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(54) Saturation voltage estimation method and silicon epitaxial wafer manufaturing method

(57) Provided is a technique advantageous in form-
ing a semiconductor device at a high yield from a silicon
epitaxial wafer in which the carbon concentration of an
epitaxial layer is 5 3 1014 atoms/cm3 or less.

Carbon contained in an epitaxial layer of a silicon
epitaxial wafer is rendered luminescence-active, the ac-
tivated carbon is excited to cause the luminescence, and
the intensity or intensity ratio of luminescence originating
from carbon is obtained. The relationship between this

intensity or intensity ratio and the collector-emitter satu-
ration voltage is checked beforehand. A part or parts of
wafers are extracted from a silicon epitaxial wafer man-
ufacturing lot, and the luminescence intensity or intensity
ratio of each extracted wafer is obtained. The quality of
the manufacturing lot is determined by comparing this
intensity or intensity ratio with the above-mentioned re-
lationship.



EP 2 779 220 A2

2

5

10

15

20

25

30

35

40

45

50

55

Description

FIELD

[0001] The present invention relates to a saturation voltage estimation method and a silicon epitaxial wafer manufac-
turing method using the same. In particular, the present invention relates to an estimation method of estimating a collector-
emitter saturation voltage before fabricating a semiconductor device including a collector and emitter from a silicon
epitaxial wafer manufactured through an epitaxial method and including a silicon layer with a carbon concentration of 5
3 1014 atoms/cm3 or less as an epitaxial layer, and further relates to a silicon epitaxial wafer manufacturing method
using this estimation method.

BACKGROUND

[0002] Many recently developed power devices are aiming at high breakdown voltages. The carbon concentration in
an epitaxial layer of a silicon epitaxial wafer has an influence when increasing the breakdown voltage of a power device.
Therefore, demands have arisen for further reducing this carbon concentration.
[0003] A practically required carbon concentration is 5 3 1014 atoms/cm3 or less. It is being required to stably manu-
facture and supply a silicon epitaxial wafer in which the carbon concentration is thus very low, while controlling the carbon
concentration in accordance with the standards of a device.
[0004] Unfortunately, a method of evaluating a carbon concentration of 5 3 1014 atoms/cm3 or less is not defined in
the Japanese Industrial Standards (JIS) and Semiconductor Equipment and Materials International (SEMI) standards.
An example of the carbon concentration evaluation method is secondary ion mass spectrometry (SIMS) capable of
evaluating the carbon concentration of a thin film. However, the detection limit of the method is about 1 3 1015 atoms/cm3,
i.e., it is difficult for the method to evaluate a carbon concentration of 5 3 1014 atoms/cm3 or less.
[0005] As another evaluation method, Jpn. Pat. Appln. KOKAI Publication No. 4-344443 has proposed a method
capable of measuring the carbon concentration in silicon at a high sensitivity by measuring the intensity of light generated
by irradiating a silicon sample with an electron beam (a photoluminescence method), and performing the same meas-
urement after carbon or oxygen ions are implanted. However, this literature does not indicate any measureable carbon
concentration. In addition, since ion implantation is performed, luminescence caused by implantation damage and irrel-
evant to a carbon impurity, or non-radiative centers that have a carbon defect level but do not emit light increase. This
makes it difficult to accurately evaluate the concentration of carbon originally contained in silicon.
[0006] As still another method, J. Weberand and M. Singh describe in Appl. Phys. Lett. 49(23), 1986 that when
luminescence measurement is performed on a sample whose carbon concentration is measured by infrared absorption
spectroscopy (IR) and the relationship between the carbon concentration obtained by the IR method and the intensity
obtained by the luminescence measurement is obtained, an unknown carbon concentration of a sample can be estimated
by performing luminescence measurement on the sample.
[0007] Unfortunately, the lowest carbon concentration evaluated by IR is 8.7 3 1015 atoms/cm3. Also, the detection
limit of IR is at most about 1 3 1015 atoms/cm3, so IR cannot measure a carbon concentration lower than this detection
limit. For a sample having a low carbon concentration, therefore, the intensity obtained by luminescence measurement
cannot be compared with the above-mentioned relationship, or the carbon concentration cannot estimated at a high
accuracy.

BRIEF SUMMARY

[0008] As described previously, it is conventionally known that the carbon concentration has an influence on the device
characteristics. However, the relationship between the device characteristics and carbon having a very low concentration
of 5 3 1014 atoms/cm3 or less is unknown. In addition, no evaluation method has been established for this carbon
concentration as described above. Accordingly, it is impossible to optimize wafer manufacturing steps in order to achieve
desired characteristics in a low-carbon-concentration device. This may have a serious influence on the yield of a device
formation process.
[0009] An object of the present invention, therefore, is to provide a technique advantageous in forming a semiconductor
device at a high yield from a silicon epitaxial wafer in which the carbon concentration of an epitaxial layer is 5 3 1014

