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Irradiating group-III (B, Al, Ga)-doped Czochralski (CZ)-grown Si substrates as well as B-doped magnetic Czochralski
(MCZ)-grown and floating-zone (FZ)-grown Si substrates with 10MeV protons or 1MeV electrons, we investigate both the
reduction in the hole concentration and the conversion of p type to n type using Hall-effect measurements. In all the 10� cm
CZ-Si, the density of each acceptor species is reduced by irradiation, and finally the conversion occurs with 1017 cm�2 fluence
of 1MeV electrons or with 2:5� 1014 cm�2 fluence of 10MeV protons. In 10� cm MCZ-Si and 10� cm FZ-Si, on the other
hand, the conversion does not occur under the same conditions. Moreover, the reduction in the hole concentration for the
FZ-Si is much less than the others. From these results, it is elucidated that the conversion as well as the reduction in the hole
concentration is strongly dependent on the concentration of oxygen in Si, not on the type of acceptor species in Si. Therefore,
the p-type FZ-Si substrate is appropriate for radiation-resistant space solar cells such as nþ/p/pþ Si solar cells and upcoming
III–V tandem solar cells on nþ/p Si substrates. [DOI: 10.1143/JJAP.45.2648]
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1. Introduction

Because solar cells have been major power source of
artificial satellites, enhancements in their conversion effi-
ciency (�) and radiation hardness and the reduction in their
weight have been attempted. Until approximately 7 years
ago, prime space solar cells were nþ/p/pþ Si solar cells.
However, a thin III–V compound semiconductor tandem cell
with a thick Ge cell (i.e., Ge substrate) has recently replaced
Si solar cells. A typical structure of the tandem cell is GaInP
(top cell)/GaAs (middle cell)/Ge (bottom cell), where the
adjoining cells are electrically connected by a tunnel
junction. However, the Ge substrate is heavier, more fragile
and more expensive than the Si substrate. Therefore, Si is
expected as a bottom cell material. For example, a two-
junction cell composed of a top junction with a band gap
(Eg) of 1.75 eV and a bottom junction with an Eg of 1.1 eV
has a nearly optimal set of band gaps for high-efficiency
solar cells, whose � is theoretically estimated as �37%.2,3)

This indicates that nþ/p Si is more suitable for a bottom
junction than nþ/p GaAs or nþ/p Ge. Although InGaP/Si is
one of the optimum candidates from the viewpoint of the set
of band gaps, this is a lattice-mismatched combination.
Recently lattice-matched GaNPAs/Si has been investigat-
ed.3) Moreover, some papers have indicated the superiority
of Si solar cells under LILT (low-intensity, low-temperature)
conditions, particularly on Mars.4,5)

Space solar cells are exposed to a lot of protons and
electrons with a high energy. Irradiation lowers �. In
particular, nþ/p/pþ Si solar cells used in the Engineering
Test Satellite-VI, which was constructed by the National
Space Development Agency of Japan (NASDA) and
launched in August 1994, were heavily damaged in the
Van Allen radiation belts.6) This phenomenon is strongly
related to a decrease in the hole concentration in the p

substrate and the conversion of p type to n type with
irradiation of protons and electrons.7–22) Here, the acceptor
species in the p-type Si substrates was B.

The densities and energy levels of traps have usually been
evaluated using deep-level transient spectroscopy (DLTS).
From those studies, the origins of traps created by irradiation
were investigated.23–35) Judging from those results, in B-
doped p-type Si, Yamaguchi et al.14–19) reported that hole
traps with EV þ 0:18 eV and EV þ 0:36 eV and a donorlike
defect with EC � 0:18 eV were mainly introduced by
irradiation, which were considered to be a divacancy (V–
V), a complex (Ci–Oi) of an interstitial C (Ci) and an
interstitial O (Oi), and a complex (Bi–Oi) of an interstitial B
(Bi) and Oi, respectively, where EV is the valence band
maximum and EC is the conduction band minimum. In Ga-
doped p-type Si, they also reported that the generation of the
hole trap with EV þ 0:36 eV was strongly suppressed
compared with B-doped p-type Si, and the donorlike defect
with EC � 0:18 eV was not detected.20,21)

From DLTS, however, the quantitative relationship
between the hole concentration and the trap densities is far
from complete. This is because in the DLTS analysis the
following approximation is assumed.36,37)

CðtÞ ¼ Cð1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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exp �
t

�Trap

� �s
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� 1; ð2Þ

where CðtÞ is the transient capacitance after a reverse bias is
applied for a pn diode or a Schottky barrier diode, Cð1Þ is
the steady-state capacitance, NDopant is the dopant density,
NTrap is the trap density, and �Trap is the time constant�E-mail address: matsuura@isc.osakac.ac.jp
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corresponding to the trap. As a result, DLTS can only
determine the NTrap much lower than the NDopant.

