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Abstract 
We have measured the kinetic energy distributions of neutral halogen atoms emitted due to electron-stimulated desorption 

(ESD) from In-doped (001)KBr single crystals. The concentration of In + in investigated samples varied between 10” and 

10” particles/cm3. The measurements were performed at target temperature of 150°C. In all cases the energy spectra 

consist of two peaks. The distribution of low-energy particles can be described by the thermal (Maxwellian) energy 
spectrum. Particles contributing to the second peak have nonthermal kinetic energies. The emission of halogen atoms having 

nonthermal energies decreases with an increase in the concentration of In impurities. At the same time, the emission of 
thermal particles does not seem to be sensitive to variation of In+ concentration. At the temperatures of interest here, In’ 
impurities are known to be very efficient traps for migrating holes but not to influence the migration of H-centers. The 
obtained results support the model of nonthermal halogen desorption which requires a long range diffusion of holes from the 

bulk to the surface as a necessary step of the process. 

1. Introduction 

The ESD of alkali halides has been a subject of numer- 

ous investigations during the last two decades [l]. It has 
been found that the flux of desorbing particles consists 

predominantly of neutral atoms of both solid components 

(alkalis and halogens) as well as neutral molecules and 
clusters. A small fraction of positive and negative ions has 
also been observed [2,3]. Most of the ejected neutral 

particles have low, thermal kinetic energies and are emit- 
ted with cosine-like angular distributions [4]. For several 
alkali halides, however, a considerable fraction of halogen 

atoms is ejected with nonthermal energies of approxi- 
mately 0.3 eV. The angular distribution of these particles 
is peaked along the (001) direction for well defined single 

crystalline surfaces [4,5]. 
This contribution focuses on the desorption of halogen 

atoms with nonthermal energies. We will report here the 
experimental data obtained recently in our laboratory on 
ESD of In-doped (001)KBr crystals. These measurements 
enable us to determine the role of holes diffusion in the 
desorption of nonthermal halogen atoms. The electron-hole 
pairs are created in the initial steps of energy deposition by 
penetrating projectiles. They can be created anywhere in 
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the valence band of alkali halides, thus acquiring a rather 
wide distribution of initial kinetic energies [6]. For exam- 

ple, in KF%r the width of the valence band is about 2.6 eV 
[7] so that, on average, the holes could have as much as 
1.3 eV excess energy. Such holes are often called “hot 

holes” [8]. High initial energy makes “hot” holes very 
mobile providing an efficient transport mechanism of the 

energy deposited originally in the bulk of the crystal to the 
surface. In one of our previous papers we have shown that 
in order to describe properly the experimental dependence 
of the nonthermal Br yield on the energy of primary 
electrons impinging on (OOl)KBr, one should assume the 
mean diffusion length of carriers leading to desorption to 
be longer than 100 A [9]. Unfortunately, no more direct 
evidence about a nature of such carriers could be drawn 
from that experiment. It is known, however, that the 
migration of holes can be altered significantly by monova- 

lent mercury-like ion impurities (Tl+, In+, etc.) [lo-121. 
When added in minor amount, these ions occupy the alkali 
ion sites, thus, preserving the overall crystallographic 
structure of the crystal. At low temperature, the mercury- 
like impurities lead to a pronounced stabilization of elec- 
trons, holes and other defects near the ion impurity [lo-121. 
At elevated temperatures, however, only holes are effec- 
tively trapped on these ions [13-151. In result, if diffusion 
of “hot” holes is indeed supplying the excitation to the 
surface which results in the emission of nonthermal atoms 
one can expect that the efficiency of this channel should 
decrease with the increase of the concentration of “hole 
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traps”. To verify this preposition we have measured the 
time-of-flight distributions and the total desorption yields 

of Br atoms emitted from 1 keV electron-bombarded 
(001)KBr samples having various concentrations of In 

ions. 

2. Experimental 

The details of the experimental setup have been de- 

scribed previously [16]. Briefly, the random-correlation 
time-of-flight (TOF) spectrometer with a flight path of 

0.31 m was used to measure TOF distributions of neutral 
halogen atoms. Neutral atoms leaving the surface along the 
normal were ionized in an electron-impact ionizer and 
mass selected in a quadrupole mass spectrometer. The 
desorption was stimulated by a 1 keV electron beam 

directed at 45” with respect to the surface normal. The 
electron current was monitored by a Faraday cup and the 
spot size of the beam was determined by a CCD camera. 

