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Microwave-Hall-effect (MHE) and electrical conductivity measurement techniques can now be used to
obtain absolute values of the electrical properties of semiconductor powders under different controlled
conditions. A commercial ESR spectrometer was modified to conduct MHE experiments and a network
analyzer was utilized to tune the microwave cavity and obtain Q factors. A sample of ultrahigh-purity
ZnO powder (30 m?/g) was prepared and studied. Evacuation of ZnO at 673 K decreased the electron
Hall mobility but increased the conductivity and electron density at 300 K, and typical values for this
high-surface-area powder were =4 cm?/Vs, 0=0.05 Q 'cm™!, and N,=2X 10" ¢~ /g. Oxygen
chemisorption at 300 K increased the mobility but decreased the conductivity and electron density, and
after this step typical values were u=50 cm?/Vs, 0=0.001 Q" 'cm™!, and N,=2X 10" e~ /g. These
changes were reversible. The p values varied more than an order of magnitude; therefore, the assump-
tion of constant mobilities cannot be made safely even at these low carrier densities. Three different
ZnO powders were studied to observe the effect of surface area (i.e., particle size) on electrical properties.
Lattice scattering was the dominant mechanism determining electron mobility for large particles, where
the particle radius was much greater than the electron mean free path; however, as the ZnO particle size
approached that of the estimated electron mean free path, defect scattering in the surface region became
the dominant controlling mechanism. On an evacuated ZnO surface, CO, adsorption had a significant
effect on the electrical properties while CO adsorption had little effect, whereas on an O-covered ZnO
surface CO adsorption had a noticeable effect but CO, adsorption produced a much smaller change. Hy-
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drogen adsorption on either surface gave little change in electrical properties.

INTRODUCTION

A small number of efforts have been made to measure
the electrical properties of certain powder samples to
better understand the role of catalyst charge carriers
(electrons and holes) in certain heterogeneous reactions.
Conventional methods of measuring mobility and con-
ductivity use dc or low-frequency ac currents applied to a
sample compressed between two metal plates;' ~> howev-
er, it was recognized early that dc electrical property
measurements are complicated by induced metal contact
electrode voltages and by the presence of grain boun-
daries and particle-particle contacts in powder samples.
The ac-Hall-effect technique was developed in an attempt
to overcome the intergrain and interparticle charge-
transfer problems and allow a more accurate measure-
ment of the mobility and absolute number of charge car-
riers.*> Unfortunately, the accuracy of this method is
also suspect because metal electrode contacts were still
required and because the ac frequencies used were still
much too low to prevent charge transfer across grain
boundaries and particle-particle contacts for the high-
surface-area materials of catalytic interest.® Consequent-
ly, most researchers have restricted themselves to the
measurement of changes in electrical behavior because
accurate electrical property values could not be
guaranteed.

However, these difficulties can be circumvented by us-
ing a microwave-Hall-effect (MHE) technique for mobili-
ty combined with microwave absorption measurements
for conductivity. This approach provides quantitative
bulk electrical property measurements of high-surface-
area powder samples because microwave cavities elimi-
nate the need for electrode contacts and because the x-
band microwave frequency is high enough to essentially
eliminate charge transfer across grain boundaries and
particle-particle contacts. The MHE technique has been
used to measure the charge-carrier mobilities of powder
samples of semiconductors and biological materials,” 13
and it offers the potential to provide these values for
dispersed metal particles.!*!* The MHE technique
developed in this laboratory involved the design and con-
struction of new bimodal cavities for use with a slightly
modified x-band Bruker electron-spin-resonance (ESR)
spectrometer.'*!> The electrical conductivities of many
materials can be measured in these same cavities by an
x-band microwave absorption technique utilizing a net-
work analyzer.!>!¢ The charge-carrier density is calcu-
lated from the measured mobility and conductivity
values.

In this study zinc oxide was selected as a model powder
sample because its electrical properties are known to
change with pretreatment and cyclic adsorption and/or
desorption. ZnO is an n-type semiconductor and its elec-
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trical properties are dependent upon the non-
stoichiometry of the lattice, which is typically oxygen
deficient and can be altered by both thermal pretreatment
and exposure to oxygen. It is already known that con-
ductivity increases as ZnO is heated in vacuum and it de-
creases after exposure to oxygen.' ~® Furthermore, ZnO
samples with high surface-to-volume ratios might be ex-
pected to exhibit significant changes in conductivity as
gases are chemisorbed on their surfaces. ZnO is of addi-
tional interest because it was an early catalyst for
methanol synthesis and is still used in Cu/ZnO methanol
synthesis catalysts,'” and it has also been used for CO oxi-
dation."*!81% Consequently, the adsorption of O,, CO,
H,, and CO, on ZnO was measured and the influence of
these gases on the electrical properties of a high-surface-
area zinc oxide was determined. For comparison, some
dc conductivity data are available for both ZnO single
crystals and powders, although the data for the latter
represent relative changes rather than absolute values.
The only MHE charge-carrier-mobility data reported for
ZnO powder did not include variations in surface treat-
ment.” This study presents MHE mobility measurements
for zinc oxide under controlled environments on samples
connected to an UHYV adsorption system.

