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A microwave absorption technique based on cavity perturbation theory is shown to be
applicable for electrical conductivity measurements of both a small, single-crystal particle and
finely divided powder samples when o values fall in either the low (c<0.1 Q! cm~!) or the
intermediate (0.1 <o <100 Q! cm~1) conductivity region. The results here pertain to semicon-
ductors in the latter region. If the skin depth of the material becomes significantly smaller
than the sample dimension parallel to the E-field, an appreciable error can be introduced into
the calculated conductivity values; however, this discrepancy is eliminated by correcting for the
field attenuation associated with the penetration depth of the microwaves. A modification of
this approach utilizing the skin depth allows a first-order correction to be applied to powder
samples which results in the accurate measurement of absolute o values, and results with doped
Si powders are compared to o values obtained from one small single particle using this micro-
wave technique as well as reported DC o values determined with single crystals. The use of this
microwave absorption technique with small particles having high surface/volume ratios, such
as catalyst supports and oxide catalysts, under controlled environments can provide fundamen-
tal information about adsorption and catalytic processes on such semiconductor surfaces. An
application to a ZnO powder demonstrates this capability.

Keywords: microwave absorption; electrical conductivity; single crystal particles; doped Si
powders; ZnO powder

1. Introduction

The measurement of electrical properties is vital to the semiconductor industry
because of the precision required in the manufacture and application of semicon-
ductor devices [1]. Knowledge of electrical properties is also extremely important
for many finely divided solids, such as semiconductor catalysts and catalyst sup-
ports, particularly when determining effects of chemisorbed gases and metal-sup-
port interactions such as those described by a Schottky barrier. Unfortunately,
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these materials typically are powders comprised of very small particles with high
surface/volume ratios. Consequently, the DC and low-frequency AC measure-
ment techniques routinely used with large amorphous particles and single crystals
become inapplicable, or at least very complicated, because electrodes cannot be
attached to an individual particle and because charge carrier hopping across grain
boundaries and inter-particle contacts introduces significant error into measure-
ment of pressed-powder samples [2-4]. The microwave absorption technique is a
unique method of measuring conductivity of powder samples which requires no
physical electrode contact with the sample and uses a frequency high enough to
avoid the necessity of grain boundary or inter-particle charge carrier hopping [4,5].
It also has the advantage of easily allowing a controlled environment for surface
chemistry and catalysis experiments when the sample tube is connected to a UHV
gas adsorption system [4].

A cavity perturbation method at microwave frequencies has been used to meas-
ure electrical properties of CdTe [6], superionic conducting glass [7], germanium
[8], superconducting YBa,Cu,O; with Gd [9], as well as other materials [10,11].
Recently, this method has also been applied to calculate microwave dielectric and
magnetic parameters [12]. Compared to the DC method, this microwave absorp-
tion method for measuring electrical conductivity has the following advantages: (1)
the current flow pattern is less dependent on the sample geometry, (2) both surface
and bulk electrical properties are measured because the microwave radiation pene-
trates throughout the sample, (3) problems of ohmic contact voltage between the
sample and the electrode can be eliminated, and (4) absolute values can be obtained
with powders because charge carrier hopping across grain boundaries and inter-
particle contact can be avoided or minimized. Furthermore, when combined with
charge carrier mobility measurements in the same cavity using a microwave Hall
effect technique, charge carrier densities can also be calculated [4,13].

Based on cavity perturbation theory describing the perturbation of electromag-
netic waves inside a resonant cavity induced by a sample possessing a dielectric con-
stant [14], equations relating the conductivity, o, to measurable cavity properties
can be derived for: (1) alow conductivity region with 0 <0.1 Q7! cm~!, (2) aninter-
mediate conductivity region with 0.1<o<100 Q! cm™!, and (3) a skin-depth
region with o> 100 Q™! cm™! [15-19]. This paper describes both the derivation of
the equations required to make these measurements and the application of these
equations to determine the conductivity of various well-characterized, doped Si
single-crystal semiconductor particles as well as Si powder samples to verify the
suitability of this technique for finely divided solids. Thus, this technique can study
surface phenomena when materials such as catalyst supports and oxide catalysts
with high surface areas, i.e., high surface/volume ratios, are utilized.

