the semiconductor. The work function ( W) is defined as the difference between the electrochemical potential of
the electrons just inside the conductor and the electrostatic potential energy
of an electron in the vacuum just outside it; in our case it is greater for
the metal than for the semiconductor. The level of zero energy is chosen to
correspond to the state of an electron at rest in the vacuum between metal and
semiconductor. This level is represented by the dashed lines appearing on top
of fig. 1.1. The zero level is the same for metal and semiconductor, thus the
Fermi level of the metal lies lower, in our case, than the one of the semiconductor. If we bring the metal and the semiconductor into contact via a conductive connection to the rear of the materials, electrons travel from the semiconductor to the metal. The semiconductor thus becomes positive and the metal
negative. The flow of electrons stops when the Fermi levels have become equal.
The electrostatic potential thus produced is then equal to the difference between
the work functions of metal and semiconductor. Where there is a short distance
between metal and semiconductor, the potential drop mainly takes place in the
semiconductor and hardly at all in the metal as a result of the much smaller freecharge-carrier concentration in the semiconductor. The value of the contact
potential is therefore governed by the work function of the metal and the affinity
and the doping of the semiconductor. Contact-potential measurements in germanium and silicon, however, show only a slight dependence on the doping
of the semiconductor, In 1947, Bardeen 1 - 8 ) explained this discrepancy by
assuming as its cause the presence of surface states on the surface of the semiconductor and not the contact potential between the semiconductor and the
meta].
When surface states are present (fig. 1.2), band bending already occurs before
contact is made between the semiconductor and the metal and depends on the
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Fig. 1.2. Energy-level diagram for an electron in a metal and a semiconductor in the presence
of surface states; (a) isolated from one another and (b) in close proximity and in thermal
equilibrium.

number and the position of the levels. In case of thermal equilibrium, the band
bending will change only slightly as the metal and semiconductor approach each
other. Now, most of the electrons travel to the metal from surface states. If the
number of surface states is sufficiently large, the potential drop will take place
almost entirely in the vacuum. The change in the band bending of the semiconductor is smaller as the surface states lie closer to the Fermi level and are
greater in number. The height of the barrier v. then becomes practically independent of the. work function of the metal and the conductivity of the semiconductor.
The possibility of the existence of localized states on the surface had already
been assumed on theoretical grounds by Tamm 1 - 9 ) and Shockley 1 - 10).

1.2. Surface states
1.2.1. Tamm states
Consider an infinite unidimensional periodic series of cells. The potential
function U(x) is periodic and its period is equal to the length of a cell. The
wave function of an electron moving in such a unidimensional potential is a
solution of the SchrOdinger equation

h2 d2cp

--

2m dx 2

+ U(x)rp =

Erp.

(l.l)

Kronig and Penney 1 - 11 ) considered the special case of a potential consisting
of a periodic repetition of square-well potentials.
The period of the potential is a
b and the potential U
0 with 0 < x < a
and U = U0 with a < x < (a
b). The solution of the Schrodinger equation
then takes the form
(1.2)
rp(x)
exp (ikx) uk(x),

+

-4where

u~c(x)

is a periodic function with the periodicity of the potential or
(1.3)

when 0

< x < a, the solutions are
ua(x)

when a

< x < (a+
ub(x)

where

A 1 exp{i(a-k)x}--:-A 2 exp{-i(a

k)x};

(1.4)

ik)x},

(1.5)

b),

B 1 exp{({J-ik)x}+B2 exp{-(IJ
1
IX =

-

li

(2mE) 112

and
u(x) and u'(x) must be continuous for both x = 0 and x = a. When the
potential is specia1ized to a delta function, by letting U0 approach infinity and
b approach zero, so that U0 b remains finite, the condition of continuity becomes
p
(1.6)
sin aa
cos aa = cos ka,

+·

where
(1.7)

Condition (1.6) implies that there exist difficulties for certain E values, those
namely for which (Pfaa) sin aa +cos a.a > 1. No real k corresponds to such
energies, because cos ka
1 for every real k. On the other hand, k must be
real; the electron must have the same probability to reside on equivalent places
in different cells. Restriction (1.6) leads to the existence of forbidden energy
zones corresponding to imaginary values of k, i.e. those values of k for which
coska > 1.
Tamm 1 - 9 ), however, was the first to conclude that, if the infinite periodic
structure is interrupted between two adjacent cells and if only one of the two
semi-infinite periodic unidimensional series is considered, wave functions are
permitted with a complex k, which have a maximum in the vicinity of the
constructed surface.
Tamm's adaptation to the Kronig-Penney model is given in fig. 1.3 for a semiinfinite unidimensional series.
The energy E of an electron is lower than the potential energy Win free space
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Fig. 1.3. Potential energy of an electron in a semi-infinite unidimensional lattice; (a) proposed
by Tamm, (b) Shockley's interpretation of the existence of Tamm states.

and also lower than U0 • The wave function outside the crystal is described by
(1.8)

q;n(x) = C exp (nx),

for x

~

0, where rJ

1
-{2m(W-E)} 112 •
h

In order to satisfy the continuity conditions on q;(O) and ip'(O), the following
equation must be satisfied:
'YJ sin rxa

- - - + cos a.a

±

exp

(-~a).

(1.9)

0:

Furthermore, the following expression must be satisfied:

p
-

o:a

sin rxa

+ cos o:a = ± cosh ~a,

(1.10)

+

with the plus sign if k' = i~ and the minus sign if k'
:n: i~. Moreover,
~ must be positive for an exponentially decreasing wave function in the crystal.
Expressions (1.9) and (1.10) can be simultaneously satisfied if
(1.11)

where

-6Furthermore, P/a > 'YJ; this follows from the difference between (I .10) and (1.9).
Because E = (n 2 /2m)1X 2 , (1.11) has one solution for the energy in each interval
nn, (n + l)n. Tamm thus shows that there is one energy level between every
two permitted energy bands at the surface. There can be an exception only in
the first interval 0 < l'l.a < n, if the relation
(1.12)

is not fulfilled.
The discontinuation of the lattice thus introduces localized surface states with
an energy lying in the forbidden zone.
The cause of the existence of the surface states obtained, by Tamm was identified by Shockley 1 - 10 ). Whether a surface state is obtained at the surface of
a crystal (a surface state being described by a wave function that decreases
exponentially on both sides of the surface) depends upon whether the requirement that both the wave function and its derivative are continuous at the surface
can be satisfied. Exponentials decreasing at either side of the boundary and
their derivatives obviously cannot be simultaneously joined continuously. One
must prove, then, that within Tamm's model a potential exists on the boundary
such as to permit this simultaneous joining, which would otherwise be impossible. The abrupt change from W to the potential internal to the crystal is
not sufficient; Wand the periodic potential do produce decreasing exponentials,
but they cannot at the same time account for their smooth joining. An extra
potential of a delta type must exist on the surface.
If we consider a crystal that is periodic up to the surface cell, there must also
be one half delta function at the surface. This means that the Tamm model
consists of a periodic set of cells with a constant potential W outside the crystal
and, within the crystal, a negative half delta potential localized accurately at the
surface. This negative half delta potential has the function of changing the sign
of one of the two values g/I qy at the surface in order to satisfy the continuity
requirements at the surface. Unless there is a negative half delta function, surface states cannot be obtained in the Tamm model, according to Shockley.
1.2.2. Shockley states

Shockley 1 - 10) also says that it is possible to obtain surface states by taking
an exponentially decreasing wave function times a periodic wave function. The
problem of adapting such a function and its derivative at the surface to an
exponentially decreasing wave function and its derivative outside the crystal,
can be solved by adapting the free parameters that remain for this purpose in
the periodic function. These free parameters, he says, are sufficient to obtain
the adaptation necessary for surface states, provided certain conditions are
satisfied as described in what follows.

7

We are considering unidimensional cells at an infinite distance from one another. If the potential in each of these cells is invariant under reflection around
the centre of the cell, there is an even and an odd solution of the Schrodinger
equation for a given energy E within the cell and they form a complete orthogonal set of solutions. The solutions are given by g(x) and u(x), where g and u
are, respectively, even and odd functions of x. By considering boundary conditions proper to isolated cells, an energy-level scheme is obtained as given on
the right-hand side of fig. 1.4. When the cells described are arranged in an infinite

E

t

Fig. 1.4. Energy spectrum for a unidimensional lattice with eight atoms after Shockley

1 10
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-

unidimensional periodic lattice, the modified levels on the right of fig. 1.4 split
into bands that cross one another if the distance between the cells becomes
shorter. According to Shockley, the surface states are possible only when the
bands have crossed. The method described by Shockley is as follows.
The potential energy of an electron in a unidimensional lattice according to
Shockley is given in fig. 1.5. The solution of the SchrOdinger equation for the
entire crystal is given by the Bloch function
'Pk

=

exp (ikx)v(x),

(1.13)

where v(x +a)= v(x). If the function in the cell with the centre x = 0 is
given by
'Pk

=

pg(x)

iqu(x),

then, in the second cell with the centre x
'Pk

exp (ika){pg(x

(1.14)

a, it is
a)

iqu(x

a)}.

(1.15)

From the conditions that <:p and cp' must be continuous at the boundary of the
two cells, hence x t a, it follows that
ka

g'

tan22=--g

I

u'
u

(1.16)
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Fig. 1.5. Potential energy of an electron in a semi-infinite unidimensional lattice (the Shockley
model). The dashed curve is the potential energy corresponding to an asymmetrical termination (the Tamm model).

It is evident from (1.16) that in general there exist values of E for which no
real k exists; these values of E correspond to a positive (g'/g)/(u'/u). Equation
(1.16) provides in these cases an imaginary k. This means that no proper state can
exist corresponding to the value of E considered. It must be remarked that (1.16)
assures continuity at the boundary between two cells within the periodic lattice. If
a surface is introduced in the model, further conditions must be satisfied at the
surface as indicated below. If 'P~<(x) is a Bloch function for the crystal,
'P-k(x)
'Pk(-x) is the other independent solution to the Schrodinger equation and the general solution for a unidimensional lattice is given by
(1.17)

If a series of N atoms is considered, this wave function must exhibit a continuous
transition into the wave function outside the crystal. The wave functions. outside
the crystal must be exponentially decreasing waves. In order for the continuity
conditions at the boundaries of the crystal to be satisfied, the following relation
must apply:

u'
(J

= -

tan 0 tan nO

(1.18)

u

or

u'
C!

-

-

tan 0 cot nO,

(I.I9)

u

where 0 = ! ka and a is the ratio of the derivative of the wave function outside the crystal to the wave function itself outside the crystal; Cf has the same
sign for the two surfaces for reasons of symmetry. Because a is a known function of E, and u'fu, g'fg and k are functions of E and a, the energy values may
be found for which (1.18) and (1.19) are satisfied. Expression (1.18) refers to

-9the even wave function under inversion around the centre of the crystal, while
(1.19) refers to the odd wave function. According to Shockley, expressions (1.18)
and (1.19) have solutions even for some imaginary values of k, but only where
the bands in fig. 1.4 have crossed. In this case, surface states are possible.
The general trend in the literature on the subject of surface states, is to
distinguish between Tamm and Shockley states in a three-dimensional crystal
on the basis of the same criteria that characterize the two types of states in the
unidimensional models.
1.3. Space-charge region

In the case of a semiconductor without surface states a space-charge layer is
formed if a metal is placed near the surface of the semiconductor and the two
substances are connected together conductively somewhere else. It is thus possible
to induce a charge in the semiconductor near the surface. Another method of
producing a change in the charge in the semiconductor near the surface is to
introduce an electromotive force whereby electrons can be transferred from the
semiconductor to the metal and vice versa. The value of the space-charge density
and the shape of the potential in the space-charge region may be expressed as a
function of the surface potential 1 ~ 12 ). These problems were first treated
quantitatively by Schrieffer 1 - 13 ), Kingston and Neustadter 1 - 14) and Garrett
and Brattain 1 - 15 ).
1.3.1. Definitions
Figure 1.6 is an energy-level diagram with the different energy parameters.
The potential tp is defined as

(1.20)
n-type

Ub>O
~'s =us-ub<O

+!lSVb E':

----Ez

~------------------- Ev
X

Fig. 1.6. Energy-level diagram of ann-type semiconductor indicating various energy diameters
used in this section.
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where EF indicates the Fermi level and E 1 indicates the intrinsic Fermi level;
E 1 is given by
(1.21)

where Ev and Ec indicate the valence band and conduction band and Nc and
Nv are the effective state densities of electrons and holes:
(1.22)

where mn and mv are the effective masses and gc and g, are the multiplicities
of the levels.
The electrostatic potential in the bulk is given by 1Jib and that at the surface
by "Ps· The potential barrier V at any point in the space-charge region is given
by
(1.23)

The electron density nand the hole density p for a non-degenerate semiconductor
is
and

(1.24)

where
q1p

u=-

kT

and

(1.25)
qV

v=

kT

For u5 0 the surface is intrinsic, and for ub 0 the bulk is intrinsic. If
v. = 0, no band bending occurs at the surface, and this is called the flat-band
condition.
If vs has the same sign as ub, the majority-carrier density at the surface is
greater than in the bulk, and the space-charge layer is then known as the
accumulation layer. If vs and ub are of opposite sign, an inversion layer is
formed if the minority-carrier density at the surface is greater than the majoritycarrier density in the bulk.
If the majority-carrier density at the surface and the minority-carrier density
at the surface are both less than the majority-carrier density in the bulk, we
refer to a depletion layer.

-111.3.2. Poisson's equation
The basis used for calculating the charge density in the space-charge layer is
the semi-infinite homogeneous crystal in thermal equilibrium.
The surface of the crystal is given by x = 0 and the bulk by positive values
of x. The potential at every point in the crystal is then only a function of x
and is given by the Poisson equation
(1.26)

s

where e is the charge density and s the dielectric constant.
With the assumption that the impurities are completely ionized, the static
space-charge density is given by the difference between donor and acceptor
concentrations (ND NA) and, because of the electrical neutrality in the bulk,
this is equal to the difference between the electron and hole densities in the
bulk. The mobile electron and hole densities are given by (1.24). The Poisson
equation can thus be written
(1.27)
With the aid of (1.24), (1.27) becomes
-

2qzn; {Slll
. hU

skT

0-

. h (U

Sill

0

+ V )} •

(1.28)

After multiplication of both sides by 2 dvfdx and integration, we get
dv

=FF

dx

and

L

(1.29)

v
X

L

f

dv
p'

,,,

where
_ (skT
L-)
2q2n;

and
F

y2 {cosh (ub

112

+ v)- cosh u0 -

(1.30)
v sinh ub}1 12 ;

(1.31)

< 0 and negative when v > 0.
Equation (1.29) cannot be easily solved in its general form; it can, however,

F is taken as positive when v

-12be solved analytically for an intrinsic semiconductor. The solution is then simply

F = ± 2 sinh t v,

(1.32)

while the solution to the integral in eq. (1.29) is

x
tanh! v.
-=ln----.
L
tanh! v

(1.33)

Figure 1. 7 gives the values ofF as a function of the band bending of the surface
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Fig. 1.7. The function F plotted versus the reduced barrier height v. of an intrinsic semi·
conductor.

of an intrinsic semiconductor. The shape of the potential barrier is given in
fig. 1.8 as a function of the normalized distance from the surface for a number
of values of Jv.J. It will be seen that, at greater band bending, the change in the
space charge may be observed over a greater depth. The largest number of
extra charge carriers is to be found, however, in a very narrow zone close to
the surface. It is easy to examine this for the general case if we introduce the
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effective-charge distance Lc where Lc is the average distance of all the charges
in the space-charge layer from the surface or
00

00

J exdx J exdx
Lc

=

0

0

(1.34)

00

f edx
0

where Q.c is the total net charge in the space-charge zone per unit area. According to Gauss' law,
(1.35)
where E. is the electrostatic field inside the semiconductor just beneath the
surface.
The value and sign of E. are given by the derivative from the potential at
the surface; Q.c can be written with the aid of (1.25), (1.29) and (1.30) as
(1.36)
where F, is the value of F at the surface where V = V,.
By partial integration of (1.34) and with the aid of (1.26), (1.29) and (1.36),
we find that
-[xF]'g

f Fdx
0

Lc=---+--.
F.

F,

(1.37)

-14There is no first term both for the upper and for the lower limit because F
decreases exponentially to zero if x -+ oo and F has a finite value where x -> 0.
According to (1.29), the numerator is equal to Llv,l. Thus,
(1.38)

For an intrinsic semiconductor

v,

~--L.

(1.39)

2 sinh 1- v.

As the value of Iv.l increases, Lc, therefore, decreases. The shape of the potential
barrier can be obtained for other values of lvsl by a translation along the xfL
axis. Expression (1.29) can also be written
x'

-+
L

X1

x

L

V's

=

dV

v

f ~F f
"•
"'s

dv
~F'

(1.40)

where x' is the point at which v
v' s· Thus, with the barrier height v'., we
measure x/L from the point at which a curve of a known value of v' s cuts the
horizontal line IvI
Iv'. 1.
1.3.3. Surface conductivity
The surface conductivity is given by
(1.41)
if the difference between the charge-carrier densities at the surface and in the
bulk is given by AN for mobile electrons and by AP for mobile holes and f.ln
and f.l 11 are the mobilities of electrons and holes, respectively.
If the mobilities are equal, i.e. f.ln
flv• the same shape is found for the
curve for both (1.41) and (1.31). If ftn =F ft 1, the contribution made by the
electrons and holes to the surface conductivity must be calculated separately.
The densities can be written in the following way:

and

(1.42)

AP

f (p- Pb) dx.
0

If L1P is positive, the contribution of LJN is negative and vice versa.

-15

Where the integration is changed to v, and with the aid of (1.24) and (1.29),
we find for a non-degenerate case that

(1.43)
and
0

AP

Lp,

(e-• -1) dv

f

(1.44)

=f F(u,, v)

For an intrinsic semiconductor, ub = 0, we find with the aid of (1.32):

1)

(1.45)

-1).

(1.46)

and
(e-•J 2sinhtv
dv = 2Ln (e-•'
1)

vs

AP = Ln 1

1

2

0

The surface conductivity for an intrinsic semiconductor is given by
(1.47)
The unit of surface conductivity is Q- 1 . This also becomes clear from the
following example. Let us consider a rectangular surface of length I and width b
(fig. 1.9). The charge present is given by r:rlb if r:r is the charge per unit area.

Fig. 1.9. Schematic diagram to determine the dimension of the surface conductivity.

The application of a voltage difference equal to V across the length I will shift
the charge r:rlb after a time r over a distance I if rv = I. The rate of drift of
the charge carriers is given by v = ,uE p, Vfl. The current intensity is given
by
r:r/b
r:rlbv
b
1=-=
7:

1

I

p,r:rV.

(1.48)

-16The surface conductivity is given by
I
b
L1G = - = - f-lr1.
V

(1.49)

I

If b = I, the surface conductivity is governed only by the material constants
and is independent of the size of the square.
For intrinsic germanium, the bulk mobility of electrons f-ln = 3800 cm 2 /V s
and of holes f-lp = 1800 cm 2 /V s at 300 °C. The intrinsic number of charge
carriers per cubic centimetre at this temperature is n1 = p 1 = 2·5.10 13 • The
dielectric constant s of germanium is 16. Inserting these data in (1.47), we get
fig. 1.10, which gives the surface conductivity as a function of the band bending
12
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4

oc as a function of the

at the surface. On the right-hand side of the curve, the surface conductivity
consists mainly of the contribution provided by the electrons, and on the lefthand side the contribution of the holes prevails at high negative values of v •.
Only in the vicinity of the minimum does the surface conductivity consist of a
fair contribution from both electrons and holes. Under flat-band conditions
( v. = 0), the surface conductivity is zero, as it is also where at negative band
bending the contribution of the minority-charge carriers with their greater

17

mobility, just compensates the contribution of the majority-charge carriers
with their lower mobility. The value of the band bending for which the surface
conductivity becomes minimal can be found by differentiation of (1.41) and is,
for an intrinsic semiconductor, given by
v. =-In

ftn

.

(1.50)

{tp

For intrinsic germanium, v. is -0·75.
The change in the surface potential may be produced by applying a potential
difference between the semiconductor and a metal electrode arranged near the
surface.
1.3.4. Surface mobilities

The surface conductivity is described by
(1.51)

The values of the bulk mobilities are usually taken for the electron mobility at
the surface fln. and the hole mobility at the surface ftp,; the dispersion of the
charge carriers at the surface is ignored.
If there is a strong inversion layer or an accumulation layer at the surface,
most of the charge carriers are very close to the surface. Apart from the dispersion mechanism that can also occur in the bulk, the supplementary mechanism as a result of the large number of collisions with the surface in these cases
can be very significant and a considerable reduction in the average free path
length of the charge carriers can be expected. This has been described in detail
by Schrieffer 1 - 16) who found that under certain circumstances the mobility
of the charge carriers greatly decreased at the surface. We are here considering
the simple case of a potential well for electrons in which "P is a linear function
of the distance to the surface as given in fig. 1.11. We can give a rough approx-

xFig. 1.11. Potential well with uniform field (Ex) normal to the surface.

-18-

imation of the effective mobility !ls in the following way. One electron will, on
average, collide With the surface vj2w times per second if V is the average
thermal velocity and w is the distance to the surface where the potential is
sufficient to reduce the component of velocity normal to the surface to zero.
If, in the potential well, the collisions with the surface exceed the normal
bulk scattering, then, if we assume complete diffuse scattering at the surface,
the ratio of the effective surface mobility and bulk mobility is given by
(1.52)

We see that the reduced mobility is proportional to 1/Ex.
Once more assuming complete diffuse scattering, accurate calculation according to Schrieffer leads to
fls

- = 1- exp (a 2 ) (1- erf a).

(1.53)

/kb

At high values of Ex,
fls
_ =

2a:n112,

(1.54)

!lb

which agrees with the results found from the rough approximation.
The effect of the surface scattering on the mobility of the charge carriers
becomes considerable where there is a strong accumulation layer or an inversion
layer at the surface of the semiconductor.
1.3.5. Occupation statistics of surface states

So far it has been assumed that there are no surface states at the surface of
the semiconductor.
In this section we shall go more deeply into the effect of the presence of surface states on the electronic processes close to the surface. We shall consider
the case in which each centre at the surface is capable of releasing or capturing
an electron in the same way, a certain permitted energy level (Et) being introduced into the band gap. The density of the identical centres is Nt and we
assume that there is no mutual-exchange effect between the centres. The
occupation of the centres is given by Fermi-Dirac statistics in terms of the
location of the centre in relation to the location of the Fermi level at the surface.
At the surface,
(1.55)

where u. is the reduced surface potential. The number of occupied centres

-19is given by n 1 and the number of unoccupied centres by p 1 = N 1 - n 1 , thus

and

(1.56)
Pt

- =fv(Et),
Nt
where the Fermi distribution functions are given by

and

1
fn(Et) = - - - - - - - 1 + exp {(E 1 - E 1)/kT- u.}

fv(Et) =

1

1

+ exp {u.- (E

1 -

E 1)/kT}

(1.57)

.

