
Characterization of surface defects by means of laser-induced Ga0 emission from GaP

surfaces

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1991 J. Phys.: Condens. Matter 3 7001

(http://iopscience.iop.org/0953-8984/3/36/005)

Download details:

IP Address: 171.66.16.147

The article was downloaded on 11/05/2010 at 12:32

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/3/36
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


J. Phys.: Condens. Matter 3 (1991) 7W1-7006. Printed in the UK 

Characterization of surface defects by means of 
laser-induced GaO emission from GaP surfaces 

Ken Hattorit, Akiko Okanot, Yasuo Nakait, Noriaki Itoht and 
Richard F Haglund Jrt 
t Department of Physics, Nagoya University, Furo-cho, Nagoya 46461, Japan 
$ Department of Physics and Astronomy, Vanderbilt University, Nashville, 
Tennessee 37235, USA 

Received 26 February 1991, in final form 10 lune 1991 

Abstract. We havecarriedout highsensitivity measurementsof tbeemissionofGaoneutrals 
from aclean GaP(110) surface induced by laser pulsesof subgapphotonenergies. We found 
that, below a sharp threshold laser Ruence for evolution of surface damage, the emission 
yield of Gno atoms decreases, following two exponential functions, with repeating pulses of 
the Same fluence. These two decays are ascribed to the ejection initiated by defects of two 
different types. These measurements are shown to be useful for characterizing defects of 
extremely small concentration. 

There is increasing interest in identifying, characterizing and controlling small con- 
centrations of surface defects over a relatively large area in electronic and photonic 
materials. This capability is important both for technological reasons, as in the fab- 
rication of multiple-quantum-well devices, and for basic scientific studies of surface 
electronic structure. However, most current techniques for microscopic surface analysis 
do not have this capability. For example, scanning tunnelling microscopy [l] has an 
extremely high spatial resolving power but can only evaluate defects quantitatively over 
a relatively small surface area. 

In this paper we report the first demonstration that laser-induced particle emission 
monitored by resonance ionization mass spectroscopy successfully differentiates 
between several types of defect in the topmost atomic layer of a GaP specimen. In 
addition, we show that certain of these defects can be eliminated from the surface by 
prolonged irradiationofthesurface without producingcrystallographic damage. Finally, 
we show that this same technique is able to provide significant clues to the nature of the 
defects responsible for laser-induced surface damage above a certain h e n c e  threshold. 

The specimens used in this experiment were n type (S-doped) GaP single crystals 
measuring 10" x 10" x 2". The wide face parallel to the (110) plane was 
mechanically polished, chemically etched and finally cleaned by Ar+ ion bombardment 
and thermal annealing in ultra-high vacuum (base pressure, less than 2 x 1OW6Pa) [2, 
31. After cleaning, the surface showed a clear (1 x 1) low-energy electron diffraction 
(LEED) pattern and no Auger signal due to surface contaminations was detected. The 
surface was bombarded by an excimer-pumped dye laser at a wavelength of 600 nm and 
a pulse width of 28 ns. The laser beam of this wavelength is capable of exciting the 
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electrons in the valence band to the unoccupied surface states located 0.3 eV below the 
conduction band [4] but not of inducing band-to-band transitions. Hence the heating of 
the surface layer is extremely small [5 ] .  This 'pump' laser beam, which was made as 
uniform as possible using apertures and lenses, was incident on the specimen at an angle 
of 4.5" from the surface normal. The beam spot on the surface was 0.5 mm in diameter. 

Emitted neutrals were observed with high sensitivities using the resonance ionization 
spectroscopy (RIS) technique [6] as reported elsewhere [7]. Frequency-doubled light 
from a second excimer-pumped dye laser was used to excite the 'P,,, to *D,/, transition 
of Ga neutrals, while the fundamental beam from the same laser (at 574.82 m) ionized 
excited Ga neutrals. The RIS laser was triggered about 5 p s  after the pump (desorption) 
laser and passed parallel to the surface at a distance of 2.0 mm. Gat ions were detected 
with a channeltron, the signals of which were stored in a microcomputer. 

