Nanoscale imaging of the electronic tunneling barrier at a metal surface
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A photometric field-emission electron microscopy technique is described by which the spatial
structure of the surface electronic tunneling barrier can be mapped with nanometer resolution. The
technique involves performing a Fowler—Nordheim analysis on luminosity data extracted from a set
of digitized field-emission images taken over a range of voltages. This approach is equivalent to
older probe-hole methods, but with greatly improved spatial resolution and data accumulation rate.
Virtual probe holes of arbitrary size and shape can be constructed by integrating over subregions in
the field-emission images. Performance of a system utilizing this technique is demonstrated by
measuring the work functions of tli#11)and(100)crystallographic planes of a clean tungsten field
emitter. Applications of this technique to adsorption phenomena and field-emission display
technology are also discussed. 1®98 American Vacuum Socieffs0734-211X(98)06601-3]

I. INTRODUCTION where J is the field-emission current densitf is the
electric-field strength at the surface, a#ds the work func-
tion. If the field can be written in the forra=V/kR, where

is an effective local radius of curvature, then the Fowler—

Developed in the 1930s, field-emission microscopys
one of the oldest techniques of modern surface analysis. In
flelgl-em|55|on electron microscop&EEM), electrons are dNordheim equation may be linearized by the following
emitted from the surface of a metal cathode for electric-fiel : .

. . .. change of variables:
strengths approaching 1 V/A, and are imaged on a distant
anode coated with a cathodoluminescent material. The
spherical FEEM, characterized by a sharp wire cathode and In(V—z) =— pkR X
a spherical anode, offers the lowest image distortion as well

as the most convenient geometry for creating large-field entpe slope of IngV?) vs (1/V) depends only on the form of
hancements at the emitter surface. It can produce magnificgne tunneling barrier, as defined ByandkR, and not on the
tions on the order of ¥0(~2 nm resolutionidue to the di-  syrface LDOS. Measurements of this “Fowler—Nordheim
vergence of the electric-field linés? The pattern of electron slope” have been widely used to determine the work func-
emission imaged in a FEEM depends primarily on the crystions of surfaces with known geometries, the geometries of
tallographic structure of the surface as this defines thgyfaces with known work functions, and the relative work
potential-energy barrier and the local supply of tunnelingfynctions of surfaces before and after various modificatfons.
electrons. The height of the potential barrier is described by Because the emission from a real cathode is actually a
the intrinsic work function, the width by the applied field syperposition of emissions from a variety of distinct crystal-
strength, and the supply of tunneling electrons by the locajographic faces, several techniques have been developed to
density of state§LDOS) at the surface. In this article, we measure current-voltage data from small regions of the
describe a derivative imaging technique for the FEEM byenmitter surface independently. The most accepted technique
which nanoscale features in the surface potential-energy bagy, this purpose is the use of the “probe-hole” FEEM de-
rier can be resolved independently of the surface LDOS. veloped by Miier in 1943 In a probe-hole FEEM, a physi-
The field-emission process, first observed in the 18thyg| aperture is placed between the cathode and a current mea-
century> was intensely scrutinized in the early 20th centurysyring anode so that only emission from the region of
when it came into prominence as a demonstration of thenterest is collected. Because of the difficulties in positioning
then-new theory of quantum-mechanical tunnefirBy de- 4 physical probe hole in vacuum, this technique was quickly
scribing the cathode as a one-dimensional Fermi sea of elegyodified so that current—voltage data could be extracted
trons separated from the vacuum by a triangular potentiakom Juminosity measurements taken from a phosphor coated

barrier with height equal to the work function of the field- anode using a photodetector located external to the vacuum
free surface and width determined by the strength of theystem!l-13  Despite  strenuous  criticism  of  this

between the emitted current density and the applied field ofystal faces of tungsten taken with this “photometric probe-

