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ABSTRACT

The theory for a planar semiconductor probe in a
slightly ionized gas with small dc current densities is
developed for a germanium probe immersed in a hydrogen
plasma. First, the equilibrium characteristics due to
the probe in the plasma are developed from Poisson's
equation and current density equations. Then, the static
nonequilibrium characteristics due to the probe are found
by perturbing the equilibrium characteristics and sub-
stituting the perturbation terms into Poisson's equation
and current density equations. The total current, I, is
found to vary linearly with the applied voltages, V, and
the ratios I/V are essentially the same for both intrinsic
and n-type germanium probes if the width of the probes is

much smaller than the dimensions of the plasma.
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I. INTRODUCTION

The problem in this thesis is to investigate a planar
semiconductor probe in a plasma for dc currents by utilizing
the theory of the metal probe and the theory of the surface
of semiconductors.

The theory for a metal planar probe in a plasma has

(1)
(2)

been given by Langumiur in the 1920's. Then in 1955,

Kingston and Neustadter extended Shockley's theory of

(3)

a p—n junction in semiconductors to develope the theory
for the surface of semiconductors.

The problem will be considered in a one dimensional
model where the x axis will be perpendicular to the plasma
and semiconductor interface and the origin of x will be
located at the semiconductor surface, as is shown in Figure
1. Only the low current injection case will be investigated
because high injections may produce degeneracy in the semi-
conductor and other complications(4).

First, the expressions for the charge number densities
and electric fields due to the plasma semiconductor inter-
face will be determined. Then, perturbation techniques

(5)

similar to those used by Vol'kenstein and Karpenko will

be used to determine the static nonequilibrium character-
istics.
The plasma investigated will be hydrogen, Hy, with

15 3 (6)

a neutral density on the order of 1077 /cm . It will



Plasma

Figure 1. Diagram of the Plasma Germanium Interface
Geometry.



be assumed that the plasma is slightly ionized and is in
thermal equilibrium. The ions are assumed to be H+ and

2
i 3 (7)

to have a density on the order of 10 O/cm far from

the interface. Electrical neutrality is assumed in the
bulk of the plasma(s), therefore, the electron number
density in the bulk is lOlo/cm3 since the ions are singly
ionized. The kinetic temperatures of the electrons, ions,
and neutrals are the same because the plasma is in thermal

(8)

equilibrium and is assumed to be on the order of lO4 K.

The semiconductor investigated will be germanium
at room temperature, 300 K, with no oxidation layers on
its surface. Germanium is chosen because its properties
have been studied extensively. The germanium will be
studied for two extreme cases, intrinsic and heavily doped
n-type. The p-type germanium will not be discussed be-
cause the static nonequilibrium solutions are obtainable
only by numerical techniques.

In the subsequent development, it will be assumed
that the density gradients and electric fields are small
enough so that the current density equations may be
expressed as the sum of the drift current density and the
diffusion current density(g). It is also assumed there
are no temperature gradients in either the plasma or
semiconductors or there would also be current flow due

to the temperature gradients(lo)'



II. EQUILIBRIUM CHARACTERISTICS

The equilibrium characteristics of the planar semi-
conductor probe in a plasma gas will be solved by examin-
ing the plasma and semiconductors separately. Then, by
using the boundary conditions that the electric displace-
ment and electrostatic potentials are continuous at the
interface(ll), the equilibrium characteristics of the
plasma and semiconductors will be altered to form the
equilibrium characteristics of a planar semiconductor
probe in a plasma. The equilibrium characteristics will
be found by using the current density equations and Pois-
son's equations.

The expressions for the equilibrium characteristics
are found subject to the following assumptions:

(1) Einstein's relation is valid;

(2) the materials are isotropic and homogeneous
far from the interface;

(3) the drift current density of each charge
species opposes and cancels its diffusion
current density;

(4) the electric fields generated by the plasma
semiconductor interface, E(x), is related to

the electrostatic potential, ¢ (x), by

E (x) =—§%}—§5)— 2.1



and vanishes for |x| large, therefore ¢ (x)
for |x| large becomes a constant;

(5) the electrostatic potential will be referenced
to the plasma bulk potential;

(6) charge neutrality exists in the bulk of the

plasma.

A. HYDROGEN PLASMA EQUILIBRIUM CHARACTERISTICS

To analyze the equilibrium characteristics of the

hydrogen plasma, consider equations A.l1 and A.2 with the

above assumptions:

- d¢ (x) dn; (x), _
Ji(x) = e[uini(x) o + Di ——é;—— =0, x<£0 2.2
J (x) = -e[u_n_(x) d¢ (x) _ D iﬂeﬁiﬁ =0, x < o0 2.3
e = TelMng dx e dx ’ - :

where the subscripts i and e represent the ions and elec-
trons, respectively. The ion and electron mobilities were

7

calculated in Appendix B to be 4.56x104 and 1.56x10 cm2/

(volt sec), respectively. If charge neutrality exists far

from the interface, then

ni(—W) = ne(—w) 2.4

for a singly ionized plasma.



