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Summar
y have relatively high conductivity. With these properties, dia-

This report presents the results of a secondary electrormond can be used in the design of cold cathodes and photocath-
emission spectroscopy study of hydrogenated diamond suredes in high-power electronics and in high-frequency and
faces for single crystals and chemical vapor-deposited poly-high-temperature semiconductor devices (refs. 1 and 2).
crystalline films. One-electron calculations of Auger spectraof One of the remarkable properties of diamond is the negative
diamond surfaces having various hydrogen coverages are prelectron affinity of its hydrogen-covered surface. ltwas recently
sented, the major features of the experimental spectra ardemonstrated that not only diamond single crystals (refs. 3
explained, and a theoretical model for Auger spectra of hydro-and 4) but also hydrogenated CVD diamond films possess a
genated diamond surfaces is proposed. strong NEA with a coefficient of secondary electron emission

An energy shift and a change in the line shape of the carbow of up to 60 (refs. 5 to 7). Als@, decreases under electron
core-valence-valence (KVV) Auger spectra were observed folbeam exposure because of the desorption of hydrogen from the
diamond surfaces after exposure to an electron beam or bgiamond surface (refs. 5 to 8). This effect can be eliminated by
annealing at temperatures higher than 950This change is  coating the hydrogenated surface with 10- to 100-nm-thick
related to the redistribution of the valence-band local density ofalkali-halide (Csl, KCI, CsF, or NaCl) films. To achieve the full
states caused by hydrogen desorption from the surface. NEA effect, these surfaces were activated by exposing them to

A strong negative electron affinity (NEA) effect, which an electron beam, which desorbed halogen and left a thin alkali
appeared as a large, narrow peak in the low-energy portion afetal film at the diamond surface (ref. 7).
the spectrum of the secondary electron energy distribution, was This report reviews results obtained from the authors’ recent
also observed on the diamond surfaces. A fine structure in thignvestigations of hydrogenated surfaces of single diamond
peak, which was found for the first time, reflected the energycrystals and CVD diamond films by secondary electron emis-
structure of the bottom of the conduction band. Further, thesion (SEE) spectroscopy, a powerful tool for studying the bulk
breakup of the bulk excitons at the surface during secondarygnd surface electronic structure of solids. Auger electron spec-
electron emission was attributed to one of the features of thigroscopy (AES) is the most popular technique in SEE spectros-
structure. copy and has been used for many years to study the diamond

The study demonstrated that the NEA type depends on theurface because its spectra incorporate very important informa-
extent of hydrogen coverage of the diamond surface, changing¢jon about the composition and chemical bonding of the mate-
from the true type for the completely hydrogenated surface tagial. During this time, a common belief was that the carbon
the effective type for the partially hydrogenated surface. Auger peak for diamond was not sensitive to hydrogen on the

surface (refs. 3and 4). Also, the perception was that the surface

effects were completely immaterial to the interpretation of the
Introduction carbon Auger peak (ref. 9). In obvious contradiction to this

perception, the authors have shown that the hydrogen desorp-

During the last decade, much attention was focused ortion from the surface of diamond significantly changes both the
studying the fundamental properties and applications of dia-Auger carbon peak shape and its position, which shifted to-
mond (ref. 1). It is a promising semiconductor material for wards the higher energies (refs. 10 to 13). These changes were
novel electronic applications because of its heat conductiorattributed to a redistribution of the surface-carbon-valence
properties and negative electron affinity (NEA). In comparison local density of states (LDOS) that were dependent upon the
with diamond single crystals, chemical vapor-deposited (CVD) extent to which hydrogen covered the surface. Therefore,
polycrystalline diamond films have additional advantages:although hydrogen cannotbe seenin AES directly, its existence
their fabrication is relatively easy and cheap, they can be growron the surface is revealed as a “fingerprint” in the fine structure
with high levels of impurity doping, and consequently they canof the carbon AES.
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Until recently, the predominant method to spectroscopically
study the NEA effect has been ultraviolet photoelectron spectro- I” "” ”] [;:]
scopy (UPS) (ref. 3). We have demonstrated that SEE spectros- ==
copy of low-energy electrons is a very efficient way to study =[[|Z :ﬂ]

this effect (ref. 14), and we have discovered in the surface of the
SEE spectrum of the NEA a fine structure that reflected the
energy structure of the bottom of the diamond conduction band
(ref. 15). An analysis of the fine structure provided evidence Cylindrical mirror

that an exciton mechanism for SEE exists (refs. 16 and 17) energy analyzer =
and that the model chosen to describe the NEA of a diamond
surface depends on the hydrogen coverage (ref. 18).

Experimental Technique

Sample Description rTungsten

filament

The experiments were performed on two types of samples:
natural single-crystal diamond and chemical vapor-deposited
(CVD) polycrystalline diamond. The single-crystal diamond
plates had either a (111) or (100) surface, were 4 by 4 by 0.3 mm
or 3 by 3 by 0.25 mm, and were cut from type-llb, semi-
insulating, natural single-crystal diamond that was slightly
boron doped and haguitype conductivity. After the samples :H:E
were brazed onto a tantalum plate by using a AgTi alloy, the
plate was mounted on the top of a vacuum resistive heater,prenaration —h
which was used to achieve sample temperatures of up tochamber
1000°C. Temperature monitoring was done with infrared two-
color pyrometers.

The chemical vapor-deposited diamond polycrystalline films
were grown on molybdenum substrates by microwave plasma
CVD and were heavily doped with borohl,( = 10'8 to
109 cn13 as estimated from the film conductivity measure-
ments). Raman spectroscopy of the grown CVD films showed
a negligible background of nondiamond carbon and a very
sharp peak at 1331 ct characteristic of the diamond3sp
bond. After deposition, the diamond films were exposed to air,
and only carbon was observed in their Auger spectra. The film
thickness ranged from 10 to pén.

