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New Evidence for Localized Electronic States on Atomically Sharp Field Emitters
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We have studied field emission from atomically sharp tungsten-carbide-codtdd Wips, and from
atomically sharp Hf€100) and ZrG100) tips. We observed multiple-peaked total energy distributions
from the apex atoms. These narrow and intense peaks have strong angular anisotropy, and their relative
magnitudes depend on the extraction field. They suggest the presence of localized states on the atom
at the apex of the tip. [S0031-9007(96)00929-5]

PACS numbers: 79.70.+q

In a 1992 Letter, Binket al. [1] reported that the to- sion tip. It generates a driving forceé(F?/8), where

tal energy distribution (TED) of field-emitted electrons F is the electric field, to move the tip atoms toward the
from single-atom tungstefi11) tips consist solely of well- local field maximum. The elevated temperature promotes
separated peaks. This first observation of multiple-peakedtomic mobility. A nanostructure is formed at the tip apex
TED'’s implies the presence of localized electronic levelsthat can end with a single atom. Since the driving force is
for the atom at the apex of a solid-state tip. They pro-independent of the direction of the electric field, we pro-
posed that electron tunneling through these localized levelduced built-up tips with both positive and negative bias.
gives the multiple peaks in the TED’s. This is distinctly Our typical procedure was to apply several kV positive
different from the broad features commonly observed irbias at the tip at 1500 K for a few seconds, or apply a
TED'’s from resonant tunneling through broadened atomimegative bias on the tip to give a large emission current
energy levels of adsorbed atoms. These observations céa few wA) at room temperature until buildup occurred.
change our understanding of the electronic states of tipg/e preferred the second technique since we could watch
in scanning tunneling microscopy and field-emission electhe buildup process by field-emission microscopy (FEM).
tron sources. Their results were, however, controversiallhe field emission at the buildup site would increase sud-
Three other groups attempted to reproduce the experimedenly, giving intense emission within a semicone angle of
but obtained negative results [2]. In this Letter, we re-a few degrees. The crystalline direction of the buildup
port new evidence of multiple-peaked TED’s from metal-varied from one experiment to the other. Occasionally,
carbide field emitters, confirming the presence of localizednore than one buildup site can occur on the same tip.

states at tip apexes under certain circumstances. We were not successful in preparing built-up tips on clean
We have studied the TED’s of field-emitted electronscarbide tips without the acetylene treatment.
from tungsten-carbide-coated (W) tips, and single- Tips prepared were examinéd situ by field-emission

crystal ZK100) and HfGQ100) tips. All these carbides are and field-ion (FIM) microscopies in our VG FIM-100
metallic with very high melting points [3]. These carbide system. FIM analysis of built-up sites showed a bright,
tips have much improved emission stability over conventound atomic image. It suggests a single atom at the
tional tungsten tips [4]. Our goal is to develop advancedhpex. This was consistently observed on our built-up
electron emitters for electron-beam microcolumns [5].tips. Unfortunately, we were unable to control the field
The tungsten-carbide-coated(W1) tips were formed by evaporation well enough to systematically analyze the
heating sharpened Wi 1) tips in4 X 107° Torr of acety-  structure of built-up nanostructures on carbide tips as we
lene at 1100 K for 5 min to form a thin tungsten car-could with W(111) tips [8]. We measured the energy
bide layer [4]. Sharp ZrQ00) and HfGQ100) emitters distributions in a FEM chamber with a hemispherical
were prepared first by the electrochemical etching of sinenergy analyzer. Tips were preparid situ using the

