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Hydrogenation of the dominant interstitial defect in irradiated boron-doped silicon
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The H3-center with a level atEv10.535 eV is observed in hydrogenated electron-irradiated boron-doped
silicon. In samples with boron concentrations of (2 –20)31015 cm23 the center is the most abundant among all
defects detected by deep-level transient spectroscopy. Electrical properties and thermal stability of the H3-
center are studied in detail. It is shown that the H3-center is created by the addition of one hydrogen atom to
a radiation-induced defect, the H3 precursor, which escapes direct electrical detection in the samples. The H3
precursor is formed immediately after room-temperature irradiation in oxygen-lean crystals and after heat
treatment at;200 °C in oxygen-rich wafers. The H3 precursor anneals out at;375 °C in all samples. The
introduction rates of H3 precursor and other radiation defects are measured for samples with different boron
concentrations. The identification of H3 precursor as the BiCs pair and H3-center as a BCH complex is in good
agreement with the available experimental data.

DOI: 10.1103/PhysRevB.69.045201 PACS number~s!: 61.72.Ji, 61.82.Fk, 71.55.Cn
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I. INTRODUCTION

Radiation defects and hydrogen atoms are introduced
ing many treatments of silicon crystals, and there is an urg
need to understand the interaction of these defects in de
During the last two decades many studies were publishe
the field, and several defects have been identified by t
electrical or optical activities as complexes of radiation d
fects with one or more hydrogen atoms. In the present pa
we consider only complexes formed by a subsequent hy
genation of stable defects which were created by roo
temperature electron irradiation.1–8

Hydrogen was found to passivate the electrical activity
all defects introduced in silicon by irradiation with high
energy electrons.1 Recently, this process was studied for m
jor radiation defects in more detail. The VO center~a va-
cancy trapped by an interstitial oxygen atom, the A cen!
can bind one or two hydrogen atoms. The VOH center w
energy levels atEc20.31 eV andEv10.28 eV (Ec andEv
are the bottom of conduction band and the top of vale
band, respectively! was detected by deep-level transie
spectroscopy~DLTS! ~Refs. 3, 5, and 9! and by EPR.10 The
electrically passive VOH2 complex was identified by IR
absorption.6 The major interstitial-type defect in oxygen-ric
crystals, the CiOi pair, was shown to lose its electrical acti
ity due to the addition of one hydrogen atom.7 Very recently,
the CiOiH complex has been identified with the D1-cent
the unique bistable defect detected by Hall effect, IR abso
tion, and DLTS.8,11,12 The CiCs pair, which is important in
carbon-rich, oxygen-lean crystals, can also be passivated
to interaction with hydrogen atoms.7

An important class of radiation defects in silicon are tho
related to shallow level impurities, e.g. boron inp-type sili-
con crystals. The boron impurity in nonirradiated Si occup
substitutional positions (Bs) and participates in the formatio
of radiation defects by trapping migrating intrinsic point d
fects, vacancies and self-interstitials. The BsV complex is
rather unstable and anneals out at 260–280 K.13 Trapping
0163-1829/2004/69~4!/045201~9!/$22.50 69 0452
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self-interstitials produces the interstitial boron species,i ,
which are mobile above;240 K ~Ref. 14! and can be
trapped by other defects. Several deep levels were repo
in the literature to originate from such complexes.

A level at Ec20.26 eV was ascribed to the BiOi pair be-
cause of the dependence of its concentration on the bo
and oxygen contents.15,16 The huge asymmetry of electro
and hole capture cross sections to this level (se52
310213 cm22, sp;10220 cm22) ~Ref. 15! insures that the
complex can be reliably detected inp-type samples using
minority carrier transient spectroscopy~MCTS!. Note that
BiOi is abundant only in oxygen-rich Cz-Si, while its intro
duction rate is many times lower in oxygen-lean FZ-Si.17

The BiOi pair dissociates at 150–200 °C and the H~0.29!
center with a level atEv10.29 eV appears in the same tem
perature range. Activation energies and frequency factors
the disappearance of the BiOi pairs and for growth of the
H~0.29! centers are nearly the same.15 Due to this correla-
tion, the H~0.29! center was associated with an interstit
boron-related defect. Because capture of migrating Bi spe-
cies at carbon impurity atoms was expected, the H~0.29!-
center was tentatively identified as a BiCs pair.16 We discuss
this identification in Sec. III C 4 in more detail.