atoms/cm3 or less.
[0010] In consideration of the above situation, the present inventors made extensive studies by focusing attention on
the photoluminescence method. Consequently, the present inventors have found that the luminescence spectral intensity
or intensity ratio of a low-carbon-concentration silicon epitaxial wafer in which the carbon concentration of an epitaxial
layer is 5 3 1014 atoms/cm3 or less has a positive correlation with the saturation voltage of the collector-emitter path as
a device characteristic, and have arrived at a saturation voltage estimation method of estimating the saturation voltage
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of the collector-emitter path before a device is formed.
[0011] That is, the present inventors have arrived at a saturation voltage estimation method of estimating the device
characteristic (collector-emitter saturation voltage) before the fabrication of a device from the luminescence spectral
intensity or intensity ratio of a silicon epitaxial wafer, instead of determining a carbon concentration of 5 3 1014 atoms/cm3

or less by the photoluminescence method.
[0012] In addition, the present inventors have arrived at a silicon epitaxial wafer manufacturing method of determining
the quality of a silicon epitaxial wafer by using the saturation voltage estimation method.
[0013] According to a first aspect of the present invention, there is provided a saturation voltage estimation method
comprising:

a first step of preparing a plurality of first lots each including two or more first silicon epitaxial wafers, the plurality
of first lots being obtained by performing, a plurality of number of times, a process of simultaneously forming silicon
layers having a carbon concentration of 5 3 1014 atoms/cm3 or less on two or more first wafers by epitaxial growth;
a second step of performing, for each of the plurality of first lots, irradiation of a part or parts of the two or more first
silicon epitaxial wafers with a particle beam to render a carbon impurity in the silicon layer luminescence-active,
irradiation of the silicon layer with excitation light to cause the luminescence, measurement of an intensity or intensity
ratio of luminescence originating from the carbon impurity, fabrication of one or more semiconductor devices each
including a collector and emitter from the rest of the two or more first silicon epitaxial wafers, and measurement of
a collector-emitter saturation voltage of each of the devices, thereby obtaining a relationship between the intensity
or intensity ratio and the saturation voltage;
a third step of preparing a second lot including two or more second silicon epitaxial wafers, the second lot being
obtained by performing a process of simultaneously forming silicon layers having a carbon concentration of 5 3
1014 atoms/cm3 or less on two or more second wafers by epitaxial growth; and
a fourth step of irradiating a part or parts of the two or more second silicon epitaxial wafers with a particle beam to
render a carbon impurity in the silicon layer active for luminescence, irradiating the silicon layer with excitation light
to cause the luminescence, measuring an intensity or intensity ratio of luminescence originating from the carbon
impurity, and comparing the intensity or intensity ratio thus obtained with the relationship to estimate a collector-
emitter saturation voltage of a semiconductor device to be fabricated from the rest of the two or more second silicon
epitaxial wafers and including a collector and emitter.

[0014] In the estimation method according to the first aspect, the collector-emitter saturation voltage can be estimated
by measuring the luminescence of the silicon layer as an epitaxial layer. Accordingly, if it is estimated that a silicon
epitaxial wafer in a certain manufacturing lot does not achieve a saturation voltage within an allowable range, the yield
of a semiconductor device formation process can be increased by not supplying the other wafers of the same manufac-
turing lot to the process. Also, if it is estimated that a certain silicon epitaxial wafer does not achieve a saturation voltage
within an allowable range, it is possible to predict that the manufacturing conditions of the wafer have deviated from
optimum conditions. Therefore, the estimation method according to the first aspect facilitates maintaining the wafer
manufacturing conditions in an optimum state, and can also increase the yield of the wafer manufacturing process.
[0015] According to a second aspect of the present invention, there is provided a silicon epitaxial wafer manufacturing
method comprising:

a first step of preparing a plurality of first lots each including two or more first silicon epitaxial wafers, the plurality
of first lots being obtained by performing, a plurality of number of times, a process of simultaneously forming silicon
layers having a carbon concentration of 5 3 1014 atoms/cm3 or less on two or more first wafers by epitaxial growth;
a second step of performing, for each of the plurality of first lots, irradiation of a part or parts of the two or more first
silicon epitaxial wafers with a particle beam to render a carbon impurity in the silicon layer luminescence-active,
irradiation of the silicon layer with excitation light to cause the luminescence, measurement of an intensity or intensity
ratio of luminescence originating from the carbon impurity, fabrication of one or more semiconductor devices each
including a collector and emitter from the rest of the two or more first silicon epitaxial wafers, and measurement of
a collector-emitter saturation voltage of each of the devices, thereby obtaining a relationship between the intensity
or intensity ratio and the saturation voltage;
a third step of preparing a second lot including two or more second silicon epitaxial wafers, the second lot being
obtained by performing a process of simultaneously forming silicon layers having a carbon concentration of 5 3
1014 atoms/cm3 or less on two or more second wafers by epitaxial growth; and
a fourth step of irradiating a part or parts of the two or more second silicon epitaxial wafers with a particle beam to
render a carbon impurity in the silicon layer luminescence-active, irradiating the silicon layer with excitation light to
cause the luminescence, measuring an intensity or intensity ratio of luminescence originating from the carbon
impurity, and determining quality of the two or more second silicon epitaxial wafers from the intensity or intensity
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ratio, the relationship, and a predetermined allowable range of a collector-emitter saturation voltage.

