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Using the temperature dependence of the hole concentration p(7') obtained from Hall-effect measurements, we attempt to
uniquely determine the densities and energy levels of hole traps in 10-MeV proton-irradiated p-type silicon. Since the function
p(T)exp(E.s/kT)/kT has a peak at the temperature corresponding to each hole trap level, the trap densities and energy levels
can be determined uniquely and accurately. Here, k is the Boltzmann’s constant, T is the absolute temperature and E,; is
a newly introduced parameter which shifts the peak temperature of the function within the measurement temperature range.
Three types of hole trap levels (about 0.09¢eV, 0.13eV and 0.19eV above the top (Ev) of the valence band) are observed, and
these hole trap densities increase with increasing 10-MeV-proton fluence. The hole traps at Ev + 0.09¢V and Ey + 0.19eV
have been reported and their origins have been discussed. However, the hole trap at Ey + 0.13 eV has not yet been reported.
The quantitative relationship between the decrease in hole concentration and the increase in densities of certain traps due to

proton irradiation has been clarified for the first time.

KEYWORDS: hole traps, proton-irradiated silicon, trap density, trap level, graphic approach, Hall-effect measurement, tempera-
ture dependence, majority-carrier concentration, unique solution

1. Introduction

In space, solar cells are exposed to protons and electrons
with high energy. By irradiation, the energy conversion ef-
ficiency of solar cells is lowered. In particular, silicon so-
lar cells used in the Engineering Test Satellite-VI (ETS-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. This
phenomenon is considered to be strongly related to a decrease
in the majority-carrier concentration due to the generation of
traps in silicon (Si) by high-fluence irradiation.? Therefore,
the relationship between the densities of traps generated by
irradiation and the majority-carrier concentration must be in-
vestigated.

Traps have usually been evaluated using deep level tran-
sient spectroscopy (DLTS),>*V photoluminescence® 219
and electron paramagnetic resonance.’™'1%20 From those
studies, the origins of these traps have been elucidated.
However, the quantitative relationship between the majority-
carrier concentration and trap densities is not clear, because
the trap densities determined by DLTS were too low to ex-
plain the decrease in the majority-carrier concentration by ir-
radiation.>?"

Hall-effect measurements provide the temperature depen-
dence of the majority-carrier concentration p(7) as well as
the temperature dependence of the mobility. If the densities
and energy levels of traps can be directly determined using
p(T) obtained from the Hall-effect measurement, the rela-
tionship between these properties of traps and the majority-
carrier concentration can be directly investigated.

One of the present authors has proposed a simple method to
graphically determine the densities and energy levels of im-
purities in a semiconductor from p(7).2>">> In this method,
a function p(T)exp(Es/kT)/kT is defined, which has a
peak at the temperature corresponding to each impurity level,
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where k is the Boltzmann’s constant, T is the absolute tem-
perature and E¢ is a parameter which shifts the peak tem-
perature of this function within the measurement temperature
range.

In this paper, we apply the above method to obtain a unique
solution (the densities and energy levels of hole traps) using
p(T), as a part of the study of the radiation damage mecha-
nisms of silicon solar cells in space, proposed by NASDA. In
order to generate hole traps in p-type Si, the wafers are irra-
diated with 10-MeV protons. We show that the above method
can be used to determine the densities and energy levels of
the hole traps uniquely and accurately. Moreover, we quan-
titatively discuss the relationship between the densities and
energy levels of hole traps and the majority-carrier concen-
tration.