A donor level atEv10.30 eV @H~0.30!# ~Ref. 38! was
observed in as-irradiated crystals with higher boron dopin16

The H~0.30!-center introduction rate increases as the squ
of the boron concentration, indicating that two boron ato
are involved in the center. Because of its obvious format
mechanism, the H~0.30! center was ascribed to a BiBs pair.
However different calculations agree that the BiBs pair
should be electrically inert.18–20 Another candidate for the
H~0.30! center seems to be a pair of substitutional bor
atoms on neighboring sites.21 The pair is expected to be elec
trically active,18 although the complex stability is stil
uncertain.18,19

At present, the interaction of boron-related BiOi , H~0.29!,
and H~0.30! complexes with hydrogen is not known. Re
©2004 The American Physical Society01-1
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cently, several groups reported on two deep-level center
irradiated boron-doped silicon.4,22 The centers labeled MH3
and H3 were shown to be hydrogen-related.23 MH3 is cre-
ated by the trapping of a migrating interstitial-type defe
most probably the Bi species, on the preformed BsH pair
forming a BiBsH complex. The nature of the hydrogen
related H3 center, which strongly dominates the deep-le
spectrum of some boron-doped crystals,22 is still unknown.
In the present article, we investigate in detail the electri
properties, thermal stability, and formation kinetics of the
center. In addition we will demonstrate its boron-related o
gin and discuss the nature of its~nonhydrogenated! precur-
sor.

II. EXPERIMENT

A. Samples

The samples used in this study were cut from bor
doped silicon wafers grown by either the float zone~FZ! or
the Czochralski~Cz! method. Boron concentrations we
varied in the range@B#5(0.4–20)31015 cm23. The nomi-
nally boron-free aluminum-doped wafers (@Al #51.3
31016 cm23) were also used in a few cases. The samp
were irradiated with 5.5 MeV electrons at a flux
;1012 cm22s21 to doses in the range D5(0.03–7)
31015 cm22. The samples were either cooled during irrad
tion by air convection~temperature rise up to;60 °C), or
placed on a water-cooled plate. Samples were annealed
irradiation in the temperature range from 100 to 400 °C i
furnace under flow of inert gas.

Hydrogenation of irradiated samples was produced du
wet chemical etching in an acid solution o
HF:HNO3:CH3COOH ~1:2:1! at ambient temperatures. Th
etching rate was about 20mm/min. After etching, most of
the hydrogen atoms are trapped in the form of electrica
inert boron–hydrogen (BsH) pairs located in a narrow nea
surface layer, which is barely accessible with DLTS and
techniques.24 The BsH pairs become unstable aroun
100 °C.25 Therefore the etched samples were annealed
furnace at temperatures between 100 to 200 °C to diff
hydrogen deeper into the crystal and stimulate its interac
with radiation defects. Alternatively, the Schottky diod
prepared on the etched surface were annealed wit
reverse bias applied~reverse-bias annealing, RBA! ~Ref. 25!
at 340 to 420 K.

B. Capacitance measurements

Capacitance measurements were performed on Scho
diodes of 1, 1.5, or 2 mm diameter~depending on the doping
level!, which were fabricated by vacuum evaporation of Al
room-temperature. Ohmic contacts were produced
scratching the back side of the samples with an eutectic I
alloy.

Most of the deep-level transient spectroscopy~DLTS!
~Ref. 26! measurements were performed on a computeri
system based on the modified Boonton 72B capacita
meter operated with the 1 MHz test signal. Different cor
lation functions were applied to the recorded capacita
04520
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transients.27 Durations of the transients were varied fro
0.03 to 5 s. This system was operated in the tempera
range 80 to 420 K. Another DLTS setup with the anal
sine-wave lock-in correlation was equipped with a sam
holder cooled down to 30 K and was used primarily f
investigations of deep levels with peaks below 80 K. Activ
tion energies and capture cross sections of the defects
determined from the Arrhenius plot of the emission rate
ing the standard T2-correction. In addition, the capture cros
section of some centers was measured by varying the fil
pulse duration. The minority-carrier transient spectrosco
~MCTS! measurements were performed for semitranspa
Schottky contacts using front-side photo-excitation from
light-emitting diode.

The spatial distributions of majority traps were calculat
from the dependences of DLTS signal on the filling pu
voltage Vp at a fixed reverse bias Vr . The inhomogeneous
profiles of shallow dopants, which were determined from
CV measurements, and the so-called transition region28 ~or
l-layer29! were properly included in the evaluation of th
deep-level defect concentration. For the case of overlapp
peaks, the interference of DLTS signals from different ce
ters was also taken into account during profile calculatio

For presentation of the deep-level spectra throughout
paper, the measured DLTS signals were multiplied by a f
tor Vr /(Vr2Vp) to insure that defects with equal concentr
tions provide the peaks of approximately the same am
tude.

