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Magneto-Surface Experiments on Germanium
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A study has been made of the ambient-induced changes in the conductivity, Hall coefIlcient, and mag-
netoresistance of thin samples of intrinsic germanium. The data have been analyzed by means of a recently
evolved theory. The results indicate that light holes play an important role in the transport process in the
surface, especially in the dependence of the zero of the Hall coefIJcient with increasing surface hole density.
It is also shown that there is a reduction of the mobility of surface electrons in qualitative agreement with
the predictions of Schrieffer. The results, in general, agree with the current view of semiconductor surfaces.

II. EXPERIMENT

A. General Considerations

An examination of Eq. (19) in I indicates that the
surface contributions to a Hall or magnetoresistance
measurement can be maximized in two ways: (1) re-
ducing the thickness so that the space-charge region is
appreciable compared to the physical dimensions of
the specimen; and (2) reducing the bulk carrier density,
one method being the use of near-intrinsic or intrinsic
materials. Because of its convenience, simplicity, and
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I. INTRODUCTION

'N the introduction to the preceding paper the im-
~ - portance of directly measuring the density and
mobility of charges in the space-charge region of a
semiconductor surface was discussed. It was then shown
that combined conductivity, Hall coefficient and mag-
netoresistance measurements could be expected to give
such information. These measurements, when carried
out with a transverse magnetic field as shown in Fig. 1,
do not introduce any additional variables such as sur-
face traps. In principle there should be a unique relation-
ship between the conductivity of a sample, its Hall
coeKcient, and its magnetoresistance. In I these rela-
tionships were evolved. It remains to show that mag-
neto-surface phenomena yield the unique relationship
predicted by the theory.

sensitivity, configuration "a" described in I was used
for the experiment and the surface potential was
varied by a modified Bardeen-Brattain cycle.

B. Experimental Arrangement

The schematic arrangement of the apparatus is shown
in Fig. 1. A gas-tight brass container, labeled A, holds
the specimen. The gas was fed into the box as noted
from a glass stopcock system. Dry oxygen (breathing
purity) was used as the standard ambient. Depending
on what was desired, the oxygen could be bubbled
through water or passed through a discharge chamber.
The discharge was produced by a Tesla coil. By means
of these ambients, the surface of the specimen could
be driven n or p type.

The specimen chamber was placed between the pole
pieces of a 4-in. electromagnet. The magnetic field,
H(I), had a magnitude of 2730 gauss and was cycled
with a period of 20 seconds. By means of a motor-
driven commutator and mercury relay circuit, the
magnetic field was continuously turned on, oft, reversed
and off in 5-second intervals. The purpose of the alterna-
tion of the magnetic field was to permit the simultaneous
observation of the sample conductance, Hall voltage,
and magnetoresistive signal as the ambient gas aGected
the surface.

Several specimens were prepared from near-intrinsic
(45 ohm-cm) germanium. The samples used had a
thickness of 0.004 cm and an impedance in excess of
70 000 ohms. Because of this high impedance, a Brown
type 15 vibrating-reed electrometer was used to record
potential changes. Because of its degenerative opera-
tion, the electrometer measures the open-circuit voltage
at the appropriate probes. A low-impedance student-
type potentiometer provides a source of bucking voltage
used to reduce the IR drop appearing at the electrometer
input.

Figure 2 is a typical record of the signal generated
at the voltage probes. We can write

FIG. 1. Experimental arrangement: A —gas-tight specimen
container; specimen; Brown Type 15 Electrometer; bucking
voltage source —Leeds and Northrop Student Potentiometer,
0—1.11 volts.

Vt ——Vrrr+V~+Vm. ,
Vs= Vrz —V++V .s
V3= Urz

for H=+ ~H~,

for H= —[HI„
for II=0.

' R. L. Petritz, Phys. Rev. 110, 1254 (1958), preceding paper
(referred to as I}. By simple algebra the Hall voltage, VrI and the mag-
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FIG. 2. Typical record of the open-circuit voltage appearing at the probes after the admission of ozone. V3 is the residual IR drop not
taken up by potentiometer circuit. U& is the sum of the IR drop, Hall voltage, and magnetoresistive voltage for the magnetic 6eld in a
given direction. V2 is the same sum with the field reversed.

netoresistive change, V „,can be obtained from this
set of equations. The conductance of the sample can
be obtained from the IE. drop, Vlg.

