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Secondary-electron-emission spectroscopy is used to probe the transport and emission of impact-ionized
electrons in single-crystal diamond. By studying the emission from a cesiated C~100! surface having a negative
electron affinity~NEA!, the full energy spectrum of the internal electrons is revealed in the measured energy
distribution data. The kinetic energy of the electrons and the height of the surface energy barrier are measured
relative to the conduction-band minimumEc , which is identified in the spectra. The cesiated diamond surface
is observed to be NEA, but the hydrogenated diamond surface~commonly believed to be NEA! has an electron
affinity near zero and slightly positive. Analysis of the very high yield data (dmax;132) and the sharply peaked
energy distribution data indicates that the transport of low-energy electrons is very efficient in C~100!. An
emission model is deduced that involves the surface properties of the material and the internal energy distri-
bution of the electrons.@S0163-1829~97!50336-5#

New classes of materials have been developed recently
with the promise of improved or novel electronic
properties.1–3 While electron device structures are being de-
signed to exploit these materials,4–7 in many cases the elec-
tronic properties of the material are not well understood. In
order to develop a model that describes observed electrical
behavior and predicts potential device capabilities, the
electron-transport properties of the material must be investi-
gated. In this paper, secondary-electron-emission spectros-
copy is used to probe the internal energy distribution of
impact-ionized electrons in a wide band gap material. Infor-
mation is deduced from the data about the scattering mecha-
nisms that govern the transport of hot electrons in the mate-
rial. The position of the conduction-band minimumEc is
identified in the measured spectra, thereby providing a refer-
ence point for determining the kinetic energy of the internal
electrons as well as the height of the energy barrier encoun-
tered at the surface.

Secondary-electron-emission measurements are affected
by three distinct processes: electron generation in the mate-
rial ~using an incident electron beam!, electron transport to
the surface, and electron emission into vacuum. By using
appropriate experimental conditions, secondary-electron-
emission studies can examine the role of a particular mecha-
nism in the secondary-emission process. In this paper, we
focus on the transport of secondary electrons in a diamond
sample. The C~100! surface is cesiated to produce a large
negative electron affinity~NEA!, thereby removing the en-
ergy barrier that usually hinders electron emission. In such a
case, the emitted electron energy distribution is simply the
full energy spectrum of the internal electrons that reach the
surface. This energy distribution will reflect two fundamental
properties of the material:~1! the density of available states
in the conduction band, and~2! the scattering and recombi-
nation mechanisms which determine the energy and intensity
losses suffered during transport to the surface. Thus, the en-
ergy distribution measurements can provide information
about the energy states populated by impact ionization and
can track the evolution of the energy distribution as the
transport distance is varied.

In order to determine the electron affinityx at the surface,
the emission-onset energy must be measured relative toEc .
Without the ability to identifyEc in the energy spectra, an
accurate interpretation of the electron-emission data is diffi-
cult. For example, previous electron-emission studies8–10 of
wide band gap material have interpreted the presence of a
sharp peak in the energy distribution measurements as evi-
dence of a NEA surface, althoughx was not actually deter-
mined. In this paper, we obtain direct evidence of emission
from a NEA surface. In contrast with earlier reports, we find
that sharply peaked energy distributions do not necessarily
indicate a NEA surface. The internal energy distribution of
the carriers must be considered as well as the surface prop-
erties in order to accurately interpret the secondary-electron-
emission data.