We measured the Gao yield from the GaP(ll0) surface induced by repeated 
irradiation with laser pulses of a k e d  laser fluence on the same spot. Figures l ( a )  and 
l ( b )  show typical results for the yield Y of Gao neutrals per pulse as a function of the 
number n of laser shots at laser fluences of 1.0 J cm-' and 1.2 J cm-', respectively. A 
previously unirradiated spot of the sample was bombarded repeatedly by laser beams 
of each fluence. The fluctuation of the fluence of the laser pulses at each 'fixed' fluence 
was about 5%. As seen from figure l(u), Ydecreases initially with increasing n, approxi- 
mately following an exponential relation, and reaches nearly a constant value, which 
decreases very slowly and lasts over 8OOO pulses. The ordinate is given in arbitrary units, 
of which unity approximately corresponds to the removal of atoms in a monolayer. 
We refer to the decreasing component as the A component and the nearly constant 
component as the S component. The LEED pattern obtained on the laser-focused spot 
was unchanged after 8OOO pulses. 

On theotherhand,aboveafluenceofl.Z J cm-',arapidincreasein Ywithincreasing 
n is seen as shown in figure l(b). We note a remarkable difference in the Y-n relation 
by changing the laser fluence by only ZQ% across a critical fluence Io of 1.1 J c ~ n - ~ .  
Above the critical fluence, each spot of the LEU) pattern became weaker after several 
hundreds of laser shots. Thus we ascribe the increase in Ywith increasingn (referred to 
as the D component) to the evolution of damage on the surface. We note that at the 
initial stage of evolution the number of atoms emitted by each laser pulse is small, nearly 
of the order of monolayer, and that the number of atoms starts to increase if initial 
damage is produced on the surface. Thus it is clear that the mechanism of initial damage 
occurs without emitting a large number of atoms and hence is purely electronic. 

Since theemissionyieldofGaatoms isreduced byrepeatinglaserpulses, even though 
thesurfaceremainsundamaged, the Acomponent in the Y-nrelationisundoubtedlydue 
to defect-initiated particle emission. We assign also the S component to defect-initiated 
particle emission for the following reasons. First no change was observed in the LEED 
pattern after 8000 shots. Second, no increase in Ywas observed even at n = 8000, while 
an increase in Y is seen at n = 20 for a fluence larger by only 20%. Suppose that both 
the S and the D components were due to the evolution of the damage on the surface, 
then we should see a rapid increase in the probability of destruction of perfect sites as 
the laser fluence is increased; indeed the yield should follow about the thirtieth power 
of the laser fluence if Y is a power function of the laser Euence. Since such a high power 
dependence is unrealistic, we consider that S emission and damage mechanisms are 
distinct. Thusit isclear that hvocompletelydifferent typesofdefect can be differentiated 
by measuring the dependence of the yield on the number of shots. 

Thenumber dl\r,(n)/dnofatomsemittedbyalaserpulsefor the AandScomponents 
canbefittedtoexponentialfunctionsYoexp(-an),with Yo = 3.0(arbitraryunits), 1y = 

' 
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Figure 1. Plots of Ga" yield from the GaP(110) 
surface as a function ofthe number of laser shots 
atfluencesof(a) l .0Jcm~'and(b)1.2Jcm-2. A 
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Figure 2. Dependence of Ga" yield on the laser 
Auence for sequential irradiation of the GaP(l10) 
surface: data 1, the laser Ruence was increased 

new spot was exposed to the laser beam at the 
stan of the expenmental N n  lor each fluence and 
the same spot w3s irradiated repeatedly. Three 
typical features of the Clan yicld as a function of 
the number of shots, decredshg, constant and 
increasing. arc referred to as A, S and D com- 
ponenu, re-pectivcly. 

