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ABSTRACT

A variable frequency, a.c. Hall effect measurement
technique has been designed for mobility studies in very
high resistivity (>109 ohm-cm) materials exhibiting
electrode space charge polarization effects. It incorporates
a neutralized input capacitance preamplifier detector
which reduces the total input shunting capacitance, in-
cluding the sample interelectrode capacitances, to a very
low, definable value (<0.1 pf) and thereby provides very
high and well defined a.c. detector input impedances
(4 x 109 and 7 x 109 ohms at 600 and 200 Hz, respectively).
Lumped parameter equivalent circuits have been defined to
approximate the electrical behavior of sample materials
in the measurement configuratiopn. These equivalent cir-
cuits, together with independent measurements of the
detector input and sample impedahces, allow one to correct
the detected Hall voltage and obtain the true value from
which mobility data may be derived. The validity of these
circuits has been established by independent a.c. and d.c.
measurements on photoconductive QCdS (dark resistivity

>1010

ohm-cm) which exhibited magximum differences of less
than 4%. The existing literatur& has been critically
reviewed and the measurement criteria established by this
study have been applied to resolve differences in reported

data and to suggest improvements in the resolution of

previously employed experimental techniques.
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I. INTRODUCTION

Recent review articles by Suptitz and Teltowl as
well as Raleigh2 among others clearly indicate the desir-
ability of improved experimental techniques for studying
the transport properties of charge carriers in materials
of interest to the fields of solid state physics and
electrochemistry. Evaluation of the relative merits of
theories designed to describe the interaction of charge
carriers with a host lattice also requires primary data
on the temperature dependence of their mobilities. In the
cases of ionic conduction such data have been generated
primarily by selectively doping the host material with a
known concentration of appropriate impurity atoms in amounts
sufficient to emphasize a particular conduction mechanism
and then to determine the associated carrier mobility from
conductivity measurements.

By comparison to the doping technique, Hall effect
studies can provide primary data on an effective mobility
when more than one charge carrier type is present,or an
absolute mobility for a single carrier. However, Hall
studies are difficult in ionic solids because of their
typically high sample impedances over most temperature
ranges of interest and the unavailability of ohmic contact
electrode materials. The latter problem requires the use

of a.c. techniques in order that space charge polarization



effects at the sample current electrodes may be minimized
and the transverse electric field normal to the Hall elec-
trodes be defined. Instrumentation which is adequate to
minimize the effects of space charge polarization at the
current electrodes and to provide adequate sensitivity

for the detection of the Hall signal has been difficult to
achieve, but several attempts to satisfy these requirements
have been made over the past fifteen years.

Macdonald3 developed an a.c. guarded input cathode
follower detector which he and Robinson4 used to measure
the mobility of photoexcited electrons in KBr at room
temperature. Onuki5 employed a modification of the
Macdonald technique to examine the mechanisms associated
with the mobility of photoexcited electrons in KBr over
the temperature range from 80 to 280°K, Redfield6 de-
veloped a transient pulse, null detection technique to
study photoexcited electron mobility in diamond and the
alkali halides. Ahrenkiel and Brown7 used a modification
of the Redfield technique to study the low temperature
mobility of photoexcited electrons in the alkali halides.
Read and Kat28 adapted a double frequency technique, first
proposed by Russell and Wahli99 for continuous measure-
ments on semiconductors, to measure the high temperature
ionic Hall mobility of NaCl. The comparable mobility
data of Onuki, and Macdonald and Robinson differ by more

than a factor of two which Onuki attributes to their



oversight of the effects of detector loading. Onuki's
work, on the other hand, can be shown to contain inherent
compensating errors. The Redfield technique suffers from
lack of sensitivity for Hall signal detection. An analysis
of the Read and Katz data indicates that the frequencies
employed were such that current electrode space charge
polarization occurred in their measurements.

There are several requirements to be satisfied if
these a.c. techniques are to be improved. First, an
accurately characterized, high impedance a.c. detector
exhibiting minimum shunting capacitance must be developed
to monitor the Hall signal. Second, a lumped parameter
equivalent circuit must be developed to represent the
sample, its driving current (or voltage) source, and the
Hall signal detector in order that operating frequencies
may be chosen to minimize electrode space charge polariza-
tion and allow one to deduce appropriate corrections for
the measured Hall signal in the presence of detector
loading. Third, the validity of any proposed lumped
parameter equivalent circuit must be substantiated by a
set of independent measurements to assure that the mobility
data deduced from this representation are truly character-
istic of the sample material. The present paper describes
an a.c. detection technique which satisfies the require-
ments outlined above. Lumped parameter equivalent circuits

are proposed to define the electrical behavior of the



sample and its associated electronics, The validity of
this representation is established by a series of a.c.

and d.c. measurements on photoconducting Cds to which
ohmic contacts can be made. On the basis of these results,
the earlier referenced literature is critically examined
and some of the apparent discrepancies and limitations

are resolved.



II. THEORETICAL CONSIDERATIONS

Hall effect measurements represent a method of ob-
taining primary data on the concentration and mobility of
charge carriers in electrically conducting solids. The

Hall effect is based on the Lorentz force equation,

F =gk + g(v x B) (1)

where F is the force on the particle with charge q, E is
the electric field, ¥V is the velocity of the particle,
and B is the magnetic field. A typical sample for obser-

vation of the Hall effect is shown in Fig. 1.

Figure 1

A typical Hall sample with dimensions
of length 2, width w, thickness t, and
coordinate axes x, y and z.



Whenever an electric field is applied in the x-direction,
a velocity Vo in the x-direction is imparted to the charged
particles. The Hall electric field is given by the condi-

tion FZ=Fy=0. The y and z components of equation (1) with

B = Bz are given by:
Fy = qu + quBz = 0 (2)
F_ = 0. (3)
Z

The velocity of the charged particles is given by
= 4
v WE_ (4)

where p is the mobility of the charge carriers. Substituting
Egq. (4) into Eq. (2), we have
0 = Ey + UE_B_ (5)
If we now designate E, as Ea for the applied field, Ey as
E.. for the Hall field, and B as the magnetic field mutually

H
perpendicular to E_ and Eye Egq. (5) can be written

= -Bu = tan 9 (6)

where 6 is defined as the Hall angle. The Hall field is

the Hall voltage divided by w, and the applied field is the



applied voltage divided by 2.

In ionic solids to which ohmic contacts cannot be made,
a space charge polarization layer is formed at the elec-
trodes within a time scale on the order of tens of milli-
seconds whenever a potential is applied. This results in
the generation of non-uniform electric fields within such
materials upon application of d.c. potentials. Since Hall
effect studies require the specification of the electric
fields existing within a material, one is forced in such
cases to employ a.c. technigques over a frequency range which
is adequate to eliminate this polarization effect and to
generate uniform electric fields throughout the material.

Hall effect studies in high impedance, ionic solids
require a careful analysis of the material and the elec-
trical detection system employed to monitor its properties.
Since a.c. detectors may have relatively low input im-
pedances compared to the impedance of a sample, it becomes
necessary to apply corrections to the experimentally
determined Hall voltage to account for the effects of detec-
tor loading. An equivalent a.c. circuit model for the
sample must be established which allows analysis of all of
the experimental conditions concerning the sample and its
environment. Although it is appreciated that an exact
model of a typical material sample would consist of dis-
tributed electrical parameters, such models are relatively

complex and do not lend themselves to simple analysis.



One therefore attempts to define equivalent lumped parameter
models which represent the distributive behavior of the
sample.

An effective equivalent circuit for a high resistivity
material, to which ohmic contacts cannot be made, is illus-
trated in Fig. 2(a). This circuit arises from the theory
of Macdonaldlofor space charge limited conduction in solids.
R, is the ordinary ohmic resistance of the sample and
XS/2 is the capacitive reactance of the space charge
capacitance layer associated with the electrode-material
interface. Xl is the reactance of the geometric capaci-
tance associated with the electrodes, and is affected by
the sample only through its dielectric constant.

One may now consider placing the sample in series
with an a.c. detector, applying a voltage VS external to
the sample, and examining the voltage Vo which will be
read out by the detector. This condition is illustrated

in Fig. 2 (b) where R2 and X, are the input resistance and

2
capacitive reactance of the detector. The output voltage
VO is given by Vo = F Vs where F is the transfer function
defined by the combination of the sample and detector
equivalent circuits. From simple circuit analysis the

expression for F is

F = Ry (3X2) (Ry + 3Xg + 3X;)

(Ry + 3X5) Ry + 3X) 35Xy + Ry(3X5) (Ry + X + 3X;)

(7)



Figure 2

Equivalent circuits used in the developmen?
of the theory. (a) a.c. equivalent circuit
for a sample to which ohmic contacts cannot
be made, where R} is the ohmic resistance,
Xs/2 is the reactance of the space charge
capacitance layer represented by Cg, and Xj
is the reactance of the geometric capacitance
Ci. (b} circuit for derivation of the
general transfer function where Rp and X2
represent the input impedance of the detec-
tor.

(c) modification of (b) for detection
of a Hall voltage. (d) simplified repre-—
sentation of circuit in (c).

{e) circuit
applicable when a space charge capacitance

layer is present at the Hall electrodes but
not at the current electrodes.
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where XC = -1/wc, XL = wL, w is the radian frequency and

j = v =1 . 1Inductive reactances associated with the
experimental configuration are completely negligible at the
low frequencies where these measurements are usually made.

Whenever XS<<R1, i.e., XS - 0, F becomes

Ry (3X,) (Ry + 3X,) (8)

s Ry (X)) (R, + 3X,) + R, (3X,) (R + 3X;)

The condition that XS<<R is satisfied by using sufficiently

1
high frequencies. This condition must be satisfied for the
applied electric field to be constant along the entire
length of the sample, and therefore derivable from the
ratio of the voltage between the electrodes and their
separation. The condition that X <<R; can be verified by
noting that the measured impedance of the sample as a
function of frequency is constant over the range of fre-
quencies used to make Hall measurements,

If one now considers the problem of detecting a Hall
voltage in high resistivity materials, one must modify
Fig. 2(b) to take into consideration that the equivalent
Hall voltage source, Vy is internal to the sample. The
resultant equivalent circuit is illustrated in Fig. 2(c).
The equivalent Hall voltage generator impedance has no
capacitive component, and therefore, the Hall voltage

source appears only in the resistive portion of the
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equivalent circuit representing the sample. This is true
because a Hall voltage is established by the charge gradient
produced by the motion of the charge carriers in the crossed
E and B fields. This motion is dependent upon the transport
properties of the charge carriers and not a priori on the
dielectric constant. In other words, if one had two mater-
ials with identical transport properties but different
dielectric constants, the generated Hall voltage would be
the same value in each material. The detected Hall volt-
age Vé would not necessarily be the same due to the
difference in the shunting effect of Cl’ whose value would
be different for the two materials because of their dif-
ferent dielectric constants,.

