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Bond-centered hydrogen in silicon studied byin situ deep-level transient spectroscopy

K. Bonde Nielsen, B. Bech Nielsen, J. Hansen, E. Andersen, and J. U. Andersen
Institute of Physics and Astronomy, University of Aarhus, DK-8000, Aarhus C, Denmark

~Received 24 November 1998!

In situ deep level transient spectroscopy~DLTS! has been applied to investigaten-type silicon implanted
with protons at low temperatures. Two DLTS signals, labeledE38 andE39, originate from hydrogen-related
donor centers. The electron emission rates of the donors are similar and the two signals are discernible only
because they form and anneal differently. Inn-type silicon, theE38 andE39 centers transform into negatively
charged centers at;100 K and at&65 K, respectively. Both signals can be regenerated at 65 K:E38 by
forward-bias injection of holes andE39 by illumination with band-gap light under reverse-bias conditions.
During the E38 regeneration long-range migration of hydrogen occurs, whereasE39 regenerates without
migration. In the space-charge layer of reverse biased diodes,E38 converts intoE39 with an activation
enthalpy of 0.44 eV in oxygen-rich material, whereasE39 converts intoE38 with an activation enthalpy of
0.72 eV in oxygen-poor material. It is found that the density of hydrogen sites associated withE39 approxi-
mately equals the oxygen concentration, whereas the density ofE38 sites is about 1023 cm23. These results
provide further evidence for our previous assignment ofE38 to isolated hydrogen at a bond center site and
leads to the assignment ofE39 to bond centered hydrogen perturbed by a nearby oxygen atom. We argue that
dilated Si-Si bonds in the strain fields around impurities and defects are trapping sites for hydrogen.
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I. INTRODUCTION

In several steps of electronic-device processing, hydro
is an abundant element which may influence the device
formance through interaction with other impurities and i
perfections. Therefore, hydrogen in silicon has been stud
extensively with a number of experimental and theoreti
methods,1,2 and a fruitful interplay between experiments a
theory has led to significant advances in our understandin
the structure and dynamics of this system.3

The structure of isolated hydrogen in crystalline silic
has been calculated by several groups.4–8 A general consen-
sus has emerged3 according to which hydrogen in silicon ca
exist in three charge states: H2, H0, and H1. The global
minimum in the total energy of H2 is attained with the hy-
drogen atom at~or near! the interstitial tetrahedral site
whereas the total-energy curves for H0 and H1 have global
minima at the bond-center site. We denote these config
tions by H2(T), H0~BC!, and H1~BC!. According to theory,
hydrogen in silicon is a negative-U system6,8 where either
H1~BC! or H2(T) represents the minimum in free energy f
all positions of the Fermi level and H0~BC! is always meta-
stable. Experimental support for the negative-U behavior has
been obtained recently.9

The high reactivity and room-temperature mobility of i
terstitial hydrogen hamper the direct observation of H2(T),
H0~BC!, and H1~BC!. One way to evade this problem is t
introduce hydrogen by proton implantation at cryogenic te
peratures where hydrogen and~most! intrinsic defects are
immobile. Then, the structures of isolated hydrogen may
studied byin situ applications of standard techniques.10–13

In p-type or intrinsic material, H0~BC! converts into
H1~BC!.4–8 However, a steady-state population of H0~BC!
can be produced by illumination with band-gap light. Usi
this procedure, Gorelkinskii and Nevinnyi10 observed the
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electron paramagnetic resonance~EPR! signal, labeled AA9,
which originates from H0~BC!. The conversion of H0~BC!
into H2(T) in n-type silicon includes a site change as well
capture of an electron. Since the calculated energy
H2~BC! exceeds that of H0~BC!, an enthalpy barrier may
prevent the conversion from H0~BC! to H2(T) at low tem-
peratures. This has been confirmed experimentally: Irmsc
et al.11 applied deep level transient spectroscopy~DLTS! and
observed a hydrogen-related donor signalE38 in n-type sili-
con implanted with protons. The metastability of theE38
center was established by our group and its annealing
found to match that of the AA9 signal.12,13On this basis, the
DLTS signal E38 was assigned to electron emission fro
H0~BC!.

This paper presents the results of a series ofin situ DLTS
measurements onn-type silicon implanted with protons a
low temperatures. A new hydrogen-related DLTS signalE39
has been identified, which is closely related toE38. The
electric-field dependence of the emission rates ofE38 and
E39 has been investigated, as well as the formation and
nealing of both signals. The effect of hydrogen-oxygen
teractions on the annealing scenario is described and
concluded thatE39 originates from H0~BC! perturbed by a
nearby oxygen atom. It is suggested that quite generally0

will be trapped and stabilized by the strain field surround
impurities and defects in silicon.

II. EXPERIMENTAL DETAILS

A series of diodes were prepared onn-type silicon sub-
strate and low doses of protons~or deuterons! were im-
planted at cryogenic temperatures through the diode junc
into the substrate. The defects produced and their ther
evolution were subsequently studied byin situ DLTS with a
Semitrap DLS-82E spectrometer.14 In the majority-carrier
1716 ©1999 The American Physical Society
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PRB 60 1717BOND-CENTERED HYDROGEN IN SILICON STUDIED . . .
DLTS applied in this work the thermal emission of electro
from deep centers to the conduction band was monitored
capacitance transientDC(t) recorded at fixed quiescent re
verse bias after the centers had been filled by a pulsed re
tion of the bias~the filling pulse!. The capacitance transien
is connected to the temperature-dependent emission
en(T) by the relation DC(t)5DC(0)exp@2en(T)t# and
arises as the width of the space-charge layer is gradu
restored to its quiescent value during the emission. In
instrument, the filling pulse is repeated periodically with t
rate n and the ensuing capacitance transients are fed in
lock-in amplifier which, tuned to frequencyn, yields the
DLTS signal through integration with a square-wave weig
function. For a particular center, the temperatureTpeak at
which the DLTS signal attains its maximum value is det
mined by the lock-in integration according to the relati
en(Tpeak)52.17n. The DLTS spectra could then be record
either as a function of temperature with fixedn ~temperature
scan! or as a function ofn at fixed temperature~frequency
scan!. For an electron-emitting deep center, as investiga
in this work, the DLTS signal appears in the spectra a
negative peak, where the peak heigth determines the a
dance of the center. Typical temperature and frequency s
tra are exemplified in Figs. 1 and 2. The depth distributio
of free carriers were examined by capacitance voltage~CV!
profiling with a Keithley 590 capacitance analyzer. The m
sured free-carrier profile depends on the rateV r at which the
voltage is ramped and the electron emission rateen of the
centers.12,15,16 For high ramp rates,V r@en , the electrons
remain attached to the centers during the measurement
the profile displays the shallow-donor profile compensa
by the implantation damage. In contrast, the free-carrier p
file contains a contribution from electrons emitted from t
centers for slow ramp rates,V r!en . The difference between
the slow-ramp and the fast-ramp profiles is denotedthe emis-
sion profile. Although, it is distorted and shifted with respe
to the real profile of the centers,15,16 the integral of this pro-
file equals the number of centers per unit area, apart fro
slight renormalization.