EXPERIMENT

x-band microwave frequencies were used to measure
Hall mobilities and conductivities by slightly modifying
an ESR spectrometer (Bruker ER 200D); the ESR capa-
bility was fully retained. A new MHE bimodal cavity
was constructed from free-cutting brass to replace the
ESR cavity. The differences in the MHE and ESR cavi-
ties are the sample location, which is at the H-field an-
tinode in an ESR cavity and at the E-field antinode in an
MHE cavity, and the two microwave connections re-
quired for the dual-mode MHE cavity. Also, for the
MHE measurements, source modulation with a PIN
modulator (H-P 8734B) was used instead of magnetic-
field modulation. Instrument settings on the Bruker ESR
console for the MHE measurements were microwave
power=5.0 mW, modulation frequency=100 kHz,
modulation amplitude=1.0 G, receiver gain=25X10%
and dc magnetic field=5000 G. The Hall signal intensity
was obtained from the analog output of the ESR bridge
detector. A network analyzer (H-P 8720) was used to
tune the bimodal cavity and to obtain Q factors and reso-
nance frequencies. A diagram of the system is illustrated
in Fig. 1, and details of the modification have been pro-
vided elsewhere.'* 13

The sample tube for the MHE and microwave absorp-
tion measurements was made from a 5-mm outside-
diameter quartz tube (Wilmad, 703-PQ) and a high vacu-
um valve (Ace Glass, 8195-45), as shown in Fig. 2. A
quartz disk was located at the middle of the tube to sup-
port the powder sample, which was typically less than 10
mg. After evacuation the sample was cooled to room
temperature and the Ace vacuum valve was closed. The
sample tube was then placed in the MHE cavity and
reconnected to the vacuum line. Gas adsorption and eva-
cuation at 300 K were performed without altering the
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FIG. 1. Schematic of the microwave-Hall-effect system. 1,
180-cm coaxial cable; 2, 60-cm coaxial cable; 3, PIN modulator;
4, circulator; 5, 10-dB directional coupler; 6, coaxial attenuator;
7, coaxial phase shifter; 8, waveguide; A4, B, C, D, connections for
different experiments; arrows, microwave path.

sample position inside the cavity, thus minimizing any er-
ror due to changes in the sample position. The Q factors
and resonance frequencies needed for the microwave con-
ductivity calculations were obtained during the cavity
tuning procedure prior to the MHE measurements.
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FIG. 2. Sample tube used for microwave-Hall-effect measure-
ments. All dimensions are in inches unless otherwise noted.
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A static UHV volumetric adsorption system, utilizing
a turbomolecular pump (Balzers TSU 172), capable of
providing a vacuum below 10~® Torr in the manifold,
was used to measure gas adsorption and Ar Brunauer-
Emmett-Teller (B.E.T.) surface areas at liquid-nitrogen
temperature. Pressures during isotherm measurements
were obtained using a Baratron sensor head (MKS, model
310). Additional experimental details have been given
earlier.’® An average particle diameter was calculated
from the surface area by assuming spherical particles, i.e.,

_ 6x10°
pA

where p is the density of the sample (g/cm?) and 4 is the
surface area (m?/g).

Three different zinc oxides were used. An ultrahigh-
purity, high-surface-area ZnO sample (1) was prepared by
adding a 1-M (NH,),CO; (Aesar, 99.999% purity) solu-
tion drop by drop to a 1-M Zn(NO;), (Aesar, 99.999%
purity) solution while stirring to precipitate ZnCO;. Dis-
tilled, deionized water was used. The precipitate was
filtered, dried at 393 K in air for a week, then stored in a
desiccator. It was decomposed to ZnO inside a quartz
cell by heating under vacuum at a rate of 2 K/min to 393
K and holding for 30 min at 393 K, then heating to 533
K and holding for 30 min, and finally heating to 673 K
and holding for 4 h at this maximum temperature. To es-
tablish this procedure and verify surface area measure-
ments, a high-surface-area ZnO sample was prepared us-
ing less pure (99%) reagents.’* Other research groups
have used Na,CO; instead of (NH,),CO; to form zinc
carbonate, but the former method can leave a Na impuri-
ty in the resulting Zn0.?' =2} Zinc carbonate does have a
low solubility in ammonium solutions, so the yield of zinc
carbonate is smaller than that using sodium carbonate;
however, the ammonium ion can be easily decomposed by
heating, thus yielding an ultrahigh-purity zinc oxide free
of sodium. X-ray-diffraction analysis showed the initial
presence of ZnCO; and verified that ZnO was formed
after the high-temperature evacuation step.!* No residu-
al ZnCOj; peaks could be observed. The ZnO(II) (Alfa,
99.99% purity) and ZnO(III) (Aesar, 99.9995%) samples
provided powders with lower surface areas.

X-ray-diffraction patterns were obtained on a Rigaku
Model 4011B3 diffractometer. These were used to verify
the formation of zinc oxide and also to calculate particle
sizes. Each sample was lightly pressed into a hollow
aluminum holder to avoid powder movement during the
rotation of the sample over 26 values from 65° to 20° at
4°/min. The three major peaks occur at 26 values of
36.2° (I/1,=100), 34.4° (I/I,=56), and 31.8
(I/I,=171). For the x-ray line-broadening particle-size
measurements, the samples were scanned again between
37° and 35° at 0.25°/min. The mean particle diameter djp
was calculated using the Scherrer equation

KA
B B,cos6 ’

d(nm) s (1)

(2)

where A is the x-ray wavelength (Cu Ka=0.154 050 nm),
K, is the Scherrer constant (0.89), and B, is the angular
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width at half maximum intensity expressed in terms of
A(26). Warren’s correction was used to account for in-
strumental line broadening, i.e., B;=(B}—B?2 )?
where B, is the measured angular width and B, is

0.17° at a 26 value of 36.2°.

’

RESULTS

The number of charge carriers per gram can be calcu-
lated from the equation
N.=—"— (g, 3)
<~ pep g
where o is the conductivity in (Q cm) ™!, i is the mobility
in cm?/V's, e is the charge of an electron (1.6X 107"
Coulomb), and p is the density of zinc oxide (5.606
g/cmd).

