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Vibration-Mediated uv Photodesorption: Ammonia on GaAs
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A surprisingly large isotope effect is observed in nonthermal uv photodesorption of ammonia from
GaAs(100). The cross section for NH3 photodesorption is 4 times larger than for ND;, a fact which
cannot be explained using existing photodesorption models, e.g., the conventional Menzel-Gomer-
Redhead model. We take this as the first evidence for uv-driven photodesorption from electronically
quenched, vibrationally excited ground-state adsorbates.

PACS numbers: 79.20.—m

Fundamental questions regarding excited-state mole-
cule-surface interactions, such as charge and energy
transfer, can be investigated in pulsed-laser-induced
desorption studies. uv-photon-driven desorption of adsor-
bates from metal and semiconductor surfaces is frequent-
ly described in terms of the Menzel-Gomer-Redhead
(MGR) model [1] and its variations [2-4]. The MGR
model, advanced originally to explain electron-stimulated
desorption (ESD) from surfaces [1], employs an adiabat-
ic approximation: An initial Franck-Condon transition is
followed by nuclear motion on an excited potential-
energy surface (PES). Efficient substrate-mediated re-
laxation (quenching) occurs on a metal or semiconductor
surface and, in the MGR model, there is a critical
adsorbate-substrate distance z. on the excited-state PES.
For z <z, quenching leads to the recapture of the
ground-state adsorbate, whereas for z > z., quenching
leads to desorption because the adsorbate has gained
enough kinetic energy to overcome the ground-state bar-
rier leading to desorption. The MGR model predicts an
isotope effect because a lighter particle is accelerated in a
shorter time on the excited PES and, thus, has a higher
probability to desorb. Quantitatively, for two isotopically
labeled species with masses m, and mj for the leaving
particles, the isotope effect is given by [5,6]

O Ty = (1 Pyy,) "/ "

where 6., and o, are the desorption cross sections and
P, 1s the probability of photolysis. The latter is given by
the ratio of o,,, to ocx, the excitation cross section. It is
important to note that Eq. (1) is independent of the de-
tails of the PES, as well as the excitation and relaxation
processes. It is given by Newton’s law of motion, provid-
ed the potential-energy surfaces are the same for both
isotopes. Strong isotope effects, consistent with the MGR
model, have been observed in ESD [7] and in surface
photon-driven processes [6]. Electronic states, and there-
fore o.x, can be taken as isotope independent in surface
photochemical reactions [6].

In this Letter, we demonstrate that Eq. (1) fails to ac-
count for the surprisingly large isotope effect in the uv
photodesorption of ammonia from GaAs(100) by hv=6.4
eV. We propose that desorption from vibrationally excit-

ed ground-state ammonia is important and, thus, that
electronic-to-vibrational energy transfer is a central con-
sideration in this system. This vibrational pumping
mechanism is an alternative to the direct resonant intra-
adsorbate vibrational excitation by ir photon absorption
that has been found in ir-laser-induced desorption studies
[81.

All experiments were conducted in a UHV chamber
and involved temperature-programmed desorption
(TPD), time-of-flight (TOF) mass spectroscopy, high-
resolution electron energy-loss spectroscopy (HREELS),
x-ray photoelectron spectroscopy (XPS), and low-energy
electron diffraction (LEED). The GaAs(100) substrate
(15x10x 1 mm, 10'3/cm? Si doped) was cleaned by stan-
dard procedures to yield a (4x6) LEED pattern, which
corresponds to a Ga-rich surface [9]. Ammonia was
dosed through a 2-um pinhole doser onto the front face of
the sample at 102 K. This surface temperature precludes
the accumulation of multilayer ammonia. In the follow-
ing, we define the saturation ammonia coverage at 102 K
as 1 monolayer (ML). The light source was a pulsed (11
ns) ArF excimer laser (193 nm, hv=6.4 eV). A low
pulse energy (1 mJ/cm?) was used to minimize transient
surface heating. For postirradiation TPD measurements,
the full front surface of the substrate was uniformly il-
luminated at normal incidence. In TOF measurements,
only the center portion of the sample was irradiated with
the laser light (diameter, 5 mm) 60° off the surface nor-
mal. The flight distance [sample to quadrupole mass
spectrometer (QMS) ionizer] was 6 cm. The flight times
were corrected for the QMS transit time (11 ps).

The right panel in Fig. 1 shows the TPD spectra for 1
ML NDj; on GaAs(100) with and without irradiation of
6.4-eV photons at 102 K. With no irradiation, molecular
NDj is the only desorption product and is characterized
by a main desorption peak at 140 K and a broad peak be-
tween 200 and 400 K. The absence of other desorption
products suggests that the adsorption of ammonia on
GaAs(100) is reversible. Supporting this, XPS and
HREELS showed no evidence of thermal dissociation [9].