Integrating equations 2.2 and 2.3 from x to x = -

and using Einstein's relation results in

I

ni(X)

%
IA
o
N
.
u

ne(—W) exp[- E%; d(x)]1,

|
o
N
L]
o

- 00 ._E_ <
n, (x) n (=) exp[kTe dp(x)1, x
where k is Boltzmann's constant and Te is the kinetic
temperature of the electrons and ions.
By relating the electric field to its potential and
assuming that €. = 1 for this plasma, Poisson's equation

for the plasma, equation A.13, becomes

2
dd¢(x) = - < In;(x) - n_(x)]. 2.7
X (o]

Now, define a new variable yl(x) as follows:
e
y,(x) & KT ¢ (x) . 2.8

Substituting equations 2.5, 2.6, and 2.8 into equation

2.7 yields
2 2
d%y., (x) e"n_(-«) Y, (x) -y, (x)
1 - e [e 1 - e 1 1, x <0
2 e kT 4 -
dx o e
or
dzyl(X) 2e2ne(—w) . <
> = EokTe sinh yl(x) ; x ~ 0. 2.9

dax



dy, (%)
Multiply equation 2.9 by 2 —az———-and integrate.
2

dyl(x) 5 de ne(—W) -

(T) = _EITTe— [COSh yl(X) + C], x =~ 0 2.10
where C is the constant of integration. At x = -», ¢ (-x)

dy; (x)

and E (-«) are zero therefore yl(—w) and —ax | x = - 3re

zero. Substitution of these boundary conditions into

equation 2.10 yields

Therefore, equation 2.10 simplifies to

2 1
dy. (x) de"n_(-x) )
i S - D [cosh yl(x)—l]Z, X

dx eokTe

IA
o
N
]
N

or
2
dyl(x) /8e ne(—W) _ Yl(X) <
—ax - + ~T sinh (—7———), x = 0. 2.13
o Te
Integrating equation 2.13 from x = 0 to x yields
2
¥y (%) vy (o) /00 Pel™ ¥, x 20 2.14
tanh (——Z——) = tanh (__Z__) e eokTe
or
/8e ne(—W) <
ed(x), _ es (0) & x £ 0. 2.15
tanh (4kTe = tanh ( 4kTe e gokTe ’



To satisfy the boundary condition that ¢ (-«) = 0, the sign

in the exponent of equation 2.15 must be positive, there-

fore
2
8e“n (-«») x
Y, (x) y, (0) / e &
tanh (-1—4—) = tanh (_l‘__) e+ EokTe , x 2 0. 2.16

Since equation 2.13 is the derivative of equation 2.16,

equation 2.13 becomes

dyl(x) /8e? n_ (=) yl(x)
= sinh (——), x £ 0 Z:17

dx € kT 2 -
o e
or
8KkT n_(-x)
do¢ (x) _ ) . e¢ (x) <
I= // = sinh (2kT =), x = 0. 2.18

Therefore, the electric field in the plasma, El(x), is

8kT n (—x)
Eq (%) = - // ioe sinh (%%%il), x £ 0. 2.19

In summary, the equilibrium characteristics of the plasma

are given by the following equations:

8kT n, (=)
_ ed (x)
El(x) = //7 eo ) sinh (2kT Yy, x £ 0 2.20
/8e n (=) -
edp (x), _ e¢ (0) + ;s X 20 2.7
tanh (4kT ) = tanh (W,I,e—) e EOkTe



.

- ¢ (x)
n. (x) = n_ (-») e kTe , xS0 2.22
i e
e
t o (x4 <o, 2.23
n (x) = n (-x) e e
e e

B. INTRINSIC GERMANIUM EQUILIBRIUM CHARACTERISTICS

By the same analysis as was used in the plasma, the

equilibrium current density equations for the semiconductor

are

Jp(x) = - e[upp(x) Q%éﬁl + Dp é%§§L] =0, x 2 0 2.24
Jn(x) = - e[unn(x) QQ%%L - D, Q%éﬁl] =0, x 20 2.25

where the subscripts p and n represent the holes and
electrons, respectively, and the terms p(x) and n(x) are
the number densities of the holes and electrons, respec-
tively. The values of the mobilities for the holes and
electrons are 1900 and 3900 cmz/(volt sec) , respectively(4).

Since the germanium is intrinsic in this case(lz),
n(+=) = p(+=) = ny® 2.5x107°/cm’ 2.26

where n; is the intrinsic number density. Integrating

equations 2.24 and 2.25 from x to x = +* and using Einstein's
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relation yields

- = ($(x)=6 (+=)),

>
n e s x 2 0 2.27

p(x)

e

— (P (x) =0 (+=))
nIekTS . x 2o0 2.28

n (x)

where TS is the temperature of the semiconductor, TS =
300 K.

By relating the electric field to its potential,
Poisson's equation for intrinsic germanium, equation A.1l2

becomes

a%p(x) _ _ e

dx2 €reo

[p(x) - n(x)], x 2 0 2.29

where €. is 16 for germanium.

