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Laser-induced interaction of ammonia with GaAs(100). II. Desorption 
dynamics 
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Texas 78712 

(Received 13 May 1992; accepted 6 July 1992) 

UV laser irradiation of ammonia adsorbed on GaAs( 1(0) leads to molecular desorption, 
with a mean translational temperature of (Etran/2k) =300 K, independent of photon energy 
and isotope substitution. However, the photodesorption cross section depends strongly on 
isotope substitution: aNH/aND3=4.1 at hv=6.4 eV. This isotope effect is too large to be ac­
counted for by the mass difference in the leaving particles (NH3 vs ND3), but can be suc­
cessfully explained in terms of an isotope effect in the internal N-H(D) coordinates. We take 
this as evidence for uv-driven photodesorption from electronically quenched, but vibrationally 
hot ground state ammonia. 

I. INTRODUCTION 

Desorption induced by electronic transitions (DIET) 
is, at present, mainly explained within the qualitative 
framework of the Menzel-Gomer-Redhead (MGR) 
model 1 and its variations.2-6 The MGR model, advanced 
originally to explain electron-stimulated desorption (ESD) 
from surfaces,1 employs adiabatic approximations: an ini­
tial Franck-Condon transition, followed by nuclear motion 
on an excited potential energy surface (PES), and a second 
Franck-Condon transition from the nonstationary state on 
the excited PES back to the ground state. This second 
Franck-Condon transition accounts for efficient substrate­
mediated relaxation (quenching) on a metal or semicon­
ductor surface. The MGR model assumes a critical 
adsorbate-substrate distance, Ze> on the excited state PES. 
For z> ze> quenching leads to desorption because the ad­
sorbate has gained enough kinetic energy to overcome the 
ground state barrier leading to desorption, whereas for Z 

<Ze> quenching leads to the recapture of the ground state 
adsorbate. It must be pointed out that quenching at Z <Zc 

may lead to vibrational excitation of the adsorbate in the 
ground electronic state, which is assumed to be unimpor­
tant in conventional DIET models,l-6 but, as we will assert 
in this paper, is important for uv photodesorption of am­
monia from GaAs(100). 

The MGR model predicts an isotope effect because a 
lighter particle is accelerated in a shorter time on the ex­
cited PES and, thus, has a higher probability to desorb. 
Strong isotope effects, consistent with the MGR model, 
have been observed in ESD7 and in surface photon-driven 
processes.8 

Studying isotope effects has been particularly reward­
ing in understanding not only DIET processes, but also 
many other physical phenomena, e.g., dissociative electron 
attachment (DEA), fluorescence, superconductivity, etc. 
For an event of interest on an excited potential energy 
surface (PES), if there exists a competing decay channel, 
such as electron detachment in DEA or quenching by the 
substrate of the electronic excitation in DIET, the proba­
bility of the event depends strongly on the life time of the 

excited state. Classically, a heavier isotope species is accel­
erated more slowly on the excited PES and, thus, in com­
petition with quenching, the probability of survival to 
reach the exit channel of interest is lower. This isotope 
effect has been frequently observed in DIET7•8 and 
DEA.9•1O 

For a particle moving on a PES, starting from position 
Zo to the exit channel Ze> the probability of survival, p .. on 
the PES is given by 

Pe=exp - --- , [ Jze R(Z)dZ] 

zo v 
(1) 

where v is the velocity along the excited PES, and the R(z) 
is the rate of the competing channel. Expressing v as a 
classical velocity, we have 

[ R Jze R(z)dz ] 
Pe=exp - - , 

2 ZO ~V(zo) - V(z) 
(2) 

where V is the potential energy on the excited PES and m 
is the reduced mass for motion on the PES. With a primary 
excitation cross section of a ex' assumed to be independent 
of isotope substitution, the effective cross section for the 
interested exit channel, e.g., desorption in DIET, is given 
by 

(3) 

For two isotopic species with masses m 1 and m2' com­
bining Eqs. (2) and (3) gives the isotope effect 

(4) 

It is important to note that Eq. (4) is independent of the 
details of the PES and the competition rate, R. It is given 
by Newton's law of motion, provided that the excitation 
cross section, the potential energy surfaces, and the deex­
citation rate are independent of isotope substitution. This is 
usually true because the electronic structure of a molecule 
is not significantly altered by isotope substitution. 

