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Abstract—Nitrogen-doped silicon wafers manufactured using
the Czochralski technique (Cz-Si) with an oxygen concentration
([OI]) of 2.5–5.6 × 1017 atoms cm−3 are heat treated to simulate
the conventional and scaled manufacturing processes of insulated
gate bipolar transistors (IGBTs). Subsequently, the oxygen pre-
cipitation, lifetime, and gate oxide integrity (GOI) of the Cz-Si
wafers are evaluated. After the high-temperature heat treatment
that simulates the conventional process, the lifetime of the Cz-Si
with an [OI] of 5.6 × 1017 atoms cm−3 only degrades slightly
even when oxide precipitates are not detected. In contrast, after
the low-temperature heat treatment that simulates the scaled
process, oxide precipitates are detected and the lifetime reduces
substantially at an [OI] of 5.6 × 1017 atoms cm−3. The Cz-Si with
[OI] values below 3.3 × 1017 atoms cm−3 are considered suit-
able materials for IGBTs because no oxide precipitate is formed,
and the lifetime is not degraded after high- and low-temperature
heat treatments. Upon using GOI evaluation, the nitrogen-doped
Cz-Si wafers are found to exhibit a breakdown voltage equal to
that of an annealed Cz-Si wafer conventionally used for IGBTs.
Therefore, nitrogen-doped Cz-Si wafers with [OI] below 3.3 ×
1017 atoms cm−3 are potential materials for conventional and
scaled IGBTs.

Index Terms—Breakdown voltage, carrier lifetime, Czochralski
silicon wafer, insulated gate bipolar transistors, semiconductor
materials, silicon.

I. INTRODUCTION

IN RECENT years, power devices that can perform highly
efficient power conversion and switching have gained con-

siderable attention with the development of electric vehicles,
smart grids, and other energy-saving applications. In particu-
lar, the market for insulated gate bipolar transistors (IGBTs)
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has expanded rapidly owing to their application in hybrid
and electric vehicles. Additionally, silicon wafers that are
free from voids and oxide precipitates, which can degrade
gate-emitter breakdown voltage and bulk lifetime of minor-
ity carriers, respectively, are required for manufacturing
IGBTs [1], [2], [3]. For IGBTs with relatively low break-
down voltages in the range of 600–1200 V, silicon wafers
cut from silicon single crystals with a diameter of 200 mm
manufactured using the Czochralski technique (Cz-Si) with
an oxygen concentration ([OI]) below 4.5 × 1017 atoms
cm−3 (JEIDA wafers) are typically used as these wafers
are oxide precipitate-free after heat treatments [1]. However,
voids are present in the as-grown Cz-Si single crystals owing
to the limitation of the crystal growth conditions for low
[OI]. Therefore, voids must be eliminated by annealing in
an oxygen atmosphere at a high temperature (approximately
above 1100 ◦C) during the wafer or device preparation
processes [1], [4], [5]. Simultaneously, the transition from
200 to 300 mm diameter wafers has begun in Europe to
improve productivity [6], [7]. However, the thermal stresses
caused by the temperature difference between the center and
edge are higher for a 300 mm wafer, increasing dislocation
propagation [8]. Therefore, a growth technique for obtaining
void-free as-grown Cz-Si single crystals with low [OI] needs
to be developed [9], [10].

Nitrogen-doped Cz-Si single crystals with [OI] below
3 × 1017 atoms cm−3 (JEIDA wafers) are potential materi-
als for IGBTs [11], [12], because nitrogen-doping suppresses
void formation, thereby achieving a void-free as-grown state.
Iida et al. compared the gate oxide integrity (GOI) of as-
received nitrogen-doped Cz-Si wafers with that of an epitaxial
wafer [13]. However, a large quantity of oxygen precipitates
may have existed owing to the nitrogen-doping following
the IGBT device manufacturing processes. This is because
these processes are implemented at a high temperature for
a long duration compared with those of a typical complemen-
tary metal-oxide-semiconductor process, which enhances the
growth of oxide precipitates. These oxide precipitates have
been reported to affect the GOI [14]; therefore, confirming
their impact on the GOI after heat treatment is necessary.
However, the properties of nitrogen-doped Cz-Si wafers after
heat treatments have not been clarified so far.