Hall-effect measurements provide the temperature de-
pendence of the hole concentration pðTÞ in p-type semi-
conductors. If the densities and energy levels of traps can be
directly determined using pðTÞ, the relationship between
pðTÞ and the trap densities can be directly investigated. As
one of the analyses, free-carrier concentration spectroscopy
(FCCS) has been proposed and tested.9,11,38–44) From FCCS,
the donorlike defect with EC � 0:3 eV was reported in the
type-converted samples,11) which was different from the
donorlike defect with EC � 0:18 eV from DLTS.13–21) The
result obtained from FCCS is consistent with other re-
ports.10,24,25,32)

Using group-III (B, Al, Ga)-doped Czochralski (CZ)-
grown Si wafers as well as B-doped magnetic Czochralski
(MCZ)-grown and floating-zone (FZ)-grown Si wafers, we
report on our investigation of the relationship between the
generation of hole traps as well as donorlike defects by
irradiation and the acceptor species (i.e., B, Al and Ga) in Si,
or between the generation of hole traps as well as donorlike
defects and the concentration of O (CO) in Si. Furthermore,
the dependence of the reduction in pðTÞ on the resistivity of
B-doped CZ-Si is investigated. To determine the densities
and energy levels of hole traps from pðTÞ, FCCS is applied
here.

2. Experimental

The samples measured here were 10� cm B-doped
single-crystalline Si wafers grown by the CZ, MCZ, and
FZ methods, and 1� cm B-doped single-crystalline CZ-Si
wafers. From radioactivation analyses, CO and the concen-
tration of C (CC) in the wafer were determined as 8� 1017

and 1� 1015 cm�3 for the CZ-Si, 2� 1017 and 8� 1015

cm�3 for the MCZ-Si, and 1� 1015 and 5� 1015 cm�3 for
the FZ-Si. 10� cm Al- and Ga-doped single-crystalline
CZ-Si wafers were also measured. The values of CO and CC

were respectively 5� 1017 and 8� 1015 cm�3 for the
Al-doped CZ-Si, and 8� 1017 and 8� 1015 cm�3 for the
Ga-doped CZ-Si. The thickness and size of samples for
Hall-effect measurements were 220 mm and 5� 5mm2.
After irradiation by 1MeV electrons or 10MeV protons at
several fluences, Au was evaporated on the four corners of
the surface of the sample. Then, the Hall-effect measurement
was conducted by the van der Pauw method in a magnetic
field of 1.4 T using a modified MMR Technologies’ Hall
system. The temperature range of the measurement was
limited from 85 to 350K because some defects are likely to
be annealed out at � 400K.12)

3. Results

Figure 1 shows the temperature dependence of the
majority-carrier concentration for the proton-irradiated
10� cm B-doped CZ-Si. The diamonds, triangles, squares,
and solid circles correspond to the fluences of 0, 1:0� 1013,
1:0� 1014, and 2:5� 1014 cm�2, respectively. Only the
wafer irradiated with 2:5� 1014 cm�2 fluence showed n-type
conduction.

Figure 2 is the temperature dependence of the majority-
carrier concentration for the 10� cm Al-doped CZ-Si
proton-irradiated with the fluences of 0, 1:0� 1013, 1:0�

1014, and 2:5� 1014 cm�2, denoted by , , , and ,
respectively. The conduction of the wafer irradiated with
2:5� 1014 cm�2 fluence was of the n type.

Figure 3 depicts the temperature dependence of the
majority-carrier concentration for the proton-irradiated 10
� cm Ga-doped CZ-Si. The , , , and symbols
correspond to the fluences of 0, 1:0� 1013, 1:0� 1014, and
2:5� 1014 cm�2, respectively. The majority carriers in the
wafer irradiated with 2:5� 1014 cm�2 fluence were elec-
trons.