5868 J. Chern. Phys. 97 (8). 15 October 1992 0021-9606/92/205868-08$006.00 @ 1992 American Institute of Physics 

 11 M
arch 2024 08:25:41



Zhu et al.: Interactions of ammonia with GaAs (100). II 5869 

In this paper, we demonstrate that the isotope effect in 
the uv photodesorption of ammonia from GaAs(100) is 
too large to be accounted for by the mass effect of the 
leaving particle in Eq. (4), but can be successfully ex­
plained by an isotope effect in the internal N-H coordi­
nates. This implies uv-driven photodesorption from elec­
tronically quenched, but vibrationally hot, ground state 
ammonia. The proposed vibrational pumping mechanism 
is an alternative to the direct resonant intraadsorbate vi­
brational excitation by ir photon absorption that has been 
found in ir laser induced desorption studies. 11 A prelimi­
nary report of the work presented here has been published 
elsewhere. 12 

II. EXPERIMENT 

All experiments were conducted in the UHV chamber 
described in the preceding paper13 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 
(LEEO). In all experiments, ammonia was dosed through 
a 2j.L pinhole doser onto the front face of the sample at 102 
K to yield a saturation coverage of 0.5 ML. For post­
irradiation TPO measurements, the full front surface of the 
substrate was uniformly illuminated at normal incidence. 
In TOF measurements, only the center portion of the sam­
ple was irradiated, with the laser light (4)=5 mm) 60° off 
the surface normal. The flight distance (sample to QMS 
ionizer) was 6 cm. The flight times were corrected for the 
transit time inside the Q MS (11 f..Ls for m/ e = 17) . 

III. RESULTS 

The experimental results will be presented in three sec­
tions: Section III A shows the time-of-flight distribution of 
ammonia as a function of laser power, photon energy, and 
isotope substitution; Sec. III B compares the photodesorp­
tion cross sections at 193 nm for separately adsorbed, as 
well as coadsorbed, NH3 and ND3 on GaAs(100); Sec. 
III C shows the wavelength dependence of photodesorp­
tion cross sections and isotope effects. 

A. TIME-Of-fLIGHT DISTRIBUTIONS 

As presented in the preceding paper, photon irradia­
tion of monolayer ammonia covered GaAs(100)-(4X6) 
leads to molecular desorption and a small amount of pho­
todissociation (..:; 10% of total photolysis). The photodes­
orbing ammonia is detected by the QMS in the time-of­
flight (TOF) mode. Figure 1 shows four TOF spectra 
taken at 102 K for 0.5 ML NH3-GaAs( 1(0) at 193 nm. 
All spectra were averaged over 128 laser shots with the 
indicated pulse energies (from top to bottom: 10.5,7.8,2.8, 
0.8 mJ /cm2

). While the shape of all spectra are identical, 
the intensity increases linearly with laser pulse energy (see 
below). Each spectrum yields a mean translational energy 
of (Etrans12k) =300±30 K, independent of laser pulse en­
ergy, indicating a nonthermal desorption mechanism. 
Strong support for the nonthermal mechanism is also given 

<Etran/2k> 
= 300 ± 30 K 'l§ 

:::J 

12 

Pulse energy (mJ/cm2
) 

Pulse energy 
= 10.5, 7.8, 2.8, 0.8 (mJ/cm2

) 

o 100 200 300 400 500 600 

Time·at-flight (Ils) 

FIG. 1. NH3 time-of-flight (TOF) spectra from 0.5 ML NH3-
GaAs( 1(0) at 102 K and 193 nm. Each spectrum was averaged over 128 
laser shots with the indicated laser pulse energy (from top to bottom, 
10.5, 7.8, 2.8, and 0.8 mJ/cm2

). The flux-weighted average translational 
energy for photodesorbing NH3, derived from numerical integration of 
the data, is (Etrans/2k)=300±30 K, independent of pulse energy. Inset: 
Laser pulse energy dependence of NH3 photodesorption yield. Solid cir­
cles are integrated fluxes of the TOF spectra and open circles are from 
post-irradiation NH3 TPD areas, In(IoII). Solid line is a least-square 
linear fit to the data. 

by the laser pulse energy dependence of photodesorption 
yield in the inset, obtained from both TOF (solid circles) 
and TPD (open circles) measurements. Within experimen­
tal error, the yield is linear with pulse energy, clearly es­
tablishing a non thermal excitation mechanism. 

Changing the laser wavelength, Fig. 2 compares the 
NH3 TOF distributions from 0.5 ML NHrGaAs( 1(0) at 
193 and 248 nm. While the intensity of the TOF distribu­
tion at 248 nm is ! of that at 193 nm, both spectra give 
mean translational temperatures of 300 ± 30 K. This result 
points to a common desorption mechanism at both wave­
lengths. Similar results are obtained for 351 nm. 

