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Laser-induced electronic desorption from InP surfaces studied by femtosecond nonresonant
ionization spectroscopy
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Laser-induced desorption from clean surfaces of InP(4(10< 1) and InP(109-(4X2) 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 10 monolayers per pulse. Species desorbed are,Parl 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,Pand 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.
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[. INTRODUCTION diatomic (X,) nonmetallic species are emitted as major prod-
ucts, together with monatomic metallic specié)( and that
The interaction of laser light with semiconductor surfacesyields of these neutral species commonly show a highly su-
has been studied extensively. Ejection of constituent atomgerlinear dependence on the laser fluence. Several models of
and ions from surfaces are often induced by the interactiorihe electronic mechanism of laser-induced desorption were
and the process is referred to as laser-stimulated desorptigtioposed based on these restiftd However, for establish-
(LSD). The phenomena have been studied for several kindéd @ basic understanding of the electronic mechanism of
of semiconductors and for a variety of laser light sourced-SD, the following aspects need clarificatiofi) the elec-
with different characteristics.For example, even when we ronic transition that triggers the desorptia) the initial
restrict ourselves to nanosecond laser excitation of the suPonding properties of atoms to be desorbed, &@dhe ori-
face, the fluence range that can cause desorption is from gn of the instability that causes bond breakmg_ and desorp-
few hundreds ofuJ/cn? to a few J/icri with wavelengths tion, as has often been p_omted out In the StUQ'eS (.)f desorp-
. . . tion induced by electronic transitidh.From this point of
ranging from ultraviolet to near infrared. As clearly demon-

strated, the surfaces of semiconductors start to melt upoV'eW‘ studies by means of QMS usually have two serious

| irradiati b tain thresholds of fi hi Hrawbacks; both of which are related to the poor sensitivity
aser irradiation above certain thresholds ot fluence, WNIChL yiq method of detection. For observing desorbates with a

depend on the wavelength, pulse width, and basic propertigg,onapie signal-to-noise ratio with QMS, one must remove
pf substancé.Subllmanqn of constltuen_t atoms from I_aser- typically a few monolayer¢ML’s) per laser pulse. There-
induced molten layers is a well-established mechanism fOfore' desorption always takes place at highly damaged struc-
laser fluences above the melt threshiblit greater fluence tyres of the surface region. For such cases, it is difficult not
regimes, the interaction of laser pulses with a surface cagnly to identify the initial bonding configurations of atoms to
cause ablation, in which a dense plasma is formed to causse desorbed, but also to specify electronic transitions respon-
ejection of highly energetic ions and atoms. On the othegible for the desorption processes. Therefore, the poor sensi-
hand, desorption of constituent atoms can be induced itivity of QMS gives us less than ideal situations to analyze
some systems even for fluence ranges much below théne results to reveal primary processes responsible for the
thresholds of melting and ablatién® Some LSD phenomena bond breaking and desorption. The second drawback is con-
below the melt threshold have been ascribed to the thermalerned with the gas-phase dynamics after desorption. As ana-
mechanism in which sublimation takes place from the laserlyzed theoretically, the densities of laser-induced desorbed
heated layerS.However, recent studies of scanning tunnel-particles per unit volume per unit time in vacuum were high
ing microscopy observation of the laser-irradiated surfacegnough to induce collisions among emitted species, leading
have demonstrated that the removal of atoms that are incote the formation of Knudsen layéf.By this process after
porated in the reconstructed structures of semiconductor sudesorption, several important characteristics of the desorp-
faces can take place electronicalflf tion process were lost or modified significantly. Thus, for
The LSD below melt thresholds were studied for severaunderstanding the mechanism of LSD, detection methods
MX compound semiconductofsthereM and X denote, re-  with much higher sensitivity are highly desired for detecting
spectively, metallic and nonmetallic elementén earlier  neutral species.
work, quadrupole-mass spectrometef@MS) were the Recently, LSD from semiconductor surfaces was studied
primary tool used for detecting emitted neutral speiésn by using a highly sensitive resonance ionization spectros-
these studies, it has been shown that monatoijcand  copy(RIS), in which neutral species emitted were ionized by
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INTENSITY (arb. units)

Il. EXPERIMENT

from the surfaces of compound semiconductors. Very few Jm o

erate intense nanosecond laser pulses at appropriate photon _‘

sorption process, since the important knowledge of the non- FIG. 1. Mass spectra measured faf Xe, (b) Ar, and (¢) N,

enough for both metallic and nonmetallic species, should bgng some other peaks were detected belownta of 30.

clean InP surfaces by means of femtosecond nonresonafie intensity of each pulse was monitored by a calibrated

Surfaces of InP with the different crystal faces(@00) and  from the peak intensity to &/

and In, the relative intensities of which are strongly depeng regenerative-amplified Ti:saphire laser systgBMI

creasing number of laser shots on the same spot, suggestiRgted by a negatively biasdd-120-V) drift tube, and then
digital converter. Time-of fligh{TOF) spectra of desorbed

of n-type InP to the dimensions of 10 mxd5 mmx0.5 mm.  generator(Stanford Research Instrument, Model No. DG-

in ethanol and then were mounted onto a Ta holder in an A. Characteristics of the FNRIS technique

