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Electron-stimulated desorption total-removal cross sections for H2
and HD monolayers physisorbed on graphite
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The decay in time of the number of positive ions desorbed by 62-eV electrons incident on H2 and HD
submonolayers physisorbed on graphite is used to measure the electron-stimulated desorption (ESD)
total-removal cross sections. The nonexponential decay is analyzed by approximating the electron-beam
spatial profile as a Gaussian. The total removal rate is found to be linear in electron current density.
The total ESD removal cross sections deduced at 62 eV are much larger than the gas-phase total-
ionization cross section of 0.01 nm: 1.2 nm' for HD and 5.2 nm' for H„with a 20% uncertainty.

INTRODUCTION

Quantitative measurements of total electron-stimulated
desorption (ESD) from physisorbed monolayers have in-
cluded Xe, Kr, and Ar on Ag(111} Xe and Kr on
W(110); ~ N20, Ar, and Kr on Ru(001) ' and Oz on top
of a chemisorbed 0 monolayer. Ionization has been pro-
posed as the initial step of one ESD process; the excited
molecule finds itself in an unstable position and picks up
kinetic energy either by being accelerated to a new equi-
librium position or by wave-packet squeezing. Electron
induced dissociation can cause desorption directly as well
as by knocking other molecules off the surface. For the
weakly bound H2, HD, and D2 on graphite, phonons ex-
cited in the substrate by the incident electrons provide an
additional desorption mechanism, as will be discussed
below.

A separate paper' reports the angle, mass, and energy
distributions for positive ions desorbed by electrons from
H2, HD, and D2 monolayers physisorbed on graphite. In
this paper, we use the number of positive ions to infer the
decay in coverage with time for various electron current
densities after the gas flux to the sample is stopped. The
ESD total-removal cross sections for HD (Hz) are found
to be approximately 1.2 (5.2) nm for 62-eV electrons in-
cident on submonolayers in the coverage regime where
the equilibrium state is commensurate solid islands coex-
isting with a low-density two-dimensional vapor. " The
results are so much larger than the gas-phase total-
ionization cross section' of 0.01 nm at 62 eV that sub-
strate excitations are likely to be quite important.

The apparatus is described in Ref. 10. The electron
beam current density J,(r} measured with the beam
profile device described in Ref. 10 could be approximated
by a Gaussian

J,(r)=Jo exp( —r /a ) .

The Gaussian width of the beam at the lowest currents
used was a =0.64+0.05 mm (giving a full width at half
maximum of 1.1 mm). The minimum pulse width of
8'=0. 15 ps and repetition rate of 50 kHz gave an aver-
age measured current I of 0.48 nA and thus a current
density of Jo=I/(na )=0.038 pA/cm . The electron
energy at the sample was 62 eV, the sample bias was

V&=+8 V, and the retarding grid bias was VG=O V.
For ESD measurements from HD, the pulse width 8'was
changed keeping the repetition rate at 50 kHz; for H2,
the pulse length was fixed at 8'=0. 15 ps and the repeti-
tion rate was increased. By varying the pulse duty cycle
to vary the average current, changes in the electron-beam
width and position were Ininimized at the lower duty cy-
cles. At the highest duty cycle used for HD, the beam
width was a =0.77+0.05 mm.

For each series of measurements, the substrate was
dosed for a fixed time with a given Aux. The total dose
was adjusted to produce a coverage less than a completed
commensurate monolayer (6 X 10' molecules/cm ).
After each measurement, the substrate was warmed to
about 50 K to remove physisorbed impurities.

TIME-DEPENDENT ESD OF HD AND Hz

Figure 1 shows examples of adsorption-desorption
measurements made by counting the total number of ions
desorbed from the adsorbate. Within minutes after the
crystal was cooled to 6 or 7 K a Aux of gas was turned on
[at t = —260 s for HD in Fig. 1(a) and t = —190 s for Hz
in Fig. 1(b)]. The electron gun pulses were turned on for
1 to 2 s at a time to sample the coverage during the ad-
sorption process. (The scatter in counts during adsorp-
tion is due to either the gun being on for less than a com-
plete counting interval or to removal of coverage. ) The
nonlinearity with time just at the start of dosing could be
due to a strong dependence on coverage of the sticking
probability for the first molecules striking the surface. '

We attribute the linearity with time during dosing to a
sticking coefficient and an ion yield that are approximate-
ly constant in this coverage range. Before a steady-state
coverage was reached, the gas Aux was rapidly reduced to
zero and the electron gun pulses were turned on continu-
ously. For removal rates by the electron beam
significantly greater than any readsorption of gas from
the residual background, the reduced ion counts are dom-
inated by the electron-beam removal. The rate of drop in
local pressure after the Aux was reduced to zero was es-
timated by using the same Aux of HD for the same time
with the sample at room temperature. Within 3 s after
the gas flux was shut off, the HD signal at a mass spec-
trometer remote from the sample dropped to 1/20 of its
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cussed in Ref. 10. The decay of the counts after the gas
Aux is stopped approaches an asymmptotic background
shown by a solid line in Fig. 1(a) that is determined by a
fitting process to be described below. This background is
higher than the initial background, apparently due to
physisorbed molecules bound to defects on the surface;
after the substrate is heated above 20 K the background
returns to the original level.

