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Abstract. A Scanning InfraRed Microscope (S.I.R.M.),
a

Light Beam Induced Current

mapping (L.B.I.C.),
a Fourier Transform infrared spectroscope (F.T.I.R.)~ and

a
minority car-

rier diffusion length measurements tool have been associated to detect precipitates in annealed

Czochralski (Cz) silicon wafers and to evaluate their recombination strength with
or

without

metallic contamination. The influence of a
phosphorus diffusion

was
also investigated. After

two step annealings (750 °C 16 h and 900 °C 24 h or 96 h) S-I-R-M- reveals the presence of

precipitates, while L-B-I-C- maps display a
ring-like distribution of recombination centers and

minority carrier diffusion length (Ln) collapses to 2 ~tm- Copper contaInination does not signif-
icantly modify the preceding observations when precipitates are formed. Phosphorus diffusion

near the surface shrink the precipitates revealed by M-I-R-B- but do not suppress the ring-like
patterns in the L-B-I- C. maps and Ln increases slightly. These results suggest that the recombi-

nation strength of precipitates does not depend
on a

metallic decoration but
more

probably on

interfacial states between the precipitates and the host crystal
or on associated extended defects.

1. Introduction

Czochralski-grown (Cz) silicon waters used for electronic and microelectronic devices contain a

large concentration of oxygen atoms. Generally, these atoms are dissolved as interstitials, and

the solution is supersaturated at low temperature. The concentrations are close to 10~~ cm~~

and during wafer processing precipitates are easily formed.

Although dissolved oxygen is electrically neutral, oxygen precipitates (Op) degrade p-n junc-
tions used to isolate integrated transistors, and both the recombination as well as the generation
lifetime [I].

These precipitates have been largely studied because they are used for internal gettering
of metallic impurities. Their nucleation, growth, morphology, and chemical composition are

known and almost completely understood [2,3]. Several macroscopic and microscopic tech-

niques have been used to get these informations and they were more recently completed by
detection techniques which are able to localize the position of precipitates and to evaluate
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their density like the infrared laser tomography [4, 5]. However the nature of the recombina-

tion centers which causes the lifetime degradation when Op are formed was not established

clearly. These centers could be due to surface states associated to extended defects, or to

trapped metallic impurities [1, 6, 7]. In addition, their reaction with point defects, especially
with interstitial silicon atoms is also not well known.

The present paper attempts to give additional informations about these problems by the use

of suitable experimental techniques able to detect the presence of precipitates and to evaluate

their recombination strength. Particularly non destructive techniques were used like: Scanning
InfraRed Microscopy (S.I.R.M.), Light Beam Induced Current (L.B.I.C.) mappings, associated

with Fourier Transform InfraRed spectroscopy (F.T.I.R.).

2. Experimental

P-type Cz silicon wafers (boron doped: 10~~ cm~~) both sides polished, containing about

10~~ cm~~ interstitial oxygen atoms were annealed in pure argon at 750 °C for 16 h and then

at 900 °C for 24 h or 96 h, in order to create nucleation sites and growth the precipitates
respectively. Some samples were also submitted to diffusion of copper at 950 °C for I h in

argon flow (the copper was deposited on one face of the sample by electron-gun evaporation).
Annealed and copper-diffused samples were also submitted to a phosphorus diffusion from a

POCI3 source at 900 °C for 4h, in order to inject an excess of self interstitials (Sij) in the

material.

Table I summarizes the nature and the purpose of the different treatments applied to the

investigated samples.
Interstitial oxygen concentration IO;] was determined at room temperature by F. T-I-R- spec-

troscopy using the conversion coefficient 3.03 x
10~7 cm~~ [8].

Minority carriers diffusion lengths Ln were determined from the spectral variations of the

photocurrent and of the light absorption coefficient in the near infrared (860 < ~ < 980 nm).
The current collecting structures were semitransparent Al-Si diodes or p-n junctions.

The L-B-I-C- system, designed to get photocurrent and diffusion length maps has been

already described [9] and we recall only that the light spot diameter was below 10 pm when

the wavelengths varied between 800 and 1000 nm.