Since it is known that the relative contribution of the 
thermal and nonthermal components depends on the cur- 

rent density of bombarding electrons [17], all measure- 
ments were done at the same electron current density. The 
samples were (001) single crystals of KBr doped with In 
concentrations ranging from 10” to almost 10”’ cmm3 as 
determined by an optical absorption technique. All the 
samples were mounted simultaneously on a sample holder 

and were cleaned by heating to 470 K in vacuum for 
several hours. The measurements were taken at 150°C to 
minimize the effect of In impurities on the diffusion of 
charge carriers and defects other than holes. 

3. Experimental results and discussion 

Time-of-flight distributions of Br atoms desorbed by 1 
keV electrons from (001)KBr crystals doped with In are 

shown in Fig. 1. In general, two components are clearly 

visible in the spectra. The broad, temperature dependent 

peak can be fit by a Maxwell-Boltzmann distribution 
corresponding to a macroscopic surface temperature and is 
due to thermally emitted particles. The narrow peak with 
temperature independent maximum corresponding to a ki- 
netic energy of approximately 0.25 eV is due to the 

ejection of hyperthermal particles. By integrating the areas 
under each of the peaks shown in Fig. 1 and by measuring 

the relative halogen desorption yield from all the samples, 

one can separate the total emission into the thermal and 
nonthermal components. The result is shown in Fig. 2. 
Clearly the thermal emission is barely influenced by the 
presence of indium. At the same time, the emission of 
nonthermal halogen decreases significantly with an in- 
crease in indium concentration. 

1 keV electrons incident on alkali halide crystal create 
predominantly conduction band electrons and valence holes 

As we already describe in the introduction, the holes may 

have quite high kinetic energy and, consequently, they can 
diffuse over large distances in the crystal. Holes that arrive 
at the surface can neutralize surface halogen ion and lead 

to the emission of nonthermal neutral halogen atom. A 
detailed discussion of possible scenarios for surface halo- 
gen emission was given in Refs. [1,18]. 

The above model can be verified by checking whether 
the yield of nonthermal emission depends on the number 
of holes arriving at the surface. It is well known that 

mercury-like ions, like for example In+, are very efficient 
hole traps. Two different mechanisms of hole trapping 

have been identified in the literature [lO,ll]. In the first 

process, In + traps a hole and is converted into doubly 
ionized In’+. InZC ions are stable, however, they can 

recombine with an electron or F-center. In result, an 

excited (In+>* center is formed which can return to its 
ground-state electronic configuration by emission of a 
broad band luminescence with a peak energy around 3.0 
eV in KBr. In the second channel, In+ is first neutralized 

1 keV e‘ --P (001) KBr:In 
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Fig. 1. Time of flight distributions of Br atoms emitted from 1 keV electron-bombarded, In-doped (001)KBr. The measurements were done 
at 150°C. Solid lines are plotted to guide the eye. 
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by trapping an electron. Neutral In0 can be subsequently 
ionized to the excited state by recombination with a hole, 

and, finally, the process again results in the emission of 
radiation. Both processes can be summarized as follows: 

h + In++ In’++ e--, (In+)* + In++ hv, (1) 

e-+ In+-+ In” + hi-+ (In’)* -+ In++ hv. (2) 

The doubly charged mercury-like ions are very stable 
in alkali halides. For example, the chemical determination 
of Tlzf concentration indicates that Tl”+ ions are present 
up to 200-800°C depending on the host crystal [13]. On 
the other hand, it is known that if the temperature exceeds 
room temperature, the electron trapped in In” center is 

almost instantly thermally promoted to the conduction 
band [12]. Therefore, at the temperatures of interest in this 

paper only process (1) should be responsible for hole 

trapping. 
It is visible in Fig. 2. that the emission of nonthermal 

atoms decreases with the increase of the concentration of 
In dopant. This observation is strong evidence that hole 
diffusion is indeed a necessary step for emission of ather- 
ma1 halogen atoms. We have also observed that the emis- 
sion of nonthermal atoms decreases with the irradiation 

time for doped crystals, as presented in Fig. 3. For in- 
stance, the signal dropped to 50% of its initial value when 
the target of In-doped KBr (lOI cm-3> was bombarded 
for 60 min with an electron beam with a current density of 
20 bA/cm’. The rate of decay decreases with a decrease 

1 keV e-4 (00 l)KBr:In 

Nonthermal 
“I¶. 