If the Fermi level at the surface coincides with the level of the surface states,
i.e. u. = (E 1 - E;)/kT, then n 1 = Pt = -t N 1•
The greatest change in occupation occurs within a few units of u.. The
steepest slope occurs when f(E 1 ) =-!- and !.
Different types of surface states can, as a rule, occur simultaneously at the
surface of the semiconductor.
The density of the electrons captured in all surface states is given by
~ NtJ',,(Et 1).
j

Figure 1.12 gives the occupation of two surface states with equal densities
as a function of the location of the Fermi levelfor a few values of(E 12 -E11 )/kT.
Where there are surface states at the surface, the location of the Fermi level is
also determined by the location and number of these levels. As only a redistribution of charge between space-charge region and surface states occurs
in an originally neutral system, the total charge remains zero or
Qsc

+

Qss

0,

=

(1.58)

where Q•• is the charge density in the surface states per unit area and Q.c is the
space-charge density. For an acceptor type of level, Q•• is given by -qn 1 and
for a donor type by qp 1 •
With the aid of (1.56) and (1.36), (1.58) can also be written
(1.59)
Here f(E 1) = fn(E 1) if there is an acceptor level at the surface and f(E 1) =
fv(E 1) if there is a donor level at the surface. If there are more levels present,
the right-hand side of (1.59) is replaced by~ N 1J(E 11 ). Expression (1.59) can
j
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Fig. 1.12. Overall fractional occupation and the total slopes of two independent centres with
energies Et 1 and Et 2 , and equal densities (Nt 1 = Nt 2 ) as a function of the distance of the
Fermi level at the surface for a number of values of (Et 2 -Et 1 )/kT.

be solved graphically. Let us take as an example the case of intrinsic germanium
with 10 11 donor states and 10 11 acceptor states at the surface. The location of
the donor level is given by (ED- E 1)/kT = -5 and that of the acceptor level
by (EA- E 1)/kT = 0. Figure 1.13 gives the charge density as a function of u.
for the donor states (D+), the acceptor states (A-) and the space-charge layer.
At negative values of u., the charge density of the space-charge layer is mainly
given by the hole concentration, and for positive values of u. by the electron
concentration. At high negative values of u., the donor states are completely
ionized (D+ ~ 10 11 ). With Us= -5, n+ = 5.10 10 ; n+ decreases strongly at
higher values of u.. At high negative values of u. the acceptor states are
almost uncharged. With u. = 0, A-= 5.10 10 • With u. > I, the acceptor
states are almost completely occupied by electrons (A-~ 10 11 ).
The neutrality condition requires that the sum of the charges in states and
in the space-charge layer must be zero. The location of the Fermi level is given
by the value of u. for which the sum of the positive charges is equal to the sum
of the negative charges. According to fig. 1.13 the location of the Fermi level
is given by (EF - E 1)/kT = -2.
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1.3.6. The effect of an external field on the surface potential
If an electrostatic field is applied vertically to the surface, the surface potential
will change. We can then write for the charge distribution at the surface:
(1.60)
where Q ind is the induced charge per unit area. The induced charge is distributed
over the surface states and space-charge layer. Only that part of it that is
allocated to the space-charge layer, however, will contribute to the surface
conductivity. With the aid of (1.56) and (1.36), (1.60) can be written
(1.61)
The plus sign in the second term must be used for donor states and the minus
sign for acceptor-like states. Equation (1.61) is difficult to solve in the general
case. Experimentally, both Q 1nd and Qsc can be measured and in this way the
surface-state density can be determined. If, in our example (fig. 1.13), 7.10 10
charge carriers are induced by a positive voltage at the metal electrode in rela-

22tion to the semiconductor, it may be seen from fig. 1.13 that the surface potential
changes from u. = -2 to u. = 0·8. If a negative voltage of the same value is
applied to the metal electrode, u. varies from u. = -2 to u. = -4·5.
The change in the surface potential as a function of the total induced charge
is often interesting. This value is found by differentiation of (1.61):
dv.

(1.62)

It follows from (1.62) that the value dv./d(Q 1nd/q) becomes smaller as the
number of states (Nr) at the surface increases; df(Et)fdv. is maximum if the

Fermi level at tlie surface coincides with the surface level. The Fermi level is
stabilized at the surface all the better as the term Nrldf(Et)fdv.l increases.
In the general case, if various states are present, this term must be replaced
by a sum of terms for the different energy levels. The first term becomes large
if there is a strong accumulation layer or a strong inversion layer at the surface.
1.3.7. Surface capacitance

Consider a parallel-plate capacitor consisting of a semiconductor as one
electrode and a metal as the other. There is an insulating medium between the
two plates. If a potential difference is applied across both electrodes, the space
charge produced in the semiconductor has a finite width, comparable to the
width of the dielectric. We can now define a space-charge capacitance as the
ratio between the space-charge density Q.c and the barrier height v. or
(1.63)

The space-charge capacitance can thus be regarded as the capacitance of the
capacitor, when the width of the insulating medium approaches zero.
With the aid of (1.25), (1.30), (1.36) and (1.38)
(1.64)

The space-charge capacitance can according to (1.64) also be regarded as the
capacitance of a parallel-plate capacitor of unit area with one plate at the surface
and the other located at the centre of the space charge.
If surface states are present a change of the applied potential may change the
charge stored in the surface states. Beside the space-charge capacitance there
will also be a surface-state capacitance which is defined as

c.. =

(1.65)

-23-

where Ll Q•• represents the change in the density of the charge in surface states
by changing the barrier height from 0 to V,.
The surface capacitance is defined as the ratio of the total change in surfacecharge density Ll Q. to the barrier height V., or

c. -=

ILJQ•i-- IQsc + LIQ,, I -_
v.

v.

c.c + c••.

(1.66)

To obtain a barrier height v. in the semiconductor a voltage V 0 must be
applied across both plates of the capacitor (fig. 1.14).
d

Metal

Fig. 1.14. The charge distribution in a parallel-plate capacitor, consisting of a metal electrode,
a dielectric medium and a semiconductor electrode by an applied voltage between metal and
semiconductor.

The change in the total surface charge is given by Ll Q. and that of the metal
electrode by -Ll Q•.
The potential drop in the insulator between the two plates is given by
(V0
V,) and is
(1.67)

where Cg is the capacitance per unit area of a capacitor if the semiconductor
electrode is replaced by a metal electrode. With the aid of (1.66) and (1.67),
we can write
(1.68)
The surface capacitance (C0 ) therefore consists of a geometric capacitance in
series with a parallel combination of a space-charge capacitance and a surfacestate capacitance.

-24-

=

Generally, the differential capacitance c0
ldQ./dV0 1 is measured. A small
a.c. signal is superimposed on the d.c. voltage. The a.c. voltage serves as a
measuring voltage while the d.c. voltage ensures a certain barrier height at the
surface. The frequency of the a. c. voltage is chosen so that equilibrium is maintained between the space-charge region and the surface states. With the aid of
(1.66) we can write

-1 I

dQs
Co= dV0

=

(ldQssl
-dV.

dVs =
+ ,idQscl)
__ -I dV.

(c,.

dV0

dVs
+ C c)--.
5

(1.69)

dV0

With the aid of (1.67) the differential capacitance (c 0 ) can be written as
Co=

ldQ.
dV0

I= (1Cg

dV.)
dV0

or

(1.70)
dV.
dV0

Combining (1.69) and (1.70), we get
1

1

1

' Co

Cg

-=-+--C88

+Cc

(1.71)

5

For single-charged surface states and where the impurities are fully ionized,
c•• and Csc are given by
2

c..

=

and
Csc

q Nt Idf(Et) I

kT

dv.

= :____

jdF·j·

L dv.

(1.72)

'

c•• is at its maximum if the Fermi level at the surface crosses E 1 while esc is at
its minimum at maximum L and is therefore so for depletion layers. In fig. 1.15
em c•• and c. are plotted for an intrinsic germanium sample with 5.10 11 states
lying at 2 kT below the centre of the band gap. The capacitance c0 is determined from the experiment. If Cg is known, c. can be found. The density and
the location of the energy levels of the surface states can be found from the
difference between the curve c. found by experiment and the theoretical curve
for esc· This method is sensitive in those ranges in which Csc is not too large in
comparison with Cg. Reasonable values of Cg are found only for very thin
layers of the dielectric. This is for example the case where silicon-nitride layers
are used on a silicon surface.
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Fig. 1.15. Surface-state (c 55), space-charge (c.c) and surface (c 5 ) differential capacitances as
a function of the reduced barrier height (v 5 ) of a germanium sample with 5.10 11 surface
states per cm 2 with an energy of 2 kT below the mid-gap.

In the experiment the capacitance is not measured as a function of the barrier
height, but as a function of the applied voltage difference between metal electrode and semiconductor electrode. If surface states are present it is not easy
to compute the distribution of the voltage on C9 and c•. The shape of the curve
depends also on the frequency of the a.c. voltage. To obtain an impression of
these influences on the capacitance curve we consider a p-type silicon sample
of 10 Ocm, with a dielectric layer of a thickness of 3·5.10- 5 em and with a
dielectric constant of 6 X 8·855.10- 12 F fm.
Figure 1.16 gives the variation of the capacitance as a function of the applied
voltage. If there are no surface states, curve I is computed. In the case of the
presence of surface states two extreme situations are considered.
First, the frequency of the a. c. voltage is chosen so as to maintain equilibrium
between the space-charge layer and the surface states, in the second case such a
high frequency is chosen that there is no change in the charge of the surface
states. In both cases the charge in the surface states is varied by the application
of the d. c. voltage. In fig. 1.16 two types of surface states are taken to be present
with a density of Nv = NA = 2.10 11 • The energies are given by EA -E1 =
-300 mV and Ev-E1 = 200 mV. Curve II gives the shape of the capacitance
curve if equilibrium is maintained between the space-charge layer and the surface states, curve III gives the shape of the capacitance curve at such a high
frequency that no change takes place in the charge stored in surface states.
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Fig. 1.16. The capacitance as a function of the appfied voltage of a capacitor consisting of a
metal electrode, a dielectric medium thickness 3·5.10- 5 em and a dielectric constant er
6
and a 10-0cm p-type silicon electrode. Curve I: semiconductor surface devoid of surface states.
NA
2.10 11 , EA Ei
-300 mY,
Curves II and III: in the presence of surface states Nn
En- E; = 200 mY. In curve II the frequency of the a.c. voltage is chosen so as to maintain
equilibrium between space-charge region and surface states, while curve III is measured at
such a high frequency that there is no change of charge in surface states.

It may be concluded from the above that it is difficult to get sufficient information about the density and location of the surface states. It is therefore
useful to measure the surface conductivity of the semiconductor in addition to
the capacitance over a long range of frequencies.
1.3.8. Extrinsic semiconductors

So far we have restricted ourselves to intrinsic semiconductors. In the examination of the surface of silicon, however, we generally have to use slightly doped
silicon single crystals. In order to obtain a better idea of the processes, it would
also be useful to be able to solve (1.31) for an extrinsic semiconductor as well.
This is impossible in the general case, and therefore a number of numerical
solutions are given in fig. 1.17.
The space-charge density Q.c is given by
Qsc

q (LIP

LIN);

(1.73)

Q.c is thus determined by contributions from both electrons and holes. If one
of these is dominant, the value of Qsc will mainly be determined by this contribution.
In this latter case, a simple expression can be found for F(ub, v) and for the
shape of the potential barrier v(x).
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The ratio between the majority and minority charge carriers is given by
exp 12ubl· The contribution of the minority charge carriers is only 1% where
\ub\ = 2·3. If, moreover, accumulation still occurs at the surface of such a
semiconductor, this contribution decreases further. On accumulation at the
surface of an extrinsic semiconductor (I ubi > 2), function F can be approximated by

F(ub, v) ~ [(exp \uol){exp (jvl)
At high values of v (I vi

jvj-1}] 1 12 •

(1.74)

3),
(1.75)

The shape of the potential barrier for an accumulation layer with v
given by
x/L

~

2 exp

lvi)- exp (--!-lv.l)}.

~

3 is

(1. 76)
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The concentration of the majority charge carriers drops sharply in depletion
and inversion layers of an extrinsic semiconductor.
In the zone where the minority-charge-carrier concentration is still low, the
space-charge density is primarily determined by the static-charge carriers and,
in the zone of 0 < v < -2 ub for a p-type semiconductor and 0 > v > -2 ub
for an n-type semiconductor, F is given by
F(ub, v) ~ [(exp lubl){exp

vi)+ lvl-1})1 12 •

(1.77)

For high values of v,
F ~ { exp H lu~>l)}

(I vi

1) 112 •

(1.78)

For inversion layers, F is given by
F(ub, v) ~ [(exp Iubi) {exp (I vi

2 luvl) + Ivi

1})1 12 •

(1. 79)

At high values of v, the linear term may be ignored and the minority charge
carriers become dominant close to the surface.
In this case, a good approximation to F is
(1.80)

Integration of (1.29) with the approximated value ofF from (1.80) gives
x
{
lubl-lvl
-~2 e x p - - L
2

(1.81)

Figure 1.18 compares the approximated values of Fwith the numerical solution
to (1.29) for ub -6·9. The points on the curve are values of F calculated
from (1.74), (1.77) or (1.79). The approximation ofF for high values of V are
also given. Good agreement is observed, provided that the limiting conditions
are satisfied; there is a slight deviation only in the zone where the depletion layer
is transformed into the inversion layer. It is generally sufficient to use the
approximated value of F to process the experimental results.
1.3.9. The density of the excess charge carriers
We have already seen in eq. (1.41) that the surface conductivity can be written
LIG = q(pnLIN

+ ppLIP),

where LIN and LIP are given by (1.43) and (1.44). In the case of accumulation
at the surface, we can write the following for the majority charge carriers with
the aid of F(-ub, v) = F(ub, -v):
(1.82a)
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Fig. 1.18. The approximate solutions ofF (eqs (1.74), (1.77) and (1.79)) are calculated for a
number of values of u, and compared with the numerical solution of F in the case of u 0
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(1. 78) and (1.80)).

with vs

> 0 in ann-type semiconductor (uv > 0)

and
with v.

(1.82b)

< 0 in a p-type semiconductor (u 0 < 0),
1)

if

dv.

(1.83)

For the minority charge carriers in an accumulation layer, AN and AP can be
written as
(1.84a)

with v.
and

<

0 in a p-type semiconductor (uv

<

0)
(1.84b)

30with v.

> 0 in ann-type semiconductor (ub > 0)

if
(1.85)

For the majority charge carriers in a depletion layer or an inversion layer,
(1.86a)

with v.

< 0 in ann-type semiconductor

(ub

>

0)

and
with v,

(1.86b)

>

0 in a p-type semiconductor (ub

< 0),

if

(1.87)

for the minority charge carriers in a depletion or inversion layer,

L1N = n1Lg+(ub, v.)
with v.

> 0 in a p-type semiconductor (ub < 0)

and
with v,

if

(1.88a)

(1.88b)

<

0 in ann-type semiconductor (ub

>

0)

(1.89)

Figure 1.19 shows a+, g+, a- and g- plotted as a function of the barrier
height Iv.l for a number of values of the bulk potential. The values of L1N
and LIP can be obtained for each semiconductor by multiplying the plotted
functions by the value niL for the appropriate semiconductor.
Clearly, all functions approach zero with v. ___,.. 0, which is why, for example,
a+
1 is plotted in the graph instead of a+. The same applies to g+. The
function a- 1 has been plotted instead of a-, and the same also applies to g-.
The accumulated charge carriers a+ increase greatly even at small values
of Iv.l. The function g+ corresponds to the minority charge carriers and increases
greatly only for values of jv,l when v. ~ -2ub, i.e. during the transition from
the depletion layer to the inversion layer. The functions of a- and g- corre-
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Fig. 1.19. The four functions representing the excess surface-charge-carrier densities plotted
against the reduced barrier height lv,l for a number of values of the reduced bulk potential (lubl).

spond to a depletion of majority and minority charge carriers and are thus
virtually unaffected by lvsl·
The values of L1 Q,c and L1G can thus be calculated for any semiconductor
with the aid of the above functions.
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2.

EXPE~ENTAL

PROCEDURES

2.1. Determination of tbe surface area
2.1.1. Theory

In chemisorption, monolayer adsorption often means something quite different from what it does in physical adsorption. If, for example, a reference is made
in the literature to a germanium surface covered with a monolayer of oxygen,
the adsorption of one atom of oxygen for every germanium surface atom is
meant. The number of oxygen atoms required per cm 2 for a monolayer coverage
is greater for a (110) plane than for a (111) plane in the case of germanium. With
physical adsorption, a monolayer adsorption means'the number of molecules
that can be adsorbed on the surface in one layer, assuming either a liquid or a
solid packing. Thus, in the case of physical adsorption, the number of krypton
atoms per unit area with monolayer adsorption is the same for every substance
and crystallographic plane.
In determining the coverage in the case of chemisorption measurements,
therefore, it is necessary to know both the number of surface atoms per unit area
and the total area of the adsorbent. The number of surface atoms per unit area
may be calculated from the molecular weight, specific gravity, crystal structure
and the orientation of the planes of cleavage. The total area is often found by
means of physical adsorption. The quantity of gas necessary to form a monomolecular layer on the surface of the adsorbent is measured. If the area covered
by one molecule of gas on the adsorbent is known, the total area of the adsorbent
can be calculated.
The method most commonly used is that ofBrunauer, Emmett and Teller 2 - 1 ),
the BET method. They have developed a multilayer adsorption theory which is a
generalization of Langmuir's treatment of a unimolecular adsorption.
The normal BET expression is given in the form
X

1

Vp(l-x)

VmC

----=--+
where
X

C
V11
Vm
p0
E1
EL

C

1
X,

CVm

PIPo,

k exp {(E1
the
the
the
the
the

EL)/RT},

volume of gas adsorbed at pressure p,
volume of gas adsorbed in the first monolayer,
condensation pressure of the gas at temperature T,
heat of adsorption of the first layer,
heat of condensation.

(2.1)
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With the aid of expression (2.1), most physical-adsorption isotherms can be
described in a relative pressure range 0·05 < x < 0· 30 for surfaces without
small pores. A straight line is found in such cases when x/Vv(l - x) is plotted
against x.
The slope of this line is given by (C- 1)/CVm and the intercept of the
x/Vu(l x) axis by 1/CVm. The values of Vm and C can thus be determined
from the experimental data.
If the surface is not smooth, but contains numerous pores, not an infinite but
only a :finite number of layers can be adsorbed on saturation. In such a case,
expression (2.1) does not give a straight line.
The expression is now given by

v

v

VmCX 1-(n
=--

+ l)xn + nxn+l

1- x 1 + (C- 1)x

cxn+

(2.2)

where n is the maximum number of layers that can be adsorbed on both walls
of the capillary.
According to Brunauer, Emmett and Teller, expression (2.2) is also valid if
the maximum number of adsorbed layers is limited by causes other than capillaries.
With n = oo, expression (2.2) becomes identical to expression (2.1).With
1, expression (2.2) is reduced to
n

VmCX

vv -1 +ex'

(2.3)

This expression has the same form as Langmuir's classical expression for unimolecular adsorption.
It is a simple matter to find the volume V m for a capillary-free surface from
the adsorption isotherm by applying expression (2.1 ). If the maximum adsorption is a monolayer, too, V m is easily calculated with the aid of expression (2.3).
Where n is greater than 5 and x is small, expression (2.1) is a good approximation to expression (2.2).
Where n is between 1 and 5, it is difficult to find Vm. Joyner et al. 2 - 2 ) have
developed a method of :finding n and V m· Expression (2.2) can, in fact, also be
written as
VmC4>(n,x)
(2.4)
Vv
1 + CB(n,x)'
where
x(l xn) - nxn+ 1 (1 x)
(2.5)
4>(n,x) =
(l-x)2
and
x(l xn)
(2.6)
13(n,x) =
1-x

-35Expression (2.4) can be transformed into
(2.7)

The values of f(n,x) and li(n,x) are independent of the adsorbed gas and have
been tabulated for various values of n and x.
Once the adsorption isotherm has been determined, for a given value of n,
the function f(n,x)fV:v is calculated and plotted against 8(n,x). The value of n
at which a straight line is obtained is the correct one; Vm is the reciprocal of the
slope of this straight line.
The total area can be calculated from V m and is
(2.8)

where V m is expressed in cm3 at STP and a is the molecular cross-sectional area
of the adsorbed gas expressed in cm 2 •
For a large number of gases, a is known from Harkins and Jura 2 - 3 ) and
from calculations of the two-dimensional Vander Waals constant b. Emmett
and Brunauer 2 - 4 ) found a value of 16·2 A2 for aN 2 , calculated from the density of liquid nitrogen at -196 °C. For nitrogen, the value of aN 2
15·4 A 2
given by Livingston 2 - 5 ) is generally used; a
19·4 A2 is generally taken for
(fKr 2-6).

Because of the different values of a there is an uncertainty in the calculated
area of the surface S. Even if S can be determined exactly, the value obtained
need not be precisely equal to the true area. It will be impossible for the
surface to be completely filled with gas molecules, especially with very small
particles.
2.1.2. Experiments
In spite of different approaches in the theory, the BET method is very often
used to determine surface areas. The area determined by the BET method has
been compared by some workers with the area determined by other methods.
The area of graphite powder found by Hill 2 - 7 ) with the aid of the entropy
method agreed closely with that found by the BET method, while calculations
made from electron photomicrographs also showed close correspondence 2 - 8 ).
A good way of testing the BET method would be the use of an ideally flat
plane, the area of which can be measured directly. This could be done with a
flat liquid surface or with an ideally uniform surface of a crystal plane. In
practice, however, it is difficult to obtain an ideally flat plane and, moreover,
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the surface must be large enough to obtain a reasonable degree of accuracy
when the BET method is used.
An attempt in this direction was made by us with the aid of "Glasdijk"
microscope slides. Exposures made with the electron microscope show an
extremely fiat surface without cracks. One of the prerequisites, however, is that
there must be no crystallization at the surface of the slides as a result of contact
with cleaning fluids or a damp atmosphere. Figure 2.1 is a diagram of the
A

+

NacL~od

Fig. 2.1. Adsorption apparatus with krypton and helium reservoirs, MacLeod manometer
and adsorption volume cooled with liquid nitrogen.

adsorption apparatus. About 400 microscope slides without any pretreatment
were introduced into chamber B and spread out fanwise so that the whole of
their surface could come into contact with the gas to be adsorbed. The apparatus
was then subjected to prolonged evacuation. Volume A was determined with the
aid of helium, starting from the precalibrated MacLeod-manometer volume and
after that the apparent volume B was measured, being maintained at a constant
temperature by means of liquid nitrogen. Helium was preferred to nitrogen for
volume calibration because the adsorption of helium at the pressures employed
at the temperature of liquid nitrogen is certainly negligible.
After the helium had been exhausted, the pressure PA of the quantity of
krypton in volume A was measured, whereupon this quantity was distributed
over volumes A and B. Once adsorption equilibrium had been attained, the
equilibrium pressure P E was read off on the MacLeod manometer. This procedure was repeated until the saturation pressure P 0 was attained.
The quantity of krypton adsorbed at every equilibrium pressure could be
calculated from P A• P E and the known volumes by the application of Boyle-Gay
Lussac's law. The quantity of krypton adsorbed ( Vad) at each P E was expressed
in cm3 of760 mm Hg and 0 oc (cc STP). The adsorption isotherm was obtained
by plotting Vad against P EIP0 • The volume V m was calculated with the aid of the
BET expression. Blank experiments were then made to find the cooled area of
the walls of volume B. After the experiment, the geometrical area of the microscope slides was measured. The results are given in table 2-1.