The microwave cavity Q factor (quality factor), i.e., the
ratio of stored resonant energy to input energy, is very
important in these microwave experiments as it deter-
mines the energy absorbed by the sample-cavity system as
well as the electric- and magnetic-field strengths at the
sample location. Q is defined as

f
) 4)
Af3 4B

where f is the resonance frequency of the cavity and
Af; 4p is the frequency difference at the 3-dB position
from the baseline. Two typical sets of resonance spectra
measured with the cavity connected to the network
analyzer are shown in Fig. 3. Curve 1 represents the res-
onance spectrum of the cavity detected at the inlet port
(port 1) of the network analyzer, and curve 2 represents
the transmitted power detected at the port orthogonal to
both the electric and magnetic fields (port 2). Marker 1
gives the resonance frequency of the cavity, and the
difference between markers 2 and 3 represents Af345. In
Fig. 3(a), showing the spectra after evacuation of ZnO(I)
at 673 K for 2 h, the baseline of curve 1 was at —5.5 dB,
so markers 2 and 3 were positioned at —8.5 dB. Figure
3(b) shows the same set of spectra after adsorption of O,
at 300 K.

For MHE measurements the cavity was disconnected
from the network analyzer and connected to the ESR
spectrometer as shown in Fig. 1, with the cavity in the
normal ESR position between the dc magnetic poles.
The Hall mobility is calculated from the following equa-
tion:!413

Q:

172
_2x10° | Qo Py

a B QO_QL P,

which can also be written as

" _2x10® | Qo Yc
"B Q-2 ||RG

, (6)

where p is the mobility (cm?/V's), B is the dc magnetic
field (Gauss), and Py /P, is the ratio of the Hall power
(transferred to port 2) to the incident microwave power,
Y. is the signal intensity from the ESR detector after
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correcting for the empty cavity signal, RG is the receiver
gain of the ESR spectrometer, and Q, and Q; are the un-
loaded and sample loaded cavity Q factors, respectively.
Figure 4 shows a set of Hall signals for ZnO(I) after
different treatment conditions. An ideal cavity with an
empty sample holder system will give no Hall signal
when an external magnetic field is applied; however, real
cavities give a background Hall signal due to unavoidable
mode coupling. This particular cavity with an empty
quartz tube had a small background Hall signal intensity
which had to be subtracted from the weaker signals; for
example, it represented about 2 of the signal in Fig. 4(c).
High-mobility samples, such as a silicon semiconductor,
give Hall signals so strong that the small background
Hall signal can be neglected, but with zinc oxide the Hall
signal is much smaller and a correction must be made for
the empty cavity background signal. If it is assumed that
the background signal is linearly proportional to the Q
factor ratio, i.e., the ratio of the sample-loaded Q factor
to the unloaded Q factor, the following relation can be
obtained to get the corrected Hall signal Y:

Qo
Y=Y, — Yy |— |, (7
c L 0 Qs
1
—~ 3
2]
2
z
&
2
=] 2
2
g
X | 2
(a)
Frequency (GHz)

Relative Intensity (dB)

Frequency (GHz)

FIG. 3. Resonance spectra of ZnO(I) at 300 K using a H-P
network analyzer and a bimodal TE102 rectangular cavity.
Curve 1, inlet port; curve 2, orthogonal port: (a) after evacua-
tion at 673 K for 4 h, (b) after exposure to 20 Torr O,.
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FIG. 4. MHE signal intensities of ZnO(I) at 300 K using a
modified ESR spectrometer. Measurement conditions: P =35
mW, MF =100 kHz, MA =1.0 G, B=5000 G, RG=1X10%
markers indicate when the B field was turned on and off: (a) AS
IS, (b) after evacuation at 673 K for 4 h, (c) after O, adsorption
at 20 Torr, (d) after evacuation at 673 K for 2 h, (e) after next O,
adsorption at 20 Torr. These data provide the results for sam-
ple 1 in Table II. The signal intensity of peak (b) represents
about 2.5X 10" ¥ mW.

where Y; is the measured Hall signal intensity with a
sample and Y, is the background Hall signal with the
empty quartz tube.

The calculation of electrical conductivity from mi-
crowave measurements requires the use of different equa-
tions depending on which of three different conductivity
regions apply.*!> The following equation for the low
conductivity region [below 0.1 (Qcm)~!] was used for
zinc oxide:

Q00— QL

QO—QL

where o is the conductivity in (Q cm) L, V. and V; are
the cavity and sample volumes, respectively, and f is the
resonance frequency (Hz) of the cavity. The Q factors
and resonance frequencies were obtained with the net-
work analyzer.

The highest conductivity values for ZnO at 300 K,
which were around 0.07 (Qcm) !, were obtained after
evacuation at 673 K, and the thinnest skin depth § was
consequently calculated to be 2.0 mm at 9.5 GHz (Ref.
24) using the following equation:

, |2 5
oo 27 fpeo

Ve
2,

0=2.78X10"13f (8)

172
8=

9)

where p, is the permeability in a vacuum =47 X107’
H/m. The particle sizes of all the ZnO samples in Table
I were therefore much smaller than the skin depth. The
inner radius of the quartz sample tube was 2.0 mm, so the
microwave attenuation by the ZnO particles in the sam-
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TABLE I. Crystallite size of ZnO samples measured by XRD and Ar B.E.T. methods.

Sample Weight (g) Treatment B.E.T. area d (nm)
(m%/g) XRD B.E.T.
ZnO(I)* 0.760 Evac. 4 h at 673 K 32 19 32
(99.999%) Evac. 2 h at 673 K

(after 4 cycles) 27

ZnO(II) 0.980 Evac. 1 h at 673 K 34 > 80° 320
(Alfa, 99.99%) Evac. 4 h at 673 K 34

ZnO(IID) 9.865 Evac. 1 h at 673 K 1.3X1072 > 80° 71000

(Aesar, 99.9995%) repeat measurement 1.8X 1072

“Prepared from ZnCO; precipitated from a solution of Zn(NO;), using (NH,),COs.