The sample used in this study was a 5.035.030.25 mm3

~100! p-type semiconducting diamond~natural type 2B!
from Harris Diamond corporation that was clear and trans-
parent in appearance. The as-received diamond was mounted
on a tantalum foil sample holder designed to allow resistive
heating and thermocouple temperature measurement. The ex-
periments were performed in a UHV system having a base
pressure below 1310210 Torr, and measurements were
taken from hydrogenated, cesiated, and bare diamond sur-
faces. The hydrogenation and cesiation procedures involved
exposure to atomic H produced by a hot filament and evapo-
ration from a cesium dispenser, respectively. The sample was
cleaned prior to the initial hydrogenation and cesiation pro-
cedures by a thermal desorption procedure. The secondary
electron yield and the energy distribution of the emitted elec-
trons were measured for each of the three surfaces using
experimental techniques that have been described in detail
elsewhere.11,12 The secondary electrons are defined to in-
clude all emitted electrons, with energy up to the incident-
beam energyEb , produced by the incident electron beam.
Therefore, the secondary electron yield coefficientd is de-
fined as the ratio of the total emitted electron intensity to the
incident electron intensity. The data are presented as second-
ary electron yield curves whered is plotted as a function of
Eb between 0 and 2900 eV. The energy distribution of the
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emitted secondary electrons was measured for each type of
surface for several values ofEb using a four-grid low-energy
electron diffraction~LEED! apparatus with an instrumental
resolution of ;0.15 eV. Using this technique, the angle-
integrated intensity is measured at each energy and the data
are not convoluted by an analyzer transmission function. An
energy distribution curve~EDC! is obtained by plotting the
emitted electron intensity as a function of the emitted elec-
tron energy relative to the sample Fermi levelEF , whereEF
is determined from the position of thes peak of a polycrys-
talline graphite sample as described by Oelhafen and
Freeouf.13

Secondary electron yield curves and EDC’s measured
from C~100! surfaces are shown in Figs. 1~a! and 1~b!, re-
spectively. As seen in the data, the secondary emission is
tremendously enhanced by the presence of H and Cs on the
surface. Specifically, the maximum yield increases from 3
for the bare surface to 60 and 132 for the hydrogenated and
cesiated surfaces, respectively. It should be noted that a
broad shoulder is observed at energiesE,Ec ~where the
identification of Ec is described below! from the cesiated
C~100! surface but not from the hydrogenated C~100! sur-
face. While the observation of emission energies belowEc is
discussed below, the data give direct evidence of a cesiated
NEA C~100! surface. However, in order to fully interpret the
secondary-emission data and extract information about the

material’s electronic properties, the effects of the electron
generation, transport, and emission processes must be exam-
ined. The generation of electrons is controlled primarily
through the parameterEb , which can be understood by con-
sidering the electron interactions in the material. In wide
band gap material, the dominant electron energy-loss mecha-
nism is impact ionization whereby valence electrons are ex-
cited into the conduction band.14 Throughout the paper, these
injected electrons will be referred to as ‘‘impact-ionized’’
electrons. In the ionization process, the incident electron
loses an amount of energyDE>Eg , where the energy gap
Eg55.47 eV for diamond. The exact value ofDE depends
on the scattering process and the final energy states popu-
lated by the carriers. As the incident electron energy in-
creases, the number of possible impact-ionization events in-
creases and the number of impact-ionized electrons thereby
increases. This can be seen clearly in Fig. 1~a! where the
measured yield from the cesiated C~100! surface grows lin-
early with Eb , and in Fig. 2 where the emission intensity
increases withEb .

In addition to the impact-ionized electrons, high-energy
incident and secondary electrons are present in the material
and lose energy through multiple-scattering interactions dur-
ing transport to the surface. Consequently, the internal en-
ergy distribution profile has two distinct contributions: the
sharp peak associated with the impact-ionized electrons and
a broad energy continuum associated with higher-energy
electrons. As seen in Fig. 1~b!, the energy distribution of the
impact-ionized electrons is centered;0.65 eV aboveEc and
is quite narrow @full width at half maximum ~FWHM!
;0.65–0.75 eV#. The broad, high-energy tail represents the
contribution from the continuum of secondary electrons and
it becomes proportionally smaller as the peak intensity in-
creases withEb . In fact, asEb increases, the additional sec-
ondary electrons appear to contribute mainly to the impact-
ionized peak. In the EDC’s measured from the cesiated
C~100! surface, the percentage of emitted electrons lying
within the impact-ionized peak increases from;60% to
.96% over the rangeEb5120– 3000 eV, as seen in Fig. 2.

The data cannot be analyzed solely on the basis of elec-
tron generation, described above, since the generated elec-

FIG. 1. Secondary-electron-emission data measured from cesi-
ated, hydrogenated, and bare C~100! surfaces:~a! secondary elec-
tron yield curves forEb50 – 2900 eV and~b! energy distribution
curves taken atEb5120 eV. The offset data in~b! are magnified
by a factor of 30 to illustrate the determination of the threshold
energiesE15Ec1Eg and E25Ec1

3
2 Eg . The vertical line indi-

cates the position ofEc deduced from the analysis of the low-
energy shoulder and the thresholds atE1 andE2 .

