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Configurationally metastable defects in irradiated epitaxially grown boron-dopedp-type Si
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In this work, we investigate the metastability of the defectHa2 introduced in epitaxially grown boron-
dopedp-type Si by high energy~5.4 MeV! He-ion irradiation. Deep level transient spectroscopy~DLTS! and
thermally stimulated capacitance~TSCAP! measurements were used to study the electronic properties of the
defect in each configuration. The analyses indicate that this metastable defect can exist in either of two
configurations~A or B! and can be reversibly transformed using conventional bias-on/bias-off annealing
temperature cycles. The energy barriers for transition between these two configurations~A to B and B to A! are
determined as 0.79 and 0.52 eV, respectively. In addition, we have compared the electronic properties ofHa2
to those introduced during high-energy~12 MeV! electron irradiation and 250 keV proton irradiation. It is
shown that defectHE2 introduced during electron irradiation of the same epitaxially grownp-Si and a defect
HP2 introduced during 250 keV proton-irradiated boron doped float-zone~FZ! p-Si exhibit the same meta-
stability asHa2 and provide further evidence thatHa2 is hydrogen-related metastable defect.
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I. INTRODUCTION

Most point defects in semiconductors are observed in o
one configuration. However, it is possible that a defect m
exist in more than one configuration, the stable configura
or a metastable configuration depending on the charge
of the defect. The alternate~metastable! configuration of a
defect can be detected experimentally through its electro
properties. Under certain experimental conditions, usu
bias-on/bias-off annealing cycles, the metastable defec
configurationally transformed to different energy sta
which can be detected by deep level transient spectrosc
~DLTS! or thermally stimulated capacitance~TSCAP! mea-
surements. A thorough study of configurationally bista
defects in semiconductors has been reported by Levinso1

Metastable defects are important in electronic mater
because the degree to which they modify semiconduc
may be reversibly altered, depending on the electric field
temperature conditions. The existence of configuration
metastable defects was first revealed by electron param
netic resonance~EPR! studies of the oxygen-vacancy pair
Si.2 Later DLTS and TSCAP studies have also shown
presence of an unusual metastable defect in elect
irradiatedn-type Si as well as inn-type GaAs and InP.3–5 A
defect with metastable characteristics has also been obse
in boron-doped float-zone~FZ! p-Si single crystals, which is
tentatively identified as the substitutional boron-vacan
complex.6,7 A defect with metastable characteristics has a
been detected in aluminum-doped and boron doped sil
substrates8,9 following ultrafast quenching~laser irradiation!.
Recently, a defect with metastable characteristics has
0163-1829/2000/63~4!/045201~5!/$15.00 63 0452
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been detected in boron-doped, Czochralski-grown, Si
was electron irradiated at 80 K and is assumed to be
oxygen related metastable defect.10 Metastable defects, how
ever, are not limited only to the above illustrations. The D
centers in AlxGa12xAs and GaAsxP12x ~Ref. 11! also show
metastable properties. It has been reported that alpha-pa
irradiation also introduces a metastable defect in GaA12

Recently, using DLTS, we observed a new metastable de
Ha2 introduced in boron-doped, epitaxially grown Si fo
lowing room temperature alpha-particle irradiation.13 This
defect was found to exhibit reversible transformation b
tween two configurations. Only in one configuration~which
will be denoted as B!, was the metastable defect direct
observed by DLTS.

In this paper, we report the DLTS and TSCAP detecti
of configurationally metastable defects introduced in hig
boron-dopedp-Si epitaxially grown by chemical vapo
deposition~CVD! following room temperature, He-ion irra
diation. With new complementary investigation on this me
stable defect using TSCAP, we report the observation of
metastable configuration ‘‘A.’’ As a result, we demonstra
here evidence that the defectHa2 can exist in either of two
configurations designated A and B and exhibits two def
energy levels in the band gap. In order to investigate w
kind of impurities might be involved in the configurational
metastable defect and the physical origin of this defect,
have compared the electronic properties ofHa2 to those
introduced during high energy~12 MeV! electron irradiation
and 250 keV proton irradiation. As a result of its electron
and metastable properties, a defectHE2 introduced during
electron irradiation of the same epitaxially grownp-Si and a
©2000 The American Physical Society01-1