2. Experimental

The design and construction of the bimodal TE102 rectangular cavity and the
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bimodal TE112 cylindrical cavity have been described previously [4,5,13]. These
cavities have been used not only to measure conductivity, but also to determine
mobility using the microwave Hall effect technique [4]. Doped silicon semiconduc-
tors are very well characterized and their mobility and conductivity values as a
function of impurity concentration can be obtained from correlations in the litera-
ture [20-23]. Therefore, single-crystal Si semiconductor samples with different
known DC conductivities were used to verify the applicability of the derived con-
ductivity equations in our two microwave cavities. The reported conductivities of
these Si semiconductors ranged from 0.35to 100 Q™! cm™!; consequently, the inter-
mediate conductivity equation should be the most appropriate to use. However,
when a sample becomes thicker than the microwave skin depth, this equation alone
is not sufficient to give an accurate conductivity value, and a penetration depth cor-
rection must be implemented to compensate for the attenuation of the intensity of
the microwave E-field inside the sample.

The bimodal cavities were connected to a network analyzer (Hewlett-Packard,
model 8720) as described previously [5,13], and the resonance spectra of S-para-
meters were recorded with a Hewlett-Packard Color Pro plotter. The network ana-
lyzer was also used to determine the power levels during mobility measurements.
Both a bimodal TE112 cylindrical cavity and a TE102 rectangular cavity were
used, and the tuning procedures for the cavities have been given earlier [5,13]. The
O and f; values were recorded with an empty quartz tube inserted into the micro-
wave cavity.

Well-characterized single-crystal wafers of n-type and p-type Si semiconductors
were obtained from the Department of Engineering Science and Mechanics at
Penn State University (samples #1-#6) and from Monsanto Electronic Materials
Company (samples #7 and #8) so that our measured electrical conductivities could
be compared to the reported DC values. However, some of the Si semiconductors
obtained still had a certain degree of uncertainty associated with the measured DC
conductivities given by the manufacturers; these uncertainties are noted in
table 1, which lists the characteristics of the eight semiconductor samples used in
this study. The thickness of the Si semiconductors varied from 0.35 to 1 mm. For
the single crystal samples, near-square pieces with dimensions of 1.0-3.0 mm were
cut from these wafers with a diamond saw. A specially prepared #7 sample was
cut into a 1 mm cube which was immersed in an etching solution for 2 min to
remove any dangling bonds from the surface. The etching solution was prepared by
mixing 70 parts (by volume) nitric acid, 3 parts hydrofluoric acid, and 27 parts dis-
tilled, deionized water. This concentration gives an etching rate of about 1 um/
min [24]. Each single-crystal sample was loaded into a 5.0 mm o.d. quartz tube
(Wilmad, 703-PQ) and supported on foamed plastic. For the powdet samples, the
semiconductor samples were first crushed into fine powders using a mortar and pes-
tle, then they were sieved through either a 325 mesh (43 pm) or a 200 mesh
(74 pm) wire cloth sieve. All but one semiconductor powder (#7) were treated in
etching solution according to the above procedure and loaded into a modified
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Table1

Reported properties of doped Si semiconductor samples

Sample Type Dopant conc. ? DC conductivity Wafer

# (orientation) N(cm™3) ope (Q‘1 cm™!) thickness

(mm)

1 Si-P 2.0 x 101 0.37 0.376
n(100)

2 Si-P 9.0 x 1013 1.6 £25% 0.345
n(100)

3 Si-P 1.5 x 1018 50 +5% 0.516
n(100)

4 Si-B 2.5 x 108 0.20 = 100% 0.597
p(100)

5 Si-B 8.5 x 1016 33 0.368
p(100)

6 Si-B 5.0 x 10'8 100 £+ 100% 0.508
p(100)

7 Si-P 1.7 x 1013 0.35 1.0

8 Si-Sb 1.8 x 1018 59 0.64

* Obtained from refs. [20,21] by correlating reported opc value (average) to dopant concentration,
intrinsic charge carrier density for Si is 10° /cm? so is negligible in contribution to overall charge
carrier density.