Currently, the structures of an IGBT contains a deep trench
gate of approximately 6 µm in depth and a p-base layer,
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which is in contact with an n-emitter on the cathode side.
Therefore, relatively high temperature and heat treatments over
long durations are necessary for manufacturing these device
structures. However, there are two technical trends in the IGBT
device manufacturing process. First, the device processes are
low-temperature processes upon changing the wafer diame-
ter to 300 mm. This is motivated by the increasing stress
in the wafer owing to the temperature difference between
the center and edge of the wafer, which increases disloca-
tion defects [15]. Second, the heat treatment timescale is short
owing to the “scaled IGBTs” technique proposed by Tanaka
and Omura [16]. IGBT structures can be scaled down with
a special scaling coefficient k, by which the trench gate and
p-base layer become shallow by a factor of 1/k, resulting in the
shortening of the heat treatment timescales. From the afore-
mentioned technical trends, the IGBT device manufacturing
process will possibly be conducted at 1000 ◦C for approxi-
mately 10–20 h for the heaviest load process in the future,
which will be discussed in Section II-A.

In this study, to reveal the possibility of using nitrogen-
doped Cz-Si wafers as materials for IGBTs, the formation of
oxide precipitates, minority carrier lifetime, and GOI after heat
treatments are investigated using nitrogen-doped Cz-Si wafers
with [OI] of 2.5–5.6 × 1017 atoms cm−3. The Cz-Si wafers are
subjected to high and low-temperature heat treatment that sim-
ulate the conventional and scaled IGBT device manufacturing
processes, respectively.

II. EXPERIMENTAL SECTION

A. Heat Treatment Conditions

In this section, the heat treatment conditions simulating con-
ventional and scaled IGBT device processes are determined.
The heat treatment of the IGBTs with the highest tempera-
ture and longest duration forms guard ring structures resulting
in a high collector emitter voltage, which is realized by dif-
fusing boron into silicon wafers. Saraya et al. attempted to
form the conventional guard ring structure by heat treatment
at 1100 ◦C for 1300 min [15]. The guard ring is formed by
diffusing boron into silicon wafers according to the following
equation for diffusion length L [17]:

L =
√

t · D∞exp

(−Ea

kBT

)
(1)

where t is the heat treatment duration, and D∞ and Ea are the
apparent value of diffusion coefficient at infinite temperature
and activated energy of boron in silicon single crystals, respec-
tively. Additionally, kB is the Boltzmann coefficient and T is
the absolute temperature. The relationship between tempera-
ture and timescale of the guard ring process of conventional
and k = 3 scaled IGBTs estimated from (1) and [15] are shown
in Fig. 1. However, the formation of the guard ring structure
of scaled IGBTs has not been optimized. Hence, we estimated
the guard ring process from [15], in which the scaling of the
depth is 1/k, similar to that of the trench gate, p-base layer,
etc. As shown in Fig. 1, more than 200 h of heat treatment is
necessary for a conventional structure if the process temper-
ature is decreased to 1000 ◦C. In contrast, only 24 h of heat

Fig. 1. Forecasted heat treatment temperature and timescale of the guard
ring process for conventional and k = 3 scaled IGBTs. Guard ring structures
of the scaled IGBTs are assumed to be scaled by 1/k, similar to the scaling
of the trench gate, p-base layer, etc.

TABLE I
[OI ] AND NITROGEN CONCENTRATIONS OF THE WAFERS

treatment is approximately equivalent to that of the conven-
tional process at 1100 ◦C. The low-temperature scaled guard
ring process under the two aforementioned technical trends
will possibly be implemented at 1000 ◦C for 10–20 h in the
future. The scaling impact of main cell, gate structure on the
process temperature and duration can be considered as well.
Therefore, the heat treatments conditions simulating conven-
tional and scaled IGBT device processes are determined to be
1100 ◦C for 15 h and 1000 ◦C for 15 h, respectively, in this
study. Furthermore, each heat treatment condition is subjected
to pre-annealing at 780 ◦C for 3 h to grow the as-grown oxide
precipitate nuclei.

