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Localized vibrational mode spectroscopy measurements on Czochralski silicon (Cz-Si) samples

subjected to isothermal annealing at 450 �C are reported. First, we studied the effect of carbon (C)

and tin (Sn) isovalent dopants on the aggregation kinetics of oxygen. It is determined that the

reduction rate of oxygen is described by the Johnson-Mehl-Avrami equation in accordance with

previous reports. The activation energy related with the reaction rate constant of the process is

calculated to increase from Cz-Si, to C-doped Cz-Si (CCz-Si), to Sn-doped Cz-Si contained C

(SnCz-Si). This is attributed to the presence of the isovalent dopants that may impact both the

kinetics of the oxygen atoms and also may lead to the formation of other oxygen-related clusters.

Second, we studied the effect of Sn on the formation and evolution of carbon-oxygen (C-O)

defects. It was determined that the presence of Sn suppresses the formation of the C-O defects as

indicated by the reduction in the strength of the 683, 626, and 586 cm�1 well-known bands of CsOi

defect. The phenomenon is attributed to the association of Sn with C atoms that may prevent the

pairing of O with C. Third, we investigated the effect of C and Sn on the formation of thermal

donors (TDs). Regarding carbon our results verified previous reports that carbon suppresses the

formation of TDs. Interestingly, when both C and Sn are present in Si, very weak bands of TDs

were observed, although it is known that Sn alone suppress their formation. This may be attributed

to the competing strains of C and Sn in the Si lattice. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923388]

I. INTRODUCTION

Oxygen is the most dominant impurity unintentionally

introduced in Si during crystal growth. It is incorporated in

the lattice mostly at interstitial sites (Oi) and is present in

complexes with other impurities such as carbon in Si. Cz-Si

material is saturated with oxygen at the melting temperature

and therefore it becomes supersaturated at lower tempera-

tures resulting in an inhomogeneous distribution of oxygen

in the material. Subsequently, for technological purposes it is

important to homogenise the oxygen in Si making it suitable

for device fabrication. To this end, thermal processing of the

material is required. On thermal treatments, at above

350 �C1–17 the oxygen atoms become mobile and begin to

aggregate forming oxygen clusters, which exhibit double

donor behaviour. These defects are well known as thermal

donors (TDs). There are families of such donors depending

on the temperature of the treatment. The first family of TDs

is formed in the temperature range 350–500 �C comprising

of small aggregates of oxygen atoms, being the early stage

of oxygen precipitation. The formation of thermal donors

affects the electrical properties of Si and therefore, it is criti-

cal to know in detail their properties and behaviour in order

to suppress their harmful effects on devices. Consequently,

their formation was studied intensively and extensively both

experimentally and theoretically in the last sixty years.1–17

Infrared (IR) absorption bands in the wavenumber spectral

ranges 575–580 cm�1, 720–750 cm�1, and 975–1015 cm�1

have been reported in the literature. They have been corre-

lated with the first stage of the oxygen aggregation process

in Si initiated by the formation of oxygen dimers following

with structures comprising a larger number of oxygen atoms

being attached during the thermal treatments.18–25

Carbon is the other main impurity in Si, besides oxygen,

unintentionally added in the lattice during growth. Being a

group IV element, carbon is incorporated at substitutional

sites (Cs) and is electrically neutral. Due to its small size car-

bon atoms can preferentially provide sites in their neighbour-

hood for oxygen atoms. These sites serve in essence as

nucleation sites for oxygen aggregation.26 Notably, in Cz-Si

with high carbon concentration, CsOi complexes are formed

after heat treatments and can be been detected by IR spec-

troscopy even in as grown Si. Three satellite bands labelled

as X, Y, and Z at 586, 637, and 684 cm�1, respectively, has

been correlated with vibration modes of the CsOi

defect.3,27,28 Furthermore, it is well known that the presence

of carbon suppresses the formation of TDs in Si.3,29 It has

been suggested30,31 that this suppression is due to the com-

peting process of the interaction of oxygen and carbon atoms

to form carbon-oxygen complexes. Notably, measurements

of the evolution of the carbon and loss from the solution
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upon annealing at 450 �C in carbon contained Cz-Si showed