Now define a new variable yz(x) as follows:

e

kT
s

(¢ (x)=-d(+=)]1, x 2 0. 2.30

Y, (x) A

By following the same techniques as were used in the
plasma, the expressions for the equilibrium electric
field, Ez(x), and potential in the intrinsic germanium

are, respectively,
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and

2
8e nI X

e e kT '
r o ~s

v
o
N
.

w
\V]

YZ(X) y2(0) X

tanh (——Z——) = tanh (_—Z——) e
where y2(x) is defined by equation 2.30.
In summary, the equilibrium characteristics for
intrinsic germanium are as follows:

Y5(x)
n(x) npe 2.33

-y, (x)
p (x) 4

Il

3
H

0}

N

w

'S

r o
2
8e nI X
Y, (%) Y, (0) e x 20 2.36
e

tanh(——z——d = tanh (——

where

v, (x) = E%g [6(x)=¢(=)], x 2 0. 2.37

C. N-TYPE GERMANIUM EQUILIBRIUM CHARACTERISTICS

By using the same techniques as were used for the
intrinsic germanium, the electron and hole number densities
are

Y5 (%)
n(x) = n(») e 2.38
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and

-~y 4 (%)
p(x) = p(») e ' 2.39
respectively, where
y5 (%) A k?, (¢ (x)=0 (=), x > 0. 2.40
S

Since the germanium is heavily doped n-type, n(«) and p («)

are(4)

n(«) = Nd 2.41
.2

p (o) = N—I 2.42
a

where Nd is the number density of the donors, Ndﬁ! 1018/cm3

in this problem. All the donors are assumed to be fully
ionized.
Using equation A.ll, Poisson's equation for the n-

type germanium becomes

2
d_ﬂ%&L = - = [p(x)—n(x)+Nd], x > 0. 2.43

€_€
dax r o

Now, using similar techniques as were employed in the

plasma to determine the equilibrium electric field, yields
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2
dy. (x) 2 Y, (%) n -y (%) =
3 _ 2e 3V _01 3 2
dx - g £ KT [Nd(e y3(x) N, € + Cl7,x .
r o ~s d
2.44
or
: _ /2kT o Y4 (%) ) ni ~y 5 (%) % "
E,(x) = 4v——— [N_ (e -y, (X)- =— e + Cl]l”, x_Z O
3 €€ d 3 Nd
2.45

where E3(x) is the equilibrium electric field in the n-
type germanium and C is the constant of integration.
Applying the boundary conditions that E3(W) and y3(W) are

zero, yields

A,
2kT N Y4 (%) n =y (%) =
By = A2 le Py G (gl e 01k 2o

¢ X
r o

2.46
"1 o1
Since No << 1, the terms multiplied by No may be neglected
d d
if y3(x) is a small variable. If ¥y <% 1, the exponentials

in equation 2.46 may be expanded in a Taylor series expan-
sion about y3(x) = 0. Neglecting third and higher order

terms, equation 2.46 becomes

or



2
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dy ., (x) e”N
3 i d >
—_— = e y_(x), x Z 0. 2.48
dx kTsereo 3
Integration of equation 2.48 from x = 0 to x yields
e2Nd X
ereokTS
y3(x) = y3(0) e , X 20 2.49
or
2
€ Nd b4
- ereokTS
d(x) = ¢(=) + (¢(0)=¢d(x))e , X 2 0. 2.50

Since ¢ () has to be finite, the sign in the exponent of

equation 2.50 is negative. Therefore

kTSNd S
E3(x) = + — y3(x), x Z 0
r o
and
. e2Nd x
kTsereo
vy (x) = y3(0) e , x 2 0.

To check the assumption that y3(x) €< 1, i®
necessary only to show that the maximum value of
Equation 2.53 indicates that y3(x) has a maximum
x = 0. To evaluate y3(0), the continuity of the

displacement at x = 0 is used.

2.51

2.52
is
y3(x)<<1.

value at

electric
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eOEl(O) = 16 80E3(0). 2.53

Using the value of the equilibrium surface potential
found in Appendix C and evaluating equation 2.53, it is

found that

y5(0) = 4.96x10 4. 2.54

Therefore, the assumption that y3<<l is wvalid.
To summarize, the equilibrium characteristics for

the heavily doped n-type germanium, one has

y3(X)
n(x) = Nye , x 20 2.55
ni -y3(X)
— >
plx) = — e s, 220 2.56
d
kTsNd
E3(x) = N Y3(X), x 2 0 2.57
and
2
_ e Nd X
kT € ¢
S ¥ O
y5(x) =y, (0) e s X2 D 2.58
where
Y3 (%) = 2= [0(x)=¢(=)], x 2 0 2.59

S
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D. EQUILIBRIUM PLANAR GERMANIUM PROBE CHARACTERISTICS

To evaluate the equilibrium probe characteristics,
the boundary conditions that the electric displacement
and potential are continuous at x = 0 are used.

Referring to Appendix C, the surface potential of the
germanium is dependent only on the plasma and is equal to
-1.768 volts approximately. Therefore, equation 2.19
states that the electric field in the plasma is independent
of the type of germanium probe. Evaluation of equation

2.19 at x = 0 yields

El(O)iZ 429 .4 volts/cm. 2.60

The application of the continuity of the electric dis-

placement at x = 0

eoEl(O) = 16 EOEZ(O) 2.61
and

eoEl(O) = 16 eOEB(O) 2.62
yields

E2(0) = E3(0) ~ 26.8 volts/cm. 2.63



17

With the use of the above boundary conditions, the
theory for the planar germanium probes in equilibrium
with a hydrogen plasma is completed. The resulting probe
equilibrium characteristics are discussed in Chapter 4.
In order to show the change in ¢ (x) and the change in
charge number density due to plasma and germanium inter-
face, the potentials and charge number densities are dis-
cussed in Chapter 4 relative to the surface values and

bulk values, respectively, and are designated by

Ap(x) = ¢(0) - ¢(x) 2.64
Ani(x) = ni(x) - ne(—°°) 2.65
and Ane(x) = ne(x) - ne(—w) 2.66

in the plasma and

Ap (x) = ¢(0) - ¢ (x) 2.67
An(x) = n(x) - n(«) 2.68
Ap (x) = p(x) - p(x) 2.69

in the germanium probes.