o-
l-
c-
io
-
w
te

in
m

pr

it

-
-
f
2

1
o

d
b

.
le
th
c

-
t

LT
iv

ed

te

e
ng
i-
r

o

d

tra

t
ect
at
e

rate
he

n-
of

.4

nd
um-

M. MAMOR et al. PHYSICAL REVIEW B 63 045201
defectHP2 introduced during 250 keV proton-irradiated b
ron doped float-zone~FZ! p-Si exhibit the same metastabi
ity as Ha2. In addition, we report on a study of the ele
tronic properties of other defects introduced during He-
irradiation of epitaxially grownp-Si. The He ions and elec
tron irradiation-damage-induced defects in epitaxially gro
Si are of additional interest due to the use of epitaxial ma
rials for many devices fabrication.

In Sec. II we describe the experimental procedures
volved. Section III describes the results obtained and co
prises a discussion, after which some conclusions are
sented in Sec. IV.

II. EXPERIMENTAL PROCEDURES

In our research we used Schottky barrier diodes~SBD’s!
as the diode contact structure to the boron-doped Si. T
nium SBD’s on a p-type Si layer ~doped to 6 – 8
31016cm23 with boron! grown epitaxially by chemical va
por deposition~CVD! on a p1 Si~001! substrate, were irra
diated with high energy~5.4 MeV! He ions at a fluence o
9.331011cm22, using an Americium radio-nuclide and 1
MeV electrons at a fluence of 1.631012cm22. In addition
float-zone, boron-doped samples were irradiated with
MeV electrons and 250 keV protons to a total dose
1013cm22 and 731012cm22, respectively. DLTS, using a
lock-in amplifier-based system, was used to study the
fects. The bias and pulse sequence consisted of a reverse
Vr on which pulses with amplitudeVp were superimposed
DLTS and TSCAP were also used to determine the e
tronic properties of the defects in each configuration, and
configurational transformation kinetics. The DLTS defe
signatures~energy level in the band gap,Et , and apparent
capture cross section,sa! were calculated from the Arrhen
ius plots of ln(T2/e) vs. 1/T, wheree is the emission rate a
the DLTS peak temperatureT. The data for the Arrhenius
plots were also measured by means of an isothermal D
technique. Details on these experiments have been g
elsewhere.13

III. RESULTS AND DISCUSSION

In Fig. 1 we present the DLTS spectra of Si irradiat
with 5.4 MeV He ions@curves~a!#. For comparison, we also
include spectra recorded from identical Si samples irradia
with 12 MeV electrons at a fluence of 1.631012cm22

@curves~b!#. The DLTS spectra for both samples were r
corded under identical bias and pulse conditions: A filli
pulse of amplitudeVp51.8 V was superimposed onto a qu
escent reverse bias ofVr52 V. The spectra were taken afte
cooling the sample under zero bias~bias-off, configuration
A! and after cooling with applied reverse bias~bias-on, con-
figuration B! as shown in this figure. Curves~a! show the
metastable behavior of theHa2 defect following He-ion ir-
radiation. The transformation behavior of theHa2 level is
observed after zero-bias/reverse-bias cool down cycles: c
ing down the sample under zero-bias~configuration A: dot-
ted line! causes the removal of theHa2 signal. Cooling
down the sample under reverse-bias causes the reintro
04520
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tion of defectHa2 ~configuration B: solid line!. The DLTS
peak derived from the subtraction of the two DLTS spec
for the same fluence is also shown in this curve~dashed line!.
The two hole traps labeledHa1 and Ha2, which are re-
ported here, arise from two different defect levels.

The inset of Fig. 1@curves~b!# shows DLTS spectra tha
characterize the two different configurations of the def
HE2 following 12 MeV electron irradiation. It appears th
the defects labeledHa1 andHa2 have the same signatur
as the defectsHE1 and HE2. Therefore, it is tempting to
conclude thatHa1 andHa2 are the same asHE1 andHE2,
respectively.