37The experiment was repeated with a number of lime-glass rods mechanically
drawn and with a virtually constant diameter. These virgin glass rods were
directly introduced into a chamber B which was fused to the adsorption apparatus. The area was determined after evacuation. After the experiment was over,
blank measurements were made. The geometrical area of the glass rods was
also measured. The results are also given in table 2-1.
TABLE 2-I
O'Kr

19·4 A2

area in cm2
BET
microscope slides
glass rods

2685
4580

geometrical
2575
4800

In both cases the areas measured with the aid of the BET method agree closely
with those found by geometrical measurements. In both these examples we find
that, in spite of the approximations used in the theory, a correct area is obtained
with the BET method.
It would be useful fo extend these measurements to other materials. To
provide a reasonable degree of accuracy, the original BET method requires a
fairly large surface because the quantity of gas adsorbed is calculated from the
difference in the quantities of gas before and after adsorption.
The use of radioactive gas provides a direct measurement of the adsorbed
quantity. By using natural xenon enriched with Xe 133 , Chenebault 2 - 9 ) was
able to determine the area of 1 cm 2 with an accuracy of 10%.
Various particle sizes were used in research into Si and Ge surfaces, while it
is not always a simple matter to measure the area before chemisorption.
To obtain an idea of the effect of a monolayer oxygen adsorption on the size
of the surface, the area of a given germanium powder was measured before and
after the chemisorption of oxygen, using a number of gases at different temperatures. The results are given in table 2-II. The area of the same germanium
powder was also determined afresh after baking out at 650 oc for several hours
in high vacuum (results 4, 5 and 6).
The monolayer adsorption of oxygen on a clean germanium surface has hardly
any effect on the area of the surface. A few hours' baking out at 650 oc results
in no change in the area. The results obtained for the various gases agree closely
with the values 2 - 5 • 6 ) given for a.
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gas
1.
2.
3.
4.
5.
6.

krypton
krypton
argon
krypton
nitrogen
krypton

ltemperature( 0 C)

Ggas

-195·8
-195·8
-195·8
-183·0
-195·8
-183·0

(A:}

19·4
19·4
14·6
19·4
15·4
19·4

type of surface

area(m 2 )

clean
monolayer oxygen
monolayer oxygen
clean
clean
monolayer oxygen

9·30
9·35
9·29
9·16
9·55
9·20

2.2. The preparation of clean surfaces
Most studies in the literature concern "real" surfaces, i.e. surfaces prepared
by chemical etching followed by exposure to the atmosphere or to other gases.
This interest is easy to understand from the practical significance of these
surfaces on the one hand and the relatively simple preparation and treatment
on the other. It is, however, difficult to draw conclusions from these experiments
about possible changes in the structure and the reactivity of the surface atoms
with respect to the bulk atoms of the material as a result of a surface layer of a
composition different from that of the substance under examination. In a single
crystal the surface atoms, in fact, have an environment different from that of the
bulk atoms and therefore'a different reactivity and structure. The surface structure can change anew as a result of the chemisorption of foreign atoms. The
best way of obtaining fundamental information on this matter is by the examination of clean surfaces. It must be possible not only to prepare clean surfaces
but also to keep them clean during the measurements. This has been made
possible by the great strides forward made in ultra-high-vacuum techniques, to
which Alpert 2 - 10} has made a great contribution.
In practice the ideal situation of a clean surface can only be approached. A
good definition for a practically clean surface is given by Brattain 2 - 11 ), who
understood by such a clean semiconductor surface a surface in which the
chemical constitution is uniform or homogeneous from the second layer of
atoms into the interior, and with not more than a hundredth of a monolayer
of foreign atoms on the surface. We shall see later on that this criterion is often
not sufficient. Contaminations of 1 % may drastically change the electrical
properties of the surface.
There are various ways of preparing a clean surface. They can be divided into
two groups, viz. by creating a new surface in a high vacuum, by cleaving a
crystal, for example, or by making a "real surface" clean.
The following methods are used in the preparation of clean germanium and
silicon surfaces.

-392.2.1. Cleavage

The sample is located on a rod in a high vacuum and baked out to make the
crystal gas-free. The latter is then cleaved by means of a hammer or blade that
can be operated from the outside 2 - 12 ). Crystals that are difficult to cleave
must first be partly split at the point chosen for cleavage.
In the case of silicon, which is very difficult to cleave, it is often better to
clamp one end of the crystal and apply a bending force to the other 2 - 13). The
result of this is that one half gives a smooth cleavage plane, the other having a
rough surface as a result of the compressive force. Examinations on a clean
surface prepared by cleavage are restricted to the cleavage planes of the crystal.
The method is suitable for structural research on clean surfaces and for electrical measurements, but surfaces prepared in this way are generally too small
for adsorption measurements. Special attention must be paid to the quality of
the vacuum. The walls of the apparatus and the bulk of the crystal must be
carefully degassed before any cleavage can be undertaken in order to ensure a
clean surface during the measurements. One objection to this method is the
presence of "real surfaces" in the immediate vicinity during the preparation of
the clean surface. The possibility of t:lesorption from these surfaces during the
forceful manner of preparation of the clean surface must be borne in mind
2 14 15 16
•
• ). Furthermore, plastic deformation can occur, resulting in serious
local damage near the surface. Examination of the surface structure by lowenergy-electron diffraction shows a structure different from those of surfaces
prepared by other methods 2 - 17 • 18 ). After a cleaved surface has been heated, the
same structure is found as with other methods. The structure found after cleavage is regarded as metastable, while the structure after annealing represented
the equilibrium configuration of the surface.
2.2.2. Crushing

Flat wafers of a crystal are subjected to prolonged baking out in a high
vacuum to remove any gases present in the bulk. They are then powdered at
room temperature by a magnetic drop hammer. This method provides a large
surface, the area being as much as 2000 cm2 /g in the case of germanium and is
suitable for adsorption measurements 2 - 19 ). The particle size varies rather
widely, while the orientation of the crystal planes cannot be measured directly.
The surface exhibits a fairly large number of irregularities, too, which can affect
the results. This can be improved by heating the powder after crushing 2 - 20)
The baking out of germanium powder prepared in this way at 600 oc reduces
the area as a result of surface diffusion.
The application of this method to very hard substances can give rise to
difficulties because of scratching of the walls of the tube, particles of which are
then pulverized with the crystal. This surface is included in area measurements.
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When silicon is pulverized in glass or quartz apparatus, therefore, adsorption
measurements may give incorrect results 2 - 21 ) as silicon is harder than quartz
and glass. The crushing of silicon wafers in a chamber with walls of an iron alloy
yields a fine, slightly magnetic powder. Here, too, small particles from the walls
are apparently mixed in with the powder. Analysis of the powder showed that
the total metal content was less than 1 %. The proportion of metal-powder
surface in the total surface can be many times greater.
2.2.3. Thermal etching

Clean germanium 2 - 22 ) and silicon 2 - 23) surfaces can be obtained by prolonged heating in a high vacuum with the aid of an external furnace. The
baking-out time and temperature depend on the thickness and nature of the
surface layer. It is generally more difficult to clean an etched surface than an
"as-grown" surface. The difficulties can be reduced by prolonged dilution of
the etching fluid with de-ionized water before the sample is exposed to the
atmosphere 2 - 24). Another method is to allow the surface, after prolonged
baking out, to react with small quantities of oxygen 2 - 25 ). It is also possible
in this way to reduce any diffusion of impurities towards the surface. The
method can be used with germanium and silicon because both elements have
a low vapour pressure at· the baking-out temperatures required. The manner
of preparation can be used for both powders and single crystals, thus allowing
electrical and adsorption measurements to be made. The structure of a surface
prepared in this way can also be examined. Measurements can easily be repeated
on the same sample.
An advantage of this method is that electrical contacts can be attached beforehand and that they need not be heated in the preparation of the clean surface.
This method also necessitates a thorough degassing of the apparatus and the
sample.
2.2.4. Flash-filament method

A method very similar to that just described is the flash-filament technique.
A single crystal is heated in a high vacuum by passing electric current through
it via contacts 2 - 26 •2 7 ). The method is very fast and the experiment can easily be
repeated. One objection to it, however, is that the electrical contacts also heat
up. It thus becomes possible for impurities to diffuse into the bulk and along
the surface. The method can be used only with crystals, thus allowing electrical
measurements. The cleaned surface is too small for adsorption measurements.
2.2.5. Reduction with hydrogen

It is possible to reduce anhydrous germanium-oxide powder with hydrogen
28
). After the germanium-oxide powder has been baked out at 600 oc in
vacuum it is maintained at this temperature for several hours under an atmos-

2
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phere of hydrogen. Adsorption measurements of oxygen at room temperature on
a germanium surface prepared in this way gave similar results as with a crushed
germanium sample. The reduction method can also be used for germanium
single crystals covered with a layer of oxide 2 - 29 ).
2.2.6. Ton bombardment
A clean surface may often very successfully be obtained by bombardment with
positive ions of a gas that is not easily adsorbed. This method was used as early
as 1923 by Langmuir and Kingdon 2 - 30) in the removal of thorium atoms from
a tungsten surface. Farnsworth 2 - 31 ) was the first to use this method in the
preparation of clean germanium and silicon surfaces.
The system is first subjected to prolonged degassing whereupon a noble gas,
preferably argon or neon, is admitted. The gas is ionized with the aid of an
electron gun. The positive gas ions are accelerated towards the sample, which
is maintained at a negative voltage. The method can also be used for materials
that are difficult to cleave or which melt at a relatively low temperature. The
basic requirement for the preparation of a clean surface is that very pure gas be
used for ion bombardment. During bombardment, surface atoms are displaced
from their normal positions. The gas ions are partly adsorbed on the surface
and are partly shot further into the crystal. The impurities on the surface can
also be shot further into the interior by the bombardment. Heating of the surface
produced during bombardment causes desorption of the gas adsorbed, while
surface diffusion causes any damage produced to be repaired. The procedure
must be repeated a few times in the case of germanium and silicon before a clean
surface is obtained.
2.2.7. The

e~·aporated-film

technique

A method often used is to,degas a crystal in vacuum at a temperature at which
the vapour pressure of the substance is still fairly low. The temperature is then
increased to form a film by evaporation, on the surface of the apparatus, which
is at a lower temperature. This method was also used in the preparation of a
clean germanium or silicon surface 2 - 32 • 33 ). The area of the evaporated film
is generally fairly large per unit weight. The method is used in the adsorption
of various gases on clean germanium and silicon surfaces. The surface produced
must be large because the deposition of germanium or silicon on the walls of
the apparatus causes gas desorption from these walls, even after careful degassing.
2.2.8. Decomposition of GeH 4 and SiH4
The compounds GeH 4 and SiH4 decompose at low temperatures, GeH4
completely at 300 oc and SiH4 at 500 °C. These temperatures are much lower
than those used in the previous method, and thus the effect of gas desorption
from the walls of the apparatus becomes less noticeable, most definitely so if

-42the walls have been previously degassed at a higher temperature than that
required to decompose the gas. Furthermore, the decomposition is carried out
under a reducing atmosphere as a result of the liberation of hydrogen resulting
from the dissociation of GeH 4 and SiH 4 into their components. The effect of the
walls can be rendered negligible by decomposing the gas at room temperature
with the aid of a spark discharge after baking out. The germanium and silicon
are formed in the gaseous atmosphere and condense as finely divided powders.
In order to obtain a hydrogen-free surface, the deposit must be heated to
300 oc for germanium powder and 500 oc in the case of silicon powder. This
method is used in adsorption measurements on clean germanium and silicon
surfaces.
REFERENCES
2 - 1)
2- 2)
2 - 3)
2- 4)
2- 5)
2- 6)
2- 7)
2- 8)
2- 9)
2 - 10 )
2 - 11 )

2 - 12 )
2 - 13 )
2 - 14 )
2 - 15 )
2 - 16 )
2 - 17 )
2 - 18 )
2 - 19 )
2

20
)
2 - 21 )
2 - 22 )

2 - 23 )
2 - 24 )
2 - 25 )
2 26
)
2 - 27 )

2 - 28 )
2 29
)
2 - 30 )

2 - 31 )
2 - 32)
2 - 33 )

S. Brunauer, P. H. Emmett and E. Teller, J. Am. chem. Soc. 60, 309, 1938.
L. G. Joyner, E. B. Weinberger and C. W. Montgomery, J. Am. chem. Soc. 67,
2182, 1945.
W. D. Harkins and G. Jura, J. Am. chem. Soc. 66, 1366, 1944.
P. H. Emmett and S. Brunauer, J. Am. chem. Soc. 59, 310, 1937.
H. K. Livingston, J. Colloid Sci. 4, 447, 1949.
A. J. Rosenberg, J. Am. chem. Soc. 78, 2929, 1956.
T. L. Hill, P. H. Emmett and L. G. Joyner, J. Am. chem. Soc. 73, 5102, 1951.
C. R. Adams and H. H. Voge, J. phys. Chern. 61, 722, 1957.
P. Chenebault and A. Schiirenkamper, J. phys. Chern. 69, 2300, 1965.
D. Alpert, J. appl. Phys. 24, 860, 1953.
W. H. Brattain, J. Phys. Chern. Solids 14, VIII, 1960.
P. C. Banbury, G. A. Barnes, D. Haneman and E. W. J. Mitchell, Vacuum 9,
126, 1959-1960.
G. W. Gobeli and F. G. Allen, J. Phys. Chern. Solids 14, 23, 1960.
D. R. Palmer, S. R. Morrison and C. E. Dauenbaugh, J. Phys. Chern. Solids 14,
27, 1960.
D. R. Palmer, S. R. Morrison and C. E. Dauenbaugh, Phys. Rev. 129,608, 1963.
P. C. Banbury, E. A. Davies and G. W. Green, Proc. int. conf. semiconductor
physics (Exeter 1962), Inst. of Physics and Physical Society, London, 1962, p. 813.
J. J. Lander and J. Morrison, J. appl. Phys. 34, 1411, 1963.
J. J. Lander, G. W. Gobeli and J. Morrison, J. appl. Phys. 34, 2298, 1963.
M. Green, A. J. Kafalas and P. H. Robinson in R. H. Kingston (ed.), Semiconductor surface physics, Univ. of Pennsylvania Press, Philadelphia, 1957, p. 349.
A. J. Rosenberg, P. H. Robinson and H. C. Gatos, J. appl. Phys. 29, 771, 1958.
M. Green and K. H. Maxwell, J. Phys. Chern. Solids 13, 145, 1960.
M. J. Sparnaay, Solid State Physics, Electr. and Telecomm. (Proc. Conf. Brussels
1958) 1, 613, 1959.
F. G. Allen, J. Eisinger, H. D. Hagstrum and J. T. Law, J. appl. Phys. 30, 1563,
1959.
M. Green and I. A. Liberman, Proc. int. conf. semiconductor physics (Prague 1960),
Czechoslovak Acad. Science, Prague, 1961, p. 536.
M. J. Sparnaay and J. van Ruler, Physica 27, 153, 1961.
J. A. Becker and C. D. Hartman, J. phys. Chern. 57, 153, 1953.
J. Eisinger and J. T. Law, J. chem. Phys. 30, 410, 1959.
L. D. Dennis, K. M. Tressler and E. E. Hance, J. Am. chem. Soc. 45, 2033, 1923.
R. M. Dell, J. phys. Chern. 61, 1584, 1957.
I. Langmuir and K. H. Kingdon, Phys. Rev. 22, 148, 1923.
H. E. Farnsworth, R. E. Schlier, T. H. George and R. M. Burger, J. appl. Phys.
26, 252, 1955.
R. E. Honig, J. chem. Phys. 22, 1610, 1954.
D. Brennan, D. 0. Hayward and B. M. W. Trapnell, J. Phys. Chern. Solids 14,
117, 1960.

-43
3. EXPERIMENTS ON Ge SURFACES
3.1. Surface conductivity of Ge single crystals
3.1.1. Method

This section is concerned with the effect of adsorption of various gases and
vapours on the surface conduct.ivity of clean Ge surfaces.
The samples used for the conductivity measurements were thread-like,
completely degassed, Ge single crystals, pulled in the (111) direction under an
atmosphere of hydrogen or argon. Their length was about 25 em and their
diameter about 1 mm.
The measurements were made in the following way. Each end of the Ge
crystal had ohmic contacts in the form of thin gold wires welded to it, the crystal
itself being clamped in a cast molybdenum sleeve and suspended in a vertical
glass tube. The uppermost gold wire was soldered to the molybdenum sleeve,
the lower wire being connected to a sealed-in wire via a longer gold wire, thus
giving a flexible, highly shock-resistant arrangement; see also fig. 3.17.
A side arm connected the tube to the vacuum equipment. A vacuum of
I0-10 torr was preferentially produced, by a mercury-diffusion pump with a
special glass mercury-diffusion pump 3 - 1 ) in series with it, after baking out at
300 °C.
An alternative method employed was the use of titanium-getter pumps in· a
sealed system which had first been pumped off to a pressure of w- 7 torr with
the aid of a mercury-diffusion pump. This, however, proved less suitable for
adsorption measurements.
A cylindrical furnace, about lO em long, placed outside the glass tube and
around the Ge crystal was used to heat the middle part of the Ge cylinder.
In this way the diffusion of gold through the Ge crystal was obviated by
preventing the gold contacts at the ends of the germanium crystal from being
strongly heated.
It is possible to obtain a clean Ge surface by heating the crystal to 700 oc
in a vacuum of I0- 10 torr. Any skin of oxide on the Ge is driven off by evaporation in the form of GeO, which has a reasonable vapour pressure at this
temperature. Jolly 3 - 2 ) has measured the vapour pressure of GeO at 600 °C
and found it to be about I0- 3 torr.
The volatility of GeO was used also to reduce the diameter of the central
portion of the Ge cylinder. By admitting 0 2 into the system to a pressure of
I0-2 torr at 700 °C, producing the reaction
2 Ge

+ 0 2 -+ 2 GeO,

the GeO formed condenses on the colder parts of the walls of the system. An

44-

X-ray analysis of the deposit produced taken at room temperature showed that
it consisted of a mixture of Ge and Ge0 2 •
This "burning-off" technique allows the conductivity to be measured as a
function of the diameter of the crystal. Before cooling to room temperature,
the Ge surface obtained in this way was again cleaned by the procedure mentioned above.
A simpler method reducing the diameter ofthe wire is by chemical etching.
However, we found that Ge surfaces obtained in this way are very difficult to
clean and are not free of impurities even after prolonged pumping at 700 oc
and I0-10 torr.
Most conductivity measurements were made at room temperature on Ge
samples of various conductivity types. The most accurate results were obtained
with intrinsic material (45 Ocm). Qualitatively, slightly doped material (up to
5 .Qcm p- or n-type) gave the same results.
The resistance of the Ge crystal was measured on a simple series circuit and
continuously recorded. Sometimes, the Ge crystal was included in a bridge
circuit as one of the resistances. The initial resistance of an intrinsic Ge crystal
was 60-80 k.Q, while, after the middle part has been made thinner by burning
away the germanium at the surface, resistances of up to 1200 kQ were measured.
The total resistance of a crystal may be written
(3.1)

where R. is the contribution provided by the ends and Rm that of the middle
part. Apart from surface effects, both Re and Rm are inversely proportional to
the square of the radius. When the middle part of the crystal becomes very thin
in comparison with the ends, Rm» R •. We shall now look only at Rm, regarding R. as constant.
Rm- l may be written as
The conductivity of the central portion Gm

2:nr
A ( I +r-Ab)
/
s
2 A. '

(3.2)

where A. is the specific surface conductivity, Ab the specific bulk conductivity,
1 the length of the central cylinder and r its radius.
For Ab we write
Ab

=

M(n

+ bp),

(3.3)

where p and n are the numbers of free holes and electrons per unit volume,
Jt the electron mobility and Jtb the hole mobility.
For A. we can write
As

ftsq(n,

b.p.),

(3.4)
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where n. and Ps are the numbers of free electrons and holes in the surface region
per unit area and fts and p,b. are the electron and hole mobilities in the spacecharge layer.
We will assume that the charges in the surface states are immobile and that
the surface mobilities fts and ,u,b. are equal to the bulk mobilities ,u and 11.b.
3.1.2. Results
3.1.2.1. Effect of 0

2

on the surface conductivity

After the Ge surface was cleaned by the procedure mentioned above, the
effect of 0 2 adsorption on the surface conductivity was measured at room
temperature. Oxygen pressure was built up in a known volume and then
admitted to the reaction chamber. After this introduction a decrease in pressure
was observed but, after about one minute, the 0 2 pressure remained constant
and the subsequent dose of 0 2 was added. Figure 3.1 shows the change in total
3·5 ---.--"""'---.--,--.,....---.,-----,
G
rp mho)

t .l~--·----t+-···+--,--·-f----+-J

Fig. 3.1. Conductivity of a germanium wire (111) against oxygen pressure. The arrows indicate
that the pressure is first increased and then, at 1o-· 1 torr, decreased by pumping. The pressure is
arbitrarily chosen.

conductivity as a function of the 0 2 pressure. With a clean Ge surface, the
conductivity is not at its minimum. It increases when a slight amount of 0 2
is adsorbed. When more 0 2 is added up to a pressure of I0-3 torr, the conductivity is found to decrease to a value below that measured on a clean surface.
No change in conductivity is observed when the 0 2 is subsequently pumped off
to 10- 8 torr and kept at that pressure during 60 hours. Neither does pumping off
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at an earlier stage at maximum conductivity, for example, produce any change.
Obviously the process is irreversible at room temperature. In the figure mentioned above the conductivity is plotted as a function of the pressure as proposed
by Law 3 - 3 ) and Spamaay 3 - 4 ). Margoninski 3 - 5 • 6 ) and Handler et al. 3 - 7 • 8 )
suggest a different way of plotting against "pressure x time".
We shall show later on that neither of these two methods is adequate
(sec. 3.3). Since the process is irreversible it is, for instance, incomprehensible
why conductivity should be pressure-dependent. For qualitative purposes,
however, it gives a useful impression of the phenomena.
Field-effect measurements (see sec. 3.4) show that the space-charge layer is
of the p-type in agreement w th Hall measurements 3 - 8 ).
In order to calculate the band bending from the different situations of the
surface we must know the minimum conductivity. This is found in the following
way. First the change in conductivity was measured during 0 2 adsorption until
no further change occurs. Then, after exhaustion to w-s torr, NH 3 gas at a
pressure of I0-1 torr was introduced. The conductivity dropped further and
then increased again. Conductivity decreased again when the pressure was once
more dropped to w-s torr. Field-effect measurements showed that the space
charge was of the p-type before the introduction of NH 3 • It became n-type after
sufficient NH 3 adsorption.
One might wonder whether the effect measured is really a surface effect or
whether, in fact, it is a bulk effect. The conductivity is given by (3.2). When
the radius r becomes smaller, both G, and Gb will also become smaller, the
former in proportion to r and the latter in proportion to r 2 • Hence, the relative
contribution of G, to the total conductivity increases as the diameter is reduced.
When r is very small, G.» Gb. In this range, the effect of the 0 2 on the conductivity increases in proportion to r-1, and this agrees with the assumption
made above.
3.1.2.2. The effect of other gases on the surface conductivity
The effect of various gases and vapours on the surface conductivity was
measured. Oxygen-free compounds and compounds containing oxygen were
used for this purpose.
It was found that a large number of gases behave in the same way as oxygen.
They produce first of all an increase in conductivity, and thereafter a decrease
when more gas is added. Finally we arrive at a stage where gas addition has
hardly any longer an effect on the conductance.
With some gases a slight increase in conductivity was measured after evacuation to I0- 8 torr. This points to a slight reversibility of the phenomena. An
example of a compound not containing oxygen is given in fig. 3.2, which shows
the change in conductivity as a function of the NH 3 adsorption.
The effect of the gases on the surface conductivity is given in table 3-1. By
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Fig. 3.2. Conductivity of a germanium wire (111) against ammonia pressure. The pressure is
arbitrarily chosen. The effect of pumping has a more reversible character than that observed
for oxygen.