With irradiation at 2:5� 1014 cm�2 fluence, the type
conversion occurred in the 10� cm CZ-Si with any acceptor
species (i.e., B, Al and Ga). Furthermore, the electron
concentrations in the type-converted samples were similar.
Therefore, the conversion is independent of the acceptor
species in Si.

According to the literature,11,12,17,19–21) the type conver-
sion was considered to result from not only the creation of
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Fig. 1. Temperature dependence of majority-carrier concentration for

10� cm B-doped CZ-Si irradiated with several fluences of 10MeV

protons.
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Fig. 2. Temperature dependence of majority-carrier concentration for

10� cm Al-doped CZ-Si irradiated with several fluences of 10MeV

protons.
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hole traps but also the creation of donorlike defects that are
considered to be Bi–Oi. However, the conversion occurred in
the Al- or Ga-doped Si, suggesting that the donorlike defect
induced by irradiation may be a complex of Oi and an
interstitial group-III atom. Therefore, we next investigate if
the donorlike defect is related to O in Si.

Figure 4 shows the pðTÞ for the 10� cm B-doped FZ-Si
irradiated with several fluences of 10MeV protons. Here, the
CO in the FZ-Si is �800 less than the CO in the CZ-Si. The
, , , and symbols correspond to the fluences of 0,

1:0� 1013, 1:0� 1014, and 2:5� 1014 cm�2, respectively.
The reduction in pðTÞ with irradiation at 1:0� 1014 cm�2

fluence was much less than in the 10� cm CZ-Si. Even with
irradiation at 2:5� 1014 cm�2 fluence, moreover, the type
conversion did not occur. The main difference between the
FZ-Si and CZ-Si is the difference in CO. As the CO in Si is
lower, the formation of the donorlike defect with irradiation
becomes suppressed. Therefore, it is clear that O is related to

the donorlike defect.
Figure 5 is the temperature dependence of the majority-

carrier concentration for the 10� cm B-doped CZ-, MCZ-,
or FZ-Si irradiated with 1:0� 1017 cm�2 fluence of 1MeV
electrons. The solid triangles represent the temperature
dependence of the electron concentration, nðTÞ, for the
10� cm B-doped CZ-Si, whereas and represent the
pðTÞ in the 10� cm B-doped MCZ- and FZ-Si. Although the
pðTÞ in the 10� cm MCZ-Si was markedly reduced by
irradiation with 1:0� 1017 cm�2 fluence of 1MeV electrons,
its majority carriers remained holes. Furthermore, the pðTÞ
in the 10� cm FZ-Si decreased slightly.

Figure 6 shows the dependence of the majority-carrier
concentration at 300K on the fluence of 1MeV electrons for
the 10� cm B-doped CZ-, MCZ-, and FZ-Si. The pðTÞ in
the 10� cm CZ-, MCZ-, and FZ-Si are denoted by , ,
and , respectively, whereas the nðTÞ for the 10� cm CZ-Si
is denoted by . The large decrease in pðTÞ or the type
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Fig. 3. Temperature dependence of majority-carrier concentration for

10� cm Ga-doped CZ-Si irradiated with several fluences of 10MeV

protons.
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conversion with irradiation is found to occur at above
1:0� 1016 cm�2 fluence in the 10� cm CZ- and MCZ-Si,
while the pðTÞ is reduced slightly in the 10� cm FZ-Si.

Similar to the proton irradiation, the type conversion
occurred in the 10� cm Al- or Ga-doped CZ-Si with
irradiation by 1MeV electrons at 1:0� 1017 cm�2 fluence.
Therefore, the 10� cm FZ-Si is found to be more radiation
resistant than the other samples.

Figure 7 shows the pðTÞ in the 1� cm B-doped CZ-Si
irradiated with several fluences of 1MeV electrons. The ,
, , , and symbols correspond to the fluences of 0,

1:0� 1014, 1:0� 1015, 1:0� 1016, and 1:0� 1017 cm�2,
respectively. Although the type conversion in the 1� cm
B-doped CZ-Si did not occur with 1:0� 1017 cm�2 fluence
because of its higher acceptor density, the decrease in the
pðTÞ in the 1� cm B-doped CZ-Si was much larger than that
in the 10� cm B-doped CZ-Si with irradiation at the same
fluence. Since the reduction in the hole concentration results
from the generation of defects that reduce the electron
diffusion length, 10� cm p-type Si is more suitable for the
substrate of space solar cells than 1� cm p-type Si.

