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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 cesiégt@@)Gurface 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 minimuiy , which is identified in the spectra. The cesiated diamond surface
is observed to be NEA, but the hydrogenated diamond suftaremonly believed to be NE/has an electron
affinity near zero and slightly positive. Analysis of the very high yield d&g,{~132) and the sharply peaked
energy distribution data indicates that the transport of low-energy electrons is very efficie(td).CAn
emission model is deduced that involves the surface properties of the material and the internal energy distri-
bution of the electron4.50163-182807)50336-3

New classes of materials have been developed recently In order to determine the electron affinipyat the surface,
with the promise of improved or novel electronic the emission-onset energy must be measured relati® to
properties-— While electron device structures are being de-Without the ability to identifyE; in the energy spectra, an
signed to exploit these materidis] in many cases the elec- accurate interpretation of the electron-emission data is diffi-
tronic properties of the material are not well understood. Incult. For example, previous electron-emission stiftioof
order to develop a model that describes observed electricatide band gap material have interpreted the presence of a
behavior and predicts potential device capabilities, thesharp peak in the energy distribution measurements as evi-
electron-transport properties of the material must be investidence of a NEA surface, althoughwas not actually deter-
gated. In this paper, secondary-electron-emission spectrogiined. In this paper, we obtain direct evidence of emission
copy is used to probe the internal energy distribution offrom a NEA surface. In contrast with earlier reports, we find
impact-ionized electrons in a wide band gap material. Inforthat sharply peaked energy distributions do not necessarily
mation is deduced from the data about the scattering mechéndicate a NEA surface. The internal energy distribution of
nisms that govern the transport of hot electrons in the matethe carriers must be considered as well as the surface prop-
rial. The position of the conduction-band minimufy, is  erties in order to accurately interpret the secondary-electron-
identified in the measured spectra, thereby providing a referemission data.
ence point for determining the kinetic energy of the internal The sample used in this study was a’$®0x 0.25 mn?
electrons as well as the height of the energy barrier encourf100) p-type semiconducting diamon¢hatural type B)
tered at the surface. from Harris Diamond corporation that was clear and trans-

Secondary-electron-emission measurements are affectgérent in appearance. The as-received diamond was mounted
by three distinct processes: electron generation in the maten a tantalum foil sample holder designed to allow resistive
rial (using an incident electron beanelectron transport to heating and thermocouple temperature measurement. The ex-
the surface, and electron emission into vacuum. By usingperiments were performed in a UHV system having a base
appropriate experimental conditions, secondary-electronpressure below %10 1° Torr, and measurements were
emission studies can examine the role of a particular mechdaken from hydrogenated, cesiated, and bare diamond sur-
nism in the secondary-emission process. In this paper, wkces. The hydrogenation and cesiation procedures involved
focus on the transport of secondary electrons in a diamondxposure to atomic H produced by a hot filament and evapo-
sample. The 100 surface is cesiated to produce a largeration from a cesium dispenser, respectively. The sample was
negative electron affinityNEA), thereby removing the en- cleaned prior to the initial hydrogenation and cesiation pro-
ergy barrier that usually hinders electron emission. In such aedures by a thermal desorption procedure. The secondary
case, the emitted electron energy distribution is simply theelectron yield and the energy distribution of the emitted elec-
full energy spectrum of the internal electrons that reach thérons were measured for each of the three surfaces using
surface. This energy distribution will reflect two fundamentalexperimental techniques that have been described in detail
properties of the materia(1) the density of available states elsewheré!? The secondary electrons are defined to in-
in the conduction band, an@) the scattering and recombi- clude all emitted electrons, with energy up to the incident-
nation mechanisms which determine the energy and intensitgeam energye,, produced by the incident electron beam.
losses suffered during transport to the surface. Thus, the efherefore, the secondary electron yield coefficiéris de-
ergy distribution measurements can provide informatiorfined as the ratio of the total emitted electron intensity to the
about the energy states populated by impact ionization anghcident electron intensity. The data are presented as second-
can track the evolution of the energy distribution as theary electron yield curves wher@is plotted as a function of
transport distance is varied. E, between 0 and 2900 eV. The energy distribution of the