1
v +const. (2)

the following form: hole” technique have proven to be of comparable accuracy
a as physical probe-hole measurements from the same period.
2 —¢ Both physical and photometric probe-hole techniques have
JcF~ ex , 1) . X .
F been used almost exclusively with a single probe hole at a
time and have, therefore, been limited to providing only one
@Electronic mail: gcondon@unm.edu channel of data. Today, the availability of inexpensive
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charge coupled devicéCCD) cameras and digital frame
grabbers has made it feasible to construct a multichannel
photometric probe-hole FEEM:'’ In this article, we de-
scribe a technique by which a multichannel photometric
probe-hole FEEM can be used to independently determine
the Fowler—Nordheim characteristics for each pixel in a set
of digitized field-emission images taken over a range of volt-
ages. Our technique, which we call “PhotoFEEM”, extends
traditional Fowler—Nordheim analysis by providing a spa-
tially resolved map of the surface tunneling barrier on a na-
nometer scale. From this map, Fowler—Nordheim character-
istics can be extracted from any region of the emitter’'s
surface. We demonstrate the utility of this technique by mea-
suring the work functions of th€l11)and(100) crystal faces

of a tungsten field emitter. Our measurements are in good
agreement with work functions obtained with other methods
and display spatial structure in the surface tunneling barrier,
which to the best of our knowledge has not been previously
observed. We also discuss other potential applications of this
technique including imaging the tunneling barriers associ-
ated with molecular adsorbates and the spatial characteriza-
tion of emitter characteristics in field-emission displays
(FEDs).

II. CONCEPT Fic. 1. Schematic illustration of the PhotoFEEM concé@iockwise from
) upper left)a series of FEEM images are taken over a range of voltages, an

In a PhotoFEEM experiment, a three-dimensional datarbitrary “probe hole” is extracted from the set of images, luminosities are
cube is constructed from a stack of two-dimensional FEEMobtaineq by integ.raFing over the probe hole for each voltage, and a Fowler—
. . Nordheim analysis is performed on the transformed dataV@ vs (1V).
images taken over a range of voltages. The FEEM images
are gathered with an array photodetector, such as a CCD
camera, and digitized to allow for the subsequent extractiofhe scanning tunneling microscof®TM). However, the in-
of virtual probe holes with a computer. Probe holes of arbi-terpretation of the STM map is not straightforward. The bar-
trary size and shape can be built up as collections of indirier width is changed in the STM and the FEEM, respec-
vidual pixels limited only by the size of an individual pixel. tively, by varying the interelectrode spacing or the
Luminosities, suitable for Fowler—Nordheim analysis, aremagnitude of the applied electric field. Accurate work func-
obtained by simply summing the pixel values within the vir- tions, consistent with other measurement techniques, can be
tual probe hole for each voltageig. 1). Because the param- extracted directly from PhotoFEEM data. However, work
eter of interest in a Fowler—Nordheim analysis is the slope ofunctions measured from STM current versus electrode spac-
In(I/V?) vs (1/V), the luminosity data need only be propor- ing data are, typically, lower than accepted values due to
tional to the incident currents for the method to be identicakip—substrate work-function averaging and geometrical ef-
to a traditional probe-hole experiment. In other words, if thefects related to the projection ofis along the surface
luminosities are proportional to the incident currents, thenormal®® Limitations to the applicability of the Photo-
constant of proportionalityc, appears as an additive con- FEEM technique arise from the fact that the samples must be

stant in Eq.(2): formed into or deposited on sharp tigs 1 um radius of
L | curvature)and must withstand the mechanical stresses that
In(w) :In(w +In(c), 3) Eesult /'gr)om the application of strong electric fields
~1VIA).

and, therefore, does not affect the Fowler—Nordheim slope. Any FEEM can be used with the PhotoFEEM technique
As long as this condition is satisfied, a Fowler—Nordheimso long as the raw image data is processed appropriately. In
analysis can be performed on each pixel in a set of digitizednost situations, the image processing reduces to three simple
FEEM images. Even with a commercial grade CCD camerasteps: hormalization of exposure times, “dark subtraction”
this can be equivalent to over 10aditional probe-hole mea- of the noise background in each image, and correction for the
surements taken in parallel. The ultimate resolution of such asponse of the imaging system. The normalization of expo-
system is limited by the resolution of the FEEM image sure times is required by the limitations in dynamic range
(~2 nm) 2~*thereby allowing nanometer resolution imaging and resolution of any digital imaging system. Because there
of the surface tunneling barrier. are only a finite number of gray levels in a digital image, as
We note that barrier maps can also be constructed frordetermined by the bit depth of the analog-to-digital conver-
measurements of current versus electrode separation datasion (ADC) stage, the greatest amount of data is obtained by
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integrating the image until the full dynamic range of the
ADC is filled. Obviously, this integration time depends on FEEM TUBE
the brightness of the image. To facilitate comparison be CCD .

