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The behaviour of iron in quenched silicon single-crystals and its relation to ther­mal defects have been studied by radioactive tracer method and ESR-spectroscopy.It was established that diffusion of iron in silicon occurs via an interstitial mecha­nism. During the quenching the dissolved iron interstitials easily precipitate onspecimens surfaces and more effectively on dislocations, the process which strongly-influences the diffusion profile of iron. As experimental results showed a certain quantity of iron interstitials is associated with thermal defects i. e. with self-inter­stitials making the (Fe1 - I 81) pairs regarded as the origin of further growing ofmicro-defects earlier observed in quenched silicon by TEM. 

1. Introduction

The former results 1 • 2> have indicated the dissociative mechanism of irondiffusion in silicon expressed as Fe1 + V � Fes, where Fes designates .the con­centration of substitutional iron, Fe1-concentration of iron interstitials and V-con­centration of single-vacancies which were presumed to be the predominant latticedefects in thermal equilibrium at high temperatures3 • 4>. The concentration of iron
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effective free energy for (Fe1 - V) pair formation, LKS-model B 5>. In a· model favouring self-interstitials-I si as dominant lattice defects in thermal equilibrium above 1000 K 6• 7 > the Get/ has been associated with the reaction Fe s + I s1 -+-+ Fe1, AGS-modeJ7>. All these models require the vacancies and/or self-inter­stitials to be major point defects created in equilibrium concentration at high tempe­ratures. In investigating the behaviour of iron in silicon the special attention waspaid to the position of iron atoms within the cystal lattice as well as. to the corre­lation of these positions with self-defects. The iron has been considered as anamphoteric impurity existing in substitutional and interstitial lattice posi­tions 1 • 2 • 8 • 9 • 1 0 >, or as an impurity which easily enters into silicon and precipitatesin some lattice disturbances 1 • 5>. 
In order to prove the above mentioned models many experimental workshave been done in which the thermal treatment of silicon was combined with irra­diation. Namely, the quenched silicon specimens containing predicted equilibriumconcentrations of Fe' and Fe1 were exposed to certain fluences of 6 0Co gamma raysor reactor neutrons when an increase of Fe1 as a product of Fe' interaction withthe radiation has been expecting. As the increase of the iron interstitial concentra­tion during the irradiation was not observed by ESR one can suspect the existenceof substitutional iron when the dissociative mechanism of iron diffusion in siliconcould be suspected too. 
The aim of this work is further study of iron behaviour in silicon, with aspecial consideration of the following questions: Whether the Fes realy exists ornot ; using its relation to Fe1 the mechanism of iron diffusion and the problem ofsingle-vacancies existence in silicon at high temperatures is considered. If the self­-interstitials are predominant defects in equilibrium concentrations at diffusionemperatures, what is their relation to the diffused-in iron. During the diffusion,t
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2. 'Jixperirnerztal

The Fe1 was identified by the Ev + 0.4 eV energy level in the forbiddenband 1 0• 1 3> and more reliably be ESR resonance line at 9.27 GHz (g = 2.07)5 • 1 0• 1 4>.The interstitial iron was observed almost in all thermally treated silicon specimens quenched rapidly from high temperatures5 • 8 • 1 4• 1 5 >. Some of the results indicate iron as a common impurity in as-grown silicon single-crystals 5 • 1 6> while other suggest iron as impurity diffused-in from ambient sources during a high tempera­ture treatment9• 1 0>. The latter suggestion seems to be the correct one. Namely,it has been shown recently 1 7> that iron is not the native impurity in silicon; itoriginates from ambient sources beeing introduced in the specimens by diffusion.The appropriate procedure has been developed to protect the silicon s pecim.ensagaints the contamination by iron during the heating performance1 7> making thestudy of quenched specimens properties with and without iron more accurate.These results are illustratively shown in Fig. 1 which represents ESR-absorptionlines of Fe1 in quenched silicon specimens. All the ESR measurements were per­formed using VARIAN X-band ESR spectrometer and the intensity of Fe1 spec-
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trum was derived from the first derivative of the absorption lines recorded at theliquid nitrogen temperature (77 K). The atmosphere as a mixture of hydroclorideand argon seems to be quite good to protect the silicon specimens against the con-·tamination by iron from ambient suorces (Absence of ESR spectrum of Fe1 on the curve 2). 

31.8 31.9 32.0 

H I  JJT 

Fig. 1 .  The ESR-absorption lines of  quenched silicon specimens :  (J) Specimen heated in the 
original ambient and argon atmosphere; (2) Specimen heated in the stream of CH 1 + Ar; and 

(3) Specimen deliberately coated by iron (FeC13 or 59Fe Ch) and heated in HCI + Ar 1 7> .

