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Laser-induced electronic desorption from InP surfaces studied by femtosecond nonresonant
ionization spectroscopy

J. Kanasaki,* N. Mikasa, and K. Tanimura†

Department of Physics, Graduate School of Science, Nagoya University, Furo-cho, Chikusa, Nagoya 464-8602, Japan
~Received 5 October 2000; published 26 June 2001!

Laser-induced desorption from clean surfaces of InP(110)-(131) and InP(100)-(432) has been studied
for laser fluences well below melt and ablation thresholds. For detecting desorbed neutral species simulta-
neously with high sensitivity, we used femtosecond nonresonant ionization spectroscopy with a detection limit
as low as the order of 1027 monolayers per pulse. Species desorbed are P, P2, and In, the relative yields of
which are strongly dependent on the surface structures, and the efficiencies of desorption for the three species
are superlinear with respect to the excitation intensity. Desorption yields of all species decrease with increasing
number of laser shots on the same spot, suggesting desorption from preexisting surface defect sites. Time-of-
flight measurements for P, P2, and In from InP surfaces revealed that the peak flight time and the velocity
distribution did not depend on the excitation intensities. The mechanism of the laser-induced desorption is
discussed based on these results.

DOI: 10.1103/PhysRevB.64.035414 PACS number~s!: 79.20.Ds, 61.80.Ba, 78.66.Fd, 68.35.Ja
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I. INTRODUCTION

The interaction of laser light with semiconductor surfac
has been studied extensively. Ejection of constituent ato
and ions from surfaces are often induced by the interact
and the process is referred to as laser-stimulated desor
~LSD!. The phenomena have been studied for several k
of semiconductors and for a variety of laser light sourc
with different characteristics.1 For example, even when w
restrict ourselves to nanosecond laser excitation of the
face, the fluence range that can cause desorption is fro
few hundreds ofmJ/cm2 to a few J/cm2 with wavelengths
ranging from ultraviolet to near infrared. As clearly demo
strated, the surfaces of semiconductors start to melt u
laser irradiation above certain thresholds of fluence, wh
depend on the wavelength, pulse width, and basic prope
of substance.2 Sublimation of constituent atoms from lase
induced molten layers is a well-established mechanism
laser fluences above the melt threshold.3 At greater fluence
regimes, the interaction of laser pulses with a surface
cause ablation, in which a dense plasma is formed to ca
ejection of highly energetic ions and atoms. On the ot
hand, desorption of constituent atoms can be induced
some systems even for fluence ranges much below
thresholds of melting and ablation.4–9 Some LSD phenomen
below the melt threshold have been ascribed to the ther
mechanism in which sublimation takes place from the las
heated layers.6 However, recent studies of scanning tunn
ing microscopy observation of the laser-irradiated surfa
have demonstrated that the removal of atoms that are in
porated in the reconstructed structures of semiconductor
faces can take place electronically.9,10

The LSD below melt thresholds were studied for seve
MX compound semiconductors~whereM and X denote, re-
spectively, metallic and nonmetallic elements!. In earlier
work, quadrupole-mass spectrometers~QMS! were the
primary tool used for detecting emitted neutral species.4–7 In
these studies, it has been shown that monatomic~X! and
0163-1829/2001/64~3!/035414~10!/$20.00 64 0354
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diatomic (X2) nonmetallic species are emitted as major pro
ucts, together with monatomic metallic species (M ), and that
yields of these neutral species commonly show a highly
perlinear dependence on the laser fluence. Several mode
the electronic mechanism of laser-induced desorption w
proposed based on these results.4,5,7 However, for establish-
ing a basic understanding of the electronic mechanism
LSD, the following aspects need clarification:~1! the elec-
tronic transition that triggers the desorption,~2! the initial
bonding properties of atoms to be desorbed, and~3! the ori-
gin of the instability that causes bond breaking and deso
tion, as has often been pointed out in the studies of des
tion induced by electronic transition.11 From this point of
view, studies by means of QMS usually have two serio
drawbacks; both of which are related to the poor sensitiv
of this method of detection. For observing desorbates wit
reasonable signal-to-noise ratio with QMS, one must rem
typically a few monolayers~ML’s ! per laser pulse. There
fore, desorption always takes place at highly damaged st
tures of the surface region. For such cases, it is difficult
only to identify the initial bonding configurations of atoms
be desorbed, but also to specify electronic transitions resp
sible for the desorption processes. Therefore, the poor se
tivity of QMS gives us less than ideal situations to analy
the results to reveal primary processes responsible for
bond breaking and desorption. The second drawback is c
cerned with the gas-phase dynamics after desorption. As
lyzed theoretically, the densities of laser-induced desor
particles per unit volume per unit time in vacuum were hi
enough to induce collisions among emitted species, lead
to the formation of Knudsen layer.12 By this process after
desorption, several important characteristics of the des
tion process were lost or modified significantly. Thus, f
understanding the mechanism of LSD, detection meth
with much higher sensitivity are highly desired for detecti
neutral species.