gle crystal ZrC and HfC rods. The tips were cleaned byrecipes developed above for single-atom apexes and
2000 K thermal annealing and field evaporation in ourexamined by FEM. To measure the TED, the FEM
VG FIM-100 ultrahigh vacuum (UHV) analysis chamber. image of the single atom tip was displayed on a phosphor
They were then heated i X 107° Torr of acetylene at screen which has a probe hole at the center. A VSW
1100 K to replenish carbon lost in thermal annealing [4].HR-50 hemispherical energy analyzer was placed directly
To obtain single-atom tips, we used the buildup procesbehind the probe hole. Guided by the FEM image, the
[6], following Binh et al. [1,7]. A strong electric field is tip position was adjusted so that about 1 msr of the
applied at elevated temperature to the apex of a field emigenter portion of the electron emission from the single
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atom site was let through the probe hole into the energyhis moment, we do not have sufficient control to form the
analyzer. The analyzer had been modified to give amwarious types of built-up sites reproducibly.
estimated energy resolution of about 55 meV. In our While the built-up tip results from the application of
experiment, we biased the tips atl kV with respect to a strong electric field, a large field can also change the
the ground of the spectrometer. An extractor electrodetructure of the built-up tip. Relative peak heights and
was placed within 1 mm of the tip. The extraction voltagepeak positions can change. Figure 2 shows an interesting
is the voltage difference between the tip and the extractoexample from a Zr100) tip. Curve 2a shows the TED
With this arrangement, no change in the tip voltage androm a ZrGQ100) tip before buildup. The FWHM is about
spectrometer settings was necessary when we studied tBe22 eV. Curve 2b shows a TED after buildup. There
shift of the TED’s with the extraction field. All energy is a strong peak at0.5 eV with substantial emission at
distribution measurements were performed with the tipEr. Then the extraction voltage was increased and the
holder at room temperature. emission became unstable. The extraction voltage was
We did not observe multiple-peaked TED’s from built- lowered immediately and raised slowly to return to stable
up W(111) tips in accord with the results of Ernstal. [2].  emission. The FEM image was not changed. However,
However, we observed them in all three kinds of built-upcurve 2c taken after the instability shows that the emission
metal-carbide field emitters. Figure 1 depicts the varioust Er is noticeably reduced, but the0.5 eV peak is not
TED'’s obtained from tungsten-carbide-coated\M ) tips.  appreciably affected. The observation suggests that the
In this Letter, we have normalized and offset the TEDsemission peak aEy and the peak belowEr may have
along they-axis for clarity. Curve lais the TED before the different origins.
buildup process. It has a single peak with full width at half The peaks belowEy shift to lower energy with in-
maximum (FWHM) of about 0.23 eV. We approximate creasing extraction field. Figure 3 depicts a set of TED's
the Fermi levelEr by the midpoint of the high-energy from a HfG(100) tip taken at different extraction volt-
edge. Multiple-peaked TED’s can have different amountsages. Curve 3a shows a TED of electrons emitted from
of emission atEr. Curve 1b shows a TED with a peak a HfC(100) tip before buildup. It has a FWHM of about
at —0.25 eV, but with substantial emission At-. Curve 0.32 eV. Curves 3b to 3f show the TED’s from a built-
1c shows a TED with peaks at0.6 and —1.2 eV with  up tip with extraction voltage varying from 1 to 1.2 kV
a small amount of emission &r. Curve 1d shows a in 50 V steps. There is a small shift of the peak po-
TED with peaks at-0.8 and—1.8 eV, but with negligibly  sitions toward the low-energy side at a rate of approxi-
small emission ar. Curve 1d is qualitatively similar mately —0.5 mV/V. This phenomenon is commonly
to the multiple-peaked TED'’s reported by Biehal.[1].  observed in field emission when field penetration causes
The FWHM of the peaks was usually below 0.5 eV. Atthe adsorbate level to shift with the extraction voltage [9].
This rate is smaller than the-1.65 mV/V reported by
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FIG. 2. Total energy distribution of field-emitted electrons
FIG. 1. Total energy distribution of field-emitted electrons from ZrC(100) emitters (a) before buildup, (b) after buildup
from tungsten-carbide-coated (W 1) tips (a) before buildup, but before instability, and (c) after field-induced instability.
and (b)—(d) after different cases of buildup. The extractionThe extraction voltages were-1.2, —1.3, and —1.35 kV,
voltages were-1.7, —1.7, —1.0, and —0.95 kV, respectively.  respectively.
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The —0.35 eV peak signal falls from 10608 counts to
3039 counts to 465 counts correspondingly, showing the
& @ strong forward peaking of the emission. In addition,
—0.5 0 0.5 the data clearly show a rapid decrease in the relative