gradually; data 2. the laser flucnce was kepi con- 
slant at l2  = 0 85 J ~ m - ~ :  dat3 3. the laser Rucnce 
uas decreased gradually; data 4 the laser Ruence 
was kept constant at I, = 1.35 J cm-'. The arrows 
beside the plots shou, the direction of the change 
b) the sequential irradiation The threshold laser 
Eurnces I,. Is and lo (see text) are indicated by 
rsnical arrows 

1.1 X WZ, and Yo = 0.12 (arbitrary units), LY = 7 X W5,  respectively. If the emission 
of atoms is initiated by defects, the number of atoms emitted per laser pulse is pro- 
portional to the defect concentration on the surface: dNE(n)/dn = qND(n), where q is 
the yield and N&) is the number of defects after the nth shot. It follows that ND(0) = 
Yo/q = (Yo/cr)(a/q). We obtained the ratio for Yo/n for the S and A components to be 
6.3. 

The laser-induced particle emission varies superlinearly with laser fluence [S, 91. 
Therefore, one can define an apparent threshold laser fluence above which the particle 
emission is observed. In order to find the threshold laser fluence for particle emission 
initiated by each type of defect, we carried out an experiment, for which the results are 
shown in figure 2. In this experiment we irradiated a new spot on the surface starting 
from low laser fluences and obtained Y as a function of fluence, as shown by data 1. The 
threshold laser fluence I ,  of 0.07 J cm-' can be ascribed to the A component. Next we 
repeated irradiation at fluences near 2' = 0.85 J cm-', where Y was decreased as shown 
by data 2, removing the A component remaining after irradiation at low fluences. When 

. . . . . . . . . . . - .. 
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Y became almost constant, we reduced the laser fluence. Below a threshold laser fluence 
of Is = 0.5 J cm-*, the yield vanished, as shown by data 3. We consider that this is 
the threshold fluence for the S component. When the laser fluence was fixed at I ,  = 
1.35 J anm2 above ID, Y was increased with increasing n, as shown by data 4. ID can be 
regarded as the threshold fluence for the D component. 

Since the A component is eliminated at the lowest laser fluence, we suggest that it is 
due to elimination of an adatom-type defect, i.e. a defect which, after the emission of 
Ga atom, leaves either the perfect configuration or another defect configuration with a 
higher stability against laser irradiation emerges. In this case, ND(0) = Yo/a and hence 
a/q = 1. If a/q = 1 holdsfor the S component, ND(0) for the Scomponent is higher than 
fortheAcomponent. Alternatively,ifweconsiderthat a/q < IfortheScomponent, the 
defect concentrations of the S component can be the same and even less than those for 
the A component. a/q < 1 may result if particle emission arises from the kink sites of 
steps; removal of an atom transfers the defect site to the nearest-neighbour site, keeping 
the structure of defects unchanged until another type of defect emerges. We are tempted 
to take the latter alternative and refer to the defect that gives rise to the S component as 
a step-type defect which, after the emission of a Ga atom, leaves a site which has nearly 
the same stability as before the emission. If the particle emission is initiated from a 
vacancy cluster, neighbouring sites are destroyed and hence the size of the cluster 
increases as irradiation proceeds. Therefore the D component can be ascribed to vac- 
ancy-initiated particle emission, although the possibility that the D component arises 
from defect-free sites cannot be excluded. 

We did not measure the ejectionof Patoms, for whichnodye laser for us i s  available 
at present. No other technique can detect the emission of P atoms with the sensitivity at 
which Ga atoms are detected. Since the yield continues to decrease, we presume that 
the stoichiometry is maintained on the surface to a certain degree, and hence that 
ejection of either Ga or P atoms, whichever is strongly bonded, will be the rate- 
determining process.? We expect that nearly the same amounts of Ga and P atoms are 
ejected by a laser pulse and no substantial difference shouldexist whether measurements 
of Ga or P atoms are carried out. 