PXRD peaks too narrow for accurate measurements.

ple bed can be neglected. In Fig. 5 the theoretical con-
ductivity was calculated using the following assumed pa-
rameters for ZnO: Q,=4400, f,=9.647 GHz, f =9.644
GHz, and weight of 5.0 mg. The lower branch represents
Eq. (8), which applies to the low conductivity region, and
the upper plot represents the equation appropriate for the
intermediate conductivity region:'®

Af 2 0001
f Qo—0Q;

where Af is the frequency difference between the empty
and loaded cavity. The data are clearly accommodated
extremely well by the low conductivity expression and
the fit indicates that the surface effects associated with
this high-surface-area ZnO do not result in unusually
high overall o values.

The surface area of zinc oxide is dependent upon the
preparation method; Table I lists the B.E.T. surface areas
of the three different zinc oxides used in this study.
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FIG. 5. Conductivity of ZnO vs the quality factor Q; of the
loaded cavity using assumed parameters (solid line) and the data
obtained for ZnO(I).

ZnO(I) had a surface area of 30+3 m?/g after treatment
at 673 K, but sintering occurred at 773 K which de-
creased the surface area to 15 m2/g.'’ ZnO(I) and
ZnO(III) had surface areas of 3.4 and 0.015%0.003 mz/g,
respectively. Table I also lists average crystallite diame-
ters calculated from x-ray-diffraction (XRD) and B.E.T.
measurements. XRD line broadening is most applicable
for particle sizes between 5 and 50 nm, which is the size
range of ZnO(I), whereas the sharp peaks obtained for
ZnO(I1) and (III) provide only a minimum estimate.

Values of mobility, conductivity, and charge-carrier
density for ZnO(I) after different treatment conditions
were calculated using Egs. (3)-(8), and are listed in Table
II. For comparison, Table III gives literature values of
mobility and conductivity for other ZnO samples.!”2>~ 3
The fresh (AS IS) sample of ZnCO; contained enough
moisture to interfere with microwave measurements even
though it was dried at 393 K, so its mobility and conduc-
tivity could not be compared directly with the rest of the
data. In order to remove all the moisture and decompose
zinc carbonate to zinc oxide, the sample was given a heat
treatment at 673 K, as described in the Experiment sec-
tion. Only XRD peaks for ZnO were visible after this
treatment.

The Hall mobility of this ZnO powder measured after
the various treatment conditions is related to changes in
carrier (i.e., electron) density of the semiconductor. Mea-
surements after oxygen adsorption at 20 Torr on ZnO(I)
gave mobilities between 20 and 67 cm?/V s with an aver-
age value of 44119 cm?/V s, which is about half the value
of 110+40 cm?/Vs for ZnO powder reported by Tru-
khan’ and is also somewhat lower than the range of
values (90-200 cm?/V's) cited for single crystals.”> ?°
Evacuation of ZnO(I) at 673 K for 1-4 h lowered the mo-
bility to 3.940.8 cm?/Vs.

The conductivity measurements of ZnO(I) in Table II
also show a significant effect of high-temperature evacua-
tion and subsequent exposure to O, at 300 K. The initial
4-h evacuation at 673 K to decompose the ZnCO; gave
an average conductivity of 3.8 X107 3 (Qcm) ™!, which
decreased to 5.3X10™* (Qcm)~! following oxygen ad-
sorption. An evacuation at 673 K for either 1 h or for 2
h following O, adsorption increased the electrical con-
ductivity t0 2.4X 1072 (Qcm) ' or 6.2X 1072 (Qcm) /|
respectively. These values were higher than that after the
initial evacuation, but readsorption of O, decreased the
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TABLE II. The effect of oxygen adsorption at 300 K on the electrical properties of high-surface-area ZnO(I): f,=9.64700 GHz

and Q,=4351. All measurements were at 300 K.

Treatment f Or Signal u o N,
(GHz) intensity (cm?/V's) (1073 Q7 'em™Y) (10" e~ /g)
AS IS (ZnCO,) 9.643 40 3517 3.0 4.1 2.4 0.64
673 K, evac. 4 h 9.644 50 3884 2.8 3.9 1.2 0.34
Sample 1 20 Torr O, 9.644 78 4161 35 20 0.50 0.025
(5.3 mg)* 673 K, evac. 2 h 9.64100 593 3.0 2.5 62 28
20 Torr O, 9.644 60 3933 10.5 67 1.0 0.017
300 K, evac. 1 h 9.644 50 3770 9.3 42 1.5 0.040
AS IS (ZnCO,) 9.643 25 3225 3.0 2.4 33 1.5
673 K, evac. 4 h 9.644 00 2581 4.0 44 6.4 1.6
Sample 2 20 Torr O, 9.644 53 4104 7.0 59 0.56 0.011
(5.6 mg)? 673 K, evac. 1 h 9.64270 1232 5.0 4.6 24 5.7
20 Torr O, 9.644 44 3987 6.0 31 0.85 0.030
300 K, evac. 0.5 h 9.644 43 3990 5.5 27 0.84 0.035

Weight of ZnO after decomposition.

conductivity back to about 9.3 X 10™* (@ cm) ™. It is not
clear why the second evacuation at 673 K following oxy-
gen adsorption produced a higher conductivity than the
first treatment, but it was principally due to an increase
in electron density rather than an increase in mobility.
There may have been a structural change in the zinc ox-
ide during the second evacuation involving chemisorbed
oxygen or a small residual amount of ZnCC; may have
further decomposed.