Phosphorus-doped wafers with resistivities in the ran
1–100V cm of float-zone~FZ! and Czochralski-grown~CZ!
silicon were used as substrates. Schottky diodes and m
etchedp1n diodes were produced by evaporation of a go
layer and by molecular beam epitaxial growth, respective

FIG. 1. DLTS temperature scan recorded with an as-implan
FZ Schottky diode. The duration of the filling pulses were 5ms and
the rate window corresponded toen55.5 s21.
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The junction areas were;1.3 mm2 and an InGa alloy was
rubbed onto the backside of the substrate to make Oh
contacts. Individual diodes were cut and glued with a co
ducting paste onto TO-5 holders and were finally bond
with aluminum wires using ultrasonic bonding. The samp
were mounted four at a time inside a vacuum chamber o
copper block in thermal contact with the cold finger of
closed-cycle He cryocooler. The four diodes were implan
individually at 40–60 K and were either short circuited
reverse biased~at 20 V! during the implantation. A 5 MV
van de Graaff accelerator with a radio-frequency ion sou
delivered the proton or deuteron beam. The beam energy
chosen to yield an implant profile located in the middle
the depletion layer corresponding to 20 V reverse bias. F
10-V cm sample, this energy is about 450 keV. The typi
implantation dose was 109– 1010cm22, chosen to give less
than 20% compensation of the initial free-carrier dens
The samples were wired for measurements on one diode
time, with a common wire to the Ohmic backside contacts
all four diodes. In a few cases, the diodes were mounted o
TO-5 holder with a 1-mm2 hole into which a collimating

d

FIG. 2. ~a! DLTS frequency scans recorded at 65 K with ap1n
FZ diode just after the implantation~initial E38) and after zero-bias
decay at 100 K~solid line!. The regeneratedE381(E39) sum sig-
nal was obtained after 20 min forward-bias injection at 80
(1A cm22) followed by 10 sec reverse-bias illumination. The r
sidualE38 signal was obtained after the diode was short-circuited
65 K. The regeneratedE38 signal dominates over the regenerat
E39 signal. ~b! E391(E38) sum signal obtained after zero-bia
decay by 10 sec illumination under reverse bias is shown toge
with the residualE38 obtained after subsequent short-circuiting
the diode. The signals were measured before any forward-bia
jection was carried out. The regeneratedE39 signal dominates over
the regeneratedE38 signal.
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1718 PRB 60K. BONDE NIELSENet al.
tube was screwed. This allowed illumination of the dio
from the backside through the substrate.

In most cases, the open-face front of the diodes requ
for implantation was exposed to the thermal radiation ins
the vacuum chamber. As discussed in detail elsewhere,17 this
radiation causes a temperature-independent increase in
emissivity of both centers discussed here. To avoid this
posure, some samples were implanted through a thin g
foil, adhered to the sample holder and covering the front f
of the diode.

III. RESULTS

A. Summary of previous results

Earlier,11,12 it was shown that the DLTS signalE38 is
observed inp1n CZ silicon diodes after proton implantatio
below ;90 K. Briefly summarized,E38 has the following
characteristics:12 It originates from a hydrogen-related dee
donor with an ionization enthalpy of about 0.16 eV. In
unbiased diode,E38 disappears after heat treatment at;100
K but the signal is regenerated by forward-bias injection
minority carriers at 65 K. In a reverse-biased diode,E38 is
stable up to;200 K but can be recovered if the temperatu
has not exceeded;250 K. The zero-bias decay at;100 K is
governed by a single atomic jump of hydrogen,12 whereas
the process controlling the reverse-bias decay is unknown
the following, data are presented which add further inform
tion to these results.

B. Formation of hydrogen donors

A DLTS temperature scan, recorded with a Schottky
ode after proton implantation into FZ silicon at 50 K,
shown in Fig. 1. The spectrum is dominated byE38 but a
small dip at;80 K is associated with the oxygen-vacan
pair ~A center!.18 In diodes with CZ substrate, theA-center
signal is larger butE38 is still dominating.

The intensity ofE38 accounts for a large fraction of th
hydrogen implants. In a short-circuited diode the fraction
*75% but it reduces to about 50% in a reverse-biased dio
The missing fraction gives rise to a new DLTS signal, d
notedE39, with an emission dip in the DLTS spectrum
the same temperature as forE38. The initial intensity ofE39
corresponds to;30% of the hydrogen implants in th
reverse-biased diodes. Hence, about 80% of the implants
be accounted for by the initialE38 andE39 signals.

E38 and E39 can be distinguished on the basis of th
different dynamical properties. With no bias on the diod
E39 decays swiftly even at 40 K, which is the minimu
temperature attainable with our setup. In 10V cm n-type
silicon, the decay proceeds at 65 K with a half time oft1/2
;30 ms whereasE38 decays at 100 K witht1/2;150 s under
zero-bias conditions. Fortunately, reverse bias stabilizesE39
and the initial intensity of the signal could be determin
from a frequency scan recorded at 65 K. When we in
following refer to E38 and E39 as labels for two different
signals it is implied that they always have been separa
experimentally on the basis of their different dynamical b
havior, as described above. This dynamic distinction is d
cussed further in the next subsection and is illustrated in
2.
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E38 andE39 are observed after proton and deuteron i
plantation but neither signal is observed after implantation
helium or irradiation with 2 MeV electrons. This provide
strong evidence that bothE38 and E39 originate from hy-
drogen defects, as reported previously forE38.

Within the uncertainty, the initial intensities ofE38 and
E39 are unaffected by the content of phosphorus in the ra
investigated (1014– 1015cm23). This indicates that theE38
and E39 centers are not associated with phosphorus.
shall present evidence that theE39 center is oxygen related
in Sec. III E.

C. Regeneration ofE38 and E39

After zero-bias decay of the initialE38 andE39 signals,
both can be regenerated at 65 K but in different ways.E38 is
regenerated with high intensity by forward-bias injection
holes (;1.5A cm22 in 20 min!, whereasE39 is efficiently
generated in a reverse-biased diode by illumination with
Nd:YAG laser from the sample backside through the 1 m2

hole in the TO-5 holder~1 mW on the sample for a few
seconds!. Typical examples of the signals generated by
two methods are shown in Fig. 2. After forward-bias inje
tion of holes, the intensities of the signals relative to t
initial E38 are;100% forE38 and;5% for E39 @see Fig.
2~a!#. In contrast, the corresponding relative intensities
&5% for E38 and ;100% for E39 when the signals are
regenerated by illumination of a reverse-biased diode@see
Fig. 2~b!#. The intensities ofE38 andE39 generated by ei-
ther method do not change significantly when the signals
regenerated after a few additional zero-bias decays. Henc
is possible to cycle reversibly between states of the samp
which E38 or E39 dominates over the other signal. Th
strongly suggests thatE38 andE39 originate from two meta-
stable defect configurations which convert to, and can
regenerated from, configurations unobserved by DLTS. F
ther evidence for the close relation betweenE38 andE39 is
presented in Fig. 3, in which the increase ofE38 as a func-
tion of the duration of forward-bias injection is shown. Th

FIG. 3. Normalized intensity ofE38, regenerated at 65 K by
forward-bias injection (1.5A cm22), shown as a function of injec-
tion time. The normalized intensity of theE381E39 sum signal
generated by illumination under reverse-bias at each time ste
also shown. The signals have been normalized to the intensity o
E381E39 signal generated just before the forward-bias inject
was initiated.
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PRB 60 1719BOND-CENTERED HYDROGEN IN SILICON STUDIED . . .
concurrent decrease ofE39 generated on top ofE38 is re-
vealed by the nearly constant intensity of the sum sig
E381E39.