In the following, the reduction in the acceptor density
(NA) as well as the increase in hole-trap densities induced by
irradiation is investigated from pðTÞ determined using
FCCS.

4. FCCS

4.1 Basic concept
DLTS,36) isothermal capacitance transient spectroscopy

(ICTS),45) and some methods46,47) can uniquely determine
the densities and energy levels of traps in semiconductors
or insulators, because each peak in the signal corresponds
one-to-one to a trap. For example, the ICTS signal is
defined as SðtÞ � tdCðtÞ2=dt. Since SðtÞ is theoretically
described as the sum of Nieit expð�eitÞ, it has a peak
value of Ni expð�1Þ at a peak time of tpeaki ¼ 1=ei. Here, Ni

and ei are the density and emission rate of an ith trap.
Therefore, the function of Nieit expð�eitÞ plays an impor-
tant role in the ICTS analysis.

DLTS is powerful methods for investigating defects

and impurities with deep energy levels. As a consequence,
a lot of results related to the radiation damages of Si were
reported from studies of DLTS. To accurately determine
their densities and energy levels, however, their densities
should be much less than the dopant density.37) Therefore,
the impurities and defects that affect the majority-carrier
concentration should be investigated using the data obtained
from Hall-effect measurements.9)

To analyze the pðTÞ, we have introduced a function
theoretically described as the sum of NTHi expð��ETHi=
kTÞ=kT ,38) where k is the Boltzmann constant, NTHi and
�ETHi are the density and energy level of an ith hole
trap, and �ETHi is measured from EV. The function of
NTHi expð��ETHi=kTÞ=kT has a peak at Tpeaki ¼ �ETHi=k,
which does not apply to all the hole traps in the temperature
range of the measurement. If you introduce a function in
which a peak appears at Tpeaki ¼ ð�ETHi � ErefÞ=k, you can
shift the peak temperature to the measurement temperature
range by changing the parameter Eref . This indicates that you
can determine NTHi and �ETHi in a wide range of hole-trap
levels even within a limited measurement temperature range.
Therefore, the function to be evaluated should be approx-
imately described as the sum of NTHi exp½�ð�ETHi � ErefÞ=
kT�=kT . It should be noted that the values of NTHi and �ETHi

determined by this method are independent of Eref .

4.2 Theoretical consideration
In the following, we assume a p-type semiconductor with

one acceptor species (NA: acceptor density and �EA:
acceptor level), l types of hole traps, and a total donor
density (ND), where hole traps are positively charged when
they capture holes. From the charge neutrality condition,
pðTÞ can be written as48)

pðTÞ ¼ NA fFDð�EAÞ

�
Xl

i¼1

NTHi½1� fFDð�ETHiÞ� � ND

ð3Þ

in the temperature range in which nðTÞ is much less than
pðTÞ, where fFDð�EÞ is the Fermi–Dirac distribution
function, which is given by48)

fFDð�EÞ ¼
1

1þ gA exp �
�EFðTÞ ��E

kT

 ! : ð4Þ

Here, �EFðTÞ is the Fermi level measured from EV at T , gA
is the acceptor degeneracy factor of 4, and �E represents
�EA or �ETHi.

On the other hand, using the effective density of states
NVðTÞ in the valence band, pðTÞ is expressed as48)

pðTÞ ¼ NVðTÞ exp �
�EFðTÞ

kT

� �
; ð5Þ

where

NVðTÞ ¼ NV0k
3=2T3=2; ð6Þ

NV0 ¼ 2
2�m�

h

h2

� �3=2

; ð7Þ

m�
h is the hole effective mass, and h is Planck’s constant.
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It is clear from the following discussion that a favorable
function is defined as

HðT ;ErefÞ �
pðTÞ2

ðkTÞ5=2
exp

Eref

kT

� �
: ð8Þ

Substituting eq. (3) for one of the pðTÞ in eq. (8) and
substituting eq. (5) for the other pðTÞ in eq. (8) yield