[0016] In the manufacturing method according to the second aspect, whether a semiconductor device having a col-
lector-emitter saturation voltage falling within an allowable range can be fabricated from a silicon epitaxial wafer can be
determined by measuring the luminescence of the silicon layer as an epitaxial layer. That is, the quality of the silicon
epitaxial wafer can be determined before the semiconductor device is fabricated. Accordingly, the yield of the semicon-
ductor device fabrication process increases. Also, if a silicon epitaxial wafer of a certain manufacturing lot is a defective
product, it is possible to predict that the manufacturing conditions of the wafer have deviated from optimum conditions.
Therefore, the manufacturing method according to the second aspect facilitates maintaining the wafer manufacturing
conditions in an optimum state, and can also increase the yield of the wafer manufacturing process.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

FIG. 1 is a schematic view showing luminescence-activation of a carbon impurity by electron beam radiation to a
silicon wafer;
FIG. 2 is a chart showing an example of the luminescence spectrum of the silicon wafer;
FIG. 3 is a chart showing an example of the luminescence spectrum of an epitaxial layer;
FIG. 4 is a graph showing an example of the relationship between the intensity of luminescence (G-line luminescence)
originating from a complex of interstitial carbon and substitutional carbon and a collector-emitter saturation voltage
Vce(sat);
FIG. 5 is a graph showing an example of the relationship between the ratio of the G-line luminescence intensity to
the free-exciton luminescence intensity (FE luminescence intensity) and the collector-emitter saturation voltage
Vce(sat);
FIG. 6 is a flowchart showing a silicon epitaxial wafer manufacturing method according to an embodiment of the
present invention; and
FIG. 7 is a graph showing an example of the ratio of the G-line luminescence intensity to the FE luminescence intensity.

DETAILED DESCRIPTION

[0018] First, a principle used in an embodiment of the present invention will be explained.
[0019] This embodiment uses a photoluminescence method. The photoluminescence method is a conventionally
known method by which electrons are excited by irradiating a material with excitation light, and light emitted when the
excited electrons change to the ground state is observed.
[0020] More specifically, electron-hole pairs are formed when a semiconductor (silicon) is irradiated with light having
energy higher than that of the forbidden band. Here, electron-hole pairs exceeding a thermal equilibrium state are formed
in semiconductor (silicon) crystals. The excess electron-hole pairs recombine and return to an equilibrium state. Light
is emitted in this recombination process. The spectrum of this emitted light is readily influenced by an impurity or defect
in the semiconductor crystals. Therefore, information of a carbon impurity in the semiconductor (silicon) is obtained by
spectroscopically precisely analyzing the light emission.
[0021] When the semiconductor crystals are irradiated with a particle beam prior to the excitation light irradiation, an
impurity in the crystals is rendered luminescence-active. As shown in FIG. 1, for example, when a silicon wafer 1 is
irradiated with an electron beam, radiation damage or defects occur in silicon crystals as follows:

 Si(s)+e→Si(i)+V

 Si(i)+C(s)Si(s)+C(i)

 C(i)+C(s)→Ci-Cs or C(i)+O(i)-Ci-Oi

where V represents a vacancy, and e represents an electron. The index (s) represents that an atom immediately
preceding this index is positioned at a lattice point (substitutional). The index (i) represents that an atom immediately
preceding this index is positioned between lattice points (interstitial). That is, C(i) represents interstitial carbon, C(s)
represents substitutional carbon, and O(i) represents interstitial oxygen. Also, Ci-Cs represents a complex of inter-
stitial carbon and substitutional carbon, and Ci-Oi represents a complex of interstitial carbon and interstitial oxygen.

[0022] Thus, the Ci-Oi and Ci-Cs composite detects are formed by the introduction of the primary defects. These Ci-