There is another significant difference between the t
regeneration processes. The regeneration by forward-bia
jection at 65 K is accompanied by long-range diffusion
hydrogen. This is evident from Fig. 4 where the emiss
profile ~defined in Sec. II!, obtained before zero-bias deca
of the initial E38 signal, is shown together with the corre
sponding profiles measured after one and four cycles of z
bias decay and subsequent forward-bias injection. TheE38
profile measured by constant-voltage DLTS~Ref. 19! after
the fourth cycle is also shown for comparison. After t
fourth cycle, the hydrogen is dispersed over the entire de
tion region. In contrast, the recycling ofE39 by successive
zero-bias decays and light exposures under reverse bias
ceeds without resolvable redistribution of the hydrogen. F
thermore, the constant-voltage DLTS profile ofE39, mea-
sured after a few cycles of forward-bias injection a
subsequent zero-bias decay, is identical to theE38 emission
profile measured prior to the last zero-bias decay. With s
cific reference to Fig. 4, theE39 distribution measured afte
the fifth decay follows that of theE38 distribution measured
after the fourth decay. We conclude that long-range diffus
of hydrogen does not occur during illumination of revers
biased diodes.

D. Electronic properties of E38 and E39

The close similarity betweenE38 andE39 is evident from
Fig. 2. A detailed comparison of the two signals requi
knowledge about the electric-field dependence of their em
sion rates. The DLTS dips ofE38 and E39 shift towards
lower temperatures~higher emission rates! when the magni-
tude of the electric fieldE increases. This indicates thatE38
andE39 reflect electron emission from deep donor levels a
that the electric-field dependence is caused by the Po
Frenkel effect.16

FIG. 4. Emission profiles~see text!, i.e., inferred concentration
profiles of the hydrogenE38 center, revealing the injection induce
migration of hydrogen at 65 K. The open triangles show the em
sion profile measured just after implantation in ap1n FZ diode.
The open squares and open circles depict the emission profile
sured after one and four cycles of zero-bias decay and forward-
injection. The solid circles show the constant-voltageE38-DLTS
profile measured after the fourth cycle.
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We have examined this dependence in detail forE38. In
Fig. 5~a!, the emission rate is plotted against the fie
parameterv proportional toE1/2, where E is determined
from CV profiles measured with high ramp rate (V r@en).
The solid curves in the figure represent fits to the data,
tained from Hartke’s three-dimensional extension20 of the
standard Poole-Frenkel analysis16 with the donor chargeq as
the only adjustable parameter~common for all curves!. The
best fits are obtained withq51.3e, but this value may vary
within the limits 1<q/e<1.5 when the uncertainty inE is
taken into account. This finding supports the previous ass
ment of E38 to a single donor.11,12 The zero-field emission
rates were obtained by extrapolation of the curves tov50.
The Arrhenius analysis of the zero-field rates ofE38, shown
in Fig. 5~b!, gives the valuesDHem50.17560.005 eV for
the ionization enthalpy ande05(1.560.5)3108 T2 K22 s21

for the pre-exponential factor. The uncertainties quoted
DHem ande0 include the effect of varyingq within the limits
stated above. In our previous work,12 we obtained the value
DHem50.1660.01 eV based on the standard Poole-Fren
analysis.16

-

ea-
as

FIG. 5. ~a! The emission rateen of E38 measured at three dif
ferent temperatures are plotted against the field parametev
5(e3E/p«)1/2/kBT, whereE is the magnitude of the electric field
e the elementary unit of charge,T the temperature,« the dielectric
constant of silicon, andkB Boltzmann’s constant. The solid line
represent the best fit to the data obtained with the three-dimens
Hartke model~Ref. 20!. The fitted parameterq is the donor charge.
~b! Arrhenius plot~n! yielding the zero-field activation enthalp
DHem50.17560.005 eV and preexponential factoreno51.5
3108T2 s21 of E38. Included in~b! is a comparison of theE38 ~s!
andE39 ~h! data obtained withE'23106 V m21.
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1720 PRB 60K. BONDE NIELSENet al.
Now we deal with the electric-field dependence ofE39 by
direct comparison ofE38 andE39, recorded under identica
conditions in a number of different samples. The differen
between the emission rates of the two signals is alw
minute, as exemplified by the Arrhenius plots also depic
in Fig. 5~b!. The small deviation between theE38 andE39
data is of the same magnitude as the shift between the in
E38 data and those recorded after zero-bias decay
forward-bias injection. Hence, within the limits of error, th
emission properties ofE38 andE39 are identical, which im-
plies that alsoE39 originates from a single donor.

The CV profiles recorded whenE38 dominates, at low
~ionized E38 donor! and at high~nonionizedE38 donor!
ramp rates, are shown in Fig. 6~a!. The number ofE38 cen-
ters deduced from the DLTS signal matches the hatched
between the two curves in Fig. 6~a!, which implies that only
a single electron is emitted per center, as expected fo
single donor. Due to the instability ofE39 under zero bias,
the CV profile could be measured only with this donor in
ionized state@see Fig. 6~b!#. The signal may in this cas
contain a contribution from occupied minority traps.16 How-
ever, the close similarity between the CV profiles for ioniz
E38 andE39 centers does indicate thatE39 also represents
emission from a single donor.

FIG. 6. ~a! CV profiles recorded with fast and slow increasin
voltage ramp, i.e., under conditions whereE38 centers are ionized
~d! and nonionized~s!. Also shown is the CV profile measure
after zero-bias decay ofE38 ~m!. ~b! CV profiles recorded imme-
diately after illumination with decreasing voltage ramp, i.e., un
conditions whereE39 centers are ionized~d! and stable during
profiling. The CV profile measured after zero-bias decay ofE39
~m! is also shown.
e
s
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a

The CV profiles measured after zero-bias decay ofE38
and E39, included in Fig. 6, are identical and display n
dependence on the ramp rate (V r). For E38, the area be-
tween the curve measured for ionized centers prior to
decay and that measured after the decay corresponds
drop in free charge equal to two electrons per center. Si
the ionizedE38 center is positive~single donors!, the DLTS-
invisible configurations, to which theE38 and E39 centers
convert, must be singly negatively charged.

E. Thermal decays ofE38 and E39

1. Decays in zero-biased diodes

The zero-bias decay ofE38 at ;100 K involves the cap-
ture of a single electron. The decay proceeds as a first-o
process, as can be seen from Fig. 7~a!. The decay rate doe
not depend significantly on the resistivity of the samp
which shows that thermal activation rather than electron c
ture is the rate controlling process. Moreover, the de
curves measured for diodes on FZ and CZ substrates
identical, which suggests that oxygen does not play a rol
the process. In Fig. 7~b!, the Arrhenius plot obtained from
isothermal annealing curves recorded at several tempera
is shown. The analysis12 yielded the activation enthalpy
DHZB8 50.29360.005 eV and the pre-exponential factornZB8

r

FIG. 7. ~a! Relative intensity ofE38 as a function of zero-bias
decay time at 100 K. The isothermal decay curves are shown
samples with different resistivities: 100V cm FZ material~d!, 10
V cm CZ material~s!, and 1V cm FZ material~h!. ~b! Arrhenius
plot of the zero-bias decay timetZB8 in 10 V cm CZ material against
inverse temperature. The solid line corresponds to an activa
enthalpy ofDHZB8 50.29560.005 eV and a pre-exponential facto
nZB8 5(360.5)31012 s21.
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PRB 60 1721BOND-CENTERED HYDROGEN IN SILICON STUDIED . . .
5(3.060.5)31012s21. Such a pre-exponential factor
typical for a thermally activated single-jump process. F
thermore, we showed in Ref. 12 that the zero-bias de
proceeds faster in proton-implanted than in deuter
implanted samples. This provides strong evidence that
zero-bias decay is governed by a thermally activated jum
hydrogen.