tween images taken at different tunneling voltages, anc CAMERA
therefore different image brightnesses, each image must t
normalized to a fixed exposure length. The dark subtractiol
step is needed because of the nonzero noise contributic
from the electronics in the imaging system. This effect is
easily negated by the subtraction of a dark image taken wit|
no field-emission pattern present. It is important to note tha
this dark image, which contains only noise, must also be
normalized to the same exposure time as the data images f
the subtraction to be valid. Incorrect dark subtraction car
lead to a pronounced nonlinearity in the plot ofUA() vs
(1/V).

The final step in the processing is a correction for the
response of the imaging system. The primary concern is th
dependgncg of the Iuminoug response of a phosphor on tt  |sENERAL PURPOSE INTERFACE BUS (GPIB)
mean kinetic energy of the incident electrons. In a conven
tional FEEM, the applied voltage that determines the tunnel-
ing current is also the accelerating voltage that imparts ki- Fic. 2. Schematic illustration of the prototype PhotoFEEM apparatus.
netic energy to the electronen route to the anode.

Therefore, as the tunneling bias is increased, the luminosity

per unit current increases along with the tunneling current. Iusing a commercial FEEM tubk consisting of a highly
order to ensure a simple proportionality between current anévacuated spherical glass bulb containing a tungsten field
luminosity, one must determine the luminosity per unit cur-emitter and a phosphor screen. The tube was designed by
rent of the phosphors as a function of incident electron enMdller and reflects the form of his original microscopé.

ergy. It has been fouBithat over large ranges in accelerat- high-voltage power suppf§ provided tunneling bias, and a
ing voltage (0.5-10.0 kV), the relationship between picoammete?’ was used to measure the integrated tunneling
luminosity and current goes &gl =kV" wheren is a con-  current incident at the anode. Images were acquired from a
stant, usually between 2 and 3, that depends on the type 6CD camerd; then summed and digitized by a stand-alone
phosphor, and is a constant of proportionality that dependsimage processing umif. Summing of individual video

on the units ofL andl. However, over the abbreviated volt- frames continued until the maximum pixel value of the digi-
age range(3-5 kV) used in our experiments, we demon- tizer was reached4096 levels, 512812 pixels). After-
strated that the phosphor response can be adequately deards, the data images were transferred to a comfduar
scribed as a linear function of voltage. In a FEEM with ansubsequent analysis. The data acquisition was controlled by
acceleration stage that can be controlled independently of theomputef® with images and current measurements taken in
tunneling bias, such as systems with gate electrodes or m5—35 V increments over a range of voltages between 3 and
crochannel plates, this effect can be eliminated. In additior® kV (currents between 10 nA and dA). The computer

to the phosphor effect, the response of the imaging system gontrol program, and all the subsequent analysis codes, was
sensitive to the aperture size and reproduction ratio of theleveloped in-house with theLABvVIEW development
camera and possibly to the aging of the phosphors undegnvironment’

electron bombardment. However, these effects can be mini- After data collection, raw luminosities were extracted
mized by maintaining a fixed geometry for the camera sysfrom the digitized images. As described previously, the lu-
tem and recalibrating the response of the system periodicallyninosities were processed in a series of three steps; normal-
ization, dark subtraction, and response correction prior to the
calculation of any barrier maps. In the first experiment, the
lll. DESIGN AND OPERATION response of the imaging system was calibrated with a sepa-