EP 2 779 220 A2

5

5

10

15

20

25

30

35

40

45

50

55

Oi and Ci-Cs defects emit light when irradiated with excitation light, more specifically, a laser beam such as visible light
or ultraviolet light. The intensity or intensity ratio of the light emitted by these defects is influenced by, e.g., the number
of Ci-Oi and Ci-Cs defects described above. Therefore, information of a carbon impurity in the semiconductor (silicon)
can be obtained by analyzing the luminescence intensity or intensity ratio.
[0023] FIG. 2 shows an example of the emission spectrum of a silicon wafer. Note that in FIG. 2, the ordinate indicates
the luminescence (PL) intensity, and the abscissa indicates the photon energy.
[0024] As shown in FIG. 2, the photon energy of the luminescence of the Ci-Cs complex is 0.97 eV, and that of the
luminescence of the Ci-Oi complex is 0.79 eV. Note that the photon energy of the free-excitation luminescence of silicon
is 1.1 eV, and this value is unique to silicon. The free-excitation luminescence of silicon will be referred to as an FE-line
hereinafter. Also, the photon energy of the electron-hole droplet (EHD) luminescence of silicon is 1.08 eV, and this value
is unique to silicon.
[0025] Next, a saturation voltage estimation method according to this embodiment will be explained.
[0026] In the manufacture of a silicon epitaxial wafer, the deposition of a silicon layer by an epitaxial method is generally
performed by a batch process. In this batch process, silicon layers as epitaxial layers are formed on a plurality of wafers,
e.g., silicon wafers in one deposition process. The silicon epitaxial wafers on which the epitaxial layers are simultaneously
formed in the same deposition process, i.e., the silicon epitaxial wafers of the same lot have almost equal carbon
concentrations in the epitaxial layers. By contrast, silicon epitaxial wafers on which epitaxial layers are formed in different
deposition processes, i.e., silicon epitaxial wafers of different lots sometimes cause variations in carbon concentrations
in the epitaxial layers.
[0027] The collector-emitter saturation voltage of a semiconductor device fabricated from a silicon epitaxial wafer and
including a collector and emitter, e.g., a bipolar transistor such as an insulated gate bipolar-transistor (IGBT) shows a
strong correlation with the carbon concentration in an epitaxial layer, if the formation conditions of the device are sufficiently
managed. The method according to this embodiment estimates the saturation voltage by using this.
[0028] This estimation method will be explained in more detail below.
[0029] First, a plurality of first lots each including two or more first silicon epitaxial wafers are prepared. The first lots
are obtained by repeating a process of simultaneously forming silicon layers (epitaxial layers) having a carbon concen-
tration of 5 3 1014 atoms/cm3 or less on a plurality of first wafers by epitaxial growth.
[0030] The first lots may also be prepared by using wafers cut out from different ingots as the first wafers. To perform
more accurate estimation, however, the first lots are desirably prepared by using wafers cut out from the same ingot as
the first wafers.
[0031] The dopant concentration of the epitaxial layer is preferably 1 3 1018 atoms/cm3 or less. This is so because if
the dopant concentration is high, no luminescence is sometimes obtained due to the influence of Auger recombination.
[0032] Then, a part or parts of the first silicon epitaxial wafers are extracted from each first lot. Each extracted first
silicon epitaxial wafer is irradiated with a particle beam, thereby rendering a carbon impurity in the epitaxial layer lumi-
nescence-active. In addition, the epitaxial layers are caused to emit light by irradiation with excitation light, and the
intensity or intensity ratio of the luminescence originating from the carbon impurity is obtained. Note that the excitation
light irradiation and luminescence intensity measurement are performed at low temperatures, for example, while cooling
samples with liquid helium.
[0033] FIG. 3 shows an example of the luminescence spectrum of the epitaxial layer. Referring to FIG. 3, the ordinate
indicates the photoluminescence (PL) intensity, and the abscissa indicates the photon energy. Note that for each of the
electron-hole droplet (EHD) luminescence and FE luminescence, shown in FIG. 3 is the value obtained by multiplying
the measured intensity by five.
[0034] Also, one or more semiconductor devices each including a collector and emitter are fabricated from the remaining
first silicon epitaxial wafers of each first lot. Here, individual steps such as an annealing step are severely managed so
that variations in performances of the semiconductor devices are caused only by variations in characteristics of the first
silicon epitaxial wafers. After that, the collector-emitter saturation voltages Vce(sat) of these devices are measured. It
is noted that the collector-emitter saturation voltages Vce(sat) is a parameter related to a turn-on voltage V(on-switch)
of the device.
[0035] The relationship between the luminescence intensity or intensity ratio and the saturation voltage is obtained
as described above.
[0036] FIG. 4 is a graph showing an example of the relationship between the intensity of luminescence (G-line lumi-
nescence) originating from a complex of interstitial carbon and substitutional carbon and the collector-emitter saturation
voltage Vce(sat). Referring to FIG. 4, the ordinate indicates the G-line luminescence intensity, and the abscissa indicates
the collector-emitter saturation voltage Vce(sat). The relationship between the luminescence intensity and saturation
voltage shown in FIG. 4 is obtained by preparing 13 first lots, and performing luminescence intensity measurement,
device fabrication, and saturation voltage measurement for each first lot. The number of first lots to be prepared is two
or more.
[0037] Then, a second lot including two or more second silicon epitaxial wafers is prepared. The second lot is obtained
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by performing a process of simultaneously forming a plurality of silicon layers (epitaxial layers) having a carbon concen-
tration of 5 3 1014 atoms/cm3 or less on a plurality of second wafers by epitaxial growth.
[0038] The second lot may also be prepared by using, as the second wafers, wafers cut out from an ingot different
from the ingot from which the first wafers are cut out. To perform more accurate estimation, however, it is desirable to
use, as the second wafers, wafers cut out from the same ingot as that from which the first wafers are cut out. Note that
the dopant concentration of the epitaxial layer is preferably 1 3 1018 atoms/cm3 or less in the second lot as well.
[0039] Subsequently, a part or parts of second silicon epitaxial wafers are extracted from the second lot. Each extracted
second silicon epitaxial wafer is irradiated with a particle beam, thereby rendering a carbon impurity in the epitaxial
layers luminescence-active. This particle beam irradiation is performed under the same conditions as those for the first
silicon epitaxial wafers.
[0040] In addition, the epitaxial layers are caused to emit light by irradiation with excitation light, and the intensity or
intensity ratio of the luminescence originating from the carbon impurity is obtained. The excitation light irradiation and
luminescence intensity or intensity ratio measurement are performed under the same conditions as those for the first
silicon epitaxial wafers.
[0041] After that, the intensity or intensity ratio is compared with the above-mentioned relationship, thereby estimating
the collector-emitter saturation voltage of a semiconductor device to be fabricated from the remaining second silicon
epitaxial wafers of the second lot, which includes a collector and emitter.
[0042] In this estimation method, the collector-emitter saturation voltage can be estimated by measuring the lumines-
cence of the silicon layer as an epitaxial layer. Therefore, if it is estimated that, for example, a silicon epitaxial wafer of
a certain manufacturing lot does not achieve a saturation voltage within an allowable range, the yield of a semiconductor
device formation process can be increased by not supplying the remainders of the wafers in the above manufacturing
lot to the process. Also, if it is estimated that a certain silicon epitaxial wafer does not achieve a saturation voltage within
an allowable range, it is possible to predict that the manufacturing conditions of the wafer have deviated from optimum
conditions. Therefore, this estimation method facilitates maintaining the wafer manufacturing conditions in an optimum