The Hall voltage was found to be approximately
linear in current and magnetic field intensity; the
magnetic field was kept small (2730 gauss) consistent
with obtaining good data. No systematic study was
made of the dependence of Hall coefficient and mag-
netoresistance on field strength.

The sample current was produced by the circuit
shown in Fig. 1. A 1-megohm ballast resistor was used
to minimize current Quctuations due to changes in the
impedance of the specimen. A bank of mercury batteries
yielded a driving potential of 45 volts.

C. Sample Preparations

The specimens used were prepared from 0.010-in.
thick slices of near-intrinsic germanium. The desired
shape was masked and the remaining portions were
sandblasted away. The sample was etched to its final
thickness by using a 1 part HF and 2 parts HNO3
solution.

The contacts presented the most difficult problem in
the fabrication of the samples. A number of conventional
solders and Quxes were tried with no great success. These
contacts were ohmic over a very limited range of
currents. This problem was solved by using Cerroseal
solder' and Ruby fluid flux. ' The contacts prepared in
this fashion were substantially ohmic over the range of
currents used. After the contacts had been soldered on,
the specimen was thoroughly washed in a dilute
etching solution to remove all traces of the flux. This
was followed by several rinses in distilled water. The
specimen was then mounted on a terminal board in

' Trade name of Cerro de Pasco Corporation, New York, New
York.' Trade name of Ruby Chemical Corporation, Columbus, Ohio.

such a way that there was a 0.020-in. spacing between
the back of the specimen and the terminal board.
This was done to permit the ambient to have free
access to both sides of the germanium.

In Figs. 3 and 4, the results of several cycles on one
of the samples is shown. Figure 3 is a plot of the Hall
coefficient,

R= (Vad/IH) X10' (2)

versus the fractional change in conductivity,

+&min/Omin (& &min)/&min& (3)

where 0-;„is the minimum conductivity. Figure 4 is a
plot of the magnetoresistance coefficient, Ap/H' p(H =0)
nersms (o.—o;„)/o.;„.The data of Figs. 2 and 3 show

clearly the reversal of the Hall coefficient of this sample.
We have chosen to use (o.—o;„)/o. ;„asthe abscissa

in these plots for several reasons. First, o. ;„is a well-

D. Temperature Stability

Because of the large sensitivity of the sample con-
ductance to temperature changes, some degree of tem-
perature stability was needed. This was achieved by
placing the specimen container in good thermal contact
with the magnet. The magnet was water-cooled from
the tap line and the total power input to the magnet
was approximately 50 watts. A flow of several liters per
minute through the magnet cooling coils assured the
maintenance of a magnet and sample temperature
within a few degrees of the tap water temperature. The
variation of the tap-water temperature was of the order
of 0.2—0.3'C over the course of a day. This would lead
to an uncertainty of 2—3% in the conductance and Hall
voltage. On successive days, the temperature of the
water differed by several degrees.

E. Results
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FIG. 3. Hall coeflicient as a function of (0 —o;„)/O'; . Increasingly e- and p-type surfaces are indicated by the arrows. Wet oxygen
and ozone were used to obtain the n- and p-type surfaces, respectively. These data are a composite of runs made over a period of five
days. Small temperature differences could account for the spread in the data.

defined and easily measurable experimental quantity;
second, o;„is approximately equal to o& (bulk con-
ductivity) in high-resistivity materials, and thus o —o

is approximately the surface conductivity; and finally,
any translation from 0 to surface potential involves
certain assumptions concerning theory and we prefer
not to introduce theory into the presentation of the
data. The nature of the surface is indicated on the
graphs.

As can be seen, the Hall coefficient is fairly repro-
ducible when plotted as a function of the fractional
change in conductivity. Since the Hall coefficient varies
quite rapidly near the conductivity minimum, there is
greater uncertainty in this region than at the extremes.
These data are a composite of runs made over a period
of five days. Small temperature differences could
account for the spread in the data.

The magnetoresistance data show a. very strong
dependence on the ambient induced conductivity
changes. Of particular interest is the pronounced peak
in the data near Ao;„/o;„=0.The data in Fig. 4

give a broader peak than is the case for an individual run

because of the temperature Quctuations from one run

to the next.