After several cycles of the treatments, (2B0) and InRF110) and mass resolution of this detection method of neutral spe-

exciting the surfaces with a Nd:YAG-laser pumped dye laseby femtosecond laser pulses of 2 mJ. For each spectrum, it is

one of the surface-specific optical transition bandscan be detected, we presume that these peaks are due to

nanosecond laser pulses via resonance-enhanced multi- I L '(a') ]
photon absorption processes:**However, the method has o Xep
been applied mainly for metallic neutral species desorbed | l ]
applications of the RIS have been reported for nonmetallic
species that have higher ionization potentialsecause of
some experimental difficulties; it is not conventional to gen- ©
L N
energies in the ultraviolet region. Although the studies by s !\ L L]
means of RIS have revealed some interesting aspects of 0 50 100 150
LSD, it is not enough to obtain full information of the de- MASS (m/e)
meLa"iC species hgs beenl C(_)mprlleterl]y 2bs<falnt in some. Cas(?)S‘ol’rtially filled in the chamber. These neutral gases were ionized by
or has been obtained ony in the higher- .uen(_:e redﬁm_e. femtosecond laser pulses of 800 nm with energy of 2 mJ/pulse. The
Therefore, a new detection method, which is sensitive,ea amm/e of 18 can be assigned to residual@Hin the chamber,
employed for establishing the understanding of the primary
processes of LSD from compound semiconductor surfacesjaser pulses. The laser beam was focused to 1-mm diameter
In this paper, we report the laser-induced desorption fronpn the surface by a quartz le850-mm focal length and
ionization spectroscopyFNRIS),**** in which all neutral  photodiode(Hamamatsu, Model No. S1337-1010 BJhe
species desorbed by a single laser pulse are ionized by iffuence on the surface was evaluated by the energy per pulse
tense femtosecond laser pulses and detected simultaneousdyd irradiation radius at which the beam intensity decreases
(110 were prepared and characterized carefully by low- The neutral atoms ejected from surfaces were detected by
energy-electron diffractiofLEED) and Auger-electron spec- means of the FNRIS technique. Femtosecond laser pulses of
troscopy (AES). The species desorbed from InP are B, P 800 nm with a temporal width of 120 fs were generated with
dent on the surface structure. The efficiency of the desorptioplpha-10. The laser pulses for ionizing desorbed neutral
is superlinear with respect to the excitation intensity, and th@pecies were guided to pass parallel to the sample surface at
yields of desorption of all these species decrease with ina distance of 2.0 mm. lons ionized by laser pulses were col-
the desorption originates from preexisting surface defecthey were detected by a microchannel plate placed in a shield
sites. Possible mechanisms of LSD from InP surfaces argox located behind the drift tube. The output of the detecting
discussed below based on these results. electronics was stored in microcomputer via an analog-to-
species were measured by changing the time delay of the
pulses for ionization with respect to the incidence of nano-
Specimens with &.00) crystal face were cut from a wafer second laser pulses for surface excitation by using a delay
Specimens with 110 crystal face were obtained by cleav- 535.
ing a crystal block ofn-type InP in air to 10 mmx 15 mm
X1 mm in size. These were cleaned by ultrasonically rinsing Ill. EXPERIMENTAL RESULTS
ultrahigh vacuum(UHV) chamber with a base pressure of
5x10 1 Torr. Then, a standard procedure was applied for First, we describe the basic characteristics of our FNRIS
obtaining clean surfaces by Adon sputtering and heating. method used in this study. In order to estimate the sensitivity
surfaces exhibited sharp ¥2) and (X 1) LEED patterns, cies, we measured ionization efficiencies of several neutral
respectively. No contaminants were detected by AES. gases at partial pressures of less than’I0orr. In Fig. 1 are
Laser pulses of 6-ns temporal widths were generated foshown the mass spectra measured for Ar, Xe, antbiNzed
(YAG denotes yttrium aluminum garnefLambda Physik, evident that A¥, Xe", and N* ions are clearly detected at
Spectramate 2B We mainly used 460-nm laser pulses inthe positions expected, although some unknown peaks are
this study, since the photon energy falls in resonance witlalso detected fom/e less than 30. Since 40 (m/e of 18)
of InP(11Q-(1x1) revealed by surface reflectance residual gases in the chamber. It should be noted in F@. 1
spectroscopy®!’ Putting appropriate neutral-density filters that almost no N signals were detected for ionization of N
on the optical path controlled intensities of the excitation-molecules. This indicates that the rate of dissociative ioniza-
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tion of N, molecules can be neglected, compared with simple O —— ™80 100 190
ionization of N,. Since N and B are isoelectronic, we may MASS (m/e)
expect a similar result for Pmolecules. This gives us an

additional advantage of simultaneous detection of all pos- F|G. 3. Mass spectra of desorbed species from laser-ex@ted
sible desorbed neutral species from InP, since the determingsp (110)-(1x1) and (b) InP (100)-(4x2). Both InP surfaces
tion of desorption yield of monatomic P is not disturbed by were excited by nanosecond laser pulses of 460 nm with a fluence
the dissociative ionization of,Rvhich is known as one of the of 48 mJ/cn, and desorbed neutral species were ionized by femto-
desorbed species in LSD from InP surfatés. second laser pulsé800 nm, 2 mjl The time delay between nano-