The temperature dependence of the hole-emission
was studied by means of an isothermal DLTS system. T
results are shown in the Arrhenius plot@Fig. 2#. In configu-
ration A, theHa1 level has a hole emission activation e
ergy of 0.5360.01 eV and a hole capture cross section
(1.660.5)310213cm2. In configuration B, peakHa con-
tains contributions of bothHa1 and Ha2, and appears to
have an activation energy of 0.4660.01 eV and a capture
cross section of (5.360.5)310215cm2. An activation en-
ergy of 0.4360.01 eV and a capture cross section of (1
60.5)310215cm2 were determined forHa2. An Arrhenius
plot of the thermal emission rate of the defectsHa3 and
Ha5 is shown in the inset of Fig. 2. The DLTS signature a
peak temperature of these radiation-induced defects are s
marized in Table I. The signatures ofHa3 andHa5 were
determined under low electric-field conditions~i.e., Vr
50.3 V, Vp50.3 V!. The activation energies of defectsHa3
and Ha5 are the same as the Ci-Oi ~Ref. 14! and

FIG. 1. DLTS spectra ofp-type Si irradiated with 5.4 MeV
He-ions at a fluence of 9.331011 cm22, showing the result of cool-
ing with applied zero-bias~configuration A: dotted line! and
reverse-bias~configuration B: solid line!. The DLTS spectrum de-
rived from subtracting the two DLTS spectra~configuration A and
B! is also shown~dashed line!. The inset shows DLTS curve for 12
MeV electron irradiatedp-type Si at a fluence of 1.631012 cm22,
showing the result of cooling with zero-bias~A! and applied
reverse-bias~B!.
1-2
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divacancy15 centers, respectively. A defect with a simil
DLTS signature asHa1 was detected;16 however, the struc-
ture is as yet unresolved. The defectHa4 was observed to
anneal at room temperature after a few months with the
pearance of a new defectH* a4 detected atEv10.22 eV.

Figure 3 shows DLTS scans of 250 keV proton-irradiat
FZ boron-doped,p-type Si and depicts the presence of t
radiation-induced defectsHP1 –HP5. In this study we focus
on the properties of defectHP2 that exhibits a metastabl
character. The solid line is a spectrum taken after cooling
80 K with an applied reverse bias of 4 V applied to the
sample. The temperature is then ramped up~about 5 K/min!
and the spectrum is recorded. The dotted line shows a sim
spectrum when the sample was cooled down to 80 K w
zero bias applied to the sample. The only significant diff
ence between the two spectra concerns the peak locat
approximately 220 K, which is shifted depending on the b
during cooling. The peak has two contributions, hole em
sion from the state labeled B peaked at approximately 21
~see broken line in Fig. 3! and hole emission from the sta

FIG. 2. Thermal emission rate data for the defect levels a
cooling with bias-on~squares! and bias-off~circles!. The thermal
emission rate for the metastable defect is also shown~triangles!.
The thermal emission rates of defectsHa3 andHa5 are shown in
the inset.

TABLE I. Electronic properties of the prominent hole traps i
troduced during He-ion irradiation of epitaxially grownp-Si.

Defect label
Et

~eV!
sa

~cm2!
Peak temperature

Tpeak
a ~K!

Ha1 0.53 1.6310213 223
Ha2 0.43 1.4310215 215

Ha(Ha11Ha2) 0.46 5.3310215 220
Ha3 0.35 2.1310215 174
Ha5 0.17 1.7310216 102

aPeak temperature at a lock-in amplifier frequency of 4.6 Hz, i.e
decay time constant of 92.3 ms.
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labeled A which is peaked at'225 K. The solid spectrum
contains contributions from both states while the concen
tion of the B state is negligible after zero bias cooling~the
dotted spectrum!. The shift depends strongly upon the bias
well as the time needed to record the DLTS scan. For
ample if the ramp rate is reduced there is no significant
ference between the two spectra and they become an i
mediate between the two shown in Fig. 3. The reason for
is simply that the metastable transition takes place during
DLTS scan and a steady state between the population o
A state and the B state is reached before hole emission f
the centers is recorded. The steady state ratio between
population of the states depends on the bias pulse app
during the DLTS measurement. For example, if the sampl
kept at a reverse bias during the sweep and the filling pu
period is made as short as possible~10% duty cycle! the
recorded spectrum is similar to the solid line in Fig. 3. If t
situation is reversed and the filling pulse is on 90% of t
time period, the recorded spectrum resembles the dotted
in Fig. 3. These bias-induced transformations ofHP2 are
charge state controlled and related to a reversible disapp
ance and reappearance of energy levels in the band gap

The DLTS spectra were recorded in a somewhat unus
manner to enable detection of the metastable behavior.
transition rates, at these temperatures, from the metas
state B to state A are so high that if precautions are not ta
the metastability is not observed at all.