Notice that Xl now appears as a shunt from the input
of the detector to ground and can therefore be included in
X,. At this point it should be emphasized that X, contains
all the reactive impedance which shunts the detector to
ground. With this in mind, and with Xs<<Rl’ the circuit
of Fig. 2(c) becomes that illustrated in Fig. 2(d). This
is the circuit that will be used in making the corrections
necessary for detector loading in this work. Comparing
this circuit to that in Fig. 2(b), one sees that the
transfer function for this circuit is obtained by letting

X > 0 and Xl > o in the general transfer function F de-
s

rived for the circuit of Fig. 2(b). The expression for



13

Fx+0 X s after being rationalized is given by
s 71

2 2 02
(X,R,)“ + X5 R,R, + jJ(RS5R.X,)
Frs0, X+ = 22 2 "172 T I Rg (9)
S L 2 2
(X,R, + X,R1)“ + (RR,)

Under certain conditions, in some materials it might
be possible that a space charge condition could exist at
the Hall electrodes and not at the current electrodes
since the Hall electrodes are usually smaller in area
and may exhibit correspondingly smaller capacitance than
that at the current electrodes. Therefore, XS<<Rl is not
as easily satisfied at the Hall electrodes as it is at
the current electrodes. If this condition did exist, it
would be possible to determine Cs and thus X, = —l/mCs
by analyzing the frequency dependence of the real part of
an independent admittance measurement of the sample at the
electrodes of interest. The admittance of the sample
equivalent circuit in Fig. 2(a) is given by
is G

Y =
G 2 + S 2 G12 S

(10)

2
1 + 38
T s 2

S

where Ss = wCS, S1 = wCl and Gl = l/Rl. The real part of

Y is frequency dependent and measurements at two frequen-

cies would serve to define Cs and Rl' Figure 2 (e) illus-
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trates the equivalent circuit which would apply to the
detection of a Hall voltage if the Hall, but not the
current, electrodes exhibit a space charge capacitance
layer at the frequency of measurement., Again comparing
this circuit to that of Fig. 2 (b), one observes that its
transfer function is given by

jR2X2 (11)

1 (R2 + jX2)(Rl + jxs) + jR

2%2
The frequency dependence of egn. (l11l) is more readily
analyzed in the following form

ijZCS

X, >0
. (R.C, + R_.C_ + R_.C)
1 RyR,C_C [§~—£———— + jw( 272 17s 2 s _wzJ

27872 | RyR,CCy R,R,C_C,

(12)

upon substitution of the relations X2 = —l/mC2 and
X = -l/wCs. '
Since the true Hall voltage Vg can be found from VH

=V, F , the problem is now reduced to one of
H " Xg>0,X, >

determining the parameters which make up the transfer
function. PFigure 3 1is a schematic representation of a
typical Hall sample where terminals 3 and 5 are the cur-
rent electrodes and 1 and 4 are the Hall electrodes. There

is a geometric capacitance between each electrode and ground
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Figure 3

Typical Hall sample configuration showing the
current electrodes (3 and 5) and the Hall
electrodes (1 and 4). The driving generator
is represented by two voltage sources Va/2s
180° out of phase, each with an internal
impedance of Rs.
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and a mutual geometric capacitance between the electrodes
themselves, each of which will be indicated by the appro-
priate subscripts. Experimentally, it is easier to imple-
ment the measurement and the parameters are easier to
analyze if electrodes 3 and 5 are driven 180° out of phase
and a single ended detection system is used with electrode
4 grounded and electrode 1 as the input detector. By

grounding terminal 4, capacitance C is immediately of

4qg

no consequence and C14 becomes part of C Capacitances

1g~
C, ng, and C35 cause no difficulties as long as X3g’

ng, and X35 are large compared to the source impedance

Rs of the driving voltage generatorVa which is connected
to the terminals 3 and 5. This condition is always and
easily satisfied. Capacitance Clg returns directly to
ground, while Cl3 and C15 return to ground through the
driving generator impedance, Rg, which is small compared to
X13 and Xl5. These capacitances, therefore, constitute a
capacitive shunt to ground across the detector and become
part of the detector input impedance which enters the
expression for FXS+O, X 1> as X,. The Hall source gene-
rator resistance R, and the geometric capacitances Clg'
Cl3' and C15 must be determined by independent measure-
ments. The detector input impedance must also be deter-

mined by separate measurements. The quantities in the

transfer function are these: R, the Hall source resistance,

R2 the detector input resistance, and X, the detector
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shunt reactance made up of the detector input capacitance

Cgq and the geometric capacitances C and C Thus,

19’ C137 15°

all guantities in F are independently determined

XS—>O ’ Xl—>00

as they must be to make properly any corrections necessary
for the effects of detector loading.

Capacitance C and C also form a path from the

13 15

driven current electrodes to the high impedance detector

(= 5 % 109 ohms) causing a "misalignment" voltage to appear
which is indistinguishable from a Hall signal. If C13

and C were ideally equal, no such voltage would appear.

15
In general, since this is impossible to achieve, it is

best to make C and C as small as possible in order to

13 15

minimize this signal and thus reduce the problem of elim-
inating this "misalignment" voltage. These capacitances
are considerably reduced by placing the sample holder
within an external grounded shield and thus creating a
three-terminal capacitor whose value is proportional to

e-Az/r where A is a constant, z is the plate separation,

and r is the radius of the shield.ll For any given plate
separation z of the order of the plate size or greater, a
three terminal capacitor has much less capacity than the
unshielded type in which the capacitance is proportional
to 1/z.

It is normal procedure when discussing the Hall effect

to refer to the Hall coefficient defined by R = EH/JB,
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where J is the current density flowing in the sample.
Implicit in the definition of R is the assumption that the
current in the sample is supplied by a current source which
ideally has an infinite source impedance in relation to

the sample impedance. In practice, this is not always
attainable, and with high resistivity materials the driving
source most often appears as a voltage source to the sample
and not a current source. A more fundamental specification
of the mobility which avoids the error of implicitly
assuming a current driving source is obtained from the
measurements of the Hall angle 6 given by Eq. (6). 1If
single ended detection is used and the driving source
appears as a voltage source rather than a current source

to the sample, then only one half of the Hall voltage will
be detected as the following explanation will show.

Figure 4 (a) illustrates a Hall sample in a measurement
configuration with the lumped equivalent Hall generators
and their source resistances superimposed upon it. It is
necessary to split the equivalent Hall generator into two
identical sections because of the symmetry of the sample in
the longitudinal direction, i.e., the direction of the
applied electric field. Voltages Vl and V2 are each one
half of the Hall voltage Vy, each having a source resistance

R Figure 4 (b) shows only the lumped egquivalent portion

H.
of the configuration in Fig. 4 (a), without the sources

Va/2 but with their source resistances Rg included, in
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Figure 4

(a) A Hall sample in a Hall measurement con-
figuration with the lumped equivalent Hall source
generator and its source resistances Ry super-
imposed upon it. V1 = Vp = Vy/2. Zp = detector
input impedance. (b) Lumped portion of (a)
redrawn in a simplified manner without Vs to

show the effects of Rg on the voltage Vi de-
tected across ZD



Vg/2L180° \,/2£0°

(b)

Figure 4

21
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order to examine the effects of the various impedances in
3 - '
the circuit upon the detected Hall voltage VH‘

1
One must now determine what voltage VH,due to v, and

V2,appears across 2 the detector input impedance, for it

DI
is at this point that the Hall voltage is detected. Using

yr one finds

the principle of superposition and solving for V

.V 2 R,/2+V, (R, + R /2) Zj (13)

(RH + RS/Z)(RH + ZD) + RH Rs/z

However, when RS<<R i.e., when the driving source looks

H'
like a voltage source to the sample, there is no contribu-

¥
tion to VH from Vl and the expression above reduces to

v =v..(0) + —2D (14)
1 +

Thus, since V; =V, = VH/2,only one half of the Hall volt-
age will be detected, still subject, however, to possible
correction due to detector loading. This result has been
verified experimentally with both the a.c. and d.c. methods
for making Hall measurements. Whenever a single ended
detection system is used for high resistivity materials,
the second Hall electrode (#4 in Fig. 4 (a) ) should not

be used in order to insure that only 1/2 of the Hall volt-
age is detected regardless of the relative values of Rs

and Ry. The Hall generator resistance Ry now must be
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determined by an impedance measurement on the sample be-
tween terminal 1 and terminals 3 and 5 which are tied
together. This resistance is the resistance Ry in the
transfer function used to correct for detector loading
effects. Whenever the driving source appears as a current
source to the sample (RS>>RH), the full Hall voltage will
be detected with electrode 4 grounded.

The preceding discussion also indicates that the
analysis of a balanced detection system is reduced to the
analysis of two single ended detection systems, each of
which detects one half of the Hall voltage in the limit
of no detector loading.

Whenever one encounters very high impedance, such as
those in ionic solids, even in the photo-conducting state,
consideration should also be given to sample size in order
to optimize the experiment. Since one desires C13 and
C15 to be as small as possible, typical sample cross
sectional areas of 0.1 to 0.5 cm2 indicate that sample
lengths should be of the order of 1 cm in the three termi-
nal configuration. The typical cross sectional areas
guoted are somewhat larger than those of typical Hall bars.
However, they are especially advantageous whenever ohmic
contacts cannot be made to a specimen, precluding a four-
point conductivity measurement. This requires that con-

ductivity data be obtained from the impedance measurement

across the current electrodes of the sample. Increased
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width and thickness reduce the sample impedance and make
better impedance measurements possible, thus improving the
data for conductivity. Good results have been obtained
with bridge measurements. Increased width also increases
the size of the Hall voltage to some extent, which in some
instances can be an advantage.