56 R4410



RAPID COMMUNICATIONS

56 ELECTRON TRANSPORT AND EMISSION PROPERTEE . . R4411
140 L e S B L | T T LA L T ',” ] T T T T T T T
120k a) CS/C(1003. UL Cs/C(100)
L \'.'- 1
L " 4
1oor ’.s-“'
H/C(100}) o ——E_=3000 eV
i W —o—E =2000 eV
z b
——E_=1000 eV
| Bare C(100) _.o_Eb=600 eV
% 1000 2000 3000 ——E =120 eV
Incident Electron Energy (eV)
T M v 1
b) 5
2 4 6 8 10
Cs/C(100) Emitted Electron Energy (eV above E;)
o FIG. 2. EDC’s measured from the cesiatedl@) sample at
z ) different incident-beam energies. The vertical line indicates the av-
H/C(100) erage peak position of the EDC’s.
E =9.51 eV ) ) )
! material’'s electronic properties, the effects of the electron
Bare C(100) generation, transport, and emission processes must be exam-
) | ined. The generation of electrons is controlled primarily
0 Ec 5 10 15 through the parametét,, , which can be understood by con-
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ated, hydrogenated, and bar¢lQ0 surfacesi(a) secondary elec-
tron yield curves forE,=0-2900 eV andb) energy distribution
curves taken aE,=120 eV. The offset data ifb) are magnified

energiesE; =E.+E; and E,=

energy shoulder and the thresholds€Eatand E, .

surface for several values Bf, using a four-grid low-energy

are not convoluted by an analyzer transmission function. An
energy distribution curvéEDC) is obtained by plotting the

tron energy relative to the sample Fermi letzgl, whereEg
is determined from the position of thepeak of a polycrys-

Freeouf*®

from C(100) surfaces are shown in Figs(al and 1b), re-

broad shoulder is observed at energies E. (where the
identification of E. is described beloywfrom the cesiated
C(100 surface but not from the hydrogenate@1Q0) sur-
face. While the observation of emission energies beiQus

NEA C(100 surface. However, in order to fully interpret the

E +2E The vertical line indi-

sidering the electron interactions in the material. In wide
band gap material, the dominant electron energy-loss mecha-
FIG. 1. Secondary-electron-emission data measured from cesitism is impact ionization whereby valence electrons are ex-
cited into the conduction barld Throughout the paper, these

injected electrons will be referred to as

“impact-ionized”

electrons. In the ionization process, the incident electron
by a factor of 30 to illustrate the determination of the threshold|gses an amount of energyE>E , where the energy gap
Ey=5.47 eV for diamond. The exact value AE depends
cates the position oE deduced from the analysis of the low- gn 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-
emitted secondary electrons was measured for each type ofeases and the number of impact-ionized electrons thereby
increases. This can be seen clearly in Figa) Where the
electron diffraction(LEED) apparatus with an instrumental measured yield from the cesiated100) surface grows lin-
resolution of ~0.15 eV. Using this technique, the angle- early with E,,, and in Fig. 2 where the emission intensity
integrated intensity is measured at each energy and the datacreases withg, .

In addition to the impact-ionized electrons, high-energy

incident and secondary electrons are present in the material
emitted electron intensity as a function of the emitted elecand lose energy through multiple-scattering interactions dur-
ing transport to the surface. Consequently, the internal en-
ergy distribution profile has two distinct contributions: the
talline graphite sample as described by Oelhafen andharp peak associated with the impact-ionized electrons and
a broad energy continuum associated with higher-energy
Secondary electron yield curves and EDC’'s measureelectrons. As seen in Fig(ld), the energy distribution of the
impact-ionized electrons is centered.65 eV abové and
spectively. As seen in the data, the secondary emission is quite narrow[full width at half maximum (FWHM)
tremendously enhanced by the presence of H and Cs on the0.65-0.75 eV. The broad, high-energy tail represents the
surface. Specifically, the maximum yield increases from 3contribution from the continuum of secondary electrons and
for the bare surface to 60 and 132 for the hydrogenated anitl becomes proportionally smaller as the peak intensity in-
cesiated surfaces, respectively. It should be noted that ereases witlE,, . In fact, asE,, 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 fron60% to
discussed below, the data give direct evidence of a cesiated96% over the rang&,=120-3000 eV, as seen in Fig. 2.
The data cannot be analyzed solely on the basis of elec-
secondary-emission data and extract information about thi#on generation, described above, since the generated elec-
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trons must travel through the material before being emitted. ——rr
Hence, the electron-transport process also affects the EDC's
In particular, the penetration depth of the incident electron
increases with increasing,, causing the secondary elec-

trons to be generated deeper in the material. As a result, th
distance the secondary electron must travel to reach the su

Eb = 120 eV

——no heating

. e X . w
face increases with increasirtgy,, along with a greater op- > —-500°C
portunity for inelastic scattering and electron-hole recombi- ——800°C
——900°C

nation. For impact-ionized electrons with insufficient energy
to scatter from valence electrons, the available scattering
mechanisms are phonon, defect, impurity, difdpreseni
conduction-electron scattering. As a result, the energy distri- - Py,
bution of the electrons reaching the surface should shift to- A B e aa——
wards lower energies as the penetration depth increases, al 2

——900°C for 5 min.