2. Theoretical Consideration

2.1 General case

In a p-type semiconductor, we should consider / types of
acceptors (density Na; and energy level E,; of i-th acceptor,
where 1 < i < [), n types of hole traps (density Nty; and
energy level Eqy; of i-th hole trap, where 1 < i < n), m
types of electron traps (density Ntg; and energy level Erg;
of i-th electron trap, where 1 < i < .m) and k types of
donors (density Np; and energy level Ep; of i-th donor, where
1 <i < k), where all energy levels are measured from the top
of the valence band (Ev), and EAi—l < EAiy ETHi—l < ETHi,
Etgi1 < Etg and Ep;—1 < Ep;. An acceptor is nega-
tively charged when it emits a hole, and a donor is positively
charged when it emits an electron. On the other hand, a hole
trap is positively charged when it captures a hole, and an elec-
tron trap is negatively charged when it captures an electron.?®
From the charge neutrality condition, therefore, the free hole
concentration in the valence band is obtained as:

!
p(T) = Z Nai fa(Enai)

i=1
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where n(T) is the free electron concentration in the conduc-
tion band, f(E) is the Fermi-Dirac distribution function for
acceptors or hole traps, which is given by>?

1
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14 gaexp|—
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fp(E) is the Fermi-Dirac distribution function for donors or
electron traps, which is given by>”

1

e Er—E\’
g P\ AT
Eris the Fermi level measured from Ev, g is the degeneracy
factor of acceptors or hole traps, and gp is the degeneracy

factor of donors or electron traps.
22-2

As proposed in the previous papers,”>2> a function
S(T, E.) is defined as

T Er
S(T, Evg) = -’%T—) exp ( kT‘) . @)

Therefore, the function S(7, E.f) is expressed as
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The fifth term on the right-hand side of eq. (5) decreases
monotonically with an increase in 7. The sixth term is negli-

gible, because n(T) is very small in a p-type semiconductor.
However, the function

Nz Xp (__ Ei - Eref) (8)

Fp(E) = )

—€
kT kT

in the other terms has a peak value of N; exp(—1)/kTpea: at
Tpeaki = (Ei—Erer)/ k, indicating that the peak value and tem-
perature provide N; and E,, where N; represents Nai, Ntui,
N1gi or Np;, and E; represents Ea;, Etyi, Etgi or Ep;. Even
when none of the peaks of S(T, 0) appear within the mea-
surement temperature range, the peak of S(T, Es) can be
shifted to the measurement temperature by changing Err. Al-
though each peak temperature of S(T, Ey) is shifted from
(E; — Erg)/k to the lower temperature due to the tempera-
ture dependence of Fo(E;) or Fp(E,), we can easily deter-
mine the accurate values of N; and E; from each peak value
and temperature of S(T, E.e) using a personal computer, as
mentioned below and as done in previous papers.?>™) Al-
though p-type semiconductors have been discussed here, n-
type semiconductors can be discussed in the same manner.”®

2.2 The case of proton-irradiated p-type Si

Since only B is doped in p-type Si used here, one type of
acceptor is considered. Since Eg is located near and above
Ev as mentioned later, fp(ETg;) =~ 0 and fp(Ep;) = 0, indi-
cating that electron traps are not electrically charged and all
donors are positively charged. Also, n(T) is negligible below
room temperature in p-type Si. Thus, eq. (1) can be approxi-
mately expressed as

p(T) = Na1fa(Ean) = ) N [1 = fa(Emmi)] — No,

i=1

®
where
k
Np = Z Nbpi. (10)
i=1

Then, the function S(T, E.) can be expressed as

N, Erni — Epe
S(T. Egef) = k—‘;l exp (——“74) Fa(Ea1)

k

“ 1 Eref
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3. Experimental

Samples for Hall-effect measurements were made of a B-
doped single crystalline Si wafer grown by the Czochral-
ski method. The thicknesses and sizes of the samples were
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220 um and Smm x 5 mm, respectively. The resistivity of
the wafer was around 10 Q-cm and the value of Np was
2.19 x 10 cm™3. In order to form ohmic contacts at the
four comers of the sample, Ti, Pd and Ag were evaporated
on the comers in sequence and then the sample was kept at
673K for 20 min. After that, the sample was irradiated with
10-MeV protons of 3 x 10!*-cm™2 or 6 x 10'3-cm~2 fluence
at the fluence rate of 2.5 x 10 cm™2-s~!. Then, the sam-
ple was kept at 333K for 24h for an annealing treatment.
The proton irradiation was performed at room temperature
using the Azimuthally Varying Field (AVF) cyclotron at the
Takasaki division of the Japan Atomic Energy Research In-
stitute (JAERI). The Hall-effect measurement was performed
using Toyo Technica ResiTest 8310.