B. Wafers Processing

Five types of silicon wafers (n-type, approximately
250 �cm) with a diameter of 200 mm manufactured using
Cz-Si single crystals, as shown in Table I, are evaluated. The
high, middle, and low [OI] corresponds to nitrogen-doped Cz-
Si wafers with [OI] of 5.6, 3.3, and 2.5 × 1017 atoms cm−3,
respectively. The “annealed wafer” in which voids are elim-
inated by annealing in an oxygen atmosphere is used for
IGBTs conventionally. The “void wafer” is not treated with
any void annihilation process, such as nitrogen-doping or oxy-
gen annealing, and it includes voids in the central region
of the wafer. The various [OI] values are measured using
Fourier transform infrared spectroscopy (ECO-1000S, Thermo
Fisher Scientific, Inc.) with a conversion factor of 3.14 ×
1017 cm−2 (JEIDA). Nitrogen is doped in the silicon melt by
charging the silicon wafers with a layer prepared using chem-
ical vapor deposition of silicon nitride (Si3N4) in a quartz
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Fig. 2. Defect density distributions along the radial direction of the wafer measured using LST of (a) as-received, (b) Hi and (c) Lo-temp heat treated silicon
wafers. The black square, gray circle, and white diamond plots indicate [OI ] values of 5.6, 3.3, 2.5 × 1017 atoms cm−3, respectively.

crucible for the growth of the Cz-Si crystal. The nitrogen
concentrations corresponding to various [OI] is estimated to
be 1×1014 atoms cm−3 by considering a segregation coef-
ficient of 0.0007 between the crystal and silicon melt [18].
The wafers are subjected to high and low-temperature heat
treatments in a horizontal quartz tube furnace containing an
oxygen (3 %)/nitrogen mixture. The high-temperature condi-
tion (Hi-temp) simulating the conventional IGBT process is
780 ◦C for 3 h followed by 1100 ◦C for 15 h, whereas the low-
temperature condition (Lo-temp) simulating the scaled IGBT
(k = 3) process is 780 ◦C for 3 h followed by 1000 ◦C for
15 h. The densities of the oxide precipitates are measured by
cleaving the wafers along the center using infrared laser scat-
tering tomography (LST) (LST-310A, Semilab Semiconductor
Physics Laboratory Co. Ltd). The infrared laser beam was inci-
dent on the wafer surface (100) plane, and the light scattered
owing to the defects in the <100> direction normal to the
cleaved cross-section is observed. The minority carrier lifetime
is evaluated by microwave photoconductivity decay (μ-PCD)
after chemical passivation using a solution of iodine in ethanol.
All the wafers are polished to remove the silicon oxide layer
formed during heat treatments before evaluating the minority
carrier lifetime. For GOI measurement, 408 planar metal-
oxide semiconductors (MOSs) are fabricated per wafer and the
time-zero dielectric breakdown in the MOS capacitors is eval-
uated by measuring the current-voltage characteristics [19].
The Hi and Lo-temp heat treated wafers were re-polished by
approximately 2 µm from the wafer surface to remove the
silicon-oxide films formed during heat treatment. To confirm
the influence of re-polishing on the wafer surface, a wafer
with low [OI] was also re-polished without any heat treat-
ments. After re-polishing, gate oxide films with a thickness of
25 nm were grown on the silicon wafers by annealing in an
oxygen atmosphere, and poly silicon electrodes with an area of
10 mm2 were deposited.

III. RESULTS

Fig. 2 shows the defect density distributions along the radial
direction of the wafer measured using LST of the as-received,
Hi- and Lo-temp treated silicon wafers. The black square, gray
circle, and white diamond plots indicate high, middle, and low

[OI] conditions, respectively. As shown in Fig. 2 (a) and (b),
no defects were detected in either of the as-received and Hi-
temp treated wafers at any of the [OI] conditions. In contrast,
as shown in Fig. 2 (c), oxide precipitates with a high density
of 109 cm−3 were detected at the high [OI] values after Lo-
temp treatment, although there were no defects at the middle
and low [OI] conditions.

Fig. 3 (a) and (b) illustrate the minority carrier lifetime maps
and the average values of these lifetimes over the entire wafers
evaluated using the µ-PCD method. The black square, gray
circle, and white diamond plots indicate the high, middle, and
low [OI] conditions, respectively. The minority carrier lifetime
of the as-received silicon wafer is longer than 5000 µs, which
is sufficiently long for an IGBT at all [OI] values. After the
Hi-temp treatment, the middle, and low [OI] wafers had a long
minority carrier lifetime. In contrast, in the high [OI] condi-
tion, the lifetime is 4545 µs, slightly degraded from that of
the as-received silicon wafer, despite no defects being detected
using LST. After the Lo-temp treatment, the lifetime decreases
significantly at the high [OI] condition because of the presence
of oxide precipitates with high densities, as shown in Fig. 1 (c).
In contrast, the wafers with middle and low [OI] maintain
a long lifetime equal to that of the as-received silicon wafer.