18

IIT. STATIC NONEQUILIBRIUM PROBE CHARACTERISTICS

A perturbation technique applied to the equilibrium
characteristics will be used to determine the static non-
equilibrium characteristic equations of the probe. It
will be assumed that the result of applying small static
electric fields across the surface of the probe can be
expressed in terms of the sum of the equilibrium charac-
teristics and static nonequilibrium characteristics. The
perturbation terms of the charge number densities and
electric fields are the excess charge carrier number
densities and applied electric fields, respectively. Only
the low injection problem will be examined, therefore the
perturbation terms will be considered to be much smaller
than the equilibrium terms. The perturbation terms will

'

be designated by a superscript .

Since the total current density, J given by (4)

tl
J. = J+(x) + J_(x) 3.1
is continuous and a constant for static nonequilibrium(13),
therefore
dJg
_t _ 0. 3.2
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A. GENERAL PERTURBATION TECHNIQUES

The static nonequilibrium terms are assumed to be as

follows:

E (x) = E(x) + E (%) 3.3
b () = 6(x) + ¢ (%) 3.4
n,_(x)= n_(x) + n_(x) 3.5
nt+(X)= n, (x) + n:r(x) 3.6

where the subscript t represents the total terms and the
primed terms represent the first order perturbation terms.
Substitution of equations 3.3, 3.4, 3.5, and 3.6 into

equations A.1l and A.2 yields the following current density

equations:
: : dn, (x)

J+(x) = e[u+(n+(x)E (x) + n+(x)E(x)) - D+ ““EE_“l 3.7
; . dn_ (x)

J_(x) = elu_(n_(x)E (x) + n_(xX)E(x)) + D_ __a§——] 3.8

where second and higher order terms have been neglected.
Referring to Van der Ziel(4), if the length of the
sample is much greater than the diffusion length of the

semiconductor, then the excess charge carrier number density

will be approximately zero for large x. Since the plasma
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behaves as if it were an intrinsic semiconductor, the excess

charge carrier number density will also be approximately

zero for x large compared to its diffusion length. There-
fore, at x = *o, the boundary conditions are
1
n+(iw) =0 3.9

o)
~—~
I+
8
N~
Il
o
w

.
|
o

If it is assumed that the applied electric fields are
constants in the bulk of the materials and that the devia-
tion from these constant values are small, then

)
dE (x) _
o ~ 0. 3.11

Therefore,

]
E (x)  E = constant. 3.12

Now using Poisson's equation for the applied electric

fields and equation 3.11 yields

n+(x)ii n_(x). 3.13

Since the total current density is a constant, it
may be evaluated at any value of x. To obtain a simple

expression for J evaluate the sum of equations 3.7 and

tl

3.8 at x = *o,
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Jt = e[u+n+(iw) + u_n_(zx)]E . 3.14

Substitute equation 3.14 into the sum of equations 3.7

and 3.8 for finite x.

[u,n, (=) + u_n_(iw)]E' = [u_n_(x) + u+n+(X)]E'+
' dn:(X)
+[u++u_]E(x)n_(x) + [D_—D+] —ax 3.15
Defining a new variable, y(x), as
y(x)A Tz (6(x) = ¢ (=) 3.16

and changing the derivative in equation 3.16 from the
derivative with respect to x to the derivative with

respect to y(x) by using the chain rule, yields

_d¢ (R dy (x) d

d

dx dx do¢(x) dy (x) Sadd
or

a _ _ e d

=~ " & o mE ekl

Substitution of equation 3.18 into equation 3.14 and

normalizing the coefficient of the derivative to one yields

an_ (x)  w tu_ E' [u,{n, (+)-n_ (x) }u_{n_(t=)-n_(x)}]
v + [f]n (x) = =
Yy My "u_T - -E(x) (M_-u,)

3.19
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where Einstein's relation was used.

Equation 3.19 has the form of

d —
a% + P(x)y Q(x). 3.20
. , (14) .
The solution of equation 3.20 is

_ o fPax [, fP(x)ax

Yy Q (x) dx+cC] 3.21

where C is the constant of integration. Therefore, the

solution of equation 3.19 is

M U H U
S A CI N L PSS
! + "= + "= !
n_(x) = e [fe E {u, (n, (2=)-n, (x))
+ u_(n_(%f=)-n_(x))} + C]. 3.22

B. EXPRESSIONS FOR THE CHARGE CARRIERS

To evaluate the charge carrier density for intrinsic
germanium, substitute equations 2.27, 2.28, and 2.31 into
3.22. Integrating the resulting equation with the boundary

1
condition that n («) = 0 yields



v, (x)
2 H_+u
1 . 2e_€ _n o - P n
_ I P 2 - { ) Va4 (x)
n(x) = E ! (e T 2
2 KT 3un+up = p 'n )
y2(x) Mo
u 4 o ey 37, {32}
~ 37 Eu (e 2 -e Up Hn 2 Yl, x =2 0
P n

where E; is the applied electric field in the intrinsic
germanium.