4. Results and Discussion

4.1 3 x 108-cm™2-proton-fluence irradiated Si

Figure 1 show$ p(T) for the sample irradiated with 10-
MeV protons of 3 x 10'* cm~2. Solid circles represent the ex-
perimental data and the solid line represents the spline func-
tion calculated using the experimental data. The broken line
represents Ex calculated using the solid line and

Nvy(T) ]

(1) |”
where Nv(T) is the effective density of states in the valence
band for Si, which is given by?”

Ny(T) = 2.00 x 10°T3? cm™3.

Ep=kTIn [ (12)

13)

Figure 2 shows S(T, 0) calculatedlusing the solid line in
Fig. 1. Two peaks are seen in the figure, indicating that at
least two types of hole traps exist. Let us consider S(7, 0) at
the low peak temperature (Tpeax; = 166 K) in Fig. 2. All B
atoms in Si are negatively ionized at around 166 K, because
EF at around 166 K is much higher than the ionization energy
(45meV) of B. Thus, fa(Ea1) =~ 1. Since it is considered
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Fig. 1. Temperature dependence of majority-carrier concentration for a
3 x 1013—cm_2-proton irradiated sample. Solid circles represent the ex-
perimental data, and the solid line represents the spline function calculated
using the experimental data. The broken line represents the temperature
dependence of the Fermi level.
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that fa(Etm) 2 1(G < j—1)and fa(Emg) ~0G >j+1)
at around 166 K, eq. (9) can be approximately expressed as

p(T) = Ap,—1 + Ntu; fa(Etu;). 14

where

Apj-1 = Nai — ZNTHi — Np

i=j

s)

and Ap;_, means the density of holes captured by the accep-
tor or the hole traps shallower than the j-th hole trap at 0K.
Therefore, the approximate S(7, Er) is expressed as

Nty E —FE
S1;(T, Exes) = kT;” exp (—ifk,[—f) Fa(Etyj)
Apj—l Eref
—_— . 16
T P (kT) (16)

In order to reduce the number of unknowns to two, that is,
Etyj and Apj_1/Nruj, the following function is introduced
as

S(T, Erer)
Nrn;
ST, Ex)
~ ——————NTH]_
1 (_ Etnj — Erot

Ylj(T, Eref) = (17)

(18)

=37 &P T ) Fa(ETHj)

+Apj—1 . i ex Eret
N, kT CP\%T )

In order to determine Ety; and Apj_; /Nryj, the value
of T, is introduced as the lower one of temperatures at
which the ratio S(T, Erer)/S (Tpeaxj, Erer) has a value of R
(i.ﬁ., 0 < R < 1), where S(T, Eref)/S(Tpeakj, Eref) =
Y1;(T, Ewer)/ Y 1;(Tpeaxj. Erer). When Tz; = 160K, R =
0.997. Using a personal computer, we determine the val-
ues of Ety; and Apj_1/Ntu; which maximize Y1,(T,0)at
166 K and make Y'1;(7T, 0) 99.7% of the maximum value at
160K. The values of Eqy; and Ap;_; /Ny, are 0.0949 eV
and 0.975, respectively.

(19)
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Fig. 2. §(T,0) signal which is given by p(T)/kT.
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As is clear from eq. (17), Nty; is given by

S(Tpea.kj’ Eref)
Y]j(Tpeakﬁ Eref) ‘

Since Y1;(166, 0) is calculated to be 1.13 x 10?eV~" using
eq. (19) from the obtained values of Etyj, Ap;_1/Nty; and
S(Tpeaxj» 0) = 5.37 x 10" cm™3-eV ™, the value of Nyy; is
estimated to be 4.75 x 10" cm™>. Then, Ap,_; is estimated
to be 4.62 x 10 cm 3.