III. RESULTS AND DISCUSSION

A. Hydrogen-related levels

The effect of hydrogenation on the deep-level spectrum
electron-irradiated boron-doped FZ-Si is shown in Fig.
Hydrogen was introduced during chemical etching of irra
ated crystal and redistributed deeper into the sample du
subsequent 90 min annealing at 100 °C. The significant
crease of the net boron concentration in the 1.5mm layer
adjacent to the surface~see inset Fig. 1! indicates hydrogen
penetration into this region. Therefore, the dashed line in F
1 taken from the hydrogen-free region deeper than 1.7mm
represents the spectrum of nonhydrogenated radiation
fects. The spectrum is dominated by the donor level of
divacancy (V2) with a peak at 114 K. The peak of the CiOi
center at 191 K is relatively low in the oxygen- and carbo
lean crystal. The nature of smaller peaks at;225 K and
;280 K, which are observed after irradiation in most of t
investigated FZ crystals, is unknown.

The solid line in Fig. 1 shows the deep-level spectrum
the hydrogenated region from 0.5 to 1.5mm depth. It is seen
that the divacancy signal decreases in this region, and
new peaks appear at 139 K and 233 K. A level located
Ev10.28 eV ~corresponding to the peak at 139 K! was re-
ported in virtually all publications on hole traps in hydrog
nated irradiated silicon.2–4,30 Recently this center has bee
identified as a donor level of the VOH complex~the singly
hydrogenated A center!.7 The H3 peak at 233 K dominate
the spectrum of the hydrogenated region of the sample
Fig. 1. Levels similar to H3 have been reported only in a f
1-2
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HYDROGENATION OF THE DOMINANT INTERSTITIAL . . . PHYSICAL REVIEW B 69, 045201 ~2004!
publications,4,22 and the nature of the corresponding cente
still unknown.39 No deep-level centers are detected afte
similar hydrogenation procedure of initial~non-irradiated!
wafers, implying that the H3 center is a result of hydrog
interaction with a radiation defect. It is obvious from Fig.
that the concentration of the H3 center exceeds all other
traps in the sample. Hence, no defect with a deep level in
lower half of the band gap can be a~non-hydrogenated! pre-
cursor of the H3 center. The nature and properties of the
center and its precursor will be of primary interest in th
article.

B. Properties of the H3-center

1. Electrical parameters

The activation energy of hole emission from the H
center was determined by dependence of the DLTS peak
sition on the correlation function applied to the transien26

The period and the wave-form of correlation functions we
varied to cover more than three orders of magnitude of
emission rate.27 The Arrhenius plot obtained gives the ac
vation energy of (0.53560.005) eV and the~apparent! cap-
ture cross section of 1.7310213 cm22, which are in very
good agreement with the parameters reported by Ma
et al.22 The rather large value for the capture cross sec
could be a sign of a hole attractive center. In this case
hole emission rate is expected to depend on the electric
~Poole-Frenkel effect!. The field dependence was studied
the double DLTS~DDLTS! technique on samples similar t
those shown in Fig. 1. Emission from the H3-centers loca
in a layer between 0.5 to 1mm from the surface~see inset in
Fig. 1! was measured under different reverse biases.
electric field in the investigated layer varied in the ran

FIG. 1. DLTS spectra from the hydrogenated@surface (Vr /Vp

53/0 V), solid line# and nonhydrogenated@volume (Vr /Vp

518/6 V), dashed line# regions of irradiated FZp-type Si (@B#
52.731015 cm23, D5731014 cm22). Hydrogenation by chemi-
cal etching was followed by 90 min annealing at 100 °C. R
window 49 s21. The inset gives the net boron depth profile fro
CV measurements.
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(2 –8)3104 V/cm. The shift of the H3 DDLTS peak is
found to be less than the experimental error of 0.5 K, wh
is related to the reproducibility of the peak position duri
different thermal scans. At the same time, rough estim
based on the well-known expression for the Poole-Fren
effect31 gives a shift of more than 10 K in the studied ran
of electric fields. Thus, the H3 level belongs most proba
to a donor.

The kinetics of hole capture on the H3 centers were st
ied directly by using the variation of filling pulse width. A
noticeable decrease of the peak amplitude is observed on
the shortest available pulse~100 ns!. A rough estimate of
;3310215 cm22 can be obtained for the capture cross s
tion from these measurements. This value is typical for c
ture at neutral centers and is in agreement with the do
nature of H3.