To determine the charge carrier number density in the
plasma, substitute the equations 2.20, 2.22, and 2.23 into

equation 3.22. Integrating this equation with the boundary

condition ne(~w) = 0 yields
U, +u
: . /2e_n_(-=) j y, (x) _(u%-ue)yl(x)
_ o'e e — i e
ne(x) = E kT [3u.+u ke - )
i e
yq (%) My
Hi T T2 = )Y (%) >
TR (e -e i Te yl, x 2 0 3.24
e My

1
where E1 is the applied electric field in the plasma.
To obtain the charge carrier number density for the
heavily doped n-type germanium, substitute equations 2.56

and 2.57 into equation 3.22. The resulting equation is



24

WU THC ST v (5)
' _(up-un)y3(x) ( p—un)YB(x) v W Ng (e 37 lyay (%)
B Lxl=e [fe Ejy E; (%)
+ Cl, x 2 0, 3.25

v
where E3 is the applied electric field in the n-type

germanium. It is observed that
Y5 (x)
Nd(e -1) _ /Ndereo 3 26
E; (x) kT
Therefore, equation 3.25 becomes
u_+u u_+u
~(EDy (x) 2 y(x)
' v /€L E NG Mp~Hy 3 Mo~ Hy
n (x) = u Eq _—ET;—_ e [fe dy (x)
+ C], x 2 0. 3.27

Integrating equation 3.27 with the boundary condition that

n () = 0 yields

+
_(u My

)Y 4 (%)
' v M /e_€ N H_—u 3
n (x) = E 0 r o g (e pon -1) ,x20. 3.28

3 up+pn kT
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C. STATIC CURRENT DENSITIES

The static current densities in the plasma obtained

from this investigation are

' ' dn;(X)
Ji(x) = e[ui(ni(x)El + ne(x)El(x)) - Di —EE___]’ 3.29
' ' dn' (x)
Je(x) = e[ue(ne(x)El + ne(x)El(x)) + D SX 1, 3.30
and
Jg = Ji(x) + Je(x) 3.31

where x < 0.
Similarly, the current densities in the intrinsic and

n-type germanium probes are

I, (x) = e[up(p(X)E;'3+n'(x)E2'3(X)) - D, d—n—(;%)—] 3 30
Jn(x) = e[un(n(x)E;’3+nl(X)E2’3(x)) + D %}%X—)—] 3.33

and
Jt = Jp(x) + Jn(x) 3.34

where x 2 0.
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IV. RESULTS

All the resulting graphs of the previous derivations
are obtained by using single precision WATFIVE language
on the IBM 360/50 computer at the University of Missouri -
Rolla. All the variables are plotted versus the distance

from the plasma semiconductor interface.

A. EQUILIBRIUM PROPERTIES IN THE GERMANIUM PROBES

To emphasize the variation of the electrostatic
potentials in the germanium probes, A¢, the change in the
electrostatic potentials relative to the surface potential
are plotted in Figures 2 and 3 for the n-type and intrinsic
germanium probes, respectively. Figures 2 and 3 show that
A¢ decays from zero at x = 0 to approximately —1.3x10"5
and —l.5x10_3 volts at x = 2.8x10_6cm in the n-type probe
and x ~ l.3x10_4cm in the intrinsic probe, respectively.
The A¢ in the bulk of the n-type case is less than A¢ in
the bulk of the intrinsic case and obtains its bulk value
nearer to the surface of the n-type probe due to the higher
electron concentration in the bulk of the n-type germanium.

The deviation of the equilibrium electron density
from its bulk value in the n-type germanium is plotted in
Figure 4 and is designated by An. Similarly, the deviation

from the bulk values of the number densities of the holes

and electrons in the intrinsic germanium are plotted in
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Figure 5. The An in the n-type germanium varies from
approximately zero at x = 2x10_6cm to approximately
4.9x1014/cm3 at x = 0. In the intrinsic case An and Ap

11 3

are approximately 2.5x1077/cm™ and —2.5xlOll/cm3 at

X o l.3x10—4cm, respectively, and are approximately

12/cm3 and —l.8x1012/cm3 at x = 0, respectively.

1.8x10
The equilibrium electric fields for the intrinsic

and n-type probes are plotted in Figures 6 and 7, respec-
tively. It is observed that the electric fields in both
types of germanium are identical at x = 0, but the

electric field in the intrinsic germanium decays to

zero slower than in the n-type case because the electro-
static potential in the intrinsic probe reaches its bulk

value at farther distance from the surface of the semi-

conductor than in the n-type probe.
B. EQUILIBRIUM PROPERTIES IN THE HYDROGEN PLASMA

Since the potentials in the germanium were plotted
relative to the surface potential of the probe, the same
is done for the hydrogen plasma in Figure 8. Figure 8
shows that the variation of A¢ from the probe surface to
its bulk value is approximately 1.768 volts. This is many
orders of magnitude greater than the total variations of
Ap in the germanium probes.

The deviation of n, and n, from their bulk values

are plotted in Figure 9. At x = 0, Ani and Ane are
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10 and —9x109/cm3, respectively, and

approximately 6.75x10
decay to zero as becomes more negative.
The equilibrium electric field in the H, plasma is
plotted in Figure 10. El(x) decays from approximately
429 volts/cm at x = 0 to zero as x becomes more negative.
It is observed in all the equilibrium characteristics
of the hydrogen plasma that the influence of the probe
extends approximately --2.2x10_2 cm into the plasma, which

is greater than the debye length (6.9x10—3

cm) but less
than the mean free path between collisions of electrons
with molecules (5.5x10_lcm) and ions with molecules

(9.8x10 2

cm). The effect of the plasma and semiconductor
interface penetrates deeper into the plasma than into the
germanium probes because the charge number densities in the

bulk of the plasma are much smaller than in either semi-

conductor probe.