Recently, LSD from semiconductor surfaces was stud
by using a highly sensitive resonance ionization spectr
copy~RIS!, in which neutral species emitted were ionized
©2001 The American Physical Society14-1
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nanosecond laser pulses via resonance-enhanced m
photon absorption processes.7–9,13 However, the method ha
been applied mainly for metallic neutral species desor
from the surfaces of compound semiconductors. Very f
applications of the RIS have been reported for nonmeta
species that have higher ionization potentials13 because of
some experimental difficulties; it is not conventional to ge
erate intense nanosecond laser pulses at appropriate p
energies in the ultraviolet region. Although the studies
means of RIS have revealed some interesting aspect
LSD, it is not enough to obtain full information of the de
sorption process, since the important knowledge of the n
metallic species has been completely absent in some c
or has been obtained only in the higher-fluence regim13

Therefore, a new detection method, which is sensit
enough for both metallic and nonmetallic species, should
employed for establishing the understanding of the prim
processes of LSD from compound semiconductor surfac

In this paper, we report the laser-induced desorption fr
clean InP surfaces by means of femtosecond nonreso
ionization spectroscopy~FNRIS!,14,15 in which all neutral
species desorbed by a single laser pulse are ionized b
tense femtosecond laser pulses and detected simultaneo
Surfaces of InP with the different crystal faces of~100! and
~110! were prepared and characterized carefully by lo
energy-electron diffraction~LEED! and Auger-electron spec
troscopy~AES!. The species desorbed from InP are P,2,
and In, the relative intensities of which are strongly dep
dent on the surface structure. The efficiency of the desorp
is superlinear with respect to the excitation intensity, and
yields of desorption of all these species decrease with
creasing number of laser shots on the same spot, sugge
the desorption originates from preexisting surface de
sites. Possible mechanisms of LSD from InP surfaces
discussed below based on these results.

II. EXPERIMENT

Specimens with a~100! crystal face were cut from a wafe
of n-type InP to the dimensions of 10 mm315 mm30.5 mm.
Specimens with a~110! crystal face were obtained by clea
ing a crystal block ofn-type InP in air to 10 mm315 mm
31 mm in size. These were cleaned by ultrasonically rins
in ethanol and then were mounted onto a Ta holder in
ultrahigh vacuum~UHV! chamber with a base pressure
5310211Torr. Then, a standard procedure was applied
obtaining clean surfaces by Ar1-ion sputtering and heating
After several cycles of the treatments, InP~100! and InP~110!
surfaces exhibited sharp (432) and (131) LEED patterns,
respectively. No contaminants were detected by AES.

Laser pulses of 6-ns temporal widths were generated
exciting the surfaces with a Nd:YAG-laser pumped dye la
~YAG denotes yttrium aluminum garnet! ~Lambda Physik,
Spectramate 2B!. We mainly used 460-nm laser pulses
this study, since the photon energy falls in resonance w
one of the surface-specific optical transition ban
of InP(110)-(131) revealed by surface reflectanc
spectroscopy.16,17 Putting appropriate neutral-density filte
on the optical path controlled intensities of the excitatio
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laser pulses. The laser beam was focused to 1-mm diam
on the surface by a quartz lens~350-mm focal length!, and
the intensity of each pulse was monitored by a calibra
photodiode~Hamamatsu, Model No. S1337-1010 BQ!. The
fluence on the surface was evaluated by the energy per p
and irradiation radius at which the beam intensity decrea
from the peak intensity to 1/e.

The neutral atoms ejected from surfaces were detecte
means of the FNRIS technique. Femtosecond laser pulse
800 nm with a temporal width of 120 fs were generated w
a regenerative-amplified Ti:saphire laser system~BMI
Alpha-10!. The laser pulses for ionizing desorbed neut
species were guided to pass parallel to the sample surfa
a distance of 2.0 mm. Ions ionized by laser pulses were
lected by a negatively biased~2120-V! drift tube, and then
they were detected by a microchannel plate placed in a sh
box located behind the drift tube. The output of the detect
electronics was stored in microcomputer via an analog
digital converter. Time-of flight~TOF! spectra of desorbed
species were measured by changing the time delay of
pulses for ionization with respect to the incidence of nan
second laser pulses for surface excitation by using a d
generator~Stanford Research Instrument, Model No. DG
535!.

III. EXPERIMENTAL RESULTS

A. Characteristics of the FNRIS technique

First, we describe the basic characteristics of our FNR
method used in this study. In order to estimate the sensiti
and mass resolution of this detection method of neutral s
cies, we measured ionization efficiencies of several neu
gases at partial pressures of less than 1027 Torr. In Fig. 1 are
shown the mass spectra measured for Ar, Xe, and N2 ionized
by femtosecond laser pulses of 2 mJ. For each spectrum,
evident that Ar1, Xe1, and N2

1 ions are clearly detected a
the positions expected, although some unknown peaks
also detected form/e less than 30. Since H2O ~m/e of 18!
can be detected, we presume that these peaks are d
residual gases in the chamber. It should be noted in Fig.~c!
that almost no N1 signals were detected for ionization of N2
molecules. This indicates that the rate of dissociative ioni

FIG. 1. Mass spectra measured for~a! Xe, ~b! Ar, and ~c! N2,
partially filled in the chamber. These neutral gases were ionized
femtosecond laser pulses of 800 nm with energy of 2 mJ/pulse.
peak atm/e of 18 can be assigned to residual H2O in the chamber,
and some other peaks were detected below anm/e of 30.
4-2
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LASER-INDUCED ELECTRONIC DESORPTION FROM . . . PHYSICAL REVIEW B64 035414
tion of N2 molecules can be neglected, compared with sim
ionization of N2. Since N2 and P2 are isoelectronic, we may
expect a similar result for P2 molecules. This gives us a
additional advantage of simultaneous detection of all p
sible desorbed neutral species from InP, since the determ
tion of desorption yield of monatomic P is not disturbed
the dissociative ionization of P2 which is known as one of the
desorbed species in LSD from InP surfaces.13