The silicon specimens ( 15 x 2 x I mm 3) were cut from ( 111  )-oriented wa­fers* of the following characteristics: p-type Si (B-doped), resistivity 50 n · cm, 
EPD (etch-pit density) = O;  n-type Si (P-doped), resistivity 50 !l · cm, EPD = O; p-tipe Si (B-doped), resistivity 1000 !l · cm, EPD = 103 cm- 2 • The FeC13 and 5 9Fe Cl3 as iron sources for diffusion were used. The diffusion temperatu­re was within the region of 800-1500 K. The distribution of diffused-in ironthroughout the whole specimen as a function of diffusion temperature.and· timewere determined by measuring the residual activity of 5 9Fe as defined by Sieble 1 8>.The diffusion profile of Fe1 in the quenched specimens was determined by measu­ring the ESR-lines, the intensity of which is proportional to the concentration ofiron interstitials. The quenching of specimens after the diffusion was performed byrapid cooling of specimens from high temperatures down to to the cooled water orto liqujd nitrogen. The estima�ed initial cooling rate was 104 °C/s. 

*Si single-crystals produced by WACKER-Chemie GMBH, W. Germany. 
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3. Results and discussion

The 5 9Feiprofiles as a function of diffusion depth for various temperatures 
are shown in!Fig. 2. The distribution of iron over the diffusion depth clearly indi­
cates the presence of two components, one as fast component and the other near 
the sample surface (x = 0) which is almost temperature independent. The diffu-
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Fig. 2. The concentration of 5 9Fe versus diffusion depth for the specimens of p-type Si,
son · cm, EPD = O; (I) 1458 K, 30 min; (2) 1263 K, 30 min; (3) 883 K, 120 min; ( 4) 1 163 K,
30 min. ; (5) 1018 K, 120 min. For the specµnens of n-type Si, 50 n · cm, EDP = O: (J') 
1458 K, 30 min. ; (2') 1263 K, 30 min; (3') 883 K, 120 min; (4') 1 163 K, 30 min; (5') 1018 K, 

120 min; (6') 785 K, 120 min. 

sion profile of 5 9Fe in two specimens of Si from the same ingots (p-type Si, 
resistivity 50 n . cm, EP D = 0) which are different only in the grade of
surface polishing, is shown in Fig. 3. Curve one belongs to the specimen · with 
more relief surface (polished by carbourundum powder 600 mesh and etched 
during 20 s in CP-4 solution). The diffusion profile of- iron in the specimen with 
smoother surface is presented as curve two in Fig. 3. As the diffusion of iron was 
performed in both specimens under the same conditions (TD = 1473 K, t0 = 
= 30 min) the established difference in iron distribution near the zero depth is
explained by different states of specimens surfaces. The iron is partly dissolved 
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through the whole specimens volume and partly is precipitated on the surfacewhich., in dislocation free specimens, represens the most disordered state. In orderto see the effect of dislocations on the iron precipitation process the diffusion., procedure was carried out in two specimens, one dislocation-free and the otherwith EPD = 103 cm- 2
., (TO = 1458 K, t0 = 1800 s). The results of this expe­riment are shown in Fig. 4. It is clear that diffusion profile of iron in the specimenwith BP D = 10 3 cm - 3
., similar to those earlier obtained 1 • 2>., depends very muchon the dislocation density.The major quantity of iron is precipitated on dislocationsthe presence of which has a great influence on the distribution of iron interstitialsas a fast diffusive component. 
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Fig . 3 .  The effect of surface state o n  the 5 9Fe diffusion profile : (J) Specimen etched in CP-4 
solution during 20 s; (2) Specimen etched in CP-4 during 100 s (Etching temperature was O °C). 

Diffusion temperature TO = 1473 K and time t0 = 1800 s. 

Considering the experimental data from Figs. 2, 3 and 4 it can be concludedthat in dislocation-free silicon specimens the diffusion of iron occurs via a mecha­nism, presumably interstitial mechanism. It was established that during the 
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diffusion performance finishing, 
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Fig. 4. The effect of dislocations on the diffusion profile of iron: (J) Diffusion profile in the spe­
cimen of Si with EPD = O; (2) Diffusion profile in the specimen of Si with EPD = 103 cm- 2• 