"low pressure" is meant the addition of small quantities of gas, while "high
pressure" implies the addition of an excess of gas. The reversibility given in the
last column of table 3-I is expressed as the percentage of the difference between
the initial and the final value of the observed conductance, the final value being
measured after the addition of an excess of gas.
The symbols for the gases used are clear except, perhaps, for (C 2 H 5 0) 3 N,
representing triethanolamine, and (C 2 H 5 0hNH, which is diethanolamine.
A number of gases, e.g. argon, krypton, molecular hydrogen and nitrogen do
not affect conductivity, while mercury vapour and CO cause only an increase.
It is probable that only those gases with a chemical action on the clean Ge surface affect the surface conductivity.
Special attention should be paid to N 2 , C0 2 and CO. The addition of N 2
produces a change in conductivity only if the pressure measurements are carried
out with a Penning manometer.
It is then found that the conductivity increases when small quantities of N 2
(at a pressure of less than I0-6 torr) are added; an excess of gas causes it to
decrease again. These effects may be explained by assuming the formation of
"active nitrogen" by the ion gauge; C02 exhibits similar effects as N 2 , when a
Penning manometer is used. If no Penning manometer is present, the conduc-
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Effect of gases on surface conductivity of germanium

~

conductivity
"low pressure"

I

"high pressure"

increase
idem
idem
idem
idem
idem
idem
idem
idem
increase
idem
no change

02
H 20
CH 30H
(C2Hs0)3N
(C 2H 5 0) 2 NH
NH 3
Cl 2
HCl
H 2S

co

Hg
Hz
Nz
Ar
Kr
C02

reversible change of
the conductivity in %

decrease
idem
idem
idem
idem
idem
idem
idem
idem
no change

-

10
10
10

20
30
-

10
10
30

-

-

--

no change

-

-

-

-

-

-

-

-

-

-

-

tivity is not affected. This effect may perhaps be explained by the dissociation
of C0 2 to CO and 0 2 under influence of the Penning manometer.
The latter is also found to have some effect with CO, but here non-activated
CO also gives an increase in conductivity.
3.1.3. Determination of the band bending
We did find that the conductivity of an intrinsic Ge single crystal with a clean
surface is not at its minimum: in other words, band bending occurs. Successive
adsorptions of 0 2 and NH 3 however give the minimum value of the conductivity.
According to the space-charge theory, the following is true of intrinsic material:
ns

=

~ (2cnikT)

1 2
1 { exp

(;;;)- 1}

and

(3.5)
Ps

=

~ (2cnikT)

1 2
1 { exp

(-

7;)-

2

1}'
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where s is the dielectric constant, k the Boltzmann constant, T the absolute temperature and VJs the electrostatic-potential difference of the surface in relation
to the bulk. If p, » n., the surface conductivity can be expressed as
G,

whereas if n,

2nr
=
-

l

fksbs (2sn 1kT) 1 12 {exp ( - qVJs)
2kT

(3.6)

p.,

;r

2
G,

=

!ks (2sn 1kT)

112

{exp (;;;)- 1};

so we can calculate VJs with the aid of (3.6) if G, and r are known.
In the experiment on the change in conductivity under the effect of 0 2 adsorption given in fig. 3.1, the total resistance of the Gecrystal was 385kQ if the surface
of the central part was clean. At maximum conductivity it was 286 k!l, the final
value after the fast adsorption of 0 2 850 kQ and after subsequent NH 3 adsorption the maximum resistance (G, = 0) was 908 kQ. The resistance of the total
Ge crystal before the central part was burnt off was 65 kQ. The length l of
the burnt-off portion of the crystal was 3 em and the length of the crystal itself
25 em.
Assuming that the burnt-off part may be described as a thin cylinder, we
found the radius of this cylinder to be r
0·007 em. With the aid of (3.6),
in which p.bs
pb
1800 cm 2 /V s, T
300 °K, k = 1·38.10-23 J degree-\
n1 = 2·6.10 13 /cm 3 and s = 16x 8·855.10-14 F cm-r, we find, with a clean
surface, q'tp, -240 mV, at maximum conductivity q1p, = -270 mV and with
monolayer coverage q'tp, = -100 mV.
The number of charge carriers per cm2 surface in the space-charge layer can
also be calculated. The band bending for a surface covered with NH 3 is also
calculated. Table 3-II shows the number of charge carriers per cm 2 at the band
bendings found for the various surfaces.
TABLE 3-11

clean Ge surface
max. conductivity (with 0 2 )
min. conductivity (with 0 2 )
min. conductivity (with NH 3 )

q'tp, (eV)

a per cm2

--0·24
-0·27
--0·10
-0·20

4·10 11
7.10 11
2·5.10 10
1·7.10 11

3.1.4. Discussion

The effect of 0 2 on the surface conductivity has been measured by many
workers 3 - 3 · 12) on surfaces cleaned by a variety of methods. Agreement is
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increase in conductivity varies and appears to be governed by the method used
to prepare the clean surface.
At any rate 0 2 adsorption on a clean Ge surface seems to produce two different effects. Handler 3 - 13 ) explains this in the following way. With a clean Ge
surface there is an abrupt Ge single-crystal/vacuum transition. The outer shell
of the surface Ge atoms is not completely filled and they therefore .have
"dangling bonds". These may occur in the form of acceptor-like surface states
partly filled with electrons belonging to Ge atoms further inside the crystal.
Since the crystal must be completely neutral, there is an equal number of holes
in the space-charge layer. These are not tightly bonded, making the surface
conductivity p-type. Oxygen is very electronegative. When 0 2 is adsorbed,
therefore, an increase in conductivity may be found. At maximum conductivity
the quantity of 0 2 adsorbed is taken to be equal to one oxygen atom per Ge
surface atom. The subsequent decrease in conductivity is ascribed to the introduction of donor-like states as a result of the adsorption of one or two successive
monolayers. The increase in conductivity is assumed to be specific to 0 2 •
Handler 3 - 7 ) found that H 2 0 causes only a decrease in conductivity.
The validity of this hypothesis was tested by us in two ways. The first was by
simultaneous measurements of the surface conductivity and the adsorption in
order to find quantitatively the effect of 0 2 coverage of the Ge surface on the
conductivity. We shall report on this subject later on (see sec. 3.3).
The second was by measuring the effect of other gases on the conductivity.
We found that many gases have a similar effect on the conductivity. Heiland 3 - 14) found an increase in the conductivity when hydrogen atoms were
adsorbed. The fact that Handler found only a decrease in conductivity in the
case of H 2 0 adsorption may have been caused by the surfaces not having been
really clean. The results of our experiments cannot be described by his hypothesis.
We have found that CO gave only an increase in the surface conductance.
This is in agreement with the experiments of Dillon and Farnsworth 3 - 15 ).
They found an increase in the work function if CO was adsorbed on aGe crystal
cleaned by ion bombardment. We shall return to its effect after discussing the
adsorption measurements.
We found that there is a definite similarity in the behaviour of a number of
gases and vapours on the conductivity. Other gases, however, do not seem to
affect the conductivity at all. The differences between the two groups may be
expected to be caused by the fact that the former are chemisorbed while the latter
are not. This hypothesis has to be confirmed by actual adsorption measurements.
These are discussed in sec. 3.2.
The similarity in action of those gases that are supposedly adsorbed seems to
require an explanation for their action that is independent of their specific properties and that therefore appears dictated by the properties of the Ge surface.

-513.2. Adsorption on Ge surfaces
3.2.1. Introduction
We have seen that a large number of gases can affect the surface conductivity
of a clean Ge surface, while others have no effect at all. We have already supposed that this must be connected with the extent, if any, of chemisorption of the
gas on the clean surface. Where gases that are chemically very different from one
another have a similar effect on the surface conductivity, they might be expected
to exhibit similar chemisorptional behaviour on a clean surface.
Various authors 3 - 16 - 19) have measured the 0 2 adsorption on a clean Ge
surface, most of them employing the volumetric method. The quantity of gas
adsorbed was calculated as the difference between the quantities of gas before
and after adsorption. The weighing method should also be mentioned. Here, the
quantity of adsorbed gas is weighed directly on a micro-balance 3 - 20 - 22 ).
Wolsky 3 - 23 ) developed this latter method into a useful instrument for gas
adsorption on a clean Ge surface.
Qualitatively, close agreement was reached on the 0 2 adsorption on a clean
Ge surface. Fast adsorption of a monolayer was followed by slow adsorption
of the second and third monolayers. The number of oxygen atoms adsorbed
per cm2 surface area may be described by N = a
b log 10 t, where t is the
time in minutes and a and b are temperature-dependent parameters and a is
pressure-dependent.
The parameters a and b vary rather widely in the experiments made by the
various investigators. The reason for these differences may lie in the different
ways in which the clean surface was prepared, the quality of the vacuum, the
doping of the Ge crystal, etc. The adsorption of other reactive gases has been
described by Green 3 - 24). In the case ofvapours like water, methanol, acetone,
iso-butylamine and ~cetic acid he found an immediate adsorption equivalent to
monolayer coverage, i.e. one molecule of adsorbed gas per Ge surface atom.
The coverages by pyridine and p-dioxane were about 25% less and presumably
caused by steric effects. According to Maxwell and Green 3 - 25 ), 0 2 is capable
of driving off water, methanol or n-butanol adsorbed on a clean Ge surface.
Law 3 - 26) has examined the adsorption of H 2 , N 2 , CO and C02 on a clean
Ge surface prepared by briefly heating a vapour-deposited Ge layer towards
the melting point in a vacuum of I0-9 to 10-10 torr. The adsorption of these
gases at room temperature was less than 0·01 monolayer.
3.2.2. Experimental
Figure 3.3 is a diagram of the glass apparatus used for the adsorption measurements. These measurements were made in the pressure range 1o- 3 -1 torr with
the aid of a MacLeod manometer (A). The initial pressure was about I0-8 torr.
In adsorption measurements, a vacuum of I0-1 0 torr is ofless importance than
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A

Fig. 3.3. Apparatus for adsorption measurements with MacLeod gauge (A), gas reservoirs (B),
side tubes for cooling (C) and high-melting-glass vessel (D) containing the powder; (E) vacuum
taps.

in conductivity measurements, the amount of gas at a pressure of w-s torr is
less than 1012 molecules per litre.
The desorption from the glass walls can be neglected, provided that the apparatus is properly degassed beforehand at a high temperature, and the sample
surface, which is generally larger than 103 cm 2 or l 0 18 Ge surface atoms, is large
enough.
The adsorption of the gases on mercury was found to be negligibly low and
the adsorption on glass depended on the gas used, as will be discussed below.
The various gases in the "bulbs" (B) were purified as much as possible beforehand by various methods and were sealed off from the rest of the system by
vacuum valves and capillary cocks. It is possible to freeze out condensable gases
by cooling the side arm (C) with liquid nitrogen. The high-melting-glass reaction
chamber (D) is impermeable to H 2 and He up to 700 °C. The dimensions of the
adsorption chamber were chosen in accordance with the method of preparation
of the clean Ge surface.
Where the Ge is powdered in air or in a high vacuum, most of the surface of
the particles will probably be (I 11) planes 3 - 2 7 ), since the crystal splits easily
along the (111) plane.
The number of Ge atoms per cm 2 on a (111) surface is 7·22.10 1 4, on a (110)
surface 8·83.1014 , and on a (100) surface 6·25.10 14 .
The total surface area of the Ge powder was measured by the Brunauer,
Emmett and Teller (BET) 3 - 28 ) method at 77 °K with krypton and is greatly
dependent on the method of preparation. Samples obtained by powdering in air
produce areas about 103 cm 2 per gramme Ge while those formed by decomposition of GeH 4 by a spark discharge give about 105 cm2 per gramme Ge.
The examination of adsorption was divided into
(a) adsorption of 0 2 on a clean Ge surface;
(b) adsorption of compounds containing hydrogen on clean and oxidized surfaces;
(c) adsorption of gases with little or no effect on the surface conductivity.

-533.2.3. Preparation of a clean Ge surface
Adsorption measurements were made on clean Ge surfaces obtained in one
of the following ways.
A thermally cleaned Ge surface was obtained by powdering aGe single crystal
in air in an agate mortar and then baking out the powder for many hours at
650 oc in a vacuum of to-s torr. Mter about sixty hours' baking the samples
were cooled to room temperature. Before the adsorption measurements were
made, the deposit on the glass wall consisting of Ge and Ge0 2 formed by the
evaporation of GeO was removed by sublimation into capillary tubes, and
sealing these off. The area of the deposit was also measured, and was found
to be small in comparison with the area of the Ge powder.
Another method of obtaining a clean Ge surface is to use the "drop-hammer"
technique. First of all, the glass walls and the Ge single crystal were degassed
in a high vacuum, thereafter the Ge crystal was powdered at room temperature
in a high vacuum with a magnetic hammer consisting of a soft iron core cast
into glass. A third method is the thermal decomposition of GeH4 at 300 °C
on baked-out quartz wool. One objection here is that it is not certain that the
area determined by the BET method is due to Ge alone. It is better to decompose
GeH 4 at room temperature with the aid of a spark discharge in an atmosphere
of GeH 4 . This gives a finely divided Ge powder at room temperature. Heating
causes H 2 desorption, which is complete above 300 °C.
3.2.4. Results
3.2.4.1. Oxygen adsorption
Gaseous 0 2 at a pressure varying between I o-3 and 102 torr was brought into
contact at room temperature with a clean Ge surface. Figure 3.4 shows the
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Fig. 3.4. The 0 2 adsorption as a function of the adsorption time for aGe sample prepared (A)
by thermal-etching techniques and (B) by a spark discharge in GeH 4 (N is the number of
oxygen atoms adsorbed per cm 2 Ge surface).

540 2 adsorption as a function of the adsorption time for a surface prepared by
crushing in air and baked out at 650 oc (A) and for a surface prepared by a spark
discharge in GeH 4 (B). Oxygen was rapidly adsorbed up to a coverage of about
one oxygen atom per Ge surface atom followed by slower adsorption of what is
considered a second layer, the rate being proportional to the logarithm of the
adsorption time. Renewed adsorption after a prolonged evacuation gave an
adsorption rate that was slightly faster than at the onset of evacuation, although
it was still much slower than at the beginning of the formation of the second
monolayer. The adsorption of the second monolayer is not, or only slightly,
reversible. The 0 2 adsorption was also measured by crushing a Ge single crystal
in an atmosphere of oxygen. Here, too, a rapid adsorption of one monolayer
was followed by a slow process.
Figure 3.5 gives the adsorption of 0 2 at various pressures on a thermally
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Fig. 3.5. The adsorption of oxygen on a clean Ge surface (prepared by chemical etching) at
an 0 2 pressure of w- 2 torr, 0·9 torr and 60 torr.

etched surface (method 1). The monolayer coverage was obtained sooner at
higher 0 2 pressures. The rate of adsorption of the second layer is virtually independent of the pressure. The total quantity of 0 2 adsorbed after 3.103 minutes
at a pressure of 60 torr is equal to twice the monolayer.
Table 3-III gives the values a and b of the equation N = a b log t for
various 0 2 pressures and different methods of preparing the Ge surface, t being
expressed in minutes and measured from t = -! min.
The constants a and b are independent of the method of preparation but
constant a is slightly dependent on the 0 2 pressure.
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method of
preparation
thermal etching
thermal etching
decomposition of
GeH4
crushing
(Green 3 - 16))

0 2 pressure
(torr)

a (atoms/cm 2)

b (atoms/cm 2)

0·9
60

8·3.10 14
10·2.1014

1·1.1014
1·5.1014

0·5

8·5.10 14

1·2.1014

0·1

8·4.10 14

1·4.1014

3.2.4.2. Adsorption of HaX on a clean Ge surface
The adsorption of a number of gases on a clean Ge surface was examined 3 - 29 )
at pressures varying between 10-3 and 5.10- 1 torr. Generally a rapid adsorption
was followed by a slow adsorption. According to the amount of rapidly adsorbed HaX these gases could be divided into groups characterized by the
integer a. In each of these groups a specific amount of gas was adsorbed per cm2
Ge surface, resulting in a characteristic fraction of a monolayer coverage.
Heating a Ge surface, covered with one of these gases, resulted in a desorption
of H 2. We shall now describe the results of each of the groups. Quantitative
results are given in table 3-IV.
TABLE 3-IV
mol gas absorbed per cm2 Ge surface
gas
GeH 4
SiH 4
NH 3
PH 3
AsH 3
SbH 3
(C2HshN
H 20

H2S
H 2 Se
HF
HCl
HBr
HI

after-! min

after 10 min

R:i 1·2.1014
1·3.1014
1·4.1014
1·3.1014
1·1.1014
R:i2·0.1014
2·0.10 14
2·1.1014
0·2.10 14
3·8.10 14
4·4.10 14
4·2.10 14

R:i1·5.1014
1·4.1014
1·8.1014
1·6.1014
1·5.1014
R:i2·5.1014
2·5.10 14
2·4.10 14
0·4.10 14
5·4.1014
5·8.10 14
6·1.1014

-56(a) Adsorption of H 4 X
The adsorption of GeH 4 and SiH4 on a clean Ge surface was determined.
No adsorption was found in either case, that is to say, the coverage was less
than 0·01 of a monolayer. Green 3 -z 4 ) studied the adsorption of CH 4 on a
clean Ge surface, and once again, found none.
(b) Adsorption of H 3 X
The adsorption measurements of NH 3 on Ge surfaces were made more
difficult by its adsorption on the glass walls of the apparatus. Blank measurements were therefore made here. The adsorption of NH 3 at room temperature
on a clean Ge surface was calculated by finding the figure for the Ge and the
glass walls and then subtracting from this result that obtained for the adsorption
of NH 3 on the same glass walls, previously completely degassed, during the
same time and at the same pressure. The results lead to the conclusion that the
quantity of NH 3 adsorbed in one minute on a clean Ge surface is one NH 3
molecule per six Ge surface atoms. The accuracy of these measurements was
about 10%.
The adsorption of PH 3 , AsH 3 and SbH 3 on a clean Ge surface was also
measured. In fig. 3.6 the adsorption of SbH 3 is given as a function of the adxto *
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Fig. 3.6. The number of gas molecules adsorbed per cm 2 clean Ge surface as a function of the
adsorption time in the case of SbH 3 (A), of H 2 S (B) and of HCI adsorption (C).

sorption time. In these cases, the adsorption on the glass walls was negligibly
small, thus making the accuracy of the measurements much better than in the
case ofNH 3 . The main problem with the adsorption of SbH 3 was the instability
of the compound itself. These measurements were carried out in darkness, after
the Hz present in the SbH 3 had been removed by condensing SbH 3 with liquid
Nz and pumping off the Hz.

-57Once again, in the case of all three gases the quantity adsorbed was found to
be one molecule of XH 3 per six Ge surface atoms.
After the adsorption the Ge sample was exhausted to 1o-7 torr, sealed off and
gradually heated to 600 oc over a period of about four hours.
Complete desorption of H 2 took place at 350 °C with PH 3 , AsH 3 and SbH 3 •
It was slower only in the case ofNH 3 , as shown in fig. 3.7, while the desorption
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of N 2 began at 450 °C. This N 2 desorption was complete at 600 °C. The gas
desorbed when a Ge surface covered with NH 3 was heated, was analysed at a
number of temperatures. The amount of desorbed gas was first measured, then
cooled with liquid N 2 , whereupon the remaining amount was measured again.
In order to determine the composition of the gas mixture, it was exposed to
freshly prepared CuO which, when heated to 400 °C, readily reacts with H 2 to
form Cu and H 2 0. The remaining gas was measured again. At 600 °C, the de~
sorbed quantity of H 2 was 3/2 the quantity of NH 3 that had been rapidly
adsorbed, the amount of gas remaining being half that of the NH 3 •
The adsorption of triethylamine (C 2 H 5 ) 3 N on a clean Ge surface was also
determined. The fast adsorption of one molecule of triethylamine per six Ge
surface atoms was measured.
(c) Adsorption of H 2 X
Hydrogen~sulphide vapour at pressures varying between I0- 3 and 10-1 torr
was brought into contact at room temperature with a clean Ge surface prepared
by the thermal-etching method. Rapid adsorption of H 2 S ( < 1 min) was meas~
ured up to a coverage of one H 2 S molecule per four germanium surface atoms,
see fig. 3.6. This was followed by a slow process of adsorption and after one
hour 20% of the aforementioned quantity was adsorbed. It was, however,
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possible to pump this quantity off. The amount of desorbed H 2 S was measured
by cooling a side arm with liquid N 2 and, after sealing the germanium powder
off, expanding the gas again to room temperature, followed by pressure determination. The H 2 desorption from the Ge surface on heating was similar to that
described in the case ofH 3 X. Figure 3.8 gives the production ofH 2 as a function
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of temperature. No H 2 was evolved at room temperature, but at 350 °C all the
hydrogen was removed from the surface in the form of H 2 since the gas evolved
could not be condensed with liquid N 2 •
The sulphur of the H 2 S therefore remains on the surface. Heating for twentyfour hours at 500 oc under a vacuum of I0-7 torr failed to remove this sulphur.
The quantity of 0 2 adsorbed at room temperature on this surface was about
half of that which would have been adsorbed on a clean surface. Only after a
few hours' heating at 650 °C in a high vacuum could a clean Ge surface be
obtained.
The adsorption of H 2 Se on a clean Ge surface is similar to that of H 2 S.
Rapid adsorption of H 2 Se up to one H 2 Se molecule to four Ge surface atoms
was followed by a slow process. Heating of the Ge surface in the same way as
for H 2 S produced the same result, H 2 evolution started at 100 oc and desorption was complete at 350 °C. The quantity of H 2 desorbed was equal to that
originally present in the amount of H 2 Se adsorbed rapidly, Le. one H 2 molecule
to four Ge surface atoms. This Ge surface was subsequently cooled to room
temperature, whereupon H 2 Se was adsorbed once more. The quantity of H 2 Se
now adsorbed was half of that adsorbed on a clean Ge surface. Repetition of
this process showed, every time, a halving of the quantity of H 2 Se adsorbed,
and could be continued until the entire surface of the Ge would be covered with
selenium. The quantity of selenium adsorbed in this way is one Se atom for every
two Ge surface atoms. A clean Ge surface could be obtained only by heating
the crystal to at least 650 °C for several hours in a vacuum of I0- 7 torr.
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The adsorption of H 2 0 on a clean Ge surface was complicated by the adsorption of the vapour on the glass walls. For this reason, blank measurements were
made on the same glass apparatus. Moreover, in the adsorption measurements
on Ge we used a very large Ge surface area to achieve as great as possible a ratio
of the adsorption on Ge to that on the glass walls. After correction for adsorption on the glass, the adsorption of H 2 0 on clean Ge powder was found to be
one molecule of H 20 to four Ge surface atoms. The H 2 desorption was the
same as for H 2 S and H 2Se.
(d) Adsorption of HX
The following results were obtamed for the adsorption on a clean Ge surface
of HCl at room temperature. Adsorption at first proceeded very rapidly
(~ t min) up to a coverage of one HCl molecule per two Ge surface atoms
followed by a slow process (fig. 3.6). A monolayer, i.e. 1 HCI per Ge surface
atom was adsorbed after two hours. The desorption of this latter quantity was
more difficult than that of the gases previously tested, and was incomplete.
Desorption of H 2 was also more difficult. It did not begin, in fact, until a temperature of200 °C was reached and was rather slow even at higher temperatures.
The adsorption of HBr and HI was also measured and gave similar results to
those of HCI. The measurements of the adsorption of HI on the Ge surface
against the adsorption time are affected by the decomposition of HI by light.
The adsorption of HF was much smaller than the adsorption of the other
halides.
3.2.4.3. Adsorption of HaX on an oxidized Ge surface
The adsorption of a number of gases HaX on an oxygen-covered Ge surface
(one oxygen atom per Ge surface atom) was measured. The results are given
in table 3-V.
TABLE 3-V
The number of gas molecules adsorbed after 10 min per cm2 oxidized Ge surface
gas

