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Bond-centered hydrogen in silicon studied byin situ deep-level transient spectroscopy
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In situ deep level transient spectroscoffyLTS) has been applied to investigatetype silicon implanted
with protons at low temperatures. Two DLTS signals, labd&t&d andE3", 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 differentlynttype silicon, theE3’ andE3” centers transform into negatively
charged centers at100 K and at<65 K, respectively. Both signals can be regenerated at 6&3: by
forward-bias injection of holes and3” by illumination with band-gap light under reverse-bias conditions.
During the E3’ regeneration long-range migration of hydrogen occurs, wheE{sregenerates without
migration. In the space-charge layer of reverse biased didgl@s,converts intoE3” with an activation
enthalpy of 0.44 eV in oxygen-rich material, wherdz®’ converts intoE3’ with an activation enthalpy of
0.72 eV in oxygen-poor material. It is found that the density of hydrogen sites associate3Kitpproxi-
mately equals the oxygen concentration, whereas the densEgoskites is about 1¥cm 3. These results
provide further evidence for our previous assignmenE8f to isolated hydrogen at a bond center site and
leads to the assignment B3” 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.
[S0163-182€09)01727-0

[. INTRODUCTION electron paramagnetic resonaf&®R signal, labeled AA9,
which originates from ®BC). The conversion of HBC)

In several steps of electronic-device processing, hydrogemto H™(T) in n-type silicon includes a site change as well as
is an abundant element which may influence the device pecapture of an electron. Since the calculated energy of
formance through interaction with other impurities and im-H™(BC) exceeds that of BC), an enthalpy barrier may
perfections. Therefore, hydrogen in silicon has been studiegrevent the conversion from®BC) to H(T) at low tem-
extensively with a number of experimental and theoreticaperatures. This has been confirmed experimentally: Irmscher
methods}? and a fruitful interplay between experiments andet al* applied deep level transient spectroscépyTS) and
theory has led to significant advances in our understanding afbserved a hydrogen-related donor siggal in n-type sili-
the structure and dynamics of this systém. con implanted with protons. The metastability of t&&’

The structure of isolated hydrogen in crystalline siliconcenter was established by our group and its annealing was
has been calculated by several grofigsA general consen- found to match that of the AA9 sign&t:*2On this basis, the
sus has emerg@dccording to which hydrogen in silicon can DLTS signal E3’ was assigned to electron emission from
exist in three charge states: HH®, and H". The global H%BC).
minimum in the total energy of His attained with the hy- This paper presents the results of a seriem aitu DLTS
drogen atom at(or neaj the interstitial tetrahedral site measurements on-type silicon implanted with protons at
whereas the total-energy curves fof &hd H™ have global low temperatures. A new hydrogen-related DLTS side@!l
minima at the bond-center site. We denote these configurdiras been identified, which is closely relatedE8’. The
tions by H (T), HBC), and H"(BC). According to theory, electric-field dependence of the emission rate€af and
hydrogen in silicon is a negativé-systen® where either E3” has been investigated, as well as the formation and an-
H*(BC) or H™(T) represents the minimum in free energy for nealing of both signals. The effect of hydrogen-oxygen in-
all positions of the Fermi level and%BC) is always meta- teractions on the annealing scenario is described and it is
stable. Experimental support for the negativésehavior has concluded thaE3" originates from H(BC) perturbed by a

been obtained recentfy. nearby oxygen atom. It is suggested that quite generdlly H
The high reactivity and room-temperature mobility of in- will be trapped and stabilized by the strain field surrounding
terstitial hydrogen hamper the direct observation of H), impurities and defects in silicon.

H°BC), and H"(BC). One way to evade this problem is to
introduce hydrogen by proton implantation at cryogenic tem-
peratures where hydrogen arfichosy intrinsic defects are
immobile. Then, the structures of isolated hydrogen may be A series of diodes were prepared o#ype silicon sub-
studied byin situ applications of standard techniqués®® strate and low doses of protorier deuterons were im-

In p-type or intrinsic material, HBC) converts into planted at cryogenic temperatures through the diode junction
H*(BC).*® However, a steady-state population of(BIC) into the substrate. The defects produced and their thermal
can be produced by illumination with band-gap light. Usingevolution were subsequently studied inysitu DLTS with a
this procedure, Gorelkinskii and Nevinf¥iobserved the Semitrap DLS-82E spectrometér.in the majority-carrier

