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a b s t r a c t

The influence of nickel precipitation on the formation of denuded zone (DZ) in Czochralski silicon (Cz Si)
was systematically investigated by means of Scanning Infrared Microscopy (SIRM) and optical microscopy
(OM). It was found that, for conventional high-low-high annealing (CFA), the DZ can be obtained in all
specimens contaminated by nickel impurity at different steps of the heat treatment, indicating that no
nickel precipitates generated in the region just below the surface. Additionally, the width of the DZ is
nearly the same in all specimens although the contamination sequence is different, indicating that the
contamination temperature, that is, the corresponding equilibrium concentration of interstitial nickel
in the silicon doesn’t influence significantly the thermodynamics and kinetics process of the formation
of nickel precipitates. For Rapid thermal annealing (RTA)-low-high annealing, the tendency remained
unchanged. On the basis of the experimental results, it is supposed that the formation of DZ is strongly
ickel
influenced by the segregation gettering and intrinsic gettering of the nickel atoms, which were caused
by the formation of nickel-silicon (Ni–Si) alloys close to the surface, oxygen precipitates and extended

ctivel
defects in the bulk, respe

. Introduction

In modern integrated circuit (IC) device processes, the defect-
ree zones close to Cz Si wafer surface becomes increasingly
mportant for device yield. It has been well accepted that tran-
ition metals, particularly nickel, iron and copper, are extremely
etrimental to the performance of IC devices due to their high dif-
usivity and solubility at elevated temperature and the formation of
lectrical levels in the band gap and precipitates in p–n junctions.
hus, the removal of the transition metals by the oxygen precipi-
ates and related defects, back-side damage, phosphorous diffusion
nd implantation-induced damage, etc., from device active regions
as proven indispensable to improve the yield of IC devices. It is
ell recognized that 3d-transition metals precipitation process is

trongly dependent on the doping type and concentration, cool-

ng rates, intrinsic point defects and induced defects in bulk silicon
1–5]. Recently, nickel gettering has been paid more attention
ecause nickel contamination degrade the gate oxide integrity,
hich is comparable to the breakdown effects due to iron contam-
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ination [3]. Nickel, as one of the most important transition metals,
easily contaminates silicon wafers and device from stain-less steel
equipments due to its rapid diffusion. The existence of nickel impu-
rity is deleterious to the device performance either by forming
silicides or by acting as recombination centers, thus it makes the
subject of effective gettering of nickel extremely important and
has attracted much attention in the past decades [4–7]. In gen-
eral, nickel primarily exists in interstitial site and the solubility of
interstitial nickel decrease sharply with the decrease of tempera-
ture, thus, the nickel precipitation is easily to occur during cooling.
Nickel precipitates can influence the electrical property of devices
due to the introduction of energy levels in band gap [6,8–13].

It was reported that various kinds of Ni–Si alloy formed on the
surface during the in-diffusion heat treatment of nickel in silicon
wafers. Considering the difference of nickel solubility between sili-
con and Ni–Si alloy, Gay deduced that in the defect-free silicon, the
behavior of nickel was mainly controlled by the segregation get-
tering, namely the nickel atoms is prefer to be absorbed by the
Ni–Si alloy formed on the surface due to its stronger gettering
ability [14–16]. On the other hand, oxygen is inevitably incorpo-

rated into the silicon directly from the quartz crucibles during Cz
Si growth process [1,17,18]. Considering the oxygen is incorpo-
rated at about 1400 ◦C, it is easy to understand that the interstitial
oxygen is supersaturated in silicon bulk at temperature character-
istic of device processing, generally lower than 1200 ◦C. During the

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table 1
Annealing sequence and nickel contamination process.