The zero-bias decay ofE39 is not a first-order process
The rate constant is within;25% proportional to the free
electron density and hence electron capture seems to co
this decay. It has not been possible to establish whe
single jumps of hydrogen also play a role in this process

2. Decays in reverse-biased diodes

Next, we describe the thermal decays ofE38 andE39 in
reverse-biased diodes. First we discuss theE38 decay in CZ
material. Also this process displays first order kinetics,
can be seen from the isothermal decay curve in Fig. 8~a!. The
Arrhenius plot is shown in Fig. 8~b! and from a fit to the data
we find the activation enthalpyDHRB8 50.4460.01 eV and
the pre-exponential factornRB8 5(1.360.6)3108 s21.

This value ofnRB8 is inconsistent with a single jump o
hydrogen being the rate controlling process. We note
DHRB8 is very close to the hydrogen migration enthalpy~0.48
eV! measured at high temperatures,21 which suggests a pro

FIG. 8. ~a! Relative intensity ofE38 as a function of reverse
bias decay time in 10V cm CZ material at 175 K.~b! Arrhenius
plot of the reverse-bias decay timetRB8 in 10 V cm CZ material
against inverse temperature. The solid line corresponds to an
vation enthalpy ofDHRB8 50.4460.01 eV and a pre-exponentia
factor nRB8 5(1.360.6)3108 s21.
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cess controlled by hydrogen migration in a field of trap
Such a process would indeed result in a low pre-exponen
factor and it would display first-order kinetics with rate co
stantkT54pRTDNT , whereRT is the trapping radius,D is
the hydrogen diffusion constant, andNT is the density of
traps. The trap density can be estimated from the obse
rate constants~e.g., kT;331026 s21 at 165 K!. With the
value of D extrapolated from high-temperature data21 (D
;2310217cm2 s21 at 165 K! and a reasonable trapping ra
dius, RT;2 Å, we getNT;631017cm23. This is substan-
tially higher than the density of phosphorus (
31014cm23), carbon (<531016cm23), hydrogen (<2
31014cm23), and implantation defects (<431015cm23),
but it agrees roughly with the density of interstitial oxyge
(;1018cm23). The reverse-bias decay ofE38 in CZ mate-
rial may therefore be controlled by trapping of migratin
hydrogen at interstitial oxygen.

Further evidence for the role of oxygen is provided by t
striking difference between the thermal decays ofE38 and
E39 in FZ and CZ material, depicted in Fig. 9. The data
part ~a! of the figure were obtained from FZ material in th
following way: Prior to each step in a series of isochron
heat treatments with reverse bias,E38 from the previous step
was removed by a zero-bias anneal at;100 K. ThenE39
~predominantly! was generated by illumination and its inte
sity I 09 was determined whereupon the heat treatment
carried out. Subsequently, the intensitiesI 8 of E38 andI 9 of
E39 were determined. In Fig. 9~a!, I 8 and I 9 normalized to
I 09 are plotted against the annealing temperature. The dat
CZ material, shown in Fig. 9~b!, were obtained in a slightly
different way. After the implantation, the initialE38 ~and
E39) was removed by a zero-bias anneal at;100 K where-
uponE38 ~predominantly! was regenerated by forward-bia
injection. Prior to each heat treatment,E39 was removed by
a zero-bias anneal at;65 K and the intensityI 08 of the re-
sidualE38 was determined and used to normalizeI 8 and I 9
measured after the heat treatment. Above 220 K, the norm
ized E39 signal was obtained in a different way. Prior
each heat treatment in this temperature range, the signal
generated by illumination and its intensityI 09 was determined
and used to normalizeI 9 measured after the heat treatmen

As can be seen from the figure,E38 converts intoE39 at
;190 K in CZ material whereas the opposite convers
occurs at;225 K in FZ silicon, whereE38 is stable up to
;240 K. Qualitatively, these observations confirm that t
E38 decay proceeds by hydrogen migration and trapping
oxygen. BecauseE38 converts fully intoE39 in CZ but not
in FZ material, we conclude thatE39 originates from an
oxygen-hydrogen complex. The fact thatE39 is stable up to
higher temperatures in CZ than in FZ material constitutes
alternative basis for this conclusion.

Since theE39 sites act as traps in hydrogen diffusio
there must be an additional binding enthalpyQ associated
with these sites. Observation of the conversion at;225 K of
E39 into E38 in FZ silicon therefore implies that the densi
of hydrogen sites associated withE38 by far exceeds the
oxygen concentration. This suggests thatE38 originates
from hydrogen at solution sites because oxygen~together
with carbon! is the most abundant defect in our FZ sampl
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In CZ silicon, the concentration of oxygen is higher b
about two orders of magnitude and the conversion ofE39 to
E38 is shifted toT*300 K. The conversion then cannot b
observed because the sum signalE381E39 anneals at lower
temperatures,T;240 K andT;260 K in FZ and CZ mate-
rial. We ascribe these stages to hydrogen migration and t
ping at sinks. This assignment is supported by the obse
tion that neitherE38 nor E39 can be regenerated after he
treatments above these stages.

A detailed analysis has been carried out to test our c
clusions quantitatively. The analysis is based on a mode
which hydrogen diffuses among solution sites (E38 sites! in
a field of traps (E39 sites! and sinks. The details of th
analysis are presented in the appendix and at this point
the major conclusions will be stated. The solid curves in F
9 represent the best fit to the data obtained from the mo

FIG. 9. ~a! The normalized intensities ofE38 ~s! andE39 ~d!
measured in FZ material after 20-min heat treatments at diffe
temperatures. Prior to each heat treatment, the available hydr
was converted toE39 centers. The solid lines through the da
points represent the best fit to the data obtained with the diffus
model discussed in the text. The dashed lines show the norma
intensity of E381E39 obtained from the model with the best-fi
parameters. See text for further details.~b! The normalized intensi-
ties ofE38 ~s! andE39 ~d! measured in CZ material after 20-mi
heat treatments at different temperatures. Prior to each heat
ment below 220 K, all hydrogen was removed fromE39 centers.
Prior to heat treatments above 220 K, the available hydrogen
converted toE39 centers. The solid lines through the data poin
represent the best fit to the data obtained with the diffusion mo
discussed in the text. The dashed lines show the normalized in
sity of E381E39 obtained from the model with the best-fit param
eters. See text for further details.
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In the fit, the density ofE38 sites is set equal to the densi
of BC sites (1.0031023cm23) and the density ofE39 sites
set equal to the concentration of oxygen. The best fit yie
the valueQ50.2960.03 eV for the binding enthalpy. As ca
be seen from the figure the agreement between fit and
points is fair. Hence, our assignments ofE38 to solution sites
andE39 to oxygen-related trap sites are quantitatively co
sistent with the observations. A satisfactory fit can be o
tained only ifE39 is oxygen related and the sinks are unr
lated to oxygen. The sink density needs to be&1016cm23 in
both FZ and CZ material in order to maintain a reasona
fit.