II. EXPERIMENTAL DETAILS
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FIG. 1. DLTS temperature scan recorded with an as-implanted
FZ Schottky diode. The duration of the filling pulses werg$and = |
the rate window corresponded ¢q=5.5s 1. E ]
DLTS applied in this work the thermal emission of electrons g 3 o T
from deep centers to the conduction band was monitored asa & -20|- *% g 2 ggs'flzg‘s'ff —
capacitance transiemC(t) recorded at fixed quiescent re- g - ’f " 2 o Initial E3' .
verse bias after the centers had been filled by a pulsed reduc- © .30}~ 5 &o.@' -
tion of the bias(the filling pulsg. The capacitance transient L * b
is connected to the temperature-dependent emission rate gol— vk el i
e,(T) by the relation AC(t)=AC(0)exd—e,(Tt] and 1 10 100 1000
arises as the width of the space-charge layer is gradually
restored to its quiescent value during the emission. In our Frequency (Hz)

instrument, the fiIIing pulse is .repeated peﬁodically with_ the FIG. 2. (a) DLTS frequency scans recorded at 65 K witpsn
rate » and the ensuing capacitance transients are fed into g, ioqe just after the implantatiinitial E3') and after zero-bias
lock-in famp“f'er Wh'c_h’ tune,d to frequency, yields the_ decay at 100 Ksolid ling). The regenerateB3’ + (E3") sum sig-
DLTS signal through integration with a square-wave wWeightna| was obtained after 20 min forward-bias injection at 80 K
function. For a particular center, the temperatligac at (1A cm2) followed by 10 sec reverse-bias illumination. The re-
which the DLTS signal attains its maximum value is deter-sigualE3’ signal was obtained after the diode was short-circuited at
mined by the lock-in integration according to the relationgs K. The regenerateB3’ signal dominates over the regenerated
€n(Tpead =2.17v. The DLTS spectra could then be recordedE3” signal. (b) E3"+(E3’) sum signal obtained after zero-bias
either as a function of temperature with fixedtemperature decay by 10 sec illumination under reverse bias is shown together
scan or as a function ofv at fixed temperaturéfrequency  with the residuaE3’ obtained after subsequent short-circuiting of
scan. For an electron-emitting deep center, as investigatethe diode. The signals were measured before any forward-bias in-
in this work, the DLTS signal appears in the spectra as dection was carried out. The regenerate8l’ signal dominates over
negative peak, where the peak heigth determines the abukhe regenerate3’ signal.
dance of the center. Typical temperature and frequency spec-
tra are exemplified in Figs. 1 and 2. The depth distributionsThe junction areas were-1.3 mnf and an InGa alloy was
of free carriers were examined by capacitance voli{&2)é) rubbed onto the backside of the substrate to make Ohmic
profiling with a Keithley 590 capacitance analyzer. The meacontacts. Individual diodes were cut and glued with a con-
sured free-carrier profile depends on the @teat which the  ducting paste onto TO-5 holders and were finally bonded
voltage is ramped and the electron emission gtef the  with aluminum wires using ultrasonic bonding. The samples
centerst?1516 For high ramp rates{),>e,, the electrons were mounted four at a time inside a vacuum chamber on a
remain attached to the centers during the measurement aedpper block in thermal contact with the cold finger of a
the profile displays the shallow-donor profile compensatealosed-cycle He cryocooler. The four diodes were implanted
by the implantation damage. In contrast, the free-carrier proindividually at 40-60 K and were either short circuited or
file contains a contribution from electrons emitted from thereverse biasedat 20 V) during the implantation. A 5 MV
centers for slow ramp rate§,,<e, . The difference between van de Graaff accelerator with a radio-frequency ion source
the slow-ramp and the fast-ramp profiles is dendkedemis-  delivered the proton or deuteron beam. The beam energy was
sion profile Although, it is distorted and shifted with respect chosen to yield an implant profile located in the middle of
to the real profile of the centet3;°the integral of this pro- the depletion layer corresponding to 20 V reverse bias. For a
file equals the number of centers per unit area, apart from &0-) cm sample, this energy is about 450 keV. The typical
slight renormalization. implantation dose was $610"°cm™2, chosen to give less
Phosphorus-doped wafers with resistivities in the rangehan 20% compensation of the initial free-carrier density.
1-100Q cm of float-zongFZ) and Czochralski-growfC2) The samples were wired for measurements on one diode at a
silicon were used as substrates. Schottky diodes and mes#@me, with a common wire to the Ohmic backside contacts of
etchedp*n diodes were produced by evaporation of a goldall four diodes. In a few cases, the diodes were mounted on a
layer and by molecular beam epitaxial growth, respectivelyTO-5 holder with a 1-mrh hole into which a collimating
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tube was screwed. This allowed illumination of the diode LT ot i 111 L A1 B U1 T
from the backside through the substrate.