Specimens Annealing sequence

I II III IV

A1 1150 ◦C/4 h 750 ◦C/8 h Ni contamination 1050 ◦C/16 h
M1 1250 ◦C/60 s 750 ◦C/8 h Ni contamination 1050 ◦C/16 h
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A2 1150 C/4 h Ni cont
M2 1250 ◦C/60 s Ni cont
A3 Ni contamination 1150 ◦C
M3 Ni contamination 1250 ◦C

ubsequent processes of devices fabrication, supersaturated oxy-
en atoms will agglomerate to form precipitates and furthermore
o induce dislocation and stacking fault, acting as effective getter-
ng sites for impurities. Conventionally, on the basis of the oxygen
ut-diffusion and oxygen precipitation mechanism, DZ can be cre-
ted by high-low-high heat treatments. Obviously, the formation
f DZ is sensitive to initial oxygen concentration, thermal history
nd carbon concentration, etc. [19–21]. Recently, RTA technology
as employed to build a vacancy concentration depth profile in

ilicon wafer, which is another approach for the creation of DZ. Fol-
owed by low-high two-step annealing, the oxygen precipitation
ehavior is well controlled by vacancy profile rather than oxygen
oncentration profile, thus DZ is believed to be independent of the
nitial oxygen concentration, thermal history and so on [22,23].

As mentioned above, no matter from the academic view or
ndustrial objective, it is important to study the nickel precipi-
ation mechanism during the DZ formation process in order to
orm an effective IG structure consisting of an ideal BMD density
nd distribution, and defect-free zones. However, few papers to
ate have been published about the influence of nickel precipi-
ation on the formation of DZ investigated by SIRM according to
he author’s knowledge. In this article, the SIRM and OM were
sed to reveal the distribution of nickel precipitate colonies gen-
rated during the DZ formation annealing. SIRM is a powerful
ool to investigate oxygen and metal precipitates in silicon due
o its convenient and nondestructive feature [24,25]. The local
tress introduced in silicon matrix by the nickel precipitate colonies
ormed during cooling can produce contrast, which can be detected
y SIRM. In the experiments, it was found that, for both CFA and
TA-low-high annealing process, no nickel precipitation occurred

n the region just below the surface in all specimens contami-

ated by nickel impurity at different steps. The interaction among
he Ni–Si alloy formed on the surface, oxygen precipitates and
xtended defects in the bulk, and the nickel impurity was used
o explain the mechanism of nickel precipitation in Czochralski
ilicon.

Fig. 1. SIRM images of the BMDs in the sample contaminated by nickel after the secon
tion 750 C/8 h 1050 C/16 h
tion 750 ◦C/8 h 1050 ◦C/16 h

750 ◦C/8 h 1050 ◦C/16 h
750 ◦C/8 h 1050 ◦C/16 h

2. Experimental details

The specimens used in this experiment were cut from P-type, 〈1 0 0〉-orientation,
8 in. Cz Si ingot grown in argon atmosphere. The specimens were cut into 2 cm × 2 cm
pieces, and then chemically polished with CP4, cleaned with the standard RCA (SC-1
and SC-2) process, and finally etched with 5% HF solution to remove surface native
oxide. The carbon and oxygen concentrations were determined by a Nicolet 410
Fourier transform infrared spectrometer (FTIR) at room temperature. The initial
concentration of interstitial oxygen (1107 cm−1) is about 8.5 × 1017 cm−3 with the
calibration factor of 3.14 × 1017 cm−2, and that of substitutional carbon (605 cm−1)
below the detection limit of FTIR. Prior to the CFA and RTA-low-high annealing, the
specimens were divided into three groups, numbered A1, A2, A3 and M1, M2, M3,
respectively. The specimens were immersed in Ni(NO3)2·6H2O solution for 4 min
to introduce intentionally nickel contamination on the sample surface. The nickel
concentration is 0.5 mol/l, which is much higher than the nickel saturation con-
centration of about 1018 atoms/cm3 in silicon at 1100 ◦C. The in-diffusion of nickel
impurity into the silicon bulk was realized by thermal drive-in annealing performed
at different temperature. The detailed annealing sequence and nickel contamination
process are listed in Table 1. After each step annealing, the samples were usually
taken out of the furnace to cool in air with a cooling rate of about 30 K/s.