The sample surfaces were prepared by employing the stan-
dard techniques for diamond (ref. 19): mechanical polishing by
using 0.254m-grit diamond paste and olive or lapping oil as a analyzer (CMA) electron gun beam and annealing at tempera-
paste extender, followed by cleaning in an ultrasonic bath withtures higher than 95TC.
acetone and alcohol. Although a prevalent opinion holds that The single-crystal diamond surface was rehydrogenated by
the olive oil is a source of hydrogen for the diamond surfaceroom-temperature exposure to atomic hydrogen produced from
(ref. 20), the authors did not observe that any of the surfacehe molecular hydrogen background by a hot tungsten filament
properties were dependent on the polishing oil. heated to temperatures of about 1900Coverage saturation

The heater containing the samples was mounted on an XYZwas observed after a 30-min exposure at a hydrogen pressure of
manipulator and positioned at the center of an ultrahigh-1x10-5 torr. For as-received CVD diamond films, the same
vacuum chamber (base pressuredftCtorr, fig. 1). Before  exposure to molecular hydrogen was sufficient to restore the
the measurements, the single-crystal samples were annealediafdrogen coverage (refs. 5 to 7, 11, and 14). However, for
500°C for 30 min. annealed or treated diamond CVD films and the single-crystal

Decreasing the hydrogen coverage of the diamond surfacesurfaces, rehydrogenation was possible only by exposure to
was achieved by exposing them to the cylindrical mirror energyatomic hydrogen.

Figure 1.—Experimental setup.
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Measurement Technique the charging occurred at pulse durations longer tha63 s,
frequencies higher than 1 kHz, and primary current densities
Measurements of electron energy spectaThe energy  from 10°to 104 A/lcm 2. Increasing the sample temperature

spectra of the secondary electrons were measured by a singles 400 to 500C allowed the use of significantly longer pulses
pass (Perkin-Elmer) CMA having a 0.6-percent energy resolu{up to 10° s) and higher frequencies (up to 5 kHz), thereby
tion and a 426° collection angle. Although monitoring the improving the data collection time and the signal-to-noise ratio.
electron energy spectra of highly doped CVD diamond films Changing these pulse parameters by a factor of 2 to 4 did not
was a routine procedure and could be done in the dc modegffect the measured energy position and shape of the secondary
taking electron spectra of the semi-insulating natural diamoncdelectron spectrum within the instrumentation accuracy of about
crystal was a much more complicated procedure because di.1 eV.
sample charging. To prevent charging that usually distorts the To avoid the creation of an additional unknown bias of the
electron spectra, we combined the pulse method of measuresample relative to the ground (the effect of current flowing
ment with sample heating (ref. 21), which prevented chargealong the resistive heater), the sample was heated in a pulsed
accumulation and increased charge dissipation. mode. Secondary electrons were detected only during the
The pulsed primary current was created by applying to theintervals between the heating current pulses. The computer
Wehnelt of the CMA electron gun a sum of negative turn-off dc controlled the width and the period of the heating current
bias voltage and positive rectangular turn-on pulses from gulses, set at 1 and 2 s, respectively. These times were at least
pulse generator (fig. 2, trace 1). To monitor sample charging,l order of magnitude smaller than the time required for the
the secondary electron current pulses were amplified andample temperature to stabilize.
observed on an oscilloscope. When surface charging occurred, The absence of the artifact of charging was proven by
we observed the pulse decaying, or losing its rectangular shapmeasuring a shift in the onset of the secondary electrons when
and amplitude. To prevent this occurrence, the proper combismall negative potentials (0.5to 5 eV) were applied to the target
nation of pulse duration and frequency, sample temperature(ref. 14). The target bias was used to compensate for the work
and primary current density were selected for each measfunction difference between the target and the analyzer and to
urement. At room temperature, the measurements showed thatake the measurements of the very low-energy region of the
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Figure 2.—Measurements of SEE properties in pulse
mode. (a) Block diagram of pulse measurements of
SEE coefficent. (b) Timing diagram of various voltages
supplied to (a).
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spectrum reliable. In this range of the applied bias in the
absence of charging, the measured electron spectra shifted
linearly with the voltage. The energy of secondary electrons in
the spectra of low-energy electrons was measured with respect
to the Fermi level of the sample. The position of the Fermi level
was determined from the location of thgpeak in the second-
ary electron spectra of a graphite sample, Aquadag (ref. 22).
The data were collected by counting electron pulses from an
electron multiplier, filtered, differentiated, and filtered again to
obtain standard Auger spectra.
Pulsed measurements of SEE coefficientSurface charg-
ing of semi-insulating and insulating crystals even at extremely
low primary currents makes it impossible to use the traditional
dc method of measuring the SEE coefficientThis effect
causes redistribution of the secondary and primary electron
currents and results in a measured value &f 1. Johnson
(ref. 23) was probably the first who measuodaly irradiating
the target with short electron pulses and observed the pulses
that were proportional to the secondary and primary currents on
an oscilloscope screen. We designed the device to megsyre
utilizing sample-and-hold amplifiers and electronic switching
of the target potential (ref. 24). This device (fig. 2(a)) allowed
us to simultaneously monitor battand the primary current for
an insulating sample and to record the data using a computer.
The primary (secondary) electron current was measured by
using an electronic switch (fig. 2(a)) to apply a negative
(positive) potential of up to 100 V to the target. The switch was
driven by a square pulse (trace 2 of fig. 2(b)), and the highs and
lows of the pulse corresponded to a positive or negative potential,



respectively, applied to the target. The current pulses were
converted to voltage pulses, were amplified, and were sent to
the two high-speed bipolar sample-and-hold amplifiers. The Sy S2
short “holding” pulses (traces 3 and 4 in fig. 2(b)) with adjust- Az Ay

able pulse width and delay were applied so that we could
measure the signal pulse amplitude with either positive or £
negative voltage applied to the target. When doing so, the uppe
sample-and-hold amplifier in figure 2(a) was holding the volt-
ageV; proportional to the primary currehf and the lower
sample-and-hold amplifier was holding the volt&g@ropor-
tional to the secondary curreigt The output voltages were
filtered, digitized, and read by a computer that produced an
plotted botho = 1 —V,/V, and primary curreritp versus the
energy of the primary electrons.

A1 Ao

dN(Eﬁ’dE, arbitrary

Auger Spectroscopy of Diamond Surfaces

PR TR ST S T T Y VORS00 A VAN WA TS S (T SN WY Y S T VO SN WA G |

An Auger core-valence-valence (KVV) process involves a 200' - 220 '240 260 280 300 320
three-particle interaction of two valence electrons and a core Electron energy, eV
hole in tr_\e |n|t|§il state and two va_lence holes and an Auger Figure 3.—Auger spectrum of carbon for clean diamond
electronin the final state. The k|_nef[|c energy of the frge Auger ¢ rface. Main peak, Ag; satellite peaks, A; to Ag;
electron, which escapes the solid, is measured experimentally. |o\-energy peak amplitude, Sq; high-energy peak
Itis evident that the Auger line shape is related to both the local  ampilitude, Ss.
density of states (LDOS) of the valence band and the matrix
elements of the Coulomb interaction between wave functions
of the initial and final states (refs. 25 to 27).