Fig. 2. Dependence of the thermal and nonthermal Br” yield on 

Indium concentration in 1 keV electron-irradiated (001)KBr : In 

single crystals. Black markers indicate results for pure sample. 

The measurements were done at 150°C. The solid lines are drawn 

to guide the eye 
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Fig. 3. Time dependence of the thermal and nonthermal Br“ 

desorption yield electron-irradiated (001KBr:In (lOI cm- 3). The 

measurements were done at 150°C. The sample was bombarded 

by 1 keV electrons with a current density of 20 kA/cm’. 

of concentration of indium and the nonthermal emission is 

constant from a pure sample. We believe that this phe- 
nomenon is caused by an increase of In concentration in 
the surface region due to removal of halogen and alkali 

atoms by bombarding electrons. During electron irradiation 
In impurities are not desorbed from the surface and, in 
result, their concentration will increase. The ESD of alkali 

halides is a very efficient process. A total desorption yield 
equivalent to 14 NaCl molecules atoms has been measured 
for NaCl single crystal at 300°C [19]. If we assume the 

desorption yield for KBr sample at 150°C of the order of 5 
we can estimate that approximately 40 monolayers are 
removed during 1 min of electron bombardment. As a 
consequence, all In ions located in this volume will be 

accumulated in the surface zone and the concentration of 
In impurity in the surface region will be enhanced. This, in 
turn, will reduce the nonthermal emission due to the 
process described earlier. The initial yield of nonthermal 

emission can be recovered by annealing the crystal at 470 
K for 30 min. Therefore, we assume that during annealing 
the excess In evaporate and/or diffuses into the bulk of 
the crystal and the initial In concentration is restored. 

It is also visible in Figs. 2 and 3 that the yield of 
thermally emitted Br atoms is very weakly, if at all, 
dependent on both the In-concentration and irradiation 
time. The emission of thermal halogens is a secondary 
process with respect to the ejection of nonthermal parti- 
cles. When the thermalized valence hole in bulk of alkali 
halide quickly localizes (self-traps) on a pair of lattice 
halide ions 1201 they relax toward each other symmetri- 
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tally along (110) in NaCI-type crystals forming so called 

V, center. A self-trapped exciton (STE) results when an 

electron becomes bound to the site of the self-trapped hole. 
Such self-trapping occurs on a sub-picosecond time-scale 
[21] and can result in the emission of polarized light. This 

decay channel dominates at low temperature [22]. At higher 
temperatures STE can decay nonradiatively leading to the 
formation of F- and H-centers [20]. At the temperatures of 
interest in this paper, H-centers can migrate inside the 
crystal, arrive at the surface and the neutral halogen atom 
can desorb thermally [23]. The yield of thermally emitted 

halogen atoms depends on the diffusion range of the 
interstitial halogen atoms but also on the depth of de- 
posited energy. In the doped crystals diffusing H-centers 
can be stabilized in the vicinity of a monovalent impurity 
at low temperatures [14,15]. This process is assumed to be 

responsible for the enhanced F-center coloration of irradi- 

ated In or Tl doped crystals [24]. Ashimova and Usarov 

have reported, however, that H, centers (H-center trapped 
on impurity) are only stable below 110 K in In-doped KC1 
and below 90 K in In-doped KBr [15]. This observation 
indicates that mercury-like impurities become “trans- 
parent” to the diffusion of H-centers at high temperature. 
It is also very unlikely that the highest concentration of In 

used in our experiments, roughly 1 In atom to lo3 lattice 
atoms, could influence the deposition of energy by primary 
electrons. As a consequence, one can expect that the 
emission of thermal halogens at high temperatures should 
not be altered by the presence of In impurities, which is 

indeed observed in our experiment. 

References 

[l] M. Szymonski, K. Dan. Vidensk. Selsk., Mat.-Fys. Medd. 43 
(1993) 495. 

[2] R.E. Walkup, Ph. Avouris and A.P. Gosh, Phys. Rev. B 36 

(1987) 4577. 