After cooling, each specimen was cut into two parts and fixed them face to face
by epoxy resin. Then, a slow speed diamond saw was used to cut the specimens
along the direction perpendicular to the surface. The cross section structures were
scanned by SIRM with a detection limit of about 60 nm, following chemically and
mechanically polishing. After the SIRM investigation, the specimens were cleaved
and etched in Sirtl etchant for 4 min. Finally, OM was applied to observe the cross
section of the specimens to determine the density and distribution profile of BMDs,
which is related to the oxygen precipitates, nickel precipitates and induced defects.

3. Results and discussion

3.1. Contamination after the second low temperature annealing

In this section, the samples A1 and M1 were firstly treated by
CFA at 1150 ◦C for 4 h and by RTA at 1250 ◦C for 60 s, respectively,
followed by annealing at 750 ◦C for 8 h. The Ni impurity was intro-

duced into the silicon wafer by immersing the samples into the
Ni(NO3)2·6H2O solution, then the samples with Ni(NO3)2·6H2O
solution were sent into a quartz furnace, annealed at 1050 ◦C for
16 h. Considering the high diffusivity, the nickel impurity reach
its saturation concentration in whole silicon bulk during the in-

d low temperature annealing: A1 (a) and M1 (b). Image size: 100 �m × 100 �m.
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Fig. 2. OM images of the BMDs distribution in the sample contaminate

iffusion annealing. Fig. 1 shows the density and distribution of
MDs observed from the direction perpendicular to the cross sec-
ion by SIRM, verifying the formation of DZ in both samples. It can be
een from Fig. 1 that the nickel precipitate colonies are of large con-
rast, indicating that the local stress generated in the silicon matrix
s huge due to the large lattice misfit between nickel silicide pre-
ipitates and silicon matrix, while some precipitates display weak
ontrast because they were out of the light focus.

It is generally believed that nickel silicides have a size distri-
ution, obviously, smaller precipitates with size less than 60 nm
annot be detected by SIRM and the density value given above
s probably underestimated. Therefore, to further confirm if there
re smaller precipitates (<60 nm) generated in the zone close to
he surface, OM combined with etching was used to observe the
MD distribution along the cross section. As shown in Fig. 2, a high
ensity of BMDs was found to exist in the bulk, while no BMDs gen-
rated in the zone just below the surface in both samples, further
anifested the formation of DZ in A1 and M1 specimens. The width

f the DZ in A1 specimens is about 25 �m and 20 �m in M1 speci-
en, respectively, which is consistent with the SIRM results. It was

evealed that the density of BMDs in the bulk was estimated to be
bout 5 × 107 cm−3 in the CFA sample (Fig. 2(a)) and 108 cm−3 in the
TA-low-high sample (Fig. 2(b)), respectively. The reason is related
o the enhancement of oxygen precipitation by vacancy injected
nto the silicon bulk during 1250 ◦C/60 s RTA annealing.

.2. Contamination after the first high temperature annealing

In this section, the samples A2 and M2 were firstly treated
y CFA at 1150 ◦C for 4 h and by RTA at 1250 ◦C for 60 s, respec-
ively, and then dipped into Ni(NO3)2·6H2O solution, followed by
50 ◦C/8 h + 1050 ◦C/16 h annealing. According to the SIRM inves-
igation of the BMD distribution along the cross section, the
ormation of DZ in both specimens is nearly the same as that dis-
ussed in sec. III A. Again, OM was used to observe the BMDs
istribution along the cross section. The density of the BMDs in
he bulk was also about 5 × 107 cm−3 and 108 cm−3, respectively,
hile in the zone just below the surface is nearly zero. The DZ width

n the two samples is also about 25 �m and 20 �m, respectively.

.3. Contamination before the first high temperature annealing

After the Ni contamination, the samples A3 and M3 were
ut into furnaces, then annealed at 1150 ◦C for 4 h by CFA or
reated at 1250 ◦C for 60 s by RTA, respectively, followed by

50 ◦C/8 h + 1050 ◦C/16 h annealing. In the two samples, the DZ with
he width of about 25 �m and 20 �m in the near surface, respec-
ively, and BMDs with high density in the bulk were observed by
oth of SIRM and OM, which is similar to the results described in
he sec. III A.
nickel after the second low temperature annealing: A1 (a) and M1 (b).