Fig. 4 shows the distribution maps and fractions of the gate
oxide breakdown. The breakdown voltages in the range of 0–1,
1–5, 5–8, and > 8 MV cm−2 are labeled as A, B−, B+, and
C modes, respectively. The void wafer exhibits a low break-
down voltage with a disk pattern and a C mode fraction of
82.3 %. If the voids are exposed on the wafer surfaces, the
gate oxide locally becomes thin, thereby resulting in a lower
breakdown voltage than that of a void-free surface. In contrast,
the annealed wafer exhibits high GOI quality with the fraction
of C mode being 100 %. The nitrogen-doped wafers with [OI]
in the range of 2.5–5.6 × 1017 atoms cm−3 exhibit an equiv-
alent GOI quality as that of annealed wafers, the conventional
wafers used in IGBTs.

Thick oxide layers are formed on the wafer surfaces during
heat treatments, such as at 1000 ◦C in an oxygen (3 %)/nitro-
gen mixture. Therefore, such oxide layers should be removed
before GOI evaluations corresponding to the Hi- and Lo-temp
treatment conditions. In this study, the wafers are re-polished
mechanically and chemically after heat treatments to obtain
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Fig. 3. (a) Minority carrier lifetime maps captured using the μ-PCD method and (b) average value of these lifetimes over the entire wafer. The black square,
gray circle, and white diamond plots indicate high, middle and low [OI ], respectively.

Fig. 4. (a) Distribution maps of for different conditions and (b) fractions of the gate oxide breakdown voltage for the as-received silicon wafers. The
breakdown voltages in the range of 0–1, 1–5, 5–8 and > 8 MV cm−2 are labeled by A, B−, B+, and C modes, respectively.

surfaces free from oxide layers. To confirm the quality of the
re-polished wafer surfaces, we prepared a reference sample
by re-polishing a wafer without any heat treatments using low
[OI] condition, which indicates excellent GOI quality at the
as-received condition, as shown in Fig. 4. The distribution
maps and fractions of the C mode of the reference sample are
shown on the right side of Fig. 5. Unlike the as-received low
[OI] condition shown in Fig. 4, the fraction of C mode after
re-polishing decreases by 1 % possibly owing to the particles
attached during re-polishing. The left side of Fig. 5 shows the
distribution maps and the fractions of the C mode after re-
polishing following Hi and Lo-temp treatments. Even though
some areas of low breakdown voltage can be seen in the wafer
maps, the fractions of the C mode are at similar levels for all
conditions including the reference, which has the same quality
as that of the conventional wafers used for IGBTs, as shown in
Fig. 4. The nitrogen-doped Cz-Si wafers exhibit a GOI quality
similar to the as-received silicon wafer after Hi- and Lo-temp
treatments.

IV. DISCUSSION

Table II summarizes the [OI] values required to use
nitrogen-doped Cz-Si wafers for conventional and scaled
IGBTs from the perspective of oxygen precipitation, minor-
ity carrier lifetime, and GOI. For the Hi-temp heat treatment,
the minority carrier lifetime reduces slightly at the [OI] value
of 5.6 × 1017 atoms cm−3 although no oxide precipitates are
detected using LST, as shown in Fig. 2 and Fig. 3. Some
oxide precipitates are assumed to exist, the diameter and den-
sity of which are too low to be detected using LST. The
wafers, whose minority carrier lifetimes degrade after heat
treatments, should be avoided because a low lifetime causes
an increasing collector-emitter leakage current and on-voltage.
Therefore, [OI] below 3.3 × 1017 atoms cm−3 is suitable
for conventional IGBTs. The nitrogen-doped Cz-Si wafers
exhibit equivalent GOI quality to those of annealed wafers,
conventionally used for IGBTs. After the Lo-temp treatments,
oxide precipitates with high densities are detected at [OI] of
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Fig. 5. (a) Distribution maps and (b) fractions of the gate oxide breakdown voltage after Hi and Lo-temp heat treatment. The breakdown voltages in the
range of 0–1, 1–5, 5–8 and > 8 MV cm−2 are labeled by A, B−, B+ and C modes, respectively. The black and white bars show the C mode frequency
after Hi and Lo-temp heat treatment, respectively. The reference is a low [OI ] wafer polished without any heat treatment.