mol gas per cm 2

HF
HCI
HBr
HI
H2S
H2Se
NH 3
PH 3

0-4.1014
4·5.10 14
6·0.10 14
8·0.10 14
1·9.1014
3·8.1014
2·0.10 14
0·8.10 14

-60The initial rate of HCl adsorption on an oxidized Ge surface was slightly slower
than on a clean surface, but the quantity adsorbed in two hours was about 25%
more, see fig. 3.9. No H 2 desorption was observed up to 500 °C.
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Fig. 3.9. The adsorption of some gases on a Ge surface as a function of the adsorption time.
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The adsorption of HBr and HI was also measured. The amount of HBr
adsorbed in 10 min was about 30% more than the amount of the HCI adsorbed
in the same time. The amount of adsorbed HI is about double that of HCL
The initial rate of H 2 S adsorption is slower than on a clean Ge surface, but
the total quantity adsorbed in one hour is slightly larger, see fig. 3.9. When this
surface was subsequently heated in a high vacuum in a sealed system, no hydrogen or H 2 S was notably evolved up to 400 °C. Above this temperature only a
small quantity of H 2 was desorbed, see curve B in fig. 3.8.
The adsorption of H 2 Se on an oxidized Ge surface was different from that
of H 2 S. The total quantity adsorbed in 10 min at pressures between 10-3 and
10-1 torr was about one molecule of H 2 Se per two Ge surface atoms, i.e. about
twice that found for H 2 S. Heating this surface in the manner described for H 2 S
showed no H 2 desorption up to 400 °C.
An adsorption of about one NH 3 molecule per four Ge surface atoms at
room temperature was measured for an oxidized Ge surface. No H 2 desorption
was observed on slow heating to 500 °C in a sealed system. The amount ofPH 3
adsorbed is much smaller than found for NH 3 • After 10 min about 10% of a
monolayer is adsorbed.
3.2.4.4. Oxygen adsorption on a Ge surface covered with HaX
The 0 2 adsorption was measured on a Ge surface, covered with one of the
HaX gases. Mter adsorption of HaX on a clean Ge surface fort min, the system
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was evacuated to 10-7 torr, whereupon the oxygen adsorption was measured.
The oxygen pressure in these measurements was about IQ- 1 torr. The results are
given in table 3-VI.
TABLE 3-VI
The number of oxygen atoms adsorbed after 10 min per cm 2 Ge surface covered
with gas
gas
HCI
HI
H2S
H 2 Se
NH 3
PH 3

oxygen atomsfcm 2

< 0·1.1014
< 0·1.1014
<

1·5.1014
0·1.1014
5·5.10 14
2·0.1014

No change in pressure was observed after the admission of 0 2 to a Ge surface
covered with H 2 Se either at room temperature or upon cooling the vapour with
liquid N 2 • The conclusion to be drawn is that 0 2 is not adsorbed and that it does
not remove any of the H 2 Se from the surface. The 0 2 adsorption on a Ge surface covered with H 2 S was about 1/5 of a monolayer after 10 min. No desorption of a condensable gas was measured. On heating this Ge surface to 350 °C
after evacuation, the H 2 desorption was not complete and no desorption of condensable gases was measured. The adsorption of 0 2 on a Ge surface covered
with NH 3 was about two thirds of that of the quantity adsorbed on a clean surface. No NH 3 desorption was observed, however. The adsorption of 0 2 on a
Ge surface covered with PH 3 was about 1/4 of a monolayer after 10 min. No
0 2 adsorption was measured on Ge surfaces covered with HCl or HI.
3.2.4.5. Adsorption of other gases
The adsorption of H 2 on clean and oxidized Ge surfaces was measured as a
function of temperature. Apart from a slight adsorption at about 250 °C, no
H 2 adsorption was found on a clean Ge surface. The adsorption of H 2 on an
oxidized Ge surface is shown in curve Bin fig. 3.10. An oxidized Ge surface
adsorbs hydrogen above 400 °C. The desorption occurring at 550 ac can be
explained by the volatility of GeO at this temperature, which once again gives
a clean Ge surface on which no hydrogen can be adsorbed (see curve A).
The adsorption of C0 2 , N 2 , argon and krypton was measured at room temperature. Like hydrogen, these gases have no effect on the surface conductivity
of a clean Ge surface. No adsorption was found on a clean Ge surface. Prelimi-
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nary experiments showed the adsorption of CO was less than one per cent
of a monolayer. This is surprising in view of the fact reported earlier that CO
exerts a definite influence on the conductivity.
It therefore becomes necessary to measure the adsorption accurately and the
following device was adopted (fig. 3.11 ). Layers of Ge powder not thicker than
5 mm were made into disks and a number of these disks were arranged in the
adsorption vessel. In this way it was possible to obtain a large surface area and
a small dead volume. Furthermore, the Ge surface was easy to clean. In this
arrangement about 50% of the CO added was found to be adsorbed. This,
however, corresponded to an adsorption of CO of about 1Q-4 of a monolayer.
Blank experiments showed no adsorption of the CO on the walls of the apparatus. It must, therefore, be this slight CO adsorption that causes the change in
conductivity.
3.2.5. Discussion on adsorption measurements

The 0 2 adsorption on a clean Ge surface is found to be independent of the
method by which the surface is prepared. In every case, adsorption was found
to proceed rapidly up to a coverage of a monolayer, followed by a very slow
adsorption of the second layer. These results were found both with powdered
Ge single crystals and with samples obtained by decomposition of GeH 4 ,
although sample areas varied widely. This suggests that the orientation of the
planes does not vary greatly with the different methods of preparation.
A comparison of adsorption measurements on powders and of conductivity
measurements on single crystals suggests that the maximum in the conductivity
does not occur at monolayer coverage but much earlier. The formation of the
monolayer apparently includes both the initial rise and the subsequent decrease
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Fig. 3.11. Double-walled apparatus for adsorption measurements of CO on a clean Ge surface
with a quartz tripod (A) carrying quartz disks (B). Total area of about 500 grammes Ge powder
is about 100m2 •

in the conductivity. This conclusion remains somewhat uncertain, however,
because surfaces on powders and single crystals might still be different although
so far the adsorption experiments do not support this assumption. Definite
proof demands the simultaneous measurements of adsorption and conductivity
on the same single crystal or on the same powders. However, because of the
small surface of the singie crystal, adsorption measurements are inaccurate,
while on powders conductivity measurements produce difficulties in interpretation. We shall return to this problem in sec. 3.3.
The adsorption of various hydrogen-containing compounds on a clean Ge
surface gives typical results as shown in table 3-VII.
In these experiments on a clean Ge surface, H 2 desorption was measured at
the same temperature for the various gases adsorbed. This temperature agrees
with that of the decomposition of GeH 4 •
The conclusion is that the hydrogen is bonded in the same way in all cases.
We asume that each atom of the molecule to be adsorbed is directly bonded to a
Ge surface atom, i.e. we consider that there must be Ge-H and Ge-X bonds
on the surface. In the adsorption of H 2 Se, for example, the selenium is bonded
to two Ge surface atoms and the two hydrogen atoms each to one Ge surface
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TABLE 3-VII
The minimum number of Ge surface atoms required for the fast adsorption of
one molecule of gas
2 Ge surface atoms

4 Ge surface atoms

6 Ge surface atoms

HCl
HBr
HI

atom. For PH 3 , the phosphorus is adsorbed to three Ge surface atoms and the
three hydrogen atoms each to one Ge surface atom. The total number of bonds is
equal to the number of Ge surface atoms. The following experiments support
this hypothesis. Tamaru 3 - 30) found complete desorption of the hydrogen at
280 °C when a germanium surface covered with a monolayer of hydrogen was
heated.
The adsorption of 0 2 at room temperature on a Ge surface covered with H 2 S
(one H 2 S molecule per four Ge surface atoms) heated to 500 oc (complete
desorption of H 2 ) was half that on a clean surface. With the hypothesis that
two Ge surface atoms are rendered inactive by each S atom adsorbed, as a basis,
it will be clear that the 0 2 adsorption will he halved, i.e. to adsorption on the
Ge atoms previously bonded to hydrogen atoms. This hypothesis is also supported by the successive adsorptions of H 2 Se at room temperature on a Ge
surface, as described before.
A further investigation is the adsorption of gases in which the hydrogen atoms
are replaced by alkyl groups e.g. CH 3 -, C 2 H 5 -. In our hypothesis, quantitatively
similar adsorption may be expected. The alkyl groups should not, however, be
too large, since steric effects could effect the adsorption.
The adsorption of triethylamine (C 2 H 5 hN on a clean Ge surface was determined. A fast adsorption of one molecule of triethylamine per six germanium
surface atoms was found (see table 3-IV).
De Bruin 3 - 31 ) measured the adsorption of methanol (CH 3 0H) on a clean
Ge surface. He found an adsorption of one molecule methanol per four Ge
surface atoms. Green's results 3 - 24 ), however, do not agree with this. He found
a monolayer adsorption, i.e. one mol gas per Ge surface atom for various gases,
including H 2 0 and methanol. The Ge surface that he used, however, was small:
about 70 cm 2 • It is therefore possible that part of the vapour adsorption in
Green's case must be ascribed to adsorption on the glass walls.
To explain his results Green suggests the formation of hydrogen bridges, but

-65this now seems unlikely. In that case, in the adsorption of (C 2 H 5 hN, hydrogen
bridges would be formed via the hydrogen in the alkyl groups, while diethylether
(Green), for instance, was not adsorbed. In this connection it may also be mentioned that Green 3 - 24) observed no adsorption of CH 4 on Ge, corresponding
to the fact that CH 4 is a very stable compound. No adsorption of GeH 4 and
SiH4 on a clean Ge surface was found by us. According to the present hypothesis, an atomic adsorption should take place on a clean Ge surface.
It is interesting to note that L.E.E.D. measurements made by Van Bommel
and Meijer 3 - 32) on a clean Ge (111) surface which was heated at 300 °C in a
H 2 S or H 2 Se atmosphere showed a surface structure (2-structure), which was
explained by a half monolayer coverage of sulphur or selenium.
No H 2 desorption was observed on heating up to 450 °C after the adsorption
of one of the above-mentioned gases on an oxidized Ge surface. This presumes
an adsorption of the hydrogen via an intermediate atom.
The adsorption measurements of 0 2 on surfaces covered by HaX or of HaX
on oxygen-covered surfaces are less easily understood. The discussion of the
results will be postponed to chapter 5.
3.3. Measurements of the conductivity as a function of the surface coverage

So far attempts to establish a clear relationship between the change in surface
conductivity caused by gas adsorption and the quantity of gas producing this
effect have not been successful. One purpose of our investigations therefore was
to provide such a relationship.
As we have seen earlier, a monolayer oxygen adsorption at maximum conductivity as supposed by Handler 3 - 12 ) does not seem justified, neither from data
from the literature nor from our results. There is, moreover, a drawback to the
pressure dependence of the conductivity as suggested by some workers 3 - 3 .4).
Another group of workers 3 - 5 - 8 ) plotted the conductivity change as a function
of "time X pressure". However, it is quite certain that the oxidation process is
irreversible. It is therefore more logical to look for a connection between conductivity and the occupancy of the surface and this is also suggested by the
"time X pressure" unit.
It is not a simple matter to determine the surface conductivity of Ge as a
function of the quantity of 0 2 adsorbed. The change in conductivity of Ge single
crystals can be accurately measured, but because of the small area the quantities
of adsorbed oxygen cannot be measured with reasonable accuracy. On Ge
powders, however, adsorption measurements are accurate. The interpretation
of the results of the conductivity measurements on Ge powders is somewhat
difficult. Both methods were used and simultaneous measurements were made.
Especially in the case of single crystals, one has to make absolute measurements
of the 0 2 pressure with high accuracy.

-663.3.1. Measuring the oxygen pressure
The change in conductivity under the effect of oxygen adsorption was
measured on a thin Ge single crystal prepared in the way described earlier. The
0 2 pressure was measured with an Alpert manometer and, in some cases, with
a Penning manometer. The emission current of the Alpert manometer was kept
to a minimum. The 0 2 was added in small doses. Immediately after introduction,
a decrease in pressure was observed, but, after half a minute, the 0 2 pressure
became constant for fifteen minutes, whereupon a fresh dose of oxygen was
introduced. The process then repeated itself. As the pressure changed, so did
the conductivity. After half a minute, the conductivity also became constant.
As soon, therefore, as a constant oxygen pressure was observed, the conductivity
was also found to be constant. Does this, then, mean that the conductivity is
really pressure-dependent? It was difficult to determine the occupancy of the
surface at these final pressures, on the one hand because of the small area of the
Ge single crystal and on the other because of a possible adsorption of the oxygen
on the mixture of Ge and Ge0 2 deposited on the glass walls.
It is easier to measure the pressure dependence of the surface coverage of Ge
powder. To this end, aGe powder with an area of 10m2 was baked out in a
high vacuum at 650 °C. After it had been cooled down to room temperature,
known quantities of oxygen were adsorbed with the aid of oxygen ampoules.
The final pressure was measured with a carefully baked-out Alpert manometer.
An approximately linear connection between the occupancy of the surface and
the final pressure was found in the pressure range from 10-8 to I0-3 torr. This
observation might easily have led to an incorrect conclusion, if measurements
had not been made without the Ge powder which gave almost the same results.
A well baked-out Alpert manometer apparently adsorbs much more oxygen
than 10 m 2 of carefully cleaned Ge surface.
It should be mentioned that Alpert 3 - 33 ) signalled this possibility much
earlier. The constant final pressure measured in both adsorption and conductivity measurements must, then, be explained by a stationary state in the immediate vicinity of the manometer and is therefore not an indication of the oxygen
pressure at the Ge surface. Correlations between conductivity and "timex pressure" as reported in the literature are for the same reason somewhat doubtful,
since the oxygen pressure was measured in those cases also with an Alpert manometer. The experiments were repeated using different Alpert manometers with
various emission currents and using Penning manometers, with the same results
qualitatively. Correct pressure indications were, indeed, produced with both
Alpert and Penning manometers after the oxygen had been replaced by nitrogen
and argon. To prove this we used ampoules which were filled via a dilution
system, while the gas pressure, before expansion in a known volume, was determined in the case of all the gases with the aid of a MacLeod manometer.
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Measurements were generally made at minimum emission current to minimize
the loss of the gas present as a result of ionization. This is, in general, correct.
With oxygen, however, the loss through ionization is negligibly small in relation
to the adsorption on the vast metal surface which, because of the long bakingout time employed for the Alpert manometer, is extremely reactive to oxygen.
Without any baking out, gas desorption affects the measurement in such a way
that it is no longer possible to obtain a reliable result. In conclusion it may be
said that measurements of oxygen pressure made with Alpert or Penning
manometers, therefore, are generally incorrect
3.3.2. Simultaneous adsorption and conductivity measurements
The conductivity measurements on a Ge single crystal were repeated with
dosed quantities of oxygen, the oxygen pressure now being measured with a
MacLeod manometer, care being taken to ensure that there was no mercury
in the dosed oxygen by freezing with liquid nitrogen.
The doses of oxygen (2 ml of oxygen at about 5.10-3 torr) were previously
diluted in a baked-out 10-1 flask before being introduced to the Ge surface.
The initial pressure of each dose was 1o-6 torr and, if no oxygen were adsorbed,
the final pressure should be to-s torr after the introduction often doses. In the
experiment with the Ge crystal, an initial increase in conductivity, followed by
a decrease after the addition of the second dose of oxygen, was measured. After
the addition of eight doses, the conductivity was virtually constant; a further
addition of more oxygen merely resulted in a very slow decrease in conductivity.
The final pressure after eight doses, even assuming no adsorption, was at least
a hundred times lower than that found by Law
However, it is difficult in
our experiments to determine the occupancy after each dose of oxygen quantitatively, since the clean Ge surface was small in comparison with the total adsorbing area. The deposit on the walls caused by the evaporation of GeO during the
preparation of the clean Ge surface is largely responsible for this. The procedure
was therefore modified in such a way that together with the small area of the
thin single crystal a large area of clean Ge powder was exposed to the oxygen.
This was done with the aid of the apparatus shown in fig. 3.12. As described
earlier, an intrinsic Ge single crystal about 25 em long was suspended in a glass
tube. Germanium powder, obtained by crushing a similar Ge crystal in air was
inserted at the same time into the same tube in a ring-shaped quartz crucible
suspended on two thin metal wires which had been baked out beforehand. The
crucible could be moved up and down along the Ge crystal in a high vacuum by
means of a magnetic lifting device. The whole apparatus was first of all baked
out at 250 °C to obtain a good vacuum, whereupon the middle part of the Ge
crystal was burnt away in the known manner. The Ge powder was then placed
around the thin part of the Ge crystal and the whole was baked out for sixty
hours in a high vacuum at 650 °C. After the system had been allowed to cool to
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8

Gold wire

Fig. 3.12. Apparatus for simultaneous measurements of adsorption on powders and conductivity on a single crystal. A ring-shaped quartz crucible with Ge powder (A) around a Ge single
crystal (B) and a magnetic lifting mechanism (C).

room temperature, the change in surface conductivity was measured as a function of the quantity of oxygen adsorbed. For this purpose, known quantities of
oxygen were introduced, the pressure being followed by a MacLeod manometer
with cooling trap. The experiment was repeated a few times, each time baking
out the crystal and powder at 650 °C for twenty-four hours in a high vacuum
and then cooling to room temperature. After each experiment the areas of both
the Ge powder and the Ge and Ge0 2 mixture deposited on the glass walls was
measured using the lifting device to separate them. The latter area was found to
be small in relation to that of the Ge powder. On the assumption that the oxygen
molecules introduced have no preference for either the surface of the Ge single
crystal or the surface of the powder, the occupancy for the maximum conductivity was found to be between 1 and 5% of a monolayer of oxygen in various
experiments. Thus, the adsorption at maximum conductivity does not represent
a monolayer as postulated by Handler. It was only when the conductivity had
become almost intrinsic that the monolayer was formed.

-69-

3.3.3. Conductivity measurements on powders
In the case of d.c. measurements on powders the conductivity is mainly
determined by the interface resistances, whereas what we want to measure are
changes in the surface conductivity. We can reduce the effect of interface resistances by the use of a.c. voltage fields. This is certainly the case when em waves
are used. An arrangement for this was available *). The dimensions were also
suitable for making adsorption measurements. The equipment used to find the
transmission attenuation of a quartz crucible filled with Ge powder in a
rectangular waveguide is shown in fig. 3.13. The connection between the quartz

-P;n

Fig. 3.13. Apparatus for conductivity measurements on aGe powder. A quartz crucible (B)
filled with Ge powder (C) is arranged in a rectangular waveguide (A).

crucible and the adsorption apparatus is guided through an electrical filter to
prevent any energy from being externally dissipated.
The measurements were made on Ge powders prepared by crushing in air and
baked out in a high vacuum at 650 °C. The adsorption apparatus was the same
as that described in sec. 3.2. The area, determined by the BET method 3 - 28 ),
was about 2500 cm 2 fg. A second set of measurements was made on Ge powders
prepared by the decomposition of GeH4 by a spark discharge followed by heating at 300 oc until the H 2 was completely desorbed. In both cases the area of
the Ge powders was about 1 m 2 • The average diameter of the Ge particles
prepared by the decomposition of GeH 4 was about one hundredth of that of
the particles prepared by the first method.
The block diagram of the electrical circuit is given in fig. 3.14. Care is taken
during the measurements to ensure that detector 1 provides a constant voltage,
and this is done by adjusting the attenuator 1. The measurement is made by
maintaining the voltage from detector 2 at a constant level by adjusting the
calibrated attenuator 2. The variations in the attenuation of the sample caused
by the oxygen adsorption are thus read off on the calibrated attenuator 2.
Figure 3.15 gives the results. An increase in attenuation is observed up to an
oxygen coverage of about 0·1 of a monolayer. As the oxygen adsorption increases, the attenuation is found to drop. The attenuation of a Ge powder
covered with a monolayer of oxygen is much less than that of a clean-surfaced
*) I am indebted to Mr J. H. C. van Heuven for hi.s valuable advices concerning the electronic
equipment.
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Fig. 3.14. Block diagram of the electrical circuit for conductivity measurements on powders.
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Fig. 3.15. The attenuation (a) given as a function of the occupancy of adsorbed oxygen on a
clean Ge surface (8) prepared by thermal etching (A) or by spark discharge of GeH 4 (B).

Ge powder. The location of the extreme of the attenuation is the same for both
a Ge powder with an average particle diameter of 5 fL and one with an average
particle diameter of 0·05 fL·
The difference in the extent of the variations in attenuation can be explained

71by the difference between the weights of the Ge powders. The attenuation of a
powder in a waveguide varies greatly with the properties and the configurations
of the material. If the substance is a lossless dielectric or a good electrical conductor, virtually no attenuation will be observed, except that due to the reflection.
Considerable losses, however, can occur if we use a material that does not
conduct electricity nearly as well as a metal, yet does so better than an insulator.
This consideration leads us to fig. 3.16, which shows the conductivity plotted

Fig. 3.16. Conductivity (G) plotted as a function of the attenuation (a) with scales of arbitrary
units.

as a function of the attenuation, the scales being arbitrary. Where a steady rise
from no conductivity to a very good conductivity occurs, an extreme will be
found in the attenuation. The measured variation in the attenuation caused by
oxygen adsorption is, however, difficult to explain on these grounds, since our
measurements were made on powders with widely varying conductivities and
configurations in the waveguide. Since the extreme in the case of all powders is
measured at the same coverage within the degree of accuracy of measurement,
it must be assumed that an extreme in the conductivity is measured, and we are
therefore working in a range in which the conductivity is an unambiguous
function of the attenuation.
Comparison of these results with the results of the combined measurements
of Ge powder and single crystal shows that the extreme in conductivity in the
case of powders occurs approximately at the same coverage although it seems
to be slightly shifted to lower coverages for the experiments with combined
measurements. A lower value given by the latter measurements may be explained
by preferential adsorption on the single-crystal surface, possibly because the
surface of the Ge powder is slightly less accessible to oxygen than that of a single
crystal.
Each of the two types of measurements reported above could be criticized, but
it seems justified to conclude from their virtually similar results that the maximum of the surface conductivity as a function of the oxygen adsorption does
not occur, therefore, at a coverage of a monolayer but at an oxygen coverage of
about 0·1 monolayer.