Earlier studies used a conductivity cell in which the
powder samples were compressed between metal elec-
trodes,>>? but only relative changes in conductivity
were reported. Amigues and Teichner also used a dc
conductivity cell and reported a conductivity value of
7X1072 (Qcm) ! after heating Zn(OH), in vacuum for
12 h at 623 K, and this value decreased to 2X 1073
(© cm) ™! under 3 Torr oxygen pressure at 298 K.! Litera-
ture values for the conductivity of ZnO are listed in Table
II1, and they show that ZnO single crystals have conduc-
tivities  ranging from about 0.01 to 1.0
(Q cm)~1,26728,30732 with the minimum value of 7X 1073
(Qcm) ! being obtained after heating at 980 K under
1077 Torr of O, pressure. The range in conductivities for
these ZnO single crystals indicates that defect formation

can be significant during crystal growth and that the de-
fect concentration can vary from batch to batch.?®

The electron densities after these various pretreat-
ments, calculated using Eq. (3) with the measured values
of u and o, are also listed in Table II. After decomposi-
tion of ZnCOj; under vacuum at 673 K for 4 h, the initial
charge-carrier density was 0.34X10" and 1.6X10'°
e /g for samples 1 and 2, respectively. Oxygen adsorp-
tion at 300 K decreased the charge-carrier density
markedly to 1.810.7X 10" e ~/g. An electron density of
3X 10" e /g has been reported for a ZnO single crystal
grown from the vapor phase.?® For sample 1, a 2-h eva-
cuation at 673 K decreased the mobility to 2.5 cm?/V's,
but increased the conductivity to 6.2X 1072 (Qcm)~},
primarily because of the marked increase in electron den-
sity to 28X 10> e~ /g. Irreversible oxygen readsorption
at 300 K (~230X 10"* molecules/g) reproduced the same
effect as the initial adsorption and very similar N, values
were obtained on both samples. A 1-h evacuation at 300
K changed the sample properties only slightly, which in-
dicated that the oxygen was essentially irreversibly chem-
isorbed. A combined MHE-ESR study has shown that
this chemisorbed oxygen can not only interact with con-
duction electrons to form O, species, thereby decreasing

TABLE III. Literature values for electron mobility and conductivity of ZnO at 300 K.

Sample Treatment Mobility Conductivity Ref.
(cm?/V's) (Qcm)™!
Single crystal 90-140 25
Single crystal heating at 980 K in Poz=10"7 Torr 130-200 ~0.007 26
Single crystal 150 0.1-1.0 27
Single crystal grown from vapor phase 180 0.01-3.0 28
extremely high purity and crystallinity 200 29
Single crystal grown from vapor phase 0.13 30
Single crystal grown from vapor phase ~0.01 31
Crystalline 1.0 32
Powder 110+40 7
Powder decomposition of Zn(OH), at 623 K ~0.07 1
O, adsorption at 298 K ~0.002
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TABLE IV. Electrical properties of ZnO(II) and ZnO(III): f,=9.64700 GHz, Q,=4351 for ZnO(II); f;,=9.64541 GHz and

Qo =4271 for ZnO(III); O, adsorption at 300 K.

Treatment f (o) Scale u o N,

(GH2) reading (cm?/V's) 107 @7 'em ™) (10" g™
AS IS 9.644 95 3707 4.5 13 1.5 0.13
ZnO(ID) 673 K evac. 2 h 9.645 08 3693 3.0 4.6 1.5 0.37
(6.0 mg) 20 Torr O, 9.645 00 3878 3.5 9.4 1.1 0.13
673 K evac. 2 h 9.644 88 3493 3.0 4.0 2.1 0.59
20 Torr O, 9.64495 3810 4.5 15 1.2 0.093
AS IS 9.644 08 2511 7.5 11 6.4 0.63
ZnO(I1I) 673 K evac. 2 h 9.64478 2524 7.0 10 6.4 0.68
(4.8 mg) 20 Torr O, 9.644 40 2670 5.0 7 5.5 0.87
673 K evac. 2 h 9.64375 2428 10.0 15 7.0 0.50
20 Torr O, 9.643 80 2506 11.0 18 6.5 0.40

free electron density, but it can also interact with the un-
paired electron at singly ionized oxygen vacancies to
form additional O, species and it can remove oxygen
vacancies completely by a bulk reoxidation process.!'®
Consequently, the chemistry can be complex. The results
in Table II show small differences in measured electrical
properties for two different ZnO samples using slightly
different experimental procedures, but the change in each
property has the same trend for similar experimental se-
quences.

A ZnO(II) sample with a lower surface area of 3.4
m?/g showed the same trends as the higher-surface-area
ZnO(I) but the variations in electrical properties were
smaller, as shown in Table IV. This is undoubtedly due
to the smaller surface-to-volume (S /¥) ratio of ZnO(II).
A sample of ZnO(III) with the lowest surface area of
~0.015 mz/g was also examined, and the results after
pretreatments comparable to those used for the other two
types of ZnO are also listed in Table IV so that the
particle-size effect on electrical properties can be further
determined. The carrier density of ZnO(III) also in-
creased after an evacuation at 673 K and decreased after
adsorption of oxygen at 300 K, but the relative changes
were much smaller than those obtained with ZnO(I). The
electron density of ZnO(III) was much more insensitive
to pretreatment. Both the mobilities and conductivities

of ZnO(III) were consistently higher than comparable
values of ZnO(II); consequently, electron densities for
ZnO(II) and ZnO(III) were about the same.

The effects of sequential CO and O, adsorption on
ZnO(I) are shown in Table V. After the measurements
listed in Table II, sample I was evacuated at 673 K which
increased electron density back to a high level of
3.1X10'" ¢ "/g. CO adsorption (1.0X10'7 molecule/g)
at 300 K was completely reversible and had no significant
effect on the electrical properties of high-temperature
evacuated ZnO. This is consistent with the fact that CO
adsorption on ZnO at low temperature is weak and rever-
sible.!>16:33735  After evacuation at 300 K, oxygen was
adsorbed, which decreased the carrier density as expected
although not quite as much as before.