The TOF distribution of photodesorbing ammonia is 
also independent of isotope substitution (Fig. 3). The inset 
compares the translational energy distributions of NH3 
(solid) and N03 (dashed, X4) obtained from the TOF 
spectra in Fig. 4 at 193 nm. Clearly, within experimental 
uncertainty, the translational energy distributions for NH3 
and ND3 are identical, both giving a mean translational 
energy of 52±5 meV, or {Etrans/2k)=300±30 K. Also 
shown in the inset (dotted curve) is a Maxwell-Boltzmann 
distribution with a mean translational energy of 52 meV, or 
(Etrans/2k) =300 K. Interestingly, both translational dis­
tributions deviate from the Maxwell-Boltzmann distribu­
tion. 

As shown in Fig. 3, while the TOF distribution of 
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<Etran/2k> = 300 ± 30 K 

193 nm (x1) 

248 nm (x5) 

a 100 200 300 400 500 600 

Time-of-flight (Ils) 

FIG. 2. NH3 TOF spectra from 0.5 ML NH3-GaAs( 100) at 193 (upper) 
and 248 nm (lower, X5). Each spectrum was averaged over IX1018 

photons/cm2• A laser pulse energy of 1 mJ/cm2 was used for measure­
ments at both wavelengths. The flux-weighted average translational en­
ergy for photodesorbing NH3 is (Etrans12k) = 300 ± 30 K, independent of 
wavelength. The presented spectrum at 248 nm is multiplied by a factor 
of S. 

photodesorbing ammonia is, within experimental uncer­
tainty, independent of isotope substitution, the intensity of 
photodesorbing NH3 is more than four times that for ND3, 
indicating a very strong isotope effect in the photodesorp­
tion cross section. In the following, we tum to a quantita­
tive assessment of this isotope effect using post-irradiation 
temperature-programmed desorption. 

B. Isotope effect at 193 nm 

Figure 4 shows the molecular ammonia coverage, ob­
tained from post irradiation TPD areas, as a function of 
photon fluence at hv=6.4 eV for both NH3 and ND3 cov­
ered surfaces. The photodissociation channel makes a neg­
ligible contribution; 13 thus, the slopes measure the photo­
desorption cross sections. Least-square fits to the data 
yield, for ammonia photodesorption from GaAs(lOO) at 
6.4 eV, uNH3 = 5.4 X 10-20 cm2

, and UND3 = 1.3 X 10-20 

cm2
• Therefore, the isotope effect is uNH3--O'ND3=4.1 ±0.5, 

in agreement with the TOF results presented in Fig. 3. 
In order to understand whether the desorption process 

is localized, we have also measured the isotope effect in 
coadsorbed isotopic mixtures of ammonia on GaAs (100). 
In this experiment, equal amounts of NH3 and ND3 were 
mixed at room temperature in a stainless steel gas reser­
voir. Mass analysis showed complete isotope mixing, giv­
ing a [NH3]:[NDH2]:[NHDti:[ND3] ratio of 2:5:5:2 
( ± 10% ). This mixture was dosed onto the GaAs (1 00 )­
(4X6) surface at 102 K. In TPD, all masses between m! 
e= 14 and 20 were followed. A deconvolution procedure 

<Euans> = 52 ± 5 meV 

0.10 0.15 0.20 0.25 0.30 

Euans (eV) 

400 

Time-of-flight (1lS) 

ND3 (x4) 

500 600 

FIG. 3. TOF spectra ofNH3 (upper) and ND3 (lower, X4) taken at 193 
nm for 0.5 ML NH3 and 0.5 ML ND3 covered GaAs( 100) surfaces, 
respectively. Each spectrum was averaged over 1 X 1018 photons/cm2• A 
laser pulse energy of 1 mJ/cm2 was used for both measurements. The 
inset shows the smoothed spectra in the energy domain (solid and dashed 
spectra for NH3 and ND3, respectively). The flux-weighted average trans­
lational energy is (Etrans/2k) =S2±5 meV or 3OO±30 K, independent of 
isotope substitution. Also shown in the inset is a Maxwell-Boltzmann 
distribution (dotted curve) with a mean energy of 52 meV. The ND3 
spectra are presented with a multiplication factor of 4. 