In order to evaluate the sensitivity of our FNRIS syste
ion signals of N2 molecules were measured as a function
the partial pressure of N2 and of the intensity of ionization
pulses. For a given partial pressure of N2, the ion signals
were found to increase with increasing intensity of ionizat
laser pulses. The ion signal was roughly proportional to
10th power of laser intensity, although the ion signal did n
show saturation even for the highest intensity of 2.5 mJ/pu
in our system. In Fig. 2, we show the intensity ofN2

1 signals
as a function of number density of N2 molecules. For the
intensity of ionization laser pulse of 2 mJ, the ion signal c
be detected clearly above the number density of
3107/cm3. When we take into account the ionization vo
ume, which was approximated as a cylinder with a diame
of 0.2 mm and a length of 1 mm, then the number of2
molecules in this volume amounts to 53102 molecules,
which is the lower bound to be detected by FNRIS.

For evaluating the absolute sensitivity of this FNR
method in the desorption study, we need to examine c
fully several characteristics of desorption processes.14,15Evi-
dently, the angular and velocity distributions of desorb
neutral species govern the amount of the neutral species
flow into the ionization volume after desorption. Also, th
probability of ionizing these neutral species by a femtos
ond laser pulse is also an important factor. Here, as a c
guide of the sensitivity of our FNRIS technique, we consid
the simplest case where desorption of neutral species t
place with a rectangular form of velocity distribution an
without any preferential angular distribution. In such a ca
the solid angleV of the ionization volume and the fractionr
of the neutral species lying in the ionization volume, relat
to the whole spatially distributed neutral species along
direction normal to the surface, at a given delay time a
excitation can be taken as the main factors that determine
sensitivity. The magnitudes of these factors can be estim
V'131022 andr'531022 under the present experimen
tal conditions.18 Therefore, by assuming the probability o

FIG. 2. The relation between ion signals and the number den
of N2 molecules. Femtosecond laser pulses with energy of 2
ionized N2 molecules.
03541
le

-
a-

,
f

e
t
e

n
6

r

e-

d
at

-
de
r
es

,

e
r
he
ed

ionizing the neutral species to be unity, the lower bound
desorbed neutral species per pulse is estimated to b
3102/rV513106 neutral species. Since surfaces are e
cited by laser pulses with a beam diameter of 1 mm, t
amount of neutral species corresponds to 1027 ML, which is
almost comparable to the sensitivity of RIS applied for S9

The estimation described above, though crude, indicates
FNRIS can be a powerful method to detect neutral spe
desorbed from surfaces simultaneously with high sensitiv

B. Laser-induced desorption from InP surfaces

In Figs. 3~a! and 3~b!, we show, respectively, the mas
spectrum of neutral species desorbed by the excitation w
460-nm laser pulses for InP(110)-(131) and InP(100)-(4
32) surfaces. Both spectra were measured at a 5.5-ms time
delay of ionization laser pulses. In the figures, three arrow
the position ofm/e of 115, 62, and 31 correspond to mo
atomic In, diatomic P2, and monatomic P, respectively. W
presume that some peaks detected in the region withm/e
less than 30 in the spectra originate from residual gas
since they could be detected even when the surfaces of
were not excited. These background peaks made it diffi
to detect monatomic P desorbed when the intensity w
small as in the case of InP~110!. However, as seen in Fig
3~b!, the P signal is clearly distinguished from the bac
ground for the InP~100! surface. It is evident that the relativ
ratio of these desorbed species depends strongly on the
faces; P2 is the major product from InP~110!, whereas P
dominates over other species for InP~100!.

The yields of these neutral species were measured firs
a function of the number~n! of laser shots at the same sp

ty
J

FIG. 3. Mass spectra of desorbed species from laser-excited~a!
InP (110)-(131) and ~b! InP (100)-(432). Both InP surfaces
were excited by nanosecond laser pulses of 460 nm with a flue
of 48 mJ/cm2, and desorbed neutral species were ionized by fem
second laser pulses~800 nm, 2 mJ!. The time delay between nano
second laser pulses for surface excitation and~fs! femtosecond laser
pulses for ionizing neutral species was set at 5.5ms for both sur-
faces. Three arrows in the figure indicate the positions for m
atomic P and P2 molecules and In atoms, respectively.
4-3
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J. KANASAKI, N. MIKASA, AND K. TANIMURA PHYSICAL REVIEW B 64 035414
for each of the two surfaces. Figure 4 shows the results
InP~110! and InP~100!; it is clear from the results that th
yields of all species decrease with increasingn. In the case of
InP~100!, the decrease of each product can be fitted b
single straight line in the semilogarithmic plot; the yieldYn
by the nth pulse of irradiation decreases exponentially a
function ofn, namely, ln(Yn)5ln(Y1)2a(n21). The constanta
which is referred to as the reduction constant, character
reduction of the desorption yield under a repeated irradiat
On the other hand, in the case of InP~110!, the decrease in
the yields of both P2 and In can be fitted to the sum of tw
decreasing components with differenta’s which are shown
by broken lines. We call hereafter the two the fast and s
components, respectively. For the InP~110! surface, similar
measurements were made for different laser fluences for
face excitation. Although we could not determine the red
tion constant for the fast component precisely, the cons
as for the slow component was determined as a function
laser fluenceF. The result shown in Fig. 5 indicates thatas
is proportional toF with different proportionality constant
for P2 and In. Quantitative analysis of this result ofa’s are
given later in Sec. IV B.