The overall results agree very well with a study of t
metastable defectHa2 and HE2 in He-ion and electron-
irradiated, epitaxially grown, boron-doped,p-type silicon, re-
spectively. The hole emission rates of the metastable st
are the same within experimental error and the bias dep
dence and transition rates between the metastable s
are similar. Reference samples~FZ boron-dopedp-type Si!
from the same wafer without proton irradiation do not sho
any DLTS signatures of the metastable defect above the

r

a

FIG. 3. DLTS spectra of a proton-irradiated, FZ,p-type silicon
sample. Reverse bias52 V, filling pulse51.8 V and ep510 s21.
The broken line shows the signature of the metastable stateB ob-
tained by subtracting the dotted spectrum~zero bias during cooling!
from the solid spectrum~reverse bias during cooling!.
1-3
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M. MAMOR et al. PHYSICAL REVIEW B 63 045201
tection limit which is estimated to be at a concentration
531011cm23. The same applies to samples receiving
MeV electron irradiation using a fluence of 1013cm22.

Concerning the differences in concentrations of the me
stable defect after alpha irradiation as compared to elec
and proton irradiation, we expect more damage with hig
concentrations of point defects after high energy alpha i
diation as compared to low energy proton irradiation~only
250 keV! and electron irradiation. Since an alpha irradiati
transfers more energy to the lattice than electron irradia
with the same kinetic energy, it is capable of forming dis
dered regions with a larger extent than the vacancy or in
stitial defects typically observed after electron irradiation

The remainder of this paper will concentrate on the me
stability of Ha2 detected after He-ion irradiation. The met
stability could also be observed by means of TSCAP m
surements, as shown in Fig. 4. During these measurem
the sample was cooled under either zero or reverse bia
order to freeze in one of the metastable configurations
Ha2. After cooling to approximately 100 K, a short fillin
pulse was applied. Here, after a reverse bias of21 V was
applied, the temperature was increased at a constant rate
K min21 while the capacitance was recorded by means o
HP4192A Impedance Analyzer. Figure 4 shows the cap
tance of the sample as a function of temperature, as we
its derivativedC/dT. The solid curve, which was recorde
after cooling under a reverse bias of21 V, shows hole emis-
sion from bothHa1 andHa2 ~in configuration B! at about
180 K as a rapid increase in the capacitance of the sam
and a peak in the derivative curve. The dashed curve
recorded after cooling under zero bias conditions. Here
emission at 180 K is due toHa1 only.Ha2, which has been
transformed to configuration A, now emits carriers only on
the temperature reaches 265 K, the same temperatu

FIG. 4. TSCAP measurements of the sample shown in Fig
The solid line was recorded after cooling under reverse bias w
the dotted line was recorded after cooling under zero bias. In b
cases the capacitance was measured at a bias of21 V and the
temperature was scanned at a rate of 3 K min21.
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which it is transformed to configuration B. This indicate
that the emission of holes fromHa2 in configuration A is
closely linked to its transformation to configuration B.

The TSCAP results indicate that the transformation fro
configuration A to configuration B is closely associated w
the emission of a hole. However, no hole emission could
observed from configuration A by means of convention
DLTS. The possible explanation for this behavior is that
the defect transforms before hole emission takes place,
hole would be emitted immediately by configuration B, b
cause the transformation occurs at a temperature m
higher than that at which configuration B starts to emit hol
This would imply that configuration A cannot be observ
by means of DLTS because it transforms to state B bef
emitting a hole, i.e., the ionization energy of configuration
is too high for the defect to be observed by DLTS.