using calibrated ammonia QMS cracking patterns was em­
ployed to obtain the coverage of each isotope labeled am­
monia. Figure 5 plots, on a semilogarithmic scale, the nor­
malized coverages of all labeled ammonia molecules as a 
function of photon fluence at hv=6.4 eV. With no irradi­
ation, the starting coverages are 0.07,0.18,0.18, and 0.07 
ML for NH3, NDH2, NHD2, and ND3, respectively. As 
shown in the upper panel, NH3 is depleted much faster 
than ND3 by photon irradiation. An isotope effect of UNH/ 

UND3=3.6±0.7 is obtained for the photodesorption cross 
section from coadsorbed NH3 and ND3. Within experi­
mental uncertainty, this isotope effect is the same as that in 
Fig. 4. The photodesorption cross sections of NDH2 and 
NHD2 lie between the values for NH3 and ND3. 

c. Wavelength dependences 

The isotope effect in ammonia photodesorption was 
also measured at photon energies of 5.0 and 3.5 eV. Figure 
6 shows, in semiIogarithmic form, the ammonia coverages 
for both NH3 and ND3 saturated GaAs(lOO) surfaces as a 
function of photon exposure at hv=5.0 eV (lower panel) 
and 3.5 eV (upper panel). Least-square fits to the data 
yield photodesorption cross sections: at hv= 5.0 eV, uNH3 
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Ammonia/GaAs(100) - 6.4 eV 
aNH/aND• = 4.1 ± 0.5 

:::J 
~ 
Q) 

~ 
Q) 

8 
tV • '2 
0 
E 
~ ·20 2 

O'NH, = S.4x10 em 

O'ND = 1.3x10·2O cm2 , 

0.1 

0 20 40 60 80 100 

1018 photonslcm2 

FIG. 4. Post-irradiation TPD areas for NH3 (open circles) and ND3 
(solid diamonds) as a function of photon fluence at 6.4 e V (193 nm) for 
both NH3 and ND3 covered (0.5 ML) GaAs( 100). Least-square linear 
fits to the data result in photodesorption cross sections of 5.4 X 10-20 and 
1.3x 10-20 cm2 for NH3 and ND3, respectively. This gives an isotope 
effect, UNH/UND)' of4.1::1=O.5. 

o 2 4 6 8 10 

"0 -0.4 s 
C 
-l -0.6 

-0.8 
a NH, = 6.4 X 10 

·20 

-1.0 

0.0 

-0.2 a NHD = 3.6 x 10.20 , 
"0 -0.4 s '" C 
-l 

-0.6 

-0.8 a NDH, '" 4.0 X 10.20 

-1.0 
0 2 4 6 8 10 

1018 photons/cm2 

FIG. 5. Post-irradiation TPD areas for NH3 (solid squares), ND3 (open 
squares), NDH2 (solid triangles), and NHD2 (open triangles) as a func­
tion of photon fluence at 6.4 eV from a GaAs( lOO} surface saturated with 
isotopic mixed ammonia at 102 K (0.07 ML NH3, 0.07 ML ND), 0.18 
ML NHD2, and 0.18 ML NDH2}. All data points are normalized to those 
with no irradiation and presented in a semilogarithmic form. Least-square 
linear fits to the data result in photodesorption cross sections of 6.4 
X 10-2°, 4.0X 10-20, 3.6X 10- 20

, and 1.8X 10-20 cm2 for NH), NDH2, 
NHD2, and ND3, respectively. 

0 20 40 60 80 100 120 140 

13.5 aV, crNH!crND, = 1.9 ± 0.31 

:::J 
5 
CD 

~ 
CD 
> 
0 
u 
tV 
'c 
0 

2x10" E 
E Is.o eV, O'NH,/O'ND, = 2.7 ± 0.31 « 

0 20 40 60 80 100 120 140 

1018 photons/cm2 

FIG. 6. Post-irradiation TPD areas for NH3 (open circles) and ND) 
(solid squares) as a function of photon fluence at hv=5.0 eV (lower 
panel) and 3.5 eV (upper panel) for both NH3 and ND3 covered (0.5 
ML) GaAs(loo). Least-square linear fits (solid lines) to the data give 
photodesorption cross sections indicated on the figure. This gives isotope 
effects, UNH/UNO)' of 2.7::1=0.3 and 1.9::1=0.3 for hv=5.0 and 3.5 eV, 
respectively. 

=9.2X 10-21 cm2
, and UND3=3.4X 10-21 cm2

; at h'V=3.S 
eV, UNH3=7.7X 10-21 cm2

, and GND3=4.0X 10-21 cm2
• 

This gives GNH/GND3=2.7±O.3 and 1.9±O.3 at h'V=S.O 
and 3.5 eV, respectively. The obtained cross sections and 
isotope effects are summarized in Table I. 