In order to evaluate the sensitivity of our FNRIS system,second laser pulses for surface excitation ésdfemtosecond laser
ion signals of N molecules were measured as a function ofpulses for ionizing neutral species was set at &s5for both sur-
the partial pressure of Nand of the intensity of ionization faces. Three arrows in the figure indicate the positions for mon-
pulses. For a given partial pressure of, Nhe ion signals atomic P and Pmolecules and In atoms, respectively.
were found to increase with increasing intensity of ionization
laser pulses. The ion signal was roughly proportional to th@onizing the neutral species to be unity, the lower bound of
10th power of laser intensity, although the ion signal did notdesorbed neutral species per pulse is estimated to be 5
show saturation even for the highest intensity of 2.5 mJ/pulsex 10°/pQ)=1x 10° neutral species. Since surfaces are ex-
in our system. In Fig. 2, we show the intensityM§ signals  cited by laser pulses with a beam diameter of 1 mm, this
as a function of number density of,Nnolecules. For the amount of neutral species corresponds to /1AL, which is
intensity of ionization laser pulse of 2 mJ, the ion signal canalmost comparable to the sensitivity of RIS applied fof Si.
be detected clearly above the number density of 1.6lhe estimation described above, though crude, indicates that
x 10’/cm®. When we take into account the ionization vol- FNRIS can be a powerful method to detect neutral species
ume, which was approximated as a cylinder with a diametedesorbed from surfaces simultaneously with high sensitivity.
of 0.2 mm and a length of 1 mm, then the number of N
molecules in this volume amounts tox30? molecules,
which is the lower bound to be detected by FNRIS.

For evaluating the absolute sensitivity of this FNRIS In Figs. 3@ and 3b), we show, respectively, the mass
method in the desorption study, we need to examine carespectrum of neutral species desorbed by the excitation with
fully several characteristics of desorption proces8é3Evi- ~ 460-nm laser pulses for InP(1t@1x 1) and InP(10p-(4
dently, the angular and velocity distributions of desorbedx2) surfaces. Both spectra were measured at qus.fme
neutral species govern the amount of the neutral species th@éelay of ionization laser pulses. In the figures, three arrows at
flow into the ionization volume after desorption. Also, the the position ofm/e of 115, 62, and 31 correspond to mon-
probability of ionizing these neutral species by a femtosecatomic In, diatomic i and monatomic P, respectively. We
ond laser pulse is also an important factor. Here, as a crudgresume that some peaks detected in the region mifth
guide of the sensitivity of our FNRIS technique, we considerless than 30 in the spectra originate from residual gasses,
the simplest case where desorption of neutral species take#ce they could be detected even when the surfaces of InP
place with a rectangular form of velocity distribution and were not excited. These background peaks made it difficult
without any preferential angular distribution. In such a casefo detect monatomic P desorbed when the intensity was
the solid angle of the ionization volume and the fractipn ~ small as in the case of IiP10). However, as seen in Fig.
of the neutral species lying in the ionization volume, relative3(b), the P signal is clearly distinguished from the back-
to the whole spatially distributed neutral species along theyround for the InPLO0) surface. It is evident that the relative
direction normal to the surface, at a given delay time afteratio of these desorbed species depends strongly on the sur-
excitation can be taken as the main factors that determine tifaces; B is the major product from InR10), whereas P
sensitivity. The magnitudes of these factors can be estimatedbminates over other species for (@B0).

O~1x10 2 andp~5x10 2 under the present experimen-  The yields of these neutral species were measured first as
tal conditions'® Therefore, by assuming the probability of a function of the numbefn) of laser shots at the same spot

B. Laser-induced desorption from InP surfaces

035414-3



J. KANASAKI, N. MIKASA, AND K. TANIMURA PHYSICAL REVIEW B 64035414

T T T T T3 F T T T T T T T
(@ InP(110) 1 0.002- P, >
E L
S 0.001f .
@ z2 I
’g 8 0 { 1 1 i
. Z F T T T T
£
& % 0.002- In 1
- =S
o = 0.001F .
&= )
% ) 1 . 1 " I ]
£ 0 10 20 30 40
& LASER FLUENCE ( mJjem® )
Q
w
g FIG. 5. Reduction constants for, @) and In (@) from InP

(110)-(1x 1) as a function of fluence of 460-nm laser pulses for
surface excitation.