As seen in Fig. 4, the fast decay of the yields of neu
desorbed species for InP~110! is completed withinn5500.
The reduction of the slow component of P2 was at most 10%
for another 1000 shots after irradiating the virgin spot of
surface with the first 500 shots, even for the highest flue
of 63 mJ/cm2. This slow reduction of yields in this rang
(n.500) provides us a better chance for studying sev
important properties of desorption, since there is the con
tion of a quasiconstant rate of desorption with respect to
shot number. Based on this result, we first excited the fr

FIG. 4. Yields of desorption of~a! P2 ~}! and In~d! from InP
(110)-(131) and of ~b! P ~s!, P2 ~}!, and In ~d! from InP
(100)-(432), induced by repeated irradiation of 460-nm las
pulses. The solid lines in~b! are the fit of the exponential decay t
data. For P2 and In from InP (110)-(131) in ~a!, two decay com-
ponents~broken lines! are distinguishable, and the sum of the tw
components are shown by solid curves.
03541
or

a

a

es
n.

w

r-
-
nt
f

l

e
e

al
i-
e
h

spots of the surface with 500 laser shots of the same flue
to establish a similar surface condition for desorptio
Changing the spots of the surfaces caused little effect on
desorption level after 500 shots. A similar surface treatm
of preirradiation was applied also for the InP~100! surface.
Then three different types of measurements were carried
for the surfaces treated by the preirradiation of 500 shots

After the surface treatment with preirradiation, yields
desorption were measured as a function of fluence; the yi
were determined as an average of 100 laser pulses wi
given fluence. The results for InP~110! and InP~100! are
shown in Figs. 6~a! and 6~b!, respectively. It is evident in the
figure that the yields of the three products show a superlin
dependence on the fluence, as has been reported for
semiconductor surfaces in previous studies. The solid cu
in the figures are the calculated results of the model, wh
will be discussed below.

By applying the same surface treatment, we measu
TOF spectra for P, P2, and In desorbed from InP surfaces.

r

FIG. 5. Reduction constants for P2 ~}! and In ~d! from InP
(110)-(131) as a function of fluence of 460-nm laser pulses
surface excitation.

FIG. 6. Desorption yields of~a! P2 ~}! and In ~d! from InP
(110)-(131) and those of~b! P ~s!, P2 ~}!, and In~d! from InP
(100)-(432) as a function of fluence of 460-nm laser pulses. T
solid curves are the best fit of the theoretical model of the two-h
localization~see text!.
4-4
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LASER-INDUCED ELECTRONIC DESORPTION FROM . . . PHYSICAL REVIEW B64 035414
this measurement, desorption yields were measured f
given fluence as a function of the time delay between
laser pulses for surface excitation and femtosecond l
pulses for ionization. The TOF spectra thus measured
InP~100! are shown in Fig. 7; two different symbols in th
figure correspond to the results for two different fluences
excitation laser pulses. The spectrum for P is character
by the peak flight time of 5ms, that for P2 by the time of 5.5
ms, and that for In by the time of about 6ms. It is evident that
not only the peak flight time but also the distribution is n
dependent on the fluence of excitation laser pulses within
present experimental accuracy. Measurements of TOF s
tra for P2 and In from InP~110! have given similar features a
those shown in Fig. 7; the peak flight times are essenti
the same as those from InP~100!, and no fluence-dependen
peak flight times are detected.

In the present detection of neutral species by mean
FNRIS, the technique measures the densities of deso
species, not the flux as in the case of QMS measureme
Therefore, two factors should be taken into account
evaluating the desorption yield; one is the time of flight
each species with different masses from the surface to
ionization region, and the other is the ionization probabilit
of species that have different ionization potentials. As s
in Fig. 7, all TOF spectra of P, P2, and In have maxima
around 5.5ms after surface excitation, and the widths of TO
spectra are similar. Therefore, the mass spectra measur
time delay of 5.5ms are representative of relative yields
the three species, except for the difference in ionization pr
abilities. In order to examine the difference in ionizatio
probabilities of P, P2, and In, we measured the ion signals
desorbed species as a function of intensityI f of femtosecond
laser pulses. The results are shown in Fig. 8 for P, P2, and In

FIG. 7. Time-of-flight spectra of~a! P, ~b! P2, and ~c! In, fron
InP (100)-(432) desorbed by exciting the surface by 460-nm la
pulses. Open circles are the data for fluence of 40 mJ/cm2, while
solid circles are those for fluence of 98 mJ/cm2. The data for fluence
of 40 mJ/cm2 were multiplied by appropriate factors to have simil
peak heights to those of 98 mJ/cm2.
03541
a
e
er
or

f
ed

t
e
c-

ly

of
ed
ts.
r
f
he
s
n

at

b-

from InP~100!-~432). Reflecting the difference in ionizatio
potentials of the three species, the results shown in Fig
show characteristic changes. For In, which has the sma
ionization potential of 5.78 eV, the signal increases prop
tionally to the fourth power ofI f in the weak power region
while it is saturated aboveI f of 2 mJ. On the other hand, P
and P2 signals show a stronger dependence uponI f ~roughly
proportional to sixth or seventh power ofI f! for the weak
power region. The P2 signal is almost saturated above 2 m
of I f , while the P signal continues to grow aboveI f of 2 mJ.
Therefore, we are detecting P2 and In with an ionization
probability of almost unity, but the yield of P atoms is u
derestimated~roughly 60%! at the present power level of th
femtosecond laser pulses.