Figure 7 shows the photon energy dependence of pho­
todesorption cross sections (open circles for NH3 and solid 
triangles for ND3• Also shown is the GaAs absorbance 
(dashed line, right axis) 14 and, as described below, the 
calculated initial excitation cross sections, G ex (crosses). 

IV. DISCUSSION 

As we will demonstrate in the following, photodesorp­
tion of ammonia on GaAs results from electronically 
quenched, but vibrationally hot, ground state adsorbates. 
In this mechanism, excitation and deexcitation of the elec­
tronic state of adsorbed ammonia leads to internally ex­
cited ammonia. The vibrational energy in the internal 
modes can couple to the ammonia-substrate bond and lead 
to molecular desorption. We separate the process into three 
steps: (i) the initial electronic excitation followed by (ii) 
propagation of the system on the excited potential energy 
surface and quenching of the excited state to yield vibra­
tionally excited ammonia, and (iii) transfer of the vibra­
tional energy in the internal modes of ammonia to the 
surface-NH 3 coordinate, leading to molecular desorption. 
Step (i) is assumed to follow the Franck-Condon approx­
imation. Steps (ii) and (iii) are, to the first approximation, 
separable because the lifetimes of electronically and vibra-
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10,---,----.----r-----,----, 1.0 

O"ex (xO.05) 
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c: 
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. , 0.6 g , , , O"NH, C> , , !ll. ~ , ,<j) , <l> 
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e '" <l> 
c..:> 

2 0.2 

C-_-'::-__ -=-__ -!:-__ ~-~ 0.0 
6 7 

Photon energy (eV) 

FIG. 7. Photon energy dependence of photodesorption cross sections: 
open circles (dot-dashed line) for UNH3' solid triangles (dotted line) for 
UND3' and solid crosses (solid line) for the calculated excitation cross 
section. The dashed curve is the substrate absorbance 
(A= I.reflectivity), reproduced from Ref. 14. 

tionally excited states are on the order of 10- 15 (Refs. 
1-6) and 10- 11 (Refs. 11 and 15) s, respectively. We 
discuss each step as follows. 

A. Excitation 

The linear power dependence and the independence of 
translational energy on laser power in Fig. 1 clearly estab­
lish a non thermal excitation mechanism. We now discuss 
the two possible electronic excitations which may lead to 
the observed photochemistry: (i) direct photon absorption 
by adsorbed ammonia and (ii) substrate mediated excita­
tion, including the attachment of photoexcited substrate 
carriers and photoassisted charge transfer from surface 
states to the adsorbate. The direct excitation mechanism 
cannot playa role at hv= 3.5 eV, which is 2 eV below the 
gas phase absorption threshold. 16 As discussed in the pre­
ceding paper,13 it is unlikely that the uv absorption thresh­
old of ammonia can be red shifted by more than 2 e V 
through adsorption while its vibrational frequencies are 
only slightly perturbed. Therefore, we conclude that the 
photoexcitation is exclusively substrate mediated at hv 
=3.5 eV, probably involving the attachment of photoex­
cited substrate electrons. This leads to an important ques­
tion: Is this mechanism dominant at all photon energies? 
To answer this question, we now examine the wavelength 
dependence in Fig. 7. 

As shown in Fig. 7, the photodesorption cross sections 
of both NH3 and ND3 remain nearly constant at hv= 3.5-
5.0 eV, but increases significantly when the photon energy 
is increased to 6.4 eV, implying a possible change in exci-

>. 
e> 
Q) 
c: 
W 

Xo x~ XC 

I· -I .. -I .. 
?t 

Quenching Desorption 

x 

\ 
.. 

Dissociation 

FIG. 8. Schematic energy diagram of the proposed model for photode­
sorption from electronically quenched adsorbate. The x corresponds to 
the N-H distance in NH3 and the z corresponds to the surface-NH3 
distance. 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> Xc> 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 < Xc> the N-H vibrational 
energy in the "recaptured" NH3 is sufficient to overcome the thermal 
desorption barrier, provided it transfers to the z. 

tation mechanism. A similar trend is seen for the excitation 
cross section (see below). This behavior does not correlate 
with changes in the substrate absorbance (A, dashed curve 
in Fig. 7), which varies no more than ±30% between 3 
and 6 eV.14 In view of the gas phase photochemistry of 
ammonia,16 we suggest that, at hv> 5.0 eV, in addition to 
the substrate mediated process, a direct excitation mecha­
nism is operative. This interpretation can successfully ex­
plain the wavelength dependences in Fig. 7. The similar 
wavelength responses for both photodissociation and pho­
todesorption, as discussed in the preceding paper,13 suggest 
the same excitation for both photolysis channels. 