® With uncertainties when appropriate.

5.0 mm o.d. quartz tube containing a circular quartz disc to support the powder.
Since a quartz tube distorts the microwave field and Q-factor of the cavity, we used
these sample tubes manufactured with precisely controlled dimensions to achieve
reproducible sensitivity when insertion and rotation were carried out. The sample
tube was located at the antinode of the microwave cavity E-field in the same orien-
tation used for mobility measurements. This positions the sample equally in both
modes of the rectangular or cylindrical bimodal cavities; only the primary mode is
relevant to conductivity measurements which are performed without any DC mag-
netic field. When samples were moved toward the E-field antinode at center of the
cavity, the resonant frequency of the cavity shifted to a lower value. The sample
was considered to be properly positioned when the resonant frequency reached its
minimum value. The resonance condition also changed when the sample was
rotated, but when the sample was aligned with its longest dimension in the same
direction as the microwave field, reproducible results could be obtained.

For conductivity measurements a network analyzer was used to determine cav-
ity Q-factors and resonant frequencies from spectra such as that shown in fig. 1.
The spectrum represents reflected microwave power at the microwave primary
(inlet) mode. The quality factor of the cavity, Q, is defined by

fo
_ 1
where fy is the resonant frequency, indicated by marker 1, and Afzgs is the
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Fig. 1. Typical resonance spectra for microwave conductivity measurement using a bimodal TE102
rectangular cavity. The spectrum represents reflected power versus frequency in the cavity: (a) spec-
trum of empty sample tube, (b) spectrum of sample #2 (2 x 2) in sample tube. Marker 1 (resonant fre-
quency) notes the position of maximum attenuation (strongest absorption) of the incident
microwave power. Markers 2and 3 designate the 3 dB power absorption levels relative to the baseline
which is an average of —5.5 dB over the entire frequency range. Note the resonant frequency shifts
to a lower value, while the resonance spectrum becomes broader (lower Q-factor) when sample is
loaded in the sample tube.

frequency difference at a 3 dB power absorption level, relative to the baseline,
and is designated by markers 2 and 3. The sample volume was obtained by measur-
ing the weight of each piece and dividing it by the density of Si(2.33 g/cm?).

3. Results and discussion

Cavity perturbation theory applies a quasi-static approximation, that is, it
assumes the microwave field is reduced in intensity but is uniform inside the sample
[14]. The electric field inside the sample, E’, can be described by the formula
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where E is the intensity of the electric field impinging on the sample. The cavity per-

turbation equations provide a relationship between the shift in resonant frequency
caused by the sample and the sample dielectric constant[13,15-17]:

NAw _ 1+N(E-1)
+ awy  [l+ N — 1)]2 n (NE”)2 ) (3)

N

EA(L>= Ne . 4)

a \20 [14+ N —1))* + (Ne")?
Here ¢’ and £” are the real and imaginary parts of the sample dielectric constant, e
(the relative permittivity), o is the filling factor representing the ratio of the energy
stored in the sample to that in the entire cavity, N is the depolarization factor in
the direction of the polarized E-field, and Aw = w — wy, where wy is the angular
resonant frequency of the unloaded cavity and w is the resonant frequency with the
sample present (perturbed). The filling factor is defined as

oo |E;* dV,

2 [|E)dv,’
where the numerator and the denominator are volume integrals of the sample and
the cavity, respectively [14,16,17].