In general, as time went on, the maximum magnitude
of A&r;„/ ;„odecreased. This is attributed to a gradual
buildup of the oxide layer and a resultant diminution
of the external field due to the adsorbed molecules.

III. THEORETICAL ANALYSIS AND COM-
PARISON WITH EXPERIMENT

We first describe calculations based on the theo-
retical work of I.

A. Calculation of the Hall CoeKcient and Magneto-
resistance Using Bulk Mobilities

for Surface Carriers

1. Two-Carsier Model

Our first concern is the general theoretical shape of
the Hall coefficient and magnetoresistance as functions
of ho;„/o. ;„.We begin with the two-carrier forms of
Eqs. (36), (41), and (46) of I, and write down general
equations for the conductivity change 0.—o.

&, the Hall
coefficient R, and the magnetoresistance Ap/H' p.
Because of the high-resistivity material we neglect the
terms involving eb and ps and we also neglect the corre-
lation terms as discussed in I. We then have



1266 J. N. ZEMEL AND R. L. PETRITZ

0.6

0.5

04

tO

O
x 0

0.2

~ ~ (~ ~1
e x

x ~)
%l

~ ix
~ '

,I fx
~ f

ye
.~xI

1I
~ I

x

X

4 ~
~ x

~ ~ %e

were exposed to the ambient gas, i.e., d~d/2. Using
the Poisson model for the space-charge region, we can
identify d, with the Debye length, L&.

The quantities &y") are the appropriate carrier
mobilities for the conductivity, Hall coefficient, and
magnetoresistance obtained from the momentum
averages discussed in I. In general

&P-)& (&I -'))'& (&I -'&)',

&I .') & (&I .''&)'& (&P.'')) '

The subscript i denotes whether the mobility is asso-
ciated with the bulk or the surface. We assume lattice
scattering in the bulk, so that

&p-')=l &~- &' &p. ')=l &p. )'

&P-b') = (4/~) (s~)'&P-b)', (.')=(4/ )(l )'& .)' (12)
~p-TYPE n-TYPE

O. l

0» I

0.4 0.2
I I I l I I I
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FIG. 4. Magnetoresistive coefficient as a function of (o —o; )/
cr; . lrrcreasingly n- and p-type surfaces are indicated by the
arrows. Wet oxygen and ozone were used to obtain the n- and
p-type surfaces, respectively. These data are a composite of runs
made over a period of five days. Small temperature differences
could account for the spread in the data.

For these first calculations we assume that the surface
mobilities can be approximated by their bulk values.
Values of DI4 and AP, versus the reduced surface
potential p„=qQ,/kT were taken from the curves of
Kingston and Neustadter4 and are listed for reference in
Table I. Using the parameters listed in Table II for
intrinsic germanium and Eqs. (4), (5), and (6), a set
of curves for (oob)/ob. ,

—R/Rb, . and Ap/[H' p(sxp„)'j
can be calculated as a function of I,. These curves are
shown as solid lines in Fig. 5.

The value of 0. ;„is read from Fig. 5 and using this
the quantities can be transformed into functions of

o;„/o. ;„.In Fig. 6 the normalized Hall coefficient,

TABLE I. Surface densities' and mobilitiesb used in
calculating the theoretical curves.

--- =(2«-/d)(A. .&. &+».&..&),

R = —(2qI.n/o'd) (AIS.&p..s)

Ap, &p.'—&)+Rb(~b/o)' (5)

Ap 1 2qLg)
LA~.&p-')+AP & .')j

EPp 0 d

+-. l, ~+(R.-)' -(R-)', (6)
(Apl

'
CH, &,

where the bulk expressions are

~b =q(ISb&~.b)+Pb&P, b)),

&p-b)=p-, &p.b)=~., (f)

»= —(V/~b') (~b&P-b'& —Pb&P. b'&),

—1—2—3

—5—6—7—8
9—10

+1
2
3
4
5
6
7
8
9

10

d,Pe—=G(ue, ub)
nj

1.15
3.4
6.9

12.5
21
38
67

105
190
310

—0.73—1.25—1.55—1.70—1.80—1.88—1.95—2.0—2.0—2.0

&uue)

