
Poster Session 
 

353 

Cationic Impurities Diffusion in Sub-Surface Layers  

of Alkali Halide Crystals under Electron Irradiation
1
 

A.V. Chernyavski, A.P. Surzhikov, S.A. Ghyngazov, and T.S. Frangulian 

Tomsk Polytechnic University, 30, Lenin ave., Tomsk, 634050, Russia 
Phone: +8(3822) 56-38-64, E-mail: chernyavski@tpu.ru 

 

_____________  
 

1 The work was supported by the Russian Foundation for Basic Research (Project No. 06-08-00179-а).  

Abstract – The paper describes research results of 

high-temperature diffusion of isovalent (Na) and 

heterovalent (Mg, Al) impurities in the sub-surface 

layers of ionic crystals KBr under the conditions  

of electron irradiation. 

Diffusion annealing was carried out under the 

conditions of thermal and electron-beam heating of 

crystals. Parameters of the used electron bunch 

ensured both a high input rate of radiation defects 

and heating of specimens. Annealing temperature 

span 760–880 K was in accord with the intrinsic diffu-

sion region. Annealing time set for the experiments 

ensured doping agents’ penetration into moderate 

depth not exceeding 1–2 µm. Depth impurity dis-

tribution after diffusion annealing was carried out 

by means of secondary ion mass-spectrometry (SIMS). 

  The results denote intensification of multivalent 

cations’ diffusion in the sub-surface layers of stud-

ied crystals under intense electron irradiation. The 

radiation-thermal annealing involves a substantial 

increase in values of a pre-exponential factor as 

well as the process activation energy. 

1. Introduction 

Diffusion phenomena in solids have been widely in-
vestigated. However, the most important problem of 
atom diffusion in the region immediately adjacent to 
the solid surface was given undeservedly little atten-
tion to. Moreover, these are the properties of sub-
surface layers and features of doping agent transfer 
that might limit a rate of diffusion. A sub-surface layer 
of materials is in a specific physical-chemical state.  
It is substantially filled up with structural defects (va-
cancies, dislocations, impurities) and its properties 
differ from properties of the main bulk. Therefore, it is 
not surprising that a specific state of sub-surface lay-
ers might influence kinetics of various processes, in-
cluding diffusion.  

This paper presents the research results of the 
high-temperature diffusion of isovalent Na and het-
erovalent Mg, Al impurities in sub-surface layers of 
ionic crystals KBr and its change under the conditions 
of intense electron irradiation. 

2. Experiment 

The thin films of proper diffusants (doping agents) 
were deposited onto a makeup chipped surface of crys-

tals by thermal vacuum evaporation. Within a set of 
research experiments on diffusion of heterovalent ions 
in potassium bromide the surface was covered with 
metal films of aluminum or magnesium. Due to a high 
hygroscopicity of halides salts of the noted elements 
their use was not possible. To study sodium diffusion 
in potassium bromide sodium chloride films were used. 
  Isothermal annealings were carried out under the 
conditions of thermal and electron-beam heating of 

crystals. Analogously to the experiments described in 
paper [1], an electron accelerator ELV-6 with the elec-
tron energy of 1.4 MeV and the continuous bunch 
current density of 2.5 µА/cm2 was used for radiation 
heating-up of specimens. Annealing temperature span 
was set as 760–880 K, which was in accord with in-
trinsic diffusion region. 

The diffusion profiles were measured by the SIMS 
method with an MS-7021M mass-spectrometer using 
5.5 keV argon primary ion beam. The details of the 
technique for correct measurement of these profiles 
using our mass-spectrometer and reducing the crater 
edge effects are given in [1].  

3. Experimental results 

To determine numerical values of the diffusion coeffi-
cients D we fitted the experimental profiles using the 
solution of the Fick’s second law for diffusion from an 
unlimited source into a semi-infinite crystal. 

The temperature dependencies of sub-surface dif-
fusion coefficients were determined on the basis of 
experimental results analysis, and the D values are 
plotted in Fig. 1. 

The temperature dependencies of diffusion coeffi-
cients under thermal DT and radiation-thermal DRT 
heating are described by the following Arrhenius`s 
expression (activation energy of the process is given 
in eV, and a diffusion coefficient in cm2/s): 
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for Mg in KBr –  
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Fig. 1. Temperature dependencies of diffusion coefficients 

for ions Na, Mg, Al in crystals KBr: 1, 2 – diffusion from 

aluminum film, under thermal and radiation-thermal anneal-

ing, respectively; 3, 4 – diffusion from magnesium under 

thermal and radiation-thermal annealing, respectively; 5, 6 – 

diffusion from sodium chloride film under thermal and ra-

diation-thermal annealing, respectively; 7 – straight appro- 

  ximating experimental points 

 

The analysis has shown that in the sub-surface 

layer (up to 1–2 µm), contacting with the film, an es-

timated value of coefficients of thermal diffusion DS 
for all studied impurities was ever smaller than the 

known values of diffusion volume coefficients. For 

isovalent cations, this difference is about one order of 

the value, and for polyvalent impurities it is more es-

sential, reaching 2–3 orders. 

4. Discussion of the results 

It is very hard to interpret of the obtained experimental 

data on diffusion of impurity cations in the sub- 
 

surface layers at this stage of research. This is mainly 

caused by weak study of the phenomenon, and ab-

sence of any conceptions about diffusion mechanisms 

in crystal regions adjacent to the surface. In the first 

place, it should be focused that as a whole the parame-

ters characterizing the given diffusion process, namely, 

a pre-exponential factor D0S and activation energy H, 

greatly differ from the known values typical for a vo- 

lume thermal heterodiffusion. To compare let us ana-

lyze typical experimental values of parameters for  

a volume diffusion of some impurities in alkali halide 

crystals (AHC) presented in Table I. 