2. Thermal stability

The depth profiles of hydrogen-related centers formed
successive RBA treatments with increasing voltages
shown in Fig. 2 along with the net boron distributions calc
lated from the CV curves. During etching, most of hydrog
atoms are trapped at boron forming the electrically inert BsH
pairs in a near-surface layer. The H3 and VOH centers~with
much lower concentrations than that of BsH) are also formed
in this layer without any additional thermal treatment.

e

FIG. 2. Depth profiles of~a! the H3 centers and the net boro
concentration and ~b! the VOH centers in FZ-Si (D57
31014 cm22). Samples were chemically etched and received t
successive 90 min anneals at 380 K under reverse biases of 3
10 V, respectively.
1-3
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N. YARYKIN, O. V. FEKLISOVA, AND J. WEBER PHYSICAL REVIEW B69, 045201 ~2004!
redistribute hydrogen deeper into the crystal, the RBA p
cedure~annealing under reverse bias! ~Ref. 25! was applied
at 380 K. At this temperature the lifetime of BsH pairs is
only about 5 min. The released hydrogen atoms are p
tively charged and quickly drift away in the electric field
Schottky diode that suppresses the reverse reaction ofsH
formation. Thus, the near-surface region of the space ch
region~SCR! gets virtually free of hydrogen in about 15 min
After this short treatment, most of hydrogen atoms form
BsH pairs close to the SCR boundary, where the electric fi
turns to zero. Further redistribution takes place in the fie
free region and is much slower. Note that because of
relatively short BsH lifetime, a certain concentration of fre
hydrogen atoms~roughly proportional to the BsH concentra-
tion! is maintained at 380 K, facilitating the complexing b
tween hydrogen and radiation defects.

The first RBA step at 3 V~Fig. 2! moves hydrogen to
around the 2.6mm depth, where the BsH, H3, and VOH
complexes are formed. During the second RBA step at 1
virtually all hydrogen atoms are rapidly moved to the dee
region around 4.2mm as monitored by the net boron dep
profiles. Accordingly, additional H3- and VOH-centers a
formed in this region. There is a different behavior for t
H3 and VOH centers near 1.2 and 42.6mm during subse-
quent anneals. The A center concentration remains cons
because no free hydrogen atoms were available in thos
gions to form additional centers or to transform VOH to t
electrically inactive complex with two hydrogen atoms.
contrast, the H3-center concentration significantly decrea
revealing an instability of the H3-centers in the space cha
region of a Schottky diode at 380 K.

We rule out the possibility of a drift of the H3 center as
whole in the SCR electric field~at least at 380 K! due to the
following two observations. First, the amount of the H
centers in the deeper pile-up does not depend on the inte
concentration of the centers formed during the first RBA s
which can be controlled by the step duration. Second,
detailed studies of the H3 profile transformation during RB
at higher voltages reveal no drift of the preformed pile-up;
particular, the H3 center concentration remains always low
3.5 mm in Fig. 2~a!. Therefore, we conclude that th
H3 centers dissociate in SCR at 380 K.

The dissociation kinetics was investigated by dividing t
annealing at higher voltage into shorter steps and measu
the decrease of the H3-center concentration in the regio
preformed pile-up; e.g. the H3 decay at 2.6mm during RBA
under the 10 V bias in Fig. 2~a!. It is important to note that
this is the hydrogen-free region after a short initial step
indicated by the nearly total recover of the net boron conc
tration. So, the process of H3-center dissociation is
masked by further defect formation or passivation. It
found that a part of the DLTS signal measured at the H
peak maximum remains stable even after several hour
annealing. The nature of this signal is unknown, but its a
plitude is only 5–15% of the initial signal in differen
samples. After subtraction of this stable part, the H3-cen
decay follows a simple exponential law~Fig. 3, solid sym-
bols! with a characteristic time of about 1 h at 380 K. For the
case of the lower doped sample~open symbols in Fig. 3!, the
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reverse bias was switched off after a short initial RBA ste
which removed hydrogen from the preformed pile-up regio
and two 1-h-steps of zero-bias annealing were performed
is seen that the H3 centers are stable under zero bias~in the
neutral region! on the time scale of the experiment.

In general, different defect stabilities in the SCR and ne
tral region can be related either to different defect cha
states or to the presence of the electric field in the SCR
distinguish between these two possibilities we used the p
cedure of pulsed-bias annealing,32 when the H3 centers in
side the SCR are kept in the charge state inherent for ne
region (H3(1) if H3 is a donor!. The extrapolation of the
Arrhenius curve for the hole emission from the H3 cen
~see Sec. III B 1! gives the emission time constant;0.4 ms
at 380 K. If the period of short filling pulses~zero bias! is
comparable or smaller than this value, the H3 centers will
positively charged during a significant part of anneali
time. In our experiments, the 0.1ms filling pulses were ap-
plied with a period of 0.5ms. Thus, the centers experience
the SCR electric field during 80% of annealing time. Ho
ever, during only ;40% of annealing time, the H3
centers were in the neutral charge state typical for ste
state in SCR. The H3-center decay rate measured for
given conditions is 2.5 to 3 times lower than that measu
without filling pulses. This result is in a good agreement w
a model, which assumes that the H3-center thermal stab
is primarily governed by its charge state. The stability
positively charged H3(1) is much higher than the stability o
the neutral center.