With irradiation, a significant depletion of the ND;
TPD area is evident, a result of mainly molecular photo-
desorption (=90% of total photolysis). In addition to
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FIG. 1. Right panel: TPD spectra for NDj3 taken after a

GaAs(100)-(4x6) surface was dosed with saturation amounts
of NDj at 102 K and irradiated with 0 and 5% 10'® photons/cm?
(6.4 eV), respectively. Left panel: Photon-driven time-of-flight
(TOF) spectra of NH; and ND;3 (x4) averaged over a fluence
of 1x10'® photons/cm? and saturated GaAs(100) surfaces at
102 K. The flux-weighted average translational energy for pho-
todesorbing NHj or ND3, derived from numerical integration of
the data, is (E yans/2k) =300 * 30 K.

ND; desorption, there is a small amount of D; (~1% of
the intensity of ND3) desorbed at 550 K. This D; arises
from the thermal decomposition of ND produced by the
photodissociation of ND3 [9]. Quantitative XPS analysis
confirms that photodissociation accounts for < 10% of
the loss of molecular ND3;. The TPD spectra for NH; are
identical to those for NDj and, again, photodissociation
accounts for < 10% of the photolysis [9].

Time-of-flight distributions of photodesorbing am-
monia are shown in the left panel of Fig. 1. Desorption
was initiated by a 6.4-eV laser pulse (1 mJ/cm?, 11 ns)
and was monitored as a function of time with the QMS.
For either a NH3- or NDs-covered surface, the signal was
averaged over enough pulses to give a total photon fluence
of 1x10'8/cm?. The flux-weighted average translational
energy, derived from numerical integration of the data, is
independent of the isotopic composition: (E s =52%5
meV, or {Eans/2k)=300=%30 K. While this tempera-
ture is higher than the substrate temperature (100 K),
consistent with a nonthermal desorption process, stronger
evidence for the nonthermal character is provided by (1)
the linear relation between the TOF intensity and the
laser-pulse energy (0.5 to 11 mJ/cm?) and (2) the in-
dependence of the mean translational energy on laser-
pulse energy.

While the translational energy of photodesorbing am-
monia is, within experimental error, independent of iso-
tope substitution, the intensity of photodesorbing NHj is
more than 4 times that for NDj3, indicating a very strong
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FIG. 2. Postirradiation TPD areas for NHj3 (open circles)
and ND; (solid diamonds) as a function of photon fluence at 6.4
eV. Least-squares linear fits to the data result in photodesorp-
tion cross sections of 5.4x1072° and 1.3x1072° cm? for NH3
and ND;, respectively. This gives an isotope effect, onn,/OND,,
of 4.1 £0.5.

isotope effect in the photodesorption cross section (note
the scaling factor in Fig. 1). To confirm this, and to mea-
sure the cross sections quantitatively, we have plotted
(Fig. 2) the molecular ammonia coverage, obtained from
postirradiation TPD areas, as a function of photon
fluence for both NH; and NDs;. The photodissociation
channel makes a negligible contribution; thus, the slopes
measure the photodesorption cross sections. Least-
squares linear fits to the data yield, for ammonia photo-
desorption from GaAs(100) at 6.4 eV, ony,=5.4x10 "%
cm? and O'N[)3=l.3x]0_20 cm?, ie., onn/onp,=4.1
+0.5, in agreement with the TOF results presented in
Fig. 1. We have also measured the isotope effect for
coadsorbed NH; and ND; on GaAs(100) at 100 K and
again obtained a ratio of ~4 for onn,/OND,.

We now demonstrate the inadequacy of the convention-
al interpretation of the MGR model. For ammonia pho-
todesorption, the responsible potential-energy surfaces
are those describing the substrate-NH; (-ND3) interac-
tion. Using Eq. (1) with a mass ratio for the leaving
group of mnu,/mnp,=1.176 and the measured isotope
effect, onm/onp,=4.1+0.5, gives Pnp,=5.5%107"%
This results in a photoexcitation cross section, Oex
=oNH,/PNH, Of ~1X% 1072 cm? or 10* A2, which is not
physically sensible. Since isotope substitution has a much
larger effect on the N-H coordinate than the surface-
NH; coordinate, we now examine how N-H excitation,
i.e., vibrational excitation, might lead to desorption.