A few additional experimental checks of the interpretati
of the reverse-bias decays were carried out. The capacit
of a reverse-biased diode was monitored as the tempera
was increased at a constant rate~TSCAP measurement!. No
step in the capacitance-versus-temperature curve was fo
in a temperature range covering the reverse-bias decay s
This strongly suggests that the process proceeds without
ture or emission of free carriers, as assumed in the mod

A point of experimental concern is that the hydrog
DLTS signals might decrease due to redistribution~disper-
sion! of hydrogen in the space-charge layer rather than
annealing of the centers. We have carefully checked this p
sibility by measurements of CV and DLTS profiles. Durin
the reverse-bias decay, the profiles broaden only slightly.
conclude that the redistribution of hydrogen does not sign
cantly influence the measured decay curves.

IV. DISCUSSION

A. Assignment ofE38 and E39

As mentioned in the Introduction,E38 has previously
been ascribed to electron emission from H0~BC!. The find-
ings reported herein and in our previous papers12,13 provide
strong evidence for this assignment. Firstly, theE38 center is
hydrogen related as discussed in Sec. III B and in Ref.
Secondly, the observed Poole-Frenkel effect and the CV p
files in Fig. 6~a! show that theE38 center is a single donor
Thirdly, from the model analysis of the reverse-bias deca
the density of hydrogen sites related toE38 is ;1023cm23

which by far exceeds the density of impurities and defec
This strongly indicates thatE38 originates from a site asso
ciated with the perfect silicon lattice. Fourthly, theE38 cen-
ter is metastable~Sec. III C! and transforms into a negativel
charged center~Sec. III D! as a result of zero-bias decay
;100 K. Finally, as shown in Ref. 13, the annealing beh
ior of E38 is identical to that of the AA9 center,10 which has
been unambiguously identified with H0~BC!. This is impor-
tant since it linksE38 to hydrogen at the BC site. On basis
all these findings we identify the nonionizedE38 center with
H0~BC! and thus maintain the assignment presented or
nally in Ref. 12.

The identical emission properties ofE38 and E39 show
that theE39 center is also a single donor.E39 is observed in
proton-implanted but not in helium-implanted silicon, whic
strongly suggests that also theE39 center involves hydrogen
Further evidence comes from the fact that it is possible
cycle reversibly betweenE39 and thehydrogen-related E38,
as described in Sec. III C. Finally, the diffusion-driven co
version of E38 into E39 during reverse-bias decay in C
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material rather unambiguously establishes the involvem
of hydrogen. The differences in the reverse-bias decays in
and CZ silicon show that theE39 center also contains a
oxygen atom, as discussed in Sec. III E. The identical em
sion properties ofE39 andE38 suggest that the local struc
tures of theE39 andE38 centers are similar. Therefore, w
tentatively identify the nonionizedE39 center with an
H0~BC!-O complex where bond centered hydrogen is p
turbed by nearby oxygen atom~s!. In view of the low con-
centration of hydrogen in our samples, much lower than
trap ~i.e., oxygen! concentration, it is improbable that th
E39 center involves two or more hydrogen atoms. Also, b
cause oxygen is immobile in silicon well below room tem
perature, theE39 center most likely contains only a sing
oxygen atom.

The density ofE39 trap sites cannot deviate substantia
from that of oxygen in our samples and remain consist
with the reverse-bias decay, as discussed in Sec. III E. In
stitial oxygen Oi , where an oxygen atom located near a B
site is bonded to the two silicon neighbors, is by far the m
abundant oxygen center—even after implantation. Theref
the E39 center may more correctly be referred to as
H0~BC!-Oi complex.

B. Configuration diagram

The sketch in Fig. 10 of the total-energy variations of t
three charge states H2, H0, and H1, along paths connecting
neighboring BC andT sites in configuration space, complie
qualitatively with the theoretical consensus.3 We shall refer
extensively to this configuration diagram in our discussion
the observed processes. A BC site associated withE39, i.e.,
a BC site with a nearby Oi , is denoted BC9 andT9 labels a
neighboring Oi-perturbedT site.

The zero point of the energy scale has been chose
equal the total energy of isolated H0 at the BC site with a free
electron in the conduction band: H0~BC!1ec . The electron

FIG. 10. Configuration diagram for the three charge states
hydrogen at isolatedT and BC sites and atT9 and BC9 sites with a
nearby interstitial oxygen atom. The zero of the energy scale
been chosen to be equal to the total energy of H0~BC!1ec. The
dashed part of the curves indicates that the energies of the mi
and saddle points in these regions are uncertain. The arrows
cate the thermally induced electron emissions which give rise
E38 andE39.
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emission giving rise toE38 is represented by the arrow from
H0~BC!1ec to H1~BC!12ec , and the activation enthalpy
DHem50.175 eV, for this process determines the energy
H1~BC!12ec .

The zero-bias decay ofE38 involves both a change of sit
and electron capture~see Sec. III E! and we identify the pro-
cess with H0~BC!1ec˜H2(T). There is no direct evidence
that the hydrogen ends up at~or near! a T site and the as-
signment of the final configuration is guided mainly by th
oretical results.3,6,7 According to our findings, the rate of th
process is controlled by the thermally activated jump of h
drogen, and the process proceeds as H0~BC!˜H0(T) fol-
lowed by H0(T)1ec˜H2(T). Therefore, the total energy o
the saddle point in the H0 curve, denotedA in Fig. 10, equals
the activation enthalpy~0.293 eV! of the zero-bias decay
The reverse-bias decay ofE38 in CZ material proceeds by
diffusion of ionizedE38 centers, i.e., H1~BC!, to traps (E39
sites!. The diffusion barrier is determined to be 0.44 e
which implies that the saddle pointB in Fig. 10 has the
energy 0.44 eV10.175 eV50.615 eV.

None of the other saddle points or minima associated w
isolated hydrogen in silicon can be determined on basis
this study alone. To emphasize this, the energy curves
dashed in the regions where the energies are not obta
directly. However, it is possible to make reasonable e
mates of the total energies of H0(T), H2(T), and H1(T).
Firstly, forward-bias injection at 45 K producesE38 centers
but not as efficient as injection at 65 K. As discussed belo
most of the hydrogen atoms atT sites will be in the neutral
charge state during forward-bias injection. Hence, the p
cess H0(T)˜H0~BC! may be analyzed as a simple first-ord
jump process with rate constantn0 exp(2DH/KBT), where
DH is approximately equal to the barrier height. If we s
n0;1013s21, a typical value for an atomic jump process, a
insert the experimental rate constant of;1022 s21 at T
;65 K ~see Fig. 3!, we obtainDH50.19 eV. With this bar-
rier, the total energy of H0(T)1ec is 0.10 eV. Secondly, the
acceptor level reported by Johnsonet al.9 is close to midgap.
This suggests that the energy difference between H0(T)
1ec and H2(T) is about 0.56 eV, which with our estimat
above would fix the energy for H2(T) to 20.46 eV. Thirdly,
the ionization energy of atomic hydrogen~13.6 eV! greatly
exceeds that of silicon~8.15 eV!. Therefore, hydrogen is
expected to be locally neutral and the configuration H1(T)
then corresponds to H0(T)1hn , wherehn is a valence-band
hole—possibly bound to H0(T). If the binding of the hole to
H0(T) is negligible, the energy difference between H1(T)
12ec and H0(T)1ec equals the band gap;1.17 eV at 65 K.
With this value, the energy of H1(T)12ec is ;1.27 eV. If
the binding energy of the hole is included, the energy
H1(T)12ec will decrease accordingly.