that two Oi atoms are removed for each Cs atom and a band

at 1026 cm�1 has been attributed to a C-O2 complex.3,32,33 In

an alternative explanation34,35 the suppression of thermal

donors due to the presence of carbon was attributed to the

release of silicon self-interstitials (SiI) which has been postu-

lated as involved in the generation process of TDs. C atoms

react strongly with SiI reducing their concentration leading

finally to a reduction of the TDs formation. Studies of the

kinetics of TDs generation have shown that in the course of

their formation also dissociation as well as transformation to

electrically inactive centres occurs. The latter processes were

found to be affected by the presence of C, leading to the sup-

pression of TDs.36,37 In another approach, the suppression of

TDs in C containing Cz-Si has been related to the effect of

strains introduced in the Si lattice by C atoms. The latter

impurities being smaller than that of Si atoms, which replace

at substitutional sites introduce tensile strains which tend to

compensate the compressive strains due to the larger oxygen

atoms at interstitial sites. As a result, the impulse for oxygen

agglomeration is weakened leading to a reduction in TDs

formation.29,38,39 Importantly, although the effect of C on

the formation of TDs can be realised and understood with

different models and points of consideration the picture is

not complete mainly because the exact configuration of TDs

is not completely known.40

Among the various techniques used to control TDs for-

mation in Si, improving the quality of the material for device

fabrication, is isovalent doping. Sn is a group IV element, as

is the carbon impurity. It is incorporated in the Si lattice at

substitutional sites and is electrically neutral. Sn has a cova-

lent radius rSn¼ 1.41 Å which is larger than that of Si

(rSi¼ 1.17 Å). It introduces compresses strains in the lattice

acting as an effective trap for vacancies (V).41,42 On the other

hand, C having a covalent radius rC¼ 0.77 Å acts as an effec-

tive trap for SiI. It has been reported43,44 that Sn-doped n-type

Si suppresses the formation of TDs, although other work

reported45 no effect on TDs for p-type Sn-doped Si. In order

to explain the role of Sn in the reduction of the TDs, it was

suggested44 that metastable O-Sn complexes are formed. As a

result, the availability of oxygen atoms in the oxygen agglom-

eration process is reduced leading to a suppression of the TDs

formation. Alternatively, it was suggested43 that the strains

induced in the lattice due to the incorporation at substitutional

sites of the larger than Si Sn atoms led to a reduction of the

capture probability of the oxygen atom by an oxygen-related

complex to finally form a TD structure. Notably, the reduction

in the formation of TDs in Ge-doped Si was attributed46 to

the strains introduced by the Ge atoms in the Si lattice,

which cause an increase of the energy barrier related with the

aggregation of oxygen atoms. This could reduce the quasi-

equilibrium concentrations of the oxygen complexes47 sup-

pressing finally the formation of the TDs. We can extend this

reasoning to the case of Sn-doped Si where the even larger

covalent radius of Sn results in larger induced strains eventu-

ally resulting to a lower generation of TDs.

As we mentioned above device fabrication processes on

Si-based material involve heat treatments. Such treatments at

450 �C result in the formation of thermal donors. This

formation is affected by the presence of C and Sn. Both

impurities suppress the generation of TDs, although with dif-

ferent mechanisms in each case. The aim of this work is to

study the effect of the simultaneous present of high C and Sn

on the generation of TDs in Si. This is particular interesting,

due to the fact that C and Sn affect differently the intrinsic

defects, since C affects the SiI and Sn the V. Thus, a combi-

nation of both impurities in the Si lattice is expected to have

a significant impact on device performance. Notably, the

issue of the combined effect of C and Sn in Si was high-

lighted earlier.48 It was considered as a potential technologi-

cal tool from the viewpoint of the radiation hardness of Si

material.