HðT ;ErefÞ ¼
NA

kT
exp �

�EA � Eref

kT

� �
Ið�EAÞ

þ
Xl
i¼1

NTHi

kT
exp �

�ETHi � Eref

kT

� �
Ið�ETHiÞ

�
NcompNV0

kT
exp

Eref ��EFðTÞ
kT

� �
; ð9Þ

where

Ið�EÞ ¼ NV0 exp
�E ��EFðTÞ

kT

� �
fFDð�EÞ ð10Þ

and

Ncomp ¼ ND þ
Xl
i¼1

NTHi: ð11Þ

The function

N

kT
exp �

�E � Eref

kT

� �
ð12Þ

in eq. (9) has a peak value of N expð�1Þ=kTpeak at the peak
temperature

Tpeak ¼
�E � Eref

k
; ð13Þ

where N represents NA or NTHi. As is clear from eq. (13), the
Eref can shift the peak of HðT ;ErefÞ within the temperature
range of the measurement. Although the actual Tpeak of
HðT ;ErefÞ is slightly different from the value calculated
by eq. (13) due to the temperature dependence of Ið�EÞ,
you can easily determine the accurate density and energy
level from each peak of the experimental HðT ;ErefÞ, using
a personal computer. The Windows application software
for FCCS can be downloaded for free at our web site
(http://www.osakac.ac.jp/labs/matsuura/).

4.3 Determination of densities and energy levels
The following shows how to determine the densities and

energy levels of hole traps for the 10� cm B-doped FZ-Si
irradiated with 1:0� 1013 cm�2 fluence of 10MeV protons
from FCCS. The open and solid triangles in Fig. 8 represent
the pðTÞ and the HðT ;ErefÞ with an Eref of �2:5� 10�2 eV,
where the FCCS signal was calculated from eq. (8). Since
this FCCS signal has one peak and one shoulder, this
substrate includes at least two types of hole trap. The peak
temperature and peak value of the FCCS signal were 161K
and 1:0� 1034 cm�6 eV�2:5, respectively. From this peak,
the energy level (�ETH1) and density (NTH1) of the
corresponding hole trap were determined as 98meV and
2:0� 1014 cm�3, respectively.

To investigate other hole traps corresponding to the
shoulder, the FCCS signal of H2ðT ;ErefÞ, in which the
influence of the previously determined hole trap is removed,
is calculated using the following equation. It is clear from

eqs. (8) and (9) that

H2ðT ;ErefÞ ¼
pðTÞ2

ðkTÞ5=2
exp

Eref

kT

� �

�
NTH1

kT
exp �

�ETH1 � Eref

kT

� �
Ið�ETH1Þ ð14Þ

is not influenced by the hole trap with �ETH1.
The open triangles in Fig. 9 represent H2ðT ;ErefÞ with an

Eref of 0 eV. Using the peak temperature of 278K and the
peak value of 2:6� 1033 cm�6 eV�2:5, the hole-trap level
(�ETH2) and density (NTH2) were determined to be 157meV
and 2:2� 1014 cm�3, respectively.

The FCCS signal of H3ðT ;ErefÞ, in which the influence
of two hole traps previously determined is removed, is
calculated by

H3ðT ;ErefÞ ¼
pðTÞ2

ðkTÞ5=2
exp

Eref

kT

� �

�
X2
i¼1

NTHi

kT
exp �

�ETHi � Eref

kT

� �
Ið�ETHiÞ: ð15Þ
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Fig. 9. FCCS signals for 1:0� 1013 cm�2 proton-irradiated 10� cm B-

doped FZ-Si.
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The solid triangles in Fig. 9 represent H3ðT ;ErefÞ with an
Eref of 0.245 eV. Using the peak temperature of 339K and
the peak value of 1:2� 1036 cm�6 eV�2:5, the hole-trap level
(�ETH3) and density (NTH3) were determined as 299meV
and 3:4� 1014 cm�3, respectively.

The FCCS signal of H4ðT ;ErefÞ, in which the influence of
three hole traps previously determined was removed, was
calculated. However, the H4ðT ;ErefÞ was nearly zero,
indicating that this FZ-Si contains three types of hole trap
mainly affecting pðTÞ in the measurement temperature
range. Finally, the value of NA � Ncomp was determined as
1:11� 1015 cm�3, respectively.

To verify the values obtained by FCCS, pðTÞ was
simulated using eqs. (3) and (5). The triangles in Fig. 10
represent the experimental pðTÞ, and the solid line represents
the pðTÞ simulation. Since the solid line is in good
agreement with , the values determined by FCCS are
reliable.49)

In the same way as illustrated for this sample, the densities
and energy levels for the other samples were determined.