state, and can also increase the yield of the wafer manufacturing process.
[0043] In this estimation method, it is preferable to use the intensity of the Ci-Cs complex luminescence (0.97 eV: G-
line luminescence), among the luminescence originating from the carbon impurity.
[0044] The carbon concentration in silicon can be determined by using the intensity of the G-line luminescence or the
intensity of the Ci-Oi complex luminescence (0.79 eV; to be referred to as a C-line luminescence hereinafter). However,
the oxygen concentration of a silicon epitaxial layer is a low concentration of 1 3 1016 atoms/cm3 or less. Further, the
oxygen concentrations of epitaxial layers epitaxially grown under the same conditions can be regarded as almost constant.
Thus, in the case where the G-line luminescence is utilized, a higher luminescence intensity can be obtained as compared
with the case where the C-line luminescence is utilized, and the C-line luminescence does not interfere with the deter-
mination. Accordingly, it is favorable to use the intensity of the G-line luminescence.
[0045] When using the intensity ratio instead of the intensity of luminescence originating from the carbon impurity in
the above-mentioned estimation method, this intensity ratio is preferably the ratio of the intensity of luminescence
originating from the carbon impurity to the intensity of luminescence originating from silicon, e.g., the ratio of the intensity
of the G-line luminescence to that of the FE-line luminescence, or the ratio of the intensity of the G-line luminescence
to the intensity of EHD luminescence of silicon. When using these intensity ratios, it is possible to correct, e.g., the
influence of surface recombination, a measurement error, and an error resulting from a measurement day, and obtain
the above-mentioned relationship with high accuracy.
[0046] As the particle beam (high-energy particles) that irradiates the silicon epitaxial wafer and luminescence-activates
the carbon impurity, it is possible to use, e.g., an electron beam, a proton beam, or various ion beams.
[0047] Since, however, protons or ions are particles larger than electrons, they not only introduce monovacancies (V)
but also form many secondary defects such as divacancies. If many secondary defects such as divacancies are formed,
luminescence other than that originating from the carbon impurity increases. Examples are luminescence of interstitial
silicon, luminescence caused by crystal strain, and luminescence originating from various irradiation damages. In this
case, the amount of introduction of non-radiative centers that have a defect level but do not emit light also increases,
and the number of carriers capable of contributing to luminescence originating from the carbon impurity reduces. When
luminescence irrelevant to carbon and the number of non-radiative centers are reduced, the intensity of luminescence
originating from the carbon impurity more accurately reflects the carbon concentration of the epitaxial layer. Accordingly,
an electron beam is most suitable for the particle beam.
[0048] The dose of the electron beam is preferably 1 3 1013 electrons/cm2 or more. This is so in order to sufficiently
cause luminescence-activation of carbon existing at a maximum concentration of 5 3 1014 atoms/cm3 in the epitaxial
layer, so as to accurately measure the luminescence intensity.
[0049] The dose of the electron beam is preferably 1 3 1017 electrons/cm2 or less. This is so because if the dose is
too high, irradiation damage to the wafer increases, the number of non-radiative centers increases, and the luminescence
intensity decreases.
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[0050] The wavelength of the excitation light is appropriately selected in accordance with the thickness of the epitaxial
layer. This is so because the depth of penetration of the excitation light to silicon depends on the wavelength. For
example, the wavelength of the excitation light is preferably 650 nm or less when the thickness of the epitaxial layer is
10 mm or more. Note that if the epitaxial layer is thin, generated carriers may flow into the silicon substrate instead of
the epitaxial layer depending on the wavelength. In this case, the luminescence intensity does not accurately reflect the
carbon concentration of the epitaxial layer.
[0051] A silicon epitaxial wafer manufacturing method according to this embodiment will now be explained.
[0052] FIG. 5 is a graph showing an example of the relationship between the ratio of the G-line luminescence intensity
to the FE luminescence intensity and the collector-emitter saturation voltage Vce(sat). FIG. 6 is a flowchart showing the
silicon epitaxial wafer manufacturing method according to the embodiment of the present invention. FIG. 7 is a graph
showing an example of the ratio of the G-line luminescence intensity to the FE luminescence intensity.
[0053] This manufacturing method uses the above-described estimation method. That is, the relationship between
the luminescence intensity or intensity ratio and the saturation voltage is first obtained in the same manner as in the
above-described estimation method (step S1 in FIG. 6).
[0054] Then, as shown in FIG. 5, a second allowable range (second standard) of the luminescence intensity or intensity
ratio is obtained by comparing a predetermined first allowable range (first standard) of the collector-emitter saturation
voltage with the above-mentioned relationship (step S2 in FIG. 6). Note that step S2 can also be omitted.
[0055] Subsequently, in the same manner as in the above-described estimation method, a second lot is prepared,
and some second silicon epitaxial wafers are extracted from the second lot (step S3 in FIG. 6). A carbon impurity in
epitaxial layers is rendered luminescence-active by irradiating the extracted second silicon epitaxial wafers with a particle
beam, the epitaxial layers are then caused to emit light by irradiation with excitation light, and a luminescence spectrum
is measured (step S4 in FIG. 6). In addition, the intensity or intensity ratio of luminescence originating from the carbon
impurity is obtained from this luminescence spectrum (step S5 in FIG. 6).
[0056] The quality of the second silicon epitaxial wafers of the second lot is determined from the intensity or intensity
ratio, the above-mentioned relationship, and the predetermined allowable range of the collector-emitter saturation voltage.
For example, as shown in FIG. 7, it is determined that the second silicon epitaxial wafers of the second lot are good
products if the intensity or intensity ratio falls within the second allowable range, and it is determined that the second
silicon epitaxial wafers of the second lot are defective products if the intensity or intensity ratio falls outside the second
allowable range (step S6 in FIG. 6). Alternatively, a saturation voltage is estimated by comparing the intensity or intensity
ratio with the above-mentioned relationship. If this saturation voltage falls within the first allowable range (samples 1 to
4 in FIG. 7), it is determined that the second silicon epitaxial wafers of the second lot are good products. If this saturation
voltage falls outside the first allowable range (samples 5 to 7 in FIG. 7), it is determined that the second silicon epitaxial
wafers of the second lot are defective products.
[0057] The second lot found to be good is shipped (step S7 in FIG. 6). For the second lot found to be defective, the
cause of the defect is analyzed by, e.g., analyzing the second silicon epitaxial wafers, or checking the conditions of the
manufacturing process (step S8 in FIG. 6). Based on the result, the silicon epitaxial wafer manufacturing process is
optimized (step S9 in FIG. 6).
[0058] In this manufacturing method, whether a semiconductor device having a collector-emitter saturation voltage
falling within an allowable range can be fabricated from a silicon epitaxial wafer can be determined by measuring the
luminescence of a silicon layer as an epitaxial layer of the wafer. That is, the quality of the silicon epitaxial wafer can be
determined before the semiconductor device is formed. Accordingly, the yield of the formation process of the semicon-
ductor device increases. Also, if a given silicon epitaxial wafer is a defective product, it is possible to predict that the
manufacturing conditions of the wafer have deviated from optimum conditions. Therefore, this manufacturing method
facilitates maintaining the wafer manufacturing conditions in an optimum state, and can also increase the yield of the
wafer manufacturing process.
[0059] Examples of the present invention will be described below.