In summary, these theoretical considerations require
that:

a) independent measurements be made of the equivalent
Hall voltage source resistance.

b) independent measurements be made to determine capaci-
tive effects of the electrode structure of the Hall
sample.

c) impedance measurements vs. frequency be taken to
establish that XS<<Rl at the current and Hall elec-
trodes. If this is not true at the Hall electrodes,
then Cq and Ry must be determined for use in the
appropriate transfer function. If it is not true at
the current electrodes, then accurate measurements
are precluded.

d) it be established whether the driving source appears
as a voltage or a current source to the sample since

this influences both the portion of the liall voltage

detected and capacitive loading effects of the elec-

trode structure.




e)

the detector input impedance be established at each
frequency of interest in terms of a parallel R,C

equivalent circuit.
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ITI. EXPERIMENTAL APPARATUS AND PROCEDURE

The first problem to be resolved for making a.c. Hall
effect measurements on very high resisitivity samples was
the design of a detection system with sufficiently high input
impedance, which is difficult to achieve because of the
customarily high detector shunting input capacitance.
Attempts to reduce the detector input capacitance have been
made by Macdonald,3 who developed a guarded input, unity
gain , a.c. cathode follower circuit which exhibited an

9

effective input resistance of 4 x 10~ ohms shunted by a

0.3 picofarad input capacitance over the frequency range
extending up to 4KHz. Any additional sample geometric
capacitance must be added to the detector capacitance in
this mode of operation. Onuki,5 using similar circuitry
gquoted an input impedance for his detector of 80MQ at 330Hz
and suggested that a detector loading correction of the

form Z2, /(Z., + Z ) must be made in both his work and that
in in ry

c
of Macdonald. Neither of these detection techniques were

applied to sample systems in which the a.c. results could
be compared directly with data obtained in the d.c. mode.
In surveying available commercial detection equipment,
it was learned that preamplifiers utilizing positive,
variable capacitive feedback have been used in bio-medical

research for some time to make measurements of single-cell

activation potentials through high impedance electrodes.
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This positive feedback appears as negative capacitance at
the input, which, when added to the capacitance shunting
the input, reduces it to a very low value. After examining
the specifications of several units made by different manu-
facturers, three units were secured on loan for evaluation:
two consisted of models ELSA-1 and ELSA~3 manufactured by
Electronics for Life Sciences of Rockville, Maryland, and
one was Model NF-1, manufactured by Biocelectric Instruments,
Inc., of Yonkers, New York.

A comparative study was made of the ability of these
instruments to detect signals from high impedance sources.
Since positive feedback is employed, these amplifiers become
unstable and oscillate when the feedback is increased beyond
a critical limit. The minimization and reproducibility of
the input shunting capacitance depends sensitively upon the
sharpness of the critical tuning limit which was monitored
by an oscilloscope. Furthermore, if the frequency of the
induced oscillation occurs in the frequency range being
employed in sample measurements, the onset of oscillation
appears as a continuous increase in the amplitude of the
monitored signal making precise definition of optimum
tuning practically impossible.

Of the units examined, the Bioelectric Model NF-1
exhibited the most sharply defined tuning properties. The
frequency of oscillation of each of the units depended upon

the source impedance and decreased with increasing source
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impedance. The ELSA units were found to oscillate with a
frequency which fell in the 200-600 Hz contemplated for
these studies, while the Bioelectric NF-1 oscillated at
frequencies above 1.5KHz for all values of source impedance
employed. On the basis of this examination, the Bioelectric
NF-1 was chosen for incorporation into the measurement
system.

Capacitances in the amount of C=(l—G)Cf can be neu-
tralized with the NF-1, where G and Cf are the amplifier
gain and feedback capacitance, respectively. Cf is variable
up to 25 picofarads, and the manufacturer recommends that
for this mode of operation the gain not be set above 5. All
measurements were made at a gain of 3. Therefore, the
instrument was capable of neutralizing most of the capaci-
tance of a reasonable length cable and presented a very
high impedance at the sample electrodes. A ten-turn drive
was added to the simple parallel-plate neutralization
capacitor, Cf, in order to improve the tuning resolution.

A second important problem concerns the description
of the circuit parameters with sufficient precision to allow
one to deduce the electrical properties of interest. It
should be noted that in the present mode of operation the
NF-1 neutralized all input shunting capacitance between the
sample electrodes and the detector to the limiting minimum
value obtainable prior to the onset of oscillation(0.085 pf).

Thus, a simple measurement of the input resistance R, and
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the input capacitance C2 shown in Fig. 2(d) was sufficient
to specify the transfer function at a particular frequency.
Independent measurements of the other components of C2
Klg’ C13 and ClS (Fig. 32, are not required since these
contributions are all subject to neutralization by the NF-1.
Other modes of detection, such as a guarded input preampli-
fier, neutralize only the detector input capacitance, Cd,
197 C13 3nd G5

are not only large (>1pf), but must be precisely and inde-

and the unneutralized contributions from C

pendently measured to evaluate C, for use in the transfer
function of interest.

A very high impedance, precisely characterized source
was required to evaluate the assumed RZ’CZ parallel eguiva-
lent input impedance of the amplifier. This was provided
by an especially constructed adjustable three-terminal
capacitor used in series with the variable phase function
generator which served as the a.c. signal source in all of
the present work. The arrangement was exactly as shown in
Fig. 2(b) with the conditions that R,>=, X -0 and
C; = 0.00980pf, which was the value of the source capaci-
tance as monitored with the GR 1615-A impedance bridge. The
specified accuracy of the GR 1615-A for this type of measure-
ment is + (0.01% + .00003 pf) which, when applied to the

vielded Cl = 0.00980 + 0.00013 pf. Whenever

the coupling of the amplifier through a capacitive source

value for Cl’

was sufficiently great, the behavior of the amplifier was
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not precisely defined. It was found that for best results,
Cl should be at least 1/5 the value of the least equivalent
input capacitance that can be obtained at the amplifier
input (= .05 pf).

To evaluate the frequency dependent parameters R2 and
C2, one measures the ratio of output to source voltage,
VO/Vs [Fig. 2(b)] at frequencies displaced 25Hz on each side
of the frequency of interest. The values of R, and C, are

2 2

then found from the solution of the two simultaneous

equations
\4
o = FR1.+®’ X_~0 (15)
v w
s W) 1
v
A\
® w
®2 2
i f function of
where FR1+”:XS+O is the general transfer nc
Eq. (7) simplified for the conditions R 7>, X_>o, and
C. = 0.00980 + 0.00013 pf as measured on the GR 1615-A

1
capacitance bridge. A computer program was written to solve

these equations since they were somewhat complicated.
The frequency range from 200 to 600Hz was chosen for

these measurements because the elimination of electrode
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blocking, Xs<<Rl' was satisfied in this range, and the
detector input impedance was acceptable. Macdonald and
Robinson4 indicate that any frequency above 30Hz satisfied
this condition for Hall measurements on KBr. Onuki5
estimates that CS is 150 pf/cm2 for KBr and with the
typical cross sectional areas and sample resistances that

he employed, the condition is satisfied for frequencies of
the order of 100Hz. The data of Kahn and Glass13 on the
photocapacitive effect in KBr show that a frequency of

50Hz would be completely sufficient,

A block diagram of the Hall measurement system is shown
in Fig. 5. A Model 203A Hewlett Packard Variable Phase
Function Generator is employed as the voltage source. It
provides two sinewave outputs, with individual amplitude
controls., Output B drove electrode #3 on the sample, and
its phase, which is continuously adjustable with respect to
that of output A, was normally run at 180° with respect
to output A, which drove electrode #5 on the sample. The
charge carrier type was determined by the phase of the Hall
signal from electrode #1 (Fig. 5) relative to the applied
signal at electrode #5 (Fig. 5). The phase relationship
was indicated by the lock-in-amplifier which derived its
reference signal from output A, i.e., current electrode
#5 (Fig. 5). Notice in Fig. 5 that electrode #4 was not
used since single ended detection was employed and the driv-

ing source appeared as a voltage source to the sample. In
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Figure 5

Block diagram of the Hall effect measure-
ment system. a) Variable phase, variable
frequency oscillator. b) Sample. c)
Neutralized input capacitance preamp. d)
Lock—-in amplifier. e) Strip-chart recorder.
f) Wave analyser. g) Oscilloscope.

h) Environmental chamber.
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general, it is impossible to make C13 and C cequal and to

15

exactly align the Hall electrodes, particularly with

high impedance samples, and a "misalignment” voltage appecars
at the preamplifier (NF-1) which must be eliminated. This
false signal was removed by making minor adjustments in the
amplitude and phase, about 180°, of output B of the driving
generator. A ten-turn drive was added to the phase control
on the function generator to achieve the phase resolution
required by these very small adjustments. A fine amplitude
control was added in the line from output B and consisted
of a ten-turn 10K potentiometer in series with a 50K

fixed resistor which gave resolution equivalent to a
sixty—-turn potentiometer.

The quality of the null of the "misalignment"” voltage
depended substantially upon the sample impedance level and
improved as the sample impedance decreased. The overall
stability and quality of the entire system was determined

by setting up the conditions as they were just before the

magnetic field was applied and obtaining a recorder tracing

at the output of the lock-in-amplifier which showed the

stability and noise level of the system. The zero mag-

netic field, i.e., zero Hall signal baseline, was deter-

mined from this tracing and the uncertainty in establishing

the baseline was taken as the minimum Hall signal V, (min)

i -noi i f one.
which would be required for a signal-to-noise ratio o

Figure 6 presents typical tracings showing stability and



Figure 6

Recorder tracings of the output of the
lock~in amplifier showing the noise level
and stability of the system. a) v, =
7.66 volts, R = 102 @, T = 3 sec. b)

Va = 7.66 volts, R = 106Q, T = 1 sec.

c) Va = 7.27 volts, R = 107Q, T = 300 ms.
d) Va = 7.61 volts, R = 1082, T = 1 sec.
e) Va = 7.61 volts, R = 109Q, T = 1 sec.