&uu»

—0.73—1.25—1.55—1.70—1.80—1.88—1.95—2.0—2.0—2.0

1.0

1.0

1.0
0.99
0.965
0.935
0.882
0.830
0.755
0.67
0.56
0.45

1.15
3.4
6.9

12.5
21
38
67

105
190
310

0.97 1.0
0.945
0.90
0.845
0.775
0.695
0.595
0.500
0.415
0.323 1.0

Ane (P,ee)—=G( —u„—ub)
ns (Itenb)

I
=—(»&f -b')+ pb&p'b'&) —(Rb~b)'.

tH'p) b

a Obtained from the curves of reference 2, Figs. 3 and 4.
b Obtained from the curves of reference 8, Fig. 4.

' R. H. Kingston and S. F. Neustadter, J. Appl. Phys. 26, 718
The factor 2 has been included because both surfaces (1955).



MAGNETO —SURFACE EXPERI MENTS ON Ge 1267

R/R, , is plotted as the solid curve labeled bb2 ——0
against ho;„/o. ;„,where R, is the maximum value
of R in Fig. 5. The magnetoresistance is presented as
a function of Ao; /o. ; in Fig. 7, with a change in
scale factor, Ap/[p(-', vtb„H)']~&pX10 '/H' p.

Since we are concerned with the mobility variations
of the carriers, a term sensitive to mobility changes is
desirable. The quantity (Rho. ;„/R,„o;„)has a
greater sensitivity than either the conductivity or the
Hall coefFicient. This can be obtained directly from
Fig. 6. These values are plotted against Ao;„/o;„as
the solid curve labeled 632=0 in Fig. 8.
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Z. Comparison with Experiment for
Nearly F/at Bands (l,=n, b)

The effects of surface scattering should be negligible
for I, close to zero, so our calculations with (tb,)=(tbb)
should be adequate to discuss this range. We normalize
the data of Figs. 3 and 4 to R/R „„,Rha;„/R, o.;„.
and Ap/H' p, and plot the smoothed data on the corre-
sponding plots of Figs. 6, 7, and 8. These figures then
show the normalized data and normalized theoretical
curves plotted on the same graph. The general shape of
the theoretical curve of R/R, (solid curve labeled
b„=0)versus Ao;„/o;„(Fig.6) is in rough agreement
with the data, with the important exception that the
curves does not drop to zero rapidly enough on the
p-type side. Consideration of this point leads to the
argument that the hole mobility must be increased. It is
well known that in bulk germanium there is a small
percentage of light, highly mobile holes. Because the
mobility is squared in the expression for the Hall-
coefficient [Eq. (5)], the light holes have a more
pronounced effect on the Hall-coefficient than on the
conductivity. We therefore consider the e6ect of light
holes in the calculations to see if better agreement can
be found near u, =0.

3. Three Carrier Model o-f Germanilm

The appropriate three-carrier formulas for the con-
ductivity, Hall coefFicient, and magnetoresistance are

TABLE II. Parameters used in the calculation.

I I I I I I I
~aC

-IO -8 -6 -4 -2 0
us

2 4 6 8 IO

FIG. 5. Two-carrier model of the surface. Conductivity change,
Hall coe%cient, and magnetoresistance are plotted against the
reduced surface potential, I,. Solid lines correspond to constant
surface mobilities, while dashed lines correspond to the mobility
variation calculated by Schrie6er for a Poisson potential.

0 —0 b 2gL~ t) p,
~ (p-)+ ((t )+ (p.)),

o.
b o bd 1+r

1 2ql.g) Ap,
R= —— An, (tb„,')— ((tb2$)

a~ d 1+r

(13)

Ap 1 2qLg)
DN, (tb„,')

II'p a- d

+r(ebb, 2)) —Rbo.b2, (14)

Dp,
+ ((t 2 ')+r(Pb. '))

r

+ob (
—

i + (Rbob)' —(Ro)'. (15)
(H'pJ b I

given by Eqs. (36), (41), and (46) of I, respectively.
Neglecting the nb, Pb, and correlation terms, these
equations reduce to

n; = 2.5X 10&'/cm'

Ig&
= (~epkT/2q'n, ) *'