A schematic block-diagram of the S.I.R.M. system, designed according to earlier suggestions
by Booker et al. [10] is reported in Figure I. A monochromatic beam from a semiconductor

laser diode (~
=

1300 nm) is focused
on and in the sample. The transmitted beam is detected

by a germanium diode. The laser diode is modulated by a function generator and a lock

in amplifier is used to reduce the noise. Attenuation of the transmitted beam occurs at the

interface of precipitates and of the silicon host crystal due to the light reflection at the border

of two phases of different dielectric constant. Thanks to the concentration of the light intensity
by the focalisation, the attenuation is high if a precipitate is found just in the focus volume,
and low or zero if it is out of the focus point. By scanning in the x, y, z directions every point
in the sample can be assessed and probed for the presence of precipitates. A three-dimentional

picture of the sample can be obtained and precipitates can be detected even with a size as

small as 0.I pm. The resolution is about 2~3 pm. The contrast obtained when the precipitate
is metallic in nature is higher compared to that given by a dielectric one. This is a consequence

of the Mie's theory as developped in reference [11].
Sirtl and Secco etching solutions have been used to reveal the presence of precipitates in the

ring like patterns.
Float-zone (FZ) samples, used as reference, were submitted to the annealing treatments (a)

and (a+b) of Table1.
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Fig. i. S-I-R-M- set-up.

Table I. Nature and purpose of the different treatments applied to the investigated samples
(All treatments, except c, were carried out under an Argon flow).

Treatment

Nature Goal

la) : 750°C-16h Nucleation

+ :

~b2) la) + 900°C-96h Growth

: 950°C-Ih Contalnillation

: Blank for (c)

: Blank

3. Results

Table II displays the results obtained before and after the different annealing treatments.

In the as-received samples the values of Ln are higher than 200 pm and homogeneously
distributed all over the wafer (as verified by the L-B-I-C- maps). No precipitates are revealed

by S-I-R-M- and by F-T-I-R--

Preannealed samples (treatment (a)) are characterized by a degradation of Ln, which col-

lapses to 15 pm, by the absence of precipitates revealed by S.I.R.M., and also, by a ring-like dis-
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Table II. S.I.R.M., F. T-I-R- and L-B-I-C- results obtained before and after the different

annealing treatments applied to the investigated samples (Op
= oxygen precipitates).

Annealed Annealed

(a)+~bl) (a)+~b2) & gettered

T.I.R. l107 1090 1080 & 1225 1080 & 1225 l120 & 1225

#io18
,.> ,.> ..> .,>

no

precipitates (different size (different size precipitates
& &

# 200 pm L # 15 pm # 2 pm L # 2pm L # 7 pm

ring-like ring-like ring-like

tribution of photocurrent in L-B-I-C- maps. Simultaneously, an absorption band at 1090 cm~~

appears in the IR spectrum, which could be due to the formation of nucleation centers.

In two-step annealed samples (treatment (a+b)) the S-I-R-M- detects the presence of pre-

cipitates, the density of which is, for a treatment at 900 ° C, larger after 24 h than after 96 h,

as shown in Figures 2 and 3. The L-B-I-C- map reveals a ring-like distribution of recombi-

nation centers (Fig. 4) while Ln decreases to 2 pm- Two absorption bands located at 1080

and 1225 cm~~ appear in F-T-I-R- spectroscopy. The band at 1080 cm~~ is attributed to SiO~

amorphous precipitates, and that at 1225 cm~~ is characteristic of platelet precipitates [12,13]-

When the same treatment ((a+b)) is applied to FZ samples, no precipitates are detected,
indicating that there is no contamination of the wafers during the annealing steps, and that

the observed precipitates are related to the impurities contained in the Cz wafers, so certainly

to oxygen atoms.

In the two-step annealed and phosphorus diffused samples (treatment (a+b+c)),
no precip-

itates can be revealed by S-I-R-M- The absorption band at 1080 cm~~ has disappeared and is

replaced by another one at l120 cm~~, while that at 1225 cm~~ is always present, as the ring
like distribution in the L-B-I-C- map. The mean value of Ln increases to 7 ~tm.