II. EXPERIMENTAL DETAILS

In this work, we used three groups of mechanically

polished Cz samples of �2 mm thickness doped with C and/

or with Sn. In particular one Cz-Si sample with carbon

concentration below detection limit, one CCz-Si sample con-

tained C and one SnCz-Si sample contained Sn. The latter

sample contained also C of about the same order as the

CCz-Si sample. All the samples were n-type with a phospho-

rous concentration of �1015 cm�3. The Sn concentration was

determined by secondary ion mass spectrometry (SIMS) and

the value was given by the provider. The oxygen and the car-

bon concentrations of the samples were calculated from the

1106 cm�1 oxygen IR band and the 606 cm�1 carbon band,

using calibration coefficients of 3.14� 1017 cm�2 for oxygen

and 1� 1017 cm�2 for carbon, respectively.49,50 Details of

the samples used are given in Table I.

The samples were subjected to a series of isothermal

anneals at 450 �C of 8 h duration each. After each annealing

step the IR measurements were carried out at room tempera-

ture by using a Fourier Transform IR (FTIR) spectrometer

operating at a resolution of 1 cm�1. The two phonon intrinsic

absorption was always removed by subtracting the spectrum

of a Float zone sample of equal thickness.

III. RESULTS AND DISCUSSION

A. Kinetics of oxygen aggregation at 450 �C

Fig. 1 shows the evolution of Oi versus time for the iso-

thermal anneal at 450 �C. Now the reduction ratio of intersti-

tial oxygen is defined51 by the expression

y ¼ ½Oið0Þ � OiðtÞ�=½Oið0Þ � Os�; (1)

where Oi(t) and Os are the oxygen concentration at time t
and the solid solubility of oxygen, respectively. The oxygen

solubility at a temperature T is given52 by the expression

TABLE I. Oxygen, carbon and tin concentration of the samples used in the

present study.

Samples [Sn] 1018(cm�3) [Oi]o 1018(cm�3) [Cs]o 1018(cm�3)

Cz-Si … 1.34 …

CCz-Si … 1.03 1.36

SnCz-Si 9 0.97 0.94

015704-2 Angeletos et al. J. Appl. Phys. 118, 015704 (2015)
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Os ¼ 3:24� 1021 exp ð�1:03 eV=kBTÞatoms=cm3: (2)

In the 450–650 �C temperature range the reduction ratio y of

oxygen versus time t obeys the Johnson-Mehl-Avrami

(JMA) equation51

y ¼ 1– exp ½�ðktÞn�; (3)

where n and k are the time exponent and the reaction rate

constant. The value of n normally ranges from 0.5 to 2.5,

and can be used conveniently to classify reactions according

to their kinetics.53 Fig. 2 exhibits the plot of [ln�ln(1� y)�1]

versus [ln t(min)] for our data, indicating that there is a linear

relation between these two quantities. According to the Eq.

(3) the corresponding slope of the straight line is equal to n
and the interception with the vertical axis is equal to n�ln k.

The values of n and k, determined from Fig. 2 for each of the

three samples, are reported in the Table II.

We observe that the reaction rate k becomes smaller in

C-doped Cz-Si and even smaller in Sn-doped Cz-Si containing

carbon. Regarding the parameter n specifying the time expo-

nent in Eq. (3) we observe that in C-doped Cz-Si it has a value

of about the same as in Cz-Si, although it is reduced in the

case of Sn-doped Si. We notice that the values of n are equal

to 0.78 and 0.77 for carbon-free material (Cz-Si) and carbon-

rich material (CCz-Si), respectively, being in essence very

close to the value of n¼ 0.73 reported previously51 for isother-

mal treatments at 450 �C. However, in the case of Sn-doped

Cz-Si it is n¼ 0.62. The later value is similar to the value of

0.60 reported51 for treatments at 500 �C. Notably, n was

reported51 to decrease between 450 and 500 �C. Arguably, the

effect of Sn on the nucleation kinetics of oxygen at 450 �C is

comparable with the effect of the increase of the isothermal

anneal temperature from 450 to 500 �C in Cz-Si.