=6.5)(10 ' cm

(p-b) =n
=3570 cm'/volt sec

(py b) =Ay
= 1745 cm'/volt sec

b= 2.05

d =0.004 cm

21.o/d=3. 325X10 b

No. of intrinsic carriers

Debye length

dielectric constant

electron mobility in the bulk

hole mobility in the bulk

electron-hole mobility ratio in bulk

sample thickness

ratio of Debye length to effective
sample thickness

The bulk expressing are now, assuming lattice
scattering,

ob= q(nb(p. b)+[pb/(1+r)]((p2b)+r(ebb)) }, (16)

R b(T b =
b &gI nb(tb~ b)

—[Pb/(1+r)](( 2b)'+r(t »)') }, (17)

i +(Rbob)'
&H'p& b

= ~'~s-q nb(p. b) + ((tb2b)'+r(tabb)') . (18)
1+r
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FIG. 6. Comparison of theoretical Hall coefficient with experiment. Two- and three-carrier model Hall coefficients
are compared with the smoothed experimental data of Fig. 3, assuming a constant surface mobility (solid lines)
and a Schrieffer mobility (dashed lines). The three-carrier model uses light- to heavy-hole mobility ratios of 3.5, 8,
and 12 while assuming a density ratio of 0.042.

Two additional parameters enter here,

0.6

Figures 9 and 10 show plots of E/Et„(oo~)/oq, a.n—d.
Ap/EPp[(37r/8)p„]' versus sr. for bss ——3.5 and g re-
spectively (solid curves). These curves are normalized

r= ns/vs=ratio of number of light to heavy holes,

where ps ——ns+es.
These parameters are known to some degree of

accuracy in bulk germanium from cyclotron resonance
experiments' ' and from Hall-effect and magneto-
resistance data. ' However, no given set of parameters
appears to 6t all the data. v Therefore we will consider
several possible values in order to study the general
effect on our surface quantities.

We have used r=0.042 (cyclotron resonance data)
in all of our calculations, and have used b3~

——3.5, 8.0,
and 12. The value of (ps~) was set so as to maintain the

net hole mobility constant,

0.5

04

0.3

0.2

b~=8, r=0.04

bshe =5.5, r=0.042

bsp=O, r -Og

n-TYPE—

(p») = ((»s)+r(p»))/(1+r)
= (est,)(1+rbss)/(1+r) =1745 cm'/volt sec. (19)

' Dresselhaus, Kip, and Kittel, Phys. Rev. 92, 827 (1953).
6 Lax, Zeiger, Dexter, and Rosenblum, Phys. Rev. 93, 1418

(1953).
~ Goldberg, Adams, and Davis, Phys. Rev. 105, 865 (1957).
8 Adams, Davis, and Goldberg, Phys. Rev. 99, 625 (1955).' Willardson, Harman, and Beer, Phys. Rev. 96, 1512 (1954).

I I ~ I I I I I I I I I I I I

L4 i.2 i.O QS 0.6 0.4 02 0 0.2 0.4 O.e 0.8 LO l.2 L4
o'~min
a mia

FIG. 7. Comparison of theoretical magnetoresistive coefBcient
with experiment. T'wo- and three-carrier model magnetoresistive
coefTicients are compared with the smoothed experimental data
of Fig. 4 assuming a constant surface mobility (solid lines) and a
Schrie6er mobility (dashed lines). The three-carrier model uses
light- to heavy-hole mobility ratios of 3.5 and 8 while assuming a
density ratio of 0.042.
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F&G. 8. Comparison of theoretical reduced Hall mobility with experiment. Two- and three-carrier model
reduced Hall mobilities are compared with the smoothed experimental data of Fig. 3, assuming a constant
surface mobility (solid lines) and a Schriefier mobility (dashed lines). The three-carrier model uses light- to
heavy-hole mobility ratios of 3.5, 8, and 12 while assuming a density ratio of 0.042.

and plotted verssbs Ao. ; /o. ;„in Figs. 6, 7, and g (solid
curves) and labeled by appropriate values of b».
Figure 6 shows that the zero of R/R, is quite sensitive
to light holes. The curves of b»=8, 12 agree reasonably
well with the data in the region Ao; /o;„—0, cer-
tainly much better than do the curves of b»=0, 3.5.
This is evidence that light holes have a pronounced
effect on the transport process in the space-charge
region.

