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Scanning tunneling microscopy and spatially resolved tunneling spectroscopy have been used to
examine polycrystalline ZnO surfaces in ultrahigh vacuum after bake-cut, after a low
temperature anneal that cleaned the surface, after a high teraperature anneal, which segregated
bismuth tc the surface, after being dosed with O, and H,O, and after exposure to air. The
tunneling spectra depend both on the proximity to structurai features, such as grain boundaries,
and on the chemical composition of the surface. For example, the segregation of bismuth to the
surface causes the tunneling spectra to have a p-type rectification. Our results also indicate that
the rectification of tunneling spectra acquired in air is caused by surface hydration and that
images of surfaces that have not been heated in vacuum have inferior resolution due to a reduction
in the height of the apparent tunnel barrier. Spatially resolved tunneling spectroscopy has been
used to demonstrate that surface hydration has a greater effect on the crystallite surfaces than on

the grain boundary surfaces.

L INTRODUCTION

Although scanning tunneling microscopy {STM) and tun-
neling spectroscopy (TS) are potentially very powerful
probes of the local structure and electronic properties of
polycrystalline materials, studies of these materials have
been rather limited.'™ Most previous work was carried out
in air, or in vacuum without 7z site surface preparation, con-
ditions that make a reliable interpretation of images and
spectroscopic data difficult. Even for a clean surface, spatial
variations of the surface chemistry might be coupled to, or
independent of, topographic variations. Recently we have
attempted to resolve some of these problems by the simulta-
neous acquisition of spatially resolved tunneling spectrosco-
py data and current images from clean polycrystalline ZnO
in ulirahigh vacuum (UHV).! The detection of local varia-
tions in the electronic properties by TS allows the source of
image contrast to be identified as geometric, electronic, or a
combination of both. The geal of the present paper is to use
the same spatially resolved tunneling spectroscopy tech-
nique to probe the surface chemistry of ZnO and, in light of
our previous work, draw some general conclusions concern-
ing the analysis polycrystalline samples by STM.

The ZnO sample used in this study was doped with cobalt,
manganese, aluminem, and bismuth; components that are
commonly added to commercial varistors to aid in sintering
and enhance electrical properties. Several factors make this
an excellent prototype system for testing the capability of
STM analysis of polycrystalline materials. First, it can be
synthesized as a relatively finc grained material (gain
size = S00C z&) so that there is a high density of interfacial
regions that can be located with the STM. Second, it is well
known that the segregation of bismuth to the grain boundary
regions produces a chemically and electronically inhomo-
geneous material. The electrical inhomogeneity arises be-
cause the grain boundary regions possess a net negative
charge that causes the formation of a space-charge region in
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the vicinity of the grain boundary.'! Third, ZnO surfaces are
known to chemisorb gases from the atmosphere, which alter
the surface electronic properties.'” Our earlier work demon-
strated that STM can be used to probe the electrical proper-
ties of grain boundary space-charge regions on clean sur-
faces and here we demonstrate that changes in surface
chemistry capsed by the segregation of impurities or adsorp-
tion of species from the gas phase can be detected by tunnel-
ing spectroscopy.

{i. EXPERIMENTAL

Sintered Zn(O with additions of 0.1 mole % MnO, 0.1
mole % CoO, 0.1 mole % Bi,Q,, and 150 ppm ALO, was
prepared by a previously described method.'? Wafers ap-
proximately 2 mm thick were cut with a diamond saw and
then polished by sequentially reducing the size of abrasive
diamond grit down to 0.25 gm. After ultrasonic cleaning
with acetone and then ethanol, the sample was heated in air
at 140 °C for 30 min and then at 500 °C for 30 min. Although
the surface conductivity of the sample following this treat-
ment was insufficient for funneling in air, it increased to
accepiable levels after evacuation and bake-out of the STM
chamber. Samples were analyzed in this condition and after
two different heat treatments. The first treatment is a 10-30
min anneal at approximately 400 °C to remove chemisorbed
gases and the second treatment is a 30 min high temperature
anneal (700°C), which causes irreversible changes in the
surface composition. In other experiments, analysis was car-
ried out after O, or H,O was introduced into the chamber.