TABLE II
UPPER LIMITS OF [OI ] TO USE NITROGEN-DOPED CZ-SI WAFERS FOR CONVENTIONAL AND SCALED IGBTS

5.6 × 1017 atoms cm−3, thereby substantially reducing the
minority carrier lifetime.

The oxygen atoms precipitate onto nuclei that grow as
oxide precipitates during heat treatment if the diameters of
the nuclei are larger than the critical radius determined by
the heat treatment temperature. The critical radius decreases
with decreasing temperature because of the increase in the
supersaturation of oxygen atoms and therefore, small nuclei
remain during Lo-temp treatment. In contrast, the wafers with
[OI] below 3.3 × 1017 atoms cm−3 are suitable to be used as
the material for scaled IGBTs because oxygen precipitation
does not occur and they exhibit long minority carrier life-
times even after undergoing heat treatment. The breakdown
voltage was reported to decrease when the wafer surface has
microroughness caused by oxide precipitates [14]. However,
the degradation of the breakdown voltage was not observed
for any [OI] value in this study, although oxygen precipita-
tions with high density were detected at an [OI] of 5.6 ×
1017 atoms cm−3. The denuded zone, an oxide precipitate-
free region near the wafer surface with a depth of several
micrometers, is formed during the thermal process even if
a high density of oxide precipitates exists in the bulk. The
denuded zone is formed by the out-diffusion of oxygen atoms
to the wafer surface from the bulk during heat treatment,
thereby resulting in the locally decreasing [OI] near the wafer
surface. In this study, the denuded zone was assumed to be
formed by heat treatment, and therefore, the breakdown volt-
age was equal to that of the as-received silicon wafer. As the
wafer surface was passivated using a solution of iodine in

ethanol and the surface recombination velocities have high
value the minority carrier lifetime exhibits the bulk proper-
ties regardless of the formation of the denuded zone. Thus,
the silicon wafers with [OI] of 5.6 ×1017 atoms cm−3 have
low minority carrier lifetime because of the presence of oxide
precipitates.

In conclusion, nitrogen-doped Cz-Si wafers with [OI] values
below 3.3 × 1017 atoms cm−3 are suitable as materials for
both conventional and scaled IGBTs from the viewpoints of
oxygen precipitation, minority carrier lifetime, and GOI.

V. CONCLUSION

Nitrogen-doped Cz-Si wafers are evaluated for their suit-
ability as materials for the conventional and scaled IGBTs,
which are assumed to become the standard in the future,
from the perspectives of oxygen precipitation, minority car-
rier lifetime and GOI. For the as-received silicon wafers, no
oxide precipitates are observed and thus, the lifetime was
long. For the high-temperature heat treatment, which simu-
lated the conventional IGBT device manufacturing processes,
no oxide precipitates are detected using LST for [OI] bellow
5.6 × 1017 atoms cm−3. However, a slight degradation of
minority carrier lifetime is observed at an [OI] of 5.6 × 1017

atoms cm−3. In the case of low-temperature heat treatment,
which simulates the scaled IGBT process, oxide precipitates
with a high density of 109 cm−3 are detected, thereby result-
ing in a substantial reduction in the minority carrier lifetime
for an [OI] of 5.6 × 1017 atoms cm−3. In the wafers with
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[OI] below 3.3 × 1017 atoms cm−3, no oxide precipitates
are detected, and the lifetime is maintained at a high value
suitable for IGBTs. Using GOI evaluation, the nitrogen-doped
Cz-Si wafer was found to possess a breakdown voltage equal
to that of an annealed Cz-Si wafer, which is conventionally
used for IGBTs. It was thus revealed that the nitrogen-doped
Cz-Si wafers with [OI] below 3.3 × 1017 atoms cm−3 can be
used for conventional and scaled IGBTs from the viewpoints
of oxide precipitates, minority carrier lifetime, and GOI.
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