The magnetoresistance is also quite sensitive to the
light holes as shown by Fig. 7, and so is Rho. ;„/
E. ,„-g. ;„asshown in Fig. 8. We therefore conclude
that the light holes must be considered in our analysis.

B. Calculation of Hall CoefBcient and Magneto-
resistance Using Efifective Surface Nobilities

All of the above calculations have been made with
the assumption that the mobility in the space-charge
region is equal to that in the bulk in order to establish
the general theoretical picture, and to discuss the region
near N, =O (flat bands) where surface scattering is
negligible. In order to discuss larger swings in surface
potential we must include the effects of surface scatter-
ing in the theory.

In these calculations we have used Schrieffer's
curves' of effective surface mobilities versus surface
potential as tabulated in Table I. For simplicity we
have taken &bus, )/&mrs„)= &bib,)/&ps~) = &fb„.)(&Ib„b)so that
the available curves of Schrieffer for the Poisson model
could be used. This assumes that the light- and heavy-

rb J. R. Schrieffer, Phys. Rev. 97, 641 (1955).

hole mobilities are reduced by the same fraction for a
given surface potential. This is not strictly correct,
as will be discussed further below, but should be
adequate for this preliminary discussion.

We also assume that the surface electron mobility
is equal to its bulk value when the surface is p type and
similarly for the surface hole mobilities when the
surface is e type, i.e., specular reQection from the s
potential edge. This point is not adequately covered
by existing theory, but should not lead to serious error.

A further approximation that has been used is that

&bbns )/&binb ) (&Pna)/&@nb)) q

& -')/& - ') =
(& -)/& - ))'

(20)

(21)

and analogous relations for holes. That is, we assume
that the effective "Hall" and "magnetoresistance" mo-
bilities are reduced by surface scattering in the same
proportion as the effective "conductivity" mobility.
The situation in bulk samples justifies this assumption
to some extent; there it is known that such differences
are of the order of magnitude of unity. For example,
in the case of lattice scattering the relations are given
by Eqs. (11) and (12). A second justification of the
approximation is the recent solution" of &bb,s) which
shows Eq. (20) to be good to approximately 10%%uq.

The calculation of (o rrb)/ab, R/Rb, —and Ap/H' p
~ersls I, proceeds as in the previous case, the only
difference being that the surface mobilities now vary
with surface potential. Calculations have been made
for bss ——0 (two-carrier), 3.5, 8, and 12, keeping r =0.042

"J.Zemel, Bull. Am. Phys. Soc. Ser. II, 3, 105 (1958).
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Fio. 9. Three-carrier model of the surface; light- to heavy-hole
mobility ratio of 3.5 and density ratio of 0.042. Solid lines corre-
spond to constant surface mobilities while dashed lines correspond
to the mobility variation calculated by Schrieffer for a Poisson
potential.

except for the two-carrier case, where r =0. The results
are plotted eersls u, as dashed lines in Figs. 5, 9, and 10.
Comparison of the dashed with the solid curves shows
directly the effects of the reduction in surface mobility.

The curves are transformed to R/R, „,Ap/H' p,
Rha;„/R, o;.„,and plo. tted versus (0. 0;„)/o;„—in.
Figs. 6, 7, and 8 as dashed lines. Comparison with the
appropriate solid lines shows directly the inhuence of
surface scattering. The difference is readily apparent
and we conclude from the theory that adequate sensi-
tivity is available to investigate the mechanism of
surface scattering.

Throughout the above theoretical anslysis we have
considered the samples to be intrinsic. The experimental
evidence for this is the resistivity of the samples —about
45 ohm-cm. However this does not determine exactly
the bulk Fermi level because the resistivity varies
slowly in the region of near-intrinsic material. In
contrast, the Hall coeS.cient and magnetoresistance of
the bulk vary quite rapidly in this region. If the sample
is close to, but not actually, intrinsic then the theo-
retical curves cannot be expected to agree completely
wi. th experiment. The effect of the uncertainty in the
bulk Fermi level will be more serious for the magneto-
resistance and less serious for the Hall coefficient.