A range of average current densities was used for simi-
lar adsorption-desorption runs. The sample holder and
radiation shield were warmed to above 50 K between
each data set. Each data set started from nominally the
same HD or H2 dose. Desorption data after subtracting
the fitted background and normalizing to the value at the
start of the desorption are shown on semilogarithmic
plots in Fig. 2. Except for the lowest current HD data in
Fig. 2(a), the desorption data are clearly nonexponential.
The dotted lines show fits to a model explained below
which takes into account the nonuniform electron-beam
profile.
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FIG. 1. Adsorption-desorption measurement for (a) HD and
(b) Hq physisorbed on graphite. The electron beam was turned
on for 1 to 2 s at a time to measure the coverage up to t =0.
Then the gas flux was shut o8'and the beam was left on with an
average current density of (a) 0.77 pA/cm and (b) 0.17
pA/cm . Pluses in (a) indicate the fit of the desorption data to
Eq. (4) with Eo =0; the solid line in (a) indicates the background
determined by the fit.

initial value; the signal returned to its background value
in less than 600 s. Due to cryopumping in the vicinity of
the sample, the effective pressure at the sample is expect-
ed to drop even more quickly in the low-temperature ex-
periments.

The background counts before the gas was turned on
are due primarily to ESD from residual impurity as dis-

TOTAL ESD REMOVAL CROSS SECTION:
GENERAL CASE

When diffusion on the length scale of the electron-
beam profile can be neglected, ' three processes contrib-
ute to any change in coverage: adsorption from any in-
coming Qux F of molecules per unit area per unit time,
ESD, and residual desorption not due to electrons. As
discussed elsewhere, ' normal thermal desorption is ex-
tremely small for H2, HD, and D2 monolayers at T & 9 K;
the observed residual desorption is believed to be caused
by infrared radiation from the roon-temperature ap-
paratus. In the coverage regime studied here, the dom-
inant coverage loss will be from the commensurate solid
islands which coexist in equilibrium with low-density
two-dimensional vapor. When these islands are
suSciently large, edge effects will be small and the major-
ity of desorption will be from the interior of the island.
In this case the residual desorption rate constant Ko, the
total effective cross section for producing positive ions
which escape the surface crz, and the total ESD cross sec-
tion from removal of molecules from the surface cr,
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FIG. 2. Semilogarithmic plot of desorption
data after subtracting the fitted background
and normalizing to the value at the start of the
desorption. The data at later times have been
averaged to reduce statistical noise due to
lowex counts. The lines show fits to Eq. (4)
with %0=0. (a) Data for HD with Jo in
pA/cm increasing from top to bottom: 0.037,
0.22, 0.43, 0.77, 1.23, and 1.50. (b) Data for H&
with Jo in pA/cm increasing from top to bot-
tom: 0.035, 0.069, and 0.17.
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P(t)=Pb+ f dA ya J,(r)8(r, t), (3)

where Pb is the background ion signal, y is the efficiency
of detection which can depend on the ion mass and ener-

gy distribution, and the integration is over the surface
area exposed to the detector.

TOTAL ESD REMOVAL CROSS SECTION:
GAUSSIAN ELECTRON BEAM

Due to the spatial variation of J,(r), the coverage will

vary over the region of the surface probed by the electron
beam. Because our graphite samples are not much larger
than the electron beam size at 62-eV energy, we do not
have the option of rastering the electron beam to mini-
mize the spatial variation of coverage. If the incident
flux F is reduced to zero at t =0, if the coverage distribu-
tion is uniform at t =0 with 8(r, t =0)=8o, and if the
substrate radius R is much larger than the Gaussian
half-width of the beam [Eq. (1)], Eqs. (2) and (3) can be
integrated to give a simple function

P Pb =Po exp( —tKo)[1 —exp—( t/r)]/(t/—~), (4)

where Po =P(t =0) Pb

=go�

&8ol is the—initial count rate
above background, I is the number of electrons per
second, and (1/r) =Jeer, is the rate constant for the ESD
process. ' Because the ESD e8'ect was much larger than
the residual desorption for the current densities used
here, Eo was set to zero and the data were fit using three
adjustable parameters, Pb, Po, and 1/~. The total ESD
removal cross section o, was then determined from a plot
of 1/~ vs Jo.