Our prototype PhotoFEEMFig. 2) was designed to test rate vacuum system in which a similar P1 phosphor
the validity of using photometric data, in lieu of direct cur- (Zn,SiO,:Mn) screen was illuminated by the electron emis-
rent measurements, in the Fowler—Nordheim analysis o$ion from a nude Bayard—Alpert ionization gauge as inten-
field-emission experiments. We have demonstrated this isified by a pair of microchannel platégain ~10°). The
two ways:(1) by verifying that the Fowler—Nordheim slope geometry of the imaging system in the FEEM experiments
determined from current measurements for the whole emittewas duplicated as closely as possible and the kinetic energy
could be reproduced from independently calibrated luminosef the electrons was controlled by varying the accelerating
ity data, and(2) by measuring work functions for thd11)  voltage between the channel plates and the phosphor screen.
and (100) crystal planes of tungsten that are in good agreeThe phosphor response was found to be linear between 3 and
ment with accepted values. The experiments were conductesl kV. For the sake of comparison with the anode current
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Fic. 3. Fowler—Nordheim plot of the anode current data from the first proof-
of-concept experiment.

data, the raw luminosities were extracted from an aperture
encompassing the entire image plane. The current—voltage
and processed-luminosity—voltage data for this experiment,
shown in Figs. 3 and 4, are both clearly linear in the Fowler—
Nordheim coordinates. A comparison of slopes for best-fit
straight lines to the data reveals an agreement of better than
2%. The small disagreement between the two Fowler—

Nordheim slopes IS prObably due 1o S“ght differences be-FIG. 5. PhotoFEEM barrier map of the clean tungsten field emitter from the

tween the experimental apparatus and the system used fgécond proof-of-concept experiment. Compare with the FEEM image in-

calibration. cluded in Fig. 1. Thg110) and {211} crystallographic planes are labeled.
In the second experiment, we calculated work functionsrhe{l111}apertures, A and B, and t§&00}apertures, C and D, are outlined

for the (111) and (100) crystal faces of tungsten from Photo- 2d abeled.

FEEM luminosity data. We decided to perform this experi-

ment because of the presence of fac{sigh as screen non-

uniformity and excessive scattered lighit**° that could

. . . rating with this r nse function trivially enfor h n-
prevent extraction of reliable data from small regions anJ) ating with this response function trivially enforces the co

would not have been detected in the first experiment. Th gition that the Ipmmosﬁy and curreqt data yield the same
owler—Nordheim slopes at the full image level. After the

(111) and (100) planes were chosen because one is brigh uminosities were fully processed, a pixel-by-pixel “barrier

and one is dark, respectively, and they are easily located. For _ _,, :
. . : . . map” of the Fowler—Nordheim slopes across the surface of a
this experiment, instead of using the independent phosphar . . .
L . . ) clean tungsten field emitter was constructédy. 5). Often
calibration, which was determined for a different screen, we. L L . . . X .
imes there is insufficient signal in a single pixel, especially

opted to self-calibrate the data by measuring the phosphar ¥ "
. - at low voltages and on “dark” crystal planes, to extract a
responsel/l vsV, from the full image data. Clearly, cali-

reliable luminosity. Pixels that contain only fluctuations in
the noise background yield negative luminosities after dark
subtraction approximately half the time. Therefore, in order
to exclude any questionable measurements, Fowler—
m. = -8.79x10* Nordheim slqpes were _calcula_ted _only for pixels that_ had,
FN ’ after processing, a positive luminosity for each voltage in the
s, data set. This stringent rejection criterion insures that any
°, structures seen in the barrier map are not artifacts due to
noisy measurements or least-square fitting to small data sets.
" Apertures enclosing thel11) and(100) planes were con-
- % structed and integrated Fowler—Nordheim plots were made
., for these aperture@=ig. 6). The luminosities were extracted
5.0 - “a from the raw image data and, after processing, were appro-
) ' ! priately positive for all voltages in the data set. Assuming
21 gy (x10+ V) 2.5 that the magnification and radius of curvature are roughly
constant across the surface, the ratio of Fowler—Nordheim

Fic. 4. Fowler—Nordheim plot of the processed luminosity data from theSIOPes,m; and My, for two SUbregions of the surface is
first proof-of-concept experiment. related to the relative work functiong, and ¢, as

'

iy

(6,1
1

In(L/Vv?)
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Fic. 6. PhotoFEEM Fowler—Nordheim plots, Ii{? vs 1N
X(X1074v™1), for the four apertures shown in Fig. 6. The Fowler—
Nordheim slope of the best-fit straight line is indicated in the bottom left
corner of each plot.