01000 2000 3000 ,
SHOT NUMBER spots of the surfage _W|th 500 laser sho_t_s of the same flqence
to establish a similar surface condition for desorption.
FIG. 4. Yields of desorption ofa) P, (@) and In(®) from InP Changing the spots of the surfaces caused little effect on the
(110)-(1x1) and of (b) P (O), P, (@), and In (@) from InP  desorption level after 500 shots. A similar surface treatment
(100)-(4x2), induced by repeated irradiation of 460-nm laser of preirradiation was applied also for the IR0 surface.
pulses. The solid lines itb) are the fit of the exponential decay t0 Then three different types of measurements were carried out
data. For Pand In from InP (11)-(1X1) in (&), two decay com- o the surfaces treated by the preirradiation of 500 shots.
ponents(broken line$ are dlstln_gwshable, and the sum of the two After the surface treatment with preirradiation, yields of
components are shown by solid curves. desorption were measured as a function of fluence; the yields
were determined as an average of 100 laser pulses with a
for each of the two surfaces. Figure 4 shows the results fogiven fluence. The results for IGPLO and InR100) are
INP(110 and InR100); it is clear from the results that the shown in Figs. 6a) and Gb), respectively. It is evident in the
yields of all species decrease with increasinén the case of figure that the yields of the three products show a superlinear
InP(100), the decrease of each product can be fitted by alependence on the fluence, as has been reported for other
single straight line in the semilogarithmic plot; the yiefg  semiconductor surfaces in previous studies. The solid curves
by thenth pulse of irradiation decreases exponentially as an the figures are the calculated results of the model, which
function ofn, namely, In¥,)=In(Y,) —a(n—1). The constank  will be discussed below.
which is referred to as the reduction constant, characterizes By applying the same surface treatment, we measured
reduction of the desorption yield under a repeated irradiationTOF spectra for P, P and In desorbed from InP surfaces. In
On the other hand, in the case of [AR0), the decrease in
the yields of both Pand In can be fitted to the sum of two I R I
decreasing components with differemts which are shown 400} @ PO
by broken lines. We call hereafter the two the fast and slow
components, respectively. For the (@R0) surface, similar
measurements were made for different laser fluences for sur-
face excitation. Although we could not determine the reduc-
tion constant for the fast component precisely, the constant
ag for the slow component was determined as a function of
laser fluenceb. The result shown in Fig. 5 indicates thag
is proportional to® with different proportionality constants
for P, and In. Quantitative analysis of this result @f are
given later in Sec. IV B.
As seen in Fig. 4, the fast decay of the yields of neutral
desorbed species for IGPLO) is completed withinn=500.
The reduction of the slow component of Was at most 10(]1/0h RGN AT
for another 1000 shots after irradiating the virgin spot of the 2
surface with the first 500 shots, even for the highest fluence LASER FLUENCE (mJ/em’)
of 63 mJ/cm. This slow reduction of yields in this range  FG. . Desorption yields ofa) P, (@) and In (®) from InP
(n>500) provides us a better chance for studying several110)-(1x1) and those ofb) P (O), P, (®), and In(®) from InP
important properties of desorption, since there is the condi¢100)-(4x2) as a function of fluence of 460-nm laser pulses. The
tion of a quasiconstant rate of desorption with respect to theolid curves are the best fit of the theoretical model of the two-hole
shot number. Based on this result, we first excited the freslocalization(see text
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FIG. 7. Time-of-flight spectra ofa) P, (b) P, and(c) In, fron FIG. 8. Intensities of ion signals of) P, (b) P,, and(c) In

InP (100)-(4x 2) desorbed by exciting the surface by 460-nm laserdesorbed from InP (109(4X2) measured as a function of
pulses. Open circles are the data for fluence of 40 nfJ/aile  jonization-laser intensity scaled in terms of pulse energy. Signals of

solid circles are those for fluence of 98 mJfcifhe data for fluence P, and In are almost saturated at energy of 2 mJ, while that of P still
of 40 mJ/cnd were multiplied by appropriate factors to have similar continues to grow at energy of 2 mJ.

peak heights to those of 98 mJ/gém

) . from InP(100)-(4% 2). Reflecting the difference in ionization
this measurement, desorption yields were measured for gotentials of the three species, the results shown in Fig. 8
given fluence as a function of the time delay between th@now characteristic changes. For In, which has the smallest
laser pulses for surface excitation and femtosecond lasggnization potential of 5.78 eV, the signal increases propor-
pulses for ionization. The TOF spectra thus measured fofigna]ly to the fourth power of; in the weak power region,
InP(100) are shown in Fig. 7; two different symbols in the yhile it is saturated abovk of 2 mJ. On the other hand, P

figure correspond to the results for two different fluences ot; R signals show a stronger dependence upoimoughly
excitation laser pulses. The spectrum for P is CharaCterizeHroportional to sixth or seventh power bf) for the weak

by the peak flight time of s, that for B by the time of 5.5 ,4wer region. The Psignal is almost saturated above 2 mJ
us, and that for In by the time of aboutu. It is evident that ¢ I, while the P signal continues to grow abdveof 2 mJ.
not only the peak flight time but also the distribution is not tharefore. we are detecting, Rnd In with an ionization
dependent on the fluence of excitation laser pulses within thﬁrobabilit); of almost unity, but the yield of P atoms is un-

present experimental accuracy. Measurements of TOF Spefgrestimatedroughly 60% at the present power level of the
tra for B, and In from InR110) have given similar features as tamtosecond laser pulses.

those shown in Fig. 7; the peak flight times are essentially
the same as those from I(#®0), and no fluence-dependent
peak flight times are detected. V. DISCUSSION