5. Discussion

The densities and energy levels of hole traps for the
10� cm B-doped FZ-Si with 10MeV protons are listed in
Table I. The values of the lowest �EFðTÞ in the temperature
range of the measurement were 95, 97, 162, and 310meV for
the samples irradiated with the fluences of 0, 1:0� 1013,

1:0� 1014, and 2:5� 1014 cm�2, respectively. Since the
�EA of B in Si is � 45meV, B acceptors were completely
ionized at the lowest measurement temperature, indicating
that �EA could not be determined in this measurement
temperature range. Because in the case of 1:0� 1014 cm�2

fluence the hole traps with �ETH1 were not filled with holes
at all in the measurement temperature range, the values of
�ETH1 and NTH1 could not be evaluated. For the same
reason, the values of �ETH1, NTH1, �ETH2, and NTH2 could
not be estimated in the sample irradiated with the 2:5�
1014 cm�2 fluence.

Figure 11 shows the dependencies of acceptor density and
hole-trap densities on proton fluence. The values of NTH2 and
NTH3 increase clearly. Moreover, the NTH3 of the sample
irradiated with 2:5� 1014 cm�2 exceeds the NA of the
unirradiated sample. Because the density and energy level of
the hole trap with a density higher than the acceptor density
can be determined from FCCS, FCCS is superior to DLTS
from the viewpoint of the evaluation of traps with high
densities.

Irradiation introduces a vacancy (V), an interstitial Si
(Sii), and Bi in B-doped Si. From Fourier-transform infrared
spectroscopy at low temperatures, the density of a substitu-
tional B (Bs), which acts as an acceptor, is reported to
decrease with increasing fluence,11,50) indicating that Bi is
created by irradiation. In Fig. 11, furthermore, the values of
NTH2 and NTH3 increase with fluence. At 1:0� 1014 and
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Fig. 10. Experimental and simulated pðTÞ for 1:0� 1013 cm�2 proton-

irradiated 10� cm B-doped FZ-Si.

Table I. Densities and energy levels determined by FCCS for 10MeV proton-irradiated 10� cm B-doped FZ-Si.

Proton fluence (cm�2) 0 1� 1013 1� 1014 2:5� 1014 Origins

NA � Ncomp (�1015 cm�3) 1.30 1.11 — —

�ETH1 (meV) 91 99 — — Fei–Bs ?

NTH1 (�1015 cm�3) 0.20 0.20 — —

�ETH2 (meV) 150 157 179 — V–V

NTH2 (�1015 cm�3) 0.19 0.22 0.44 —

�ETH3 (meV) 281 299 315 319 Ci–Cs or Ci–Oi

NTH3 (�1015 cm�3) 0.24 0.34 0.95 1.43

Ncomp � NA (�1015 cm�3) — — 0.01 0.19
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Fig. 11. Dependence of NA or NTHi for 10� cm B-doped FZ-Si on fluence

of 10MeV protons.
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2:5� 1014 cm�2 fluences, therefore, Ncomp becomes larger
than NA, as shown in Table I.

Table II shows the densities and energy levels determined
by FCCS for the 10MeV proton-irradiated 10� cm B-, Al-,
and Ga-doped CZ-Si. Since the �EA of Al or Ga in Si is
deeper than the �EA of B in Si, the values of �EA and NA

could be determined in the temperature range of the
measurement. NA clearly decreases due to irradiation,
whereas NTH2 increases with irradiation in all the CZ-Si
wafers. Since the hole trap with �ETH1 was not detected in
the Al- and Ga-doped CZ-Si, it might be related to B.

Table III shows the densities and energy levels deter-
mined by FCCS for the electron-irradiated 1� cm B-doped
CZ-Si. The density of B acceptors decreases clearly with
increasing electron fluence, and NTH1 decreases slightly.

Compared with Table I, the deeper hole traps are not
shown in Tables II and III, although these defects should
exist in CZ-Si. This is because the measurement temperature
range was limited under 350K to avoid annealing out some
defects.12) That is, the Fermi level at the highest measure-
ment temperature was still shallower than the �ETH2 for the
1� cm CZ-Si or the �ETH3 for the 10� cm CZ-Si.

From DLTS, the energy level of V–V was reported to be
EV þ 0:18 eV by Yamaguchi et al.,14–19) and EV þ 0:23 eV
by Mooney,25) which is in good agreement with the hole trap
with the �ETH2 observed here. Furthermore, the V–V
density was reported to increase with fluence, which is
consistent with the finding that NTH2 increases with proton
fluence. Therefore, the origin of the hole trap with �ETH2 is
assigned to V–V.