After reevacuation at 673 K, which again increased
N, O, was adsorbed and then evacuated at 300 K leaving
the ZnO surface covered with strongly adsorbed oxygen.
Adsorption of CO onto this surface at 300 K increased
the electron density almost two orders of magnitude and
increased u more than tenfold, thus indicating that CO
can react with adsorbed oxygen at 300 K in such a way as
to release electrons to the zinc oxide. Such a reaction has
been recently reported by Chiorino, Ghiotti, and Boccuz-
zi.'* Also, Hotan, Gopel, and Haul’® have measured the
dc conductivity of a ZnO single crystal which was an-

TABLE V. Electrical properties of ZnO(I) after adsorption of oxygen and carbon monoxide at 300
K: 5.3 mg, f,=9.64700 GHz and Q,=4351. Experiments were continued with sample 1 from Table

II.
Treatment f Q. Scale u o N,
(GHz) reading (cm?/Vs) (1072 Q7 'em™!) (10" g 1)
673 K, evac. 2 h 9.63873 548 3.0 2.5 68 31
2.0 Torr CO 9.64150 652 3.0 2.5 56 25
20 Torr CO 9.64101 606 3.0 2.5 61 26
300 K, evac. 1 h; 20 Torr O, 9.64430 3682 5.8 19 1.8 0.11
673 K, evac. 2 h 9.64162 602 3.0 2.5 61 28
2.0 Torr O, 9.64435 3484 11.0 36 24 0.076
20 Torr O, 9.64448 3728 12.0 55 1.6 0.033
300 K, evac. 1 h 9.64422 3585 6.8 21 2.1 0.11
2.0 Torr CO 9.64345 1929 3.0 2.7 12 5.1
20 Torr CO 9.64265 1391 3.0 2.6 21 9.0
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TABLE VI. Electrical properties of ZnO(I) after the adsorption of oxygen and hydrogen at 300 K:
5.3 mg, f,=9.64700 GHz and Q,=4351. Experiments were continued with sample 1 from Table V.

Treatment f

o

Scale u o N,

(GHz) reading (cm?/Vs) (1072 Q7 'cm™!) (10 g7V

673 K, evac. 2 h 9.64179 773 3.0 2.5 46 20
2.0 Torr H, 9.64231 860 3.0 2.5 40 18
20 Torr H, 9.641838 890 3.0 2.5 38 17

300 K, evac. 1 h; 20 Torr O, 9.64427 3565 5.0 13 2.2 0.18
673 K, evac. 2 h 9.64300 721 3.0 2.5 50 22

20 Torr O, 9.64448 3827 5.0 18 1.3 0.081

300 K, evac. 1 h; 20 Torr H, 9.64445 3745 5.0 16 1.6 0.11

nealed under an oxygen pressure of 1X 10~ * Pa and then
exposed to CO at 298 K. They found that o increased
and suggested that a chemical reduction of the surface
occurred which donated charge to the ZnO conduction
band. This result shows that the net effect of CO adsorp-
tion on the electron density of ZnO is extremely depen-
dent on the state of the surface.

Measurements of the electrical properties of this
ZnO(I) sample were also made after sequential hydrogen
and oxygen adsorption, with the results given in Table
VI. After evacuation at 673 K, irreversible hydrogen ad-
sorption was low (19X 10'7 molecule H,/g) and had only
a very small effect on the electrical properties. Hydrogen
adsorbed at 300 K on a surface precovered with oxygen
also caused no significant change in any electrical proper-
ty. Unlike CO, hydrogen does not interact with adsorbed
oxygen at 300 K to significantly affect the electrical prop-
erties of zinc oxide.

Sequential adsorption of CO, and O, gave the interest-
ing results shown in Table VII. Irreversible CO, adsorp-
tion (95 umol/g) at 300 K after evacuation at 673 K was
large (570X 10'7 molecule/g) and decreased the carrier
density from 20X 10 to 1.5X 10'* e ~ /g, thus indicating
that adsorbed CO, significantly reduced conduction elec-
tron density, but less than chemisorbed O,. This low ra-
tio of electron transfer per adsorbed CO, molecule is con-
sistent with previous work.*® CO, adsorbed on an
oxygen-precovered surface at 300 K also decreased the
charge-carrier density. dc conductivity measurements
with a ZnO single crystal had previously indicated a de-
crease in conductivity after exposure to CO,.° Two ex-
planations for the decrease in N, for CO, adsorption on
the oxygen-covered surface are either CO, adsorption on

sites not available to O, or CO, interaction with chem-
isorbed oxygen in a manner that withdraws more conduc-
tion electrons from the zinc oxide. The chemistry associ-
ated with these interactions is also complex and is dis-
cussed in greater detail elsewhere.'> ¢

Finally, upon the completion of all of these runs, the
sample of ZnO in Table VII was heated at 673 K for 2 h
under 200 Torr oxygen to produce the most
stoichiometric form of ZnO(I). This state of ZnO with
the lowest defect density had a high mobility of 46
cm?/Vs, a low conductivity of 0.6X 1073 (Qcem) ™!, and
a low electron density of 1.5X 1072 e ~/g.

DISCUSSION

Zinc oxide is an n-type semiconductor whose electrical
properties can depend on the surface-to-volume (S /¥) ra-
tio and treatment conditions. Consistent with previous
work, this study has shown that evacuation at 673 K in-
creases the conductivity, decreases the mobility, and in-
creases the carrier density of ZnO. However, the impor-
tance of the present study is that microwave techniques
were employed to allow the characterization of ZnO
powders, thus providing the opportunity to examine the
influence of the surface region on absolute values of
overall electrical properties. The oxygen vacancies gen-
erated by high-temperature evacuation are mostly near
the surface because they can be almost completely re-
moved by O, chemisorption at 300 K. The defects
present in ZnO after such a treatment are not yet com-
pletely understood, but the formation of oxygen vacan-
cies ¥, is known and there is also evidence of interstitial
zinc atoms Zn;.2%3¢3" Ggpel and Lampe report the first

TABLE VII. Electrical properties of ZnO(I) after adsorption of oxygen and carbon dioxide at 300 K:
5.3 mg, f,=9.64700 GHz and Q,=4351. Experiments were continued with sample 1 from Table VI.