The microscope, which is of a standard design and de-
scribed elsewhere, was attached to an UHV chamber with a
base pressure of less than 5x 107 'Y Torr’. Mechanically
formed Pt tips were cleaned by field emission or continuous
scanning. Images were made in the constant current mode
(0.2-5nA) at — 3 V sample bias and current-voltage (I-V)
curves were acquired at preselected locations on the image
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during the scanning. When the tip reached one of the select-
ed locations, the feedback loop was momentarily disabled
and the current was recorded while the sample bias was
ramped linearly from — 3.0 to 3.0 V in less than 100 msec.
After a brief stabilization interval, the process was repeated
so that the data for each location is the average of ten curves.
After the image was recorded, each 7~} curve could be cor-
reiated to a specific point on the image. Differential spectra
are not presented, since a comparison of I-¥ curves acquired
under the different conditions is sufficient to demonstrate
the results. A more detailed discussion of the spectroscopy of
clean ZnQ surface is presented in Refs. 10 and 14. The de-
pendence of the current on sample-tip separation was mea-
sured using an interrupted-feedback technique similar to the
one used to acquire the J-V curves. In this case, after dis-
abling the feedback circuit, the tip was pulled several ang-
stroms away and then ramped toward the sample while mea-
suring the current and maintaining 2 constant bias. Auger
electron spectroscopy (AES) was performed in a separate
chamber following transfer of samples through the atmo-
sphere.- Although zinc oxide surfaces have been reported to
be rather inert, this technique probably leads to an overesti-
mation of contamination levels.®

. RESULTS

Images of the polycrystalline ZnO surface was acquired in
air, in UHV before and after the thermal treatments, after
several minutes of exposure to O, or H,O, in the 10” ® range,
at a pressure of 1 X 10~ 2 Torr H,0 and, subsequently, in air.
After several days exposure to the ambient atmosphere,
however, a reduction in surface conductivity made imaging
impossible. The most detailed images (see Fig. 1), which
revealed surface steps approximately 5 A in height, were
acquired in UHV from samples, which were cleaned by a
400 °C anneal. Space-charge formation at the surface of
these low conductivity samples limited the lateral resolution,
preventing the observation of the atomic surface structure.

o

Fi6. 1. Typical STM images of the polycrystalline ZnO surface. (a) 4950 A
X 4950 A gray-scaletop view acguired at - 2.75 V sample bias and 0.5 nA.
This surface was cleaned with the 400 °C thermal treatment. (b) 5500 A X
5500 A image acquired using similar parameters {current, bias, and feed-
back) in UHV before any attempt was made to clean the sample. The image
shows less detail and the “‘streaky” sloped area indicated by the black ar-
rows occurs because of the tip’s inability to respond quickly enough to the
rapidly changing topography of the sampie surface, due, in part, to the re-
duced gain of the tunnel junction under these conditions.
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The tunnel current depended only weakly on sample—tip
separation following evacuation and bake-out. The apparent
barrier height (phi), computed from the vacuum tunneling
eguation, is only 0.82 eV, which indicates that tunneling
does not occur through a vacuum gap.'® The I-V curves
acquired under these conditions varied somewhat with posi-
tion, but for the most part resembled the one shown in Fig.
2(a). The I-¥ curves are rather featureless and vary weakly
with sample-tip separation. Auger electron spectroscopy
( AES) of samples that did not receive in situ heating indicat-
ed that the surface was composed primarily (60%) of car-
bon. Heating to 400 °C in vacuum reduces the level of carbon
contamination to between 5% and 18%. The apparent bar-
rier height measured after this treatment is 5.06 eV and a
typical I-¥ curve is shown in Fig. 2(b). The curve is less
rectified than those acquired before the heat treatment. The
difference in the /~¥ curves is a clear indication that tunnel-
ing specira are affected by surface contamination.

After cleaning, the surface was exposed to 4 < 10 ™ Torr
of (3, for 5 min. The I-¥ characteristics of this surface mea-
sured after return to UHV conditions were essentially un-
changed. The sample was then heat treated again at 400 °C
and exposed to 1 X 10™* Torr H,O for 3 h. Since this treat-
ment had no effect, the sample was then exposed to 1 X 10 72
Torr of H,0 for 14 h. The typical 7-¥ curve acquired after
this treatment is shown in Fig 2(c¢). The rectification appar-
ent in the curve disappeared after pumping the chamber
back to the UHV pressure region, indicating that the change
is reversible, The J-V curves acquired from the hydrated.
sample are identical to those recorded after the chamber was
vented to air [see Fig. 2(d) |} and the reduced tunnel barrier
height was observed.