The typical Auger spectrum of a clean diamond surface
(fig. 3) consists of carbon peaks only. Comprising this spectrum
are the main peak, and its satellited;, A,, A;. The energy
of Auger electrons in diamond is within the range of 240 to 0.4 Fluence,
280 eV and their mean free path does not exceed a few C/em2
interatomic distances (ref. 28). This means that the contribution »
of the surface density of states to the total density of states e
cannot be ignored. However, as mentioned in the Introductiong ......
there is a perception (ref. 9) that the surface effects are ndE 0.0 \ e After rehydro-
important in the interpretation of the carbon KVV Auger 2 genation
spectra. From this viewpoint, the presence of foreign atom_sc:iS -0.2F
chemically bound to the surface should not affect the KVV%
Auger line shapes of the host atoms. In contradiction, the;; —0.4
studies presented herein have shown that the hydrogen desofg-
tion from the diamond surface significantly changes both th 06k
Auger carbon peak position (which shifted towards the higherc
energies) and its width. These changes were explained as the
redistribution of the surface carbon valence LDOS, whichwas ~0-8
dependent on the extent that hydrogen covered the surface.

-10

PR NSRS NN ST SN T NSNS S RSN S S T |
260 265 270 275 280 285
Figures 4 and 5 demonstrate the carBgKV V) Auger Electron energy, eV

peak for single-crystal diamond with (111) and (100) surfaces Figure 4.—Carbon Auger peak Ag for (111) single-crystal

respectively, measured before and after surface exposure to thediamond surface after various electron beam exposures

primary electron beam at various fluences (total amount of and subsequent rehydrogenation.

charge per unit area deposited on the surface). One can see that

Experimental Results
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Figure 5.—Carbon Auger peak Ag for (100) single-crystal / ," — 0 '-‘ \
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e eee §5f '.‘
the exposure of th_e surface resulted m_both the sh_lft ofthe pegk ® After rehydrogenation .
position towards higher electron energies and the increase in its Y
full width at half maximum (FWHM). Both changes leveled off I I T S S S S S
with the increase in exposure reaching the values of about Lev ~ 24° 250 255 260 265
for the shift and 0.4 to 0.8 eV for the change in the FWHM. Electron energy, eV
Corresponding changesAq (KV,V,) features located at the Figure 6.—Fine structure of A4 feature for (111) single-
low-energy side of the ma#y, peak are shown in figures 6 and crystal diamond surface after various electron beam

7 for the (111) and (100) surfaces, respectively. The electron exposures and subsequent rehydrogenation.
beam exposure caused the ratio of the low-energy peak ampli-
tude S, to the high-energy peak amplituBgto increase, as
observed earlier (ref. 8). As seen from the figures, this phenom- All the phenomena described above for the single-crystal
enon was more pronounced for the (100) diamond surface. diamond surfaces were also observed for the diamond CVD
The same phenomenon was observed after annealing thfiéms. Figure 10 presents the results of measurements Afthe
sample at temperatures higher than 95@vhen hydrogen is  Auger peak position and its FWHM as a function of electron
well known to desorb from the diamond surface (ref. 20). Thebeam exposure for an as-received CVD diamond film. The data
Auger peald, of the crystal surface before and after annealingwere obtained when these parameters were monitored during
are displayed in figure 8. The change in the satellite structureontinuous beam exposure and were plotted as a function of
after annealing was well documented by Pate (ref. 20). fluence. As seen in this figure, an increase of up to 1.2 eV in
Exposure of the diamond surface to the primary electronenergy and of about 0.2 eV in FWHM were observed for a
beam and to annealing a&™50°C results in the desorption polycrystalline diamond film. Figure 11 demonstrates the
of hydrogen (refs. 8 and 20) and in the decrease in secondaghange in th&,/S, ratio in theA, feature of Auger spectra (see
electron yield of the diamond (refs. 5to 7). In addition to AES fig. 3) and ino for the CVD diamond film as a function of the
of the single crystal, we monitorexd (in the pulse mode to fluence. The increase in fluence results in a simultaneous
avoid the charging effect) and found that the changes in théncrease in th&,/S, ratio and a decreasear, ...
Auger spectra after electron beam exposure and annealing wereAll the observed changes for the single-crystal diamond sur-
accompanied by a sharp decreasg,jp from the initial value  faces and the CVD diamond films were reversible after rehydro-
of about 70 to about 1 (fig. 9). The high valuesak a con-  genation, which restored the initial position of the Auger peak,
sequence of the strong negative electron affinity specific to théts shape (including the fine structure), and the value of
hydrogen-covered diamond surface (refs. 3, 20, 29, and 30).(figs. 4 to 7 and 12). Therefore, we can conclude that these

NASA/TP—1999-208692 5



After rehydrogenation

A
265

i
260

|
245

1
255
Electron energy, eV

i
250

'l L Ll 1 'l i L L L 'l [ 1 ] L

Figure 7.—Fine structure of A feature for (100) single-
crystal diamond surface after various electron beam
exposures and subsequent rehydrogenation.

changes in the diamond Auger spectrum were directly relate
to the extent that hydrogen covered the diamond surface.

Computational Procedure

The basic KVV Auger process is described as follows. A
valence-band electron is captured by a previously created cor
hole statec. The energy of recombination is transferred to
another nearby valence electron, providing it the energy t
leave the crystal. As a result, two holksugdl) in the valence
band are generated. The energies of these holes lie in t
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Figure 8.—Carbon Ag Auger peak for single-crystal
diamond before and after annealing at 950 °C.

valence holes in the final state (refs. 31 and 32). To calculate the
energy distribution of the Auger electrons, the probability of
the elementary process should be integrated over the ionization
energied, andl, of the valence-band holes.
This paragraph describes a typical procedure for the calcula-

tion of the KVV Auger spectrum for diamond or graphite
(refs. 33 and 34). The local densities of states (LDOS) of the
valences- andp-electrons, which are either evaluated theoreti-
cally or extracted from photoemission measurements, are used
0 calculate different convolutions of partial LDOSs( s-p,

ndp-p) weighted with the corresponding matrix elements of
Coulomb interaction. At the end, these convolutions are added
to calculate the Auger electron distribution. The Coulomb matrix
elements are usually taken from the atomic calculations whereas
the hole-hole partial effective interaction enerdié% , U3,

andUBE (ref. 33) serve as fitting parameters. This procedure

eg'ives a reasonably accurate description of experimental data

for graphite (ref. 33), laser-deposited a-C, a-C:H, and single-
crystal diamond (ref. 34).
This calculation procedure usually employs a large number of
rametersto fitthe experimental data. Furthermore, itis usually