Fic. 7. Work function vs aperture size for a square aperture centered over
the upper(100) plane shown in Fig. 6.

ﬂ:<ﬂ) 3/2H¢ :(ﬂ) 2/3¢ @) light). The fact that we measured a work function for the
b5 P im 2 dark (100) plane well in excess of the mean work function

my
Work functions were calculated for thel11) and (100) for the emitter indicates that scattered light is not the primary

planes by comparison with the Fowler—Nordheim slope calSource of signal in the dark regions. In fact, if we shrink_the
culated for the entire emitternfey=—9.95x1d V). This (100) aperture down to only the darkest spot, we obtain a

slope was assumed to correspond to a known mean WOI‘Q’Or_k function for (100) in excess of 6. e_\/(Fig. 7). Some
function of 4.55 eV for clean tungstéf?® The work func-  '€90NS such as theL10) plane are sufficiently dark to pre-
tions calculated in this fashion are 4.21 eV faf.1)and 4.97 clude any measurement within the limited sensitivity of our

eV for (100), which agree well with the accepted vahiés prototype apparatus. The very high yvork function for the
of 4.47 eV 1"or(111) and 4.63 eV for(100)to —6% and darkest part 0of100)is consistent with Mller's observations

+8%, respectively. This level of agreement is as good agf ion production from aIummum, but not copper, evapo-
can be expected considering that no corrections are made ffﬁ‘ted from a hqt, polycrystalline tungstgn ,W}FEHOWE'VH’
variations in the electric-field strength across the surface. there are few direct measurements to |nd|gcate a WOT". func-
Because of the symmetry of tli&10)-oriented projection of tion in this range fOT any tungsten Sl{rfa{é&: The sensitiv-
a cubic lattice® there are two occurrences each{b®0}and |'_[y of the work function on aperture size raises serious ques-
{111}type planes present in the data &&ity. 5). Work func- tions about how _best to choose th_e measurement region in
tions were calculated independently, with identical aperturest,hIS type of experiment. However, SINCE our purpose in these
for both instances of each plane and the two values agree periments was tq reproduce previous measurem_ents, we
better than 1% in both cases. chose an ape_rture size that we bellt_ave is r_epresenta}tlve of the
size of physical apertures used in similar experiméhts.
Nevertheless, the dependence of the work function on aper-
IV. DISCUSSION ture size is interesting, although perhaps not surprising, and
The two greatest difficulties with the PhotoFEEM methodis most likely due to the apparently continuous variation of
are ensuring a uniform luminous response across the imagabe work function across the surface in the absence of a
both spatially and with respect to voltage, and eliminatingdetailed correction for the surface electric-field distribution.
scattered light from the dark regions of the field-emissionWe note that, to the best of our knowledge, this effect has
patternt®415The uniformity with respect to voltage is en- not been observed in previous experiméht$®and is only
sured by the calibration, and the agreement between worsccessible in this work due to the novelty of the PhotoFEEM
functions for the two pairs of identical planes indicates ex-technique.
cellent spatial uniformity across the phosphor screen. The The PhotoFEEM can be used in any experiment that cur-
presence of scattered light in the dark regions can causently relies on traditional probe-hole methods. Furthermore,
anomalously low work-function measureméntshat are ap- because the barrier map of a surface is, to a good approxi-
proximately equal to the intensity weighted mean work func-mation, independent of the surface LD@&hile the direct
tion for the entire emittei.e., the source of the scattered FEEM image is ngt comparative studies using both tradi-
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Fic. 8. FEEM image of a single Spindt-type microfabricated field emitter. Fic. 9. PhotoFEEM barrier map of the cathode shown in Fig. 8.
The cleft discussed in the text is indicated with an arrow.
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