Furthermore, the reaction ratio k is given by the

expression

k ¼ ko exp ð�Eg=kBTÞcm�1; (4)

where Eg is the activation energy of k. By applying Eq. (4)

for the case of CCz-Si and SnCz-Si and taking the ratio of

the two corresponding relations we receive

kCCz=kSnCz ¼ ðkCCzÞo=ðkSnCzÞo � exp ½ðEgSnCz� EgCCzÞ=kBTÞ�:
(5)

Now assuming51 that (kCCz)o� (kSnCz)o, we have

Eg SnCz � Eg CCz ¼ kBT � lnðkCCz=kSnCzÞ: (6)

As we see from Table II, kCCz> kSnCz and therefore,

Eg SnCz>Eg CCz. Similarly, we can conclude that kCz> kCCz.

The results indicate that the activation energy Eg of the reac-

tion rate increases from Cz-Si to CCz-Si to SnCz-Si. This

can be attributed to the introduction of the isovalent dopants

in the lattice that impact the kinetics of the oxygen atoms

and the formation of oxygen related clusters.44,54–58 Notably,

it has been determined that Sn reduces the activation energy

of oxygen diffusion in Si.44

One expects that the time exponent n and the activation

energy Eg to exhibit opposite trends, that is, the increase of

one is associated with the decrease of the other. In order to

show that we combine Eqs. (3) and (4) to express n as a func-

tion of Eg. First, we notice that in the temperature range of

450–650 �C, Os which can be found from Eq. (2) has values

of 1014–1015 cm�3 which are around three order of magni-

tude smaller than the oxygen concentration of the samples

used in this experiment. Thus, Os can be neglected.

Therefore, Eqs. (1) and (3) can be written, respectively, as

follows:

y ¼ ½Oið0Þ � OiðtÞ�=½Oið0Þ � Os� � 1� OiðtÞ=Oið0Þ (7)

and OiðtÞ ¼ Oið0Þ exp ½�ðktÞn�: (8)

By taking the logarithm of Eq. (8) and replacing k from Eq. (4),

we obtain

lnðOið0Þ=OiðtÞÞ ¼ ðtkoÞn exp ð�Eg=kBTÞ: (9)

FIG. 1. The evolution of Oi versus annealing time at 450 �C for the Cz-Si,

CCz-Si, and SnCz-Si samples.

FIG. 2. Plot of [log �log(1� y)�1] versus [log t(min)], for the Cz-Si, CCz-Si,

and SnCz-Si samples.

TABLE II. Values of n, k, and k for the samples used in the present study.

Sample n k (�10�6 min�1) k (�10�38 h�cm2)�1

Cz-Si 0.78 23.3 0.14

CCz-Si 0.77 7.56 0.09

SnCz-Si 0.62 1.43 0.05

015704-3 Angeletos et al. J. Appl. Phys. 118, 015704 (2015)
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Considering two samples, specified by (Eg1, n1) and (Eg2,

n2), respectively, by Eq. (9), we obtain:

lnðOið0Þ1=OiðtÞ1Þ=ln ðOið0Þ2=OiðtÞ2Þ

¼ ðtkoÞn1�n2 exp ½�ðn1Eg1 � n2Eg2Þ=kBTÞ�; (10)

where Oi(0)1, Oi(t)1 and Oi(0)2, Oi(t)2 are the corresponding

concentrations of Oi at the beginning of anneals and at

annealing time t.
Let us define c by the following expression:

c ¼ ½lnðOið0Þ1=OiðtÞ1Þ=ln ðOið0Þ2=OiðtÞ2Þ�=
½ðtkoÞn1 exp ð�n1Eg1=kBTÞ�: (11)

Apparently, c is always positive because the ratios Oi(0)1/Oi(t)1

and Oi(0)2/Oi(t)2 are greater than 1.

Therefore, Eq. (10) can be written as

c ¼ ðtkoÞ�n2 exp ðn2Eg2=kBTÞ > 0 (12)

and by taking its logarithm we have

n2 ¼ lnc=½ðEg2=kBTÞ þ lnðtkoÞ�: (13)

Therefore, the activation energy Eg increases, as the parame-

ter n decreases. In our case the values of n cited in Table II

show that n decreases from Cz-Si to CCz-Si to SnCz-Si,

although the activation energies Eg show an opposite trend

as reported above.