B. Desorption from electronically quenched 
adsorbate 

Having discussed the excitation mechanism, we now 
turn to the mechanism for photodesorption. We first dem­
onstrate the inability of DIET models, which assumed the 
mass of the desorbing fragment is critical, to describe am­
monia photodesorption from GaAs(100). Using Eq. (4) 
with a mass ratio of mNH/mND

3 
= 1.176 and the measured 

isotope effect at 6.4 eV, aNH/aND3=4.1 ±0.5, we obtain 
an escape probability of Pe(NH3 ) = 5.5 X 10-8• This results 
in a photoexcitation cross section, aex=aNH/P'" of -1 
X 10- 12 cm2 or 10000 A2, which is unrealistically large. 
We now examine how the internal N-H excitation, i.e., 
vibrational excitation which can realistically have a much 
larger isotope effect, might lead to desorption. 

The proposed mechanism, shown schematically in Fig. 
8, is a variation of the MGR model. We assume the initial 
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TABLE I. Photodesorption cross sections (cm2
). 

193 nm 248 nm 351 nm 

NHJ udes 5.4 X 10-20 9.2 X 10-21 7.7 X 10-21 

NDJ Udes 1.3 X 10-20 3.4 X 10-21 4.0 X 10-21 

Isotope effect (UNH/UND) 4.1 ± 0.5 2.7 ± 0.3 1.9 ± 0.2 
Excitation, u ... (calculated) 1.6 X 10- 18 1.0 X 10- 19 3.6 X 10-20 

Franck-Condon transition involves uv photon excitation, 
either directly or through the substrate, to give an electron­
ically excited molecule. This excited state is antibonding, 
with respect to N-H, as is the case for gas-phase photodis­
sociation and dissociative electron attachment. 10,16 While a 
small fraction of the excited state may lead to dissociation, 
as observed experimentally, most of the excited ammonia is 
quenched to give vibrationally excited NH3 on the ground 
state PES. This scenario is so far consistent with conven­
tional MGR models. However, unlike the conventional 
MGR model, which takes no account of the vibrationally 
excited adsorbate on the ground state PES, we suggest that 
the vibrational energy in the N-H coordinate (x) is cou­
pled to the N-surface coordinate (z) and, if sufficient en­
ergy transfers, desorption follows. The common excited 
state for both desorption and dissociation accounts for the 
observation of similar wavelength dependences for both 
photolysis channels, as presented in the preceding paper. 13 

The vibrational energy transfer process has already been 
demonstrated in ir laser induced desorption of NH3 from 
metal and dielectric surfaces, where resonant excitation of 
the Vs stretching mode of adsorbed NH3 leads to molecular 
desorption.t'(e) We will go into more detail on this vibra­
tional energy transfer process in the next section. 

We introduce two critical distances in the stretch of 
N-H, XC and x~. For deexcitation occurring at x> Xc> the 
kinetic energy, EIe> (in this case of the H atom) is greater 
than the barrier for dissociation, En and the coordinate x is 
not bound (dissociation). The reverse holds for x <xc. We 
assume a second critical distance, x;: deexcitation at x 
> x; results in a ground state NH3 adsorbate with sufficient 
intramolecular vibrational content to undergo the afore­
mentioned vibrational energy transfer, and desorb. The 
probability of desorption, Pd, is equal to the fractional pop­
ulation that is formed by quenching within the range, x; 
",x", Xc> 

(S) 

where Pe is given by Eq. (2). Since the dissociation prob­
ability, Pe(xc), is only..;; 10% of the desorption probability, 
Pd, the second term in Eq. (S) can be neglected and the 
desorption probability (Pd ) is given by Pe(x~). Therefore, 
a modified form of Eq. (4) can be derived to give the 
isotope effect 

(6) 

where mD and mH are the masses of the Hand D atoms, 
which approximate the reduced masses in the N-H(D) 
coordinate. 