The saturated values of 5 9Fe concentration representing the total concen­tration of diffused-in iron, and the relative height fo ESR-resonant lines, propor­tional to the concentration of 5 9Fe interstitials as functions of reciprocal diffusiontemperature are shown in Fig. 5. The slope of the curve from ESR data estimatedto be 1 . 1 1 eV may be considered as an effective free energy of iron interstitialssolubility in silicon. The 5 9Fe data presented as the other curve indicate the largereffective free energy of about 1 .78 eV. These data show that the amount of dis­solved iron exists either as the substitutional iron-Fes or as the iron bonded withcrystals imperfections such as the impurities of the acceptor type and point defects created at high temperatures which might be single vacancies and/or self-intersti­tials. 
The numerous attempts have been made to identify the Fe5 in silicon inorder to prove the dissociative mechanism of iron diffusion and its amphotericcharacter. It was assumed that substitutional iron, if exists, interacting with recoiledradiation-formed self-interstitals, could be dislocated into interstitial positionsgiving than a contribution to the intensity of ES R line. The quenched siliconspecimens with diffused-in iron were irradiated by certain fluences of 6°CO gammarays and by reactor neutrons in order to observe the reaction Fe5 + I51 � Fe1• However, the experiments performed to confirme this reaction failed either be­cause Fe5 does not exist or the process of Fe1 creation by radiation is surpressed by iron precipitation and/or association with lattice defects. The above experimen­tal results suspecting the dissociative mechanism favour the interstitial mechanism 
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of iron diffusion in silicon. It means that single-vacancies as lattice defects the ironinterstitials may associate with would be excluded from further consideration, particularly when the diffusion has to be performed above 1 OOO K. Above this 
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Fig.l 5. The concentration of diffused-in iron versus the reciprocal diffusion temperature asdetermined by 59Fe tracer and by ESR-resonant line(of Fe1• 
temperature there are predictions6• 7> favouring self-interstitals to be predominantthermal defects in equilibrium concentration. So the above mentioned associationsof iron which should be in an equilibrium ·with the dissolved iron interstitials maybe regarded as a complex consisting of iron and self-interstital originating fromthe reaction Fe1 + I s1 � (Fe1 - I s1). These complexes in some respect couldbe considered as the geneses of further growing of micro-defects already observedin quenched silicon by the transmission electron microscopy (TEM) 1 i , 1 2> . Havingin mind the fact that Fe1 migrates as positive ion at high temperatures and if theassumption of (Fe1 - I 51) pairs formation is correct, than the self-interstitalscould be considered as negatively charged thermal defects able to associate withmobile iron interstitials via the coulombic attraction. The cross section for thisreaction must be considerably large because of the great mobility of both self­-interstitials and iron interstitials at high temperatures. 

As a suggestion for further work it would be useful to reconsider the electri­cal properties of quenched silicon with and without diffused-in iron in order toestablish the origin of E + 0.4 eV energy level which has been assigned to manydefects as to iron interstitial 1 0• 1 3>, to self-interstitial 1 9>, to aluminium inters­titial 2 0> etc. 
4. Corzclusion

The ESR data about Fe1 and 5 9Fe data about the total concentration of Fe in quenched silicon in their qualitative significance as presented in this work,
FIZIKA 15 (1983) 4, 353-361 359 
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gave a few essential conclusive remark. The distribution of iron concentration versus 
the diffusion depth as well as the irradiation data when the reaction Fe8 + I 51 !i! 
Fe1 · has not been confirmed suggest an interstital mechanism of iron diffusion in 
silicon. The earlier proposed dissociative mechanism based ont he assumption that 
single-vacancies are dominant thermal defects in equilibrium at diffusion tempe­
ratures and that iron behaves as an amphoteric impurity in silicon should be sus­
pected. The dissolved iron interstitials precipitate easily on the dislocation-free 
specimens surfaces and more effectively on the dislocations if they are present in 
as-grown single-crystals of silicon. In dislocation-free specimens and in the spe­
cimens containing a certain dislocation density the diffusion profiles of diffused-in 
iron are obtained to be quite different. So one would be very carefull in the quanti­
tative treatment of diffusion mechanism of iron in silicon which is very specific in 
the specimens with and without dislocations. It was established that a quantity of 
diffused iron interstitial is associated with thermal defects i. e. with self-interstitials 
that are presumed to be the dominant lattice defect in equilibrium at diffusion 
temperatures. The proposed complex of iron with self-interstitial, (Fe1 - I 51) has 
been considered as a geneses for further growing of micro-defects already observed 
in quenched silicon by TEM. 
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GVOZDE U SILICIJUMU I NJEGOV ODNOS PREMA TERMIGKIM 
DEFEKTIMA 
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Originalni naucni rad 

Osobine gvozda u zakaljenim monokristalima silicijuma i njegov odnos prematermickim defektima proucavani su metodom radioaktivnog obelezivaca i ESR­-spektroskopijom. Ustanovljeno je da gvozde difunduje u silicijumu intersticijalnimmehanizmom. U procesu kaljenja gvozde delimicno ispada iz rastvora i preci­pitira na povrsini uzorka i znatno efikasnije na dislokacijama. Precipitacija posebnona dislokacijama bitno utice na profil difundovanog gvozda. Izvesna kolicinaintersticijalnog gvozda asocira s termickim defektima tj. sa sopstvenim intersti­cijama gradeci (Fe1 - I 51) parove. Smatra se da su ti parovi centri daljnjeg rastamikrodefekata koji su ranije otkriveni u zakaljenom silicijumu metodom transmi­sione elektronske mikroskopije. 
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