In order to evaluate the deep hole trap (I-th hole trap), a
function, which is not influenced by the shallow hole traps
and the acceptor, is introduced as

S2(T, Erer) = ST, Erer)

Nrg; Etnj — Eret
exp | ——L—"—
kT kT

Apj-1 Erer
kT P (kT)
Nt Etai — Eret
~ ————————— | Fa(Ewy). (22
T exp( T ) a(Er). (22)

Figure 3 shows S2,(T,0) and S2;(T, 0.08) calculated using
eqs. (4) and (21) and the obtained values of Etyj, Nty; and
Apj-1. Since §2;(T,0) has no peak within the measure-
ment temperature range, the peak of S2;(T, Eyr) is shifted
to the left by using Er; = 0.08eV. The values of Tpea and
82k (Tpeaxs, 0.08) obtained from the solid line are 288 K and
2.84 x 107 cm™3.eV !, respectively.

In order to determine Ety;, the following function is intro-
duced as

N THj = (20)

) Fa(Ethj)

@1

Szl(Ty Eref)
Ntni

1 ( Emy — E
~—exp| ——5—

Y2i(T, Emwy) = (23)

ref
FA(E . (24
T T ) a(Ethr). (24)

Then, the value of Ety;, which maximizes Y 2;(T, Ety;) in
eq. (24) at 288K, is 0.191eV. Since ¥Y2,;(288, 0.08) is cal-
culated to be 4.84 x 102eV~! using eq. (24) and Emgy =
0.191 eV, the value of Ny is 5.87 x 10" cm™3.

30
g 28 §

E E
%, %,
S 26 ®
= 3
N E
w -
o

[70]

24
1 1 1 L 1 1 1 2 1
200 220 240 260 280 300

Temperature [K]

Fig. 3. S2/(T, Eyes) signals for two Erer values of OeV and 0.08 eV.
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The density of holes, which are partially captured by the
acceptors or which are captured by the hole traps shallower
than 0.0949¢eV, is 4.62 x 10 cm™> at 0K. The densi-
ties of the hole traps at 0.0949¢eV and 0.191eV above Ey
are 4.75 x 10 cm™3 and 5.87 x 10 cm™3, respectively,
and all these traps are fully filled with holes at 0K. Be-
cause the total density of holes (i.e., the acceptor density) is
2.19 x 101 cm™3, the sum (AN;,,) of the densities of hole
traps deeper than 0.191eV is 6.63 x 10" cm=3,* and all
these hole traps are fully filled with holes at 0 K.

4.2 6 x 10"3-cm™2-proton-fluence irradiated Si

Figure 4 shows p(T) and Ef for the sample irradiated with
10-MeV protons of 6 x 103 cm™2. Solid circles represent
the experimental data and the solid line represents the spline
function calculated using the experimental data. The broken
line represents Eg calculated using the solid line.

Figure 5 shows S(T, 0) and S(T, 0.015). The broken line
does not show a peak. First, let us determine the density
and energy level of the deep hole trap (i.e., [-th hole trap)
in this case, since the [-th hole trap is considered to have
the most influence on the curve. In order that the peak ap-
pears within the measurement temperature range, the peak is
shifted to the left by using E;f = 0.015eV. The values of
Tpeai and S(Tpeaxs, 0.015) given by the solid line are 287 K
and 6.29 x 10’6 cm—3.eV~!, respectively. Since the approxi-
mate S(7, E.r) can be expressed as

_ ETHI - Eref

N
S1(T, Eret) = k—T;l €xp ( T

) Fp(ETn)

Apl—l Eret
oot - 2
T exP(kT) @5
where
n
Apiy = Nai — ) Ntui — Np, (6)
=l
9
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300

Fig. 4. Temperature dependence of majority-carrier concentration for a
6 x 10'3-cm~2-proton irradiated sample. Solid circles represent the ex-
perimental data, and the solid line represents the spline function calculated
using the experimental data. The broken line represents the temperature
dependence of the Fermi level.
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Fig. 5. S(T, Eyt) signals for two Eps values of 0eV and 0.015eV.

the values of Ety;, Nty and Ap;_; are determined to be
0.192eV, 7.20 x 10" cm™ and 4.53 x 10 cm™3, respec-
tively, using Tpeas = 287K, S(Tpeaxs, 0.015) = 6.29 x
10 cm3-eV™!, Tg; = 270K and R = 0.994 in the same
manner as in §4.1.