: . .pa
continuous spectrum of the valence band. Therefore, the kmet:Eased only on bulk LDOS and underestimates the influence of

energy of the ejected Auger electifggis expressed as

@

Ea=lc—(lx+ 1| +Ugt)

the surface, which is expected to be very important for Auger

spectra calculations, particularly with an adsorbate present.
The effects of the hydrogen adsorption on the Auger spec-

trum of the diamond surface were analyzed by using the first-

wherel, | are the ionization energies of the corresponding principle, local density approximation (LDA) method (refs. 35

electronic states relative to the vacuum level dpgd is the

and 36) for the calculations of the LDOS and Auger matrix

effective Coulomb energy of interaction between the two elements. The surface and core-hole effects were taken into

NASA/TP—1999-208692
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account; however, we did not introduce any fitting parametersLDO nlj represents the outputs of the self-consistent LMTO
because our intent was to give a correct semiquantitativecalculations. The matrix elements can also be calculated if the
description of the experiment and not to expect our results toradial parts of the self-consistent LMT orbitals are known. In

describe the experimental data perfectly.
While calculating the Auger spectrudE,), we adopted a
simplified version of the theory of the KVV processes devel-

equation (4), we assume that the wave functions of valence
electrons and the partial LDOS are both perturbed by the 1-
core hole localized on a carbon atom.

oped by Almbladh, Morales, and Grossmann (refs. 37 and 38). To model partially hydrogenated (111) and (100) diamond
We considered the wave functions of the valence electronssurfaces, we used respectively 8- and 10-layer symmetric

involved in the basic Auger process to be atomiclike, linear,

muffin-tin orbitals (LMTO). These orbitals belong to the same

diamond slabs. First-principle LDA-LMTO calculations in the
atomic sphere approximation (ASA, ref. 40) were performed

atom as the core hole (refs. 25to 27, 31, 32, 37, and 38) and afer these slabs, both sides of which had one monolayer of
therefore perturbed by the core hole, an occurrence usualljhydrogen atoms. For both (100) and (111), all dangling bonds
referred to as a static core-hole effect (ref. 33). Inside the(one bond per carbon atom for the (111) surface and two bonds
crystal, the wave function of the ejected Auger electron incor-per carbon atom for the (100) surface) were passivated with

porates an exponentially decaying factor eXlzﬁ-/Z), where

hydrogen. Five empty spheres between periodically repeated

1/\ is a typical escape length (in our case is of the order ofslabs were introduced to simulate a vacuum.

10 A) andjz| is a distance of thg" atomic plane from the

We performed a series of self-consistent slab calculations of

surface. It is possible to show that (see also refs. 25 to 27, 37%he electronic structure for different depthsf the core-hole

and 38)
N(Ea) =2y exp(-Az[|N; (En) @
J
where
N;(Ea) = z J'M” Ea—lc.E)
T VB
xn/ (Ea—lc-E)L(E)E (3

In equations (2) and (3)enumerates atomic layets; 0,1
(s, p) are orbital momentum quantum numbe’rllsis the partial
local densities of states, and

0/2EaO0c 2 Ok (f
M =D HKz 2k+1rD 0o
gl |A|<D2|RkII Tol)? @

are the matrix elements of the Coulomb interaction between th
wave functions of the initial and final states.

The matrix elements in equation (4) are expressed through

Wigner 3j-symbols and Slater radial integr&gl,l',l..l)
(ref. 39) withl . being an orbital quantum number of the core
hole (for the 1s carbon core staté, = 0);1, I', andk are the
orbital quantum numbers of the valence electrons| giscan

orbital number of the Auger electron partial wave. In equa-

tions (2) and (3), functiorNj(EA) describe the contributions to

layer with respect to the surface. Consequently, we calculated
functionsN;(E,) with various layer numbers wherej = 1
corresponés to the surface layer amd4 or 5 corresponds to
the central (bulklike) layer of the (111) or (100) slab,
respectively.

The effect of the fractional hydrogen coverage of the diamond
surface was modeled by introducing a fractional effective atomic
number (&A<1) for the surface hydrogen atoms, with= 1
corresponding to a 100-percent coveragéand corresponding

Hydrogen coverage,
o5k percent
100
20
2
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> 15F
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Figure 13.—Valance s- and p-electrons partial local density
of states (LDOS) for (111) surface carbon atoms (with
static core-hole effects taken into account) for various

the Auger spectra from the subsequent layers. The partial hydrogen coverages.
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to a “clean” unreconstructed diamond surface. A half-width noticeable (figs. 14(b) and 15(b)). The removal of hydrogen has
parameter equal to 0.08 Ry was introduced to assure sufficienthe strongest effect on the position and the shape of the main
smoothness of the final Auger spectra and their derivatives. minimumA,), as just mentioned. It also can be seen that the low-
energy fine structurd, is affected.
Discussion Our calculations are in agreement with the fact (well-
established for diamond) that the fine structure of the low-
Figure 13 displays the surface LDOS for the (111) diamondenergy region of the Auger spectra is determined by all the
surface with different hydrogen coverages. The calculationspartial convolutions<s, s-p, and p-p) of the valence-band
showed that the C-H bond gives its main contribution to the states. It is clearly seen from figures 14(b) and 15(b) that the
LDOS inthe area of the higher energytype) peak. Therefore,  relative intensities of the different fine structure maximums
the removal of hydrogen would affect the density of statesdepend on the surface orientation and the hydrogen coverage.
mostly in this region (fig. 13). At coverages less than 80 per- The results of the calculations qualitatively agree with the
cent, the figure displays a separate C-H peak splitting andobserved behavior of the carbon Auger peak during hydrogen
shifting towards the band gap. desorption from the diamond surface. A comparison of the
Figures 14(a) and 15(a) show the effects of hydrogen coverexperimental data from figures 4 to 12 and the theoretical cal-
age on the calculated KVV Auger line of diamond. Itis clearly culations from figures 14(b) and 15(b) shows that the calcula-
seen that hydrogen desorption causes this spectrum to shitions give the right qualitative description of the Auger peak
towards higher kinetic energies and to broaden slightly. Theseshifting towards high energies and its becoming broader. Also
effects are due to changes in the partial LDOS fopibtates concluded from these figures is that the changes in the patterns
displayed in figure 13 for the (111) surface. of the fine structure are correctly described by our theoretical
The changes in the derivatives of the Auger spectra calcumodel. Note, however, that our calculations did not take into
lated for different hydrogen coverages appear to be moreaccount the surface lattice reconstruction that occurs at low