Simplifications in the cavity perturbation equations can be made, based on

appropriate assumptions, to obtain equations applicable to either the low or the
intermediate conductivity regions. The dielectric constant is represented by

e = ego(e —je"), (6)

where g9 = 8.85 x 10712 F/m is the permittivity of a vacuum and &” is expressed
as

(5)

" g g

~weo  2mfe

(7

where f is the resonant frequency of the cavity (w/2m). For low conductivity sam-
ples which have a small dielectric constant [15]

Ne"<N(¢ — 1)<<1, (8)
which leads to the equation applicable in the low conductivity region
— 1
c=278 x 10713 (M) =, 9
4 Q0L Ja ©)

where Qg and Oy are the quality factors of the unloaded and loaded cavity, respec-
tively [25-28]. In the intermediate conductivity region, £” is typically larger than
e, ie.,
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Ne'>N(g —1)>>1 (10)
and egs. (3) and (4) then simplify to

Aw ¢

_o 11

Wy N ( )

and
- 2( QO \1
=111 x 1072 f(2 <—~—>— 12
o= 1111072 f(2) o0 )a (12)

A filling factor of a = 2.1V;/V, can be derived for a TE112 cylindrical cavity and
a = 2V;/ V. can be derived for a TE102 rectangular cavity, where V is the sample
volume and V% is the cavity volume. The detailed derivations are included else-
where [34].

We have previously utilized eq. (9) to successfully measure the electrical conduc-
tivities of ZnO powders, which have low conductivities [29]. Table 2 lists the con-
ductivity values of our single-crystal semiconductor samples calculated from
egs. (11) and (12) using the data obtained with the bimodal TE112 cylindrical cav-
ity (fig. 2). With an empty quartz tube loaded into the cavity, Qy = 4892,
fo =9.34315 GHz,and V, = 23.94 cm3. The first column of the conductivity
values represents the results using egs. (11) and (12) without the skin-depth correc-
tion method which will be discussed later. Reported conductivity values by DC
measurements are included in the third column for comparison. Different sizes of
sample #5 were examined in order to study the effect of sample size on conductivity

Table2

Conductivity values of Si semiconductors measured by the microwave absorption technique using a
bimodal cylindrical TE112 cavity. The first column of o values was calculated assuming a uniform E-
field, the second column was obtained using the iterative skin-depth correction procedure. For this
cavity, V. = 23.94 cm?, Qp = 4892,and f; = 9.34315GHz

Sample#  Experimental values a/N? Conductivity, o (27! cm™?)

(dimen-

sion) sample Vs oL f eq.(12) eq.(12) reported

(mm) thickness  (cm®) (GHz) (without (withskin- DC
(mm) correction)  depth values®

correction)

1(1x1) 0.376 0.8 x 103 2317 9.3374 0.62x 103 0.26 0.32 0.37

2(2x2) 0.345 1.5x 1073 2613 9.3293 148 x 1073 1.0 1.5 1.6

3(3x3)° 0.516 43x 1072 3027 9.2940 520x10"* 8.8 76 50

4(1x 1) 0.597 1.2x 1073 1991 9.3383  0.51x10°3 0.10 0.12 0.20

S(1x1) 0.368 0.8 x1073 4344 9.3390 044 x1073 12 1.9 33

52x2) 0.368 14x 1073 3262 9.3308 1.32x1073 1.5 2.5 33

53x3) 0.368 3.5%x 1073 1281 9.3031 429 x 10~ 1.1 1.8 33

# Calculated usingeq. (11)and @ = 2.1V/ V..
® Average value from table 1.
¢ Measurement carried out with Qy = 4130 and f; = 9.3426 GHz.
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Fig. 2. Schematic drawing of the bimodal TE112 cylindrical cavity and sample tube positioning.
A, Brepresent cavity tuning screws.

measurements. To test the consistency of conductivity values obtained in different
cavity configurations, a bimodal TE102 rectangular cavity (fig. 3) was also used
and these results are listed in table 3. With an empty quartz tube in the cavity,
Qo = 4559, fo =9.665975 GHz, and V, =30.19 cm®. Again, the conductivity
values obtained by using eqs. (11) and (12) are compared with the measured DC
values.
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Fig. 3. Schematic drawing of the bimodal TE102 rectangular cavity and sample tube positioning.
A, Brepresent cavity tuning screws. Also shown are the coordinates of both the cavity (x, y, z) and the
samples (xs, ¥s, Z)-
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Table 3