Due to the sharp dependence of the solubility on temperature,
the interstitial nickel atoms, which can diffuse into silicon wafers
at high temperature, tended to agglomerate and form nickel sili-
cide during the subsequent air cooling, the reaction is presented as
follows [4,6,8,15]:

2Si + NiI = NiSi2 (1)

It has been well accepted that during nickel precipitation, the
equilibrium phase is NiSi2, which has the cubic structure of fluoride
CaF2. It was reported that the lattice parameter of NiSi2 is less than
that of silicon by 0.4% (0.5406 nm compared with 0.5428 nm), thus
the volume change associated with nickel precipitation is small.
Compared with the formation of copper silicide in silicon, it is
reasonable to deduce that the stress generated around the NiSi2
will not impose significant influence on the nickel precipitation
[4,15,26].

Transition metals are well known to be fast diffusers. The diffu-
sion coefficient of nickel is strongly dependent on the temperature,
which is 10−5 cm2/s at 750 ◦C and 10−4 cm2/s at 1250 ◦C accord-
ing to the theoretical calculation and extrapolation, respectively
[4,24,25]. In view of the annealing time and temperature used in
the experiments, it can be inferred that the diffusion length of nickel
impurity is many times longer than the thickness of the silicon sam-
ples, thus, the NiI can soon reach its saturation concentration and
distribute uniformly in the whole wafer.

It has been well established that the precipitation process of
transition metals in Cz Si has been controlled by two parame-
ters, one is the driving force related with the supersaturation of
transition metals, the other is the barrier imposed by phase trans-
formations. Compared with the Cu precipitation, the local stress
generated in the silicon matrix is negligible due to the small lattice
misfit between nickel silicide and silicon matrix. It was reported
that there are two preferred reaction paths of the supersaturated
transition metals in Cz Si after in-diffusion and cooling down, either
precipitation in the bulk or diffuse to its surface [8,14,15,26]. Con-
sidering the high diffusivity, for the samples A1 and M1, it can be
concluded that the NiI was introduced into the silicon bulk and
reach its saturation concentration after the in-diffusion anneal-
ing at 1050 ◦C for 16 h. During the cooling in air with a cooling
rate of about 30 K/s, the supersaturation level of NiI builds up
rapidly, leading to the significant increase of driving force. As a
consequence, the nickel precipitation is easily occurred, either in
the bulk or on the surface according to the discussion mentioned
above.

As mentioned above, the supersaturated oxygen atoms can form

oxygen precipitates which act as effective gettering sites for tran-
sition metals in the bulk of Cz silicon wafer [1,7,14]. As for the A1
and M1 specimens, the oxygen precipitate nuclei with high den-
sity generated during the annealing at 750 ◦C for 8 h, serving as
the preferred sites for the precipitation of the Ni silicide. Thus, it is
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ational to deduce that during the subsequent cooling from 1050 ◦C
nnealing, part of the supersaturated nickel atoms diffused to the
xisting oxygen precipitates intentionally formed in the regions
way from the device surface and be absorbed. On the contrary, the
xygen out-diffusion curve or vacancy depth profile formed after
nnealing at 1150 ◦C for 4 h or by RTA, at 1250 ◦C for 60 s, respec-
ively, make the surface region deplete of oxygen precipitates. On
he other hand, it was reported that the temperature at the sur-
ace decreased more quickly than that in the bulk during cooling,
esulting in larger driving force than that in the bulk, leading to
he formation of Ni–Si alloy on the surface [14,15,25]. Considering
he difference of nickel solubility between silicon and Ni–Si alloy,
t is obvious that the region of higher solubility acts as a sink for
ransition metals from the lower solubility region, leading to the
ettering of another part of nickel atoms by the Ni–Si alloys on
he surface. Combining with the analysis mentioned above, it is
easonable to deduce that nickel atoms preferred to be absorbed
y Ni–Si alloy and oxygen precipitates rather than deposited

n the region below the surface, leading to the formation of
Z.