In the present detection of neutral species by means oA. Qualitative features of the desorption studied with a highly
FNRIS, the technique measures the densities of desorbed sensitive detection method
species, not the flux as in the case of QMS measurements.
Therefore, two factors should be taken into account for
evaluating the desorption yield; one is the time of flight of As described in Sec. Ill, we could detect neutral desorbed
each species with different masses from the surface to thepecies simultaneously with sensitivity that is much higher
ionization region, and the other is the ionization probabilitiesthan that in previous studies of LSD on compound semicon-
of species that have different ionization potentials. As seemluctor surfaces. The species detected ageafd In for
in Fig. 7, all TOF spectra of P,,Pand In have maxima InP(110 and P, B, and In for InR100. Although these
around 5.5us after surface excitation, and the widths of TOF species have been detected previously, the most significant
spectra are similar. Therefore, the mass spectra measuredfaature revealed in this study is the fact that the yields of
time delay of 5.5us are representative of relative yields of these species depend strongly on surfaces properties. As de-
the three species, except for the difference in ionization probscribed in Sec. lll, the present method of detecting neutral
abilities. In order to examine the difference in ionization species is essentially a density detection. However, consid-
probabilities of P, B, and In, we measured the ion signals of eration of TOF spectra of P,Pand In shown in Fig. 7 and
desorbed species as a function of intenkjtpf femtosecond  of specimen-dependent ionization probabilities shown in Fig.
laser pulses. The results are shown in Fig. 8 for2aRd In 8 allows us to conclude that,Rnd In are the main products

1. Electronic bond breaking as the origin of desorption
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of desorption for InPL10), while P, B, and In are desorbed or dose, shown in Fig. 4 are two additional phenomena that
from the INR100) surface. Namiki, Cho, and Ichigdound  are characteristic of electronic desorption from InP surfaces.
that the fluence dependence of the yield ¢fwRs identical The latter observation of decreasing yield with increasing
for the two different surfaces ofl10 and (100 of GaP. dose has been observed in previous studies by means of
However, as demonstrated herg,i®the major product for highly sensitive detection of neutral specfés->This behav-
InP(110), while monatomic P is that for IB00). Also, the  jor of decreasing yields with increasing dose has been re-

fluence dependence of the yields of neutral species showg, qeq as a piece of evidence that the reactive site of desorp-

clear differences for the two surfaces as seen in Fig. 6., s an atomic-scale defect on the surface. Although defect
Therefore, the present results, showing a strong contrast tQ

the results of previous studies, indicate clearly that the de§’Ites have not been identified in many cases, Yu and Tan-

sorption process at InP surfaces is strongly sensitive to suffuré have demonstrated that the Si ad-dimers on

face structure when fluences are well below melt and ablaSi(100-(2x 1) with a surface concentration less than 0.1 ML
tion thresholds and the sensitivity of detection of neutralprovides the reactive site for desorption, and that the yield of
species is sufficiently high. Si-atom desorption decreases with increasing the number of
The TOF spectrum measured for P for (2B0)-(4X 2) laser shots at the same spot of the surfdo®n the other

shows a peak flight time of 5.[s, which corresponds to the hand, in the case where the intrinsic atomic site of the sur-
translational energy of 0.026 eV. The corresponding energieice reconstructed structure acts as the reactive site for de-
of 0.052 and 0.078 eV are evaluated from the TOF spectragrption, the yield is constant at least for the number of laser
for P, and In. An important feature seen in TOF spectra isgyots of 16, ‘as shown by Ishikawat al. for Si(111)-(7

that neither the peak-flight time nor the velocity distribution x7).2° Based on these previous results, we conclude that the
are dependent on the fluence of the excitation-laser pulse, 7. ; . ’ .
although the yields change by a factor of 10 for the tworéactwe sites of desorption on InP surfaces are atomic-scale

fluences at which TOF spectra are measured. The amoufEfects on the surfaces. _
desorbed per a single laser shot can be estimated to be FOr electronic bond breaking at a defect site, two modes
at most 104 ML in the present study, since the maximum Of optical transition can be responsible; one is the direct op-
of the ion signals is at most $@imes larger than the detec- tical excitation of a defect-associated localized electronic
tion limit that corresponds to 10 ML. For such number state, and the other is bulk and/or surface electronic transi-
densities of desorbed neutral species, any effects of ga#ons resulting in the formation of delocalized excited states
phase collision may be neglect&dTherefore, we conclude followed by their localization onto the defect site. The super-
that the velocity distributions shown in Fig. 7 are characterdinear dependent yield on excitation intensity is an essential
istic of the desorption processes of each respective speciegeature in either case. The former direct defect excitation has
This fluence-independent velocity distribution shows abeen assumed in a literature, and the superlinearly dependent
strong contrast to those obtained in the previous studies afield as a function of the excitation intensity has been as-
LSD from MX compound semiconductors, in which fluence- cribed to the multistep photoabsorption of defects, starting
dependent translational energies were often observed. In thgym the ground electronic state to the final“antibonding
case of sublimation from the molten layers on the surfacesstate” via several intermediate excited-state configuratfons.
the_z translational energy increases with increasing f_Iuence, 3%owever, we conclude here that this is not the case in the
evidenced by the studies of laser annealing of semiconductQiectronic desorption from InP surfaces based on the results
surfaces. Therefore, we conclude that the LSD from InP shown in Figs. 4 and 6. In these figures, we clearly see that

surfaces in the present study is not due to laser-induced meI(IJﬂI neutral species £and In for INR110) and P, B, and In

ing. Brewer, Z'an’ and Olsén have studied the laser- for InP(100 show decreasing yields with different reduction
induced desorption from CdTe with fluences below the meltconstants and that the desorption yields of all species depend
threshold. They have shown that the velocity distribution is P y P P