The temperature dependence of H3(0)-center dissociation
~the neutral charge state is realized in SCR! was studied in a
set of identically prepared samples. A pile-up of the H
centers was created in the near-surface region by 90
furnace annealing at 100 °C after chemical etching. Aft
wards, Schottky diodes were evaporated and annealed u
the pulsed-bias conditions at 380 K for 30 minutes. T
treatment was sufficient to destroy all boron-hydrogen pa
and remove hydrogen from the near-surface region, but c

FIG. 3. Annealing kinetics at 380 K of the H3 center in th
hydrogen-free region ofp-type FZ-Si. Solid symbols:@B#52.8
31015 cm23, D5731014 cm22; open symbols: @B#58.7
31014 cm23, D51015 cm22. Solid lines: annealing in the spac
charge region; dashed line: annealing in the neutral region.
1-4
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HYDROGENATION OF THE DOMINANT INTERSTITIAL . . . PHYSICAL REVIEW B 69, 045201 ~2004!
served most of the preformed H3 centers. Finally, the dio
were annealed under reverse bias at different tempera
from 363 to 390 K. The decrease of H3 center concentra
in the near-surface region with annealing time is exponen
and the calculated dissociation rates are plotted in Fig. 4 w
solid symbols. The best linear fit to the data gives a dis
ciation energy for the neutral H3 center of (1.3760.02) eV
and a pre-exponential factor of about 231014 s21. A few
samples were etched in an acid solution where 95% of
drogen cations were replaced by deuterium. The H3 ce
concentration in deuterated samples was similar to tha
hydrogenated ones. It is seen in Fig. 4 that dissociation of
H3(0)-centers in deuterated samples is slower by a facto
;A2, exactly as should be expected if the dissociating p
ticle is hydrogen.

The positively charged H3 center is thermally stable
380 K ~see Fig. 3, open symbols!. To study its stability at
higher temperatures the etched samples~still without diodes!
were annealed at temperatures from 380 to 450 K for 1
Since hydrogen was not removed from the investiga
layer in this case, both formation and dissociation of the
centers took place during annealing. Therefore, the h
treatment was terminated by fast cooling to room tempe
ture to avoid an additional formation of the centers at t
stage. Finally, Schottky diodes were evaporated with
any additional chemical treatment of the surface, and the
center depth profiles were measured. The maxim
H3 center concentrations are;2 and;5 times lower after
the anneals at 430 and 450 K, respectively, as compare
the concentration after 380 K treatment.

It is however not possible to determine quantitatively t
properties of H3(1) centers from an analysis of these da
Due to a dynamic equilibrium between the two charge sta
of the H3 center in the neutral region, the center is neu
during a certain~small! fraction of time and subjected to th
dissociation with~high! rate plotted in Fig. 4. Extrapolating
the data from Fig. 4 to higher temperatures and accoun
for the Fermi level position in the samples, one obtains

FIG. 4. Temperature dependence of the H3 center dissocia
rate in the space charge region of a Schottky diode. Solid and o
symbols correspond to hydrogenated and deuterated sample
spectively. The solid line is the best fit to the solid symbols. T
dashed line is parallel to the solid one and shifted byA2 along the
ordinate axis.
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this dissociation mechanism the time constants of abou
and 0.4 h at 430 and 450 K, respectively. This explains fa
well the observed decrease of the maximum concentratio
H3 centers in corresponding samples. Thus, we conclude
the thermal stability of the H3(1) center is close to, or even
higher than, the limit imposed by the dissociation rate of
neutral center.

3. Formation kinetics

The development of the deep-level depth profiles dur
the RBA procedure at 380 K is shown in Fig. 5. Depth d
tributions of the H3 and VOH centers after the first hydr
genation step are similar~dotted curves!. At this stage, the
process is governed by the addition of a single hydrog
atom to the respective precursors. For longer hydrogena
the VOH profile exhibits a decrease in the region of ma
mum hydrogen concentration around 1.9mm in Fig. 5~b!.
This decrease is caused by the further hydrogenation of
VOH center and its transformation to the electrically pass
VOH2 complex.7,30 No indications of such behavior hav
been found for the H3 centers for as long as 9 h hydrogena-
tion at 380 K. In contrast, the H3 center concentration
veals a saturation in the region of maximum hydrogenati
although hydrogen is still available in this region as se
from the net boron concentration@see Fig. 5~a!#. This behav-
ior is consistent with a model, which assumes only one

on
en
re-

e

FIG. 5. Depth profiles of~a! the H3 centers and the net boro
concentration and~b! the VOH centers in FZ-Si after three succe
sive 1 h anneals at 380 K under reverse bias of 5 V (D57
31014 cm22). The range for variation of the SCR boundary durin
annealing is indicated.
1-5
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N. YARYKIN, O. V. FEKLISOVA, AND J. WEBER PHYSICAL REVIEW B69, 045201 ~2004!
drogen atom in the H3 center and a negligible binding o
second hydrogen at 380 K. A long hydrogenation time res
in the consumption of nearly all H3 precursors. Under th
conditions the H3 center concentration is a measure of
initial precursor concentration.