T is the filter time constant on the
lock-in amplifier. V 1is the applied
voltage between the current electrodes.
R is the equivalent source impedance
which the preamplifier sees. All time
scales are identical as marked.
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noise level at various impedance levels for the system
under the conditions described above. Tabulated in Table I
are the values of VH(min)/Va, which is a good quantity to
use to specify the system capability. One, of course, must
realize that individual sample properties can alter signi-
ficantly the uncertainty in determining the baseline. This
would be especially true if the sample was to demonstrate
short term instabilities which would force one to use a
shorter time constant at the lock-in-amplifier, thus
widening the noise bandwidth. These short term sample
variations can arise from slight inhomogeneous changes in

the sample and can be attributed to small temperature

fluctuations, surface contamination effects, small changes

in electrode properties, mechanical vibration, etc.

The principle source of the noise in the system as

shown in Fig. 6 was due to amplitude and/or phase "jitter”

between outputs A and B of +he function generator. Figure

7 shows a tracing of the output of a differential ampli-

fier (Keithley Model 603) which monitored the difference

(A-B) between the outputs A and B of the driving generator.
The total deviation of Fig. 7 represents approximately 5

parts in 10° of the voltage between the outputs A and B. If

. e
one uses the same technique employed to establish a baselin

for the system, the generator differential amplifier com-

i . (1 M v ” =
bination alone produces an eguivalent, '(VH(mln)/a )

4 x 10-6, which is about the same as the high impedance
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TABLE I

Tabulation of the minimum Hall Signal, VH(min), required
for a signal-to-noise ratio of one. The ratio Vn(min)/v‘_i
is given to show the effects of various impedance levels.
The applied voltage Vg and the impedance level R given are

the ones used in obtaining the tracings of Fig. 6 from

which VH(min) was determined.

R (ohns) VH(min)pV Vé(volts) VH(min)/Vc_1
10° 0.02 7.66 2 x 1072
10° 0.07 7.66 9 x 107°
107 1.3 7.27 1.8 x 107/
108 6.7 7.61 8.7 x 1077

-6
10° 13 7.61 1.7 x 10
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Figure 7

Recorder tracing of output of lock-in
amplifier with input signal from a
differential amplifier which monitored
the difference (A-B) between the two
outputs of the function generator which
served as the driving source. Applied
voltage V5 between differential ampli-
fier inputs is 1.00 volts. Lock-in
amplifier time constant T = 300 ms.
Compare with Fig. 6(c), which also has
T = 300 ms, to notice that the character

of the noise in the system is identical
to that in the function generator.
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value in Table I. Thus, one can see that this was the major
source of "noise" in the system.

Because of the neutralization feature of the preampli-
fier, rigid mounts had to be built such that there was no
relative movement between the sample chamber and the pre-
amplifier. Any relative movement caused the short inter-
connecting cable to flex, and thus, to produce a small but
definite change in the cable capacitance. This changed the
tuning of the preamp, and therefore, produced a change in
the output voltage. This voltage was indistinguishable from
a Hall voltage with respect to the rest of the analyzing
equipment and had to be eliminated. The mounts for the
preamplifier and the sample chamber were constructed from
5/8" aluminum plate. These were bolted to a 1% " aluminum
plate which formed part of the base for the magnet, and
relative movement between the preamp and the chamber was
limited to less than .001" under all conditions, which was
sufficient to eliminate this source of error in the Hall
rimental

signal. Figure 8 shows the final form of the expe

assembly.

The sample holder was constructed out of commercial

teflon with movable tabs which contained the electrodes.

i i the
These tabs were spring loaded to 1insure contact with

; i i of the
sample. The Hall leads were shielded to within 2 mm

i to
Hall electrodes, and the current leads were shielded

i ’ s to
Within 6 mm to reduce the interelectrode capacitance
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Figure 8

Final experimental assembly showing
required construction to eliminate
relative movement between the sample
chamber and the preamplifier. Marked
in the photograph is the Bioelectric
Model NF-1 preamplifier (a), and the
ten~-turn drive (b) which was added to
the preamp feedback capacitor C¢ for
improved tuning resolution, and the
end of the sample chamber (c¢) which
extends between the magnet pole faces.
Also marked is the small vacuum sys-
tem consisting of the roughing wvalue
(d), the up-to~-air value (e), and
the 11 liter per second ion pump (f).



Figure 8

en



44

a minimum. A photograph of the sample holder assembly is
presented in Fig. 9. The leads are spotwelded to the elec-
trodes and come through a nine pin feed through on a vacuum
flange to which the entire sample holder was mounted. This
unit was placed into a 1" square , non-magnetic, stainless
steel tube, which had a mating flange connected to a small
11 liter per second ion pumped vacuum system and served as
an absolute electrical shield and environmental chamber.
All materials are non-magnetic. The overall system electri-
cal shielding was sufficient to eliminate all detectable
60Hz pickup. The entire sample chamber and its integral
vacuum chamber were sufficiently small to be accommodated
in commercial, controlled environmental glove boxes for
sample loading purposes. The experimental assembly was
constructed to accommodate a wide variety of sample mater-
ials. For the present work, environmental integrity was
not a strict requirement and the vacuum system was not

employed. Only the 1" square sample chamber was used to

provide the necessary shielding against 60Hz pickup. The
magnetic field required for the Hall measurements was
Provided by a 4 inch diameter pole face varian model
V-4000 variable gap electromagnet. Fields exceeding
Mag~-

10 Kilogauss could be obtained with a one inch gap.

. : -4 t
netic field calibration was provided to within one percen

by a Bell Gaussmeter Model 120.
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. 3 . 1 -
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i i i cent
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Figure 9

Close up view of sample holder
showing the shielding of the
leads, the adjustable spring
loaded teflon tabs, the cur-~
rent electrodes 3 and 5, and
the Hall electrodes 1 and 4.
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Once the electronic signal detection circuitry was
designed and characterized and the experimental assembly
was constructed and checked out, it was then possible to
address oneself to the question of establishing the validity
of the lumped parameter equivalent circuit description
employed for analyzing the Hall effect properties of sample
materials. A comparison of a.c. and d.c. generated Hall
voltage data on a single material was considered to be the
most significant test of the models and analytical methods
proposed for the a.c. method. A sample material of high and
preferably variable resistivity to which ohmic contacts
could be made was required for this comparison.

An unoriented crystal of cadmium sulfide (Cds) having
dimensions of 9.99 x 4.34 x 104 mm was obtained from
Clevite Corporation of Cleveland, Ohio. CdS exhibits a

large Hall coefficient, and the ohmic electrode contacts

required for the d.c. measurements could be readily made

The sample was photocon-

10
ductive and had a dark resistivity of greater than 10

with an indium-mercury amalgam.

ohm-cm.

The photoconductivity property of the sample was

impedance
employed to examine the effect of sample source 1mp

on the proposed experimental and analytical techniques

i 1vi f the sample
employed in these studies. The conductivity o

was varied over about four orders of magnitude by changing

the intensity of the optical radiation impinging on the
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sample. The light source was a simple 12 volt GE #93

"high intensity” light bulb mounted in a Chemical Rubber
Company reflector lamp socket and driven by a Heathkit

d.c. regulated power supply. With a single 20 volt ex-
ception, the lamp was driven at a constant 15 volts to
achieve the maximum conductivity desired while maintaining

a constant spectral distribution of the beam. Reductions in
intensity were obtained by placing a variable cross-sec-
tional area aperture in the beam. The geometry of the
sample and the entrance aperture, which replaced the vacuum
system at the end of the sample chamberkwas such that the
sample was illuminated primarily by light reflected from the
interior walls of the sample chamber assembly. No filtering

Oof the infrared radiation was provided, but the sample and

aperture assemblies were cooled by circulation of room air

from a 25 cfm fan. Since the purpose of the illumination

was simply to change the sample conductivity, no considera-
tion was given to either the absolute intensity of the

impinging radiation or the radiation absorbed from the beam

by the sample.

A.c. and d.c. Hall measurements were alternately made

on the sample at a constant illumination level. The d.c.

measurements employed a battery supply for the current
4

. 1
electrodes and a Keithley Model 601 electrometer with a 10

input resistance as a detector. This high input resistance

eliminates any detector loading problems and allows the



49

true Hall voltage VH to be determined directly for compari-
son purposes. For conditions where there was no signal-to-
noise problem, the a.c. signal was read on a Hewlett Packard
model 302A wave analyzer. The wave analyzer scales that
were used were calibrated against the calibrated display on
a Tektronix model 556 oscilloscope, which has a specified
accuracy of 2 percent. All impedance measurements were made
with a General Radio model 1615-A capacitance bridge, which
is designed to make three terminal impedance measurements
conveniently and accurately.

In making three terminal a.c. measurements on resistors,
considerable error can be produced by distributed capaci-
tance from the resistor body to ground, which is represented
as a lumped capacitance Cg in Fig. 10(a). In the three
terminal mode only the direct impedance between the termi-

nals is measured. Any impedance from the terminals 1 and 2

does affect the

to ground is not included. However, Cg
apparent direct impedance because it is not soO simply ex-

cluded. Figure 10(b) illustrates the equivalent II-network

impedance between terminals 1 and 2, which is a capacitance

C', given by

3
2G

G' = 5> (17)

4G2 + w'C

o g

and

-C C02 .
c' = L — (18)
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Figure 10

Equivalent circuit of a resistor R

show~
ing:

a) the T-~representation with the
distributed capacitance to ground lumped
into Cq. b)) the l-representation de-
rived "by transforming the T~network in
(a). Cg is the direct geometric capaci-

tance between the resistor terminals in
both cases.
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where Go = ﬁé— . It can be seen immediately that G' is
frequency dependent and, therefore, the true value of RO is
not determined by measurement at a single frequency. However,
by taking the data at different frequencies and solving

the resulting equations in G°', Go and thus, Ro can be accu-
rately determined provided the equivalent circuit used is

a realistic one. In this particular work, this correction
was necessary only for the lowest resistivity data and
amounted to less than one percent. Data have been taken on
known resistors where this effect has amounted to a 50
percent variation from 200 Hz to 1000 Hz (see Appendix ).
Notice also that C' is negative, which, when placed in

parallel with C could give an indicated net negative

a’
capacitance. The GR1615-A bridge can indicate such a nega-
tive capacitance, and this effect has been observed both in
the present data and with resistors. If, therefore, one is
interested in monitoring capacitances, this feature must be
kept in mind.
The resistivity is defined by the expression
R = J o dg (19)
0 A

here R is the measured resistance, % is the sample length
and A is the sample cross sectional area. For the homo-

geneous, rectangular parallelopiped samples used in this

work the expression becomes
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Mobility is calculated from a modified form of Eg. (6),

given by

EH/(EaK) = - Bu (21)

where K is a factor which corrects for the shunting effects
of the current electrodes whenever the sample length-to-
width ratio is less than four.l2
In summary, the measurement procedure consisted of the
following steps.
a) An independent measurement of the Hall voltage
source resistance Rl [Fig. 2(d)] as a function
of frequency was made with the GR 1615-A impedance
bridge and the data analyzed according to Eqg. (17).
The same technigue was employed to measure the

resistance of the sample between the current

electrodes from which the resistivity was obtained

using Eqg. (20).

b) The assumed R2, C2 parallel equivalent input im-
pedance was determined by measuring the ratio
VO/VS [Fig. 2(b)] of the output voltage from the
NF-1 to the input voltage from a high impedance
capacitive source Cl at frequencies displaced 25 Hz

on each side of the frequency of interest and by



c)

d)

e)

£)

g)
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solving the simultaneous equations (15) and (16) .