The proposed variation of the MGR model, shown
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schematically in Fig. 3, involves uv photon excitation, ei-
ther directly or through the substrate, to give an electron-
ically excited molecule, assumed to be antibonding with
respect to N-H (this naturally accounts for some photo-
dissociation, as observed). Consistent with the MGR pic-
ture, most of the excited ammonia is quenched to give vi-
brationally excited NH3 on the ground-state PES. This
vibrational energy in the N-H coordinate (x) is coupled,
perhaps through the umbrella mode, to the N-surface
coordinate (z) and, if sufficient energy transfers, desorp-
tion follows. As a result of the mass difference in the
stretching of N-H (-D), the vibrational energy distribu-
tion for quenched NHj is significantly hotter than that
for ND; and leads to a large isotope effect in the photo-
desorption cross section. The vibrational energy-transfer
process has already been demonstrated in ir-laser-induced
desorption of NH; from metal and dielectric surfaces,
where resonant excitation of the v, stretching mode of
adsorbed NHj leads to molecular desorption [8(d)].

We introduce two critical distances in the stretch of
N-H, x, and x/. For deexcitation occurring at x > x,,
the kinetic energy E; (in this case of the H atom) is
greater than the barrier for dissociation, E,, and the coor-
dinate x is not bound. The reverse holds for x < x.. We
assume a second critical distance, x/: Deexcitation at
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FIG. 3. Schematic energy diagram of the proposed model for
vibration-mediated photodesorption. x corresponds to the N-H
distance in NH3 and z corresponds to the surface-NHj3 distance.
The ground-state minimum is taken as the reference point xo.
Photon-driven excitation moves the system to the excited PES,
assumed to be repulsive with respect to the N-H bond, but can
be of any shape. If deexcitation occurs at x > x., the H atom
has gained enough kinetic energy to overcome the recapture
barrier and lead to dissociation, with a escape probability of P,.
For x/<x <x. the N-H vibrational energy in the “recap-
tured” NH3 is sufficient to overcome the thermal desorption
barrier, provided it transfers to the z.

x> x/ results in a ground-state NHj; adsorbate with
sufficient intramolecular vibrational content to undergo
the aforementioned vibrational energy transfer, and
desorb. With a quenching rate of R(x), which scales
with the inverse of the excited-state lifetime 7(x), the
probability of survival on the excited PES at x is given by
[5]

* R(x)dx

o r

’ (2)

P.(x) =exp[—

where v is the velocity along the excited PES. Expressing
v as a classical velocity, we have

1/2
- _|m x R(x)dx
P"‘"’"’""{ ‘2] J. [V(xo)—V(x)l'/Z}’ @)

with ¥ (x) representing the excited-state potential and m
the mass of the leaving particle. The integrand, depend-
ing on the form of the potential ¥'(x) and the recapture
rate R(x), is canceled out to give the isotope effect in dis-
sociation, Eq. (1).

The probability of desorption P, is equal to the frac-
tional population that is formed by quenching within the
range x, < x < x,,

Py=P.(x)—P.(x.). €))

Since the dissociation probability P,(x.) is only
=< 10% of the desorption probability P,, the second term
in Eq. (4) can be neglected and the desorption probability
(P4) is given by P.(x!). Therefore, a modified form of
Eq. (1) can be derived to give the isotope effect in am-
monia photodesorption:

O’NHJ/GNDJ=[|/P‘/(NH3)](mD/mH)m—l . (5)

It is important to note that the masses entering Eq. (5)
are not those for the leaving group, but the reduced
masses in the N-H and N-D stretching coordinate which
can be approximated by those of H and D atoms. This
can be intuitively understood because the energy leading
to NHj desorption is fed in through the N-H coordinate.
From the measured isotope effect of onn,/onp,=4.1, and
the mass ratio of mp/my =2, we obtained a photodesorp-
tion probability of P;=0.033 for NH;. Therefore, the
excitation cross section is Oex =0NH,/Ps=1.6X%107"8
cm?,

Clearly, while the above model can successfully explain
the large isotope effect observed for NH; photodesorption
from GaAs(100), it is oversimplified; a more rigorous
treatment of this vibration-mediated model would require
a detailed dynamical understanding of the electronic exci-
tation and quenching processes, as well as the vibrational
energy transfer, including resonant and nonresonant pro-
cesses [8], which are not examined by our experiments.
This transfer involves the modes of the adsorbed am-
monia, the adsorbate-substrate bond, and the surface
phonons. Although there has been significant progress in

3361



VOLUME 68, NUMBER 22

PHYSICAL REVIEW LETTERS

1 JUNE 1992

the theoretical description of desorption induced by vibra-
tional energy transfer within adsorbate-substrate systems
[8], successful theories describing electronic excitation
and relaxation on surfaces remain to be developed [2,3].
Experimentally, state-resolved detection of photodesorb-
ing ammonia will certainly aid in the understanding of
this fascinating system.

To summarize, a model involving electronic-to-vibra-
tional energy transfer in uv-driven photodesorption is
presented to account for an exceptionally large isotope
effect observed in the photodesorption of ammonia from
GaAs(100). The role of the electronically quenched but
vibrationally “hot” ground-state adsorbate is evidenced
for the first time for desorption induced by electronic ex-
citation.
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