; ' intensity of the —1 eV peak relative to the-0.35 eV
peak. Again, according to the Fowler-Nordheim theory,
FIG. 3. Total energy distribution of field-emitted elec- these_ch«_’;mges are consistent W,ith a rapi(_j decrease of the
trons from HfQ100) emitters (a) before buildup, €lectric field away from the emission axis. A decrease
and (b)—(f) after buildup with extraction voltages of in the electric field increases the width of the triangular
—1.0, =105, —1.1, —1.15, and —1.2 kV, respectively. The tunneling barrier. It reduces the tunneling probability
:%pt;ifénmv?/ﬁth ?\lhgva\{ts 13‘2”8':'('\'\//' Ir'?ﬁgetogf r?g h?“i'été:? Sﬁgﬁfg the overall, and reduces it faster for electrons with lower
corresponding FEM image. The magnification of the FEMENErgies. In field emission, such rapid field variation with
image is 0.38 times that of the FIM image. angle occurs when there is a bump or protrusion on the
tip surface [10,11]. It is known that the buildup process
causes the growth of nanoprotrusions with the apex atom
at the tip end [7]. The structure consists of the apex
Binh et al.[1], and it is at the limit of our resolution. atom, a part that might be called the protrusion spacer,
Higher extraction fields enhance the ratio of the low en-and the bulk as shown schematically in the inset of Fig. 4.
ergy (—1.0 eV) peak to the high enerdy-0.35 eV) peak. = We do not have a direct experimental determination of
This is consistent with the Fowler-Nordheim theory wherethe structure and chemical composition of the protrusion.
the width of the tunnel barrier decreases with increasind herefore, we shall use available experimental data to
field [10]. The effect is that the tunneling probability in- guide our understanding.
creases more rapidly for states deeper in energy. ResultsThe atom at the tip apex behaves like an adsorbed
from built-up ZrG100) tips were qualitatively similar. atom. The shifting of the peaks belady: with extraction
Electron emission from the built-up site is highly field, as shown in Fig. 3, is similar to those expected
anisotropic. The emission intensity is confined to afor peaks from adsorbates [9]. Therefore, in agreement
small cone with about 2semi-cone angle. The TED with Binh et al.[1], we believe that the narrow peaks
also varies rapidly with angle. Figure 4 curve (a) showsobserved were associated with the apex atoms. Since
the TED of a built-up HfQ100) tip measured at the the narrow TED peaks are close to the Fermi level, it is
maximum of the angular emission. Curves 4b and 4anost likely that the apex atoms are metal atoms. Electron
depict the TED's taken at°2and £ off of the maximum. tunneling through the resonant level of an adsorbate gives
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rise to enhancement of field emission at the energy othe Fermi level. The phenomenon was seen on tungsten-
the broadened adsorbate level. The enhancement factordarbide-coated W 11), and HfG100) and ZrG100) field
usually less than three for adsorbates on surfaces [12]. Bgmitters.
contrast, we have observed enhancement factors as largeThe authors would like to acknowledge useful discus-
as 200 for the peaks belo®r. According to the model sions with Ernst Kratschmer and Ho-Seob Kim. A portion
calculation of Duke and Fauchier [13], narrow peaks withof this research was supported by the Advanced Research
enhancement factors of the order if in the TED can Projects Agency of the Department of Defense and was
result if the atom is placed over 3 A from the surfacemonitored by the Air Force Office of Scientific Research
where the interaction between the atom and the tip isinder Contract No. F49620-93-C-0068, DEF.
weak. For a typical electric field of 0.2 M, a peak shift
rate of—0.5 mV/V observed at-1 kV extraction voltage
would imply that the atom is at least about 2.5 A from the
surface, which is consistent with the results of Duke and
Fauchier. This is a lower limit since we assume complete *Electronic address: phmyu@usthk.ust.nk
field penetration to the surface of the bulk of the tip. Electronic address: lang@watson.iom.com o
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