Treatment f o Scale u o N,
(GHz) reading (cm?*/Vs) (1073 Q7'em™) (10" g™
673 K, evac. 2 h 9.63976 594 4.0 34 62 20
20 Torr CO, 9.64338 2472 4.5 5.7 7.5 1.5
673 K, evac. 2 h 9.63963 535 4.0 34 70 23
20 Torr O,; evac. 1 h at 300 K 9.64385 3181 4.0 6.5 3.6 0.62
20 Torr CO, 9.64400 3748 4.0 11 1.6 0.17
673 K, 2 h under 200 Torr O, 9.64418 4095 5.8 46 0.6 0.015
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ionization level for oxygen vacancies, ie.,
(Vo)™ —(V§ ) +e ™, to be 0.04 eV, and the second ion-
ization level, i.e., (V)™ — (V3" )%+e~, to be 0.2-0.4
eV.2® Consequently, it should be easy to create surface
(Vg )~ sites, but not (V3" )° defects. (The superscript
sign within the parentheses represents the net charge at
the defect site and the sign outside the parentheses gives
the number of electrons associated with the site.) Another
source of conduction electrons could be interstitial Zn™
or Zn?" jons, but it is not clear which interstitial zinc ion
would be favored during evacuation.3® %

Mobility is a parameter describing the ease of carrier
motion in an applied electric field. For zinc oxide, mobil-
ity is determined by the scattering mechanisms for con-
duction electrons.*"*? Scattering mechanisms include
lattice scattering with optical, acoustical, and piezoelec-
tric modes and defect scattering from ionized and neutral
defects in the lattice.’®**~* Hagemark and Chacka*?
and Li and Hagemark® calculated the contribution from
each electron scattering mode to the theoretical mobili-
ties for doped ZnO single crystals and concluded that lat-
tice scattering is the dominant mechanism at room tem-
perature, whereas defect scattering dominates only at
very low temperature (below 50 K). These conclusions
may be valid for large single crystals, but as particle size
decreases the electron mobility will be increasingly deter-
mined by surface conditions. The mobility of ZnO(I) de-
creased by an order of magnitude after evacuation at 673
K and significantly increased following adsorption of O,.
Because the bulk structure of ZnO should not be changed
significantly by O, adsorption at 300 K, lattice scattering
should be unchanged. Consequently, the most probable
explanation for the measured mobility changes is defect-
caused scattering near the surface, which reduces elec-
tron mobilities for small particles with high S /V ratios.
The mobility of a semiconductor is related to the mean
free path of the charge carriers. For ZnO particle sizes
much larger than the mean free path of conduction elec-
trons, the condition of the surface has little effect on the
mean free path because the number of scattering interac-
tions in the bulk is much greater than at the surface.
However, if the particle size becomes small enough to ap-
proach the mean free path, the electron motion will be
limited by scattering in the surface region, thereby reduc-
ing the mobility. Oxygen removal during ZnO evacua-
tion at 673 K is facilitated by higher surface areas, which
resulted in a markedly higher concentration of oxygen
vacancies, (V,)~, for ZnO(I). The higher surface defect
concentration decreases the mobility and increases the
carrier density to a greater extent than with lower surface
area ZnO. The measured increases in electron density do
not explain the measured mobility decreases at these low
electron densities because the mean free path for
electron-electron scattering is at least ten times greater
than that for lattice scattering.** Thus we conclude that
oxygen vacancies near the surface act as defect scattering
centers for the electrons and decrease the mobility. Oxy-
gen adsorption removes these oxygen vacancies and re-
stores the mobility to a value near that for stoichiometric
ZnO.

Another possible explanation for the mobility change
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in ZnO powder is the presence of surface electron trap-
ping sites that restrict the motion of electrons.*® Such
trapping sites would interact with an electron for a cer-
tain period of time before releasing it, thereby decreasing
electron motion. However, if the holding time at the
trapping site is comparable to or longer than the electron
collision time 7, the trapping centers would lower the
measured value of electron density N, rather than the
measured value of mobility . Therefore, an increase in
defect scattering is the preferred explanation at this time
for the mobility decrease.

The mobility of electrons is related to the mean free
path I, which can be calculated from a kinetic model
similar to that for gases.’**’ The mean thermal velocity
of electrons inside a crystal v, is given by the formula

v(cm/s)=V3KkT /m* | (11)

where k is Boltzmann’s constant (1.38X 10~ ¢ erg/K), T
is the temperature (K), m * is the effective mass (g), which
must be used instead of the free-electron mass m,
(9.1X 10728 g). The mean free path is obtained by the re-
lationship

I=1v, , (12)

where 7 is the collision time, which can be expressed in
terms of the measured mobility as

*

T=’”—e"i , (13)

where e is the charge of an electron (1.6X10° "
Coulomb) and u is the mobility (cm?/V's). Consequently,
from these three equations the mean free path can be
represented as

1“=€—(3m*kT)“2 ‘ (14)

Using the literature value of m* /m;=0.27 for electrons
in ZnO (Refs. 29 and 48) and the largest literature value
of £ =200 cm?/V s, the longest mean free path for ZnO
at 300 K is calculated to be about 7 nm. The XRD and
B.E.T. results for ZnO(I) indicate average particle sizes of
20-30 nm after evacuation at 673 K, as listed in Table I;
thus the radii of these particles (10—15 nm) are compara-
ble to the mean free path, which provides a situation
where electron motion could be strongly affected by the
surface region of this high-surface-area powder.