= Hydrogen coverage, B Hydrogen coverage,

percent & percent

’ 100 \
2 2
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Figure 14.—Effects of hydrogen coverage on calculated Figure 15.—Effects of hydrogen coverage on calculated
KVV Auger line of diamond (111) surface. Auger spectrum KVV Auger line of diamond (111) surface. Auger spectrum
(@) and its derivative (b) of (111) diamond surface for (a) and its derivative (b) of (100) diamond surface for
various hydrogen coverages. various hydrogen coverages.
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Figure 16.—Secondary electron energy distributions for 3 4 5 6
diamond CVD film at bias V; of 1.5 V and various Electron energy, eV
primary beam energies. Curves are normalized to low- Figure 17.—Energy distributions of secondary electrons
energy peak maximum. for single-crystal diamond at bias V; of -1.5 V and

various primary beam energies. Curves are normalized

hydrogen coverages of the diamond surface (ref. 20). For [© low-energy peak maximum.

example, for the (111) surface, this reconstruction resulted in

the appearance of a DOS peak at 1.1 eV below the top of theypg). however, in the present study, we used SEE spectros-
valence band (ref. 20) that can probably limit the value of theCopy because we expected to see a similar peak at the low-
Auger peak shift and the change in its width. Neglecting theenergy edge of the SEE spectra when the NEA surface was
surface reconstruction might also be the reason for the appeags, mharded with a beam of primary electrons. The origin of this
ance of the artificial splitting of th&, peak in the theoretical o5y is explained as follows. Hot electrons, excited by the
Auger spectrum (figs. 14 and 15) that was not observed,imary heam to the conduction band, lose their energy as a
experimentally. result of electron-electron and electron-phonon interactions
. L . and accumulate at the bottom of the conduction band. At an
Negative Electron Affinity of Diamond NEA surface, these electrons can be emitted into the vacuum
Surfaces without being reflected by a potential barrier and appear in the
UPS spectra as a very intensive and narrow peak at a low
electron energy.

Study of Negative Electron Affinity by Secondary Electron Figures 16 and 17 show the low-energy portion of the
Emission Spectroscopy secondary electron spectra of an as-grown CVD diamond
polycrystalline film and a single-crystal diamond at various

A semiconductor surface has the property of NEA when theprimary beam energids,. Note that most of the secondary

vacuum energy level lies below the absolute minimum of theelectrons are collected in the form of the narrow low-energy
conduction band and allows electrons to escape into the vacuurpeak with the FWHM ranging from 0.5 to 0.6 eV. After meas-
without being reflected by a potential barrier (ref. 41). These uring the energy distributions for various primary energies, we
electrons appear in the UPS spectrum as a very high-intensityfound that the contribution of this peak to the total number of
narrow peak at a low electron energy (ref. 3). The NEA phe-the measured secondary electrons increases with an increase in
nomenon has been studied in diamond because it promises to like primary energy. The rati¢ of the number of low-energy

a good semiconductor material for electronic applications. Aselectronsinthis peak (the area under the peak) to the total number
mentioned in the Introduction, the prevalent method used forof the measured true secondary electrons with an energy less
these studies has been ultraviolet photoelectron spectroscopthan 14 eV (the corresponding area under the distribution
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Figure 18.—Ra_t|o K of number of electrons under low- Electron energy, eV
energy peak in N(E) to total number of observed ) o
for diamond CVD film. for as-grown CVD diamond film after exposure to electron

beam for up to 6 hr at current density of 0.18 mA/cm?

. . . L and primary beam energy Ep, of 3 keV and after subse-
curve) as a functlon_ of the primary _ene S shown in fig- _quent exposure to molecular hydrogen environment at
ure 18 for a CVD film. The behavior of this dependence is pressure of 5x1076 torr for 1 hr. Data are normalized to

discussed later in the section Fine Structure in Secondary |ow-energy peak maximum of dashed curve. V¢ = -1.5 V.
Electron Emission Peak of Diamond with NEA Surface.

Previously reported in references 17 and 28 and demon-
strated in the Experimental Results section is that continuouss positive electron affinity anfib s is band bending (fig. 20(a)).
irradiation of the diamond CVD films by an electron beam In the case of the true NEA modglbecomes negative due to
results in the desorption of hydrogen from the surface and in thehe existence of a dipole layer on the semiconductor surface,
decrease in the SEE vyield. Figure 19 shows the direct correlaallowing the NEA effect to be observed even for flat bands near
tion observed between hydrogen coverage and the NEA effecthe surface. Depletion band bending in this case increases the
on the diamond film surface. The transformation of the second-NEA effect:x,,,. = ¢gg + X (fig. 20(b)).
ary electron spectrum after the treatment of its surface by It has been argued that the true NEA model can be applied
exposure to the electron beam for up to 6 hr at a current densityo the surfaces of natural crystal diamond even when band
of 0.180 mA/cm andE,, = 3 keV led not only to a significant  bending exists near its surface (ref. 30).
reduction in the value of (from 32 to 5 for this sample) but also The present investigations of the secondary electron energy
to a decrease in the low-energy-peak contribution to the energylistribution from CVD diamond polycrystalline films showed
distribution (the dotted curve). Subsequent exposure of thethatthe type of NEA depends on the extent of surface hydrogen

sample to a hydrogen environment at a pressureldfStorr coverage, which changes after annealing. The CVD films used
for 30 min restored the distribution function of the secondary to measure the coefficient of SEE underwent multiple rehydro-
electrons (dashed curve) to its original form. genation cycles (5 to 10). Each cycle included sample anneal-
ing at temperatures higher than 98D(to remove hydrogen
Origin of NEA for Diamond Surface from the surfaces) and subsequent room-temperature exposure

of the diamond surface to atomic hydrogen. The treated sur-

Two types (models) of negative electron affinity are described,faces demonstrated an NEA that was uniform over the entire
the effective and the true (fig. 20). The effective NEA model is surface and was also reversible after rehydrogenation. These
a combination of positive electron affinity and depletion band surfaces had a maximum coefficient of secondary electron
bending at the surface of the semiconductor. This band bendingmission up to 50 at a primary electron endfgpf 3 keV.
can cause the vacuum energy level to occur at an energy below The surface hydrogen coverage was changed by heating the
the minimum of the conduction band (ref. 41). The magnitude sample to increasingly higher temperatures in the range of 600
of the effective NEA is determined gg; =¢gg—X, Wherex to 975°C in 10-min increments. After each heating step, the