well described by a single Maxwellian component, with supgrlinearly on the flqence of excitat'ion laser Ii.ght. If the
translational energy essentially identical to the surface temMUltiStep photoabsorption of defects is responsible for the
peratures calculated using one-dimensional heat-flow modefl€sorption, then we have to assume that all surface defects
and that both Cd and Téave the same translational energy.aCt'_”g as react_|ve sites for different desorbed species have
Based on these results, they concluded that a thermal mech@Rtical absorption bands at exactly the same wavelength of
nism was responsible for desorption of Cd and, Teder 460 nm for their ground and all intermediate states before
laser irradiation. However, in the present case, the velocityeaching the final antibonding states. Furthermore, we have
distribution and most probable translational energy are noto assume that the width of such optical absorption bands are
dependent on fluence, and B, Bnd In have different trans- extremely wide, more than 1 eV, since similar decreasing
lational energies. Therefore, we conclude that the desorptioyields have been observed for (@0 surfaces excited with
process is not due to a thermal mechanism but is electroni@37-nm photons® Such a situation is very improbable, even
in nature. Possible mechanisms of this electronic desorptionnreasonable. On the other hand, as discussed in the next
will be discussed later in Sec. IV B. paragraph, an alternative model of nonlinear localization of
surface excited species at the respective reactive sites de-
scribes reasonably and satisfactorily all of the important fea-
The superlinear dependence of desorption yields shown itures of the electronic desorption from InP surfaces revealed
Fig. 6 and the decreasing yields with increasing shot numbein this study.

2. Reactive sites and optical transition
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B. Model of electronic desorption on semiconductor surfaces;  pared with the pulse widtt, (long-pulse approximationthe

nonlinear localization of surface-excited species above equations are easily solved to give
1. Analysis of decreasing yields of desorption . K,
The yield of electronic desorption of a particular species Ng(t) =Ng exp{ —o* ¢’( 1- WH’ ©
is proportional to the number densily of the reactive site
from which atoms are removed and to the rqt&f electronic a( ) 0
bond breaking that takes place at certain excited states at the Y=~ {Ng—Ny(to)}. (7)
) . ’ . Ko—Ki+9(¢)
site. For a giverg, we can define the reduction factgp(g)
for N upon thenth irradiation as In view of the results of this rate-equation model, number
density of the reactive site at the end of a pulse is given by
Nn= 77(9)Nn-1, (1) Ng(to). Therefore, the reduction factor is given by

=exp(—o* pte{1-K,/[Ky+g(¢)]}). As shown in Fig. 5,
a linear relation holds betweenIn » and ® (= ¢ty) for
desorption of both Pand In. Then,Ky>g(#) or K;,Kq
<g(¢) must hold, together witla™, which is not dependent

where N,, is the number density of the site after théh
irradiation of laser pulses. Then the yieYy, of desorption
induced by thenth irradiation can be written as

n-1 on ¢. However, if the latter is the case, then we have, from
Y, =AN,_,=AIl 7(g)N,, 2) Eq. (8), Y,~(1—7)N,_4, which does not show any super-
i=1 linear dependence on the fluence. It follows th&p

. . ~>0g(¢); the first-order decay channels dominate over the
where A is a constant that correlates the desorption yieltyesorption in the deexcitation process of the excited state of

with the number density of the reactive site on the surfacey,s reactive site. This is an important consequence deduced

When 7, is not dependent on, Yy, is simply given by¥n  from the analysis in terms of the phenomenological rate-
=ANy{7(9)}""*, leading to the linear relation between equation model.

In(Y,) andn—1. When we definex=—In 7, then this linear
relation is in fact observed in Fig. 5, although we need to 2. Possible mechanism of superlinear dependence
introduce two sets of parameters that represent the fast and of the desorption yield

slow components for InNR10).

For obtaining deeper insight into the reduction factor, we In view of the model of Iocallza_tlon of excn_ed states at
follow the rate-equation model developed in Ref. 17. In thisthe reactive site, the above-mentloneq effective excitation
model, the rate of exciting reactive sites is treated in a pheC0SS Section and the rate of desorption are formulated as

nomenological way in terms of the effective excitation cross®llOWS- LetN, be the concentration of surface excited spe-

sectiono®, and the desorption is assumed to be induced at afi€S (€lectrons, holes, or excitongenerated by laser excita-
excited state of the reactive site with a probability that istiOn- The rate equation fdN, is given by

superlinear with respect to the laser flux. The rate equations dN 1
for the groundN, and the excitedN* states of the reactive —Z=pNy— —Ng—f(Ny), 8
site are given by dt T
AN where o is the absorption cross section of photons of laser
— % N~ KoN* — g( )N, 3) Ilght,. NO_ the density of.state of t_he ground el_ectronlc gtate,
dt 9 the lifetime of the excited species, affN,) is a function
that characterizes possible nonlinear decay channel of the
dN, excited species. When we assume that the monomolecular
W=—U* dNg+KiN*. (4)  decay channel dominates over the nonlinear decay of the

excited staté! thenN, is given byN.= o ¢7N, in the long-
In these equationss is the flux of the excitation-laser pulse, Pulse approximation. The lifetime of the excited states is
Ko the sum of all possible channels of the first-order decayéletermined by all possible deexcitation channels, and it can
at the excited state, including the deexcitation with the ratde written generally as £ 1/7o+ 1", wherel’ is the rate of
K, into the original ground state, amf ¢) is a function that trapping the excited state by surface defects, ang i¥/the
characterizes the superlinear dependencepdior desorp-  total rate of deexcitation other than the trapping. The Fate
tion. The yield of the desorption, which has been measure@an be written generally as
as a time-integrated quantity over the temporal witjtof I'= yNoNy = (07yNg) éNq, )