[Example 1]

[0060] Silicon layers (epitaxial layers) each having a thickness of 50 mm, a dopant concentration of 1 3 1014 atoms/cm3,
and a carbon concentration of 5 3 1014 atoms/cm3 or less were simultaneously formed by epitaxial growth on two silicon
wafers (polished wafers) having mirror-polished surfaces, thereby obtaining two silicon epitaxial wafers.
[0061] One of the silicon epitaxial wafers was irradiated with an electron beam in the atmosphere. The dose of the
electron beam was set at 1 3 1015 electrons/cm2. This electron beam irradiation was performed such that the wafer
temperature did not exceed 100°C. Thus, the carbon impurity in the epitaxial layer was rendered luminescence-active.
[0062] After that, low-temperature luminescence measurement was performed on this silicon epitaxial wafer. More
specifically, the wafer was dipped in 4.2-K liquid helium and irradiated with an excitation laser beam (visible light) having
a wavelength of 532 nm such that the intensity on the epitaxial layer surface was 100 mW, and the luminescence
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spectrum was measured. The ratio of the G-line luminescence intensity to the FE luminescence intensity was obtained
from this luminescence spectrum.
[0063] Subsequently, a semiconductor device including a bipolar transistor was fabricated from the other one of the
above-mentioned silicon epitaxial wafers, and the collector-emitter saturation voltage Vce(sat) of this transistor was
measured.
[0064] A series of operations including the manufacture of the silicon epitaxial wafers, the luminescence-activation,
the measurement of the luminescence spectrum, the formation of the semiconductor device, and the saturation voltage
measurement were repeated. The correlation graph shown in FIG. 5 was obtained by plotting the obtained data, i.e.,
the ratio of the G-line luminescence intensity to the FE luminescence intensity and the collector-emitter saturation voltage
Vce(sat).
[0065] A plurality of silicon epitaxial wafers were simultaneously manufactured under the same conditions as for the
above-mentioned silicon epitaxial wafers. This manufacturing process was repeated, and one wafer was extracted from
each manufacturing lot. Electron beam irradiation and low-temperature luminescence measurement were performed on
each of the extracted wafers under the same conditions as described above. Thus, the ratio of the G-line luminescence
intensity to the FE luminescence intensity was obtained for each manufacturing lot. The saturation voltage Vce(sat) was
predicted by comparing these ratios to the relationship shown in FIG. 5. After that, only lots each having the saturation
voltage Vce(sat) falling within a required range were shipped.
[0066] At the shipping destination, the above-mentioned semiconductor device was manufactured from the silicon
epitaxial wafer of each shipped lot, and the collector-emitter saturation voltage Vce(sat) was measured. Consequently,
all the saturation voltages Vce(sat) of the devices fabricated from the wafers of the shipped lots fell within the required
range.

