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Temperature dependence of electron concentration in type-converted
silicon by 1 Ã1017 cmÀ2 fluence irradiation of 1 MeV electrons
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The conduction type of boron~B!-doped silicon~Si! changes fromp type into n type by the 1
31017cm22 fluence irradiation~high-fluence irradiation! of 1 MeV electrons. The temperature
dependence of the electron concentrationn(T) obtained from Hall-effect measurements is reported.
From the analysis ofn(T), the density and energy level of the defects created by the high-fluence
irradiation are determined to be 1.531014cm23 and EC20.30 eV, respectively, whereEC is the
energy level at the bottom of the conduction band. Moreover, the compensated density is 9.5
31013cm23, which is in agreement with the density of B that acts as an acceptor, determined by
Fourier-transform infrared spectroscopy. ©2000 American Institute of Physics.
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In space, solar cells are exposed to a lot of protons
electrons with high energy. By irradiation, the energy co
version efficiency of solar cells is lowered.1 The causes of
the radiation degradation ofn1/p/p1 silicon ~Si! solar cells,
which are usually used in space, are classified into th
categories:2–10 ~1! the reduction in the diffusion length of th
minority carriers~i.e., electrons! for low-fluence irradiation,
~2! the reduction in the concentration of the majority carrie
~i.e., holes! for intermediate-fluence irradiation, and~3! the
conversion ofp type to n type for high-fluence irradiation
By the low-fluence and intermediate-fluence irradiation, s
eral types of hole traps were reported to be generated5,7,9

However, the conversion mechanism ofp-type Si by the
high-fluence irradiation has not been clarified yet.6,8,10

One of the authors has proposed and experiment
tested a simple method for graphically determining the d
sities and energy levels of impurities or defects from
temperature dependence of the majority-carrier concentra
n(T).9,11–14From Hall-effect measurements ofp-type Si ir-
radiated by the intermediate fluence, the densities and en
levels of three types of hole traps could be determin
accurately.9

In this method, the following function is defined:14

H~T,Eref![
n~T!2

~kT!2.5expS Eref

kT D , ~1!

which has a peak at the temperature corresponding to
energy level, wherek is the Boltzmann constant,T is the
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absolute temperature, andEref is a parameter which can shi
the peak temperature ofH(T,Eref) within the measuremen
temperature range. From the number of the peaks
H(T,Eref), we can know how many types of impurities o
defects are included. Then, from each peak value and p
temperature, we can determine the density and energy l
of the corresponding impurity or defect accurately.

In this letter, we reportn(T) in type-converted Si, and
determine the density (ND) and energy level (ED) of the
defect created by the high-fluence irradiation usi
H(T,Eref). Moreover, the reduction in the density (NB) of
boron~B! that acts as an acceptor is investigated by mean
Fourier-transform infrared spectroscopy~FTIR!.

B-doped single-crystalline Si wafers were made by
Czochralski method. The resistivity of the wafers was a
proximately 10 V cm. From radioactivation analyses, th
oxygen~O! and carbon~C! concentrations in the wafers wer
determined to be 8.431017 and 1.431015cm23, respec-
tively. The thickness of samples for the FTIR measurem
was 550mm. The thickness and size of samples for the Ha
effect measurement were 220mm and 5 mm35 mm, respec-
tively. In order to form ohmic contacts at the four corners
the sample, Ti, Pd, and Ag were evaporated on the corne
sequence. Then, the samples were irradiated with 1 M
electrons. The highest fluence was 131017cm22. The elec-
tron irradiation was performed at room temperature usin
Cockcraft–Walton type accelerator at the Takasaki divis
of the Japan Atomic Energy Research Institute~JAERI!. The
Hall-effect measurement was carried out using Toyo Te
nica ResiTest 8310, and the FTIR measurement was
formed at 8 K using Bruker IFS-120HR. Baber15 and Nagai
et al.16 described how to determineNB .

n,
2 © 2000 American Institute of Physics
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The 131017cm22 fluence irradiation of 1 MeV electron
was found to convert thep-type Si ton type. Figure 1 shows
n(T) for the sample irradiated with the 131017cm22 flu-
ence. The open circles represent the experimentaln(T) and
the solid line representsn(T) interpolated by the spline func
tion. The broken line represents the Fermi level (EF) calcu-
lated using17

EC2EF5kT lnFNC~T!

n~T! G , ~2!

whereNC(T) is the effective density of states in the condu
tion band for Si, which is given by17

NC~T!55.3931015T3/2cm23, ~3!

whereEC is the energy level at the bottom of the conducti
band. SinceEF is located betweenEC20.30 eV andEC

20.35 eV, this sample is completely converted ton type.
Let us determine the values ofND andED . In the freeze-

out region,n(T) is expressed as17

n~T!.ANDNC~T!