C. STATIC NONEQUILIBRIUM PROPERTIES OF THE HYDROGEN PLASMA

AND GERMANIUM PROBES

The charge carrier number densities of the plasma
intrinsic germanium, and n-type germanium are normalized
to their respective applied electric fields and are
plotted, respectively, in Figures 11, 12, and 13. It
is indicated in Figure 11 that the normalized charge
carrier number density in the plasma has a maximum at

approximately x = -1.75x10 Scm. This indicates that the
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diffusion term in the current density is zero at that
distance from the interface.

The total current density, ion current density, and
electron current density are normalized by the applied
electric field in the plasma and are plotted in Figure
14. Similarity for the semiconductor, the total current
density, hole current density, and electron current density
are normalized by the applied electric fields in the semi-
conductor and are plotted in Figures 15 and 16 for the
intrinsic and n-type cases, respectively. From Figures
14, 15, and 16, it is observed that the current densities

are related to the applied electric fields by

J(x) = o(xX)E 4.1

where o(x) is an effective conductivity.
Since the total static current density is a constant

and continuous, Jt in the plasma is equal to Jt in the

intrinsic and n-type germanium. Setting the J_ in the

t

plasma equal to Jt of the intrinsic and n-type germanium

yields

Q
=
1l
Q
=
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Using the data from Figures 14, 15, and 16, equations 4.2

and 4.3 reduce to

1
5 l.08xEl 4.4

I

] __5 [ ]
E3 4.01x10 xEl. 4.5

Ik

Now using the condition that the difference of the elec-
tric displacements of two dissimilar materials is equal to

the surface charge on the interface between the materials(l3)

yields

1 1
eo(lGEZ—El) =0, 4.6

1
80(16E3—El) = P53 4.7

where p2 and py are the charges on the surface of the
intrinsic and n-type germanium probes, respectively.
Substitution of equations 4.4 and 4.5 into equations 4.6
and 4.7 produces

12

)
~ (l.44x10 coul/volt—cm)El 4.8

P2

14

. ]
~ —-(8.85x10 coul/volt—cm)El. 4.9

P3

Therefore, the surface charge on the interface is directly

proportional to the applied electric fields.
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12,
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and 13 with the use of

equations 4.4 and 4.5, it is observed that the charge

carrier number densities are discontinuous at the inter-

face. The discontinuity of carrier density is due to

the buildup of the surface charge.

If the length of the plasma is a and the length of

the semiconductor probes is

are valid, then the applied

electric fields by(ls)

b and equations 3.9 and 3.10

voltage,

V, is related to the

for the n~-type probe. Using equations 4.4 and 4.5,

equation 4.1 now becomes

J =

o,V

1

t a+1.08b

for the intrinsic case and

UlV

Jt =

a+(4.01x10

5

)b

for the extrinsic case. To obtain the total current, I,
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multiply equations 4.12 and 4.13 by the cross-sectional

area of the probe, A.

1_ %1t 4.14
v a+1.08b )
for the intrinsic probe and
O, A
I _ 1
- = = 4.15

a+4.01x10 °b

for the n-type probe. Equations 4.14 and 4.15 state that
the V-I curves for both germanium probes are linear, but
the slope of the n-type probe's V-I curve is greater. It
should be noted that equations 4.14 and 4.15 are valid only

near V = 0.

1
as a constant, consider the total static current density

To check the assumption that E, can be approximated

] )
at x = 0 with El(O) different from El(—w). If the total
current density of the plasma at x = 0 is approximately
electron current density, then
)
JT . i kTe dne(x)
—_— ne(x)El(O) + ne(O) El(O) + =0. 4.16

elg e dx

Now assume that

ng (0) By (0)
n_(0) = E,(0)
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and

dne(x) !
ax <=0 << ne(O)El(O). 4.18
Equation 4.16 becomes
J
t i '
EE —_ ne(O)El(O). 4,19

It is known that the current density is a constant with

respect to x, therefore Jp at x = -= is given by
Jt B : v
ST = ng )El(— ) « 4.20

Equating equation 4.19 and 4.20 yields

]
n_(0)
e - 7 2
EIT:;) o 2.32x10 /Vem™. 4.21

1 1
The value of ne(O)/El obtained by assuming that El is a

constant is

n;(O)

€ "~ 2.55x10’/Vcm? 4.22
E
1
where its value is obtained from Figure 11. Comparing

equations 4.21 and 4.22, it is observed that the assumption

\J
El is a constant is a reasonable assumption.
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Equations 4.19, 4.20, and 4.22 imply that the total

current density in the plasma is dependent upon the ratio

n (0)  n_(-=)
—ET__ ~ _EITET . 4.23
1

Therefore, the total current density is dependent upon the
bulk ion and electron density, type of ion, kinetic tempera-
ture of the ions and electrons, and the surface potential

because equations

ng (==) n (=)
E, (0) KT 1n_ (—%)
- = 5 sinh (82L0) 4 5y
€ kT ‘
o e
and
kTe mi
¢ (0) = - Ie 1n o 4 .25
e
contain the characteristics of the plasma. Therefore, J

t

contains the characteristics of the plasma and may be

expressed as



H.+u
aplo) (A5 (B2,
J ~ —euy 4n (—w)[——Eg——-(e2kTe -e Fe™H kTe
- He® e 3u. +u
i "e
_eo (o) HiTMe) 0 (0)
u. 2kT U=, kT
i e e "1 e ; ed (0)
3Lb+“i (e -e )] sinh EET;_

where equations 4.19 and 3.24 were used.