In most cases, the open-face front of the diodes required
for implantation was exposed to the thermal radiation inside
the vacuum chamber. As discussed in detail elsewHetrgs
radiation causes a temperature-independent increase in the
emissivity of both centers discussed here. To avoid this ex-
posure, some samples were implanted through a thin gold
foil, adhered to the sample holder and covering the front face
of the diode.
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Ill. RESULTS

A. Summary of previous results Time (s)
Earlier’>'? it was shown that the DLTS sign&3’ is FIG. 3. Normalized intensity oE3’, regenerated at 65 K by

observed ip*n CZ silicon diodes after proton implantation forward-bias injection (14 cm?), shown as a function of injec-

below ~90 K. Briefly summarizedE3’ has the following tion time. The_norr_nali_zed intensity of tHE:_3’+E3” sum_signal _

characteristics? It originates from a hydrogen-related deep generated by |Ilum|nat|on under reverse-plas at each tlmg step is

donor with an ionization enthalpy of about 0.16 eV. In an also shown._The signals haV(_a been normalized to the mten_s[ty o_f the

unbiased diodeE3’ disappears after heat treatment-t00 E3’ﬂ$:_3” signal generated just before the forward-bias injection

K but the signal is regenerated by forward-bias injection of Va3 initiated.

minority carriers at 65 K. In a reverse-biased dioH8, is

stable up to~200 K but can be recovered if the temperature E3’ andE3" are observed after proton and deuteron im-

has not exceeded 250 K. The zero-bias decay at1l00 K is  plantation but neither signal is observed after implantation of

governed by a single atomic jump of hydrogényhereas helium or irradiation with 2 MeV electrons. This provides

the process controlling the reverse-bias decay is unknown. Iatrong evidence that botE3’ and E3" originate from hy-

the following, data are presented which add further informadrogen defects, as reported previously &3".

tion to these results. Within the uncertainty, the initial intensities &3’ and

E3” are unaffected by the content of phosphorus in the range

investigated (18-10cm™3). This indicates that th&3’

and E3” centers are not associated with phosphorus. We

A DLTS temperature scan, recorded with a Schottky di-shall present evidence that tE8” center is oxygen related
ode after proton implantation into FZ silicon at 50 K, is in Sec. Il E.

shown in Fig. 1. The spectrum is dominated B8 but a
small dip at~80 K is associated with the oxygen-vacancy _ , ,
pair (A cente}.'® In diodes with CZ substrate, th&-center C. Regeneration ofE3" and E3
signal is larger buE3’ is still dominating. After zero-bias decay of the initi&3’ andE3" signals,
The intensity ofE3’ accounts for a large fraction of the both can be regenerated at 65 K but in different w&®. is
hydrogen implants. In a short-circuited diode the fraction isregenerated with high intensity by forward-bias injection of
=75% but it reduces to about 50% in a reverse-biased diodéioles (~1.5A cm 2 in 20 min), whereasE3” is efficiently
The missing fraction gives rise to a new DLTS signal, de-generated in a reverse-biased diode by illumination with a
notedE3”, with an emission dip in the DLTS spectrum at Nd:YAG laser from the sample backside through the 1%mm
the same temperature as 8’. The initial intensity ofE3” hole in the TO-5 holdefl1 mW on the sample for a few
corresponds to~30% of the hydrogen implants in the seconds Typical examples of the signals generated by the
reverse-biased diodes. Hence, about 80% of the implants cawo methods are shown in Fig. 2. After forward-bias injec-
be accounted for by the initi&3’ andE3" signals. tion of holes, the intensities of the signals relative to the
E3’ and E3” can be distinguished on the basis of theirinitial E3" are ~100% forE3’ and ~5% for E3” [see Fig.
different dynamical properties. With no bias on the diode,2(a)]. In contrast, the corresponding relative intensities are
E3” decays swiftly even at 40 K, which is the minimum =<5% for E3’ and ~100% for E3” when the signals are
temperature attainable with our setup. In @km n-type  regenerated by illumination of a reverse-biased dipske
silicon, the decay proceeds at 65 K with a half timetgf  Fig. 2b)]. The intensities oE3’ andE3” generated by ei-
~30ms whereak3’ decays at 100 K witlt;,~150s under ther method do not change significantly when the signals are
zero-bias conditions. Fortunately, reverse bias stabiE&’s regenerated after a few additional zero-bias decays. Hence, it
and the initial intensity of the signal could be determinedis possible to cycle reversibly between states of the sample in
from a frequency scan recorded at 65 K. When we in thevhich E3’ or E3” dominates over the other signal. This
following refer to E3’ and E3” as labels for two different strongly suggests th&3' andE3” originate from two meta-
signals it is implied that they always have been separatedtable defect configurations which convert to, and can be
experimentally on the basis of their different dynamical be-regenerated from, configurations unobserved by DLTS. Fur-
havior, as described above. This dynamic distinction is disther evidence for the close relation betwde®' andE3" is
cussed further in the next subsection and is illustrated in Figoresented in Fig. 3, in which the increaseE8’ as a func-
2. tion of the duration of forward-bias injection is shown. The