The H3 center formation during hydrogenation can be
scribed by equation

@H3#~F!5@H3#0@12exp~2rF!#, ~1!

where@H3# is the concentration of the H3 centers,@H3#0 the
initial concentration of the H3 precursor,r the radius of hy-
drogen capture to the precursor, andF the ‘‘hydrogenation
dose.’’ The valueF is proportional to the free-hydrogen con
centration @H# at a given point integrated over annealin
time:

F~ t !5 E
0

t

4pDH@H#dt, ~2!

whereDH is the hydrogen diffusivity.33 The DH@H# combi-
nation is found from the net boron concentration taking in
account that equilibrium is reached in the reaction of boro
hydrogen pair formation/dissociation.25 Eq. ~1! is valid only
if the hydrogen-related complex that is formed is therma
stable. Accounting for the dissociation of H3 centers in
space charge region at 380 K~Fig. 3!, only data from the
layer of 2.122.7 mm @Fig. 5~a!# placed well inside the neu
tral region, are included in the calculations. A fit of the e
perimentally measured H3 center concentration as a func
of calculatedF determines@H3#0 and r. For the sample
shown in Fig. 5,@H3#050.9531014 cm23; thus,;90% of
precursors have been converted to the H3 centers. Avera
over different samples, we determine a capture radius of
drogen to the H3 precursor ofr 5(0.6560.15) nm at 380 K.
This value is not strongly dependent on temperature. Ind
approximately the same maximum concentrations of
centers are detected immediately after chemical etchin
room temperature and after long RBA steps at 380 K~Fig.
2!.

C. H3 precursor

The results presented above show that the H3 center
complex of one hydrogen atom and an unknown radiati
induced defect, the H3 precursor. As H3 is the most abund
center in the hydrogenated region of irradiated FZ crys
~see Fig. 1!, the H3 precursor is one of the dominant rad
tion defects in non-hydrogenated silicon. To learn mo
about the precursor, its introduction rate and behavior un
annealing have been studied. We use the result from the
vious section that the maximum H3 center concentration
ter a long enough hydrogenation at 380 K is almost equa
the precursor initial concentration.

1. Formation and annealing temperature

The H3 centers are detected in all FZ Si crystals stud
which were doped with boron in the range of (0.8–1
31015 cm23. Annealing of the irradiated samples at tem
peratures up to 300 °C has no effect on the concentratio
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the H3 centers formed during further hydrogenation. Th
we conclude that formation of the H3 precursor in FZ cry
tals is already completed during~or shortly after! irradiation
at room temperature. An increase of the annealing budge
to 350 °C for 30 min, results in a significant decrease~from
2 to 5 times in different crystals! of the H3 precursor con-
centration. Finally, the H3 centers are not found in t
samples, which were annealed at 375 °C for 30 min a
irradiation.

Existence of the H3 centers was not reported in the p
vious studies performed on Cz-grown irradiated crystals.3,30

In the present study, we confirm the absence of H3 center
such crystals. Five different Cz crystals with boron doping
the range of (0.4–20)31015 cm23 were irradiated at room
temperature and then hydrogenated by chemical etching
lowed by prolonged RBA treatment at 380 K. No H3 cente
are detected in these samples@see Fig. 6~a!#. At the same
time, the VOH-level is found in all crystals indicating th
presence of hydrogen in the investigated regions.

However, if the irradiated Cz-Si crystals were annealed
200 °C for 30 min, subsequent hydrogenation forms the
peak as shown in Fig. 6~b!. The electrical parameters of th
center, the formation kinetics during hydrogenation, and
thermal stability~including the strong dependence on char
state! are identical to those for the H3 center in FZ crysta
Thus, the H3 precursor is formed in oxygen-rich Cz cryst
upon post-irradiation annealing at 200 °C. As in the F
crystals, an increase of the annealing temperature up
(350–375)°C also destroys the H3 precursor in Cz samp

FIG. 6. The effect of hydrogenation on the DLTS spectrum
Cz-grownp-type crystal~a! irradiated at room temperature and~b!
annealed after irradiation at 200 °C for 30 min. The dashed
solid curves were taken before and after hydrogenation, res
tively. Hydrogenation by chemical etching and subsequent RBA~2
V! at 380 K during 100 min. @B#52.631015 cm23, D53
31015 cm22. Vr /Vp54/1 V and rate window is 49 s21 for all
spectra.
1-6
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In accordance with previous studies,15,16 the H~0.29!
center appears both in FZ- and Cz-Si at approximately
same annealing temperature as the H3 precursor in C
@see, e.g., Fig. 6~b!#. However, the H3 precursor concentr
tion exceeds that of H~0.29! centers in all studied crystal
with boron doping above;1015 cm23.