The kinetic equation that govern the evolution of oxygen

versus time51 upon isothermal anneals at 450 �C has the

expression

dOiðtÞ=dt ¼ –k � OiðtÞ3: (14)

Upon solving this equation, we have the relation

½Oið0Þ=OiðtÞ�2 � 1 ¼ 2ktOiðtÞ2: (15)

Fig. 3 verifies that our data follow this equation in agreement

with previous reports.59 From the corresponding slopes we

receive the values of k cited also in Table II. We observe

that the constant k of the kinetic Eq. (14) describing the rate

of oxygen change upon annealing at 450 �C decreases in the

CCz-Si in comparison with the Cz-Si sample and further

decreases in the SnCz-Si sample. This reflects the important

influence of isovalent impurities on the oxygen aggregation

processes in Si. The above behavior may be due to the asso-

ciation of oxygen with the C and Sn in the course of anneals

that can affect the kinetics of oxygen loss from solution dur-

ing the thermal treatment. Notably, it has been determined

that the decrease of the annealing temperature from 500 to

450 �C (refer to Fig. 6 of Ref. 51) causes a decrease in the

value of k indicating a similar trend with the effect of the

introduction of isovalent dopants of larger size.

Fig. 4 presents the evolution of C versus time for the iso-

thermal anneal at 450 �C for the CCz-Si and SnCz-Si.

Obviously the total variation of C in the course of the 224 h

isothermal anneal is larger for the case of CCz-Si. It would

be interesting to compare the losses of oxygen versus the

losses of carbon for these two samples. In order to do that it

seems reasonable to find the best fitting curves describing

the evolution of oxygen (refer to Fig. 1) and carbon (refer to

Fig. 4). From these curves we can calculate the oxygen loss

DOi and the carbon loss DCs for these two samples. Fig. 5

depicts DOi versus DCs in the course of the 450 �C isother-

mal anneal. The corresponding slopes (DOi/DCs) are found

to be 2.05 for the CCz-Si sample and 1.55 for the SnCz-Si

sample. The first value is in accord with previous reports3,33

that the loss of carbon and oxygen atom from solution is

near the values of two Oi for each Cs. However, for the case

of SnCz-Si sample this ratio is substantially lower indicating

that additional reactions channels involving oxygen and

carbon atoms are activated due to the presence of Sn. Sn is

an effective trap for Vs although C is an effective trap for SiI
and therefore it is expected that when both impurities are

present the balance between these primary defects (V, SiI) to

be affected, leading finally to a change of the (DOi/DCs)

ratio.

B. The effect of Sn on CsOi defects

Fig. 6 shows segments of the IR spectra in the region

of 560–700 cm�1 for the Cz-Si, CCz-Si, and SnCz-Si

FIG. 3. Plot of [Oi(0)/Oi(t)]
2�1 versus t�Oi(t)

2 for the Cz-Si, CCz-Si, and

SnCz-Si samples.

FIG. 4. The evolution of Cs versus annealing time at 450 �C for the CCz-Si

and SnCz-Si samples.
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samples. Three well-known bands at 683, 636, and 586 cm�1

attributed to the CsOi defect are seen in the spectra of the

CCz-Si sample and also in the SnCz-Si sample. In the latter

case the intensity of these bands is significantly lower. The

reduction in the formation of the CsOi defect indicates that

the presence of Sn in the Si lattice affects negatively the

association of C and O atoms in the course of annealing.

Another possibility could also be that there is the formation

of a Sn-CsOi related defects something that has not been

observed experimentally. In support of this idea DFT calcu-

lations indicate that CsOi are bound to Sn (refer to Fig. 5 of

Ref. 55). Fig. 7 shows the evolution of the 636 cm�1 CsOi

band versus time in the two samples. The other two bands at

586 and 683 cm�1 show a similar dependence on the anneal-

ing temperature. In the case of the CCz-Si sample the

strength of the three bands increases with annealing time

stabilized around t¼ 200 h. In the case of SnCz-Si sample

the strength of all the bands is very weak in the whole time

of annealing without showing any particular trend.