In an attempt to completely eliminate the carbon conta-
mination, one of the samples was heated to 700 °C for 30
min. Before this treatment the sample was light green in
color, but afterward, it appeared yellow. Scanning Auger
electron spectroscopy indicated that this high temperature
treatment significantly altered the surface composition; it
was bismuth rich and was decorated with small precipitates
rich in bismuth and manganese. Current-voltage curves ac-
quired after this treatment exhibit a strong p-type rectifica-
tion [see Fig. 2(e) |.

Several sets of spatially resolved tunneling spectroscopy
data were collected during the exposure to 1 X 10~ Torr of
water vapor and the results from a representative set are
summarized in Fig. 3. The most prominent feature of the
image shown in Fig. 3( A) is a valley or depression, about 85
A deep, which extends about halfway down the image and
then divides into two separate valleys. Based on the resulis of
earlier experimenis, we assume that this is the interfacial
region between two grains.'® Current-voliage curves were
acquired at each data point on the line indicated by the ar-
rows. The current measured at each point when the bias was
2.0V is plotted as a function of position in Fig. 3(B) and a
profile of the topography along this line is presented in Fig.
3(C). The fact that the current increases in the proximity of
the topographic depression, clearly shows that there is an
electrical inhomogeneity, which correlates with the grain
boundary. If the surface electrical properties were uniform,
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the current measured at each point on the image should be
the same, providing the bias and sample~tip separation is
constant. Selected S~ curves from different points along the
line {see Figs. 3{D)-3(G)] illustrate the two characteristic
tunneling spectra acquired from different positions on the
image. Spectra from the crystalline surface [Figs. 3(D) and
3{G) ] are similar to those recorded in air while those from
the vicinity of the interfacial regions {Figs. 3(E} and 3(F) ]
are much different. It was not possible to detect this differ-
ence in the spatially resolved tunneling spectroscopy data
recorded in air, which showed a uniform response, with ab-
solutely no correlation to the observed topography.

V. DISCUSSION

Images of clean surfaces in vacuum show far more detail
than those of dirty samples in vacuum or of samples exposed
to air. The reason for this is clearly the size of the tunnel
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F16. 2. Typical I- ¥ curves acquired from polycrystalline ZnO surfaces un-
der various conditions. In each case, the static sample bias while under feed-
back control was — 2.0 V. (a) I-V curve after bake-out; (b) after 400 °C
thermal treatment; (c) after exposure to 13X 1072 Torr water vapor; {d)
after exposure to air; and {¢) after 700 °C treatment.

barier, which is much greater on a clean surface. When scan-
ning on a contaminated sample, the sensitivity of the tunnel-
ing current to small changes in sample-tip separation (sur-
face topography) is greatly reduced so that the topographic
details are effectively filtered out. The most probable reason
for the decreasc in the tunnel barrier height is that the tipisin
contact with the surface through an insulating contamina-
tion layer in such a way that the displacement of the tipis not
necessarily equal to the change in the sample~tip separation,
an effect discussed previously by Coombs and Pethica.'’
Thercfore imaging and spectroscopy data acquired from
samples exhibiting reduced barrier heights cannot be strictly
interpreted in terms of the conventional vacuum tunneling
theory.

The primary goal of this work was to determine the cause
of the strong rectification of the tunnel current that occurs
during STM analysis in air. The observation that surfaces
exhibited rectified tunneling characteristics on exposure to
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large amounts of water vapor suggests that it is the absorp-
tion of atmospheric water, which causes this rectification.
The effect of 1 1072 Torr water vapor was not as great as
what occurs in air, since it was still possible to detect spatial
variations in the electrical properties. The dipolar character
of the water molecule presumably allows it to trap charge
carriers at the surface and thereby induce band bending and
a subsurface depletion layer. The changes in the tunneling
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Fi1G. 3. Spatially resolved tunneling spectroscopy of polycrystalline ZnO.
(A) 2700 A X 2700 A image of the polycrystalline surface showing an in-
terfacial region. We sec 68 J-F curves were acquired at 40 A intervals along
the black dashed line during the image acquisition. (B) The current mea-
sured at 2.0 V taken from cach of the /—¥F curves. (C) The topographic
profile along the line from which the J-¥ curves were acquired. (I3)~(G)
The I~V curve measured at the points labeled 1~4 on Fig. 3(A), respective-
ly. The positions are also indicated by the arrows in 3(C).