[ 6 8 10

the intensity should decrease once the rate of recombinatio Emitted Electron Energy (eV above E;)
exceeds the rate of electron generation. In the ED§lswn
in Fig. 2) taken from the cesiated diamond sample, the en- FIG. 3. EDC’s measured from the cesiate¢L@) sample at
ergy position of the impact-ionized peak does not shifEgs E,=120 eV before and after sample heating. To avoid overlapping
is varied from 120 to 3000 eV, while the peak intensity con-curves, the EDC’'s measured after the 300 and 700 °C heatings are
tinues to increase. This indicates that the most probable emot shown.
ergy of the impact-ionized electrons remains essentially un-
changed as the escape depth increases. In addition, it appefrsg asE, . lies within or below this distribution. Ag in-
that the fraction of electrons captured in the material doesreases and greater numbers of impact-ionized electrons are
not change appreciably as the effective transport distandelocked from emission, the impact-ionized peak becomes
increasegwith increasingEy,); the ratio of measured yield  narrower and the peak intensity decreases. It is therefore pos-
to average internal yield,,= E,/AE remains constant over Sible that a surface may have a small, positivend still
the energy rang&,=0-2900 eV since botl# and &, in- produce sharply peaked energy distributions, as in the case
crease linearly wittE,,. Therefore, based on the yield and of the hydrogenated (@00 surface at whichy=+0.12
EDC measurements, it can be concluded that the electront0.23 eV. OnceE, 4 rises above the peak energy, emission
transport process for low-energy impact-ionized electrons i®f the low-energy electrons is completely blocked and the
very efficient in the €100 sample. While the energy distri- Peak is no longer observed in the EDC. From this emission
bution of the impact-ionized electrons is centered near th&odel, it is clear that the sharp peak reflects the density of
bottom of the conduction band, the electron-hole recombinastates available to the impact-ionized electrons. The peak
tion time in the diamond is long enough to permit the trans-measured from the unheated cesiatedl0D surface is
port of these electrons to the surface, at least for the range ¢arly symmetrical in shape and relatively broad compared
transport distances attainable in this study. to the asymmetric, narrow energy distribution associated

If a surface barrier is present which blocks the emission ofvith thermalized electrongkT=0.025 eVj. The measured
electrons, the energy distribution of emitted electrons willPeak becomes increasingly narrow and asymmetric in shape
not represent the internal electron energy distribution reachds x increases, but only because the emission of low-energy
ing the surface. Therefore, the effect of the surface barrieplectrons is increasingly blocked. Therefore, although the in-
height on the EDC was studied RIvas Changed from nega- ternal distribution of impact-ionized electrons is not influ-
tive to positive. Using the onset of emission to indicate theenced by the surface/vacuum interface, the ability to probe
position of the vacuum |evd£vac, x was measured to be the internal energy distribution of hot carriers is Strongly
—0.90+0.23 eV at the cesiated (000 surface, in good affected by the surface conditions.
agreement with the calculated value-60.85 eV reported by As stated earlier, the position & must be identified in
Pickett for Cs on oxygenated(f00).*>*6 The cesiated NEA order to reference the measured features to the energy levels
sample was heated to 300, 500, 700, 800, and 900 °C to
gradually desorb the cesium and thus incregsén fact, y

was measured*+0.23 eV} to be —0.53, +0.09, +0.15,

+0.22, and+0.50 eV after the respective heatings. Upon - g
further heating,y increased to+150=0.23 eV at the bare E, ﬁ\_\

C(100) surface. This is seen in the EDC's in Fig. 3 taken at E Ejac
E,=120 eV where, as the temperature increases, the emis- E._ _| 2

sion threshold moves higher in energy and the impact- Ef y

ionized peak decreases in intensity. While the center of the ANSNNNNNNN

peak shifts to higher energy, the falling edge of the peak NEA diamond Vacuum

does not shift.