NASA/TP—1999-208692 11
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Figure 20.—Near-surface band of semiconductor for
models of (a) effective negative electron affinity (NEA)
and (b) true NEA.
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coefficient of SEE as a function Bf, was measured using the
pulse method described in the section Measurement Tech-
nigue. The maximum value ofE,)) was considered a relative
measure of the surface hydrogen coverage.

Figure 21 presents the curves(fp) measured after sample
heating at various temperatures and showsdldetcreased
monotonically when the temperature was increased from 600 to
950 °C. The effect is evidently due to gradual hydrogen
desorption from the sample surface (refs. 5to 7). In our experi-
ments, we were not able to observe any increasaiter the
samples were heated at temperatures abov&s@&9described
in reference 42.

Figure 22 demonstrates the behavior of the low-energy portion
of the secondary electron energy distribution at various hydro-
gen coverages for a CVD diamond surface. The data in
figure 22(a) were obtained immediately after the surface was
saturated with hydrogen and the sample had a maximum value
of 0,,,2x= 35. In this case, the low-energy peak characteristic of
NEA surfaces appeared even at the lowest energy of the
primary electrons (10 eV) reported herein. For such primary
electron low energies, impact excitation of electrons from the
valence band is not effective because to satisfy the laws of
energy and momentum conservatiBnshould be higher than
2E_ (the exact threshold value Bf depends on the semicon-
ductor band structure). The secondary electrons in this case are
predominantly the primaries that escaped into the vacuum after
losing their energy from optical phonba,, scattering inside
the crystal. The fine structure seen in figure 22(a) is discussed
in the next section.
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Figure 21.—Secondary electron yield o(Ep) after sample
heating at various temperatures.
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Figure 22.—Spectra of secondary electron energy
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The reduction iw and the hydrogen coverage resulted in the
emergence of some critical value of the primary electron energy
EC above which the NEA peak was observed in the energy spec-
trum of the secondary electrons. As seen from figures 22 (b) and
(c), the lower the value of ., the higher the magnitudeEf;.

Figure 23 shows the dependenc&fpbnao,,.., which was
determined as the value Bf at which the NEA peak appears
above the background. In the rang@gf,, from 35 to 12, the
NEA peak was observed at all primary energies used in our
experiments, and the reported minimum valug 6f 10 eV is
shown in the plot ak¢ for this coverage. At lower hydrogen
coverage @, < 12),Eggrows sharply and reaches 3 keV at
Omax= 4

These experimental data are consistent with the demonstra-
tion thatthe type of NEA changes with hydrogen desorption from
the diamond surface. It was suggested earlier (ref. 30) that after
rehydrogenation, diamond exhibits downward band bending at
the surface, thus having true NEA (fig. 20(b)). This model agrees
with our observation of the NEA peak at very low primary
electron energies on the completely rehydrogenated diamond
surface. Indeed, <100 eV, the penetration depth of the
primary electrond_ is only several interatomic distances
(ref. 43); therefore, the existence of even a very low potential
surface barrier would prevent the low-energy secondary elec-
trons from escaping the solid. The critical height of the barrier
can be estimated ag = ¢pg Ip/LBB, wheredgg is the band
bending andlzg is the length of the depletion layer (fig. 20(a)).
At X > X, the electrons accumulated at the bottom of the con-
duction band withit, of the surface cannot escape the crystal.