IV. DISCUSSION

A. Qualitative features of the desorption studied with a highly
sensitive detection method

1. Electronic bond breaking as the origin of desorption

As described in Sec. III, we could detect neutral desorb
species simultaneously with sensitivity that is much high
than that in previous studies of LSD on compound semic
ductor surfaces. The species detected are P2 and In for
InP~110! and P, P2, and In for InP~100!. Although these
species have been detected previously, the most signifi
feature revealed in this study is the fact that the yields
these species depend strongly on surfaces properties. A
scribed in Sec. III, the present method of detecting neu
species is essentially a density detection. However, con
eration of TOF spectra of P, P2, and In shown in Fig. 7 and
of specimen-dependent ionization probabilities shown in F
8 allows us to conclude that P2 and In are the main product

r
FIG. 8. Intensities of ion signals of~a! P, ~b! P2, and ~c! In

desorbed from InP (100)-(432) measured as a function o
ionization-laser intensity scaled in terms of pulse energy. Signal
P2 and In are almost saturated at energy of 2 mJ, while that of P
continues to grow at energy of 2 mJ.
4-5
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J. KANASAKI, N. MIKASA, AND K. TANIMURA PHYSICAL REVIEW B 64 035414
of desorption for InP~110!, while P, P2, and In are desorbed
from the InP~100! surface. Namiki, Cho, and Ichige5 found
that the fluence dependence of the yield of P2 was identical
for the two different surfaces of~110! and ~100! of GaP.
However, as demonstrated here, P2 is the major product for
InP~110!, while monatomic P is that for InP~100!. Also, the
fluence dependence of the yields of neutral species sh
clear differences for the two surfaces as seen in Fig
Therefore, the present results, showing a strong contra
the results of previous studies, indicate clearly that the
sorption process at InP surfaces is strongly sensitive to
face structure when fluences are well below melt and a
tion thresholds and the sensitivity of detection of neut
species is sufficiently high.

The TOF spectrum measured for P for InP~100!-~432)
shows a peak flight time of 5.0ms, which corresponds to th
translational energy of 0.026 eV. The corresponding ener
of 0.052 and 0.078 eV are evaluated from the TOF spe
for P2 and In. An important feature seen in TOF spectra
that neither the peak-flight time nor the velocity distributi
are dependent on the fluence of the excitation-laser pu
although the yields change by a factor of 10 for the t
fluences at which TOF spectra are measured. The am
desorbed per a single laser shot can be estimated to
at most 1024 ML in the present study, since the maximu
of the ion signals is at most 103 times larger than the detec
tion limit that corresponds to 1027 ML. For such number
densities of desorbed neutral species, any effects of
phase collision may be neglected.12 Therefore, we conclude
that the velocity distributions shown in Fig. 7 are charact
istic of the desorption processes of each respective spec

This fluence-independent velocity distribution shows
strong contrast to those obtained in the previous studie
LSD from MX compound semiconductors, in which fluenc
dependent translational energies were often observed. In
case of sublimation from the molten layers on the surfac
the translational energy increases with increasing fluence
evidenced by the studies of laser annealing of semicondu
surfaces.3 Therefore, we conclude that the LSD from In
surfaces in the present study is not due to laser-induced m
ing. Brewer, Zinck, and Olson6 have studied the laser
induced desorption from CdTe with fluences below the m
threshold. They have shown that the velocity distribution
well described by a single Maxwellian component, w
translational energy essentially identical to the surface t
peratures calculated using one-dimensional heat-flow mo
and that both Cd and Te2 have the same translational energ
Based on these results, they concluded that a thermal me
nism was responsible for desorption of Cd and Te2 under
laser irradiation. However, in the present case, the velo
distribution and most probable translational energy are
dependent on fluence, and P, P2, and In have different trans
lational energies. Therefore, we conclude that the desorp
process is not due to a thermal mechanism but is electr
in nature. Possible mechanisms of this electronic desorp
will be discussed later in Sec. IV B.

2. Reactive sites and optical transition

The superlinear dependence of desorption yields show
Fig. 6 and the decreasing yields with increasing shot num
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or dose, shown in Fig. 4 are two additional phenomena
are characteristic of electronic desorption from InP surfac
The latter observation of decreasing yield with increas
dose has been observed in previous studies by mean
highly sensitive detection of neutral species.7,8,13This behav-
ior of decreasing yields with increasing dose has been
garded as a piece of evidence that the reactive site of des
tion is an atomic-scale defect on the surface. Although de
sites have not been identified in many cases, Yu and T
imura have demonstrated that the Si ad-dimers
Si~100!-~231) with a surface concentration less than 0.1 M
provides the reactive site for desorption, and that the yield
Si-atom desorption decreases with increasing the numbe
laser shots at the same spot of the surface.19 On the other
hand, in the case where the intrinsic atomic site of the s
face reconstructed structure acts as the reactive site for
sorption, the yield is constant at least for the number of la
shots of 104, as shown by Ishikawaet al. for Si~111!-(7
37).20 Based on these previous results, we conclude that
reactive sites of desorption on InP surfaces are atomic-s
defects on the surfaces.

