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Abstract: The effect of rapid thermal annealing (RTA) ambient on denuded zone and oxygen precipitates in Czochralski

(C2) silicon wafers is studied in this paper. N, and a N, /NH; mixture are used as RTA ambient. It is demonstrated that a

high density of oxygen precipitates and thin denuded zone are obtained in N, /NH; ambient, while a relatively lower densi-

ty of oxygen precipitates and thicker denuded zone are observed in N, ambient. As the RTA duration times increased, the

oxygen precipitate density increased and the denuded zone depth decreased. X-ray photoelectron spectroscopy (XPS) data

and atomic force microscope (AFM) results show that there was a surface nitriding reaction during the N, /NH; ambient

RTA process,which can explain the different effect of RTA ambient.
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1 Introduction

During the fabrication process of ultra large-scale
integration circuits (IC), metal contaminants such as
iron,nickel,and copper ef al.,are often unintention-
ally brought into the silicon wafer and are harmful to
device performance. Gettering technology is one of
the most useful means to remove metal contaminants
in the active region of devices. Several gettering tech-
niques, such as intrinsic and external gettering, have
been developed in the past decades. Intrinsic gettering
(IG) techniques include the conventional high-low-
high annealing process and magic denuded zone
(MDZ) based on the rapid thermal annealing(RTA)
process ' ~*/. Extrinsic gettering techniques include

backside damage, phosphorous diffusion,and poly-sili-
5.6]

con deposit processes-

The traditional extrinsic gettering techniques are
not suitable for 300mm wafers, because 300mm wafers
are generally double-side polished to obtain a very flat

(5~71 'which eliminates the use of the EG

back surface
process based on the backside surface treatment. As a
result,the intrinsic gettering process becomes impor-
tant for 300mm wafers to remove metal contamina-
tion in the device active region.

high-low-high

process-”! has disadvantages such as bad reproduction

The conventional annealing

on the depth of denuded zone, the dependence on the
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original oxygen concentration in wafers, and high
thermal budget'~"'. The MDZ" "' process was devel-
oped by Falster et al. and is an improved technique
based on the traditional high-low-high annealing
process. In the MDZ process. RTA replaces the first
annealing step of the conventional process. The role
of RTA on the formation of the denuded zone and
oxygen precipitates has been discussed by Falster and
Akatsuka'®® . However, more efforts are necessary to
decrease the denuded zone depth and increase the ox-
ygen precipitate density.

In this work, the effects of N,/NH; and N, on
the formation of the denude zone and oxygen precipi-
tates are investigated. Meanwhile, the surface chemi-
cal composition and tomography changes during dif-
ferent RTA ambient are investigated by the means of
X-ray photoelectron spectroscopy ( XPS) and atom
force microscope (AFM) ,and the effect of RTA am-
bient is explained.

2 Experiment

Samples used in the experiment were p-type,
(100) orientation,300mm polished silicon wafers with
an initial interstitial oxygen concentration of about
1.35X10"%cm ~° (ASTM-76) .

RTA was performed at 1200C in N, and NH; /N,
ambient with a ramp-down rate of 90C /s. After the
RTA process, the wafers were annealed (800C for 4
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Fig.1 XPS spectra for as-polished (a),N, RTA (b),and N,/
NH; RTA wafers (¢)

hours + 1000C for 16 hours) in pure N, ambient.
The cross-section of the samples was etched by
Wright solution,and then the depth profile of the de-
nuded zone and the oxygen precipitates were observed
using an optical microscope. XPS and AFM were used
to investigate the wafer surface chemical and tomo-
graphy variation after RTA.

Initial and post-annealing interstitial oxygen con-
centration (Ci,a and Cy) were measured using fou-
rier transform infrared spectroscopy. Interstitial oxy-
gen loss (AO; = Chipiia — Cpow) Was introduced to evalu-
ate the oxygen precipitate density.

3 Results and discussion

3.1 Effect of RTA ambient on wafer surface status

Figure 1 shows the wide scan spectra of XPS for
the as-polished wafer,and the N,/NH,; and N, ambi-
ent RTA treated wafers. Peaks of Okll,Ols,Cls,SiZs,
and Si2p are observed on all three wafers,and Nls is
detected only on the wafer with N,/NH; ambient (N
atom percentage is 21%). The nitriding reaction may
occur during the N,/NH; ambient process.

Figure 2 shows the AFM scan for the as-polished
wafer,and the N, and N,/NH; ambient RTA treated
wafers. The surface micro-roughness increased slightly

Fig.2 AFM surface scan of as-polished wafer (a), wafer trea-
ted in N, ambient RTA treatment with 45s high temperature du-
ration (b), wafer treated in N,/NH; ambient and 32s duration
(o)

after the RTA process in both ambient. However,sev-
eral small pits, 20 ~80nm in diameter, appear in the
surface when the wafer was treated in the N,/NH;
ambient. The small pits will deteriorate the wafer sur-
face and influence the GOI in the IC manufacture,
and the whole wafer manufacturing process should be
redesigned if the RTA process with N,/NH; ambient
came to practical application.