[3] Z. Postawa, J. Kolodziej, P. Czuba, P. Piatkowski, M. Szy- 

monski, E. Bielanska, J. Camra, T. Ciach, M. Faryna and A. 

Rakowska, Nucl. Inst. and Meth. B 78 (1993) 314. 

[4] J. Kolodziej, P. Czuba, P. Piatkowski, Z. Postawa, M. Szy- 

monski and J. Fine, Nucl. Instr. and Meth. B 6.5 (1992) 507. 

[5] M. Szymonski, J. Kolodziej, P. Czuba, P. Piatkowski, A. 

Poradzisz, N.H. Tolk and J. Fine, Phys. Rev. Lett. 67 (1991) 

1906. 

[6] M.A. Elango, V.N. Kadchenko, A.M. Saar and A.P. 

Zhukowski, J. Lumin. 14 (1976) 375. 

[7] P. Kowalczyk, F.R. McFeely, L. Ley, R.A. Pollack and D.A. 

Schirley, Phys. Rev. B 9 (1974) 3573. 

[81 M. Elango, Radiat. Eff. 128 (1994) 1. 

[9] Z. Postawa, J. Kolodziej, P. Czuba, P. Piatkowski, A. Po- 

radzisz, M. Szymonski and J. Fine, in: Desorption Induced 

by Electronic Transitions DIET V, Springer Series in Surface 

Sciences, eds. A.R. Burns, E.B. Stechel and D.R. Jennison 

(Springer, Berlin, 1993) p. 299. 

[lOI W.B. Hadley, S. Polick, R.G. Kaufman and H.N. Hersh, J. 

Chem. Phys. 45 (1966) 2040. 

[ll] C.J. Delbecq, A.K. Ghosh and PH. Yuster, Phys. Rev. 151 

(1966) 599. 

[12] Y. Toyotomi and R. Onaka, J. Phys. Sot. Jpn. 46 (1979) 

1861. 

[13] J.S. Butterworth and G. Harbottle, Radiochim. Acta 10 (1968) 

57. 

[14] S. Zazubovich and V. Osminin, I. Appl. Spectroscopy 23 

(1975) 90. 

4. Conclusions 
[15] S. Ashimova and E. Usarov, Opt. Spectroscopy 63 (1987) 

1054. 

The time-of-flight distributions of neutral Br atoms 
have been measured from electron-bombarded indium- 
doped (001)KBr single crystals at 150°C. It has been 
observed that the emission of nonthermal atoms decreases 
with the increase of indium concentration, while, the emis- 
sion of thermal Br atoms is rather insensitive to the 
concentration of this impurity. It is known that In+ ions 

are very efficient hole traps and are “transparent” to the 

diffusion of H-centers at elevated temperatures. These 
results strongly support the model in which diffusion of 
holes is a necessary step for nonthermal halogen emission. 

[16] Z. Postawa, P. Czuba, A. Poradzisz, and M. Szymonski, 

Radiat. Eff. Def. Solids 109 (1989) 189. 

[17] J. Kolodziej, P. Czuba, P. Piatkowski, Z. Postawa, V. 

Kempter and M. Szymonski, Vacuum 45 (1993) 353. 

[18] M. Szymonski, J. Kolodziej, Z. Postawa, P. Czuba and P. 

Piatkowski, Prog. Surf. Sci., in press. 

[19] M. Szymonski, J. Rutkowski, A. Poradzisz, Z. Postawa and 

B. Jorgensen, Springer Series in Surface Science, vol. 4 

(Springer, Berlin, 1985) p. 60. 

[ZO] R.T. Williams, K.S. Song, W.L. Faust and C.H. Leung, Phys. 

Rev. B 33 (1986) 7232. 

1211 R.T. Williams, Radiat. Eff. Def. Solids 109 (1989) 175. 

[22] M.N. Kabler, Phys. Rev. A 136 (1964) 1296. 

[23] M. Szymonski, Radiat. Eff. 52 (1980) 9. 

[24] J.S. Butterworth, P.D. Esser and P.W. Levy, Phys. Rev. A 2 
Acknowledgements (1976) 3340. 

The authors appreciate financial support from the KBN 
Program no. PB2603 and from the M. Curie-Sklodowska 
Program no. MEN/NSF-93-144. 