For electronic bond breaking at a defect site, two mod
of optical transition can be responsible; one is the direct
tical excitation of a defect-associated localized electro
state, and the other is bulk and/or surface electronic tra
tions resulting in the formation of delocalized excited sta
followed by their localization onto the defect site. The sup
linear dependent yield on excitation intensity is an essen
feature in either case. The former direct defect excitation
been assumed in a literature, and the superlinearly depen
yield as a function of the excitation intensity has been
cribed to the multistep photoabsorption of defects, start
from the ground electronic state to the final‘‘antibondin
state’’ via several intermediate excited-state configuration7

However, we conclude here that this is not the case in
electronic desorption from InP surfaces based on the res
shown in Figs. 4 and 6. In these figures, we clearly see
all neutral species P2 and In for InP~110! and P, P2, and In
for InP~100! show decreasing yields with different reductio
constants and that the desorption yields of all species dep
superlinearly on the fluence of excitation laser light. If t
multistep photoabsorption of defects is responsible for
desorption, then we have to assume that all surface def
acting as reactive sites for different desorbed species h
optical absorption bands at exactly the same wavelengt
460 nm for their ground and all intermediate states bef
reaching the final antibonding states. Furthermore, we h
to assume that the width of such optical absorption bands
extremely wide, more than 1 eV, since similar decreas
yields have been observed for InP~100! surfaces excited with
337-nm photons.13 Such a situation is very improbable, eve
unreasonable. On the other hand, as discussed in the
paragraph, an alternative model of nonlinear localization
surface excited species at the respective reactive sites
scribes reasonably and satisfactorily all of the important f
tures of the electronic desorption from InP surfaces revea
in this study.
4-6
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B. Model of electronic desorption on semiconductor surfaces;
nonlinear localization of surface-excited species

1. Analysis of decreasing yields of desorption

The yield of electronic desorption of a particular spec
is proportional to the number densityN of the reactive site
from which atoms are removed and to the rateg of electronic
bond breaking that takes place at certain excited states a
site. For a giveng, we can define the reduction factorhn(g)
for N upon thenth irradiation as

Nn5hn~g!Nn21 , ~1!

where Nn is the number density of the site after thenth
irradiation of laser pulses. Then the yieldYn of desorption
induced by thenth irradiation can be written as

Yn5ANn215A)
i 51

n21

h i~g!N0 , ~2!

where A is a constant that correlates the desorption yi
with the number density of the reactive site on the surfa
When hn is not dependent onn, Yn is simply given byYn
5AN0$h(g)%n21, leading to the linear relation betwee
ln(Yn) andn21. When we definea52 ln h, then this linear
relation is in fact observed in Fig. 5, although we need
introduce two sets of parameters that represent the fast
slow components for InP~110!.

For obtaining deeper insight into the reduction factor,
follow the rate-equation model developed in Ref. 17. In t
model, the rate of exciting reactive sites is treated in a p
nomenological way in terms of the effective excitation cro
sections* , and the desorption is assumed to be induced a
excited state of the reactive site with a probability that
superlinear with respect to the laser flux. The rate equat
for the groundNg and the excitedN* states of the reactive
site are given by

dN*

dt
5s* fNg2K0N* 2g~f!N* , ~3!

dNg

dt
52s* fNg1K1N* . ~4!

In these equations,f is the flux of the excitation-laser pulse
K0 the sum of all possible channels of the first-order dec
at the excited state, including the deexcitation with the r
K1 into the original ground state, andg(f) is a function that
characterizes the superlinear dependence onf for desorp-
tion. The yield of the desorption, which has been measu
as a time-integrated quantity over the temporal widtht0 of
the excitation-laser pulse, is given by

Y5E
0

t0
g~f!N* dt. ~5!

For simplicity, a rectangular shape of the excitation-la
pulse is assumed, with a constant fluxf and a widtht0 ,
namely F5ft0 . For a much shorter lifetime ofN* com-
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pared with the pulse widtht0 ~long-pulse approximation!, the
above equations are easily solved to give

Ng~ t !5Ng
0 expF2s* fS 12

K1

K01g~f! D t G , ~6!

Y5
g~f!

K02K11g~f!
$Ng

02Ng~ t0!%. ~7!

In view of the results of this rate-equation model, numb
density of the reactive site at the end of a pulse is given
Ng(t0). Therefore, the reduction factor is given byh
5exp„2s* ft0$12K1 /@K01g(f)#%…. As shown in Fig. 5,
a linear relation holds between2 ln h and F (5ft0) for
desorption of both P2 and In. Then,K0@g(f) or K1 ,K0
!g(f) must hold, together withs* , which is not dependen
on f. However, if the latter is the case, then we have, fro
Eq. ~8!, Yn'(12h)Nn21 , which does not show any supe
linear dependence on the fluence. It follows thatK0
@g(f); the first-order decay channels dominate over
desorption in the deexcitation process of the excited stat
the reactive site. This is an important consequence dedu
from the analysis in terms of the phenomenological ra
equation model.