Next, we discuss the energies of hydrogen trapped ati .
From the analysis of the reverse-bias decays, the bind
enthalpy of hydrogen toE39 sites relative toE38 sites is
Q;0.29 eV. Hence, the total energy of H1~BC9!12ec is
obtained as the energy of H1~BC!12ec2Q'20.12 eV.
Moreover, since the emission enthalpy ofE39 also equals
0.175 eV, the total energy of H0~BC9!1ec will be 20.30 eV.
In n-type siliconE39 disappear swiftly and we assign th
decay to H0~BC9!1ec˜H2(T9). Owing to the fact that the
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rate constant of the decay scales roughly with the fr
electron density, the initial step of the process is proba
electron capture after which the hydrogen swiftly mov
from the BC9 to the T9 site. Because the capture proce
proceeds efficiently at low temperatures, the energy
H2~BC9! must fall below—or be very close to—that o
H0~BC9!1ec , as indicated in Fig. 10.

The variations of the energy curves in the neighborho
of the T9 site are expected qualitatively to resemble tho
around the isolatedT site. However, there should be quan
tative differences due to the nearby Oi . For the H01ec

curve, neither the energy minimum atT9 nor the saddle poin
at C ~see Fig. 10! need exist. In the figure, the energy
H0(T9)1ec has arbitrarily been chosen to be 0.05 eV and
energies of H1(T9)12ec and H2(T9) to be 1.17 eV above
and 0.56 eV below this energy, in analogy with the estima
made for the isolatedT site. As discussed in Sec. IV D, th
efficient regeneration ofE38 under forward-bias injection
suggests that the binding energy of H0 to aT9 site relative to
a T site is too small to give significant trapping during H0(T)
diffusion at 65 K. On the other hand, the observed trapp
at BC9 under illumination implies that the energy of H0(T9)
cannot be much above that of H0(T).

C. Diffusion of hydrogen

Extrapolation of high-temperature diffusion data21 yields
a hydrogen diffusion constant ofD;6310240cm2 s21 at 65
K. The hydrogen profile after four 10-min forward-bias i
jections at 65 K~see Fig. 4! has a width of about 2mm. This
corresponds to an effective diffusion constant ofDeff;2
310212cm2 s21, which is higher by 27 orders of magnitud
than expected from the high-temperature data. In a re
paper Langpapeet al.22 reported on fast diffusion of hydro
gen at low temperatures. From their fit to the observed
fusion constants22 we find a value;7310218cm2 s21 at 65
K, still five orders of magnitude below the above estimat

The ratio between the numbers of neutral and negativ
charged hydrogen atoms atT sites is equal to the ratiote /th

between the mean times for electron capture by H0(T) and
hole capture by H2(T). In the high-injection regime, the
density of electrons and holes are about equal and there
te /th;sh /se , wheresh andse are the capture cross se
tions for holes and electrons. Since hole capture by a ne
tively charged center is very efficient compared to elect
capture by a neutral center, we havesh@se , sh
;10212cm2, and se;10215cm2 being typical values, and
almost all the hydrogen atoms atT sites are therefore ex
pected to be neutral during forward-bias injection.

According to theory,3,6 the energy surface for H0 is very
flat in the open regions of the lattice, and H0(T) is expected
to diffuse rapidly through the lattice even at low tempe
tures. This expectation is supported by the fact that nor
muoniumm0(T) in silicon, which is the analog of H0(T), is
highly mobile, with a jump rate exceeding 1010s21 at all
temperatures.23 If the value Deff;2310212cm2 s21 is con-
verted to a jump rateG, we findG;23104 s21 for migration
of H0(T). This represents a lower limit since H0(T) eventu-
ally converts to H0~BC!, which is immobile at 65 K.
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D. Formation and regeneration ofE38 and E39

1. Formation

As described in Sec. III B, theE38 center@H0~BC!# is the
dominating hydrogen defect produced by the proton impl
tation at;40 K. Close to the end of range, the charge st
of the projectile depends on the competition between e
tron capture and emission. Because the ionization energ
hydrogen~13.6 eV! is significantly larger than that of silicon
~8.15 eV!, the hydrogen atoms are most likely neutral wh
they become thermalized. Direct trapping of H0 at a BC site
is unlikely since a large outwards relaxation of the two s
con neighbors is required to stabilize H0~BC!. Hence, we
expect the hydrogen atoms to have the configuration H0(T)
when they come to rest.

In a reverse-biased diode, there are essentially no
carriers and H0(T) can therefore maintain its charge state f
quite some time. Also in a short-circuited diode~n-type ma-
terial!, a significant fraction of the hydrogen atoms will be
their neutral charge stateduring the implantation: By far
most of the energy of the 450 keV protons is deposited
excitations of the electronic degrees of freedom over the
5 mm of the sample. From the average energy 3.6 eV
quired to form an electron-hole pair24 and a typical proton
flux of 109 cm22 s21, the generation rate of electron-ho
pairs is estimated to be about 331017cm23 s21. The lifetime
th of minority carries in our sample is probably within th
limits 0.6ms,th,10ms, where the upper limit correspond
to undamaged 10-V cm n-type material and the lower limit to
silicon doped with gold atoms~potent lifetime killers! in a
concentration of 1014cm23, which well exceeds that of im-
plantation defects. Withth51 ms, the steady state concen
tration of holes during the implantation is about
31011cm23, 2–3 orders of magnitude below the density
conduction-band electrons. However, the capture cross
tion of holes to H2(T) probably exceeds that of electrons
H0(T) by about the same factor. Therefore, a significant p
of the hydrogen atoms will be neutral during the implan
tion.

The expectation that a significant fraction of the hydrog
atoms at theT sites are neutral suggests that diffusion pla
an important role. Application of the effective diffusion con
stantDeff;2310212cm2 s21 indicates that H0(T) on average
diffuses at least 500 Å during the 10-sec. implantation. T
distance corresponds roughly to the average separation
tance between interstitial oxygen atoms in FZ material, a
hence the observation ofE39 directly after the
implantation—even in FZ material—can be explained by d
fusion.

The fact thatE39 is formed more efficiently in reverse
biased diodes than in short-circuited diodes is easily
plained on basis of Fig. 10: H0~BC9! is unstable inn-type
material ~short-circuited diodes! because electron captur
leads to a swift site change from BC9 to T9. In a reverse-
biased diode, the lack of free carriers ensures that o
formed H0~BC9! will be stable. In addition, when the implan
tation stops H0(T) will swiftly capture an electron (tcap
;1 ms) in the short-circuited diode whereas H0(T) survives
considerably longer in the reverse-biased diode owing to
lack of carriers. Thus, the diffusion time is longer in
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reverse-biased diode whereby the trapping on BC9 sites will
increase.

2. Regeneration

After zero-bias decay at;100 K of the initialE38 signal,
both E38 and E39 can be regenerated as described in S
III C. According to our assignment, the zero-bias decay
E38 proceeds as H0~BC!˜H0(T) followed by electron cap-
ture H0(T)1ec˜H2(T). The lifetime of the intermediate
configuration H0(T) is of the order 1ms in ourn-type mate-
rial and the possibility that H0(T) diffuses to an Oi-related
site before the electron capture~see Fig. 10! cannot be ruled
out. However, in FZ material where the average distanc
the nearest Oi is about 300 Å, this would require a jump ra
between neighboringT sites of G;531010s21 at 100 K.
This is a very large jump rate, comparable to that repor
for normal muonium,23 and most likely the zero-bias deca
of E38 leads to formation of H2(T) rather than H2(T9).