35



36

Ad O
(10”°
volts)

-5

-10 |-

-15 1 L | | | | 1 1 | 1 1 1 L 5

0 10 20 30 40 50 60 70 80 90 100
(10_7cm)

Figure 2.

A¢p vs x in the N-type Germanium Probe

Figure 3.

Ap vs x in the Intrinsic Germanium Probe
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V. CONCLUSIONS

The important result of this investigation is the
V-I probe characteristics because they are the measurable
characteristics. The V-I curves for both intrinsic and
n-type germanium planar probes vary linearly near V = 0.
The slope the V-I curve is greater for the n-type probe
than for the intrinsic probe, but the magnitude of the
difference between the slopes is dependent upon the dimen-
sions of the probes relative to the plasma. If the probe
length, b, is much smaller than the length of the plasma,
a, then the V-I curves are essentially independent of the
doping level in the germanium probes and appears to be a

(7)

metal probe near V = 0. This result is caused by the

condition that the plasma is slightly ionized, therefore

the number of charged particles available for conduction

is limited by the ionization of the plasma and not by the
doping level of the germanium probes.

Since a theoretical investigation for germanium
probes immersed in a hydrogen plasma has been solved for
V near zero, it would be of interest to check the results
of this theory in the laboratory. This investigation
studied only small probe bias characteristics, therefore
the usefulness of this theory is confined to that of

determining the effective resistance of the probe plasma

interface.
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The three basic equations used in solving the planar
semiconductor probe characteristics in a plasma are the
current density equations, the current continuity equations,

and Poisson's equations.

1. CURRENT DENSITY EQUATIONS

The current density equations in the x direction for

a semiconductor(4) (15)

and a plasma are given by

dn+(x)
J+(X) = e(u+n+(X)E(X)-D+ ——ag——) A.l
and
dn_ (x)
J_(x) = e(pu_n_(x)E(x)+D_ —_EE__) A.2
where the subscripts + and - represent the holes and

electrons, respectively, in the semiconductor and represent
the ions and electrons, respectively, in the plasma. The
terms J, e, U, n, E, and D are, respectively, the current
density, electronic charge, mobility constant, number
density of the charge, electric field, and diffusion

constant.
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2. CURRENT CONTINUITY EQUATIONS

Referring to Van der Ziel(4), the divergence of the
static current density in the x direction for the negative
charge current density and positive charge current density

are given, respectively, by

1 dJ_ (x)
" e T ax ~ 9 - rn,n_ A.3
and
dJd, (x)
1 + _ _
'eT —-&—— = g rn+n_ A.4

where g is the generation rate of the charge pairs and r

is the recombination coefficient. Equations A.3 and A.4

show that the spacial derivative of J, is equal to the

negative of the spacial derivative of J_, therefore, it is

necessary to examine only equation A.3. If excess charge
!

pairs, n_, are injected into either the semiconductor or

plasma, equation A.3 becomes

1 dJ_(X) ] ]
~ S —ax - 9- r(n,+n_) (n_+n_) . A.5
Using g = rn+n_(4) and the assumption of low injections,
]
n_<<n,,n_ A.6

+
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yields

dJ_ (x)

T = - rn (x) + n_(x)] nl(x). A.7

(ON]

Now define T, the recombination time, as follows:

% = r(n (x) + n_(x)). A.8

Equations A.3 and A. 4 become

dJ_ (x) nl(x)

1 —
e dx - T ol
ag, (x) ' (%)
J X n (x
B e W e o A.10
e dx T

Equations A.9 and A.1l0 are valid only for low injections

of charge pairs and time invarient conditions.

3. POISSON'S EQUATIONS

The one dimensional Poisson's equation in a semi-

,(4)

conductor with both donors, N and accepters, Na where

dl

the impurity ions are assumed to be fully ionized is given

by

dE (x) _ e _ _
dx  e_e_ [n, (x) - n_(x) + Ny(x) = N, (x)] A.11
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where €5 is the dielectric constant of a vacuum and €. is

the relative dielectric constant of the material. If Nd =

N, = 0, then the semiconductor is intrinsic and equation

A.1l becomes

e = » [n, (x) - n_(x)]. A.l2

Assuming charge neutrality in the bulk of the plasma, the

following one dimensional Poisson's equation is obtained(l6)
dE(x) _ _e _
- i e eo [n (%) n_(x)]. A.13

A comparison of equations A.12 and A.1l3 shows that Poisson's
equations for the plasma and the intrinsic semiconductor

are of the same form,
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Since the number densities of the electrons and ions
are much smaller than the number density of the molecules,
the dominate collisional processes in this hydrogen plasma
are the electron-molecule and ion-molecule collisions. It
is also assumed that no energy exchange occurs during the
collisions because the plasma is in thermal equilibrium,
therefore only momentum exchange occurs.

Referring to Sutton and Sherman(s), the collision

frequency of species r colliding with species s is given

by

where Qrs is the total collisional cross-section for
momentum transfer, ng is the number density of the
scatters, T is the kinetic temperature of the species,

and m is the mass of the species. QrS for momentum trans-

fer collisions is

_ 2
QrS = 1T(RS + Rr) B.2
where R is the radii of the species.