These observations can be understood by considering the F|G. 4. Emission model for a NEA wide band gap material. The
emission model shown in Fig. 4. Because the energy distrienergy distribution of the emitted electrons is a convolution of the
bution of the impact-ionized electrons is sharply peakednternal electron energy distribution and the electronic structure at
~0.65 eV aboveée;, enhanced emission will be observed asthe surface.
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in the material. In this paper, certain features in the EDC'saffinity is strongly negative, low-energy electrons at the sur-
were related taE. through a consideration of the electron face which fall into energy levels belok can still be emit-
scattering and emission mechanisms in the material. As diged into vacuum. The intensity of the electron emission at
cussed earlier, the ionization of valence electrons is possible<E is limited by the specific mechanism involved in cre-
only if the impacting electron enerdy is above a threshold ating these electrong.e., _ir_1elastic scattering at the surface/
energyE,. For electrons withE<E,,,, the creation of Vacuum interface, transitions to Ipw-energy syrfzi_qe states
electron-hole pairs is forbidden, resulting in a slower energyProduced by downward band bendirand the availability of

loss rate and an increased emission probability. In the case §1€ €nergy states. Using this model to interpret the data, the
phonon-assisted scattering, the threshold energyEjg, ~ POSition of E¢ is found to be 4.080.16 eV aboveEe.
=E+E,=E, from energy conservation, and it representsTherefore, the independent evaluations of the three separate

the absolute threshold energy below which electron-hole paff'ténsity features observed in EDC's from cesiated0D)
creation cannot occur. If the electron scattering does not inProduce the same value B, within the margin of experi-

volve phonons, energy and momentum conservation dictatd8€ntal error. .
that Emin= Eo+ $E,=E,, " although this threshold has been __ N Summary, we used secondary-electron-emission spec-

observed experimentally to be less stringent. While thdf@SCOPY to probe the transport and emission of impact-
threshold atE; has been described by Himpsatlall’ and lonized electrons in a cesiated1DQ) sample. Very high
was used in the analysis of data reported by Shial,'8the ~ Secondary yields were measured(,~132), and the en-

threshold atE, has not been previously discussed in the€'9Y distribution of the emitted electrons was sharply peaked
2 : y t ~0.65 eV aboveE, with a FWHM~0.65-0.75 eV. The

analysis of EDC’s. We observe both excitation thresholds irf ded di id f emission f

our data, as indicated by the intensity changes seen in tHift@ provided direct evidence of emission from a NEA sur-

enlarged EDC segment in Fig(t), where the threshold en- [2¢€ and revealed that inelastic scattering occurs at the cesi-

ergieskE; andE, are determined by the interception of the f”‘ted C_(lOO) surface. The energy dlstrlputlon and emission
intensity measurements appeared relatively insensitive to the

straight lines superimposed on the data. Furthermore, th 4 N
thresholds are observed at the same energies in every ED ’neratlon depth of the electrofup to 3000 &Y. |nd|cat|r_lg
at the transport of low-energy secondary electrons is very

regardless of the surface conditions. The two energy pos-ff. . in th | il he |
tions are separated by 2.83 eV, which agrees well with th&ficient in the @100 sample. In particular, the long
theoretical value Ez—El)Z%Eg- From the definitions of electron-hole recombination time observed ifl@) sug-

E, andE,, the position ofE, is deduced to be 4.040.16  9€Sts that other indirect, wide band gap materials may ex-
and 4.13-0.16 eV aboveEg, respectively, for this CLO0) _h|b|t promising electron-transp_ort_ characte_rlst_lcs. By study-
sample. ' ’ mg_tht_a role of the surface barrier in the emission process, an
The determination o, is further supported by the analy- emission model was deduced for wide band gap material that
sis of a broad, low-energy shoulder observed on the imloac{_elates the observed energy spectra to the surface properties

ionized peak in EDC's measured from the cesiatéd00) of the material and the internal energy distribution of the
surface, but not the hydrogenate1 Q0 surface, as seen in carriers.

Fig. 1(b). However, asy becomes positivéin Fig. 3), the The authors wish to thank Charles Hor and Lex Mal-
shoulder disappears. The low-energy shoulder extends up tawma for their technical support. One of the authors
~4 eV, at which point the slope changes and the emissiofJ.E.Y) wishes to thank Dr. D. Scott Katzer for many helpful

increases more rapidly. This can be understood by considediscussions. This work was supported by ONR and NSWC/
ing the emission process at a NEA surface. If the electrorCrane Division.
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