H0(T) is the predominant configuration of hydrogen atT
sites during forward-bias injection~see Sec. IV C!. In spite of
the long-range diffusion, only a minorE39 signal is gener-
ated by this process. The situation is similar to that prev
ing during implantation in a short-circuited diode. As soon
neutral hydrogen is trapped at H0~BC9!, this structure trans-
forms into H2(T9). Additional hole capture brings the sys
tem back to H0(T9) from which configuration the hydroge
can either jump to H0~BC9! and repeat the cycle or diffus
away to H0(T) and eventually convert to H0~BC!.

The situation is quite different when the regeneration
performed by illumination under reverse bias at 65 K. Due
the low free-carrier concentration in the space-charge la
electron and hole captures are less important. However,
laser light will induce the transition H2(T)1hn˜H0(T)
1ec* , wherehn is the energy of the photon andec* denotes
a hot electron in the conduction band. Using a typical cr
section of 10215cm2 for such a process and the photon fl
of 431017cm22 s21, we estimate that essentially all H2(T)
convert to H0(T) within 10 ms. As a result of the shortage
free carriers, H0(T) diffuses freely—at least for the few sec
onds the illumination lasts. This gives ample time25 to be-
come trapped as H0~BC9! which is stable because electro
capture is hampered by the shortage of conduction electr
Eventually, H0~BC9! emits an electron and become
H1~BC9!. We note from Fig. 3 that much longer times~sev-
eral minutes! are needed to formE38 at 65 K. This presents
a simple explanation for the predominant formation ofE39
by illumination of reverse-biased diodes.

If the diode is short-circuited~zero-bias! below ;100 K
after regeneration ofE39, H1~BC9! swiftly captures two
electrons and converts to H2(T9) according to our configu-
ration diagram. Subsequent illumination under reverse-b
at 65 K generates H0(T9) which for a major part transform
into H0~BC9! whereas only a minor part diffuses away a
ends up primarily at other BC9 sites. Therefore, successiv
zero-bias decays and illumination under reverse bias proc
without resolvable redistribution of the hydrogen atom
within the depletion region.

E. General trapping mechanism

Above, theE39 center was identified with a bond cen
tered hydrogen atom, perturbed by an interstitial oxyg
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atom. This binding of H0~BC! to Oi can be understood in
simple terms, and the underlying mechanism may be ac
for other impurities and defects as well.

The total energy of H0~BC! is the result of a competition
between two terms of opposite sign. The first is the gain
binding energy associated with the formation of a thre
centered Si-H-Si bond. This term depends critically on
Si-H-Si bond length. As the optimum Si-H-Si bond leng
exceeds that of the undisturbed Si-Si bond, the two silic
neighbors have to relax outwards from their perfect latt
sites to accommodate the hydrogen atom. The second
equals the increase in elastic energy owing to this relaxat
According to theory,7 this energy is substantial: 1.8 eV fo
H0~BC!.

In the strain field around defects or impurity atoms su
as oxygen, there will be Si-Si bonds, which are longer th
the 2.35 Å found in the perfect lattice. When hydrogen ent
the BC site of such a dilated bond, the full gain in bindin
energy from the bonding is obtained but the energy cos
less than that for an unstrained Si-Si bond since less outw
displacement of the two silicon neighbors is required. The
fore, the total energy of hydrogen introduced at the bo
center site of a dilated bond is lower than that of H0~BC!.
We suggest that any dilated bond in the strain field arou
impurity atoms and defects represents a trap for H0~BC!.
Previously, Tarnov and Street26 and Van de Walle and
Nickel27 suggested the same trapping mechanism to ap
for hydrogen in amorphous and in polycrystalline silicon.

The Oi-related structure H0~BC9! is lower in energy than
H0~BC! by 0.29 eV, as discussed above. Van de Walle a
Nickel27 calculated the lowering in the formation energ
DEf of bond centered hydrogen as a function of the init
distortion ~bond-length increase! of the Si-Si bond. They
found that for distortions below;0.3 Å, DEf equals 0.46 eV
per 0.1 Å initial distortion. With this number, the initial dis
tortion of the Si-Si bond required to yield 0.29 eV binding
only 0.06 Å. According to theoretical calculations,28 the dis-
tance between two silicon atoms directly bonded to an in
stitial oxygen atom is 0.84 Å larger than the 2.35 Å of
unstrained Si-Si bond. With such a large value, it see
realistic that Si-Si bonds dilated by;0.06 Å may exist
somewhere in the proximity of Oi .

F. Comparison with previous work

Based on studies of muoniumm0 in silicon, a configura-
tion diagram of this light ‘‘hydrogen isotope’’ was presente
recently.29,30 Qualitatively, the diagram resembles the le
hand side of Fig. 10. In Table I, the activation enthalp
derived from the muon work are compared with those
ported here. As can be seen from the table, there is c
agreement between the ionization enthalpies of the H0~BC!
and m0(BC) donors. Likewise, the activation enthalpies
the equivalent processes H0~BC!1ec˜H2(T) and m0(BC)
1ec˜m2(T) are very similar. The enthalpy form0(T)
˜m0(BC) was found to be 0.38 eV in Ref. 30 which
somewhat larger than the crude estimate 0.2 eV found
the similar process in Sec. IV B. We note that within
single-jump model, an activation enthalpy of 0.38 eV is t
large to comply with the observed regeneration rate ofE38
at 65 K. Finally, we find that the migration proces
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TABLE I. Comparison of the activation enthalpiesDH associated with isolated hydrogen and muoniu
in silicon.

Hydrogena Muoniumb

Assigned process DH ~eV! Assigned process DH ~eV!

H0~BC!˜H1~BC!1ec 0.175 m0~BC!˜m1~BC!1ec 0.21
H0~BC!1ec˜H2(T) 0.293 m0(BC)1ec˜m2(T) 0.31
H0(T)˜H0~BC! ;0.2 m0(T)˜m0(BC) 0.38
H1~BC!˜H1~BC! 0.44 m1~BC!˜m1~BC!

H1~BC!1ec˜H0(T) m1(BC)1ec1m0(T) 0.40
H2(T)˜H0(T)1ec m2(T)˜m0(T)1ec 0.56

aData obtained in this work.
bData from Refs. 29 and 30.
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H1~BC!˜H1~BC! has an activation enthalpy of 0.44 eV
close to the 0.40 eV ascribed to the processm1(BC)1ec
˜m0(T) in Refs. 29 and 30. This suggests that the jump
m1 out of the BC site may be the rate controlling proce
also in the muonium work.

In a previous study,31 we have identified local vibrationa
modes of two oxygen-hydrogen complexes labeled OHI and
OHII. Based on the frequencies of the observed hydro
and oxygen modes together with the results ofab initio cal-
culations, OHI and OHII were identified with complexes in
which H1~BC! is stabilized by a nearby Oi . The modes of
OHII anneal out at;230 K which is in close agreement wit
the annealing temperature expected forE39 in these samples
Hence, theE39 and OHII centers may be identical. Furthe
work is needed to clarify this possibility.