The transition from one configuration to the other w
investigated in more detail by studying the thermally ac
vated transformation kinetics between configurations A a
B. We used the systematic method proposed by Levin
et al.17,18 in their study of the metastable M center in InP.
order to examine the transition A→B, the sample was firs
cooled from 300 K to a temperatureT at zero bias; then it
was kept for a short timet at T under a fixed applied bias
and finally cooled rapidly to 130 K. The changes in the ma
nitude ofHa2 were used to determine the changing popu
tion of the defect in configuration A. In the same way, t
reverse transition, B→A, was studied using reverse-bia
cooling and zero-bias annealing. Isochronal~5 min! anneals
were first performed to reveal the transformation tempe
ture. The results obtained after this isochronal annealing~not
shown here! revealed that both transitions A→B and B→A
occur in only one stage, but not at the same temperature:
transformation A→B is observed at a higher temperatu
~240–265 K! than the transformation B→A ~185–215 K!.
From our measurements, it seems that the transformatio
both directions is complete. The reaction kinetics were th
explored around the transformation temperatures by a se
of isothermal anneals. The annealing reaction was foun
be first order, as demonstrated in Fig. 5 for reaction A→B.
Here, the normalizedHa2 peak height is plotted as a func
tion of anneal time and temperature. The peak height ofHa2
as a function of time,Ha2(t), was described by

Ha2~ t !5Ha2~`!@12exp~2RA→Bt !# A→B, ~1!

Ha2~ t !5Ha2~`!@exp~2RB→At !# B→A, ~2!

whereHa2(`) correspond to a peak height withHa2 com-
pletely reintroduced.

We have also measured the transformation rate from c
figuration A to configuration B directly with DLTS, and
from B to A by varying the filling pulse width and measurin
the DLTS peak height.13 The kinetics for the metastable de
fect transitions are consistent with the following relations

RA→B5431012exp@2~0.79 eV!/kT#s21, ~3!

RB→A573109 exp@2~0.52 eV!/kT#s21. ~4!

Although DLTS does not provide information about th
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physical nature of defects, we nevertheless have some
cations as to whatHa2 may consist of. First,Ha2 andHE2
metastable defects have up to now been reported onl
high-energy He-ion and electron-irradiated, boron-dop
p-Si that was epitaxially grown by CVD and not in FZ
boron-doped,p-type Si irradiated at the same condition. Se
ond, the same metastable defectHP2 is also observed in
float-zone, boron-doped,p-Si following proton irradiation.
In view of these facts we suggest that the metastable de
Ha2 is a hydrogen-related metastable defect due to the
concentration of hydrogen in our samples prepared by C
and may consist of hydrogen linked to a lattice defect t
was produced by the high energy bombardment.

IV. CONCLUSION

In summary, the results presented here demonstrate
one of the defects introduced in epitaxially grown, boro

FIG. 5. Isothermal annealing kinetics for reaction A→B. For
each point, the sample was cooled from 300 K to the indica
temperature with zero-bias, annealed at reverse-bias for the
cated time, and DLTS peakHa2 was monitored.
s
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doped,p-type silicon by high energy He-ion and high-ener
electron irradiation, exhibits charge-state controlled meta
bility and can be reversibly transformed using conventio
bias-on/bias-off temperature cycles. This metastable de
can exist in either of two configurations~A or B!. In con-
figuration B,Ha2 has an activation energyEt of 0.4360.01
eV and an apparent capture cross sectionsa of ~1.460.5!
310215cm2.

The physical nature of these defects can presently at
be speculated. However, in our previous study, we have
served that the defect concentration ofHa2 increased lin-
early ~up to 231015cm23! with increasing incident particle
fluence, and no saturation effect has been seen for a flu
up to 2.231012cm23. The defect is either a radiation
induced complex related to impurities in the crystal
which the concentrations are higher than 231015cm23, or a
lattice defect complex independent of impurities. Since
same metastable defect was produced by high-energy e
tron bombardment, it is likely to involve a lattice defect. Th
involvement of a lattice defect is also suggested by
nondetection of this metastable defect in similar mater
irradiated with low-energy ions~,5 keV! created by the
electron beam or Ar-ion bombardment. We should also
tice that these metastable defectsHa2 and HE2 were
not observed in either He-ion or electron-irradiated,
boron-dopedp-Si, and are present only in high-energ
particle-irradiated boron-doped,p-Si, that was epitaxially
grown by CVD or in proton-irradiated, FZ boron-dope
p-Si. The overall results suggest that this defectHa2 may
be either an interstitial complex, or a vacancy complex
with hydrogen.
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