For sample A2 and M2, the oxygen out-diffusion curve or
acancy depth profile formed after annealing at 1150 ◦C for 4 h or
y RTA, at 1250 ◦C for 60 s, respectively [19,22]. It has been widely
ccepted the nickel precipitation temperature in Cz silicon is above
00 ◦C, and nickel mainly occupied interstitial sites or formed dif-
erent types of nickel complexes if the annealing temperature was
ower than 800 ◦C, such as 750 ◦C [14,15,25]. For the interstitial oxy-
en atoms in Cz Si, it is well known that 750 ◦C is the optimum
emperature for oxide precipitates to nucleate [1,2,26], which hints
hat the oxygen precipitate nuclei can act as the sink to absorb part
f NiI due to the lower barrier. It should be pointed out here that
he oxygen precipitate nuclei only exist in the bulk while not in
he region just below the surface. Consequently, it is reasonable to
ome up with a hypothesis that in the samples A2 and M2, the Ni
mpurity introduced into the bulk of a wafer during 750 ◦C thermal
rive-in annealing will not form precipitates in the region close to
he surface, but diffuse back to the surface or trapped by the oxy-
en precipitate nuclei after the wafer is taken out of the furnace.
inally, oxygen precipitate with high density and induced extended
efects generated in the bulk of the samples underwent the anneal-

ng at 1050 ◦C for 16 h, which is sufficient for the effective trapping
f nickel impurity. By taking into account the loss of nickel impu-
ity due to the diffusion to the surface and absorption by oxygen
recipitates nuclei, which is the IG process, it can be easily under-
tood that although the temperature here, 1050 ◦C, higher than the
recipitation temperature, 800 ◦C, the amount of the nickel impu-
ity which can diffuse to the zone just below the surface and form
ickel precipitate colonies is negligible, leading to the formation of
Z.

In sample A3 and M3, denuded zone also formed in both
amples. The main reason has been ascribed to the Ni–Si alloy
ormed on the surface during the first high temperature anneal-
ng, 1150 ◦C for 4 h or by RTA, at 1250 ◦C for 60 s, respectively.
ere, the self-gettering process plays an important role on the get-

ering of transition metals impurity atoms which have diffused
nto the bulk of the silicon. During the cooling process, the sur-
ace was still coated with the nickel contaminants, which would
ave reacted with the silicon to form Ni–Si alloy. As mentioned
bove, the solubility of nickel impurity in the Ni–Si alloy is higher
han that in silicon, thus the supersaturated NiI diffused back to
he surface and trapped by Ni–Si alloy [4,7,14,26]. During the

50 ◦C/8 h + 1050 ◦C/16 h annealing, the Ni–Si alloy will not dissolve
ue to the complexity of the dissolution process, make the bulk of
ilicon wafer deplete of the nickel impurity. In other words, even
hough there are some mobile nickel impurities existed in the sil-
con bulk due to the dissolution of nickel precipitates, it can be
pounds 502 (2010) 351–355

trapped by the nuclei and extended defects, respectively, gener-
ated during the 750 ◦C and 1050 ◦C annealing, the same as what
happened in samples A2 and M2. According to the analysis men-
tioned above, it can be concluded that the no nickel precipitate
colonies formed, both in the zone just below the surface and bulk.

It should be emphasized that in all samples the last thermal
treatment was carried out at 1050 ◦C for 16 h, which will lead to
the dissolution of nickel precipitates inevitably. It was reported
[6,27–31] that the transition metals silicide precipitates can be
dissolved into the silicon substrate during subsequent high tem-
perature annealing, here is 1050 ◦C. It is easy for nickel silicides
to dissolve from the structural defect due to the high solubilities
and diffusivities of nickel [28]. As mentioned above, the supersat-
urated interstitial nickel impurities can diffuse to the surface or
precipitate in the bulk [14–17,32,33]. Considering the analysis dis-
cussed above, it is reasonable to deduce that the supersaturated
nickel atoms can be trapped by the existing oxygen precipitates
and Ni–Si alloy formed on the surface, respectively.