Note that the ring like structure observed by L-B-I-C- maps is also revealed by chemical

etchings, as shown in Figure 5-

The thermal treatment of the phosphorus diffusion, I-e-, treatment (e) (900 °C for 4 h in

argon) has also been applied to as-grown and two-step annealed samples, in order to separate

the effect of P-diffusion from that of annealing. In as-grown samples, this treatment leads to

decrease [O;] to about 5 x
lo~~ cm~~, to the formation of precipitates visible by S-I-R-M- and

to the appearence of the ring like distribution in L-B-I-C- maps, while Ln decreases to about

40 ~tm. In the two-step annealed samples with the longer growth time (treatment (a+b2)),
there is an increase of the size and density of precipitates in S.I.R.M. images, while in the other

two-step annealed samples (a+bl) there is not any marked change in the S-I-R- M. images, after

the additional treatment,

These results suggest that a redissolution of the oxygen precipitates occurs during the long

treatment, especially those that have not reached a
critical size [14].



N°9 PRECIPITATES IN ANNEALED Czsi WAFERS 1357

<.

'~~

~'= [;.~ .35

~. ~~j
~' «l~ )

,

'

'fM I
~~

') i
~~~ if

~

p.~'
'/~

'<

~~/ ~k~S
~.~. jf'

~ ti

~).~ i'' fl jif~~
$

Fig. 2. S-I-R-M- image of
a

sample after the treatments (a) and (bi) (the relative grey level scale

corresponds to different rates of transmitted light).
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Fig- 3. S-I-R-M- image of
a

sample after the treatments (a) and (b2) (the relative grey level scale

corresponds to different rates of transmitted fight).
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Fig. 4. L-B-I-C- photocurrent map of
a

sample after the treatments (a) and (b).

Fig. 5. Microphotography (optical microscope, dark field of the two-step annealed samples after

Sirtl etch, showing the ring-like distribution of the precipitates.

Results concerning the influence of a copper diffusion are given in the Table III. The intro-

duction of copper in the as-received samples (treatment (d)) gives new features of precipitates.
As shown in Figure 6 star-shaped colonies of precipitates are visible in the S-I-R-M- images, as

already observed by Laczik et al. [15]. This well-known particular precipitation is due to the

high rate of silicon self interstitial emission when the SiCu3 Phases are formed during the "slow"

cooling down. The S-I-R-M- indicates also that the density of the star-shaped precipitates is

higher near the free surfaces of the wafers than in the bulk. This is due to the absorption by
these surfaces of the self interstitials emitted during the formation of copper precipitates. The

oxygen concentration does not vary.

In the contaminated and two-step annealed samples (treatment (a+b+d)), oxygen- and
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Table III- S-I-R-M-, F. T-I-R- and L-B-I-C- results obtained before and after the different
annealings and Cu contamination treatments applied to the investigated samples (Op £J Cup =

oxygen and copper precipitates).

Material Annealed

treatment Cu contaminated & Cu contaminated & Cu contaminated

la) + (bl)+ Id) gettered

& 1225 l120&1225

>

colonies of no

precipitates to

&

# 2pm 7pm
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Fig. 6. Star-shaped colonies of Cu precipitate8 observed by S-I-R-M- after treatment (d).

copper-related precipitates are revealed by S-I-R-M-, as shown in Figure 7. The comparison of

Figures 6 and 7 suggests that, when oxygen precipitates are present, copper atoms precipitate
around them: the size of the metallic precipitates in Figure 7 is smaller than in Figure 6,

since copper is precipitated on a larger quantity of nucleation sites. The L-B-I-C- maps and

the measure of Ln give results similar to those obtain with the two-Step annealed and non-
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Fig- 7. S-I-R-M- image of
a two-step annealed and Cu-contaminated sample.
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Fig. 8. L-B-I-C- photocurrent map of a
star-shaped colony of Cu precipitates observed after treat-

ment (d).

contaminated samples: ring-like distribution and Ln # 2 ~tm. In addition, in the L-B-I-C-

maps, the star-shaped forms appear as regions of very poor photocurrent intensity, which are

well correlated with the position of copper precipitates as shown in Figure 8.

The harmlessness of copper is also verified by the contamination of as-received wafers: the

value of Ln is the same after a thermal treatment at 950 °C for lh with or without copper
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contamination (treatment id)
or

if), respectively). [O;] is also not modified.

The diffusion of phosphorus (treatments (a+b+d+c)) leads to the disappearence of copper
precipitates in non-annealed, as well as in annealed, samples.

The comparison of Tables II and III suggests that the copper contamination does not modify