[Example 2]

[0067] Silicon epitaxial wafers were obtained following the same procedures as in Example 1 except that silicon layers
each having a thickness of 1 mm, a dopant concentration of 1 3 1014 atoms/cm3, and a carbon concentration of 5 3
1014 atoms/cm3 or less were formed as epitaxial layers. The relationship between the luminescence intensity ratio and
saturation voltage Vce(sat) was obtained following the same procedures as in Example 1 except that these silicon
epitaxial wafers were used, and ultraviolet light having a wavelength of 355 nm was used as the excitation laser beam.
[0068] Then, a plurality of silicon epitaxial wafers were simultaneously manufactured under the same conditions as
for the above-mentioned silicon epitaxial wafers. This manufacturing process was repeated, and one wafer was extracted
from each manufacturing lot. Electron beam irradiation and low-temperature luminescence measurement were performed
on each extracted wafer under the same conditions as described above. Thus, the ratio of the G-line luminescence
intensity to the FE luminescence intensity was obtained for each manufacturing lot. The saturation voltage Vce(sat) was
predicted by comparing these ratios to the above-mentioned relationship. After that, only lots each having the saturation
voltage Vce(sat) falling within a required range were shipped.
[0069] At the shipping destination, the above-mentioned semiconductor device was manufactured from the silicon
epitaxial wafer of each shipped lot, and the collector-emitter saturation voltage Vce(sat) was measured. Consequently,
all the saturation voltages Vce(sat) of the devices fabricated from the wafers of the shipped lots fell within the required
range.

[Comparative Example 1]

[0070] Silicon epitaxial wafers were obtained following the same procedures as in Example 1 except that silicon layers
each having a thickness of 50 mm, a dopant concentration of 1 3 1014 atoms/cm3, and a carbon concentration of 5 3
1014 atoms/cm3 or less were formed as epitaxial layers. An attempt was made to obtain the relationship between the
luminescence intensity ratio and saturation voltage Vce(sat) following the same procedures as in Example 1 except that
these silicon epitaxial wafers were used, and the electron beam dose was set at 1 3 1018 electrons/cm3. Since the
electron beam dose was excessive, however, the number of non-radiative centers increased, and the number of carriers
capable of contributing to luminescence desiring from carbon reduced, so the luminescence intensity decreased as a
whole. As a consequence, for some silicon epitaxial wafers, the intensity of luminescence originating from carbon became
lower than the detection limit, and it was impossible to obtain the relationship between the luminescence intensity ratio
and saturation voltage Vce(sat).

[Comparative Example 2]

[0071] Silicon epitaxial wafers were obtained following the same procedures as in Example 1 except that silicon layers
each having a thickness of 50 mm, a dopant concentration of 2 3 1018 atoms/cm3, and a carbon concentration of 5 x
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1014 atoms/cm3 or less were formed as epitaxial layers. An attempt was made to obtain the relationship between the
luminescence intensity ratio and saturation voltage Vce(sat) following the same procedures as in Example 1 except that
these silicon epitaxial wafers were used. However, no luminescence was obtained at all, i.e., there was only noise, so
it was impossible to obtain the relationship between the luminescence intensity ratio and saturation voltage Vce(sat).

[Comparative Example 3]

[0072] Silicon epitaxial wafers were obtained following the same procedures as in Example 1 except that silicon layers
each having a thickness of 1 mm, a dopant concentration of 1 3 1014 atoms/cm3, and a carbon concentration of 5 3
1014 atoms/cm3 or less were formed as epitaxial layers. An attempt was made to obtain the relationship between the
luminescence intensity ratio and saturation voltage Vce(sat) following the same procedures as in Example 1 except that
these silicon epitaxial wafers were used. However, it was impossible to obtain the luminescence spectrum of the epitaxial
layer because the depth of penetration of an excitation laser beam having a wavelength of 532 nm to silicon was 2.5 mm.