B. Formation of hydrogen donors
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FIG. 4. Emission profilegsee tex}, i.e., inferred concentration
profiles of the hydroge&3’ center, revealing the injection induced
migration of hydrogen at 65 K. The open triangles show the emis-
sion profile measured just after implantation irpan FZ diode.

The open squares and open circles depict the emission profile mea-
sured after one and four cycles of zero-bias decay and forward-bias
injection. The solid circles show the constant-voltdg@' -DLTS
profile measured after the fourth cycle.
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concurrent decrease &3" generated on top dE3’ is re-

L | 1 ] ] ] 1
-4
vealed by the nearly constant intensity of the sum signal 1.1 1.2 1.3 1.4 1.5
E3'+E3". o
There is another significant difference between the two T 107K

regeneration processes. The regeneration by forward-bias in-
Jection at 65 K IS ac?ompamed b.y long-range dncfl"Slpn.Offerent temperatures are plotted against the field parameter
hydrogen. This is evident from Fig. 4 where the EMISSION_ (e3F/ 7)Yk, T, whereE is the magnitude of the electric field,
profile (defined in Sec. )i obtained before zero-bias decay g the elementary unit of charg®,the temperatures the dielectric
of the initial E3" signal, is shown together with the corre- constant of silicon, andg Boltzmann’s constant. The solid lines
sponding profiles measured after one and four cycles of zergepresent the best fit to the data obtained with the three-dimensional
bias decay and subsequent forward-bias injection. EB&  Hartke modelRef. 20. The fitted parametey is the donor charge.
profile measured by constant-voltage DLTRef. 19 after  (b) Arrhenius plot(A) yielding the zero-field activation enthalpy
the fourth cycle is also shown for comparison. After theAH,.,=0.175-0.005eV and preexponential factoe,,=1.5
fourth cycle, the hydrogen is dispersed over the entire deplex 18T2s * of E3’. Included in(b) is a comparison of thE3’ (O)
tion region. In contrast, the recycling &3” by successive andE3” (0J) data obtained witlE~2x10°Vm™%
zero-bias decays and light exposures under reverse bias pro-
ceeds without resolvable redistribution of the hydrogen. Fur-
thermore, the constant-voltage DLTS profile 8", mea-
sured after a few cycles of forward-bias injection and
subsequent zero-bias decay, is identical toEBé emission
profile measured prior to the last zero-bias decay. With spe- . . : ,
cific reference to Fig. 4, thE3" distribution measured after eThe solid curves |n,the f|gurg repre_sent fits togtpl’;e data, ob-
the fifth decay follows that of th&3’ distribution measured tained from Hartke’s three-d|me.n3|onal extenstoof the
after the fourth decay. We conclude that long-range diffusiorptandard Poole-Frenkel analySiwiith the donor charge as
of hydrogen does not occur during illumination of reverse-the only adjustable parametesommon for all curvels The
biased diodes. best fits are obtained with=1.3e, but this value may vary
within the limits 1<qg/e<1.5 when the uncertainty ik is
taken into account. This finding supports the previous assign-
D. Electronic properties of E3’ and E3" ment of E3’ to a single donot!'2 The zero-field emission
The close similarity betweeB3’ andE3” is evident from  rates were obtained by extrapolation of the curves te0.
Fig. 2. A detailed comparison of the two signals requiresThe Arrhenius analysis of the zero-field rates5¥', shown
knowledge about the electric-field dependence of their emisih Fig. 5(b), gives the values\H.,,=0.175-0.005eV for
sion rates. The DLTS dips dE3’ and E3” shift towards the ionization enthalpy andy=(1.5+0.5)x 10° T2K 2?51
lower temperatureghigher emission rat¢svhen the magni- for the pre-exponential factor. The uncertainties quoted for
tude of the electric field increases. This indicates thas’ AH.,andeg include the effect of varying within the limits
andE3” reflect electron emission from deep donor levels andstated above. In our previous warkwe obtained the value
that the electric-field dependence is caused by the PoolekH.,,=0.16=0.01 eV based on the standard Poole-Frenkel
Frenkel effect® analysist®