At each frequency of interest, the voltage was
applied to the crystal, the preamp was adjusted
for minimum input capacitance, and the "misalign-
ment"” voltage was removed to establish the condi-
tions for a Hall measurement upon application of

the magnetic field.

The magnetic field was applied in both directions

and the resultant detected Hall voltage readings

were averaged.

The d.c. Hall voltage was measured by applying a
d.c. potential to the crystal and the d.c. Hall

voltage was detected with the Keithley 601

electrometer.

The true a.c. Hall voltage VH was calculated by

substituting the experimentally determined lumped

parameters, Rl’ R2 and C2 into Eg. (9) and dividing
the obtained value for F into the detected Hall

voltage Vé.

The mobility of the charge carriers was then

calculated using Eg. (21).



Iv. EXPERIMENTAL RESULTS

As described in the previous chapter, the input im-
pedance of the detector was derived from measurements of the

output voltage, VO, obtained with a calibrated capacitive

12

source (Cl = 0.00980 + 0.00013pf, R, >> 10 ohms) driven

1

by a fixed voltage source, VS. The ratio of Vo/vs was ana-
lyzed with a simple computer program around each center
frequency to obtain the best self-consistent values of the

assumed lumped R, C parallel equivalent detector input im-

pedance over the frequency range of interest. The deduced

detector input impedance is presented in Table II.
The indicated uncertainties in the tabulated values of

R, and C, were based upon one's ability to reproduce the

2
tuning characteristic of the preamplifier in order to mini-

mize the effective shunting capacitance. It was found that

at fixed V_, V_ could be consistently reproduced with a
s

maximum variation of +2% at each frequency. This uncer-
tainty was incorporated into any subsequently accumulated .

sample data since in the latter cases an independent tuning

of the preamplifier was required. On the other hand, for

any single set of VO/Vs data as a function of frequency, the

computer generated values of R and C were defined to better

than 1%.

Upon completion of the characterization of the equiva-

lent detector input impedance, Hall data were obtained on
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Table II

parallel equivalent detector input impedance derived

from the analysis of voltage ratios using a 0.00980 +

0.00013pf capacitive source,

C2, Detector

Frequency Capacitance
(Hz) (picofarads)
200 0.083 + 0.0009
250 0.074 + 0.0008
350 0.062 + 0.0007
400 0.058 + 0.0007
600 0.046 + 0.0006

X9, Detector

Reactance

(10°

ohms)

9.61
8.62
7.34
6.87

577

0.10

|

[=F

0.09

|+

0.08

| +

0.08

|+

0.07

R2, Detector
Resistance
(109 ohms)

11.95 + 0.15
9.85 + 0,13

7.65 0.10

|+

7.04

| +
o

.09

5.58

|+
o

.07

Detector
Impedance
(102 ohms)

~J
-
W
.
+

+0.14

o
-
S
©

|+

0.13

wn
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o
|+

0.11
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the CdS crystal at six different resistivity levels. The
data for the highest resistivity level at which complete
d.c. and a.c. measurements could be made are shown in
Table III. These data very clearly demonstrated the effect

of detector loading. The true Hall voltage, V was found

HI
to be frequency independent, which it should have been in

this frequency range if the expression for FXS*O, X+ was
10

correct. The Hall source resistance, Rl’ was 1.00 x 10
ohms for this set of data. Similar but smaller transfer
function corrections were also required for the Hall voltage
measured at the next two lower resistivities. No correc-
tions were necessary for the three lowest resistivities at
which measurements were made since the detector input im-
pedance was sufficiently high that no detector loading

occurred.

It is significant to note at this point that excellent

apparent Hall data could be obtained from the system at

9

resistivities higher than the 4.74 x 107 ohm-cm data

(Table IT). However, these data could not be corrected

to give the true Hall voltage because the impedance levels

at the sample were such (>10%1 ohms) that the resistance

.. te
data lacked sufficient precision to allow one to compu

; ore
significant values for the transfer function. Furtherm ’

be-
it was not possible to make the d.c. Hall measurement

input
cause the time required to charge the electrometer inp

; i of the
shunting capacitance from the very high resistance
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A.c. Hall data for a CdS crystal (4.74 x lO9
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ohm-cm)

exhibiting a Hall source resistance of 1.00 x lolo ohms.

Apparent Hall

Reciprocal
Transfer
Function

.
Friggﬁncy Y§§§?3351¥§> 14FX§°'X1+ml
200 4.15 2.11
250 3.59 2.33
350 3.35 2.68
400 3.05 2.83
600 2.65 3.29

(Vﬁ>= 8.70 + 0.21 millivolts

True Hall
Voltage,Vy
(millivolts)




Hall source generator was excessive. Of course, the timc
constant problem as such, does not affect the a.c. mea-
surements because the detector input shunting capacitance
has the effect of reducing the detected apparent Hall
voltage, which was subsequently corrected by the use of the
transfer function.

Table IV compares the true Hall voltages obtained
independently by a.c. and d.c. measurement techniques
applied to the single crystal of Cds, whose indicated
resistivity was varied by photoexcitation. The data was
normalized to the same applied voltage (8v) and magnetic

field (5 kilogauss) for comparison purposes.
The observed apparent Hall voltage was linear with

magnetic field and showed the expected phase reversal when

the field was reversed. The results were guite reproducible,

which is as much dependent upon one's ability to tune the

neutralized capacitance amplifier consistently as any

other condition.

An error analysis was performed in order to obtain

information about the quality of the data. The transfer

contains the three independent varia-

f .
unction FXS+O, X

17 R2 and C2. The values of R2

mined by the solution of the tw

ich could be solved to any

and C2 were deter-

o simultaneous equations

bles R

desired
previously discussed, wh
stent with the uncertainty of +2% for the

| i l .

ratio of V /Vs' The actual data
o



VH (d.C-}
(millivolts)

8.44 + 0.17

17.1 & 0.3

26.6 +

29.8

|+

38.2

|+

42.6

|+

0

0

0'

o
oo

3

o W

Vy (a.c.)

(millivolts)
8.70 + 0.23
17.6 + 0.5
27.5 + 0.6
28.6 + 0.6
38.0 + 0.9
44.0 + 1.0

Table IV

crystal sample of photoexcited CdS.

=9.99 am, w=4.34mm, t = 1.04 mm

Percent

Difference

Sk
2:9
3.4
4.0
0.5

33

* -
Lamp driven at 20 volts for this set.

Comparison of a.c. and d.c. Hall data for a single

B = 5 kgauss,

Resistivity Mobility
(ohm = cm) cm2/Vesec
4.74 x 10° 50.5
5.92 x 10° 102
8.92 x 10’ 158
3,77 x 107 173
1.52 x 107 225
6.00 x 10° 248%

09
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values of R, and c, involved the ratio of two voltage
readings from the same meter (HP302A), and a 1% rcading
accuracy was typical. Therefore, the ability to reproduce
these numbers to +2% was taken as their accuracy. The
value of Rl was determined from three terminal impedance
measurements with the GR-1615A bridge, which had a speci-

fied accuracy of 1%.

Using the expression

,F‘: a (22)

AF/F was found to be 1.2%. This value was lower than the

quoted values for the individual parameters from which F

was constructed because the complicated nature of the

transfer function provided some compensation for the varia-

tions of the individual parameters. The measurcd apparent

' Thus, the

Hall voltages, Vy, were known to at least *3%.
maximum error in Vy is 4.2%. The d.c. Hall voltages have a

i .C.
maximum error of +2%. The calculated error 1n the a

Hall voltages plus their excellent agreement with the d.c.

tivel
values shows the system accuracy can be conservatively
rated at better than 5% for the determination of the Hall
i in iance
mobility The resistivity is determined from an lmpedan
and the crystal dimen-

measurement similar to that for Ry

nding to a
sions, which are known to i0.013mm correspo g
imension. The

] d
possible 1 .3% error 1in the smallest
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maximum error in the resistivity is less than 2.5%.
The tabulated increase in mobility as the light
intensity is increased has been previously observed by
R.H. Bube and H.E. MacDonald14 in insulating materials.
This was interpreted as being due to one or both of the
following mechanisms: a) the occupancy of the charged
scattering centers is changed as the light intensity is
changed, and b) the minority carriers (in this case holes)
play a continuously changing role in the conduction pro-
cess as the intensity is increased. They reported that the
mobility has been observed to change as much as a factor
of 6 in CdS and a factor of more than 20 in CdSe under
conditions of varying light intensity at room temperature.
The agreement of the a.c. and d.c. Hall voltages of
Table IV indicates that the lumped parameter equivalent
circuit used to represent the distributed parameters of the
macroscopic sample system represents the observed behavior

within the limits of inherent experimental error.
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V. DISCUSSION

In view of the results presented here, the following
observations and conclusions can be drawn which form the
criteria that must be satisfied whenever one attempts to
make a.c. Hall effect measurements on high resistivity
materials which exhibit space charge polarization effects
at the electrodes and where detector loading may affect the
detected signal.

(a) The equivalent circuit representation of the
macroscopic sample system is valid and can be
used to derive the transfer function required to
make corrections to the detected Hall voltage in

the presence of detector loading.
(b) Regardless of the type of the detector used, the
geometric capacitance associated with the sample

and its electrodes adds to the detector shunting

capacitance and must be taken into account. The
effective input shunting capacitance contributed
by the sample geometric capacitance as well as
that of associated cabling may be minimized, but
not eliminated, by presently available amplifiers
providing capacitance compensation.