In order to evaluate the shallow hole trap (i.e., j-th hole
trap), a function which is not influenced by the /-th hole trap
is introduced as

S2i(T, Eres) = S(T, Erer)
Nray ( Etnt — Eret
xp [ —————

) Fp(Erm) (27)

kT kT
Nrn; Etyj — Erer
~ 2 T Pl (B
kT < kT a(EH;)
Apj1

+ (28)

exp <£r—e£) .
kT kT
Figure 6 shows §2;(7,0) and S2;(T, —0.005) calculated
using eqs. (4) and (27) and the obtained values (Ety =
0.192€eV, Ny = 7.20 x 10" cm™). Since $2;(7, 0) has
no peak within the measurement temperature range, the peak
is shifted to the right by using E,s = —0.005eV. The val-
ues of Tpeax; and S2;(Tpearj, —0.005) obtained from the solid
line are 194K and 1.83 x 10* cm™3-eV~!, respectively. Us-
ing TR]' = 185 and R = 0.993, the values of ETHj7 NTHj
and Apj; are obtained to be 0.0922¢V, 7.31 x 10 cm™3
and —2.63 x 10 cm™3, respectively, in the same manner as
in §4.1. The negative value (Ap,—1 = —2.63 x 10 cm™3)
implies that only 64% of the j-th hole trap with a value of
7.31 x 10" cm~3 is filled with holes at 0 K.
~ In Fig. 6, the hole trap corresponding t0 Tpear = 240K
seems to exist. In order to determine Ety; and Nygi of this
hole trap, a function which is not influenced by the hole traps
shallower and deeper than the k-th hole trap is introduced as

S3k(Ty Eref) = S(T~ Eref)

_ Ny exp (__ Emj — Eret

T T ) Fa(Ethj)
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Fig. 6. S2;(T, Ey) signals for two E values of 0 eV and —0.005eV.

_ N ex _ Erm — Bt
kT P kT

Apj——l Eref
T kr P (kT)
NTHk ETHk”‘Eref
~ ——————— | FA(E .
T exp( T ) A(EH). (30)

In the curve of S3;(T, 0) calculated using eq. (29) and the
obtained values of NTHj, ETHj, Ntai, Etmi and Apj_l,
the peak temperature and peak value are 237K and 5.60 x
10™ cm—3.eV~!, respectively. Therefore, Ety and Ny are
obtained to be 0.131eV and 1.37 x 10'3 cm~3, respectively,
in the same manner as in §4.1.

The acceptor and hole traps shallower than 0.0922eV
are completely empty at 0 K. The densities of hole traps
at 0.0922¢eV, 0.131eV and 0.192¢eV above Evy are 7.31 x
10 cm™3, 1.37 x 1083 cm™3 and 7.20 x 10" cm~3, respec-
tively. Two deep hole traps are fully filled with holes at 0K,
while only 64% of the shallow hole trap is filled with holes
at 0K. Then, the sum (ANy,;) of the densities of hole traps
deeper than 0.192 ¢V is 9.88 x 10 cm™3, and all these hole
traps are fully filled with holes at 0 K.

) Fa(Etm)

(29

4.3 Verification of the results

Let us verify the obtained values (Ap;_1, Etnj, Ntnj,
Etnr, Ntar, Etai, Ntyi) shown in Table 1. The tempera-
ture dependence of Eg is calculated using the obtained val-
ues (Apj_1, N’I‘Hj, ETHj, NTHk, E’I‘Hk, NTHl, ETHI) and the
following two equations:

p(T) = Apj—1 + Ntuj fa(EtHj) + Nrae fa (ETee)

+ Ntwt fa(ETur) (€)))

and
F

E
p(T) = Ny(T) exp (—ﬁ) .