the excitation-laser pulse, is given by
where y is a bimolecular reaction constant in the trapping
[t . process. Then the effective excitation cross section i Hq.
Y= fo 9(¢)N"dt. ) corresponds tarryNg(=o*) in this model.
The superlinear dependence Yfon ® shown in Fig. 6
For simplicity, a rectangular shape of the excitation-laseiindicates that multiple photogenerated excited species are in-
pulse is assumed, with a constant flgxand a widtht,, volved in the localization process. Among several excited
namely ® = ¢t,. For a much shorter lifetime d* com-  species, the important role of surface holes has been empha-
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sized. Sumi studied theoretically the two-hole localization asoles at surface defects. Although LEED measurements con-
a possible mechanism of electronic desorption of constitufirmed the well-ordered (x1) and (4x2) periodic struc-
ents of semiconductor surfaces and formulated theate tures of the surfaces used in this study, atomic-scale defects
the two-hole localization onto a particular lattice Sfteis  of several forms may exist on the surfaces. Here we briefly
result ofJ for the successive capture of the second hole ont@liscuss the surface defects as the possible reactive sites on
the first-hole localized site can be approximated wellJoy the InP surfaces. First, we make a rough estimate of the
=j{expfr) —1}*N,, wherej, is a constant, that depends on amount of defects involved in the desorption process studied
several properties of the reactive site. The quantjfys the  here. Based on the detection sensitivity mentioned in Sec. Il|
concentration of photogenerated surface holes normalized tand the highest signal detected by FNRIS, we estimate the
the effective numbeZ of free-hole states in the surface va- total amount of P molecules, which is the main product of
lence band at a given temperature. For the weak-excitatiothe desorption from InP(1)§(1%x1), to be about 1
regime,J shows quadratic dependence R, while it in- X 10"*ML. As discussed in Sec. IV B, the rate of monomo-
creases exponentially for the intense-excitation region.  lecular processes at the defect excited states is much higher
In this two-hole localization scheme, the excited specieshan the rate of desorption. When we assume the Kate
described by Eq(8) are the surface holes, and the excited — K, responsible for the monomolecular decay is higher by a
state of the reactive site of Eq&) and (4) is the first-hole  factor of 100 than the rate of desorption, then the initial
localized state. The rate of two-hole localization formulatedconcentration of the reactive sites is estimated to be 0.01

by Sumi corresponds exactly to the tegfp)N* in Eq.(3).  ML. This amount of defects on the reconstructed surface

Since the quantityy, is given by may be well expected.
One possible source of defects may come from the pro-
Np=0®(7/tg)No/Z, (10) cess of preparing the surfaces; InP surfaces in the present

study were prepared by several cycles of cleaning processes

of Al sputtering and thermal annealing. Rai.0) surfaces

of IlI-V semiconductors, it has been shown that dimer con-

experimental results of were compared with this equation flguratlor_ls of nonmetallic ato'ms are often induced Wher_1 the
surface is heated to a certain temperature below meélfing.

with Jy and B being fitting parameters. The solid curves in .
Fig. 6 are the best fit of this equation to experimental results! "€refore, itis presumed that suchtiype defects are frozen

it is evident that it describes almost perfectly the results for N the present (110 surface. On the _gf:?fr hand,
whole range of the excitation intensities for all desorbed spel™P (100)-(4<2) has been shown to be In-rich™ There-
cies from two different surfaces. By considering possible dif-fore. the formation of dimer P atoms may be suppressed,

ferences in the magnitudes pf andN, for respective reac- compared to the stoichiometri€l10 surface, and mon-
tive sites, the best-fit values of thk's are different for atomic P-type defects could be formed. Significant differ-

different species. However, the same valueBohas been ences of the yields of desorbed species for the two surfaces

used for different desorbed species from the same surfac812y Pe caused by the difference in stoichiometry of the two

which is a requirement of the two-hole localization model. surfaces. The other possible source of gengratmg defects on
It is now established that the surface relaxation on thdl® surfaces may be the electronic process induced by LEED

INP(110) surface involves charge transfer from In-atom dan-and AES measurements for characterizing our surfaces. Re-

gling bonds to P-atom dangling bonds, leading to the formaS€Ntly, scanning tunneling microscop§TM) has been used

tion of quasi-one-dimensional rows of P atoms on the top_to study structural changes on semiconductor surfaces in-

most layer® The laser wavelength of 460 nm used in this duced by electron and laser irradiation. For GaAs surfaces,

study falls in resonance with the lowest surface transitiofVhich were prepared by cleaving under ultrahigh vacuum
band, which is characteristic of the relaxéti0) surface. condition, it has been shown that electrons of the sort used in

Therefore, surface-excited species are generated in InBES and LEED cause surface point defeCtsElectronic
(110)-(1x 1), together with bulk-excited states. Although Processes may be expected on our InP surfaces to generate
the surface electronic structures of InP(LG@Xx 2) have surface defects similar to the reactive sites for desorption.