2. Electrical activity

As seen in Fig. 6 the annealing at 200 °C, which for
the H3 precursor, is accompanied by a rather minor trans
mation of the hole trap spectrum in non-hydrogena
samples. This indicates again that the observed hole t
cannot be associated with the H3 precursor. If the H3 pre
sor introduces any levels in the band gap, they are ei
shallower than;0.1 eV from the valence band or in th
upper half of band gap. The latter possibility was checked
MCTS measurements from 77 to 300 K. None of the min
ity carrier traps observed by MCTS exhibit the thermal s
bility similar to that of the H3 precursor as determined
previous section. However, due to the low photoexcitat
level, only the traps with electron capture cross secti
above;5310215 cm22 are expected to contribute to ou
MCTS signal. Thus, the question about electrical activity
the H3 precursor remains open. Note that the hydrogen
ture radius of 0.5–0.8 nm found in section III B 3 for H3
center formation in the neutral region ofp-type silicon, sug-
gests the binding of a positively charged hydrogen atom w
a neutral rather than a negative complex.

3. Introduction rate

Our measurements show that the H3 precursor conce
tion as well as the concentrations of other most promin
radiation defects in our samples are proportional to the i
diation dose. Hence, the introduction rate~the ratio of defect
concentration to irradiation dose! can be calculated. The H
precursor concentration in FZ-Si was taken equal to
maximum concentration of H3 centers after a long enou
hydrogenation of as-irradiated samples. For the case of
wafers, the post-irradiation annealing at 200 °C was u
before hydrogenation to form the maximum concentration
H3 precursor. The results for different crystals~Cz and FZ!
are presented with solid symbols in Fig. 7. The H3 precur
introduction rate exhibits a near linear increase with dop
at low boron concentrations and a saturation when the bo
concentration exceeds;331015 cm23. Usually, such de-
pendence is interpreted as involvement of one boron atom
the investigated complex.40

The total introduction rate of H3 centers and all know
interstitial-type complexes detected in the samples, is sh
in Fig. 7 with open symbols. The interstitial-type defects
our samples are mainly the CiOi and CiCs pairs. The H~0.30!
centers also contribute to the sum in FZ samples with hig
doping.41 The dash-dotted line, which is the best linear fit
the open symbols, shows that such a sum is almost inde
dent of the doping level. A similar slight decrease with t
increase of boron concentration is found for the divaca
introduction rate~dashed line in Fig. 7!. This behavior leads
us to the conclusion that the H3 precursor is of intersti
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nature and dominates the spectrum of interstitial-type ra
tion defects in the (2 –20)31015 cm23 range of boron con-
centration. In addition, the interstitial nature of the H3 pr
cursor is supported by the strong~up to 2 times! increase of
CiOi pair concentration in Cz samples due to the heat tre
ment around 350 °C, which destroys the H3 precursor.

4. Discussion on the nature of the H3 precursor

The most important reactions of interstitial defects in s
con were considered by Zhaoet al.,34 and the introduction
rates of stable complexes were calculated as functions
impurity content. Among boron-related defects, only t
BiOi and BiCs pairs show a linear increase with boron co
centration and a subsequent decrease due to competition
the BiBs complexes. Actually, such behavior is expected
any complex formed by Bi trapping to a background impu
rity with a high enough concentration. However, taking in
account that the H3 centers have been observed in all cry
studied, we expect this trap to be a common impurity
silicon. Obviously, the H3 precursor cannot be identified
BiOi due to the missing correlation with oxygen content a
a quite different thermal stability. Therefore, we propose
BiCs pair as the H3 precursor.

The solid curve in Fig. 7 has been calculated by the f
mula

@BiCs#5@Sii #
r B@B#

~r B@B#1r C@C# !

r BC@C#

~r BC@C#1r BB@B# !
, ~3!

where r with subscript B, C, BC, or BB are the effectiv
capture radii for formation of the Bi , Ci , BiCs , and BiBs
defects, respectively, brackets denote the concentration
ues. The first term@Sii # is the concentration of silicon self
interstitials, which escapes recombination with vacanc
The second term describes the Bi formation by dividing the
self-interstitials between the Bs and Cs traps. The final term
stands for the BiCs formation with the competition for Bi