-723.4. Field-effect measurements

3.4.1. Introduction
Various field-effect measurements 3 - 34 - 37) were made on oxidized Ge surfaces in order to find out about the nature of the space charge and the number
and location of the surface states. For this purpose the following principle was
always used. A thin semiconductor wafer was used as one of the plates of a flat
capacitor, a metal being used for the other. Measurements of the change in
conductivity of the semiconductor in the direction parallel to the surface as a
function of the voltage applied between the metal and the semiconductor showed
that only a fraction of the induced charge was mobile. Bardeen 3 - 38) explained
in 1947 the measurements of contact potential between p-type and n-type silicon
samples made by Meyerhof 3 - 39 ) by assuming the existence of localized states
at the surface. The slight influence of an applied field on the surface conductivity
has been explained in the same way. Shockley and Pearson 3 - 34) measured the
density of states on a real surface and found that the number of states was much
smaller than the number predicted on theoretical grounds by Tamm 3 - 40 ) and
Shockley 3 - 41 ).
Measurements on clean semiconductor surfaces showed the contribution
made by the induced charge to the conductivity to be much smaller than on
oxidized surfaces. Much stronger fields must be applied before this change in
conductivity can be measured. The arrangement generally used for this purpose
is a capacitor consisting of a semiconductor and a metal plate with a thin dielectric foil between them so as to obtain a high-strength field 3 - 12 •42 •43 ). One
drawback to this method is that mylar or mica spacers are difficult to degas
completely, and this makes it doubtful whether the semiconductor surface will
remain clean during the measurement. No separating material should, therefore,
be used in field-effect measurements on a clean semiconductor 3 -4 4 •45 ).

3.4.2. Experimental
In order nevertheless to obtain a high charge density on a clean semiconductor, a cylindrical capacitor is used 3 -4 6 ). Figure 3.17 is a diagram of the
apparatus used to make the field-effect measurements. It is, in fact, an extension
of the system used to measure the conductivity. A cylindrical intrinsic Ge single
crystal about 25 em long and with a diameter of about 1 rom, pulled in the (111)
direction, was provided with ohmic contacts at each end and suspended in an
apparatus made of high-melting glass with sealed-in molybdenum pins for
electrical contacts. A platinum cylinder was located around the middle part of
the Ge crystal as an electrode and connected to the voltage source via a third
sealed-in pin. The Ge crystal was centred in the platinum cylinder by the
positioning of the glass tubes. The whole apparatus was baked out at 300 oc
for a considerable time to achieve a vacuum of 10-9 torr. The middle portion
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A

B
Gold wire

Fig. 3.17. Apparatus for field-effect measurements with a Oe single crystal (A) centred with
glass tubes (B) and a platinum cylinder located around the centre of the Oe crystal.

of the Ge crystal was then heated to 650 °C and burnt away with the aid of
oxygen at IQ- 3 torr until a sufficiently small diameter was obtained. To make
the diameter of the thin part as uniform as possible, a small furnace (2cmlong)
was arranged around the outside of the platinum cylinder. The radius of the
thin part was calculated in the following way. Oxygen adsorption at room temperature first produces an increase in conductivity, followed by a decrease;
NH 3 adsorption on the surface thus obtained gives a further decrease followed
by an increase in conductivity. Flat bands are assumed at minimum conductivity. The radius of the thin Ge cylinder was then calculated, with the thin cylinder
assumed to be ideal. Virtually no change in the total resistance after cooling at
room temperature was found after an intrinsic Ge single crystal had been heated
in a high vacuum at 650 oc for several hours without any burning away.
A d.c. electrical-potential difference VR V, was applied between the germanium crystal and the platinum cylinder for the purpose of measuring the
effect of an external field on surface conductivity. The Ge crystal was connected
to earth, while a voltage varying from 0 to 30 kV, both positive and negative,
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was applied to the platinum electrode with the aid of a Brandenburg type S053/10
high-voltage generator. For a cylindrical capacitor
R
2Q
-ln-,
l
I'

(3.7)

where Q is the induced charge in e.s.u., l the length in em of the platinum cylinder and R its radius, with r the radius of the thin part of the Ge crystaL The
charge density on the germanium may be written:

Q
Cf=--

2nrl

VR-

v,

4nr In (Rjr)

(3.8)

When VR V, = 30 kV
100 e.s.u., R = 0·5 em and r = IQ-2 em, the
charge density on the Ge is found to be 5.1011 electronic charges per cm 2 •
It is easy to obtain the small diameter of the Ge cylinder, but it is quite difficult
to achieve the high charge density because of electrical leakages. Apart from
tending to reduce the applied voltage, they also cause unwanted thermal effects,
which obscure the conductivity measurements. These leakages were finally
eliminated by making the measurements in a high vacuum of lQ-10 torr and
eliminating the strong fields at the sharp edges of the platinum cylinder by
bending the edges and covering them with glass.
The external high-voltage electrical connections were laid in high-ohmic oil to
prevent disturbances in the electrical measuring circuit. The voltage applied
produced strong forces of attraction between the platinum and the germanium,
and this sometimes led to the breakage of the Ge crystal, especially where its
diameter was small. This was prevented by carefully centering the Ge crystal
with the aid of glass tubes (fig. 3.17), which also ensured that the leakage paths
via the glass surface from the platinum electrode to the germanium contacts
were very long. Any leakage occurring could be detected as an anomalous
behaviour of the measured conductivity of the Ge crystaL
The cold emission of the germanium wheri a positive voltage was applied to
the platinum electrode constituted a fundamental limit to the field applied. A
negative voltage of the same strength caused no cold emission from the platinum
because the field strength near the large platinum electrode remained much
lower.
3.4.3. Results
3.4.3.1. The effect of 0

2

The effect of an electric field on the surface conductivity of both a clean Ge
surface and a Ge surface on which oxygen was adsorbed with various coverages
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was measured at room temperature after the crystal had been carefully burnt
off and then baked out in a vacuum of I0- 10 torr. The conductivity measurements were made by inserting the crystal in a bridge circuit as one of the resistances. With an oxidized Ge surface, the change in conductivity as a result of
the applied field was so great that a simple series circuit was quite adequate.
The voltage used for the conductivity measurement of the Ge crystal is made
very low in relation to the voltage applied in order to maintain a constant
potential difference at the surface with respect to the metal plate. It was also
sufficiently low to prevent heating effects from occurring during measurement.
The results are given in fig. 3.18, a indicating a clean Ge surface, b aGe surface
.<10"
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Fig. 3.18. Relative change !Ja/a of the conductivity against time at values of VR- V,
5 kV
(platinum electrode positive), -10 kV and -20 kV; (a) field effect on a clean Ge surface;
(b) field effect after a coverage with oxygen of about 0·1 monolayer; (c) field effect after
coverage with oxygen of about one monolayer.

with maximum conductivity obtained by the adsorption of small quantities of
oxygen and c a Ge surface covered with about one monolayer of oxygen. After
the dosed quantities of oxygen had been adsorbed, a vacuum higher than
10-s torr was produced before the field-effect measurements were made. The
d. c. field was switched on at "0 min". The value of the applied voltage is given.
With a clean Ge surface, the effect of the applied field on the surface conductivity
is very slight and can be properly measured only when the diameter of the crystal
is small. The change in conductivity was directly proportional to the applied
field.
Considering the results for the three different situations of the surface in
fig. 3.18 at the same value of the applied voltage, we see an increase of iJffsclffsc
as a function of the oxygen adsorption. From conductivity measurements we
know that the space-charge density (ffsc) increases if small quantities of oxygen
are adsorbed, followed by a strong decrease if more oxygen is adsorbed.
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Combining these results we conclude that the induced charge in the space·
charge layer at maximum conductivity is much larger than in the case of a clean
surface. The number of induced charge carriers in the space-charge layer at
monolayer adsorption is practically as large as in the case of maximum conductivity. At monolayer adsorption, slow as well as fast changes took place,
as indicated. These slow effects occurred even before a monolayer had been
adsorbed. This slow drop can be described by a function
f(t) =A exp (-t/T1 )

+ B exp (-t/T

(3.9)

2 ),

where tis the time in minutes, T 1 ~ 4 min and T 2 ~ 15 s, A ~ 2B (see fig. 3.19).
The function can be measured from the stage where t ~ 2 s.
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Fig. 3.19. Relative change .dafa of the conductivity against time for aGe surface covered with
about one monolayer of oxygen; VR- V, = -20 kV.

Figure 3.20 shows that the change in surface conductivity' is proportional to
the applied voltage for each of the three given situations of the surface. The
extent of the change may vary fairly widely and is governed by the nature of
the surface. However, the major portion of the induced charges contributes
not at all to the surface conductivity and is thus fixed in surface states.
3.4.3.2. Germanium surface covered with NH 3
The adsorption ofNH 3 took place at room temperature on a thermally cleaned Ge surface. First of all an increase in conductivity was found, followed by a
decrease to an almost constant value. The apparatus was then evacuated over a
long period to a pressure lower than 1Q-7 torr. Adsorption measurements made
on clean Ge-powder surfaces prepared in the same way gave an NH 3 adsorption
of about one NH 3 molecule per six germanium surface atoms.
The effect of an external field on a Ge surface on which NH 3 had been adsorbed is illustrated in fig. 3.21. The applied field is slightly weaker than usual
for a clean and an oxidized Ge surface. With NH 3 , when stronger fields are
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Fig. 3.21. RelativechangeiJajaoftheconductivity against time at values of VR Vr
± 3 kV
and ± 6 kV; (a) field effect on a Ge surface covered with oxygen (about l 0 atom per Ge
surface atom); (b) field effect on aGe surface covered with NH 3 (about 1 NH 3 molecule per
6 Ge surface atoms); (c) field effect on a Ge surface covered with H 2 S (about 1 H 2 S molecule
per 4 Ge surface atoms).
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applied, leakages sometimes occur, probably as a result of the presence of NH 3
molecules adsorbed on the glass walls in spite of the lengthy evacuation.
Previously, the effect of the same applied field had been measured on an oxidized
Ge surface on the same crystal. The oxygen monolayer was removed in the form
of volatile GeO after heating to 650 "C. In both measurements the radius of the
thin cylinder is virtually the same. On comparing these experiments, we can find
both the diameter of the thin part of the germanium crystal and the bulk conductivity because the degrees of band bending of the surface on clean and oxidized surfaces are known. The band bending on a surface on which NH 3 is
adsorbed can thus be calculated. The band bending is the same as that found in
conductivity measurements with successive adsorption of NH 3 and 0 2 , i.e.
qtp. = -200 mV; the space-charge layer is of the p-type.
Figure 3.21 shows that, on the adsorption of NH 3 on aGe surface, slow states
are present as well as fast ones. On the introduction of 7.10 10 charge carriers a
change in the number of charge carriers in the space-charge layer of about
2.109 per cm 2 is found. The same change in the space-charge layer is found with
the adsorption of a monolayer of oxygen on the application of the same field,
while the band bending with an oxygen adsorption of a monolayer is clearly
different from that found with NH 3 adsorption.
3.4.3.3. Germanium surface covered with H 2 S
Field-effect measurements were also made on aGe surface on which H 2 S was
adsorbed. Corresponding adsorption measurements on Ge powders gave an
H 2 S adsorption of one molecule per four Ge surface atoms.
Figure 3.21 shows the change in conductivity as a function of the applied field.
Here, too, there are slow as well as fast states. The band bending with H 2 S
adsorption was determined by finding the minimum conductivity after the measurements by the successive adsorption of 0 2 and H 2 S.
The band bending found with H 2 S adsorption on a clean Ge surface is
qtp. -160 mV, with a p-type space-charge layer.

3.4.4. Discussion
When no field is applied, the number of charges in the surface states is equal
but of opposite sign to the number of charges in the space-charge layer:
(3.10)

This expression is no longer valid when an external field is applied. Then, the
following applies:
(3.11)

If the major part of the induced charges is in surface states and only a small

79proportion in the space-charge layer, only a slight change in the surface conductivity will be found.
It is in principle possible that conduction takes place via surface states, but
the mobility is extremely low as has been shown on theoretical grounds by
Maranzana 3 - 47 ). There are also experimental arguments for immobility of the
charges in the surface states. With a p-type space-charge layer, the application
of a positive voltage to the platinum electrode should result in a drop in the
conductivity of the space-charge layer but in an increase in that of the surface
states. The experiment indicates a decrease in the surface conductivity. The
contribution made, therefore, by the conductivity of the space-charge layer is
larger than that provided by conductivity via surface states.
On the introduction of holes as a result of the application of a negative voltage
to the platinum electrode, one might expect an increase in the conductivity in the
space-charge layer proportional to the number of induced charges. The conductivity of the surface states should at first decrease as the number of the induced charges increases. On the application of a higher negative voltage to the
electrode, the conductivity via surface states will once more increase. The curve
showing the total change in surface conductivity as a function of the voltage
applied must exhibit a discontinuity at that applied voltage at which the number
of induced charges in surface states is equal but of opposite sign to the number
present without a field applied if conductivity via surface states would take
place. The location of the discontinuity in the curve should depend on the
surface treatment and will be lower with a monolayer oxygen coverage than
with a clean Ge surface, at maximum conductivity with a higher negative voltage. This discontinuity was not, however, found in the experiments described
in any of the three cases (fig. 3.20).
We must conclude from the above that conductivity via surface states is
negligible and that the change measured is caused by a variation in the conductivity of the space-charge layer.
It may also be concluded from the field-effect measurements that the conductivity in the space-charge layer is mainly due to holes, since the conductivity
increases as the platinum electrode is made more negative. The charge per cm 2
in this space-charge layer can be given for the case of an intrinsic crystal by
(3.12)
The change in the space charge caused by the applied field is given by
(3.13)
The change in the potential difference between the surface and the bulk can
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therefore be determined by measuring lYse and Llasc· The number of charge
carriers in the space layer with a clean Ge surface is about 4.10 11 per cm 2 ,
as was found by conductivity measurements. Where there is no external field,
these charges are compensated by an equal number of electrons present in surface states. The introduction of 1012 charge carriers per cm 2 by an applied field
gives only a slight change in the surface conductivity which is proportional to
the voltage applied. The storage and removal of 10 12 electrons per cm 2 in and
from the surface states was found to cause no difficulties. There must, therefore,
be two kinds of states, namely acceptor and donor states at the surface with a
net charge of 4.10 11 electrons(cm2 for a clean Ge surface.
If we assume two discrete levels, then
(3.14)

where
EF

Xt = - - - , - - - - - - .

Xz

kT

and (EF- E 1 ) and (EF- E 2 ) are the differences between the energies of the
surface levels and the Fermi level and N 1 and N 2 are the number of states.
Now Llass is given by
{3.15)

The total number of induced charges is given by (3.8). The change of the surface
conductivity (Lia.c) is given by the experiment; Lla•• is, therefore, known. With
aGe surface Llasc « IY;nd and hence Lla•• ~ a 1nd· If 1Y1nd 5.1011 chargesfcm2 ,
then an/(1
ex1) + ap((l + e-x2) = 2·5.10 13 fcm 2 for a clean Ge surface (fast
states only). With a Ge surface with maximum conductivity an/(1
ext) +
+ apf(l + e-x 2 ) 8.l0 12/cm2 (fast states only). Where the coverage is one
monolayer of oxygen at moment "0 min", an/(1 + ext) + ap/(1 + e-x2) =
5.10 11 /cm 2 (fast states), and 3.10 12 /cm 2 (fast and slow states) after two minutes. Neither values Xt and x 2 nor N 1 and N 2 can be-found separately.
Assuming that there is one surface level, the Fermi level at the surface being
thus stabilized, x
(Ep-E 1 q?p.)jkT = 0, with a clean Ge surface N =
14
10 surface states per cm 2 are found. Assuming that 0 ,:;; x ,:;; 4, the values
of N 1 and N 2 with a clean surface are found to be between 10 14 and 10 15 per
cm 2 • These figures are of the same order of magnitude as those predicted by
Tamm on theoretical grounds.
From the changes in the conductivity of the space-charge layer as a function
of the applied field, we can calculate the distribution of the induced charge over

-81fast surface states and space-charge layer. Table 3-VIII gives the results in the
case of the introduction of about 7.10 10 charges per cm 2 for a number of situations of the Ge surface.
TABLE 3-VIII

surface

clean
0·1 monolayer 0 2
monolayer 0 2

NH 3
H 2S

band
bending
(mV)

charge carriers
per em 2 in spacecharge layer

-240
-270
-100
-200
-160

4.10 11
7.10 11
2·5.10 10
1·7.10 11
1011

Llasc
Gsc

Llasc

0·001
0·003
0·05
0·008
0·015

4.10 8
2·1.109
1·3.109
1·4.109
1·5.109

-

Llasc
O'lnd

5·7.10-3
3·0.10-2
1·9.10-2
2·0.10- 2
2·1.10- 2

Except in the case of a clean Ge surface, roughly the same values are found for
the change in the number of charge carriers in the space charge with the same
applied field, in spite of the different degrees of band bending.
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-834. EXPERIMENTS ON Si SURFACES
4.1. Gas adsorption on clean silicon surfaces
4.1.1. Introduction

Comparatively little attention has been paid to clean silicon surfaces, since
they are much more difficult to obtain. This section will deal with this problem
and the ways to overcome it.
As in the case of germanium, there are various ways of obtaining a clean
silicon surface. For instance, the silicon may be crushed in a high vacuum, like
germanium. One drawback to this, however, is that silicon is harder than quartz
glass. The preparation of a clean silicon surface by evaporation has the disadvantage that at a temperature at which reasonably fast evaporation can occur,
reaction with the material of the container can also very easily take place. The
preparation of a clean silicon surface by the evaporation of a layer of oxide is
possible only at temperatures above 1100 °C. As an illustration of the difficulties encountered with silicon one can mention the varying results found by
researchers in the field. For example, oxygen adsorption has been measured by
several workers 4 - 1 · 6 ). Law 4 - 1 ) found that a monolayer of oxygen is adsorbed
rapidly, whereafter the process slows down. Schlier 4 - 2 ) interpreted his results
of L.E.E.D. measurements of the oxygen adsorption on anSi surface, cleaned
by argon bombardment, as an adsorption of two oxygen atoms per Si surface
atom. Wolsky 4 - 3 ), using a microbalance, found an increase in weight with a
surface prepared in the same way as Schlier, corresponding to an adsorption
of one oxygen atom per two silicon surface atoms. Archer's 4 -4) ellipsometry measurements pointed to a total adsorption of less than two monolayers,
consisting of a fast monolayer adsorption, followed by a slow adsorption.
However, if an ionization gauge was in the system, coverages of 2·5 to 3·5 were
found after 102 -10 3 min. Green 4 - 5 ) found an oxygen adsorption of 1 to 1·5
monolayer on silicon crystals crushed in vacuum, and, with finer powders,
up to 3·2 monolayers. The slow adsorption of oxygen was not proportional to
the logarithm of time. The adsorption of some other gases has also been examined. Law 4 - 7 ) found that argon, nitrogen and hydrogen do not adsorb on vapourdeposited films of silicon, while the adsorption of carbon monoxide and carbon
dioxide is very slight. L.E.E.D. measurements show that both phosphorus and
iodine are adsorbed on a clean silicon surface and an ordered structure is formed
in a certain temperature and pressure range 4 - 8 ).
4.1.2. Experiments
4.1.2.1. Oxygen adsorption
To obtain some idea of the reason for the differences in adsorption observed
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by the various workers, the oxygen adsorption was measured by us on clean
silicon surfaces prepared by such widely varying methods as
(a) crushing in high vacuum,
(b) thermal decomposition of SiH4 ,
(c) decomposition of SiH 4 by a spark discharge,
(d) crushing in air and heating in high vacuum.
The same apparatus was used for the adsorption measurements as was described earlier in connection with the adsorption measurements on clean germanium surfaces. Its construction was, however, adapted to the different properties of silicon. The variations in pressure were measured with a MacLeod
manometer. The area of the powder was determined by the BET method 4 - 9 ).
The coverage may be calculated if the number of silicon atoms per cm2 is
known. The number of silicon atoms per cm 2 is 7·84.10 14 in the case of (Ill)
planes, 9·58.10 14 in the case of (110) planes and 6·78.10 14 in the case of (100)
planes. Silicon crystals are easiest to cleave along (111) planes 4 - 1 0 ). Cleaving
along other planes is much more difficult. The number of silicon atoms per
cm 2 was taken as 8.10 14 in calculating the coverage.
(a) Crushing in a high vacuum
The apparatus was evacuated and baked out at 300 oc for several hours in a
vacuum of w-s torr. It was then cooled to room temperature. The silicon wafer,
15 mm in diameter and about 1 mm thick, was powdered in vacuum in a quartz
tube by means of a moulded-quartz drop hammer. The volumes were calibrated
beforehand with helium. After the area had been determined, · oxygen was
adsorbed.
In spite of careful degassing the silicon surface may not be clean at the beginning of the adsorption as a result of gas desorption from the quartz walls.
In some experiments, therefore, the quartz apparatus was replaced by a thoroughly baked-out molybdenum container. The area of the metal walls and the
slight oxygen adsorption thereon were measured beforehand.
The adsorption measurements can also be influenced by the presence of gas
in the Si single crystals. Crushing silicon crystals in a sealed chamber gave
hardly any increase in pressure, thus excluding the possible presence of nonreactive gas in the crystal. Analyses of the silicon crystal for the presence of
reactive gases like chlorine, oxygen and nitrogen produced quantities of less
than 10 ppm, which was to be expected in view of the methods of preparation.
Figure 4.1 shows the oxygen adsorption as a function of the adsorption time.
Rapid adsorption of a monolayer (0/Sisurrace = 1), was followed by slow adsorption proportional to log t. The area measured after adsorption was the same
as it was before. The oxygen adsorption was also measured by crushing a silicon
crystal in a known quantity of oxygen. After the surface-area measurement
(BET) the system was evacuated. Then the powder was crushed further in an

85-

i

I

fba=1torr-

'

6

l-

f~ f-r'

r-x

Pi-f
J-~
I
I

··-·

z
a().5

i
I

1

2

5

10

20
-

50

100

t(min)

Fig. 4.1. 0 2 adsorption as a function of the adsorption time on a clean Si surface, prepared
by powdering an Si crystal in high vacuum (N is the number of adsorbed oxygen atoms per
cm 2 Si surface).

oxygen atmosphere. The take-up of oxygen was measured. The area, prepared
by the second crushing, was calculated as the difference of the second and the
first surface-area measurement. Successive measurements showed a sharp increase in the coverage. There does not seem to be an end to this adsorption,
0/Sisurface values of five having been obtained by us. The results in the molybdenum apparatus were similar to those in the quartz apparatus. Crushing dislocation-free silicon crystals gave a similar sharp increase in the coverage on
successive adsorption measurements. Green 4 - 5 ) found a similar increase in
coverage after continued powdering in vacuum and measuring the oxygen adsorption on the freshly prepared silicon surface. This sharp increase in coverage
after repowdering can be explained, in his opinion, by cleavage along different
crystal planes and by the great heat of adsorption produced by the adsorption
on very small crystals. This leads as a result of the increase in temperature to an
enhanced take-up of oxygen and possibly another reaction mechanism.
An explanation for the high adsorption during crushing in oxygen is adsorption on small cracks formed during pounding. When the powdering process is
continued, these cracks are, to some extent, reclosed. When the area is measured
at the end of the experiment, therefore, there appears to be less surface available
for oxygen adsorption. It is also conceivable that very fine capillaries may exist,
which are partially filled on adsorption of 0 2 and then become inaccessible
for krypton. Once again, when the area is measured after adsorption, it is
found to be too small.
To avoid the complications which may arise from powdering Si crystals as
described above, other methods were tried for preparing fine Si powder with
clean surfaces.
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(b) Thermal decomposition of SiH4
A quartz bulb was filled with clean quartz wool and then evacuated. The
quartz wool was thoroughly degassed by prolonged baking out at 1000 °C in
a vacuum of w-s torr. The area was determined after it had been cooled to
room temperature. Thereupon the container was heated to 500 °C and SiH 4
was admitted. The decomposition of the SiH4 left the quartz wool covered with
a thin film of silicon. With the quartz wool not too tightly packed, slow decomposition of the SiH4 will probably produce complete coverage. After evacuation, the silicon layer was heated further to 800 oc to ensure that all the
hydrogen was desorbed. After the area had been determined, the oxygen adsorption was measured as a function of time. It will be seen from fig. 4.2 that
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Fig. 4.2. 0 2 adsorption as a function of the adsorption time on a clean Si surface prepared by
thermal decomposition of SiH 4 on quartz wool (N is the number of adsorbed oxygen atoms
per cm 2 Si surface).

a rapid monolayer adsorption was followed by a slow adsorption. A second
amount of SiH4 was once more decomposed at 500 °C after the apparatus had
been heated to 1000 °C. Repetition of the procedure gave the same oxygen
adsorption. This process is independent of the thickness of the silicon film.
We cannot, however, be certain that the quartz wool was completely covered.
Therefore, SiH 4 was decomposed in another way, as well.
(c) Decomposition of SiH4 by a spark discharge
Two tungsten pins were secured to a quartz bulb, which, after having been
fused to the adsorption apparatus, was evacuated. The whole was cooled to
room temperature after prolonged baking out. The area was determined, as was
the oxygen adsorption on the metal. Both were small. After evacuation and

-87baking out, the bulb was filled at room temperature with SiH 4 gas at a pressure
of about 1 torr. At this temperature, a spark discharge between the metal pins
caused the SiH 4 to decompose into silicon and hydrogen. A finely divided deposit
of silicon was produced, which, however, still contained adsorbed hydrogen.
Once a sufficient amount of powder had been formed, the quartz bulb was once
more evacuated and baked out to 800 °C until no more hydrogen was evolved.
Nearly all of the latter was desorbed at 500 °C. After cooling to room temperature and determination of the area, the oxygen adsorption was measured.
Figure 4.3 gives the oxygen adsorption as a function of the adsorption time.
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Fig. 4.3. 0 2 adsorption as a function of the adsorption time on a clean Si surface prepared
by a spark discharge in an SiH 4 atmosphere (N is the number of adsorbed oxygen atoms per
cm 2 Si surface).