It is important to note that, in addition to the stretch­
ing mode, the inversion mode of adsorbed ammonia may 
play an equally important role in the desorption process. It 
is well known that, while pyramidal in the electronic 
ground state, ammonia has a planar D3h symmetry in the 
first excited state for both direct photon absorption and 
electron attachment. 1O,16 Therefore, similar to Fig. 8, exci­
tation and deexcitation of the electronic state of adsorbed 
ammonia will also lead to vibrational excitation in the in­
version mode. If we assume a critical bending angle, above 
which deexcitation results in sufficient vibrational content 
in the bending mode to undergo the energy transfer and 
desorb, the isotope effect in molecular desorption is also 
given by Eq. (6). The masses of the Hand D atoms ap­
proximate the reduced masses in the N-H(D) bending 
coordinate. 

Equation (6) differs from Eq. (4) in that the masses in 
the former are not those for the leaving particle, but the 
reduced masses in the N-H and N-D coordinate where the 
energy for photodesorption is fed in. From the measured 
isotope effect of uNH/uND3=4.1 at hv=6.4 eV, and the 
mass ratio of mnfmH=2, we obtained a photodesorption 
probability of Pd =0.033 for NH3. Similarly, at hv=S.O 
and 3.S eV, the calculated photodesorption probabilities 
are Pd=0.091 and 0.21, respectively. The excitation cross 
sections follow U ex = UNH/Pd= 1.6x 10- 18, 1.0 X 10- 19, 
and 3.6X 10-20 cm2 at hv=6.4, S.O, and 3.S eV, respec­
tively. These values are listed in Table I and Fig. 7, and are 
all intuitively reasonable. 

It is interesting that the isotope effect depends on pho­
ton energy (Table I). Since the probability of desorption 
depends on the details of the potential energy surfaces and 
the quenching rate [Eq. (2)], it should depend strongly on 
the excitation mechanism (direct photon absorption vs 
substrate-mediated electron transfer). As discussed above, 
substrate mediated excitation dominates at hv=3.S eV, 
while direct photon absorption may contribute signifi­
cantly at hv=6.4 eV. At S.O eV, a slight red shift in am­
monia uv absorption upon adsorption on the GaAs( 100) 
surface can result in a situation where both direct and 
substrate-mediated excitations are important. This is a 
plausible explanation for the wavelength dependence of 
these isotope effects. 

In the following, we discuss possible mechanisms for 
the last step: desorption from vibrationally excited NH3 on 
GaAs(loo). 
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C. The vibrational energy transfer process 

Desorption stimulated by excitation of an internal vi­
bration of an adsorbed molecule has been the subject of 
intense experimental and theoretical investigations. II In 
these studies, an internal vibrational mode in an adsorbed 
molecule is resonantly pumped via the absorption of single 
or multiple ir photons. Subsequent relaxation of the vibra­
tionally excited adsorbate, with energy above the desorp­
tion continuum, can lead to molecular desorption via three 
possible mechanisms: II (i) A resonant heating process oc­
curs in which the adsorbate-surface coupling leads to the 
excitation of substrate phonons. If the adsorbate-surface 
vibration absorbs one phonon, the instantaneous vibra­
tional energy in this bond can exceed the binding energy 
and desorption follows. (ii) A resonant tunneling process 
occurs where the internal vibrationally excited state is res­
onant with a desorption continuum state. Tunneling into 
the latter state results in desorption. (iii) A phonon­
assisted inelastic tunneling process occurs in which tunnel­
ing is aided by the emission or absorption of phonons. 

All three mechanisms can contribute to ir laser in­
duced desorption. In ir laser induced desorption of ammo­
nia and pyridine from metal and dielectric surfaces, 
Chuang and co-workers found the resonant heating mech­
anism to be most important.ll(c),(e) This conclusion was 
drawn from the observation that resonant excitation of one 
isotopically-labeled species for coadsorbed NH3 and ND3 
led to the desorption of both. If a similar mechanism were 
operative for ammonia desorption from GaAs( 100), we 
would expect that the isotope effect in desorption cross 
sections should be removed upon coadsorption of NH3 and 
ND3. However, the results in Fig. 5 clearly show that the 
large isotope effect in desorption cross sections is still 
present for coadsorbed NH3 and ND3 on GaAs(100). 
Therefore, the resonant heating mechanism is not favored 
here, at least with the adsorbate coverages used (,0.5 
ML). We suggest that the vibrationally excited ground 
state ammonia on GaAs(100) undergoes the localized 
tunneling-relaxation process for desorption [mechanisms 
(ii) and (iii) mentioned above]. The reduced mass in the 
internal coordinate increases in the order of NH3, NDH2, 

NHD2, and ND3, thus, the cross section of vibration­
mediated desorption decreases in the same order, as shown 
in Fig. 5. 