(c) Frequencies must be used such that the reactance

of the space charge capacitance layer at the

current electrodes is much less than the ohmic
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resistance of the sample so that the applied
electric field in the sample at the position of
the Hall electrodes can bo accurately calculated.
(d) It is desirable, though not absolutely necessary,
that frequencies be used such that the reactance
of the space charge Capacitance layer at the Hall
electrodes is much less than the ohriic resistance
of the sample, which determines the cqguivalent
Hall generator source rcéistance. If this con-
dition is not satisfied at the Hall clectrodes,
one must characterize this capacitance layer in
terms of a lumped parameter equivalent in order
to include its effects in the appropriate transfer

function.

(e) One must be aware that if single ended detection

systems are used ana the sample is driven with a
voltage source,which is a characteristic conse-
guence of high impedance sample materials, only

one half of the Hall voltage is detected.

It would appear worthwhile to analyze the limited
earlier literature which has been concerned with Hall effect
Measurements in high resistivity materials, which are sus-
Ceptible to electrode space charge polarization effects and

to establish the extent to which the criteria ennunciated

here have received consideration. Comparisons of the



65

reported sensitivities for detection of the Hall signal
with that of the present study would also be in order. For
convenience, the discussion may be classified according to

the basic experimental technique employed in the studies.

Single Frequency Technique
With Guarded Input Detector

Macdonald and Robinso_n4 employed the guarded input,
capacitive compensated high impedance detector developed
by Macdonald3 to make a.c. Hall measurements on photo-
excited electrons in radiation colored KBr. Macdonald
has shown on theoretical grounds that typical apparent Hall
mobilities monitored by a.c. techniques in high resistivity
materials exhibiting electrode space charge polarization
would be expected to exhibit a relatively constant value
over an extended frequency range and to decrease from this
value at both lower and higher frequencies due to the
effects of electrode space charge effects and detector
loading, respectively. They present frequency dependent
mobility data on one sample illuminated at three different
intensity levels in which the apparent Hall mobility de-
creases with increasing frequency, characteristic of
detector loading effects. The low frequency (<200-400 Hz)
limiting mobility value of l2.5<:m2/V-sec was taken as the

correct one since it was assumed that there were no
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detector loading effects in this frequency range. The data
of Onuki5 and Kahn and Glass13 (both of which will be
discussed), and to a lesser extent, that of Redfield6
indicate that 30 cmz/v.sec i1s more nearly correct.

The principal assumption in choosing the plateau value
of 12.5 cmz/V.sec is that in this frequency range the
polarization and detector loading effects are either
compensating or absent. One may examine their data and
obtain an explanation for the difference between the 12.5
and 30 sz/v + sec values by considering the effect of
Eg. (12) which defines the transfer function associated
with a measurement of this type. Their sample resistances,
Rl’ ranged approximately from 107 to 108 ohms, and the
detector input resistance, R2, was greater than 4 x 109 ohms.

Thus, Eg. (12) can be simplified for the case Rz->oo and

becomes

(23)

|
H

. 15
This expression is in standard form for making a Bode plot

which describes the frequency dependence of function.

Using 30 cmz/V»sec as the "correct" value and
Macdonald and Robinson's low frequency limiting value of
12.5 cm?/Vesec, one sees that (C, + C_)/C_ = 30/12.5 = 2.4.

The gquantity (Cp + Cg)/R1C2Cg is the corner fregquency ,
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wclof the Bode plot, i.e., the frequency at which the

response of F is 3 db less than the low frequency

Xl ’ R2+00

limiting value. The smaller R the higher will be w_ -

17
The highest corner frequency indicated is w = 6 x 104 Hz
which corresponds to the highest light intensity and
lowest Rl = 107 ohms., Using the ratio (CS + C2)/CS = 2.4,
is found to be about 4 pf which then indicates that
C., = 3 pf. Now using the two lower corner frequencies,

2 x lO4 Hz and 3 x lO3 Hz together with the values

€
1

obtained for the capacitances Cs and C2, one finds values
for Rl of about 3 x 107 and 2 x 108 ohms, respectively,
which are consistent with their reported values. Whenever
one realizes that with a guarded input detector C, contains
the detector shunting capacitance (0.3 pf) and C,,plus G ¢
(Fig. 3), each typically being 1-2 pf, the value of 4 pf is
reasonable. Furthermore, Onuki5 reports the space charge
capacitance in KBr is approximately 150 pf/cm2 for silver
paint electrodes. The value CS = 3 pf implies a reasonable
0.02 cm width line of contact for the knife edge electrode
employed by Macdonald and Robinson across the 1 c¢m thick
sample. Thus, the data of Macdonald and Robinson is
consistent with and can be interpreted readily on the basis

of a space charge capacitance at the Hall electrodes and

detector loading effects, neither of which was considered

in their work.
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They a'so present one set of data for an additively
colored KBr sample in which the apparent mobility decreases
at both low (<150 1iz) and high (>1 KHz) frequencies with a
plateau between corresponding to 7.5 cm2/V.sec. Though
insufficient data is available to arrive at component
values, this characteristic shape and reduced plateau is
predicted by Eg. (12), when Rl is of the same order of
magnitude as R2.

Thus, one concludes that the plateau in apparent
mobility measurements may or may not correspond to true
mobility, depending upon the magnitude of detector loading
corrections and space charge effects.

Macdonald and Robinson were able to null the

"misalignment" voltage to approximately 1 mv which corres-

- . -5
ponds to a detection sensitivity of VH(m:Ln)/Va ~ 10 —,
assuming they were using their maximum value of Va = 100

-7
volts., This may be compared to the values 1.8 x 10 and

7 (Table 1) at lO7 and lO8 ohms sample impedances,

8.7 x 10
respectively, which were obtained in the present work.

Onuki5 later employed the experimental technique of
Macdonald and Robinson to measure the temperature depen-—
dence of the lall mobility of photoexcited electrons in
KBr over the range 80 K<T<280 K at a single frequency

(330 Hz) which was considered to be sufficiently high to

minimize space charge polarization effects at the electrodes.
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He was aware of the problem of detector loading and applied

a correction to his measured Hall signal, V!, of the form

H'

Vg = [(ZD + ZH)/ZD] V%' where Z, was the measured detector

input impedance (8 x 107 ohms) and ZH was the measured

impedance between the two Hall electrodes (vl to 3 x 109

ohms at room temperature),

Onuki used single ended detection and therefore
actually measured only one-half of the generated Hall
signal in view of the condition of a voltage driving source
associated with the high sample impedance. This condi-
tion also requires that ZH be measured between one Hall
electrode and the current electrodes which are tied together
as indicated by Fig. 4, rather than across the two Hall
electrodes which corresponded to Onuki's measurement.

Even Onuki's approximate correction should have read

VH = 2(ZD + ZI'{)/ZD Vé , where Zé is the impedance between
one Hall electrode and the two current electrodes. From
Onuki's typical sample geometry, one may show Zﬁ = ZH/

(0.6 + 0.045 cm/d) where d is the width of the Hall elec-
trode. For d of the order of 1/10 of the sample length

of 0.40 cm, one observes that Z;{m(l/Z)ZH and the two errors
The

introduced by Onuki tend to compensate one another.

net result is the generation of Hall mobility data that

compares favorably with that of Kahn and Glassl3 (room

temperature) who employed a more indirect method of



70

measurement, and the low temperature data of Redfield6 ’

obtained with the transient pulse Hall technique.

Two additional inconsistencies appear in Onuki's
data. The temperature dependent correction factors deduced
from his data differ by a factor of twenty for two
different samples of similar geometries. Such a variation
cannot be resolved from an anélysis of potential errors in
the described experimental technique. Also, the tempera-
ture dependence of his reported "conductivity" data
(o0 = l/ZH) does not conform with that predicted by theory
for the specific conductivity of any known class of solids,
photoexcited or otherwise. If ¢ 1is considered to be the
real part of the admittance, then its temperature depen-
dence, which contains both a resistive and reactive
contribution is sufficiently complicated to provide the
possibility of generating the inflexion observed in the
data. The same statement holds if the data presented
actually correspond to 0o = l/lZH]. However, information
on the activation energies for carrier diffusion and the
bimolecular recombination coefficient of electrons and
F-centers is not available, and no detailed analysis of
his experimental results is feasible.

Onuki reports the maximum sensitivity of "the device"”
was 3 x 10—3 volts/ma. Using the reported impedance

10

between the current electrodes of about 10 ohms and
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his maximum applied voltage, Va' of 200 volts, one finds
that VH(min)/Va =~ 3 x 10-10. This value is very low

and 1is apparently not representative of the entire system
because Onuki reports mobility values of 27 + 5 and

31 + o cmZ/V-sec for two individual samples at room
temperature. Using Ap = 5 cm2/V-sec as the system capa-
bility, B = 4500 gauss, and 2/Kw = 3.3, for Onuki's
system, one finds V. (min)/V_ = 6.8 x 107> which is of the
same order of magnitude as thatobtained in this work at
109 ohms (Table I). This value for VH(min)/Va is the one
which should be used since it is certainly more indica-
tive of the guality of the final results which could be
obtained with his Hall effect measurement system. In
Onuki's work, the capacitances C15 and C13 also add

to the detector input shunting capacitance as shown in
the discussion of Macdonald and Robinson's work.

However, in view of the already low detector input im-

pedance of Onuki's detector, the capacitances C13 and

C15 were relatively unimportant.

Double Frequency Technique

Russell and Wahlig9 first proposed a double frequency
a.c. technique for making Hall coefficient measurements.
By driving the magnetic field at 60 Hz and the current
electrode voltage at 70 Hz, they were able to analyze the

Hall signal generated at the difference freqguency after
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introducing adequate bucking sections to minimize the
undesired mixing occurring throughout the circuit. The
technique was applied to semiconducting materials having
resistances of less than a few thousand ohms. For their
2xlO3 gauss magnetic field, they quote an anticipated
mobility sensitivity of 1 cm2/V'-sec corresponding to a
[VH/Va] X [&/(Kw)] = 2 x 10—5 for their low (f}x103 ohm)
resistance materials. The present results demonstrate a
capability of obtaining a Vymin) /v = 2 x 1077 at a sample
resistance level at least one hundred times higher. The
geometric factor [%/(Kw)], which involves the sample length
(2), width (w) and the Isenberg, Russell and Greene
Hall correction K, ranges from 1 to 10 for typical sample
systems. The presently reported technique represents an
approximately three order of magnitude improvement over
the method employed by Russell and Wahlig.

