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Temperature dependence of electron concentration in type-converted
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Hideharu Matsuura®
Department of Electronics, Osaka Electro-Communication University, 18-8 Hatsu-cho, Neyagawa,
Osaka 572-8530, Japan

Yoshitsugu Uchida
Osaka Branch, Toyo Technica Corp., 3-1-31 Edobori, Nishi-ku, Osaka 550-0002, Japan

Naoto Nagai
Toray Research Center Inc., 3-3-7 Sonoyama, Otsu, Shiga 520-8567, Japan

Tadashi Hisamatsu,” Takashi Aburaya, and Sumio Matsuda
National Space Development Agency of Japan, 2-1-1 Sengen, Tsukuba, Ibaraki 305-8505, Japan

(Received 14 December 1999; accepted for publication 14 February 2000

The conduction type of borofB)-doped silicon(Si) changes fronp type inton type by the 1

X 10 ecm™? fluence irradiation(high-fluence irradiationof 1 MeV electrons. The temperature
dependence of the electron concentrati¢i) obtained from Hall-effect measurements is reported.
From the analysis ofi(T), the density and energy level of the defects created by the high-fluence
irradiation are determined to be X80"“cm 3 and Ec—0.30 eV, respectively, wherg. is the
energy level at the bottom of the conduction band. Moreover, the compensated density is 9.5
x 10" cm™3, which is in agreement with the density of B that acts as an acceptor, determined by
Fourier-transform infrared spectroscopy. ZD00 American Institute of Physics.
[S0003-695(00)03415-X]

In space, solar cells are exposed to a lot of protons andbsolute temperature, aiigk is a parameter which can shift
electrons with high energy. By irradiation, the energy con-the peak temperature ¢f(T,E,.) within the measurement
version efficiency of solar cells is lowerédThe causes of temperature range. From the number of the peaks of
the radiation degradation of /p/p* silicon (Si) solar cells, H(T,E,s), we can know how many types of impurities or
which are usually used in space, are classified into thredefects are included. Then, from each peak value and peak
categories (1) the reduction in the diffusion length of the temperature, we can determine the density and energy level
minority carriers(i.e., electronsfor low-fluence irradiation, of the corresponding impurity or defect accurately.

(2) the reduction in the concentration of the majority carriers  |n this letter, we report(T) in type-converted Si, and
(i.e., holeg for intermediate-fluence irradiation, artd) the  determine the densityNp) and energy level Ep) of the
conversion ofp type ton type for high-fluence irradiation. gefect created by the high-fluence irradiation using
By the low-fluence and intermediate-fluence irradiation, SeVH(T,E,.). Moreover, the reduction in the densitijg) of

eral types of hole traps were reported to be generaféd. boron(B) that acts as an acceptor is investigated by means of
However, the conversion mechanism pitype Si by the o yyier-transform infrared spectroscofiTIR).

high-fluence irradiation has not been clarified §/&t° B-doped single-crystalline Si wafers were made by the

One of the authors has proposed and experimentally;qcpraiski method. The resistivity of the wafers was ap-
tested a simple method for graphically determining the denbroximately 10Qcm. From radioactivation analyses, the

sities and energy levels of impurities or defects from theoxygen(O) and carbor(C) concentrations in the wafers were

temperature dependence of the majority-carrier concentratio&etermined to be 84107 and 1.4<10%cm 3, respec-

9,11-14 i
ety e mesmess o e s a2 Th Ficnss ofsampls for e FTIR meatrement
levels of ¥hree types of hole trap,s could be determined @S 550um. The thickness and size of samples for the Hall-
accuratehy effect measurement were 22@n and 5 mnx5 mm, respec-
e . L v tively. In order to form ohmic contacts at the four corners of
In this method, the following function is definéd: . .
the sample, Ti, Pd, and Ag were evaporated on the corners in
n(T)2 E.o sequence. Then, the samples were irradiated with 1 MeV
(kT)z_sexF{ ﬁ) (1)  electrons. The highest fluence was 10" cm 2. The elec-
tron irradiation was performed at room temperature using a

which has a peak at the temperature corresponding to eaékockeraft—Walton type accelerator at the Takasaki division

energy level, wherd is the Boltzmann constant, is the  Of the Japan Atomic Energy Research Instit#@ERI). The
Hall-effect measurement was carried out using Toyo Tech-

2 . . nica ResiTest 8310, and the FTIR measurement was per-
Web site: http://www.osakac.ac.jp/labs/matsuura/ . bl .

bCurrent address: Sharp Corp., 282-1 Hajikami, Shinjo, Kitakatsuragi-gun],cc'rm%j as K using Bruker ”:S':F-ZOHR- Baberand Nagai
Nara 639-2198, Japan. et al.”® described how to determingg .