For our highly doped CVD films\,, = 10*8to 10+ cnt3), the
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Figure 23.—Dependence of critical energy ES on maximum
secondary electron emission.
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Fermi level position can be estimated at 0.3 to 0.4 eV above thdetermined by the energy distribution of electrons inside the
top of the valence band in the bulk. In the case of the true NEAgrystal rather than by the surface potential fluctuations (ref. 3).
the onset of the low-energy peak corresponds to the bottom din this case, the low-energy peak of the secondary electrons
the conduction band at the surface and, as follows from fig-should have features reflecting the energy structure of the
ure 22, is equal to 4.3 eV. Then, using the value of 5.5 eV fobottom of the conduction band. A detailed study of the fine
the diamond band gap, we obtaigs = 1 eV and_gz = (bpg structure of this peak can contain essential information about
K/2reN,)2 = 100 to 300 A (wherek is the dielectric  the conduction band and mechanisms of the SEE process
permeability of diamond). Altp = 10 A, the potential barrier ~ (refs. 44 and 45).
Xc=0.03t0 0.1 eV. Therefore, from the data presented in fig- Diamond is a semiconductor with an indirect band gap. The
ure 22, we can conclude that for the diamond surface saturatetvo lowest energy minimums in the conduction band (absolute
with hydrogeny is at least about kT at room temperature and D, minimum andX. minimum) are located near the boundary
is probably negative. of the Brillouin zone along the (100) direction (ref. 1). When
The fact that there is a critical potentiifor a surface with  the secondary electrons escape into the vacuum across a perfect
partially desorbed hydrogen indicates that the true affinity surface, the component of the electron wave vector parallel to
becomes positive, and the total (effective) NEA properties ofthe surfacek, and the electron energy should be conserved
the surface are now determined by the difference between thgef. 41). The values of the crystal wave vector of electrons that
affinity and the band-bending potential. In this case, the NEAoccupy D, and X, minimums are close to the value of the
peak can be observed only when the penetration depth of theeverse lattice constant. In the case of the (111) surgce,
primary electrons is larger than a critical delpthX Lgg/dgg values for the electrons in these minimums are so large that for
(fig. 20(a)). On the other hanlegE |, the low-energy second-  a reasonable value of NEA, it is impossible to satisfy the laws
ary electrons are captured by the surface potential and cannof conservation of energy and momentum for the low-energy
escape the surface. Itis well known (ref. 43)Igiatreases with  electrons escaping into the vacuum (ref. 41). The situation at the
the increase inthe primary electron energy and, asitis clear fronfl00) surface is very different and is much more favorable for
figure 20, the increase jshould result in the shift & to the emission of the secondary electrons into the vacuum.
higher values. The capture of the low-energy secondary elecElectrons from two of the s or X, valleys located along
trons by the surface can also be responsible for enhancing thigne (100) direction, which is perpendicular to the (100) surface,
low-energy peak intensity relative to the rest of the energyhave thes, component of the crystal wave vector equal to 0, so
distribution curve that is observed in the ralEge> Eg (see the conservation laws are easily satisfied for electrons escaping
fig. 18). from these valleys. However, the measurements show that the
In the effective NEA model, the onset of the NEA peak cor- intensity and angular distribution of the emitted secondary
responds to the vacuum level and also has to move to highezlectrons depend very little on the surface orientation (refs. 3,
energies. This agrees with the experimental data shown i, 20, 29, and 30), which indicates that the escape mechanism
figure 22. It can be seen that the NEA peak onset shifts to higheis more complicated and can include an additional interaction
energy by approximately 0.6 eV whep, . decreases from  with the surface to satisfy the laws of conservation (ref. 30).
35 to 4. The shift of the onset can be a consequence of both thEhis interaction would smear the measured energy distribution
increase iy and the change in band bending. If we assume thabf secondary electrons and would impede the observation of a
all the shift is due to the changeyrand that for the surface structure in the low-energy peak of secondary electrons from
saturated with hydroger < 0, we can estimate for the surface the (111) surface. It seems more conceivable to find fine
with o, = 4 the upper limit fot, = 0.6Lgg = 100 A, which features in the spectrum of secondary electrons from the (100)
is close to the value of for electrons with energy equal to surface because a significant portion of these electrons can
3keV (ref. 43). Therefore, we can conclude that the origin of theleave the crystal without any additional surface interaction.
diamond surface NEA can change depending on the extent of This reportdescribes the first observation of the fine structure
the surface hydrogen coverage. in the low-energy electron peak of SEE from single-crystal
diamond with an NEA (100) surface and from as-received
Fine Structure in Secondary Electron Emission Peak of polycrystalline CVD diamond films with surfaces that contain
Diamond with NEA Surface multitudes of (100) and (111) microcrystals.
Figures 24 and 25 show the low-energy portion of the
It can be seen from figures 16 and 17 that FWHM of the low-secondary electron spectra for the (100) diamond surface and
energy peak is much larger than kT. Approximately the sameor an as-received CVD diamond film, respectively, as a func-
NEA peak width has been observed in all photoemissiontion of the primary enerng monitored at a target potential
measurements independent of the crystal orientation of the suV, = —=1.5 V. It can be seen that the important feature these
face when samples were irradiated with photons whose enerspectra have in common is the existence of the prominent fine
gies significantly exceeded the diamond band gap (refs. 3, 4structure in the low-energy NEA peak consisting of four maxi-
20, 29, and 30). It is therefore likely that the peak width is mums. We were unable to observe a pronounced structure inthe
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Figure 25.—Fine structure in low-energy portion of second-
ary electron energy distribution at V; of -1.5 V and various
primary beam electron energies Ep, for CvD diamond film.

Figure 24.—Fine structure in low-energy portion of second-
ary electron energy distribution at V; of -1.5 V and various
Ep for (100) surface of single-crystal diamond.

low-energy peak of secondary electrons emitted from the (111petween th®_ andrl" . minimums. As it follows from our data,
surface. Er —EXC: 0.25%£ 0.05 eV.

It would appear reasonable that the newly found maximums Th t noticeable feat tth delect i
reflect the energy structure of the bottom of the conduction. € most noticeable 1eature of the measured electron spectra

band. Following the existing calculations of the diamond bandbs Otgevngrrlow t?;‘x;mlf[m Ia_lt_)ﬁldﬂx Ioca_tedl apﬁroglmatel_i/
structure (refs. 46 to 49) and the data obtained from photoemis-: d'e elowth Cd_ea ure(.j ﬁ_eﬂgrgyls close_oo Oesexsll on
sion measurements (ref. 50), we can attribute the fine structur?In ing energy in diamond, which is equaldg, = 0.08 e

. s ref. 51). The mechanism of the exciton-assisted electron
maximums IabeIecDC and M In figures 24 and 25 to the emissioil in the photoemission process was suggested in refer-
absolute minimum of the conduction babd and to the P P 99

minimum in the center of the Brillouin zoife, respectively ence 30 and s_hould be similar f[O the r(_)Ie of the excitons in the
i T " SEE. The excitons are formed in the diamond as a result of the
From our data, the dn‘ferenc(eEr ~Ep, | found is equal to  glectron-hole Coulomb interaction during the cooling of the
0.45+0.05 eV as compared with 0.5 eV obtained from photo-“hot” secondary electrons. The excitons drift to the surface and
emission measurements by Himpsel, Van der Veen, and Eastmdsreak up in the surface electric field, and the electrons are
(ref. 50). The maximunX, between them is probably associ- emitted into the vacuum.
ated with theX-minimum of the conduction band. Different  Figure 26 illustrates this effect for the exciton with>>m,
theoretical calculations give a great variance in its energyfor the single-crystal diamond surface with the true NEA. In
position relative to thE minimum (refs. 46 to 50) with the latest our semi-insular crystals, the width of the depletion layer
calculations (ref. 46) giving the position of teminimum Lgg= 1um and the penetration depth of the primary electrons
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Conduction p = N, is the hole concentration in the valence band. For the
pard ) diamond fllmsrscr 3r; allows the formation of the excitons.