spectra are consistent with the formation of a depletion lay-
er, an effect illustrated schematically in Fig. 4. The absorp-
tion process apparently continues for several days with an
associated growth of the depletion region that eventually
renders tunneling impossible. Apparently the water inter-
acts very weakly with the surface, since an extremely large
dose was required to affect the surface in any significant way
and the surface returned to normal after pumping the gas
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Fic. 4. Schematic illustration of the effect of water absorption on the elec-
tronic properties of the Zn{? surface. (a) The nearly flat band conditions of
the cleaned surface and (b) the band bending that occurs in air as a result of
water absorption. The properties of an uncicaned sample in vacuum would
be represented by an intermediate case. Schematic illustration of the I~V
curves that would be measured in each instance are shown to the right.

away. It is possible that other electrophilic species such as O,
could contribute to this process, but at the doses used here,
no effect was detected.

The tunneling spectra show an opposite rectification after
the sample was heated to 700 °C. The cause of this change is
certainly related to the segregation of bismuth to the surface.
One possible explanation is that a laver of bismuth oxide or a
related compound was formed at the surface. The observed
tunneling spectra are consistent with those expected from a
poorly conducting p-type semiconductor, and BL,O; is
known to reduce easily to become 2 p-type semiconductor.

The spatially resclved spectroscopy data indicate that the
absorption of water does not occur uniformly on all parts of
the polycrystalline surface. Regions that are away from the
grain boundary have I-¥ curves typical of those measured in
air while those nearer to the boundary are much different.
The increases in the measured current near the grain bound-
ary [see Fig. 3(B) ] indicates that there is a greater density of
states above the Fermi level, a result that suggests that there
is a reduction of band bending in the region. The implication
is that water is does not adsorb at the interfacial regions as
readily as on the crystallite surfaces. The surface of the mate-
rial in these regions, is apparently not as hygroscopic.'™"!
The complete uniformity of surface properties in air, how-
ever, suggest that these regions eventually do absorb water
or that the depletion regions in the neighboering crystallites
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grow large enough to inciude the grain boundaries.

QOur results have several implications that are relevant to
the study of all polycrystalline materials and multicompon-
ent systems. The first is that while local variations in the
electronic properties of inhomogeneous surfaces can certain-
ly be measured using scanning tunneling microscopy, only
very Hmited results can be obtained in air or on contaminat-
ed surfaces in vacuum. The interaction of the surface with
adsorbed species can create a space charge region, which
overwhelms other local variations and reduces the effective
tunnel barrier. This may not be a problem for inert surfaces,
which remain clean in air. The second conclusion is that in
situ preparation treatments intended to clean the surface
may change the surface composition by segregating impuri-
ty species to the surface or by causing a precipitation reac-
tion in multicomponent systems. In this case, a middle
ground must be achieved such that the sample is cleaned as
thoroughly as possible without causing a reaction. The com-
promise position in the present study was the 400 °C anneal.
Last, the importance and wtility of spatially resolved spec-
troscopy experiments have been demonstrated. Polyerystal-
line surfaces do not have a unique electronic response and
the spectroscopy must be mapped so that correlations with
topographic features can be established and sources of con-
trast identified. This, of course, allows a whole range of local
electrical measurements to be performed on complex, inho-
mogeneous materials.

V. CONCLUSIONS

Our results demonstrate that the strong rectification of /-
V curves acquired in air is a result of the absorption of water,
which causes the formation of a space-charge region. In lim-
ited doses, water absorption occurs primarily at the crystal-
lite surfaces rather than at the intergranular regions. Also,
the tunneling spectra measured after the segregation of bis-
muth show strong p-type behavior, possibly due to the for-
mation of a reduced bismuth oxide at the surface. Although
the surfaces of polycrystalline materials are rather complex,
the simultaneous acquisition of topographic and spectro-
scopic data under controlled conditions allows chemical
changes caused by absorption and segregation reactions to
be probed.
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