In Fig. 6, a band at 580 cm�1 also appears which is

related with TDs.24,60 Fig. 8 presents the evolution of this

band and shows similar behavior with the other TDs bands

that will be discussed later.

C. The effect of C, Sn on TDs

Fig. 9 shows segments of the IR spectra in the region of

980–1040 cm�1 for the Cz-Si, CCz-Si, and SnCz-Si samples.

The spectra region of 990–1030 cm�1 of the Cz-Si sample

shows a wide band which evolves upon the annealing.

Lorentzian profiling of this region has revealed the presence

of three bands at 1000, 1006, and 1012 cm�1. The first two

have been previously correlated with TDs and the third with

the oxygen dimer defect.16 On the other hand, these three

bands are not present in the spectra of the CCz-Si sample.

This was expected since C suppresses the formation of the

TDs.36,39,61 An inspection of the spectra of SnCz-Si reveals

the presence of the above bands. Indeed, the two TDs bands

at 1000 and 1006 cm�1 as well as the oxygen dimer band at

1012 cm�1 appear in the spectra but the corresponding sig-

nals are very weak in comparison with those of the Cz-Si

sample. We note that bands are present in the SnCz-Si sam-

ple but absent in the CCz-Si sample. The SnCz-Si sample

contains C of about the same order as in the CCz-Si one. It is

known that both C36,39,61 and Sn49 suppress the formation of

thermal donors. However, the mechanisms that govern the

reduction of TDs are different for the two cases, as we men-

tioned above. Carbon introduces tensile strains in the lattice,

although Sn compressive ones. The presence of both in Si

FIG. 5. Oxygen loss DOi versus Carbon loss DCs from solution as a result

of annealing at 450 �C for the CCz-Si and SnCz-Si samples.

FIG. 6. Segment of IR spectra in the range of 560–700 cm�1 for the Cz-Si,

CCz-Si, and SnCz-Si samples.

FIG. 7. The evolution of the 636 cm�1 CsOi band for the CCz-Si and SnCz-

Si samples.

FIG. 8. The evolution of 580 cm�1 band vs annealing time at T¼ 450 �C for

the Cz-Si and CCz-Si samples.
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may lead to a compensation of the strains, moderating the

effect of C on the TDs generation and thus allowing a small

formation of them, manifested in the IR spectra of the SnCz-

Si by the appearance of weak TDs peaks in contrast with the

case of CCz-Si. Notably, the three TDs-related bands at

1000, 1006, and 1012 cm�1 are very weak in the spectra and

therefore, comparison of their intensities between the differ-

ent samples is difficult. For this reason, we compared the

integrated absorption instead of the absorption coefficients

of the bands. Fig. 10 shows the evolution of the (a) 1000 and

(b) 1012 cm�1 bands. The annealing behavior of the

1006 cm�1 band is similar to that of 1000 cm�1. The latter

two bands attributed to TDs stabilize in strength after

�100 h of anneal at 450 �C, whereas the third band at

1012 cm�1 related with the oxygen dimer in Si continue to

increase in agreement with previous reports.16

Furthermore, a band at 1030 cm�1 is also present in the

spectra of the CCz-Si sample (Fig. 9). This band is related

with the C-O2 defect3 and is also present in the spectra of the

SnCz-Si sample but weaker. Fig. 11 shows the evolution of

the 1030 cm�1 band. The reduction in the strength of the

band in the SnCz-Si material may be due to similar reasons

as we mentioned above for case of the three bands of the

CsOi defect in the latter material in comparison with the

CCz-Si.