We now estimate the energetics of this vibrational en­
ergy transfer process. As presented in the preceding paper, 
the binding energy (Do) of molecular NH3 on 
GaAs(lOO)-(4X6) is 0.35 eV at 0.5 ML, and the surface­
NH3 stretching frequency is cuo=820 cm-I,D Figure 9 
shows a model Morse potential representing the surface­
adsorbate, S-NH3' interaction 

(7) 

where we have taken Do=OA eV; {3=O. 5cuo(2/LIDo) 1/2 and 
J.L, the reduced mass, is equal to mNH3' 17 amu. This po­
tential will support seven vibrational states. Also shown in 
Fig. 9 is a harmonic potential (cu'=3340 cm- I) for the 
N-H coordinate (dashed curve, different coordinate). 
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FIG. 9. Potential energy surface (solid curve) for the GaAs-NH3 poten­
tial, which is taken to be a Morse potential as described in the text. Solid 
lines are the vibrational energy levels of the Morse potential. The ground 
(v=O) vibrational energy level is used as the reference for the y-axis. The 
x-axis represents the surface-NH3 distance, with the equilibrium position 
as the reference. Dashed curve shows a harmonic potential (in a different 
coordinate) for the N-H internal stretching mode. 

Clearly, an internally excited NH3 with v> 1 can be degen­
erate with some continuum state of momentum p, rota­
tional excitation J and internal excitation v' (,v-I) as 
follows: 

(V+DhCU'=:~ +(V'+~)hCU'+J(J+l)hnr. (8) 

Not included in Eq. (8) are the inversion-vibrational 
mode, as discussed in Sec. IV B, and the surface phonon 
modes (±hcup ), which may play equally important roles. 
Coupling of the internal (N-H) and external (S-NH3) 
vibrations can lead to tunneling, as described by Eq. (8). 

The non-Maxwell-Boltzmann (MB) translational en­
ergy distribution in Fig. 3 is consistent with the tunneling 
mechanism in the sense that an Etrans distribution broader 
than the MB distribution is expected.ll(b),(f) Temperature 
programmed desorption spectra show negligible differences 
between NH3 and ND3, indicating that, if they exist, the 
thermal desorption barriers are the same for both isotopes. 
This is sensible because isotope substitution has little effect 
on the surface-N bond. Thus, as expected, the translational 
energy distributions for NH3 and ND3 are similar (Fig. 3). 
It is also worth noting that, since desorption is attributed 
to vibrationally excited ground state ammonia, indepen­
dent of the initial electronic excitation mechanism (direct 
vs substrate mediated), the ammonia translational energy 
distribution should be relatively independent of uv photon 
energy, as is the case in Fig. 2. 

While the above interpretation successfully explains 
the large isotope effect observed in ammonia photodesorp­
tion from GaAs(100), many interesting questions remain 
unanswered. For example, how important is the inversion 
vibrational mode of ammonia in the desorption process? 
What is the isotope effect in each of the three steps: exci­
tation, deexcitation, and vibrational energy transfer? For 

J. Chem. Phys., Vol. 97, No.8, 15 October 1992 

 11 M
arch 2024 08:25:41



Zhu et al.: Interactions of ammonia with GaAs (100). II 5875 

example, in some DBA systems, small inverse isotope ef­
fects have been observed.9,lO The ground state wave func­
tion of a heavier isotopic molecule is more spatially re­
stricted (deeper in the potential well), and thus, has a 
higher amplitude at the peak than the lighter molecule. 
This leads to a small inverse isotope effect for the excitation 
cross section at the peak of the resonance.9,10 A similar 
inverse isotope effect in U ex [Eq. (3)], if present, will not 
alter our interpretation, but will affect the quantitative out­
come. Unfortunately, within a classical picture, we do not 
know whether there is a small inverse or direct isotope 
effect in the deexcitation step. A semiclassical wavepacket 
dynamics study, currently underway,17 may help answer 
these questions. 

V. CONCLUSIONS 

To summarize, nonthermal uv photodesorption of am­
monia from GaAs ( 100) is characterized by a mean trans­
lational temperature of (Etrans/2k) =300 K, independent 
of photon energy (hv=6.4, 5.0, and 3.5 eV) and isotope 
substitution. The photodesorption cross section depends 
strongly on isotope substitution. The measured isotope ef­
fect is too large to be accounted for by the mass difference 
in the leaving particles (NH3 vs ND3), but can be success­
fully explained by an isotope effect in the internal N-H(D) 
coordinates. The role of electronically quenched but vibra­
tionally "hot" ground state adsorbate is demonstrated for 
the first time for DIET. 
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