Here, too, a rapid monolayer coverage was followed by a slow process of adsorption. No desorption was encountered during evacuation. The area measured
after oxygen adsorption was the same. No filling of capillaries by the adsorption
of oxygen was observed.
(d) Thermal etching
Since it is convenient to be in the possession of a method of preparing a clean
Si surface that can also be used in the examination of the surface conductivity
of Si single crystals, we attempted the following method.
A silicon single crystal was crushed in air in an agate mortar, the powder then
being placed in a double-walled quartz crucible. Both chambers were evacuated
separately. The silicon powder was heated to 1200 °C by a platinum furnace
arranged around the quartz crucible. The following difficulties were encountered,
however. On prolonged heating at 1200 °C the outermost quartz wall recrystallized and became porous, and, as a result, the inner wall did the same, after
some time. No recrystallization of the inner quartz wall, however, occurred
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as long as a vacuum of better than 1o-6 torr was maintained in the space
between the two walls.
The apparatus was then modified by locating a tantalum cylinder with a wall
thickness of 10 11. in the space between the two quartz walls. It was possible to
use the tantalum cylinder as a furnace by means of thick platinum wires connected to the cylinder and sealed-in tungsten pins. The temperature of the outer
quartz wall was greatly reduced by inserting a molybdenum radiation screen
between the tantalum cylinder and the outer wall. The silicon powder was
cooled to room temperature after prolonged baking out above 1200 °C. The
areas of both the silicon powder and the deposit on the quartz wall were determined. The deposit was formed by the evaporation of SiO, and X-ray examination showed it to consist of a mixture of Si and Si02 at room temperature. Its
area was of the same order of magnitude as that of the silicon powder. A "high"
value was found for the oxygen adsorption if it was assumed that adsorption
took place only on the silicon surface, while the value was "low" if the total
area was considered. Consequently, this deposit should somehow be removed
from the sample.
The following method was devised in an attempt to realize this aim. The
silicon powder was separated from the deposit on the quartz walls with the
apparatus diagrammatically illustrated in fig. 4.4. Silicon powder was heated

rJ
-~-tzcuum

G

F

Fig. 4.4. Apparatus used for preparing a clean Si surface by thermal-etching techniques
consisting of a tantalum cylinder (A) with platinum leads (B), a molybdenum radiation screen
(C), a quartz crucible consisting of a number of levels (D), a lifting mechanism (E), an adsorption chamber (F) and a valve (G).

-89in a double-walled quartz tube by means of a tantalum cylinder (A) with a wall
thickness of 10 fL and provided with platinum leads (B) with a total area of
about 6 mm 2 • A molybdenum radiation screen (C) was arranged around the
tantalum furnace. The silicon powder was inserted in a quartz crucible (D)
consisting of a number of trays. This makes it possible to use sufficient silicon
powder without making the layers excessively thick. If the layers are too thick,
it becomes very difficult to obtain a clean silicon surface. With only one thin
layer the area of the powder is so small that the error in determining its value
becomes too large. The essential part of the apparatus consists of a lifting
mechanism (E) allowing the silicon powder to be transferred from the bakingout chamber to the adsorption chamber (F).
The experiments were then performed as follows. After evacuation, the silicon
powder was baked out at 1200 to 1300 °C. Its temperature was measured with
a pyrometer. The tantalum cylinder was heated via a low-voltage transformer
with a current intensity of about 50 A. The walls of the adsorption chamber
were degassed by being baked out at 300 oc. After prolonged baking out in a
vacuum of about 10-7 torr, the chamber was cooled to room temperature. The
container of silicon was transported from this chamber to the adsorption part
via valve (G), which sealed it from the baking-out chamber. Once the area had
been measured, the oxygen adsorption on the silicon surface was determined.
The result is given in fig. 4.5. It was simple to repeat the experiment by transferring the silicon container back to the baking-out chamber. It then sufficed
to heat the silicon powder to 1000 °C in order to measure the same amount of
oxygen adsorption after cooling at room temperature. Baking out at 1000 °C
is, therefore, sufficient to prepare a clean silicon surface quickly. Actually,
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Fig. 4.5. 0 2 adsorption as a function of the adsorption time on a clean Si surface prepared
by thermal etching (N is the number of oxygen atoms adsorbed per cm 2 Si surface).
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Gunther 4 - 11 ) measured the vapour pressure of SiO and found it to be about
I0- 3 torr at 1000 °C.
(e) Results
With all but one of the methods used to prepare a clean silicon surface, a
rapid monolayer adsorption was observed, followed by a slow process (continued crushing in an atmosphere of oxygen being the exception). From
t
t min onwards the adsorption could be described by the expression
N =a+ b log t. Values a and b for the various methods of cleaning are given
in table 4-I, t being expressed in minutes.
TABLE 4-I
a (atoms/cm2 ) b (atomsfcm2 )

method
crushing in vacuum
crushing in air
thermal decomposition
of SiH 4
spark-discharge decomposition of SiH4

}
}

6·8.10 14
9·6.1014
8·6.10 14
9·7.10 14
8·9.10 14
10·4.1014

1·3.10 14
0·9.10 14
1·2.10 14
1·4.1014
0·7.10 14
0·7.10 14

P 02 (torr)
1·0
0·15
0·07
0·2
0·2
0·8

The different values of a and b can be explained by assuming the presence of a
limited number of other crystal orientations. The quantity can vary according
to the method of cleaning.
The surface area per gramme of silicon varies fairly widely according to the
cleaning method. The extreme values for each method are given in table 4-II.
TABLE 4-11
method
crushing in high vacuum
crushing in air
thermal decomposition of SiH4
spark-discharge decomposition of SiH4

area in cm 2 per gramme of silicon
5.103 -10 4
103 -5.10 3
5.10 3 -3.104
5.104 -105

Within these limits the amount of oxygen adsorbed per unit of area is found
independent of the particle size. Green's hypothesis 4 - 5 ) of a temperature effect
in the adsorption of oxygen on very small crystals was not confirmed by our
experiments. An explanation for the high coverage with continued powdering
must be sought in capillary effects on the silicon surface as discussed earlier.
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4.1.2.2. Adsorption of HaX
(a) Results
The apparatus described in connection with oxygen adsorption was used to
measure the adsorption of a number of hydrogen compounds at room temperature. The clean silicon surface was prepared according to one of the methods
described in detail in the section on oxygen adsorption.
The relationship between the quantities of gas rapidly adsorbed was striking.
Figure 4.6 gives the adsorption of HBr, H 2 Se and AsH 3 on a clean silicon sur-

Fig. 4.6. The adsorption of a number of gases on a clean Si surface; (A) the adsorption of
AsH 3 , (B) the adsorption of H 2 Se and (C) the adsorption of HBr (N is the number of gas
molecules adsorbed per cm 2 clean Si surface).

face prepared by spark discharge of SiH4 • A rapid process of adsorption was
followed by a slow process. It was possible in nearly every case to desorb a
quantity of gas by freezing out and these quantities corresponded to those
adsorbed slowly. No desorption of hydrogen was observed at room temperature, but only after exhaustion followed by heating in a sealed system. At
500 °C, nearly all the hydrogen was desorbed, regardless of the gas adsorbed
on the silicon surface. The quantities of desorbed hydrogen were equal to those
present in the rapidly adsorbed gases. Figure 4. 7 shows the hydrogen desorption
for a number of gases as a function of the heating temperature. The same rate of
heating was used for the various powders. The same hydrogen-desorption curve
was found for heated silicon powder prepared by the spark-discharge decomposition of SiH4 , suggesting a similar bond of the hydrogen.
From t = ! min onwards the adsorption of the different gases at room temperature at pressures of about I0-1 torr on a clean silicon surface could be
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Fig. 4.7. Ratio (rp) of the amount of evolved H 2 to the amount of gas adsorbed at room
temperature as a function of the temperature when (A) AsH 3 was adsorbed, (B) H 2 Se was
adsorbed and (C) HBr was adsorbed on a clean Si surface.

properly described by the function N = a + b log t. The values of a and b
for a number of gases are given in table 4-111, t being expressed in minutes.
TABLE 4-111
gas
HCl
HBr
H2 S
H 2 Se
PH 3
AsH 3
SiH4
GeH 4

a (moljcm 2 )

b (moljcm 2 )

3·1.1014
4·1.1014
1·9.10 14
2·1.1014
1·3.1014
1·4.1014

0·28.10 14
0·22.10 14
0·13.10 14
0·14.10 14
0·08.10 14
0·08.10 14

The fast adsorption for HX compounds amounted to 1 molecule HX per
2 silicon surface atoms, for H 2 X compounds to 1 molecule H 2 X per 4 silicon
surface atoms and for H 3 X compounds to 1 molecule H 3 X per 6 silicon surface
atoms. After 1 min the adsorption of HCl was smaller than the adsorption of
HBr on a clean Si surface. No adsorption of GeH 4 and SiH 4 was found on a
clean silicon surface.
The temperature at which a silicon surface covered with one of the abovementioned gases must be baked out in order to clean the surface once more,
depended to a very great extent on the gas adsorbed. In the case of PH 3 ,

-93900 °C was sufficient, while even after prolonged baking at 1200 °C a silicon
surface on which NH 3 was adsorbed was still not clean. After cooling to room
temperature less oxygen was adsorbed, in fact, than on a clean surface. Subsequent NH 3 adsorption at room temperature on an Si surface, covered with
NH 3 and heated in high vacuum, was less than that measured on a clean Si
surface. Apparently a very stable silicon-nitrogen compound was formed. We
shall return to this in sec. 4.3.
(b) Discussion
The typical relationship of the number of adsorbed gas molecules per cm 2
silicon surface can be explained by the assumption of silicon-hydrogen and
silicon-X bonds at the surface. We can therefore speak of atomic adsorption.
In the adsorption of H 2 Se, two silicon-hydrogen bonds are formed for every
H 2 Se molecule adsorbed and two silicon surface atoms are rendered inactive
by one selenium atom. In the case of AsH 3 , three silicon-hydrogen bonds are
formed per adsorbed molecule and three silicon surface atoms are rendered
inactive by one arsenic atom.
In the adsorption of various hydrogen compounds on a clean silicon surface,
we note that the total number of bonds is the same for all gases and is equal to
the number of silicon surface atoms. From the hydrogen desorption, which is
complete at a temperature similar to the temperature of decomposition of SiH4 ,
it may be concluded that the hydrogen is always bonded to the silicon surface
in the same way.
The measurements recorded here show that adsorption on a clean Si surface
presents results that are closely similar to those on clean Ge surfaces. The
mechanism and the stoichiometry of the adsorption process on both types of
surfaces therefore appear to be closely related.
4.2. Conductivity measurements on Si single crystals
4.2.1. Introduction

Only a small number of measurements have been reported in the literature
concerning the location of the Fermi level on a clean Si surface, while there are
no data available for a surface cleaned by thermal etching. The values found for
the location of the Fermi level on a clean silicon surface are rather divergent.
Law 4 - 12) found a p-type accumulation layer on a p-type Si crystal subsequent
to the preparation of a clean Si surface by bombardment with positive argon
ions followed by annealing. He found the Fermi level to lie 0·1-0·2 eV above
the valency-band edge. Further, he found no change in the surface conductivity
on the adsorption of oxygen, although he did observe a steady decrease therein
on the adsorption of atomic hydrogen 4 - 13 ). Heiland 4 - 14), however, found,
with a silicon surface obtained in the same way, that the position of the Fermi
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level was about 0·25 eV below the centre of the band gap, or about 0·3 eV above
the edge of the valence band. He observed a decrease in surface conductivity on
the adsorption of oxygen. Handler 4 - 15 ) found the Fermi level in the same
position, for a clean silicon surface prepared by cleavage in vacuum. On the
- Ev =
adsorption of oxygen, the position of the Fermi level changed to
= 0·60 ± 0·15 eV 4 - 16). Palmer 4 - 17), however, found that the space charge
on a clean surface obtained by cleavage in vacuum was n-type. He observed no
change in the surface conductivity on the adsorption of oxygen. The results
given above are obtained from conductivity measurements. From work-function measurements Allen 4 - 18) located the Fermi level at 0·23 eV below the
centre of the band gap with a cleaved silicon crystal. Dillon 4 - 19) found an
increase in the work function on oxygen adsorption on a p-type surface.
4.2.2. Experiments
As we have seen in adsorption measurements on a silicon powder, it is possible to obtain a clean surface by heating a silicon surface, covered with oxide,
in a vacuum of w-s torr to 1200 °C. Surface-conductivity measurements on
clean silicon were made on a surface treated in the same manner.
A cylindrical silicon single crystal was suspended in a double-walled quartz
tube from a tungsten pin. A long Si crystal was used to prevent the electrical
contacts at the ends from becoming hot during burning off. The silicon crystal
had been pulled in the (111) direction in an atmosphere of hydrogen or argon
and was about 40 em long. Its diameter was about 4 mm. After both spaces had
been evacuated, the whole apparatus was subjected to prolonged heating at
250 oc to degas the surface of the walls as far as possible. A small tantalum
furnace, arranged in the space between the inner and outer walls, was then used
to bake out the central part of the silicon crystal above 1200 °C, whereupon that
part of the crystal was burnt off with oxygen at a pressure of about w-2 torr.
After the latter process, the crystal was heated in a vacuum of IQ-9 torr and
then cooled to room temperature. The conductivity of the silicon crystal was
measured by including the crystal in a bridge circuit as one of the resistances.
Compared to Ge, the effect of oxygen on the surface conductivity was less
marked. When silicon was burnt off, it was more difficult to obtain the same
radius for the thin cylinder since the initial diameter of the silicon crystal was
larger, meaning that its suspension was much more rigid.
4.2.3. Results
The change in conductivity caused by oxygen adsorption is given in fig. 4.8.
A slight increase was followed by a drop to a constant level. During adsorption,
the oxygen pressure was about IQ- 5 torr. Prolonged exposure to an atmosphere
of oxygen at pressures higher than 1 torr produced virtually no change in conductivity. The experiments were repeated, after burning away the top layer at

-95-

fp. mho)
6

1~ 7
61

0· <'/'

0·59

\

0;~

25"C

\

'"

----

Pumping
58

""' .............

ffl

Fig. 4.8. Conductivity against oxygen pressure of a silicon wire (111). The arrows indicate
that the 0 2 pressure is first increased to about to- 1 torr and then decreased by pumping.
The pressure chosen is rather arbitrary.

1200 °C. The conductivity curve continued to exhibit the same shape. The relative change in resistance became greater as the radius of the thin cylinder decreased. A considerable change in conductivity on oxygen adsorption was found
with a number of silicon crystals at room temperature in the initial burning acts.
This effect disappeared after more of the crystal was removed. Law found even
greater changes, and explained them by assuming the presence of boron on the
silicon surface 4 - 12 ).
The band bending on a clean silicon surface could not be measured because
no increase in conductivity was measured after prolonged adsorption. Fieldeffect measurements showed that the surface of a clean silicon crystal wasp-type.
It is difficult to give accurate quantitative data, since the changes in conductivity
caused by the field applied were very small.
Figure 4.9 shows the change in the surface conductivity as a function of the
band bending calculated for 1100-flcm p-type silicon with the aid of the equations (1.5), (1.21) and (1.62)-(1.69) of this thesis. With vs = 0, there is no
band bending on the surface. With V 9 < 0, the space-charge layer is an accumulated p-type layer.
To get some idea of the band bending on a clean silicon surface, we will regard
the lowest value measured as the actual minimum conductivity.
The length of the thin cylindrical part of the crystal was 2 em. The resistance
of the crystal at the beginning of the experiment was 370 kQ. Figure 4.8 shows
that the conductivity of the silicon crystal with a clean surface is 60·4.1 o-s Q- 1 ;
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the maximum conductivity is found to be 61·0.10- 8 n- 1 and the minimum
58·0.10-8 n- 1 • The calculated value for the radius of the thin cylinder is
2·2.10-2 em. The change in surface conductivity per square is 0·6.10-6 n- 1 •
Hardly any further change at all in conductivity is observed after prolonged
oxygen adsorption.
Figure 4.9 shows that the change in conductivity between 0 < v. < 14 is
slight in relation to the measured change. In the v. < -2 range a slight change
in the band bending produces a considerable change in conductivity. Assuming
that the minimum conductivity found is roughly the same as the actual minimum, the band bending of a clean silicon surface can be determined with the
aid of
2
Gs =

~ r #s (2 e p k T)

1 2
1 {

exp (

2

: ; ) -1},

(4.1)

with #s = /Jp = 400 cm 2 /V s and p
1·6.10 13 free holes per cm 3 • With
1000-0cm p-type silicon, we find the band bending for a clean silicon surface
to be qV. = -0·07 eV with respect to the fiat-band structure of 1000-0cm
p-type. The location of the Fermi level on the surface is therefore -0·25 eV
from the centre of the band gap. The band bending at maximum conductivity is
0·01 eV larger. The calculated value for a clean silicon surface under the above
assumption agrees with that found by Heiland 4 - 14) ( ---0·25 eV) and Allen 4 - 17 )
(-0·23 eV).
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4.3. The preparation of a layer of silicon nitride
4.3.1. Introduction

During the measurement of the adsorption of NH 3 on a clean silicon surface
at room temperature, it was found that, on evacuation, no hydrogen was desorbed. When this surface was heated, NH 3 did not desorb, but instead all the
hydrogen present desorbed as H 2 • No· desorption of nitrogen was measured.
It was therefore extremely difficult to clean this silicon surface by baking out.
Even prolonged heating above 1200 oc in a high vacuum failed to produce a
clean silicon surface. It may therefore be concluded that there are very strong
silicon-nitrogen bonds at the surface. The silicon-nitrogen compound does not
volatilize at 1200 °C.
When this behaviour was compared with that of an oxygen-covered surface
we noted that after a short period of baking at 1000 °C, a silicon surface covered
with a monolayer of oxygen was cleaned as a result of the evaporation of SiO,
the latter compound decomposing at room temperature into silicon and silicon
dioxide. Heating to 1200 °C of a silicon surface covered with a thick layer of
oxide also produced a clean surface.
Thus the silicon-nitrogen compound is more firmly bonded to the silicon surface than the silicon-oxygen compounds.
As is known, a layer of silicon dioxide is very successfully used on a silicon
surface in planar techniques to protect the semiconductor from the effects of the
atmosphere, and when etched away locally, to act as a mask for diffusion, while
such a coating is also used as an insulator in field-effect transistors. There are,
however, some objections to the use of silicon dioxide as an insulator in, for
instance, a metal-oxide-semiconductor (MOS) transistor. One is the possibility
of the presence of a fairly high number of states at the boundary between the
semiconductor and the oxide. A second drawback is that the oxide coating is
prepared at temperatures above 1000 °C, and this can bring about a change in
the doping of the silicon. There is also the undesirable migration of impurity
ions, especially sodium ions, in the oxide coating when an electric field is applied.
Silicon nitride (Si 3 N 4 ), like Si0 2 , has a high breakdown voltage 4 - 20 ). It is
more resistant to chemicals, is Jess permeable to foreign ions and is denser than
silicon dioxide.
Silicon dioxide could, then, with advantage, be replaced by silicon nitride as
an insulating coating for silicon transistors. Until recently 4 - 21 " 23 ), however,
it was impossible to apply a good silicon-nitride coating at a relatively low temperature to a silicon surface. The vapour pressure of silicon nitride is extremely
low, thus making it virtually impossible to apply such a coating by vapour
deposition. The silicon-nitrogen reaction does not take place at a reasonable
rate until a temperature of 1200 °C has been attained.
The adsorption measurements of NH 3 on a clean silicon surface show that a