However, the surface pits were evidence of sur-
face reaction during the RTA process. Combining the
present speculation with the XPS result, we conclude
that the small pits was formed by the surface erosion
by NH;. During the RTA high temperature holding
process, NH; decomposed to N and H atoms, which
exhibited high activity. The H
with the surface native silicon oxide and the N atom

atom reacted
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Fig.3 Cross-sectional images of N, ambient wafers with RTA duration time (a)

25s;(b) 35s;(c) 45s

Fig.4 Cross-sectional images of N, /NH; ambient wafers with RTA duration time
(a) 12s;(b) 22s;(c) 32s

reacted when a fresh silicon surface that appeared by
H atom reduction reaction. Due to the short reaction
periods and the slow reduction reaction of the H at-
om, the nitriding production would be preferentially
nucleared on the site of fresh wafer surface,and the
H atom continued to react with the wafer surface in
the zone uncovered with nitriding reactant. The H at-
om prefers to react with native oxide,and also can re-
act with bare silicon to form SiH, in the surface when
the oxide layer had been reduced. As a result,the pits
were formed in the position where nitriding reactants
were not covered by H atom erosion.

3.2 Effect of RTA ambient on denuded zone distribu-
tion

Figure 3 shows the oxygen precipitate depth pro-
file of wafers treated in N, RTA ambient. For RTA
duration times of 25,35,and 45s,the depth of the de-
nuded zone is 107,80, and 40um, respectively. Thus,

the denuded zone depth decreases for prolonged RTA
duration time.

Figure 4 shows the oxygen precipitate depth pro-
file of the wafers treated in NH; /N, RTA ambient.
For RTA duration times of 12,22, and 32s, the depth
of the denuded zone is 40,20,and 10pm,respectively.
The denuded zone depth decreases for prolonged
RTA duration time, as demonstrated in N, ambient.
Meanwhile, the oxygen precipitate distribution profile
in the three samples exhibits an “M” shape.as marked
in Fig. 4 with white lines. The precipitate distribution
becomes more uniform if the duration time increases.

Figure 5 shows the value of AO; as a function of
RTA duration time. AO; increases for prolonged RTA
duration time in both N, and N,/NH; ambient. AO;
increases from 5. 39X 10" to 5.5X 10" cm ® in N, am-
bient. In N, /NH; mixture, AO; increases from 5.3 X
10" to 1. 1 X 10" cm~?. With the reference of the oxy-
gen depth profile under an optical microscope, the
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tion of the RTA high temperature duration time

Interstitial oxygen concentration loss (AO;) as a func-

value of AO; can be used to evaluate the oxygen pre-
cipitate density indirectly,as it is the difference of in-
terstitial oxygen concentration pre- and post- annea-
ling process. An increase in the value of AO; always
accompanies the distribution of a thin denuded zone
and high oxygen precipitates in the wafer cross-
section. By comparison, a relatively thinner denuded
zone and higher oxygen precipitate density may be
obtained in N,/NH; mixture than in N, ambient.

The surface nitriding reaction during the N, /NH,
mixture gas RTA process,which had been verified by
XPS and AFM, explains the different effects of RTA
ambient. A special vacancy distribution"'™" (low va-
cancy density in the sub-surface layer,and high vacan-
cy density in the wafer bulk) forms during the RTA
process. The special vacancy distribution causes a non-
uniform oxygen precipitate profile in the following
two step annealing process (800C ,4h + 1000C ,16h)
since vacancies enhance the non-equilibrium nuclea-
ting process of oxygen precipitates'”'. The Frenkel
mechanism and surface point defects injection are two
main mechanisms that determine the vacancy distri-
bution during the RTA process. The Frenkel mecha-
nism is a thermal equilibrium process that occurs dur-
ing the high temperature step, and surface point de-
fect injection occurs when there is a surface reaction
such as oxidation or nitriding""' ="/,

In the present work, N, and N,/NH; are used
during the RTA process,but the strong nitriding reac-
tion appears only in N, /NH; ambient due to the pres-
ence of NH;. During the N,/NH; ambient RTA high
temperature duration stage,vacancies form in the ni-
tride/silicon interface by nitriding reaction diffuse in-
to the wafer bulk. As a result, the vacancy concentra-
tion in the N,/NH; RTA wafer is much higher than
that in the N, RTA wafer. When the wafers are
cooled at the same ramp down rate,the vacancy con-
centration in the N,/NH; RTA wafer bulk is higher
than that in N, ambient. Consequently, the oxygen
precipitation concentration in the N,/NH; RTA wa-

fer bulk is higher than that in N, ambient since the
vacancies enhance the non-equilibrium nucleating
process of oxygen precipitates .

The “M” shape oxygen precipitates distribution
in Fig. 4 (a) and (b) is another important clue to
prove the vacancy surface injection. When the dura-
tion time is short, vacancies injected into the wafer
bulk can not reach the wafer centre zone, and an
“M”-like vacancy distribution profile forms after the
RTA ramp down process. When the duration time is
sufficient,a homogeneous vacancy distribution forms
throughout the entire bulk. As a result, we can see
homogeneous oxygen precipitates in Fig.4 (¢).

4 Conclusion

The depth of the denuded zone is thinner and the
oxygen precipitate density is higher in a N, /NH; am-
bient RTA wafer than in N, ambient. Furthermore,
the effect of N,/NH; can be explained by the results
of XPS and AFM, which prove that NH; reacted with
silicon. Surface vacancy injection was enhanced by
NH; reaction. As a result,a thinner denuded zone and
higher oxygen precipitate density formed in the N,/
NH; ambient RTA wafer in the following two step
annealing process.
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