Then, p(T) is calculated using eq. (32), which is shown by
the solid lines in Fig. 7. In the figure, the solid circles rep-
resent the experimental data. As is clear from the figure, the

(32)
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Table I. The densities and energy levels of hole traps generated by
10-MeV-proton irradiation.
fluence (cm™2) 3 x 1013 6 x 1013
Ap;—1 (cm™3) 4.62 x 10" —2.63 x 101
Enj (V) 0.0949 0.0922
N, (em™3) 4.75 x 104 7.31 x 10%
Etni (V) -2 0.131
Nrre (cm™3) - 1.37 x 1013
Emm (eV) 0.191 0.192
Nrmr (cm™3) 5.87 x 1014 7.20 x 1014
ANy (cm™3) 6.63 x 104 9.88 x 104

a) The dash indicates that the trap density is too low to be estimated by
our method.

b) All energy levels are measured from Ev.
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Fig. 7. The hole concentration obtained from the experimental data (solid
circles) and the data (solid lines) calculated using the results shown in
Table L.

solid lines show a fairly good quantitative agreement with the
experimental data (solid circles).

In Si irradiated with 10-MeV protons under the same con-
ditions as our samples, the hole trap levels obtained by DLTS
were 0.1, 0.19, 0.35 and 0.48 eV above Ev.? The origins of
the hole traps at 0.1eV and 0.19¢eV have been reported to
be a carbon-related complex (C;Cs)™ and a divacancy (VV)™*,
respectively, where C; and C; are the interstitial and substi-
tutional carbon atoms, respectively, and V is the vacancy in
$i.®%1819) Thus, our results show a good agreement with
the reported hole trap energy levels (i.e., around 0.1eV and
0.19eV) generated by irradiation.

It is considered that the method proposed here is effec-
tive, since the trap levels obtained here are quite reasonable.
Moreover, the quantitative relationship between the decrease
in p(T) and the increase in densities of certain hole traps gen-
erated by irradiation can be elucidated.

5. Summary

We have proposed a new graphical method to uniquely
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determine the densities and energy levels of traps in a
semiconductor by means of Hall-effect measurements. Us-
ing the temperature dependence of the majority-carrier
concentration p(T), the function S(7T, E) is defined as
p(T) exp(Erer/kT)/ kT, which has a peak corresponding to
each trap level. Using each peak, the density and energy level
of the corresponding trap can be determined uniquely and ac-
curately.

We have investigated hole traps generated by irradiation
of 10-MeV protons in p-type Si. Three types of hole traps
could be estimated by means of the method proposed here.
In the hole traps generated by 3 x 10'3-cm~2-proton irradia-
tion, the density and energy level of one hole trap were 4.75 x
10* cm™3 and Evy + 0.0949 eV, respectively, and those of an-
other were 5.87 x 10" cm™ and Ev +0.191 eV, respectively.
The total density of hole traps deeper than Ey +0.191 eV was
6.63 x 10" cm™>. In the hole traps generated by 6 x 10!3-
cm™2-proton irradiation, the density and energy level of the
first hole trap were 7.31 x 10'* cm™2 and Evy +0.0922 ¢V, re-
spectively, those of the second were 1.37 x 10'* cm™3 and
Ev + 0.131eV, respectively, and those of the third were
7.20 x 10*cm™3 and Ev + 0.192eV, respectively. The to-
tal density of hole traps deeper than Ev + 0.192eV was
9.88 x 10 cm=3.

The trap levels determined by our method coincided with
those estimated by DLTS. Moreover, the trap densities de-
termined by our method could quantitatively explain the de-
crease of p(7T') by irradiation very well, while those estimated
by DLTS were too low to explain the decrease. Therefore, our
method is considered to be effective for investigating traps in
semiconductors.
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