If the incident particle is an electron (regarded as
a point mass) and the scatters are the hydrogen molecules,

then Qrs becomes
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_ 2
Qrs = 1TRS B.3
: (17) -
where Rs is equal to 1.2 A . If Ts = Tr’ then
T T
_xr s> S B.4
m, Mg

because the mass of the hydrogen molecule is much greater
than the mass of the electron. The collision frequency of
an electron and the hydrogen molecules is found to have

the wvalue

<v_ > =~ 112x10°/sec. B.5
rs
The collision frequency is equal to the reciprocal of the
mean free time between collisions, Ty of an electron with

the hydrogen molecules. Therefore,

%;- = ll2x106/sec. B.6
e
If the incident particle is an H; ion and the scatters
are hydrogen molecules, it is assumed that m. = m, =
3.346x10_27kg, T, = TS, and the radius of the ion is equal

to the radius of the molecule. Therefore, equation B.1l has

the wvalue

r-ull—'

oL 105x105/sec B.7
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where T, is the mean time between collisions for ions.
If the mean free time between collisions is assumed
to be a constant in velocity space, the mobilities for

(4)

the electrons and ions, respectively, are approximately

= l.56x107cm2/volt—sec B.8

=
I

o |
&

= 4.56x104cm2/volt—sec. B.9

=

I
ek

~

I
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APPENDIX C

THE SURFACE POTENTIAL OF MATERIALS IN A HYDROGEN PLASMA
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(18)

Referring to Uman , the total current density of
a singly ionized plasma to any material in equilibrium with

the plasma is

en, <v.> en_<v_>

where v and <ve> are the thermal velocities of the ions
and electrons, respectively. If the plasma has a homogeneous

Maxwell-Boltzmann distribution, then <vi> and <ve> are given

by
8kTi
<vi> = —— C:2
i
8kTe
<v_> = C.3
e Tm
e

where T, and Te are the kinetic temperatures of the ions

and electrons, respectively. The terms m, and m, are the
masses of an ion and an electron, respectively. For a
plasma in thermodynamic equilibrium Ti = Te'

If the plasma is hydrogen with H; ions and is in

thermal equilibrium, then equation C.1l becomes

kTe m.
(1)(0) = = Te" 1n m— C.4
e
where equations 2.5 and 2.6 were employed. For the plasma

under consideration
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and

m, = 3.346x107%7xg. c.6

Therefore, equation C.4 reduces to
¢(0)~ -1.768 volts. c.7
According to equation C.7, the materials in equilibrium

with the plasma will always have a surface potential

negative relative to the plasma bulk potential.
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LIST OF SYMBOLS
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cross—-sectional area of probe

length of
length of

diffusion
diffusion
diffusion
diffusion
diffusion

di ffusion

plasma
probe

constant
constant
constant
constant
constant

constant

of

of

of

of

of

of

ions

electrons in plasma
electrons in probe
holes in probe
positive charges

negative charges

equilibrium electric field

total electric field

equilibrium electric

equilibrium electric

equilibrium electric

applied electric
applied electric
applied electric

applied electric

electronic charge

field in plasma
field in intrinsic probe

field in n-type probe

field
field in plasma
field in intrinsic probe

field in n-type probe

generation rate of charges

static current

current density of electrons in plasma
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current density of ions in plasma
current density of electrons in probe
current density of holes in probe
total current density

current density of positive charge
current density of negative charge

Boltzmann's constant

mass of electron

mass of ion

mass of particle r

mass of particle s
acceptor number density
donor number density

equilibrium number density of electrons in probe

intrinsic number density of germanium
plasma's electron equilibrium number density
number density of scatters

plasma's ion equilibrium number density

total number density of positive charge

total number density of negative charge
equilibrium number density of positive charge

equilibrium number density of negative charge



An

An
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charge carrier number density in probe

charge carrier number density in plasma

charge carrier number density of positive charge

charge carrier number density of negative charge

equilibrium

electron number density in the germanium

probes relative to the bulk value

equilibrium
relative to
equilibrium
bulk value

equilibrium
equilibrium

bulk wvalue

electron number density in the plasma
its bulk value

number density of ions relative to its

number density of holes

number density of holes relative to their

total collisional cross-section

radius of particle «r

radius of particle s

recombination rate coefficient

kinetic temperature of plasma particles

kinetic temperature of ions

kinetic temperature of particles r

temperature

of probe

applied dc voltage

thermal velocity of electrons in plasma
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<vy> thermal velocity of ions in plasma

distance

from plasma and semiconductor interface

dielectric constant of a vacuum

relative
mobility
mobility
mobility
mobility
mobility

mobility

dielectric constant

of electrons in plasma
of ions in plasma

of electrons in probe
of holes in probe

of positive charge

of negative charge

effective conductivity in plasma

effective conductivity in intrinsic germanium

effective conductivity in n-type germanium

rS>collisional frequency between a particle r and

particles s

surface charge on the surface of the intrinsic germanium

probe

surface charge on the surface of the N-type germanium

probe

equilibrium potential relative to plasma bulk

potential

total potential
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perturbed potential
equilibrium potential relative to the surface of the
germanium probes

recombination time
mean free time between collisions for electrons in plasma

mean free time between collisions for ions in plasma

226926
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