-98silicon-nitrogen compound can be formed at a low temperature. However, less
than a monolayer is formed in this way, whereas a layer thickness of about 0·1 !L
is required for practical purposes. Heating silicon in an atmosphere of NH 3
produces a coating of a silicon-nitrogen compound on the silicon surface at
about 1000 °C. Diffusion rapidly becomes rate-determining in the formation
of a multilayer and the rate of growth therefore quickly diminishes with time.
Another method of growing a thicker layer is to use the reaction of a silicon
compound with a nitrogen compound on the silicon surface. Diffusion problems
do not occur in that case, since both silicon and nitrogen are provided from the
atmosphere of gas. It has been found that, even at 500 °C, SiH4 decomposes
into Si and H 2 . Hydrazine (N 2 H 4 ) is known to decompose into nitrogen and
ammonia at 300 °C. It might therefore be possible to form a silicon-nitrogen
compound on the surface of the silicon by bringing a mixture of SiH4 and N 2 H 4
into contact with a silicon surface, heating the latter to 500-600 °C.
4.3.2. Experiments
Two methods for coating a silicon sample with a thick layer of nitride were
investigated; one in which the silicon was enabled to react in a closed system
with a gas mixture of silicon- and nitrogen-containing compounds, the other
in which silicon was heated in a stream of such gases.
4.3.2.1. Heating a silicon sample in a closed system
In the adsorption apparatus described earlier, a mixture of SiH 4 and N 2 H 4
was brought into contact with the surface of a silicon crystaL Attempts were
first made to find out if it is possible to apply a substantial coating of a siliconnitrogen compound to the surface, both on a cleaned silicon surface and on one
on which there was already a thin layer of oxide. To this end, a silicon crystal
was baked out at 1200 °C, respectively 700 °C, in a vacuum higher than
I0- 7 torr: The crystal was then cooled to 600 °C and a mixture of SiH4 and
N 2 H 4 was added. This mixture was prepared in the following way. An SiH4
container provided with a break seal was connected to the apparatus via two
valves. After evacuation, the SiH4 could be added in small quantities after the
break seal had been broken. Purified N 2 H 4 in liquid form was poured into a
glass flask which was connected to the apparatus via valves. The N 2 H 4 was
then distilled several times in vacuum. A mixture of SiH4 and N 2 H 4 was
prepared by first carefully measuring out an accurate quantity of N 2 H 4 vapour
and then reducing it to a small volume by freezing with liquid nitrogen, after
which a measured amount of SiH4 was added. Mter the SiH4 and N 2 H 4 had
been carefully mixed at room temperature, the gas mixture, of a total pressure
of up to about 10 torr, was admitted to the silicon surface which was heated
to 600 °C. The proportions of SiH4 and N 2 H 4 were such that there was always
a slight excess ofN 2 H 4 for the formation of Si 3 N 4 on the surface. A substantial
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layer was formed at 600 "C. During the process of growth, it was possible to
gain some idea of the layer thickness by checking the colour changes. The
reaction products could be determined at the same time. Ammonia was formed,
as well as considerable quantities of hydrogen. The reaction proceeded slowly
below 500 "C.
The experiments were repeated with different ratios of SiH4 and N 2 H 4 at
various reaction temperatures with both a clean silicon surface and one with
a thin coating of oxide.
It was also possible to apply a silicon-nitrogen-compound layer to the silicon
surface with a mixture of SiH4 and NH 3 , but higher temperatures had to be
employed. The rate of growth was governed partly by the temperature, but also,
and mainly, by the rate at which the gas mixture was introduced. The formation
of hydrogen at the boundary plane of the silicon crystal during the reaction
interfered with the supply of the reaction mixture. The rate of growth was
accelerated by causing the gas mixture to circulate, but only up to the point
where too much hydrogen was formed. Therefore a fresh quantity was added
after evacuation.
Some physical properties of the layer formed were investigated. The breakdown voltage was found to be about 5.106 Vfcm. To obtain some idea of the
presence of states at the silicon/silicon-nitride boundary, the capacitance
variation has been measured as a function of the voltage applied *). A metal
electrode was applied to the insulating layer, while the silicon was provided
with an ohmic contact. A d.c. voltage with an a.c. voltage superimposed on it,
was applied between the electrodes. Figure 4.10 shows the change in the capacitance as a function of the voltage applied. The silicon used was of the 10-!lcm
p-type and it was subjected to prolonged baking out at 900 "C in a vacuum
better than I0-7 torr. The nitride layer was formed at 700 "C by a reaction
mixture of SiH 4 and N 2 H 4 in equal amounts. The metal electrode was dry
"leitsilber" with an area of about 2 mm 2 • The change in capacitance of the
sample was caused by a voltage variation at the metal electrode from about
-6 to -10 V. The maximum capacitance of the capacitor was about 300pF with
a metal area of 2 mm 2 • The change was caused by a variation in the charge at the
metal electrode of about 4.10 11 electrons per cm 2 • The uncertainty in the induced
charge in surface states was caused by the unknown voltage drop across the
semiconductor which can vary about 0·8 V. Somewhat less than 4.10 11 electron
charges were trapped in surface states at the silicon/silicon-nitride boundary
going from -6 to -10 V. The high values of the capacitance measured at an
applied voltage larger than -6 V could only be found in the presence of an
inversion layer on the silicon surface, resulting in a supply or a removal of the
minorities. When a negatively biased ring electrode was applied on the silicon
*) The author is indebted to Mr G. Brouwer for carrying out these measurements.
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Fig. 4.10. The capacitance as a function of the applied voltage of a 10-0cm p-type Si sample
covered with a nitride layer prepared by heating a mixture of SiH 4 and N 2 H 4 •

nitride around the metal electrode, this minority transfer was interrupted, resulting in a decrease of the capacitance.
An objection to the above method of preparation is the necessity for working
with a high-vacuum apparatus. A simpler and faster method will now be
described.
4.3.2.2. Heating a silicon sample in a streaming gas mixture
A silicon-nitrogen compound is formed on a silicon surface by heating the
latter in a mixture of a silicon-halogen compound and a nitrogen-hydrogen
compound.
A silicon wafer was heated to 850 oc in a quartz tube in a stream of nitrogen.
At 850 oc a mixture of NH 3 and SiCl4 vapour was passed over the silicon surface. A stream of nitrogen was passed through a bath of liquid SiC14 to act as a
carrier for the vapour. Care was taken to ensure that the NH 3 and SiCl 4 did not
mix until they were actually in the hot chamber near the silicon surface, to
prevent them from reacting prematurely.
The ratio of SiC14 vapour to NH 3 may be varied by adjusting the rate at
which the NH 3 and the SiCI4 -doped nitrogen are fed in, while the SiC14 supply
can also be regulated by varying the temperature of the liquid. A substantial
layer of a silicon-nitrogen compound was formed on the silicon surface. When
the gas mixture was allowed to pass too quickly over the silicon, a white deposit
was left on the crystal.
The change in the capacitance was once again measured as a function of the
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Fig. 4.11. The capacitance as a function of the applied voltage of a 10-!Jcm p-type Si sample
covered with a nitride layer prepared with SiC1 4 and NH 3 •

voltage applied. The result is given in fig. 4.11. The maximum capacitance is
about 400 pF with a metal electrode of about 2 mm 2 • A variation in the voltage
applied to the metal electrode from -2·5 to -6·5 V results in a change in the
space-charge layer from an inversion to an accumulation layer. This change is
caused by a variation in the number of charges of about 5.10 11 per cm2 of metal
electrode.
The number of states at the silicon/silicon-nitride boundary that change
charge is therefore smaller than 5.1011 per cm 2 •
A solid addition product of SiC14 and NH 3 , probably SiCl4 .6 NH 3 was
formed at room temperature on mixing a stream of NH 3 with SiCl4 vapour.
The powder formed was heated together with silicon wafers in a quartz tube
while nitrogen or NH 3 was passed over the whole. The temperature of the powder was 250 °C, while the silicon wafers were heated to 850 °C. After a few
hours a substantial layer of silicon nitride was formed on the silicon surface.
Other silicon-halogen compounds reacted similarly.
An insulating layer of silicon nitride can, therefore, be applied to a silicon
surface at a lower temperature than that generally used to apply a layer of
silicon dioxide.
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1035. CONCLUSIONS
The 0 2 adsorption both on a clean Ge surface and on a clean Si surface can
be described as a fast monolayer adsorption, followed by a slow adsorption of
a second monolayer. The velocity of the slow process is proportional to the
logarithm oftime. The results found are independent of the method of preparation of the clean surfaces.
The fast adsorption of gases of formula HaX (a= 1, 2 or 3) on clean Ge
and Si surfaces is equal to l/2a molecule HaX per one Ge surface atom. The
same results were obtained for clean Si surfaces. The implication of the results
is that a dissociative adsorption takes place on clean Ge and Si surfaces through
the formation ofGe-X and Ge-H bonds, and Si-X and Si-H bonds, respectively.
This hypothesis is supported by the following experimental results. For Ge
surfaces the desorption of H 2 is complete at 300 °C for nearly all the adsorbed
vapours HaX. In the case of Si surfaces this temperature is 500 °C. These temperatures are similar to the temperatures of decomposition of GeH 4 and SiH4 •
Tamaru s- 1 ) measured complete desorption of H 2 at 280 °C after heating a
Ge surface covered with germane. A sequence is carried out consisting of the
following steps: adsorption at room temperature of H 2 Se on a clean Ge surface,
desorption of H 2 at 300 °C, readsorption of H 2 Se, etc. This results in an adsorption of one selenium atom per two Ge surface atoms. The amount of 0 2 adsorbed on a Ge surface. covered with H 2 S and after desorption of H 2 is half
the amount adsorbed on a clean Ge surface.
A dissociative adsorption mechanism of H 2 S was supposed by Den Besten
and Selwood 5 - 2 ) to explain their results of the H 2 S adsorption on a clean
Ni surface. In the same way, Saleh et al. 5 - 3 .4) explain the results of H 2 S and
methylmercaptan adsorption on nickel and tungsten surfaces, as well as the
adsorption of H 2 S on lead films 5 - 5 ).
It is less easy to explain the results of 0 2 adsorption on Ge surfaces covered
with one of the gases HaX. An attempt is made to do this using the periodic
system of the elements.
TABLE 5-I
N
p

0

s
Se

F
Cl
Br
I

In a period as well as in a group (table 5-I) the 0 2 adsorption decreases with
increasing atomic weight of X as given in table 3-VI.
The adsorption of HaX on an oxidized Ge surface (one 0 atom per Ge surface
atom) shows an analogous regularity. In a period and in a group of elements the
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given in table 3-VII. An exception is formed by NH 3 •
Considering the Hz desorption from an oxidized Ge surface covered with
HaX as a function of the temperature, the desorption of Hz is slight up to 500 °C,
in contrast with the Hz desorption from a Ge surface covered with HaX. which
is nearly complete at 300 °C. For 0 2 adsorption on aGe surface covered with
HaX we found that it was more difficult to desorb Hz if more Oz was adsorbed.
Similar results were found by Saleh s-s) when HzS was adsorbed on clean and
oxidized lead films. In the former case, H 2 desorption started below room
temperature, whereas on an oxidized lead surface no desorption of H 2 was
measured.
Our assumption is that on an oxidized Ge surface the hydrogen of HaX is
not directly bonded to a Ge surface atom but via an intermediate atom. This
also happens in the case of oxygen adsorption on a Ge surface covered with HaX.
No Oz adsorption is measured for a
l, therefore the implication is that
0 2 does not directly break the Ge-H bonds under formation of Ge-0-H. At
first a retraction of hydrogen to the X atoms on the surface will occur immediately followed by adsorption of0 2 on the free Ge surface atoms. For this reason
the 0 2 adsorption is easier if the X-H bond is stronger. However, the process of
formation of Ge-X-H bonds is impossible in the case of a 1.
The results of the adsorption measurements of HaX on an oxidized Ge surface are difficult to understand. There is a typical analogy in the reactivity of
these gases on an oxidized Ge surface and the behaviour of an aqueous solution
of these gases with regard to the metal oxides. The acid character of these
solutions increases in the same way as the reactivity of these gases to an oxidized
Ge surface. This also applies to NH 3 which has a more alkaline character than
PH 3 in aqueous solutions.
There is a clear correlation between the adsorption and the conductivity
measurements. Gases which adsorb in considerable amounts on a clean Ge
surface have also a considerable influence on the surface conductivity. In all
cases the chemisorption of gases results in an increase of the conductivity,
followed by a decrease. Similar effects were measured in the surface conductivity
if 0 2 was adsorbed on a clean Si surface. From the results of the simultaneous
measurements of the adsorption and the conductivity of a clean Ge surface it
may be concluded in the case of oxygen that maximum conductivity occurs at
an adsorption of about 0·1 monolayer, instead of at monolayer adsorption as
assumed by Handler s-6 ).
It is difficult to explain the increase in surface conductivity. The adsorption
of gases on clean surfaces of evaporated metal films results in a decrease in
conductivity 5-7). This was explained by the assumption of a reduction in the
thickness of the metal films, because the surface atoms lose their metallic
character under influence of the chemisorption.
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The following may explain the change in the surface conductivity of the semiconductors investigated by chemisorption.
When clean Ge or Si surfaces are being prepared, for example by cleaving a
single crystal or by evaporation of oxides from the surface in high vacuum,
atoms with so-called danglings bonds and an acceptor-like characteristic may
at first occur at the boundary of crystal and vacuum. The situation is very unattractive from an energetic point of view. The least unattractive situation on a
clean surface is the formation of intricate structures on the surface by small
displacements of the surface atoms under formation of Ge-Ge "bonds" and
Si-Si "bonds", respectively. L.E.E.D. experiments showed the existence of an
8-structure on a ( 111) plane of a clean Ge surface 5 - 8 ) and of a 7-structure on
a (Ill) plane of a clean Si surface 5 - 8 • 9 ). The patterns were extinguished by
exposure to oxygen. Cleaving Si crystals along the (111) plane in high vacuum
gave a 2-structure 5 - 10). Upon heating this surface a 7-structure was formed
and this is considered the stable situation. The effect of the super-structure formation on the clean surfaces may result in a decrease of the acceptor-like behaviour. Nevertheless, since the energetic situation of the surface is unattractive,
the surface atoms of clean surfaces are highly reactive. Chemisorption of small
amounts of gases withdraws some surface atoms from the surface structure.
Therefore the resulting surface atoms come into energetically less advantageous
situations which promote a more acceptor-like behaviour.
A larger number of electrons are trapped resulting in an increase in the
number of holes in the space-charge layer. The adsorption of more gas diminishes
the number of the free surface atoms, resulting in a decrease in surface conductivity.
The influence of an external electric field on the surface conductivity of a
Ge single crystal is small even if about 1012 electronic charges per cm 2 are
induced or removed. Almost all of the changes must take place in surface states.
The net charge in surface states on a clean Ge surface is about 4.10 11 electronic
charges per cm2 as calculated from conductivity measurements under influence
of adsorbed gases. Combining these results we must conclude that on a clean
Ge surface there are acceptor and donor states with a density of 10 14 -10 15
charges per cm2 •
A similar distribution of the induced charges over space-charge layer and
surface states was measured after adsorption of 0 2 , NH 3 or H 2 S on a clean
Ge surface, corresponding to a complete bonding of the Ge surface atoms while
the band bending is different. The number of surface states is probably defined
by the number of saturated Ge surface atoms and the location of the surface
levels by the chemical-bond energy of the adsorbed gas atoms with Ge.
Both fast and slow states occur on the Ge surface, for example, after the 0 2
adsorption of about one monolayer. A possible explanation is a surface rearrangement under the influence of the applied field based on the mechanism
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of oxide growth. The slow adsorption of a second monolayer was explained
by Green 5 - 11 ) in the following way:
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In the absence of oxygen step 2 may be a reversible process and the equilibrium
may be established rather slowly. The equilibrium situation is influenced by an
·external field. In the presence of oxygen, no equilibrium is obtained, owing to
step 3.
The relatively great influence of CO on the surface conductivity of a clean
Ge single crystal in comparison with the small amount of adsorption measured
on the clean surface of aGe powder is not understood. Similarly, measurements
made by Dillon and Farnsworth s- 12) showed that the adsorption of CO on a
clean Ge surface had a great influence on the work function.
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Samenvatting

Het onderzoek naar de oppervlakte-eigenschappen van de vaste stof kan in
twee categorieen worden verdeeld, namelijk het onderzoek aan oppervlakken
verkregen bij de bereiding van ''devices", de zgn. "real surfaces", waarbij de
chemische samenstelling aan het grensvlak meestal geheel anders is dan in het
inwendige van het kristal, en het onderzoek aan oppervlakken bereid onder
speciale condities met het doel het grensvlak vrij te houden van vreemde atomen,
de zgn. "clean surfaces". De experimenten beschreven in dit proefschrift zijn
hoofdzakelijk verricht aan schone oppervlakken.
In het eerste hoofdstuk worden enige begrippen behandeld welke van belang
zijn bij het oppervlakte-onderzoek als oppervlaktetoestanden en ruimteladingslaag aan de hand van reeds bestaande beschouwingen.
In hoofdstuk 2 worden de verschillende methodes beschreven voor het bereiden van schone germanium- en siliciumoppervlakken en aan een kritische beschouwing onderworpen. De B.E.T. methode, die wordt gebruikt ter bepaling
van de grootte van het oppervlak van de poeders wordt in het kort besproken.
Aan de hand van enige experimenten worden de met deze methode verkregen
resultaten vergeleken met een geometrisch onderzoek van het oppervlak.
In hoofdstuk 3 wordt de invloed van een aantal gassen op de oppervlaktegeleiding van een Ge eenkristal beschreven. De resultaten van de adsorptie van
deze gassen aan een schoon en een geoxideerd oppervlak van Ge poeders worden eveneens gegeven. Door combinatie van geleidingsmetingen aan een Ge
eenkristal en adsorptiemetingen aan een Ge poeder in een apparaat wordt getracht voor 0 2 adsorptie een verband te vinden tussen de bezettingsgraad van
het oppervlak en de oppervlaktegeleiding. De verandering van de demping van
microgolfenergie als functie van de 0 2 adsorptie is gemeten aan Ge poeders.
De invloed van een uitwendig electrisch veld op de oppervlaktegeleiding is
bepaald aan een schoon Ge oppervlak, aan een Ge oppervlak bedekt met ongeveer 1/10 monolaag zuurstof en een oppervlak bedekt met ongeveer een monolaag zuurstof.
Uit bovengenoemde metingen wordt geconcludeerd dat een schoon Ge oppervlak p-type geleiding heeft. Zowel acceptor- als donortoestanden zijn aan het
oppervlak aanwezig met dichtheden van 1014 -10 15 per cm 2 • Geleiding via deze
oppervlaktetoestanden kan worden uitgesloten.
Gassen die chemisorberen veroorzaken bij geringe adsorptie een toename van
de oppervlaktegeleiding en bij adsorptie van meer gas een afname. In het geval
van 0 2 geeft een adsorptie tot ongeveer 1/10 monolaag een toename, terwijl
voortgezette adsorptie tot ongeveer een monolaag een afname van de oppervlaktegeleiding veroorzaakt.
Voor de adsorptie van gassen met formule HaX aan een schoon Ge oppervlak
wordt voor de waarden van a= 1, 2 en 3 een snelle adsorptie gemeten van
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aanname van dissociatieve adsorptie worden verklaard. Voor gassen met formule H 4 X is geen adsorptie gevonden.
De adsorptie van een aantal gassen aan een schoon Si oppervlak wordt beschreven in hoofdstuk 4. De 0 2 adsorpties aan volgens verschillende methodes
bereide schone oppervlakken worden onderling vergeleken. Zowel bij Ge als
bij Si kan de 0 2 adsorptie aan een schoon oppervlak worden verdeeld in een
snelle adsorptie van een monolaag en een zeer langzame adsorptie van een
tweede monolaag.
Net als bij een schoon Ge oppervlak wordt bij de adsorptie van gassen met
formule HaX aan een schoon Si oppervlak een snelle adsorptie gemeten van
1/2a molecule HaX per Si oppervlakte-atoom.
Bij adsorptie van 0 2 aan een schoon oppervlak van een Si eenkristal wordt
een toename van de oppervlaktegeleiding gemeten bij adsorptie van kleine hoeveelheden 0 2 , gevolgd door een afname bij verdere 0 2 adsorpties. Het effect
van 0 2 adsorptie op de oppervlaktegeleiding is bij een Si eenkristal echter kleiner
dan bij een Ge eenkristal.
Tenslotte wordt de bereiding beschreven van een dikke siliciumniti:"ide laag
(tot 1 fL) op een schoon en op een geoxideerd silicium-oppervlak door thermische
ontleding van een gasmengsel bestaande uit een siliciumverbinding en een stikstofverbinding. Mogelijke toepassingen van deze laag zijn de vorming van een
isolerend medium van een veldeffect-transistor en de bescherming tegen atmosferische invloeden van een silicium-oppervlak in planaire technieken.
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STELLINGEN

I

De conclusie van Green en Maxwell dat bij 02 adsorptie aan een schoon silicium
oppervlak de bezettingsgraad afhankelijk is van de deeltjesgrootte, berust op een
onjuiste interpretatie van hun experimenten.
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Dit proefschrift hoofdstuk IV.
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Het gebruik van de effectieve massa van de geleidingselectronen in de grootbeid
A
4-;rmek 2 fh3 in de formule van Richardson, welke het verband geeft tussen
de maximale stroomdicbtbeid J die uit een geleider bij verbitting kan worden ver
kregen en de temperatuur T; J
(1- i)AT 2 exp (-ecpfkT) is aan ernstige bedenkingen onderbevig.
A. J. Dekker, Solid state physics, MacMillan & Co Ltd London, 1960,
p. 315.
A. van der Ziel, Solid state physical electronics, Prentice Hall, England
Cliffs., 1957, p. 106.

III

Algemeen wordt aangenomen dat bij adsorptie van zuurstof aan een scboon
germaniumoppervlak tot een bedekking van een monolaag het p-type karakter
van de ruimteladingslaag toeneemt, terwijl dit weer afneemt bij adsorptie van
meer dan een monolaag. De experimenten beschreven in dit proefscbrift zijn hiermee niet verenigbaar.
P. Handler, in R. H. Kingston (ed.), Semiconductor surface physics,
Pennsylvania Press, Philadelphia, 1957, p. 23.
A. Many, Y. Goldstein en N. B. Grover, Semiconductor surfaces,
North-Holland Pub!. Cy. Amsterdam, 1965, p. 450.
Dit proefschrift hoofdstuk III.

IV
De conclusie van Heimke, Van Kempen en Kohlhaas dat in bet beginstadium
van bet precipitatie-proces in Alnico 5 de demagnetisatiefactor van de uitgescheiden deeltjes nagenoeg constant is, is aanvechtbaar.
G. Heimke, H. van Kempen en R. Kohlhaas, I.E.E.E. Trans. on
Magnetics 2, 411, 1966.

v
· De algemeen aanvaarde opvatting dat de oxidekathode bescbreven moet worden als een n-type halfgeleider berust op een onjuiste interpretatie van de experimenten. Het is zelfs aannemelijk te maken dat goede electronenemitters p-type
halfgeleiders moeten zijn.
K. Okumura en E. B. Hensley, J. appl. Phys. 34, 519, 1963.
P. Zalm, Rep. 21st Ann. Conf. phys. Electronics M.I.T. 1961, p. 62.

VI
Bij onderzoekingen over de structuur van oxidische glasachtige systemen die
aluminiumoxide bevatten kan het gebruik van infrarood-spectrometrie tot onjuiste conclusies leiden.
D. E. Day en G. E. Rindone. J. Am. cer. Soc. 45, 489, 1962.
E. D. Lacy, Phys. Chern. Glasses 4, 234, 1963.
P. Tarte, in J. A. Prins (ed.), Delft, Proc. conf. phys. non-crystalline
solids 1964, p. 549.

VII
Het eigenaardige verloop van de condensatiesnelheid in de buurt van de verzadigingsdruk bij adsorptie van stikstof of waterstof aan een gekoeld oppervlak,
zoals gevonden door Klipping en Mascher, kan door een polykristallijne verschijningsvorm van het condensaat worden verklaard.
G. Klipping en W. Mascher. Z. angew. Phys. 16, 471, 1964.

VIII
Het in ,Analyse der Metalle" gegeven voorschrift betreffende de bepaling van
koper in antimoon bij aanwezigheid van bismuth, is onjuist.
Analyse der Metalle, Springer Verlag Berlin, 1966, p. 63.

IX
De door Young en Clark gebruikte meetmethode ter bepaling van de uittreepotentiaal van het (llO) vlak van wolfraam is aan bedenkingen onderhevig.
R. D. Young en H. E. Clark, Appl. Phys. Letters 9, 265, 1966.

X
De bewering van Hall dat de ellipticiteit van Iicht, gereflecteerd aan gedeeltelijk met adsorbens bedekte oppervlakken evenredig is met de wortel uit de bezettingsgraad, wordt door hem niet aannemelijk gemaakt.
A. C. Hall, J. phys. Chern. 70, 1702, 1966.

XI
Het verdient aanbeveling artikel 33 van het Besluit Bevolkingsboekhouding zodanig te wijzigen dat bij registratie van personen de verplichting tot bet vermelden van de kerkelijke gezindte, vervalt.
A. H. Boonstra

27 juni 1967