Fig. 12 shows segments of the IR spectra in the region

of 720–750 cm�1 for the Cz-Si, CCz-Si, and SnCz-Si sam-

ples. Lorentzian profiling has shown the existence of four

bands at 728, 734, 739, and 745 cm�1. Three of these bands

at 728, 734, and 745 cm�1 has been previously reported18

and related with the bands at 1000, 1006, and 1012 cm�1,

respectively. The bands in the CCz-Si material are very

weak. Also the bands are weak in the SnCz-Si material

although appear slightly stronger than those in the CCz-Si

material showing correspondingly similar behavior with the

bands in the frequency range 980–1040 cm�1. This observa-

tion supports our previous suggestion that when both C and

Sn isovalent dopants are present in the Si lattice the compen-

sation of strains allows for a weak increase of the strength of

the TDs bands that is an increase in the formation of the

TDs. The 734 and 745 cm�1 bands were determined to have

an annealing behavior similar to that of the 1006 and

1012 cm�1 in the Cz-Si samples (Fig. 10) which verifies the

connection between the two groups of bands as previously

reported.18 However, the 728 cm�1 band shows an anoma-

lous decrease in intensity upon annealing that warrants

further investigation.

FIG. 9. Segment of IR spectra in the range of 980–1040 cm�1 for the Cz-Si,

CCz-Si, and SnCz-Si samples.

FIG. 10. The evolution of (a) 1000, and (b) 1012 cm�1 bands vs annealing

time at 450 �C for the Cz-Si and SnCz-Si samples.

FIG. 11. The evolution of 1030 cm�1 band versus annealing time at 450 �C
for the CCz-Si and SnCz-Si samples.
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In the present study of the frequency range

720–750 cm�1, an additional band at 739 cm�1 is observed

in all the samples. This band was not observed previously.18

Fig. 13 shows the evolution of this band in the Cz-Si, CCz-

Si, and SnCz-Si samples. It shows a similar behavior with

that of the TDs bands depicted in Figs. 10 and 13. However,

the fact that the band appears stronger in the CCz-Si samples

is against a correlation with TDs. Importantly, it is known

that VOm complexes serve as precursors for the nucleation of

oxide precipitates and such complexes can form in the course

of thermal anneals.62,63 On the other hand, VOm defect could

interact with carbon to form larger clusters. Interestingly, a

band at 762 cm�1 has been previously correlated with a

VO5Cs structure.64 Similarly, the 739 cm�1 band can be ten-

tatively attributed to a VOmCs structure. Furthermore, it is

worth noting that when both C and Sn are present as in the

case of the SnCz-Si sample the band appears weaker than in

the CCz-Si sample indicating again the effect of the compen-

sation of strains between the two isovalent dopants. This cer-

tainly has an influence on the availability of intrinsic defects

that is V and SiI formed in the course of the thermal treat-

ments, which is reflected in the strength of the related bands.

IV. SUMMARY

In the present study, Localized vibrational mode (LVM)

spectroscopy was employed to investigate Cz-Si, CCz-Si,

and SnCz-Si samples subjected to isothermal anneal at

450 �C. By investigating the impact of C and Sn on the

aggregation kinetics of oxygen it is concluded that the reduc-

tion rate of oxygen obeys the JMA equation. Here, it is deter-

mined that

(1) The activation energy related with the reaction rate con-

stant of the process increases from Cz-Si, to CCz-Si, to

SnCz-Si, although the constant k shows an opposite

trend. On the other hand, the time exponent n in the JMA

equation is almost equal for the Cz-Si and the CCz-Si

samples, although it is reduced in the case of the SnCz-

Si sample.

It was further determined that

(2) The presence of Sn suppresses the formation of the C-O

defects and this is reflected in the reduction in the

strength of the 683, 626, and 586 cm�1 bands of CsOi

defect and the 1030 cm�1 band of the C-O2 defect.

(3) The impact of C and Sn on the formation of TDs is sig-

nificant. In particular, carbon and Sn suppress the forma-

tion of TDs when they are alone in the Si lattice,

although the mechanisms are different in the two cases.

But when both C and Sn are present, weak TDs peaks

appear in the spectra. This can be attributed to the com-

pensation of strains introduced by the two isovalent

impurities which tend to mitigate the overall suppression

effect leading final to a small formation of TDs.

Understandably, C and Sn codoping is not a promising

combination for TDs suppression in Si.

FIG. 12. Segment of IR spectra in the range of 720–750 cm�1 for the Cz-Si,

CCz-Si, and SnCz-Si samples.

FIG. 13. The evolution of the 739 cm�1 band for the Cz-Si, CCz-Si, and

SnCz-Si samples.
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