It was revealed that the width of the DZ is nearly the same
for samples A1–A3, and M1–M3, respectively, while the width of
M1–M3 is narrower than that of the samples A1–A3. The main rea-
son has been ascribed to the formation of Ni–Si alloy and the oxygen
out-diffusion curve or vacancy depth profile created during the first
high temperature annealing. Considering the equilibrium concen-
tration of nickel impurity, which is the highest in samples A3 and
M3 because of the highest introduction temperature. In view of the
sharp dependence of the solubility of interstitial nickel on tempera-
ture, it is obvious that the NiI concentration introduced into sample
A3 and M3 is about two orders of magnitude higher than that of
sample A2 and M2. On the other hand, the Ni–Si alloy formed on
the surface has a strong ability to absorb the nickel atoms due to its
higher solubility. In addition, it was reported [34] that the threshold
of oxygen precipitates for the complete gettering of nickel is about
3 × 106 cm−3, less than that revealed in our paper. Obviously, the
oxygen precipitates exhibited a huge potential for the gettering of
nickel impurity. In view of the above discussions, it can be con-
cluded that under the coaction of these two elements given above,
the DZ width was determined by the oxygen out-diffusion curve
or vacancy depth profile, while, it was independent of the nickel
contamination sequence, namely, the corresponding equilibrium
concentration of interstitial nickel in silicon. As for the BMDs den-
sity of samples M1–M3, which was relatively higher in comparison
with that of samples A1–A3. It was believed that the difference was
mainly caused by the enhancement effect of vacancies on oxygen
precipitation [22,35]. The RTA-induced vacancies can significantly
facilitate the formation of oxygen precipitate nuclei during the
750 ◦C annealing and, moreover, enhance oxygen precipitation dur-
ing the subsequent 1050 ◦C annealing.

In our paper, the distribution of BMDs along the cross section
was investigated by SIRM and OM in all the samples, which can
be explained satisfactorily by the discussions mentioned above.
The difference in the BMDs density was explained in terms of
the vacancy generated by the RTA annealing. Another prominent
feature of the nickel precipitation is that, compared with that of
copper precipitation, the barrier imposed by phase transformations
is negligible. Considering the small lattice misfit and the corre-
sponding stress, it should be pointed out that the influence of the
point defects on the generation of nickel silicides is not signifi-
cant [4,15,26,36]. In view of the analysis given above, it is reliable
to deduce that the RTA-induced vacancies will not influence the
behavior of nickel impurity to a large extent, which is consis-

tent with the formation mechanism of DZ mentioned above. To
elucidate the formation of DZ in A1 and M1 specimens, an explana-
tion was proposed taking into account both intrinsic gettering and
external gettering of metals at oxygen clusters and surface sites,
respectively.
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. Conclusion

In this paper, the influence of nickel precipitation on the for-
ation of denuded zone was systematically investigated by SIRM

nd OM. It was revealed that the DZ can be obtained in all samples
ontaminated by nickel impurity. Furthermore, the width of the DZ
s nearly the same in A1–A3 and M1–M3 specimens, respectively,
ndicating that the DZ formation was controlled by oxygen out-
iffusion curve or vacancy depth profile, while independent of the
ickel contamination sequence. Considering the small lattice misfit
nd the corresponding stress, it can be concluded that the influence
f the point defects on the generation of nickel silicides is not signif-
cant. The enhancement of oxygen precipitation was caused by the
acancies, which injected into the silicon bulk during 1250 ◦C/60 s
TA annealing. On the basis of the experimental results, it can be
erived that the segregation gettering and intrinsic gettering of the
ickel atoms plays an important role on the formation of DZ, where
o nickel silicides and oxygen precipitates existed.
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