H(T,Een)=
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FIG. 3. Temperature dependence of the electron concentration. The open

FIG. 1. Temperature dependence of the majority-carrier concentration fogircles represent the experiment(T) and the solid line represents the

the 1x 10" cm™2 electron irradiategp-type Si. The open circles represent
the experimentah(T), and the solid line representgT) interpolated by

n(T) simulated with the obtained values.

the spline function. The broken line represents the temperature dependence

of the Fermi level.

The 1x 10" cm™2 fluence irradiation of 1 MeV electrons
was found to convert thp-type Si ton type. Figure 1 shows
n(T) for the sample irradiated with thex110*"cm™? flu-
ence. The open circles represent the experimen(fd) and
the solid line represents(T) interpolated by the spline func-
tion. The broken line represents the Fermi levef) calcu-
lated using’

Ne(T)

Feil 2
whereN¢(T) is the effective density of states in the conduc-
tion band for Si, which is given By

Ne(T)=5.39x 10 T3 2ecm 3, (3)

whereE. is the energy level at the bottom of the conduction
band. SinceEg is located betweerE;—0.30eV andE.
—0.35¢eV, this sample is completely convertechttype.

Let us determine the values Nf andEp, . In the freeze-
out region,n(T) is expressed a§

n(T)= /NDNZC(T) exy{ _Ec—Bp

2KT “)

Using Eq.(3), therefore, the following relationship is ob-
tained:

n(T)
o7
From then(T)/T%">—1/T characteristics, the values of
Ep and Np are determined to b&-.—0.55eV and 3.8
X 10 em™3, respectively. In Fig. 1, however, the saturated
value of n(T) is about 3x10%cm 3, insisting thatNp

EC_EF: len

Ec—Bp

5.19x 10’ \Np exp( - KT (5)
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should be approximately>810*3cm ™2 on the assumption of
only one type of donor and no acceptdfsAs a conse-
quence, the values d&.—0.55eV and 3.8 10" cm 2 are
not reliable at all.

Defects (i.e., hole trapps located below the midgap,
which were reported ip-type Si irradiated with the interme-
diate fluence, do not affeci(T) in n-type Si, becausgg is
located above the midgdpTherefore, besides acceptors, de-
fects(i.e., electron traps or dongrkwcated above the midgap
mainly influencen(T).

Without any assumption of the number of types of do-

nors, traps and acceptors, let us determine the reliable values

fromn(T). Figure 2 shows$1(T,0.3) obtained using Eq1).
Because only one peak appears in the figure, one type of
defect mainly influencen(T). The values ofT .4 and
H(Tpear 0.3) are 285 K and 1:110°*°cm ®eV 2%, respec-
tively, from which the values oNp, Ep and the compen-
sated density N,) are determined to be 1&L0*cm 3,
Ec—0.30eV and 9.5 10 cm 3, respectively.

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

Figure 4 shows the fluence dependencélgfmeasured
by FTIR. As is clear from the figure\g decreases linearly
from 1.5x10% to 1.4x10%cm 2 with an increase in the
fluence. This is whyN, of the high-fluence irradiated Si is
much lower tharN, of the unirradiategp-type Si.

From deep level transient spectroscofLTS) and
electron spin resonanc€ESR measurements in the low-
fluence irradiation, the following defects located at around
Ec-—0.3eV were reported: a complex ;(BB;) of an inter-
stitial B and a substitutional B witE.—0.26 eV1® a com-
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FIG. 4. Dependence dflz determined by FTIR on the fluence of 1 MeV

FIG. 2. H(T,E,¢) signal withE,=0.3eV.

electrons.
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