Read and Katz 8 have briefly outlined a modification
of the Russell and Wahlig 2 technique which they applied

to measurements of the apparent Hall mobility of NaCl over

the temperature range from 610 to 780 C. A referenced

elaboration scheduled for subsequent publication has never
appeared in print. They incorporated an ultralinear

. . 16 N
cathode follower circuit designed by Read to minimize
mixing of the 85 Hz current electrode voltage and the 60 Hz

magnetic field drive which was used to generate the

monitored 25 Hz Hall signal. Hall mobility was calculated
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from the voltage (Va) applied to the current electrodes

and the geometrically corrected (after Isenberg, Russell
1 :

and Greene :% measured Hall voltage (VH) together with the

applied magnetic field (B);

V' A%
no= (—2 oy (B - 210 (H (24)
Kw B V B V
a a

Their data falls in the range of that obtained with ion
drift mobility measurements. Although NaCl characteristi-
cally exhibits electrode space charge polarization cffects,
no mention is made of any attempts to eliminate or minimize
the errors associated with this effect in their study.
Furthermore, there is no indication that any attempts were
made to minimize the shunting input capacitance of their

assumed high input resistance Hall signal detector which

could result in detector loading. In view of the previous-
ly described results of the present paper, it would

appear worthwhile to examine the possibility of error
introduced by these effects in the Read and Katz study.

An estimate of the error, introduced by assuming that
the electric field is uniform between the current electrodes
and can be represented by the ratio of the applied voltage
(Va) to the geometric length (%) of the sample,can be
obtained from literature data on the properties of NaCl.

One may extrapolate a zero frequency space charge
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capacitance, CO, of 240 pf cm_2 at 331 C from the data of
Wimmer and Tallanl7and employ this without frequency
modification at the low frequencies gquoted in the Read and
Katz study. It can be shown (see Appendix B) from the
theory of Macdonaldloand the data of Rothman, et. al.l8 ’
that the corresponding capacitances at the limits of the
temperature range are CO(610 C) = 7.3xlO3 pf cm--2 and
Co(780 C) = 2.4xlO4 pt cm—z. Biermann's data19 for the
resistivity of "pure" NaCl give approxXximately p (610 C)
=7x104ohm-cm and p{(780 C) = 2X103onm~cm. No data on
specific sample geometry are given by Read and Katz other
than the statement that samples were "square"; however,
the value of [¢/(Kw)] = 2.10 used in their calculations
corresponds to an &/w=2, so we may assume sample dimensions
of 2= 1.0 cm, w = 0.5 cm and t = 0.5 cm. The sample

equivalent series Rl, CS impedance component values

[Fig. 2(a)] across the current electrodes at 85 Hz are

2x106 ohms and

[
R

R, (610 C) 3x10° ohms, X_(610 C)

6x105 ohms. Thus,

R
R

Rl(780 C) 8XlO3 ohms, XS(780 C)
7 <Xs/Rl<75 and most of the voltage drop occurs at the
current electrodes. Therefore, the assumed VA/Q used to
compute the mobility does not represent the voltage
gradient at the Hall electrode position near the center of
the sample (v2/2).

To examine possible errors in measurements at the Hall

| ]
electrodes, it is useful to consider Vy = 2Vy/F, where
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VH and VH are the true and measured Hall voltages, respec-
tively, F is the appropriate transfer function which depends
upon the degree of detector loading, and the factor of 2 is
contributed by the fact that the high sample impedance
(>lO5 ohms) results in a voltage driving source, and with
single ended detection only one half of the Hall signal is
detected. Assuming that the sample resistance between the
Hall electrodes is of the same order as that between the

5

current electrodes (<10~ ohms) and small compared with the

electrode space charge reactance and detector input imped-

ance, the transfer function given in Egq. (11) becomes
1 X Xs
=1 + = + 3 (25)
Fxl—>oo X2 R2

Assuming a typical Hall electrode width of about 0.1 mm ,
one obtains for the space charge capacitance the values
X_(610 C) = 3x10° ohms and X (780 C) = 1x10% ohms at the

25 Hz Hall signal freguency. Read and Katz do not describe

the input characteristic impedance of their detector but it

is known from Read's workl6 that although it could be made

to have a high input resistance, it did not incorporate

capacitance compensation. For a typical cable capacitance

. 8
of 64 pf, X2 at 25 Hz 1is le08 ohms. Assuming R2>>10 ohms,

one finds 1/Fy . (610 C) = 4, 1/Fy ., (780 Cc) = 2. The

expression for calculating U which incorporates these
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corrections is given by :

. ,  ®mex i ) v, (T)
1 I ] y (26)
KwB F(T) Rl(T) v

u(T) = [

a

where VQ(T) and V; are the measured Hall voltage and the
measured voltage applied to the current electrodes. Sub-
stituting for F(T), Rl(T) and XS(T), one obtains

v, (610 C)

L(610 C)= 56[—%——] H__ = 56 g, (610 C) (27)

Kw B v
a

1
N v (780 C) _
p (780 C) = 300 [ ] : 300 u

Kw B \Y
a

(780 C) (28)

RK

where Mpg are the values reported by Read and Katz.

The conservative correction factors that this analysis
predicts for the data of Read and Katz are not only large
but would effectively increase their reported activation
energy for the Hall mobility by a factor of about five.

The variation (=10) of applied electric field, V;&,, with
temperature in the region of the Hall electrodes should have
been sufficient to make the observed Hall signal decrease
with increasing temperature for the factor of four increase
in Hrx Which would be consistent with typical mobility

activation energies (v0.8 ev) in this temperature range.

It does not appear possible to resolve the absence of this



77

effect in view of the space charge polarization that must
have existed at the electrodes. The partial compensation
afforded by the temperature dependence of the transfer
function is insufficient to cancel the effects at the
current electrodes, The failure of Read and Katz to submit
the scheduled subsequent elaboration of their work for
publication may be related to problems arising from con-
siderations similar to those mentioned here.

Read and Katz report a detectable Hall voltage sensi-
tivity of leo_gv, and an analysis of their mobility
uncertainties suggests that the driving voltage was between
5 and 50v. Thus, 1077 < v, (min) /v < 10‘8'at effective
sample impedances of 106 ohms (assuming the capacitance
reactance is present and dominates) compared to the present
9 9

results of 2x10 at sample resistances

of 105 and 106 ohms, respectively.

< VH(mln)/Va < 9x10

Transient Pulse, Null Detection Technique

Redfield6 developed a transient pulse null technique
for measuring the mobility of photoexcited charge carriers
in diamond and the alkali halides. Ahrenkiel and Brown7
also employed this same basic technique with some experi-
mental modifications to measure the mobility of photo-

excited electrons in the alkali halides.

Redfield provides a very complete discussion of the
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technique. The basic features are illustrated in a schem-

atic fashion in Fig. 11 and consist of the following:
(a) A light pulse is used to excite the charge
carriers into the conduction band.

(b) The applied field is produced in the crystal by

the voltage, Vs applied across (not between) the

semiconducting electrodes on either side of the
sample, which is in a magnetic field.

(c) A charge flow between the electrodes produced
by the Hall effect is detected by the charge
detector (A).

(d) The value of the Hall voltage is then the value
of the series voltage (B) required such that no
charge flow is indicated (A) whenever the light

is pulsed on.

The technique is relatively inaccurate at low mobility

values. Redfield 6 reports a minimum mobility value of
25 cmz/V-sec with + 100% uncertainty. Ahrenkiel and
Brown ’ report a minimum resolvable mobility of 50 sz/
V.sec with an uncertainty of + 50%. This relatively high
minimum resolvable mobility can be explained on the basis
of detector loading using the equivalent circuit of Fig.
2(d). The Hall voltage source, VH’ is now a pulse gener-—
ator; R, is the output resistance of the Hall source;

1

and R, and C2 still represent the input impedance of the



79

Figure 11

Schematic representation showing

the basic features of the Redfield
transient pulse, null technique.

The vector diagram indicates the
relative directions of the fields
involved. A is the charge detector,
B is the variable series voltage,

C is the sample with semiconducting
transparent electrodes on each

side.
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b

Figure 11
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charge detector. Since this is a null technique, the
relative values of Rl and the input impedance of the charge
detector are not a primary consideration.

The minimum resolvable mobility for any given set of
conditions is determined by the minimum charge sensitivity
of the detector, which determines the resolution at the
null point. If C2 is large, the minimum charge sensitivity
is raised because more charge is required to raise the
voltage to a measurable level at the detector input.

Since the quantity of charge flow per pulse of light is
fixed, it is apparent that the minimum resolvable mobility
would be lowered in direct proportion to the extent to
which C2 could be reduced. Incorporation of a neutralized
input capacitance preamplifier would be an effective means
of reducing C2 as has been shown in the present work.

Redfield and Ahrenkiel and Brown worked with sample
impedances of approximately lO7 ohms. The results of the
present study (Table I) indicate a VH(min) = 1.3 x 10—6

volts at 107 ohms for unity signal-to-noise which corres-

3

ponds to a mobility of about 5 x 10~ cmz/v-sec for a

length-to-width ratio of 2.5. This is in marked contrast
to the value ( 30 cmz/V-sec) available with the pulse
technique. One should also note that the pulse technique
is limited to photoconductivity studies and that thin

samples are required to avoid errors due to fringing

effects at the sample edges.
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Mobility Deduction From

A.C. Impedance Measurements

Kahn and Glassl3 have used the equivalent circuit of
Fig. 2(a» which is derivable from Macdonald's theorylO for
space charge conduction, to deduce the mobility and concen-
tration of photoexcited electrons in additively colored
KBr. This is accomplished by making impedance measurements
as a function of frequency on the sample and fitting the
real part of the data to the first term in Eg. (10) and
the imaginary part to the remaining terms of Eq. (10) to

find G, and CS (Ca)and Co in the notation of XKahn and

1
Glass, and Macdonald). The ohmic conductance Gl yields
the conductivity directly and Cs vields the charge carrier
concentration which allows one to obtain the mobility.