not yet been clarified, the surface transition energy may no&alisr(]ﬁ ()?éslox Jt?;aesr:Jr]‘szar]c()eV\sanit&a'{cjé?eS;gllr?]rc])t di:‘ri:azdlsattrlgr? IOf
be the same as those of InP(}4@ X 1) because of the aly

; 240,27 o
more complicated reconstruction. As seen in Fig. 6, the dethelr morphologies™’ Since INP(119-(1x 1) has features

sorption from InR110 is more efficient than that from Similar to those of GaAs(136(1x1), excitation-induced
InP(100). This may be related to the difference in efficienciesd€fect processes on InP()101x 1) may well be presumed.
of forming surface excited states that, in many cases, aréhese excitation-induced defect reactions on surfaces may be

effective in electronic bond breaking of covalent semicon-T¢latéd strongly to the desorption of neutral species of,P, P
ductor surface&? and In. In the study of laser-induced desorption of Si atoms

from Si(11)-(7X7), it has been shown that electronic bond
breaking of adatoms leads directly to the formation of ada-
tom vacancies and to Si-atom desorption at an electronically
As discussed above, all of the important features of elecground staté. STM observation of irradiated surfaces has
tronic desorption from InP surfaces have been described satevealed that adatom vacancies thus created are mostly in the
isfactorily by the model of two-hole localization of surface form of the monovacancy, and that no Si-atom aggregates

in the long-pulse approximation, it is proportional to the ex-
citation intensity characterized bg. Therefore,J is ex-
pressed ad=Jo{expBP)—1}?, wherel, is a constant. The

C. Reactive sites on InRP110)-(1X1) and InP(001)-(4X2)
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are formed on the surface for the defect level below £0%.0f LSD to understand the processes from a microscopic
Therefore, laser irradiation does not induce any complicate@iewpoint of the atomic level. Such a comprehensive study
photon-assisted reactions of surface defects that are gendsy combining STM observation of irradiated surfaces with
ated by laser-induced electronic processes on Si (111highly sensitive simultaneous detection of desorbed species
-(7X7). However, the atomic processes on compound semby FNRIS is now underway.

conductor surfaces under laser irradiation may be more com-

plicated; laser irradiation induces changes in defect mor- V. SUMMARY

phologies on one side and causes desorption of neutral atoms In this paper, we have studied laser-induced electronic

on the other side. :
) ; . desorption from surfaces of InP(1)tQ1X1) and
As discussed in Sec. IV B, the dominant channel of monoy (100)-(4x 2) for laser fluences well below the melt and

Qg:grc(;ﬂ?g gsggg’ tci)éndelfteizt ti)i(scﬁgnitritglse (lilgvol\éigslg ttr?ae blation thresholds. We have demonstrated that the method
pon. P f FNRIS is useful for detecting desorbed neutral species

governs the decrease in the number density of reactive sites.

imultaneously with a high sensitivity of IO ML per pulse.
We.speculate that the monomolecular decay_ of the defe or INP(110-(1x1) and INP(10p-(4x2), species des-
excited states corresponds to the changes in defect MOl od are P P and In, the relative yields of which are
phologies(via photoactivated defect reactions on the surface Ny ' Y

into some forms which no longer be active for the desorp-Strongly dependent on the surface structures. ‘Then8!-

tion. Such defect reactions may be sensitive to the initiaFCUIeS are desorbed predominantly from InP(3(Dx 1),

conditions of the surface in terms of the stoichiometry, theWhIIe monatomic P is the main product of desorption from

morphologies of existing defects, and their number densitieéﬂp(l.oo'“xz)' As the charactensuc; O.f th(’.} electronic d('.}'
Therefore, the direct correlation may not be possible at thi orption, it has been shown that the efficiencies of desorption

moment between the reactive sites of desorption on InP su or the_ three species dgpend superlingarly on the ex.citation
faces used in this study and previously obtained knowledgémens'w' and that the yields of desorption of all species de-

of surface defects in atomic levels on similar surfaces thaf' ¢3¢ with increasing number of laser ShOtS on the same
are prepared by different methods to have very low defec?pOt' We_have_concluded th_at_the desorption takes place at
concentrations the reactive sites of preexisting surface defects. As the
It is evident that definite identification of reactive sites of mec;]hanlsm of th% Liser"ndﬁce.d desfotrptlohn Ionl InPI_sutrfacest,
laser-induced electronic desorption can be possible only b ef atve_tpropo?? h € mec laf“sm Ot Wf;hoi otca 1za ltf)r:ha
combining atomic-scale knowledge of surface structures ungcrect sites, which can explain most of the features ot Ine

der laser irradiation with results of highly sensitive detectionfjesorptlon processes revealed in this study. The atomistic

of desorbed species. In the previous studies of LSD b|dentification of the reactive sites on the surfaces has been

means of QMS, such a microscopic knowledge of surfacieft as an important future problem.
defects of atomic levels cannot be the subject of discussion,
since desorption always occurs at highly damaged layers.
Our method of FNRIS, which makes it possible to detect Support of this research by Grant-in-Aid for Scientific
desorbed neutral species simultaneously with a high sensitiResearch by the Ministry of Education, Science, Sports and
ity of the 10" " ML, has opened a new stage in the researctCulture of Japan is gratefully acknowledged.
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