2
expS 2

EC2ED

2kT D . ~4!

Using Eq. ~3!, therefore, the following relationship is ob
tained:

n~T!

T0.75
.5.193107AND expS 2

EC2ED

2kT D . ~5!

From then(T)/T0.7521/T characteristics, the values o
ED and ND are determined to beEC20.55 eV and 3.8
31017cm23, respectively. In Fig. 1, however, the saturat
value of n(T) is about 331013cm23, insisting that ND

FIG. 2. H(T,Eref) signal withEref50.3 eV.

FIG. 1. Temperature dependence of the majority-carrier concentration
the 131017 cm22 electron irradiatedp-type Si. The open circles represe
the experimentaln(T), and the solid line representsn(T) interpolated by
the spline function. The broken line represents the temperature depend
of the Fermi level.
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should be approximately 331013cm23 on the assumption o
only one type of donor and no acceptors.17 As a conse-
quence, the values ofEC20.55 eV and 3.831017cm23 are
not reliable at all.

Defects ~i.e., hole traps! located below the midgap
which were reported inp-type Si irradiated with the interme
diate fluence, do not affectn(T) in n-type Si, becauseEF is
located above the midgap.9 Therefore, besides acceptors, d
fects~i.e., electron traps or donors! located above the midga
mainly influencen(T).

Without any assumption of the number of types of d
nors, traps and acceptors, let us determine the reliable va
from n(T). Figure 2 showsH(T,0.3) obtained using Eq.~1!.
Because only one peak appears in the figure, one typ
defect mainly influencen(T). The values ofTpeak and
H(Tpeak, 0.3) are 285 K and 1.131036cm26 eV22.5, respec-
tively, from which the values ofND , ED and the compen-
sated density (NA) are determined to be 1.531014cm23,
EC20.30 eV and 9.531013cm23, respectively.

Figure 3 shows the experimentaln(T) and then(T)
simulated with the obtained values. Since the simulatedn(T)
is in agreement with the experimentaln(T), the obtained
values are considered to be reliable.

Figure 4 shows the fluence dependence ofNB measured
by FTIR. As is clear from the figure,NB decreases linearly
from 1.531015 to 1.431014cm23 with an increase in the
fluence. This is whyNA of the high-fluence irradiated Si i
much lower thanNA of the unirradiatedp-type Si.

From deep level transient spectroscopy~DLTS! and
electron spin resonance~ESR! measurements in the low
fluence irradiation, the following defects located at arou
EC20.3 eV were reported: a complex (Bi – Bs) of an inter-
stitial B and a substitutional B withEC20.26 eV,18 a com-

or

nce

FIG. 3. Temperature dependence of the electron concentration. The
circles represent the experimentaln(T) and the solid line represents th
n(T) simulated with the obtained values.

FIG. 4. Dependence ofNB determined by FTIR on the fluence of 1 MeV
electrons.
 AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html.
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plex (Oi – Bi) of an interstitial O and an interstitial B with
EC20.27 eV,19 and a complex (Ci – H) of an interstitial C
and a hydrogen~H! with EC20.31 eV.20 We are now inves-
tigating the origin of the defect that we determined fro
n(T).

In conclusion, by the 131017cm22 fluence of 1 MeV
electrons, the conduction type of B-doped Si changed fromp
type ton type. From our method, the energy level and de
sity of the defects created by this high-fluence irradiat
were determined to beEC20.30 eV and 1.531014cm23, re-
spectively. Then(T) simulated with the obtained values wa
quantitatively in agreement with the experimentaln(T), in-
dicating that the values obtained by our method were r
able. From FTIR, the density of B that acts as an acce
decreased linearly with an increase in the fluence of 1 M
electrons, and it was 1.531015cm23 for unirradiation and
1.431014cm23 for the 131017cm22 fluence irradiation,
which was in agreement with the acceptor density de
mined fromn(T) in the type-converted Si.

The authors would like to thank the members of ‘‘Com
mittee for Study of Solar Cell Radiation Damage Mech
nism’’ and ‘‘Committee for Study on Radiation-Hardenin
Technology for Solar Cell’’ for fruitful discussions.
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