2. Possible mechanism of superlinear dependence
of the desorption yield

In view of the model of localization of excited states
the reactive site, the above-mentioned effective excitat
cross section and the rate of desorption are formulated
follows. Let Ne be the concentration of surface excited sp
cies~electrons, holes, or excitons! generated by laser excita
tion. The rate equation forNe is given by

dNe

dt
5sfN02

1

t
Ne2 f ~Ne!, ~8!

wheres is the absorption cross section of photons of la
light, N0 the density of state of the ground electronic statet
the lifetime of the excited species, andf (Ne) is a function
that characterizes possible nonlinear decay channel of
excited species. When we assume that the monomolec
decay channel dominates over the nonlinear decay of
excited state,21 thenNe is given byNe5sftN0 in the long-
pulse approximation. The lifetimet of the excited states is
determined by all possible deexcitation channels, and it
be written generally as 1/t51/t01G, whereG is the rate of
trapping the excited state by surface defects, and 1/t0 is the
total rate of deexcitation other than the trapping. The ratG
can be written generally as

G5gNeNg5~stgN0!fNg , ~9!

where g is a bimolecular reaction constant in the trappi
process. Then the effective excitation cross section in Eq.~1!
corresponds tostgN0(5s* ) in this model.

The superlinear dependence ofY on F shown in Fig. 6
indicates that multiple photogenerated excited species ar
volved in the localization process. Among several exci
species, the important role of surface holes has been em
4-7
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sized. Sumi studied theoretically the two-hole localization
a possible mechanism of electronic desorption of const
ents of semiconductor surfaces and formulated the rateJ of
the two-hole localization onto a particular lattice site.22 His
result ofJ for the successive capture of the second hole o
the first-hole localized site can be approximated well byJ
5 j c$exp(nh)21%2Ng , wherej c is a constant, that depends o
several properties of the reactive site. The quantitynh is the
concentration of photogenerated surface holes normalize
the effective numberZ of free-hole states in the surface v
lence band at a given temperature. For the weak-excita
regime,J shows quadratic dependence onnh , while it in-
creases exponentially for the intense-excitation region.

In this two-hole localization scheme, the excited spec
described by Eq.~8! are the surface holes, and the excit
state of the reactive site of Eqs.~3! and ~4! is the first-hole
localized state. The rate of two-hole localization formulat
by Sumi corresponds exactly to the termg(f)N* in Eq. ~3!.
Since the quantitynh is given by

nh5sF~t/t0!N0 /Z, ~10!

in the long-pulse approximation, it is proportional to the e
citation intensity characterized byF. Therefore,J is ex-
pressed asJ5J0$exp(BF)21%2, whereJ0 is a constant. The
experimental results ofY were compared with this equatio
with J0 and B being fitting parameters. The solid curves
Fig. 6 are the best fit of this equation to experimental resu
it is evident that it describes almost perfectly the results fo
whole range of the excitation intensities for all desorbed s
cies from two different surfaces. By considering possible d
ferences in the magnitudes ofj c andNg for respective reac-
tive sites, the best-fit values of theJ0’s are different for
different species. However, the same value ofB has been
used for different desorbed species from the same surf
which is a requirement of the two-hole localization mode

It is now established that the surface relaxation on
InP~110! surface involves charge transfer from In-atom da
gling bonds to P-atom dangling bonds, leading to the form
tion of quasi-one-dimensional rows of P atoms on the t
most layer.23 The laser wavelength of 460 nm used in th
study falls in resonance with the lowest surface transit
band, which is characteristic of the relaxed~110! surface.
Therefore, surface-excited species are generated in
(110)-(131), together with bulk-excited states. Althoug
the surface electronic structures of InP(100)-(432) have
not yet been clarified, the surface transition energy may
be the same as those of InP(110)-(131) because of the
more complicated reconstruction. As seen in Fig. 6, the
sorption from InP~110! is more efficient than that from
InP~100!. This may be related to the difference in efficienci
of forming surface excited states that, in many cases,
effective in electronic bond breaking of covalent semico
ductor surfaces.8,9

C. Reactive sites on InP„110…-„1Ã1… and InP„001…-„4Ã2…

As discussed above, all of the important features of e
tronic desorption from InP surfaces have been described
isfactorily by the model of two-hole localization of surfac
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holes at surface defects. Although LEED measurements c
firmed the well-ordered (131) and (432) periodic struc-
tures of the surfaces used in this study, atomic-scale def
of several forms may exist on the surfaces. Here we brie
discuss the surface defects as the possible reactive site
the InP surfaces. First, we make a rough estimate of
amount of defects involved in the desorption process stud
here. Based on the detection sensitivity mentioned in Sec
and the highest signal detected by FNRIS, we estimate
total amount of P2 molecules, which is the main product o
the desorption from InP(110)-(131), to be about 1
31024 ML. As discussed in Sec. IV B, the rate of monom
lecular processes at the defect excited states is much hi
than the rate of desorption. When we assume the rateK0
2K1 responsible for the monomolecular decay is higher b
factor of 100 than the rate of desorption, then the init
concentration of the reactive sites is estimated to be 0
ML. This amount of defects on the reconstructed surfa
may be well expected.