From the Table I we can see that D0 is by a few 

orders bigger than values D0S, typical for heterodiffu-

sion in sub-surface layers. At the same time, the proc-

ess is characterized by a higher value of activation 

energy. It should be noted that in contrast to the case 

of polyvalent impurity cations the parameters repre-

senting a diffusion of isovalent impurity of sodium in 

the bulk and sub-surface crystal region do not differ to 

a great extend. 

Values from Table I are easily verified for the pur-

pose of their conformity with the known mechanisms 

of impurity diffusions in the lattice of AHC. In this 

connection a physical meaning of the parameters of 

the Arrhenius`s equation D0 and activation energy Н 

should be analyzed at the level of elementary diffusion 

event depending on the process mechanism. 

For this purpose, we have used sufficiently proved 

functional dependences of impurity diffusion coeffi-

cients in AHC on temperature and process thermody-

namic parameters obtained on the basis of thermodynamic 

approach [2]. Their type is determined by a doping 

agent type and a diffusion mechanism. The diffusion 

coefficient of isovalent cation impurity in the intrinsic 

temperature span is 
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where ν0 is the Debye-like vibration frequency; а is 

the lattice parameter; k is the Boltzmann spacing; НS 

and SS are the entalphy and entropy of Schottki pair 

formation; Hm and Sm are the entalphy and entropy of 

migration, respectively. 

 

Table I. Representative parameters of the Arrhenius`s equation for volume diffusion in intrin-

sic region in AHC 
 

Crystal Doping agent Temperature span, K D0, cm2/s H, eV Ref. 

KCl Na+ 850–950 33 1.975 [2] 

KBr Na+ 850–950 4.23 1.64 [3] 

NaCl Ca+2 950–1060 1.3 ⋅ 10–1 1.55 [2] 

NaCl Sr+2 870–1020 4.13 ⋅ 10–2 1.36 [2] 

KBr Pb+2 700–850 1.6 ⋅ 10–1 1.16 [2] 
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For diffusion coefficients of heterovalent cations in 

the intrinsic region, the following expression takes place: 
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where HA and SA are the entalphy and entropy of asso-

ciations of an heterovalent cation with a cation va-

cancy. 

  In formulas (6) and (7) a product of multipliers 

independent on the temperature is nothing but D0. As 
result of calculation numerical values of D0 and H 

have been obtained for the above mentioned cases. 

They coincided with the values given in Table 1 in the 

range of one-two orders. This coincidence can be 

reckoned satisfactory, taking into consideration esti-

mated character of calculations and absence of suffi-
ciently accurate values of thermodynamic parameters. 

Values of entalphy and entropy representing a diffu-

sion process in KBr, borrowed from paper [2], were 

the following: SS = (6.5–7.18)k; Sm = (2.54–2.9)k; SА = 

= (1.82–2.5)k; НS = (2.13–2.37) eV; Нm = (0.6–0.7) eV; 

НA = (0.5–0.6) eV. 
Thermodynamic parameters representing a diffu-

sion process in disrupted sub-surface layers are likely 

to differ from the values typical for the lattice bulk.  

It is not excluded that this factor with reference to an 

isovalent impurity is of crucial importance concerning 
change of its diffusion activity in these layers. More-

over, change in the values of thermodynamic parame-

ters within reasonable limits (even under their most 

unfavorable combination) does not provide for obtain-

ing experimental values of parameters D0S and НS, 

representing diffusion of heterovalent cations in crys-
tal sub-surface layers.  

The conducted analysis has shown that basic mod-

els and equations, normally used to describe a bulk 

diffusion of heterovalent impurities, agree with ex-

perimental results rather well and, at the same time, do 

not represent an objective physical essence of the phe- 
 

nomenon in sub-surface layers of AHC. It is obvious 

that a diffusion mechanism of polyvalent cations un-
der the experimental conditions cardinally differ from 

the bulk diffusion. This distinction is likely to be con-

cerned with a manner of a doping agent penetration 

into sub-surface layers. Under the condition of heating 

and contact with air impurities might interreact with 

oxygen with the following formation metal oxides.  
It is possible that an impurity cation in bound state 

penetrates in sub-surface layers in the form of com-

pound stiff molecular oxide complexes.  

Data, presented in Fig. 1, illustrate that coefficients 

of thermal diffusion of sodium ions are almost three 

orders differ from polyvalent impurity cations in po-
tassium bromide. Experimental research emphasize a 

variant character of radiation thermal impact on a sub-

surface diffusion of the considered impurities in crystal. 

The rate of high-temperature heterodiffusion of isova-

lent cations is practically the same both in the radia-

tion filed and in the absence of it.  
However, a subsurface diffusion of heterovalent 

cations in AHC under strong irradiation accelerates 

noticeably. It should be pointed out that in this case a 

radiation impact involves rise of both preexponential 

factor in the Arrhenius`s equation and activation en-
ergy of the process. 

5. Conclusions 

Comparison of the data on radiation impact on the 

diffusion of isovalent and heterovalent impurities in 

potassium bromide brings to the conclusion that high-

intensity bunches of accelerating electrons are not 
capable to activate fast diffusion processes in subsur-

face layers of ion crystals, but might provide for ac-

celeration of heterodiffusion processes that, as a rule, 

have a low rate. 
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