Claims

1. A saturation voltage estimation method comprising:

a first step of preparing a plurality of first lots each including two or more first silicon epitaxial wafers, the plurality
of first lots being obtained by performing, a plurality of number of times, a process of simultaneously forming
silicon layers having a carbon concentration of 5 3 1014 atoms/cm3 or less on two or more first wafers by
epitaxial growth;
a second step of performing, for each of the plurality of first lots, irradiation of a part or parts of the two or more
first silicon epitaxial wafers with a particle beam to render a carbon impurity in the silicon layer luminescence-
active, irradiation of the silicon layer with excitation light to cause the luminescence, measurement of an intensity
or intensity ratio of luminescence originating from the carbon impurity, fabrication of one or more semiconductor
devices each including a collector and emitter from the rest of the two or more first silicon epitaxial wafers, and
measurement of a collector-emitter saturation voltage of each of the devices, thereby obtaining a relationship
between the intensity or intensity ratio and the saturation voltage;
a third step of preparing a second lot including two or more second silicon epitaxial wafers, the second lot being
obtained by performing a process of simultaneously forming silicon layers having a carbon concentration of 5
3 1014 atoms/cm3 or less on two or more second wafers by epitaxial growth; and
a fourth step of irradiating a part or parts of the two or more second silicon epitaxial wafers with a particle beam
to render a carbon impurity in the silicon layer luminescence-active, irradiating the silicon layer with excitation
light to cause the luminescence, measuring an intensity or intensity ratio of luminescence originating from the
carbon impurity, and comparing the intensity or intensity ratio thus obtained with the relationship to estimate a
collector-emitter saturation voltage of a semiconductor device to be fabricated from the rest of the two or more
second silicon epitaxial wafers and including a collector and emitter.

2. The method according to claim 1, wherein in each of the second and fourth steps, the intensity or intensity ratio is
an intensity of luminescence originating from a complex of interstitial carbon and substitutional carbon, a ratio of
the intensity of the luminescence originating from the complex of interstitial carbon and substitutional carbon to an
intensity of free-exciton luminescence of silicon, or a ratio of the intensity of the luminescence originating from the
complex of interstitial carbon and substitutional carbon to an intensity of electron-hole droplet luminescence of silicon.

3. The method according to claim 1 or 2, wherein the first and second wafers are cut out from the same ingot.

4. The method according to any one of claims 1 to 3, wherein in each of the second and fourth steps, the particle beam
is an electron beam, and a dose of the electron beam is 1 3 1013 electrons/cm2 to 1 3 1017 electrons/cm2.

5. The method according to any one of claims 1 to 4, wherein a dopant concentration of the silicon layer is 1 3 1018

atoms/cm3 or less in each of the two or more first silicon epitaxial wafers and the two or more second silicon epitaxial
wafers.

6. A silicon epitaxial wafer manufacturing method comprising:

a first step of preparing a plurality of first lots each including two or more first silicon epitaxial wafers, the plurality
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of first lots being obtained by performing, a plurality of number of times, a process of simultaneously forming
silicon layers having a carbon concentration of 5 3 1014 atoms/cm3 or less on two or more first wafers by
epitaxial growth;
a second step of performing, for each of the plurality of first lots, irradiation of a part or parts of the two or more
first silicon epitaxial wafers with a particle beam to render a carbon impurity in the silicon layer luminescence-
active, irradiation of the silicon layer with excitation light to cause the luminescence, measurement of an intensity
or intensity ratio of luminescence originating from the carbon impurity, fabrication of one or more semiconductor
devices each including a collector and emitter from the rest of the two or more first silicon epitaxial wafers, and
measurement of a collector-emitter saturation voltage of each of the devices, thereby obtaining a relationship
between the intensity or intensity ratio and the saturation voltage;
a third step of preparing a second lot including two or more second silicon epitaxial wafers, the second lot being
obtained by performing a process of simultaneously forming silicon layers having a carbon concentration of 5
3 1014 atoms/cm3 or less on two or more second wafers by epitaxial growth; and
a fourth step of irradiating a part of the two or more second silicon epitaxial wafers with a particle beam to render
a carbon impurity in the silicon layer luminescence-active, irradiating the silicon layer with excitation light to
cause the luminescence, measuring an intensity or intensity ratio of luminescence originating from the carbon
impurity, and determining quality of the two or more second silicon epitaxial wafers from the intensity or intensity
ratio, the relationship, and a predetermined allowable range of a collector-emitter saturation voltage.

7. The method according to claim 6, wherein in each of the second and fourth steps, the intensity or intensity ratio is
an intensity of luminescence originating from a complex of interstitial carbon and substitutional carbon, a ratio of
the intensity of the luminescence originating from the complex of interstitial carbon and substitutional carbon to an
intensity of free-exciton luminescence of silicon, or a ratio of the intensity of the luminescence originating from the
complex of interstitial carbon and substitutional carbon to an intensity of electron-hole droplet luminescence of silicon.

8. The method according to claim 6 or 7, wherein the first and the second wafers are cut out from the same ingot.

9. The method according to any one of claims 6 to 8, wherein in each of the second and fourth steps, the particle beam
is an electron beam, and a dose of the electron beam is 1 3 1013 electrons/cm2 to 1 3 1017 electrons/cm2.

10. The method according to any one of claims 6 to 9, wherein a dopant concentration of the silicon layer is 1 x 1018

atoms/cm3 or less in each of the two or more first silicon epitaxial wafers and the two or more second silicon epitaxial
wafers.
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