FIG. 2. EDC’s measured from the cesiated C~100! sample at
different incident-beam energies. The vertical line indicates the av-
erage peak position of the EDC’s.
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trons must travel through the material before being emitted.
Hence, the electron-transport process also affects the EDC’s.
In particular, the penetration depth of the incident electron
increases with increasingEb , causing the secondary elec-
trons to be generated deeper in the material. As a result, the
distance the secondary electron must travel to reach the sur-
face increases with increasingEb , along with a greater op-
portunity for inelastic scattering and electron-hole recombi-
nation. For impact-ionized electrons with insufficient energy
to scatter from valence electrons, the available scattering
mechanisms are phonon, defect, impurity, and~if present!
conduction-electron scattering. As a result, the energy distri-
bution of the electrons reaching the surface should shift to-
wards lower energies as the penetration depth increases, and
the intensity should decrease once the rate of recombination
exceeds the rate of electron generation. In the EDC’s~shown
in Fig. 2! taken from the cesiated diamond sample, the en-
ergy position of the impact-ionized peak does not shift asEb
is varied from 120 to 3000 eV, while the peak intensity con-
tinues to increase. This indicates that the most probable en-
ergy of the impact-ionized electrons remains essentially un-
changed as the escape depth increases. In addition, it appears
that the fraction of electrons captured in the material does
not change appreciably as the effective transport distance
increases~with increasingEb); the ratio of measured yieldd
to average internal yieldd int5Eb /DE remains constant over
the energy rangeEb50 – 2900 eV since bothd andd int in-
crease linearly withEb . Therefore, based on the yield and
EDC measurements, it can be concluded that the electron-
transport process for low-energy impact-ionized electrons is
very efficient in the C~100! sample. While the energy distri-
bution of the impact-ionized electrons is centered near the
bottom of the conduction band, the electron-hole recombina-
tion time in the diamond is long enough to permit the trans-
port of these electrons to the surface, at least for the range of
transport distances attainable in this study.

If a surface barrier is present which blocks the emission of
electrons, the energy distribution of emitted electrons will
not represent the internal electron energy distribution reach-
ing the surface. Therefore, the effect of the surface barrier
height on the EDC was studied asx was changed from nega-
tive to positive. Using the onset of emission to indicate the
position of the vacuum levelEvac, x was measured to be
20.9060.23 eV at the cesiated C~100! surface, in good
agreement with the calculated value of20.85 eV reported by
Pickett for Cs on oxygenated C~100!.15,16 The cesiated NEA
sample was heated to 300, 500, 700, 800, and 900 °C to
gradually desorb the cesium and thus increasex. In fact, x
was measured~60.23 eV! to be 20.53, 10.09, 10.15,
10.22, and10.50 eV after the respective heatings. Upon
further heating,x increased to115060.23 eV at the bare
C~100! surface. This is seen in the EDC’s in Fig. 3 taken at
Eb5120 eV where, as the temperature increases, the emis-
sion threshold moves higher in energy and the impact-
ionized peak decreases in intensity. While the center of the
peak shifts to higher energy, the falling edge of the peak
does not shift.

These observations can be understood by considering the
emission model shown in Fig. 4. Because the energy distri-
bution of the impact-ionized electrons is sharply peaked
;0.65 eV aboveEc , enhanced emission will be observed as

long asEvac lies within or below this distribution. Asx in-
creases and greater numbers of impact-ionized electrons are
blocked from emission, the impact-ionized peak becomes
narrower and the peak intensity decreases. It is therefore pos-
sible that a surface may have a small, positivex and still
produce sharply peaked energy distributions, as in the case
of the hydrogenated C~100! surface at whichx510.12
60.23 eV. OnceEvac rises above the peak energy, emission
of the low-energy electrons is completely blocked and the
peak is no longer observed in the EDC. From this emission
model, it is clear that the sharp peak reflects the density of
states available to the impact-ionized electrons. The peak
measured from the unheated cesiated C~100! surface is
nearly symmetrical in shape and relatively broad compared
to the asymmetric, narrow energy distribution associated
with thermalized electrons~kT50.025 eV!. The measured
peak becomes increasingly narrow and asymmetric in shape
asx increases, but only because the emission of low-energy
electrons is increasingly blocked. Therefore, although the in-
ternal distribution of impact-ionized electrons is not influ-
enced by the surface/vacuum interface, the ability to probe
the internal energy distribution of hot carriers is strongly
affected by the surface conditions.