Conductivity values of Si semiconductors using a bimodal rectangular TE102 cavity. The first col-
umn of o values was calculated assuming a uniform E-field, whereas the second column was obtained
using the iterative skin-depth correction procedure. For this rectangular cavity, ¥, = 30.19 cm®,
Qo = 4559,and f, = 9.665975 GHz

Sample#  Experimental values a/N*® Conductivity, o (Q~! cm-1)

(dimen-

sion) sample Vs oL f eq.(12) eq.(12) reported

(mm) thickness  (cm?) (GHz) (without (withskin- DC
(mm) correction)  depth values ®

correction)

12x2) 0.376 1.6 x 1073 1590 9.6546 1.17x 1073 0.34 043 0.37

22x2) 0.345 1.5 x 1073 2790 9.6545 1.19x 1073 1.1 1.6 1.6

3(3x3) 0.516 43 x 1073 3635 9.6333 338 x 1073 7.7 60 50

4(1x 1) 0.597 1.2x107% 2118 9.6603 583x10* 0.19 0.24 0.20

52x2) 0.368 14x 1072 3424 9.6557 106 x1073 1.7 3.2 33

6(3x3)° 0.508 44 %103 3595 9.6335 343 %103 9.5 89 100

® Calculated usingeq. (11)and o = 2V;/ V..
® Average value from table 1.
¢ Measurement carried out with Qg = 4292 and fy = 9.6665875 GHz.

From the results in tables 2 and 3, it is clear that the equations derived for the
intermediate conductivity region provide good agreement for semiconductors #1,
#2, #4 and #5, which are at the low end of this conductivity region, regardless of
the type of cavity. However, for samples #3 and #6 which have higher conductiv-
ities, the calculated conductivities are much smaller than the DC values. This is due
to the attenuation of the E-field within these higher conductivity crystals. A correc-
tion related to the penetration depth of the E-field in these samples is required, as
described shortly. The equations derived for the intermediate conductivity region
appear applicable to the Si semiconductors with the lowest conductivities, even
without a penetration-depth correction. One way to verify their applicability is to
examine the validity of eq. (11), i.e., /N = Aw/wy, because it represents a condi-
tion that must be fulfilled before eq. (12) can be derived. Since a is known for the
two types of cavity used, experimental values of the sample depolarization factor,
N, canbecalculated from the relationship

o o

WzAW/wO ' (13)

The theoretical depolarization factor is a function of geometry only, and for these
near-square single crystal samples, the depolarization factor can be calculated by
the following equation:

1 2 o 2_ 1 1/2
Niheor = 2 —1) [(mzlfl)lﬂ sin”! <(—’—n——’;l~2—) — 1] , (14)

Nexp =
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where m = a/c, the ratio of the side of the square of the crystal to the specimen
thickness [30]. The comparisons of the Nexp and Npeor values for the cylindrical and
rectangular cavities are given in tables 4 and 5. They show that the assumption
made for the intermediate conductivity region, Ne” > N(¢’ — 1) >> 1 which leads to
/N = Aw/wy, is indeed appropriate and yields satisfactory measured o values.

The calculated conductivities for samples #3 and #6 do not agree well with the
DC measurements because the microwave skin depth for these two materials is sig-
nificantly smaller than the sample thickness; consequently, the E-field inside the
sample cannot be assumed to be constant. In this case, the microwave intensity is
noticeably attenuated inside the sample so that the E-field-induced (perturbed)
parameters such as the Q-factor and the resonant frequency, f, can no longer be
considered to be those represented by a sample with a constant or near-constant E-
field throughout the sample volume. However, this complication can be removed
by using the definition of the filling factor ineq. (5) and modifying the volume inte-
gral for the sample to include the E-field attenuation due to the small skin depth
of higher conductivity solids. Skin depth is defined as the distance into the conduct-
ing medium the microwave E-field must pass to have its amplitude decrease to
1/e of its value at the outer surface of that medium [31,32]; consequently, the classi-
cal skin depth is calculated from the following equation:

1/2 1/2
5= (2 _ (2 , (15)
WhioO 2nf poo

where § is the skin depth at microwave frequency f and iy is the permeability of a
vacuum (4 x 10”7 H/m). As microwaves penetrate the sample, the E-field within
the sample, E;, varies as

Table 4

Comparison of experimental values of the depolarization factor, Nesp, with theoretical values,
Nineor- The /N values were calculated using eq. (11) and a = 2.1¥,/V.. Data were taken from
table 2 for the cylindrical TE112 cavity

Sample Sample Approx. a/N Nesp b Nineor Nesp/ Niheor
notation weight dimension
(mg) (%s, 25, y5) * (mm)

11 x1 1.9 1.4 x 1.5 x 0.376 0.615x 1073 0.111 0.149 0.745
2(2x2) 3.4 . 22x22x0.345 1.482 x 10-3 0.082 0.102 0.804
33x3) 10.0 2.9 x 3.1 x 0.516 5202 x 10~ 0.069 0.111 0.622
4(1x1) 2.7 1.4 x 1.6 x 0.597 0.519 x 10~*  0.187 0.205 0.912

51 x1) 1.8 1.4 x 1.4 x 0.368 0.442 x 10~*  0.145 0.154 0.942
52x2) 33 2.0 x 2.3 x0.368 1.322 x 1073 0.090 0.110 0.818

53 x3) 8.1 2.8 x 3.0 x 0.368 4287 x 10~%  0.068 0.086 0.791

# Dimensions referred to sample coordinates.
® Nexp = /(/N) = (2.1Vs/ V2) / (Aw/wy).
° Calculated usingeq. (14).
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Table 5

Comparison of experimental values of the depolarization factor, Nc.,, with theoretical values,
Niheor- The o/ N values were calculated using eq. (11) and a = 2¥;/V,. Data were taken from table 3
for the rectangular TE102 cavity

Sample Sample Approx. a/N Nexp b Niheor Nexp/ Niheor
notation weight dimension
(mg) (%5, 25, s) 2 (mm)

1(2x2) 3.6 2.2 x2.2x%x0.376 1.117 x 103 0.087 0.110 0.791
2(2x2) 34 2.2x2.2x0.345 1.187 x 10~3 0.081 0.102 0.794
3(3x3) 10.0 2.9 x 3.1 x0.516 3.380 x 1073 0.084 0.111 0.757
4(1x1) 2.7 1.4 x 1.6 x 0.597 0.587 x 103 0.131 0.205 0.639
52x2) 3.3 2.0 x 2.3 x0.368 1.063 x 1073 0.089 0.110 0.809
6(3x3) 10.3 3.1 x3.4x0.508 3.425 x 103 0.085 0.103 0.825

# Dimensions referred to sample coordinates.
* Nexp = a/(a/N) = (2V5/Ve)/ (Aw/w).
¢ Calculated usingeq. (14).

E; = Ejmax €Xp (— %) , (16)

where y is the distance perpendicular to the sample surface and Eg max is the E-field
strength at the surface, 1.e., with no attenuation due to skin depth or it can be
viewed as the incident microwave E-field strength. Thus the skin depth represents
the attenuating effect on the E-field due to the conducting medium.

A one-dimensional correction for the penetration depth is applied here for the
following reason. Consider the simplest case in which a near-square, single-crystal
sample is located inside a TE102 rectangular cavity. Starting with the standing
wave patterns in a particular cavity [33], it can be shown that the only nonvanishing
E-field inside this cavity is

E, = Eymax sinnT: sin% , (17)
i.e., the E-field inside the cavity is polarized along the y-axis [34]. The sample is
inserted so that it is oriented in the xz-plane with its flat surface perpendicular to
the y-axis. Since the E-field oscillates only in the y direction, the only skin-depth
parameter that has to be considered to compensate for the attenuation due to the
penetration depth is along the y-axis, i.e., the sample thickness. Sample dimensions
in either the x or z direction will generate changes which are included in the experi-
mental parameters such as Q and f. By introducing the correction for penetration
depthintoeq. (5), the integral for the sample volume becomes