Finally, we should like to comment on the carbo
hydrogen donor CH0, which was originally observed by
Endrös.32 This donor has an ionization enthalpy of abo
0.16 eV and it is stable at 315 K under reverse-bias con
tions but anneals within;1 min at this temperature unde
zero bias.32,33 Thus, the properties of CH0 are qualitatively
similar to those of theE38 andE39 centers but CH0 is stable
to much higher temperatures, and neitherE38 nor E39 is
identical to the CH0 signal. Endro¨s,32 Csaszar and Endro¨s,33

and Kamiuraet al.34 identified the CH0 defect with a hydro-
gen atom residing at the BC site between a substitutio
carbon atom Cs and a substitutional silicon atom. Recent
Kamiura et al.35 provided strong evidence for this structu
by uniaxial stress measurements. At a first glance, it m
be expected that the donor level of CH0 would be very dif-
ferent from that of H0~BC! but density functional
calculations36 revealed that this expectation may be inco
rect.

The close proximity of the hydrogen and carbon ato
implies that direct bonding plays an important role. Thus,
higher thermal ‘‘stability’’ of CH0 is hardly surprising. Al-
though CH0 may be described as an Cs-H~BC! complex and
qualitatively has the same properties as Oi-H~BC! ~the E39
center!, this structure cannot be discussed in a meaning
way on basis of the general trapping mechanism prese
above.

V. SUMMARY

Low-temperature proton implantation into crystalline si
con produces two DLTS signalsE38 andE39, which repre-
f
s

n

t
i-

al

t

-

s
e

ul
ed

sent electron emission from deep donors. Both donors
hydrogen-related and within limits of error, they have ide
tical emission properties with an activation enthalpy of 0.1
eV. Both signals can be regenerated after zero-bias de
which sets in at;100 K for E38 and below 40 K forE39.

Based on the thermally induced decays ofE38 andE39 in
FZ and CZ material under zero-bias and reverse-bias co
tions together with our previous findings, theE38 center is
identified with H0~BC! and theE39 center with H0~BC! sta-
bilized by a nearby Oi . The binding enthalpy of H0~BC! to
Oi is found to be 0.29 eV.

A configuration diagram has been constructed and use
explain the formation and regeneration properties of b
signals. The configuration diagram is largely consistent w
that suggested from muonium studies.

We find that hydrogen can diffuse rapidly in silicon at lo
temperatures. According to our assignment, H0(T) is the mi-
grating agent and at 65 K the effective diffusion consta
exceeds the value extrapolated from high-temperature
by 27 orders of magnitude.

A general trapping mechanism for H~BC! is suggested. It
is argued that the dilated Si-Si bonds in the strain fi
around defects and impurity atoms act as trapping sites
H~BC!. We estimate that the initial elongation of the Si-
bond required to account for the observed binding ene
0.29 eV is about 0.06 Å.
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APPENDIX

The starting point for the analysis is the set of rate eq
tions

dh8

dt
1

dh9

dt
1

dhs

dt
50, ~A1!

dh9

dt
5k9h82g9h9, ~A2!
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dhs

dt
5ksh, ~A3!

where h8, h9, and hs are the fractions of hydrogen atom
present asE38 centers,E39 centers, and bound to sinks. Th
first equation follows from conservation of the number
hydrogen atoms in the depletion layer. The termk9h8 gives
the rate of diffusion and trapping of hydrogen at oxyg
~E39 traps! and g9h9 gives the corresponding detrappin
rate. The last equation accounts for the diffusion and tr
ping of hydrogen atoms at sinks. The effect of hydrog
saturation ofE39 trapping sites has been disregarded in
second equation. This assumption is well fulfilled, beca
the concentration of oxygen by far exceeds that of hydro
in our samples.

A general solution to Eqs.~A1!–~A3! is easily derived.
We are interested only in the two solutions defined by
initial conditions that at timet50 all hydrogen atoms eithe
occupy solution (E38) sites or trap (E39) sites, i.e., the two
cases whereh851∧h950 or h850∧h951 at timet50. If
the constantsG andg are defined by

G[
1

2
~k91g91ks!, ~A4!

g[AG22ksg9 ~A5!

the two solutions corresponding to a heat treatment with
ration timet are given by the following.

First case: h851∧h950 at time t50:

h85
1

2g
@~g2G1g9!e2~G2g!t1~g1G2g9!e2~G1g!t#,

~A6!

h95
k9

2g
@e2~G2g!t2e2~G1g!t#. ~A7!

Second case: h850∧h951 at time t50:

h85
g9

2g
@e2~G2g!t2e2~G1g!t#, ~A8!

h95
1

2g
@~g1G2g9!e2~G2g!t1~g2G1g9!e2~G1g!t#.

~A9!

Since we are dealing with diffusion in a field of traps a
sinks, the rate constantsk9, g9, andks may be expressed b
the equations

k954pR9DN9, ~A10!

g954pR9DN8e2Q/KBT, ~A11!

ks54pRsDNs, ~A12!

where N8, N9, and Ns are the density of solution (E38)
sites, traps (E39 centers!, and sinks.R9 andRs are the trap-
ping radii associated withE39 and sink sites, andQ is the
binding enthalpy of hydrogen to anE39 site relative to a
solution site.
f

-
n
e
e
n

e

-

Since the conversion fromE38 into E39 at ;190 K in CZ
silicon is total, k9 exceeds by farg9 in this temperature
range. According to Eqs.~A4!–~A6! this implies that in this
caseh8 may to a good approximation be expressed as

h8'e2~kCZ9 1kCZ
s

!t, ~A13!

where the subscript CZ refers to the material. Hence, theE38
decay in CZ silicon should proceed as a first order proces
accordance with our observations. With the parameters
tained from the Arrhenius analysis,DHRB8 50.4460.01 eV
and nRB8 5(1.360.6)3108 s21, kCZ9 1kCZ

s can be calculated
from

kCZ9 1kCZ
s 5nRB8 e2DHRB8 /KBT. ~A14!

Using this expression and Eqs.~A10!–~A12! we now get

k95
N9

NCZ9 S 11
RsNCZ

s

R9NCZ9 D 21

nRB8 e2DHRB8 /KBT, ~A15!

ks5
Ns

NCZ
s S 11

R9NCZ9

RsNCZ
s D 21

nRB8 e2DHRB8 /KBT, ~A16!

g95
N8

N9
k9e2Q/KBT. ~A17!

The subscript CZ again refers to the values attained in
material. From Eqs.~A6!–~A9! and ~A15!–~A17!, the ratio
of the numbers of hydrogen atoms occupyingE38 andE39
sites can be calculated as a function of temperature fo
specific choice of the parameterst, N8/N9, Ns/NCZ

S ,
N9/NCZ9 , NCZ

s /NCZ9 , Rs/R9, andQ. The solid curves in Fig. 9
represent the best fit to the data points obtained in the
lowing way: t was fixed at the annealing time~20 min! at
each step. The density ofE38 sites was set equal to that o
bond center sites:N851.0031023cm23 in both FZ and CZ
material. The density ofE39 sites was set equal to the ap
proximate concentration of interstitial oxygen:N9
51016cm23 in FZ andN951018cm23 in CZ material. The
density of sink sites wasNs57.531015cm23 in both FZ and
CZ material. Finally, we setRs/R951, corresponding to
equal trapping radii for theE39 traps and the sinks. With
these choices of parameters, the only free parameter us
our fit was the binding enthalpyQ.

A reasonable fit to all the data cannot be obtained if a
of the densitiesN8, N9, andNs are changed by more than
factor of 4 relative to the numbers stated above. Furtherm
within reasonable limits (0.2<Rs/R9<5), the best-fit value
of Q does not depend strongly on the ratioRs/R9. We esti-
mate that the resulting uncertainty onQ is about 0.03 eV.
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