C. Comparison of Theory and Experiment

Considering first the plot of R/R, versus (o —o;„)/
o;„(Fig.6), the sharp drop of the experimental data
near 60. ;„=0indicates a light- to heavy-hole mobility
ratio of 8 to 12, On the m-type side the theoretical curve
with b» =8, and surface mobilities equal to bulk mobili-
ties (solid curve), lies considerably above the data.
However, the curve for b32=8 and inclusion of surface
scattering (dashed curve) more nearly fit the data.

The Schrieffer mobility curves for 6» ——3.5 and 0 fit
the data very well on the e-type side, but do not drop
to zero fast enough on the p-type side.

Consider Fig. g where Mo;„/R,o;„.is plotted
versus (a—o;„)/o.;„.The /v-type data are better
fitted by using the Schrieffer mobility (dashed curves)
rather than the bulk mobility (solid curves) for all
values of b32. The best fit is obtained with 0 or 3.5, but
that of 6» ——8 is still reasonably good. This plot is re-
garded as strong evidence for the reduction in surface
mobility, and indicates that Schrieffer's theory' is
in reasonably good quantitative agreement with
experiment.

Finally, we consider the magnetoresistance in Fig. 7.
The sharp rise in the data on the p-type side is evidence
for the presence of light holes since the two carrier
theoretical curve does not fit the data at all. The three-
carrier, b» ——8, curves are better, but even they do not
rise enough to account for the peak. This suggests a
mobility ratio in excess of eight. The Schrieffer mobility
correction (dashed curves) improves the fit on both the
n- and p-type sides. A further improvement in the theory
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potential.
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will be to treat the light-hole scattering more accurately.
As stated before, we have assumed that the mobilities
of heavy and light holes are reduced at the same rate.
However, one can show that the light-hole mobility
should be reduced at a greater rate than that for heavy
holes. This correction will result in a more rapid drop of
hp/pH' on the p-type side. This, combined with a
somewhat higher light- to heavy-hole mobility ratio
should give a stronger peak in the theoretical curves
and agree better with the data.

While the above discussion indicates that there is
good qualitative and fair quantitative agreement
between experiment and theory for both Hall coefficient
and magnetoresistance, there are several points in the
experiment as well as the theory which can be refined
to give a more exacting test of the surface conduction
process. These include: stabilization of the temperature
to within the error of the conductivity measurement;
determination of the bulk Fermi level by experiment to
provide a better starting point for the calculations;
a more accurate treatment of bulk and surface carrier
mobilities, possibly using a nonspherical energy band
model; use of theoretical relations between r and b&2

rather than varying these quantities independently;
and investigation of the dependence of both Hall
coefFicient and magnetoresistance on magnetic field
strength.

IV. CONCLUSIONS AND SUMMARY

We conclude that Hall-coefficient and magnetoresis-
tance measurements can be performed on thin single
crystals of germanium to give information concerning
the conduction process in the space-charge region of the
crystal surface. The experiments reported here are in
general agreement with the theory of I and show:

i. The general energy-band structure of germanium
describing bulk material also appears to be valid in the

space-charge region; there being two types of holes
in the space-charge region, with a light- to heavy-hole
mobility ratio approximately that found in the bulk
(b» ——8—12), and of about the same density ratio
(r-=o.o42).

2. Inclusion of two kinds of holes and one electron
allows for qualitative interpretation of the Hall coeK-
cient and conductivity as a function of surface potential,
using surface mobilities equal to bulk values.

3. Improved agreement between theory and experi-
ment is attained when Schrieffer's theoretical expres-
sions are used for the surface mobilities. The data are
in good qualitative and fair quantitative agreement
with the theory, and can be said to be the first direct
quantitative evidence of the reduction in surface
mobility as a function of surface potential.

4. The magnetoresistance data on the p-type side
also confirms the existence of highly mobile holes in the
space-charge region. The data support the theory of
reduced surface mobility.

These experiments suggest that the present picture
of the conduction process in the space-charge region of
germanium is a valid one. However, the present studies
are limited in that all samples were prepared and treated
in essentially the same manner. Of interest is the in-
vestigation of the conduction process over a wider
range of surface preparations, ambients and tempera-
tures. Materials, other than germanium, should also
be investigated. Such a study should determine whether
or not the present model has a general validity.
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