One possible source of defects may come from the p
cess of preparing the surfaces; InP surfaces in the pre
study were prepared by several cycles of cleaning proce
of Al1 sputtering and thermal annealing. For~110! surfaces
of III-V semiconductors, it has been shown that dimer co
figurations of nonmetallic atoms are often induced when
surface is heated to a certain temperature below meltin24

Therefore, it is presumed that such P2-type defects are frozen
on the present ~110! surface. On the other hand
InP (100)-(432) has been shown to be In-rich.25,26 There-
fore, the formation of dimer P atoms may be suppress
compared to the stoichiometric~110! surface, and mon-
atomic P-type defects could be formed. Significant diffe
ences of the yields of desorbed species for the two surfa
may be caused by the difference in stoichiometry of the t
surfaces. The other possible source of generating defect
the surfaces may be the electronic process induced by LE
and AES measurements for characterizing our surfaces.
cently, scanning tunneling microscopy~STM! has been used
to study structural changes on semiconductor surfaces
duced by electron and laser irradiation. For GaAs surfac
which were prepared by cleaving under ultrahigh vacu
condition, it has been shown that electrons of the sort use
AES and LEED cause surface point defects.10 Electronic
processes may be expected on our InP surfaces to gen
surface defects similar to the reactive sites for desorption

It has also been shown that laser-light irradiation
GaAs(110)-(131) surfaces with defects modifies strong
their morphologies.10,27 Since InP(110)-(131) has features
similar to those of GaAs(110)-(131), excitation-induced
defect processes on InP(110)-(131) may well be presumed
These excitation-induced defect reactions on surfaces ma
related strongly to the desorption of neutral species of P,2,
and In. In the study of laser-induced desorption of Si ato
from Si(111)-(737), it has been shown that electronic bon
breaking of adatoms leads directly to the formation of a
tom vacancies and to Si-atom desorption at an electronic
ground state.9 STM observation of irradiated surfaces h
revealed that adatom vacancies thus created are mostly i
form of the monovacancy, and that no Si-atom aggrega
4-8
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LASER-INDUCED ELECTRONIC DESORPTION FROM . . . PHYSICAL REVIEW B64 035414
are formed on the surface for the defect level below 10%9

Therefore, laser irradiation does not induce any complica
photon-assisted reactions of surface defects that are ge
ated by laser-induced electronic processes on Si (1
-(737). However, the atomic processes on compound se
conductor surfaces under laser irradiation may be more c
plicated; laser irradiation induces changes in defect m
phologies on one side and causes desorption of neutral a
on the other side.

As discussed in Sec. IV B, the dominant channel of mo
molecular decay of defect excited states is involved in
electronic desorption. It is this monomolecular process t
governs the decrease in the number density of reactive s
We speculate that the monomolecular decay of the de
excited states corresponds to the changes in defect m
phologies~via photoactivated defect reactions on the surfa!
into some forms which no longer be active for the deso
tion. Such defect reactions may be sensitive to the ini
conditions of the surface in terms of the stoichiometry, t
morphologies of existing defects, and their number densit
Therefore, the direct correlation may not be possible at
moment between the reactive sites of desorption on InP
faces used in this study and previously obtained knowle
of surface defects in atomic levels on similar surfaces t
are prepared by different methods to have very low def
concentrations.

It is evident that definite identification of reactive sites
laser-induced electronic desorption can be possible only
combining atomic-scale knowledge of surface structures
der laser irradiation with results of highly sensitive detecti
of desorbed species. In the previous studies of LSD
means of QMS, such a microscopic knowledge of surfa
defects of atomic levels cannot be the subject of discuss
since desorption always occurs at highly damaged lay
Our method of FNRIS, which makes it possible to dete
desorbed neutral species simultaneously with a high sens
ity of the 1027 ML, has opened a new stage in the resea
n
8

e
7

t
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of LSD to understand the processes from a microsco
viewpoint of the atomic level. Such a comprehensive stu
by combining STM observation of irradiated surfaces w
highly sensitive simultaneous detection of desorbed spe
by FNRIS is now underway.

V. SUMMARY

In this paper, we have studied laser-induced electro
desorption from surfaces of InP(110)-(131) and
InP (100)-(432) for laser fluences well below the melt an
ablation thresholds. We have demonstrated that the me
of FNRIS is useful for detecting desorbed neutral spec
simultaneously with a high sensitivity of 1027 ML per pulse.
For InP(110)-(131) and InP(100)-(432), species des-
orbed are P, P2, and In, the relative yields of which ar
strongly dependent on the surface structures. The P2 mol-
ecules are desorbed predominantly from InP(110)-(131),
while monatomic P is the main product of desorption fro
InP(100)-(432). As the characteristics of the electronic d
sorption, it has been shown that the efficiencies of desorp
for the three species depend superlinearly on the excita
intensity, and that the yields of desorption of all species
crease with increasing number of laser shots on the s
spot. We have concluded that the desorption takes plac
the reactive sites of preexisting surface defects. As
mechanism of the laser-induced desorption on InP surfa
we have proposed the mechanism of two-hole localizatio
defect sites, which can explain most of the features of
desorption processes revealed in this study. The atom
identification of the reactive sites on the surfaces has b
left as an important future problem.
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