[iErar=2 [ | Bpmarex(-2) 4 0y

6 T
= VleO,max|2 5; |:1 — exp(— —6-):| N (18)
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where A 1s the cross-sectional area of the sample (area in the xz-plane) and T is
the sample thickness (). The filling factor for the intermediate conductivity region
then becomes

KV, 6 T
o = VT {1 —exp(— 6)] , (19)

where K is 2.1 for a TE112 cylindrical cavity and 2 for a TE102 rectangular cav-
ity, and the penetration depth correction factor is defined as

2 fr-oo( )]

For the intermediate conductivity region, eq. (12) can be modified by substitut-
ing o from eq. (19) for . This approach results in very good agreement between
the o values calculated from the microwave absorption method and the DC conduc-
tivity values for the single-crystal Si semiconductors characterized in this study.
Fukuroi and Yamagata have used a similar approach to correct for sample size
effects in their calculated dielectric constants for germanium [8].

There is a complication in applying this penetration depth correction to
unknown samples because the skin depth is not an independently measurable
value; instead, it depends on the electrical conductivity of the sample. Thus, neither
the skin depth nor the conductivity can be calculated without knowing the other.
However, this difficulty can be overcome by a simple iteration method using the
following procedure: (1) a conductivity value, oy, is calculated from eq. (12) using
ag = 2V;/ V. or 2.1V,/ V., depending on the type of cavity; (2) a skin depth, &, cal-
culated from eq. (15) using oo; (3) oy is calculated from eq. (19) using & and T,
and it is substituted into eq. (12); (4) a new conductivity, o, is obtained; (5) if the
relative deviation |y — ag|/|a| is greater than a specified value, 0.05 for example,
oy is substituted into eq. (15) and another iteration is done until the error criterion
is met. The conductivity values obtained in this manner are those listed in the sec-
ond column of ¢ values in tables 2 and 3. These results give excellent agreement for
either cavity type, and they show that the intermediate conductivity equation,
with appropriate skin-depth corrections, is applicable over the entire region and is
independent of sample size (see results for sample #5, for example). As a further
demonstration of the consistency of this microwave absorption technique, results
for the cubic #7 sample in the rectangular TE102 cavity are listed in table 6. This
represents the average of eight values which were obtained after rotating the sam-
ple tube 90° each time during two different runs. Since it was a cubic sample, every
orientation resulted in two rectangular faces perpendicular to the y-axis which is
the direction of the microwave E-field oscillation. It is clear that the o values repre-
sent the expected results as they should be nearly invariant because the penetration
depth for each orientation was essentially the same.

To examine the applicability of this technique to powders and to examine the
effect of sample size, particles of samples #5 and #7 smaller than 43 pm and
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Table 6

Conductivity values for various forms of Si semiconductor samples #5, #7 and #8 using a bimodal
rectangular TE102 cavity (¥, = 30.19 cm?). Data for cubic #7 and all powder samples were obtained
after rotating the sample tube 90° each time (eight measurements for cubic #7 during two different
runs and four for each powder sample) and average values + their standard deviation are given

Sample#  Sampleform Particlesize Etched Weight Conductivity, s (Q~! cm=1)

(mg)
microwave reported
(withskin-depth DC
correction) ? values °
5 singlecrystal  3x3x0.368 no 10.3 4.3 33
powder <43 pm yes 3.0 33+04 3.3
powder <43 ym yes 5.8 33+0.1 3.3
7 single crystal I1x1x1mm yes 2.2 0.38+0.11 0.35
powder <43 ym yes 1.4 0.44 +0.05 0.35
powder <43 pm no 1.6 0.62+0.01 0.35
8 single crystal 3 x3x0.64 no 15.3 43 59
powder <74 pm yes 10.2 55+22 59
powder <74 ym yes 20.0 55+24 59