the results obtained after the two~step annealings and also those observed after the two-step
annealings followed by a phosphorus diffusion

4. Discussion

The S-I-R-M- used in this work is able to reveal oxygen-related and metallic precipitates in

silicon, provided they have a sufficient size (at least o-I pm)- After two-step annealings,
F-T -I.R. spectroscopy indicates that the images observed by S-I-R-M- are due to the formation

of SiO~ amorphous precipitates (lo80 cm~~)- These precipitates have a high recombination

strength, because when they are present, Ln decreases to 2 pm-

The ring-like structure, revealed by L-B.I-C~ after annealing of the samples, is generally
attributed to oxygen striations and to Oxydation Stacking Faults (O-S.F-)- In the present

work this structure is associated with an absorption band at 1225 cm~~ corresponding to

platelet precipitates. These results could be explained by the presence of oxygen striations

in the as-grown wafers, and by the emission of self interstitial atoms when the amorphous
precipitates are formed. These self interstitials contribute to the formation of O-S-F- and

of platelet precipitates, which follow the oxygen striations. These crystallographic defects

and precipitates have also a recombination activity because they limit Ln to 7 pm, after the

phosphorus diffusion which schrinks the precipitates observed by S-I-R-M-. This shrinkage of

the precipitates is certainly due to the injection of self interstitials in the bulk of the samples
during the phosphorus diffusion. It was explained by the interaction of self interstitials with

precipitates which contain fewer silicon atoms per unit volume than the silicon lattice [16,17]-
The recombination strength of the precipitates is not related to the trapping of impurities;

their decoration by copper, like the removal of these atoms has no effect on Ln and on the

ring-like L-B-I-C- patterns. In terms of recombination strength of minority carriers, there is

no interaction between the precipitates, the extended defects and copper atoms. It could

be reasonable to ascribe recombination centers to intrinsic surface states of amorphous SiO~

precipitates, and to the extended defects involved in the ring-like patterns.
As shown by Figure 4, there is a poor contrast between the different patterns in the L-B -I.C.

maps, indicating that other recombination centers are homogeneously spreaded in the entire

wafer. They are not detected by S-I-R-M- or by L-B -I-C., probably due to their small size. Like

the concentration of self interstitials is very large due to their emission during the precipitation

or during the phosphorous diffusion from POCI3> it could be assumed, with Schmalz et al- [6]
that clusters of Si; are formed, associated with small Ops- Such clusters cannot be removed or

shrunk during phosphorous diffusion and that explains why the values of Ln remain low after

this gettering treatment (I.e-, 7 pm).
The disagrement between the S-I-R-M- and the L-B-I-C- images of the material, I-e-, the

amorphous SiO~ precipitates are revealed by S-I-R-M- but do not appear in the L-B-I-C- maps,

could be explained by the lack of resolution of the last technique in a degraded material. Indeed

L-B-I-C- scan lines and maps are sensitive to the presence of recombination centers when the

diffusion length of minority carriers is larger than the spot size (# lo pm)- If Ln is too small,

as it is the case in the two step annealed samples, the contrast is insufficient and the L-B-I-C-

maps reveal only the ring like distribution because the size of the patterns is larger than that

of the spot.
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5. Conclusion

S.I-R.M- and L-B -I.C- are two non destructive techniques which are able to reveal the presence
of neutral or (and) of electrically active precipitates in silicon. They can be associated to

F-T-I-R- spectroscopy to get further information on precipitates types.
After two step annealing of oxygen rich samples, the S-I-R-M- reveal amorphous SiO~ pre-

cipitates, and L-B-I-C- maps shows the formation of ring like patterns containing probably
platelet precipitates associated to extended crystallographic defects.

Contamination by copper at 950 °C followed by a slow cooling down has no effect on the

mean value of the diffusion length of minority carriers, even when star-shaped precipitates are

formed.

Injection of self interstitials by P-diffusion shrinks the amorphous Siox and the copper
precipitates, while the ring like patterns are not modified.

The results suggest that the recombination strength of amorphous precipitates could result

from interfacial states between SiO~ and Si matrix, while that of ring-like distributed pre-

cipitates is more related to associated extended defects. However cluster of self interstitials

associated to small Ops could participate to the recombination in the oxygen rich annealed

samples.
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