The effect of particle size on the electrical properties is
demonstrated by the three ZnO samples with different
particle sizes. The mobility, conductivity, and carrier
density for these ZnO samples are plotted against the
S /V ratio in Figs. 6-8. Here u, 0, and N are the respec-
tive values after evacuation at 673 K, while u,, oy, and
N, represent the values after subsequent O, adsorption at
300 K. The ranges of mobility and conductivity for ZnO
single crystals are taken from Table III, and typically
only the lowest of these reported values are near those
measured for these powders. However, the range of elec-
tron density, particularly that after evacuation, falls
within that reported previously for ZnO single crystals.
Figure 9 shows the changes in the relative values of mo-



46
1000
®
O
Single °
Crystal
. :I: ZnO(I)
w
100 1
& Zno(Il)
5 ZnO(lll)
x
B
[<]
=
101

1 . , .
102 10° 10* 10° 10° 107
SV (ecm-1)

FIG. 6. Mobility at 300 K vs the surface-to-volume ratio for
three different ZnO powders; p is the value after evacuation at
673 K and p, is that after O, adsorption at 300 K. The mobility
range for a single crystal is derived from Table III.

bility, conductivity, and carrier density after exposure to
O, as a function of the S /¥ ratio for the three zinc-oxide
samples. For very small S/V ratios, i.e., for very large
particles, the electrical properties are relatively insensi-
tive to pretreatment. However, at much higher S/V ra-
tios large changes occur, especially in regard to electron
density. The consistent trends among all these parame-
ters provide strong evidence that oxygen vacancies
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FIG. 7. Conductivity at 300 K vs the S/V ratio for three
different ZnO powders: o is the value after evacuation at 673 K
and oy is that after O, adsorption at 300 K. The conductivity
range for a single crystal is obtained from Table III.
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FIG. 8. Electron density at 300 K vs the .S /¥ ratio for three
different ZnO powders: N is the value after evacuation at 673 K
and N, is that after O, adsorption at 300 K. The range of elec-
tron density for a single crystal is based on different doping con-
centrations (Ref. 26).

formed in the ZnO surface region play an important role
in ZnO electrical properties. Since these microwave tech-
niques measure overall electrical properties, which are
determined by both bulk and surface contributions, the
comparisons in Fig. 9 show that these methods become
surface sensitive when the S /¥ ratio becomes very large.
Previous measurements using a conductivity cell have
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FIG. 9. Relative values of mobility, conductivity, and elec-
tron density for ZnO vs the S/V ratio. The terms u, o, and N
are the values after evacuation at 673 K and u,, 0y, and N, are
those after O, adsorption at 300 K.
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shown that high-temperature evacuation increases con-
ductivity and oxygen adsorption decreases it. Two types
of chemisorbed oxygen on zinc oxide at room tempera-
ture have been proposed—one is an adsorbed O~ ion
formed by a reaction with conduction electrons®34%°
and the other is an O,  radical.’’>* Both may even be
formed simultaneously;> however, ESR and Fourier-
transform-infrared (FTIR) spectra support O,  as the
predominant adsorbed species on ZnO surfaces.'>!® The
matching of Fermi energy levels can be used to explain
charge transfer for chemisorption of gases on semicon-
ductors,’® and the decrease in the charge-carrier density
of ZnO during the adsorption of oxygen results from the
transfer of conduction electrons from ZnO to the oxygen
to form surface O,  species.’® This reaction continues
until equilibrium is attained between adsorption and
desorption.

Variations in electrical conductivity are often con-
sidered to be due only to changes in the concentration of
charge carriers at low carrier densities, i.e., the mobility
is assumed to be constant.’’ The results in this study
clearly show that the mobility can change by an order of
magnitude or more after different treatment conditions,
even at relatively low electron densities of 10'*-10'®
e /g; therefore, this is a dangerous assumption. To
better understand the influence of surface chemistry on
electrical properties of small particles, mobility as well as
conductivity must be measured.

SUMMARY

This application of a microwave-Hall-effect technique
has observed changes in electrical properties of powder
samples under controlled treatment conditions. Charge-
carrier mobility has been shown to be a critical parameter
for a better understanding of the role of surface chemis-
try on electrical properties of small particles. Mobility
cannot be assumed constant, even at low electron densi-
ties, because 20- to 30-fold increases can occur during O,
chemisorption at only 300 K following a high-
temperature evacuation of a high-surface-area ZnO. The
mobility of a high-surface-area ZnO decreased more than
an order of magnitude after evacuation at 673 K, and this
is attributed to the creation of oxygen vacancies in the
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surface region. These oxygen vacancies act as defect
scattering centers for electrons, thus greatly decreasing
their mobility. Bulk lattice scattering of electrons is the
dominant mechanism in large ZnO particles (particle
radius >>electron mean free path), but as the particle size
approaches the electron mean free path, surface defect
scattering begins to dominate. Chemisorbed oxygen re-
moves these surface defect centers.

The measured conductivities of ZnO samples after O,
exposure, i.e., at near stoichiometric Zn/O ratios, were
around 1072-107?% (Q cm) !, which is at the low end of
the range of values reported for ZnO single crystals. This
substantiates the statement that even carefully grown
ZnO single crystals can contain substantial concentra-
tions of bulk defects. As the S/V ratio increases, i.e., as
the particle size becomes smaller, oxygen removal and
adsorption is facilitated and the electrical properties can
be changed significantly by heat treatment and subse-
quent oxygen adsorption. After evacuation at 673 K, the
electron density of ZnO(I) increased 1000-fold from a
value near 2X 10 '3 e /g, but it could be returned to its
initial value by the irreversible adsorption of O, at 300 K.
CO adsorption had little effect on an evacuated surface,
but CO adsorbed on an oxygen-precovered ZnO surface
increased the electron number density significantly, thus
indicating that the CO reacted with the chemisorbed oxy-
gen and allowed electrons to be donated to the conduc-
tion band. In contrast, H, adsorption had no effect on
the electrical properties of the zinc oxide. The adsorp-
tion of CO, lowered the electron density in both the
high-temperature evacuated sample and the oxygen-
precovered zinc oxide. This implies that some of the ad-
sorption sites for CO, are different from those for O,.
This study has demonstrated that microwave-Hall-effect
and conductivity measurements can be used not only to
characterize powders, but also to examine the influence
of the surface on electrical properties.
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