2 Calculated using eq. (19) and the described iterative procedure.
® From table 1.

sample 8 smaller than 74 pm were placed in the tube and characterized, and the
results are also in table 6. These experiments were designed to cover the entire
range of intermediate conductivity region by choosing these three samples which
have conductivity values approximately an order of magnitude different from one
another. Four measurements were again taken after rotating the sample tube 90°
each time. The correction procedure for skin depth is somewhat different from that
described previously for single-crystal samples. In this case we measured the void
fraction in the powder bed, which was 0.50 for #5 and #7 and 0.62 for #8, and
assumed the E-field would be unaffected between the particles, thus ignoring the
void fraction. In other words, the particles were assumed to collapse into a single,
void-free cylindrical volume about the axis of the tube with a radius equal to 2 mm
(inner radius of the sample tube) x (1— void fraction). As the E-field was imping-
ing on the wall of a cylinder, the radial penetration depth correction factor became

- - S (2]

where R is the radius of the circular cross section. By the iterative procedure
described previously, the corrected conductivities were calculated and are com-
pared to the results from single crystals in table 6. These results are in extremely
good agreement with the known values for the bulk material. Table 6 shows that
the unetched powder (#7) yielded a higher conductivity value, as expected, due to
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the surface dangling bonds created during the crushing procedure. It also shows
the quantity of sample used is not a critical factor in conductivity measurements.
These results again show the need for skin-depth corrections when samples, includ-
ing powders, with relatively high o values are used. Regardless, absolute o values
for powders can be accurately measured.

Finally, to demonstrate the applicability of this approach to study surface phe-
nomena on oxides of catalytic interest, a ZnO powder sample (99.999%) with a sur-
face area of 22 m?/g was characterized [34]. After evacuation at 673 K for 2 h,
the conductivity measured in the microwave cavity was o = 0.082 Q! cm™! and
the mobility determined by the microwave Hall effect technique (4) was
p=15.1cm?/V s, thus the electron density, N, = o/pep, where e is the electron
charge and p is the density of the ZnO, was 18 x 10'3 e~/g ZnO. Chemisorption of
0, at 300 K reduced o to 0.0049 Q! cm~! and increased p to 44 cm?/V s; conse-
quently, the electron density was reduced to 0.12 x 105 e~/g ZnO. After evacua-
tionat 300 K, exposure to 20 Torr CO increased o't0 0.0058 Q! cm™!, decreased p
t0 9.7 cm?/V s and increased the electron density to 1.8 x 10> ¢~ /g ZnO. Thus it
is clear that surface processes can be monitored; in this example, chemisorbed O
atoms interact with conduction electrons and reduce their density while CO can
react with some of these adsorbed O atoms to partially restore conduction electron
density.

4. Conclusions

A microwave absorption technique based on cavity perturbation theory has
been shown to be applicable for electrical conductivity measurements of either a
single-crystal particle or finely divided powder sample when o values fall in either
the low or the intermediate conductivity region. The results here pertain to semi-
conductors in the intermediate region, i.e., 0.1 <o<100 Q lem~!. A quasi-static
approximation was assumed in the derivation of the conductivity equations, i.e.,
the microwave field is reduced in intensity but remains uniform inside a sample.
Howeyver, if the skin depth of the sample becomes significantly smaller than the
sample dimension parallel to the E-field, this assumption becomes inappropriate
and an appreciable error is introduced into the calculated conductivity values. This
discrepancy can be remedied by correcting for the attenuation associated with the
penetration depth of the microwaves. Through a simple model which describes a
non-uniform field caused by effects due to geometry and the intrinsic skin depth, a
straightforward iterative procedure is described which gives accurate conductivity
values, independent of size. A small modification of this approach allows a first-
order correction to be applied to powder samples which results in accurate o mea-
surements. Consequently, the microwave absorption technique is applicable to
powders with either low or intermediate conductivities, and its use with small parti-
cles having high surface/volume ratios under controlled environments can provide
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much fundamental information about adsorption and catalytic processes on semi-
conductor surfaces. An example of this is provided by characterizing a high surface
area ZnO powder.
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