FIG. 7. Introduction rate of the H3 centers~solid symbols! and
the sum of introduction rates for the H3 centers and all interstit
type complexes~open symbols! in samples with different boron
concentrations. The dashed line shows the divacancy introduc
rate.
1-7
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from the BiBs pairs. Data on the capture radii are rath
scattered in literature. It was cited in Ref. 35 that the int
action of mobile self- and boron interstitials with negative
charged substitutional boron is several times stronger t
with neutral impurities. On the other hand, equal radii we
used for the Bi and Ci formation in the later work.34 There-
fore, the approximationr C /r B5r BC/r BB5a is accepted be-
low. In this case, only two independent parameters exis
Eq. ~3!, the producta@C# and the scaling factor@Sii #. The
value of a@C#5831015 cm23 provides the best fit to the
experimental points in Fig. 7~solid curve!. Taking into ac-
count that carbon concentration in the investigated crys
may vary, the fit is reasonably good.

Generally, the alternative mechanism to create the BiCs
pair, the capture of migrating Ci species to Bs , is also pos-
sible in FZ crystals. In Cz-Si, most of the Ci species form
CiOi pairs, which are stable under 200 °C annealing. T
same~within the scatter of points in Fig. 7! amount of the H3
centers formed in Cz and FZ crystals shows that the alte
tive mechanism is less effective.

As mentioned in Sec. I, another defect, the H~0.29!
center, was tentatively identified in the literature as the BiCs
pair due to its formation kinetics which are correlated w
the dissociation of the BiOi pairs. The main problem with
this identification is that the H~0.29! centers are not detecte
in as-irradiated samples, even in oxygen-lean FZ-Si~Ref. 17!
where the concentration of the competing BiOi pairs is neg-
ligible. In the FZ samples used in the present work, the c
centration of the H~0.29! centers formed due to the 200 °
annealing exceeds more than 10 times the initial concen
tion of the BiOi pairs. Along with the unexpected introduc
tion rate for BiCs ,17 this indicates probably the more com
plicated nature of the H~0.29! center.

On the other hand, the identification of the H3 precur
as a BiCs pair agrees well with all experimental finding
Indeed, the pair is formed immediately during irradiation
oxygen-lean FZ crystals due to the capture of mobile Bi spe-
cies by substitutional carbon atoms. In oxygen-rich C
crystals, all Bi species are first trapped by oxygen, and no
centers are detected in as-irradiated Cz samples. Upon
nealing of the BiOi pairs around 200 °C, the situation for Bi
becomes similar to that in FZ crystals, and the H3 cen
can be formed with a similar concentration. Comparison
the DLTS and MCTS data shows that the H3 precursor c
centration in the sample presented in Fig. 6~b! is at least half
of the BiOi concentration in the same sample before ann
ing.

The assignment of the H3 precursor to the BiCs pair is in
good agreement with recent calculations.20,36 Both works

*Electronic address: nay@ipmt-hpm.ac.ru
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~1997!.
4S. Fatima, C. Jagadish, J. Lalita, B. G. Svensson, and A. Ha´n,
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predict the dissociation of the pair by Ci emission that is
experimentally supported by the increase of CiOi pair con-
centration upon annealing of the H3 precursor. The cal
lated binding energy of~1.1–1.2! eV corresponds fairly well
to the annealing of the H3 precursor around 375 °C. Fina
the absence of the H3 precursor energy levels in the ra
accessible by DLTS inp-type silicon, correlates with result
by Liu et al.,36 which assume that the BiCs pair has only an
acceptor level in the upper half of the band gap.

IV. CONCLUSION

The H3 level (Ev10.535 eV) is formed due to hydroge
nation of electron irradiated boron-doped silicon. Based
the absence of Poole-Frenkel effect, the level is attribute
the H3(1/0) transition. The thermal stability of the center
shown to depend strongly on the charge state. The neu
H3(0) center is dissociated by hydrogen release with an
tivation energy of 1.37 eV. The stability of the positive
charged H3(1) center is higher and is most probably go
erned by hole emission and subsequent decay of the ne
complex. It is concluded from the complex formation kine
ics during hydrogenation that the H3 center is created
capture of one hydrogen atom at a neutral~in p-type! radia-
tion defect, the H3 precursor.

The H3 precursor formation is completed during roo
temperature irradiation of oxygen-lean FZ crystals. An ad
tional 30 min annealing at 200 °C is required to form t
defect in Cz samples. The H3 precursor is destroyed by
min anneal at 375 °C both in FZ and Cz irradiated wafe
The introduction rate of the H3 precursor increases linea
with boron concentration in the range@B#5(0.4–3)
31015 cm23 and saturates in the range@B#5(3 –20)
31015 cm23. In the samples with@B#>231015 cm23, the
H3 precursor is the most abundant interstitial-type compl

Analysis of the interstitial defect reactions suggests t
the BiCs pair is the most suited candidate for the H3 prec
sor. This assignment is in agreement with all present exp
mental results.
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