- — -~ Electron { As seen in figures 24 and 25, the exciton maximum is

E&\ // \\_ @ — Xx<O observable in the primary electron energy range of 0.5 to

~

\ / \ / \ 2.5 ke_\/_ and vanishes a_t higher electron energies. Iﬂgjtthe

\ intensities of other maximums also change, with lower energy
\/ \/ ) : o ) enall

Exciton Exciton near maximums reaching the_|r highest intensity at a | rThe_z

in bulk NEA surface increase in energy delivered to the crystal by the primary
electrons increases the average energy of nonequilibrium elec-
trons inside the crystal whereas the energy relaxationtime
Valence O remains unchanged. This process should result in a shift of the
band Hole energy distribution of the secondary electrons towards the
higher energies. Consequently, the probability of exciton cre-
ation should decline when the average electron energy becomes
Figure 26.—Near-surface bands and exciton mechanism higher than the exciton binding energy.

of SEE for diamond with true negative electron affinity The FWHM of each peak of the fine structure can be estimated

atlp <<Lgg and mp >> Me. Eey, €xciton binding energy. from figures 24 and 25 to range from 0.15 to 0.3 eV. These

widths are probably determined (besides the energy resolution

of the analyzer) by the nonequilibrium distribution of low-
|, <<Lgg: Therefore, withi, below the surface, the diamond energy electrons in the conduction band minimums. This
energy bands can be considered “flat.” In this case, the electriaonequilibrium distribution is produced during the SEE pro-
field necessary to “ionize” the exciton is formed by a surfacecess because the electron escape tjigds smaller than the
dipole (ref. 52) whose depth does not exceed 1 to 2 interatomienergy relaxation time,, which is primarily determined by
distances. Even fak[=0.1 eV, the electric field is greater than interaction with optical phonons. When the electron energy
10° V/em. The electric field; that is necessary to break up an does not exceed the energy of a few optical phonons, the
exciton can be estlmatedlﬁ,s= Eey/(er;), wherer; isthe Bohr  relaxation time can be estimated ms= 10712 to 1013 s
radius of the exciton. In diamong, = 15A,E,, = 0.08 eV (ref.56). Atthe penetration depth of the primary electrons in the
(refs. 51 and 53), arfg] = 5x10° V-cnTL; therefore, the surface  crystal (, = 100 A) and at the velocity of the low-energy
electric field is high enough to break up the exciton. Because thgecondary electrongs 10’ cm- slandr =l /v 1013s. The
width of the surface dipole is smaller than the Bohr radius ancconditiont, ¢ <T,is fulfilled for all electrons contributing tothe
the final state of the exciton hole after the breakup should be a@bw-energy peaks that have an FWHM approximately equal to
the top of the valence band (fig. 26), the exciton breakup in theone or two times the energy of an optical phonon in diamond
surface field is expected to yield a sharp maximum in the(faw, opt = 0-163 €V) (ref. 1). The relaxation time of electrons
secondary electron spectrum. with energies less thafiw,, is even longer than 1 s.

The other favorable situation for observation of the exciton Therefore, we can expect tF]at the FWHM of the energy distri-
mechanism in SEE exists in the highly doped diamond CVDbution of secondary electrons in the conduction band mini-
films whenl; > Lgg andr;, 2 Lgg. In this case, the secondary mums would be of the order of the energy of an optical phonon,
emission occurs also from the flat band area located below thes it was observed experimentally.
depletion layer. As seen in figure 24, the absolute energy of the Asit follows from the previous discussion, observation of the
exciton peak for the CVD film almost exactly corresponds to fine structure in the low-energy peak of the secondary electrons
the exciton energy level in the diamond bulk. Indeed, usingis possible only if certain conditions are satisfied, the most
E-=0.4 eV for the position of the Fermi level above the valenceimportant being the “flat band” for the actual region under the
band (see the previous sectiorf, = 5.5 eV and surface from which the secondary electrons are emitted. The
E,= 0.1 eV, we obtain for the peak energy the value of 5.0 eVvoltage drop due to band bending across this region should not
above the Fermi level, which we observed experimentally.exceed= 0.1 V. This condition can be satisfied jfg >>1 (for
From the estimates made in the previous section, for ouiasemi-insular crystal) orlif;z <! (for heavily doped diamond
sampleE; = 2pgg/Lgg = 2x10° V-entlatLgg= 100 A and  when emission occurs malnly from the region below the deple-
bpp=1 eV which is enough to break up the excitons near thetion layer). When the flat band condition is not satisfied, the fine
surface. We should also mention that in doped semiconductorsstructure can be broadened by the near-surface electric field.
the excitons can be created only if the screening length is largeThe other cause of broadening of the fine structure can be
than the Bohr radius (ref. 54). At high carrier concentrations influctuations of the surface charge, which creates band bending.
our CVD samples, the regular theory of screening does noCorresponding voltage variations inside the emission region
apply (ref. 55), and the screening radius may be estimated ashould also be less than 0.1 eV in order to observe the fine
equal to an average interparticle distange= p~/3, where  structure.
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Conclusions

Carbon Auger spectra of hydrogenated diamond surfacesl.

were studied by using secondary electron emission spectros-
copy (SEE). The findings were that the energy and shape of
the Auger peak are dependent on the extent of surface hydrogen
coverage. For both the single-crystal diamond and the chemical

vapor-deposited (CVD) diamond films, we observed a shiftin 4.

the AES carbon peak towards higher energies concomitant with
an increase in the peak full width at half maximum (FWHM)
when the hydrogen coverage of the diamond surfaces was
diminished.

A theoretical model of Auger spectra for hydrogenated 6.

diamond surfaces was developed. The experimentally observed

changes in the carbon Auger line shape were shown to be’

related to the redistribution of the valence-band local density of

states caused by hydrogen desorption from the surface. Ones.

electron calculations of Auger spectra of the diamond (111) and

(100) surfaces having various hydrogen coverages were per-=-

formed. The calculations were based on self-consistent wave

functions and matrix elements calculated in the framework of;

the local density approximation and the self-consistent, linear,
muffin-tin orbital method with static core-hole effects taken into
account. The major features of the experimental spectra were
qualitatively explained. !
The SEE spectroscopy method was used to investigate the

negative electron affinity (NEA) effect. We obtained direct proof 12.

of a strong NEA on the surface of CVD polycrystalline diamond

films terminated with hydrogen. The effect appeared as a strong>:

peak at the low-energy portion of the electron energy distribution
The existence of the NEA peak in the energy spectrum of the
secondary electrons for the partially hydrogenated diamond sur-

face depends on the primary electron energy. There is a critical5.

value of this energy at which the NEA peak appears in the
spectrum. This critical energy increases sharply as hydroge%
coverage of the diamond surface declines. This effect was
explained by the change in NEA type from true for a fully hydro-
genated surface to effective for a partially hydrogenated surface.

The fine structure in the SEE spectrum of the single-crystall’-

diamond surface with NEA was observed for the first time and
was demonstrated to be related to the electron energy structure
of the crystal's conduction band. Spectroscopic proof of the

existence of the SEE exciton mechanism was also obtained. 19.
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