Defect-initiated ejection of atoms is induced if the interaction of electrons and 
holes with defects causes substantial bond weakening or causes asymmetrical lattice 
relaxation, leading eventually to atomic ejection 191. Local lattice relaxation around 
defects by trapping an electron and/or hole in the bulk of solids is well known [lo]. 
Because of the superlinear dependence of the emission yield on the laser fluence, we 
should assume that at least two excitation events are needed for particle emission. 
Therefore we suggest that localization of two electron-hole pairs at defect sites causes 
Gao emission. The occupation of two holes weakens the binding of the emitted atom, 
and the electronic excitation energy possessed by two electron-hole pairs is converted 
to the lattice energy needed for the emission of the atom. The process of two-hole 
localization can be regarded as a negative4 interaction, in which two holes can he 
localized at a defect site when (U - ELR) < 0, where U is the on-site hole Coulomb 
repulsion energy and ELR is the lattice relaxation energy [ll]. The superlinear relation 
between emission yield and laser fluence has been explained in terms of the screening 
of Coulomb repulsion [12] and of the degeneracy of the electron-hole plasma [13]. In 
each case a larger laser fluence is needed to emit atoms from the defect sites for which 
the negative-U attractive potential is smaller. 

t If the stoichiometry is changed, the yield is considered to increase asis the case abwe the threshold. 
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Table 1. A Born-Haber cycle describing the two-hole mechanism of Gao neutral emission: 
PL, perfect lattice. 2E,, t U - Z E ,  - ELR - E,, = 0. 

PL+ 2e t 2h =e, 
Defect t 2h-r (defect)% 
(Defect), t 2e-r Gao(vacuum) t (defect)Mi.,o,o - E m  
Gao(vacuum) t (defect),idynro.o- PL t defect -& 

According to the results in figure 2, larger laser Auences are needed to emit particles 
initiated by defects in the order of A, Sand D types, while we presume that the emitted 
Ga" atom is bonded more strongly in this order [14]. In order to correlate the threshold 
laser fluence or E,, with the bonding strength or vaporization energy E..,, we used a 
Born-Haber cycle shown in table 1. Firstly, two electron-hole pairs are produced from 
the perfect lattice site on the surface by putting twice the surface gap energy, i.e. 2Egap, 
equal to the energy difference between the occupied and unoccupied surface states. 
Secondly, two holes are localized at a defect site; U is needed for putting two holes on 
the same site and twice the trapping energy, i.e. 2E,, is emitted. The electron may be 
loosely bound by two localized holes. Thirdly, the two-hole and two-electron localized 
state described above relaxes by ejecting Ga", leaving the defect with a missing Ga"; 
here Em is gained. By putting a Gao atom back on the defect with the missing Ga", the 
initial perfect lattice with the defect is gained at a cost of E,,. Since the total energy for 
the cycle is zero, we obtain 

U - E ,  = E,, - ZE, (1) 
where&, = Egap - E,istheelectronicexcitationenergyat thedefectsite. E,,,isapproxi- 
mately the difference between zEmh and the relaxation energy after vaporization, where 
.Eeah is the cohesive energy per bond and z the number of bonds. Since Emh is about 
1.7eV [15], we expect that the value of U- EL, can be negative. For most strongly 
bondedatoms, E,,is largerand hence EL, issmaller. Thismay explain the experimental 
results that a higher laser fluence is needed to emit atoms from adatoms, steps and 
vacancies in increasing order. 

In conclusion, we showed that defect-initiated particle emission from the GaP(l10) 
surface is indeed observed for laser pulses of subgap photon energies. The results can 
give information on extremely low concentrations on the GaP(110) surface. At least two 
types of defect have been distinguished by observing the variation in Ga" yield as a 
function of repeating laser pulses of subgap energies: A type or adatom type and S type 
or step type. Weobserved alsoavery sharp thresholdlaser fluence fordamage evolution, 
which may be ascribed to vacancy-initiated particle emission. The difference in the 
threshold laser fluence for ejection of defects of each type and the dependence of the 
yield on the number of shots are shown to be utilized for characterizing surface defects 
as low as in concentration. 
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