The energy level of the dominant defect introduced
with irradiation was reported to be EV þ 0:33 � 0:36
eV.14–19,23,35) Trauwaert et al.35) reported that those defects
were considered to be Ci–Oi for a high CO, and Ci–Cs for a
low CO. Since it is clear from Fig. 11 that the hole trap
with �ETH3 is the dominant defect induced with irradiation,
the possible origin of the hole trap with �ETH3 is Ci–Cs or
Ci–Oi.

Song et al.31) reported that the hole trap with EV þ 0:09
eV was not observed in irradiated samples while it appeared

after annealing above 340K, suggesting that it is not the hole
trap with �ETH1. NTH1 is unchanged or slightly decreased
with fluence, which is quite different from the fluence
dependence of NTH2 or NTH3. The hole trap with �ETH1 is
observed only in the B-doped Si. As is clear from Tables I–
III, the ratio of NTH1 to NA of the unirradiated B-doped Si is
�15%. These findings may suggest that this hole trap is a
complex of Bs and some contaminated impurity or a
complex of Bs and some defect. According to the liter-
ature,51,52) one of the possible origins of the hole trap with
�ETH1 is a complex (Fei–Bs) of Bs and an interstitial Fe
(Fei) whose energy level is �100meV.

From the analyses of pðTÞ, the hole traps clearly exist
even in unirradiated Si. From DLTS, on the other hand, they
were not found in unirradiated Si, and the hole traps
corresponding to �ETH2 and �ETH3 were formed by
irradiation.17) Unfortunately, it is not clear whether the
origins of these hole traps observed from pðTÞ for unirra-
diated Si are the same as those determined from DLTS in
irradiated Si. Further research in this area is in progress.

6. Conclusions

With irradiation by 10MeV protons at 2:5� 1014 cm�2

fluence or by 1MeV electrons at 1:0� 1017 cm�2 fluence,
the conduction of 10� cm B-, Al-, and Ga-doped CZ-Si
changed from the p type to the n type. Under the same
conditions, on the other hand, the conduction of 10� cm B-
doped MCZ- and FZ-Si remained the p type, and the
decrease in the pðTÞ of the FZ-Si was considerably lower,
suggesting that the donorlike defect is related to O.

From FCCS, the densities of the hole traps with
EV þ�0:2 eV and EV þ�0:3 eV were found to increase
with increasing fluence of 10MeV protons or 1MeV
electrons. Compared with the results from DLTS, the hole
trap with EV þ�0:2 eV was assigned to V–V and the hole
trap with EV þ�0:3 was considered to be Ci–Cs or Ci–Oi.
The hole trap with EV þ�0:1 eV was detected only in B-
doped Si, and unchanged or slightly decreased with
irradiation. This may be Fei–Bs. Moreover, FCCS could
determine the density and energy level of the hole trap with

Table II. Densities and energy levels determined by FCCS for 10MeV proton-irradiated 10� cm B-, Al-, and Ga-doped CZ-Si.

Dopant B Al Ga

Proton fluence (cm�2) 0 1� 1013 0 1� 1013 0 1� 1013 Origins

�EA (meV) — — 67 69 71 74 group-III

NA (�1015 cm�3) 1.44 1.24 1.98 1.58 2.39 1.95

�ETH1 (meV) 112 121 — — — — Fei–Bs ?

NTH1 (�1015 cm�3) 0.26 0.22 — — — —

�ETH2 (meV) 201 198 180 180 201 203 V–V

NTH2 (�1015 cm�3) 0.20 0.23 0.26 0.41 0.33 0.41

Table III. Densities and energy levels determined by FCCS for 1MeV electron-irradiated 1� cm B-doped CZ-Si.

Electron fluence (cm�2) 0 1:0� 1014 1:0� 1015 1:0� 1016 1:0� 1017 Origins

�EA (meV) 38 41 41 46 47 Bs

NA (�1016 cm�3) 1.94 1.55 1.52 1.44 0.84

�ETH1 (meV) 130 138 121 137 157 Fei–Bs ?

NTH1 (�1016 cm�3) 0.24 0.23 0.18 0.15 0.16
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a higher density than the acceptor density, different from
DLTS.

The density of the acceptor species (substitutional B, Al,
or Ga) has been found to decrease with increasing fluence.
Finally, FZ-Si was elucidated to be the most radiation-
resistant Si substrate from the viewpoint of the preservation
of pðTÞ.
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