As stated earlier, the position ofEc must be identified in
order to reference the measured features to the energy levels

FIG. 3. EDC’s measured from the cesiated C~100! sample at
Eb5120 eV before and after sample heating. To avoid overlapping
curves, the EDC’s measured after the 300 and 700 °C heatings are
not shown.

FIG. 4. Emission model for a NEA wide band gap material. The
energy distribution of the emitted electrons is a convolution of the
internal electron energy distribution and the electronic structure at
the surface.
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in the material. In this paper, certain features in the EDC’s
were related toEc through a consideration of the electron
scattering and emission mechanisms in the material. As dis-
cussed earlier, the ionization of valence electrons is possible
only if the impacting electron energyE is above a threshold
energyEmin . For electrons withE,Emin , the creation of
electron-hole pairs is forbidden, resulting in a slower energy-
loss rate and an increased emission probability. In the case of
phonon-assisted scattering, the threshold energy isEmin
5Ec1Eg[E1 from energy conservation, and it represents
the absolute threshold energy below which electron-hole pair
creation cannot occur. If the electron scattering does not in-
volve phonons, energy and momentum conservation dictates
thatEmin5Ec1 3

2 Eg[E2 ,14 although this threshold has been
observed experimentally to be less stringent. While the
threshold atE1 has been described by Himpselet al.17 and
was used in the analysis of data reported by Shihet al.,18 the
threshold atE2 has not been previously discussed in the
analysis of EDC’s. We observe both excitation thresholds in
our data, as indicated by the intensity changes seen in the
enlarged EDC segment in Fig. 1~b!, where the threshold en-
ergiesE1 and E2 are determined by the interception of the
straight lines superimposed on the data. Furthermore, the
thresholds are observed at the same energies in every EDC,
regardless of the surface conditions. The two energy posi-
tions are separated by 2.83 eV, which agrees well with the
theoretical value (E22E1)5 1

2 Eg . From the definitions of
E1 and E2 , the position ofEc is deduced to be 4.0460.16
and 4.1360.16 eV aboveEF , respectively, for this C~100!
sample.

The determination ofEc is further supported by the analy-
sis of a broad, low-energy shoulder observed on the impact-
ionized peak in EDC’s measured from the cesiated C~100!
surface, but not the hydrogenated C~100! surface, as seen in
Fig. 1~b!. However, asx becomes positive~in Fig. 3!, the
shoulder disappears. The low-energy shoulder extends up to
;4 eV, at which point the slope changes and the emission
increases more rapidly. This can be understood by consider-
ing the emission process at a NEA surface. If the electron

affinity is strongly negative, low-energy electrons at the sur-
face which fall into energy levels belowEc can still be emit-
ted into vacuum. The intensity of the electron emission at
E,Ec is limited by the specific mechanism involved in cre-
ating these electrons~i.e., inelastic scattering at the surface/
vacuum interface, transitions to low-energy surface states
produced by downward band bending! and the availability of
the energy states. Using this model to interpret the data, the
position of Ec is found to be 4.0060.16 eV aboveEF .
Therefore, the independent evaluations of the three separate
intensity features observed in EDC’s from cesiated C~100!
produce the same value ofEc , within the margin of experi-
mental error.

In summary, we used secondary-electron-emission spec-
troscopy to probe the transport and emission of impact-
ionized electrons in a cesiated C~100! sample. Very high
secondary yields were measured (dmax;132), and the en-
ergy distribution of the emitted electrons was sharply peaked
at ;0.65 eV aboveEc with a FWHM;0.65–0.75 eV. The
data provided direct evidence of emission from a NEA sur-
face and revealed that inelastic scattering occurs at the cesi-
ated C~100! surface. The energy distribution and emission
intensity measurements appeared relatively insensitive to the
generation depth of the electrons~up to 3000 eV!, indicating
that the transport of low-energy secondary electrons is very
efficient in the C~100! sample. In particular, the long
electron-hole recombination time observed in C~100! sug-
gests that other indirect, wide band gap materials may ex-
hibit promising electron-transport characteristics. By study-
ing the role of the surface barrier in the emission process, an
emission model was deduced for wide band gap material that
relates the observed energy spectra to the surface properties
of the material and the internal energy distribution of the
carriers.
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