The material in question must satisfy certain con-
ditions, however, before the above technique can be used.
These conditions are:

(a) ©No charge may flow through the electrode sample

interface; i.e., totally blocking electrodes.

(b) The usual equations for diffusion conductivity

must apply.

(c) The ionization rate constant is much smaller
than the recombination rate constant, i.e.,
low dissociation.

(d) Bimolecular recombination is assumed.
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The data presented by Kahn and Glass seem to indicate

the above conditions were reasonably met in KBr, and

they report a mobility of 32.2 cmZ/V-sec. It should be
noted that there is no direct method of checking the
results obtained in this manner other than by Hall effect
measurements, and many materials of interest do not
satisfy the necessary conditions for use of this technique,

especially the requirement for totally blocking electrodes.
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VI. CONCLUSIONS

On the basis of the present experimental results and
an analysis of the existing literature concerning Hall
effect measurements in high resistivity materials exhibiting
electrode space charge polarization effects, the following
conclusions appear to be in order.

It is possible to design an a.c. detection system
employing a capacitive compensation feature which reduces

the detector shunting capacitance, referenced to the sample

electrodes, to a small (<0.l1 pf) and accurately definable

value compatible with a.c. measurements over a frequency
range extending up to a few KHz. Effective detector input
impedances of 4 x 109 to 7 x 109 ohms have been demonstrated.
at frequencies of 600 and 200 Hz, respectively.

Lumped parameter equivalent circuit elements have
been developed to approximate the true, but unmeasurable,
distributed parameters associated with a typical macro-
scopic sample system. Independent measurements of the
lumped equivalent parameters allow one to select the
lowest signal frequencies required to sufficiently mini-
mize space charge polarization effects at the sample
electrodes and to accurately analyze the corrections
required to obtain the true Hall signal from the measured
value, which may be biased by the effects of detector

loading and the Hall source configuration in the sample.
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The utility of the proposed equivalent circuits has been
demonstrated by studies of the Hall mobility of carriers
in photoexcited CdsS. Ohmic contacts can be made to cds,
and a.c. and d.c. measurements agreed within a maximum
difference of 4% after applying experimentally determined.
Hall signal transfer function correction factors of up to
3.29 in the a.c. data.

It has been demonstrated that when space charge
polarization effects are sufficiently minimized at the
electrodes, the Hall source generator impedance can be
treated as a pure resistance. This result provides a
considerable simplification of the transfer function re-
quired to obtain the true Hall signal from the measured
data. This result also appears to be justified by the
observation that there is no apparent physical reason why
the transport properties of the charge carriers should
depend upon the dielectric constant in such a way as to
cause the output impedance of the equivalent Hall source
generator to exhibit a reactive component.

It has been noted that for high impedance sample mater-
ials , the signal generator driving the sample appears as a
voltage source because of its relatively low output im-
pedance., If single-ended detection of the Hall signal is
employed in this case, only one half of the Hall signal
will be detected. Furthermore, the Hall source resistance

required in the transfer function to correct the measured
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Hall signal corresponds to a measurement between the
detector Hall electrode and both of the current electrodes,
these being coupled together. Analysis of existing
literature has shown that this feature of the measurement
has not been appreciated, and unrecognized errors of a
factor of two have been incorporated into the Hall measure-—
ments. Furthermore, whenever the driving source appears

as a voltage source to the sample, the interelectrode
capacitances between the Hall and current electrodes add
directly to the detector shunting capacitance, which
increases the detector loading of the Hall signal.
Capacitive compensated preamplification of the type
described in the present work provides maximum capacitive
neutralization down to and including these interelectrode
capacitances, and this technique is much to be preferred
over previous guarded input, cathode follower types whose
neutralization capability only extends through the detector
cabling. Also, it should be noted that in high impedance
samples, Hall data discussions should be restricted to
consideration of the Hall angle only, rather than the

Hall coefficient, since the latter implicitly assumes a

current rather than a voltage source as viewed by the

sample.

The existing literature has been critically reviewed
on the basis of the results of the present study. Analysis

of the data of Macdonald and Robinson has shown that their
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apparently low values for the Hall mobility of photocxcited
electrons in KBr can be explained by the precsence of
neglected detector loading. The work of Onuki on KBr

has been shown to contain two large and approximately
compensating errors associated with incorrect analysis of
the effects of detector loading and failure to recognize
that the single-ended detection techniques employed ac-
tually measured only one half of the Hall signal in this
material. Both of these studies employed the guarded
input, cathode follower detector and each failed to recog-
nize the inherent detector shunting introduced by the
sample interelectrode capacitances. The relatively poor
Hall signal resolution reported by Redfield, and
Ahrenkiel and Brown using transient pulse, null detection
techniques to study the mobilities of photoerciited
carriers in diamond and the alkali halides can be explained
by the present work in terms of detector loading. Sugges-—
tions for improving the resolution of this otherwise

fine technique by minimizing the input capacitance of the
null detector have been provided.

The sensitivity of the present technique for the
detection of an a.c. Hall signal in high resistivity
materials has been shown to be equal to or better than that
reported in the existing literature. Of even greater
significance, however, is the ability of the present tech-

nigue to correct these measured data to obtain the
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information necessary to predict the true physical proper-
ties of materials under investigation.

Finally, this study suggests that further improvements
in a.c. Hall measurements will be provided by improvements
in the dynamic range of available impedance bridges and
improvements in the drift properties of available a.c.
signal generators. The present detection technique and
the apparent validity of the lumped parameter, egquivalent
circuits developed in this study are capable of generating
corrected Hall signal data for materials exhibiting im-
pedances a couple of orders of magnitude larger than those
studied to date if more sensitive a.c. bridges become
available to specify the value of the circuit parameters
required in the transfer function employed to correct the

measured Hall signal data.
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APPENDIX A

THREE TERMINAL IMPEDANCE MEASUREMENTS

In making three terminal impedance measurements on
resistors, considerable error can be produced by the dis-
tributed capacitance between the resistor body and ground.
Through the use of equivalent circuits, such as given in
Fig. 10, it is possible to analyze the frequency dependence
of the real and/or imaginary part of the impedance seen at
the terminals and obtain the gquantities of interest.
However, the equivalent circuit of Fig. 10 is not universal
and does not always apply beyond even a very limited
frequency range.

Table A-I tabulates the data obtained from an impedance
neasurement on a 109 ohm resistor in the three terminal
mode. A computer program was written to select the best
value of GO and Cg in Eq. (17) to fit the measured conduc-
tance G'. Any combination of points up to 1 KHz gave very
good results as can be seen by examining Table A-II.
However, any set containing the 5 KHz point gave very poor
results showing that the assumed equivalent circuit is not
valid up to 5 KHz. No additional points were tried and
the additional data are presented to illustrate that G'
displays a nearly constant value from 5 to 20 KHz which

Eq. (17) does not predict.

To further illustrate the difficulties which can be

8
experienced, data are presented in Table A-III for a 10 ohm
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Table A-I

The data taken on a 1.00 x lO9 :g% ohm resistor in the

three terminal mode. C = Cd + C',

Frequency (Hz) C (pf) G. (¢ mho)
200 ~0.1349 .000964
500 ~-0.1146 .000822

103 ~0.0729 .000541
5 x 103 ~0.00403 .000140
10 x 103 -0.00043 .000133
13 x 10° 0.0002 .000133
15 x lO3 0.00018 .000134
20 x lO3 0.00038 .000136




Table A-ITI

Results of a computer fit of the data of Table A-I to

Eg. (17) to determine RO.

Combination of Points Used (Hz) Ro (lO9 ohms)
200, 500 1.003
500, 1000 1.006
1000, 5000 1.63
200, 500, lo000 1.004
200, 500, 1000, 5000 1.258
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Table A-III

Data taken on a 1.00 x 108 + 1% ohm resistor in the thrce

terminal mode. C = Cd + C'.

Fregquency G (umho) C (pf)
200 .00873 -3.250
400 .00568 -2.558
600 .00265 ~-1.844
800 .00025 -1.236
900 -.00056 -1.007

1000 -.00125 -0.804
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resistor with a much longer body than the lO9 ohm resistor.
Notice that G' goes negative between 800 and 900 Hz.

E.W. Rusche20 has found that an equivalent circuit for
a resistor with two capacitances to ground similar to that
of Fig. 10(a) predicts a negative conductance upon making
the two required transformations to arrive at a Ill-network
equivalent circuit analogous to that in Fig. 10(b).

Thus, when making three terminal impedance measure-
ments, care must be taken to insure that errors are not

introduced by the experimental configuration itself.
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APPENDIX B
SPACE CHARGE CAPACITANCE TEMPERATURE DEPENDENCE

In the theory of space charge polarization of

10

Macdonald ©7, the zero frequency space charge capacitance

per unit area is given by

C = ____8.____.__ (B"l)

where LD is the Debye length given by

Ly = lext/(ane? ¢ )1t/? (B-2)
where ¢ is the dielectric constant, k is Boltzmann's constant,
T is the temperature ( K), e is the electronic charge,

and CO is the charge concentration. The temperature range

of 600-800 C for NaCl is in the region of intrinsic conduc-

i = = i form
tion (nO P, co) and c, is of the fo

= -~B X B-3
cg A exp( Lf/ZAT) ( )

where Ef is the energy of formation of a Schottky defect

pair. Substituting Eq. (B-3) into Eq. (B-2) and this result

into Eq. (B-1l), one obtains the expression for Cj.

2 -Ef/kT
Co = 1/2 [£e7A ,1/2 [E—_I77—] (B-4)
Ik T



Using the data of Wimmer and ‘I‘allanl7 on WNacCl, Cy (331 ¢C)

= 240 pf/sz, the temperature dependence of C_, is given by

0

Co (T) : (T.)l/2 ] [e—Ef/kT
o Eg/ T 172

—_—
CO(33l C)

Using Rothman, et. al, 18 data, Ef = 2,38 ev/atom and
k = 8.64 x 10-5 ev/( K « atom) the required values of
C, (610 C) = 7.3 x 10° pf/cm” and C, (780 C) = 2.4 x 104
pf/cm2 used in the analysis of Read and Katz's work8 can

be found.
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