To understand the large effects on the time dependence
of ESD produced by a Gaussian beam profile, consider
the case where the residual desorption can be neglected
(Ko =0) compared to the ESD effect. Figure 3 shows the
coverage spatial profile at several times in units of ~, su-
perimposed on the electron-beam spatial profile. At t =0
(not shown} the coverage is uniform and the integral in
Eq. (3) gets most of its contribution from the center of the
beam. As the ESD erodes away the coverage in the
center fastest, the remaining ion signal comes mainly
from an annular region around the center with an
effective radius increasing in time. If the beam were per-
fectly Gaussian, the signal (P Pb)/Po would deca—y as

should be independent of coverage 0 in molecules per
unit area. Then the change in coverage with time is given
locally by

d 8ldt =sF o—,J,(r)8 K—o8,
where s is the sticking coefficient, which may vary with
coverage, and J, is the current density from Eq. (1) in
electrons per second per unit area.

The effective positive-ion cross section o. estimated in
Ref. 10 is less than 10 of the total-removal cross sec-
tion o, measured below. The number P(t) of positive
ions per unit time that reach the detector can be related
to the coverage on the surface within the area sampled by
the electron beam by
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FIG. 3. Coverage profiles (solid lines) resulting from a con-
stant removal cross section superimposed on the Gaussian elec-
tron current density profile (dashed line). The solid lines from
left to right are at t/~=1, 3, 10, and 30. The radius r from the
center of the beam is measured in units of "a",the width param-
eter of the Gaussian current density profile defined by Eq. (1).
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FIG. 4. Parameter 1/~ deduced from fits to desorption data
shown in Fig. 2 for a range of current densities. (a) HD, and (b)

H2. The slope of the dashed lines gives a total-removal cross
section o., of approximately 1.2 nm for HD and 5.2 nm for H2
for the 62-eV electrons used.

1/t for times such that t & 4~. However, any deviation of
the edge of the spatial profile from a Gaussian or a slow
variation in the background will show up more prom-
inently at such long times and produce a deviation from
Eq. (4).

TOTAL ESD REMOVAL CROSS SECTION:
HD AND H2 FOR 62 eV ELECTRONS

The dashed lines in Figs. 2(a} and 2(b) and the plusses
in Fig. 1(a) indicate fits to Eq. (4). The small periodic
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Quctuations visible in the data in the semilogarithmic
plots of Figs. 2(a) and 2(b) could be due to small fluctua-
tions in the sensitivity of the counting system; such fluc-
tuations were not observed in measurements of the elec-
tron current. Systematic deviations from the fits visible
in Figs. 2(a) and 2(b) at longer times can be due to devia-
tions of the electron-beam profile edges from a Gaussian
or from variations in background. Figure 4 shows the
parameters I/r from fits to Eq. (4) as a function of
current density Jo. The slopes obtained from Fig. 4 give
ESD total-removal cross sections from HD (H2) of ap-
proximately 1.2 (5.2) nrn for 62-eV electrons. ' The
most significant source of error in the total-removal cross
section determination is believed to be the uncertainty in
the effective current densities Jo. The uncertainties in Jo
shown in Fig. 4 lead to +20% uncertainty in the cross
sections.

The fact that the total desorption cross section o, is so
much larger than the 0.01-nm total-gas-phase-ionization
cross section' at 62 eV suggests that the dominant pro-
cess leading to desorption from the surface is different
from processes starting with ionization such as those hy-
pothesized for ESD of physisorbed Ar, Kr, and Xe.'

The larger removal cross section for H2 compared to HD
may be due to the weaker binding of H2 due to increased
zero-point energy. The binding energy of HD (H2) in a
commensurate monolayer on graphite is calculated to be
47 (44) meV. ' The out-of-plane acoustic-phonon density
of states of the graphite surface layer extends up to about
58 meV. ' Nonequilibrium phonons excited directly by

the electron beam or indirectly by decay of electron-hole
pairs and/or plasmons created by the electron beam may
contribute to the large removal cross section. Such a
coupling between the electron beam and the graphite
phonons is clearly evidenced by observation of graphite
phonons in electron-energy-loss measurements off the
specular direction using 20-eV electrons. ' Beside the im-
pact scattering regime which involves direct incident
electron interaction with the phonon excitations,
electron-hole pairs created by the electron beam can de-
cay incoherently to give graphite phonons. At this time
we are not aware of sufficient data on the electron-hole to
phonon coupling to permit a quantitative estimate of the
proposed effect. Future measurement of the total desorp-
tion yield versus electron energy may be able to provide a
more definitive test of the proposed mechanism. None-
quilibrium phonons are also thought to be important in
the infrared induced desorption of H2, HD, and D2 from
graphite' and of HD from LiF.
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