FIG. 5. (a) The emission rate, of E3’ measured at three dif-

We have examined this dependence in detailE8f. In
Fig. 5@), the emission rate is plotted against the field-
parameterw proportional toEY2 where E is determined
from CV profiles measured with high ramp rat@,&e,).
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) ) ) _ FIG. 7. (8) Relative intensity of£3’ as a function of zero-bias
FIG. 6. (a) CV profiles recorded with fast and slow increasing decay time at 100 K. The isothermal decay curves are shown for

voltage ramp, i.e., under conditions whe&8' centers are ionized samples with different resistivities: 180 cm FZ material(@®), 10

(®) and nonionized©O). Also shown is the CV profile measured () cm CZ materialO), and 1Q cm FZ materiad). (b) Arrhenius
after zero-bias decay df3’ (A). (b) CV profiles recorded imme- piot of the zero-bias decay timgg in 10 cm CZ material against
diately after illumination with decreasing voltage ramp, i.e., undefinverse temperature. The solid line corresponds to an activation

conditions whereE3" centers are ionized®) and stable during  enthalpy of AH};=0.295+0.005eV and a pre-exponential factor
profiling. The CV profile measured after zero-bias decaye8f v)s=(3%0.5)x 101257 L,
(A) is also shown.

The CV profiles measured after zero-bias decaye8f
Now we deal with the electric-field dependencee®” by  and E3”, included in Fig. 6, are identical and display no

direct comparison oE3' andE3", recorded under identical dependence on the ramp rat8,]. For E3’, the area be-
conditions in a number of different samples. The differenceween the curve measured for ionized centers prior to the
between the emission rates of the two signals is alwayslecay and that measured after the decay corresponds to a
minute, as exemplified by the Arrhenius plots also depictedirop in free charge equal to two electrons per center. Since
in Fig. 5b). The small deviation between tf#3’ andE3" the ionizedE3’ center is positivésingle donorg the DLTS-
data is of the same magnitude as the shift between the initidnvisible configurations, to which the3’ and E3" centers
E3’ data and those recorded after zero-bias decay angPnvert, must be singly negatively charged.
forward-bias injection. Hence, within the limits of error, the
emission properties &3’ andE3” are identical, which im-
plies that alscE3” originates from a single donor. ) ] )
The CV profiles recorded wheB3’ dominates, at low 1. Decays in zero-biased diodes
(ionized E3’ donop and at high(nonionizedE3’ donop The zero-bias decay @3’ at ~100 K involves the cap-
ramp rates, are shown in Fig(@. The number oE£3’ cen-  ture of a single electron. The decay proceeds as a first-order
ters deduced from the DLTS signal matches the hatched argmocess, as can be seen from Fitg)7The decay rate does
between the two curves in Fig(&, which implies that only not depend significantly on the resistivity of the sample,
a single electron is emitted per center, as expected for which shows that thermal activation rather than electron cap-
single donor. Due to the instability &3” under zero bias, ture is the rate controlling process. Moreover, the decay
the CV profile could be measured only with this donor in itscurves measured for diodes on FZ and CZ substrates are
ionized state[see Fig. @b)]. The signal may in this case identical, which suggests that oxygen does not play a role in
contain a contribution from occupied minority trafS$sHow-  the process. In Fig.(B), the Arrhenius plot obtained from
ever, the close similarity between the CV profiles for ionizedisothermal annealing curves recorded at several temperatures
E3’ andE3” centers does indicate thBB” also represents is shown. The analysi$ yielded the activation enthalpy
emission from a single donor. AH,5=0.293-0.005 eV and the pre-exponential facigr,

E. Thermal decays ofE3’ and E3”
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cess controlled by hydrogen migration in a field of traps.
Such a process would indeed result in a low pre-exponential
factor and it would display first-order kinetics with rate con-
stantkr=47R;{DNt, whereR; is the trapping radiud) is
the hydrogen diffusion constant, amdl; is the density of
traps. The trap density can be estimated from the observed
rate constantge.g., k;~3x10 ¢s! at 165 K. With the
value of D extrapolated from high-temperature datgD
T ~2x10 *cn?s * at 165 K and a reasonable trapping ra-
015 o 4 6 8 10 dius, Rr~2 A, we getN;~6x10"cm™3. This is substan-
tially higher than the density of phosphorus (5
Time (10%s) X 10"%cm™3), carbon &5x10cm %), hydrogen &2
x 10%cm™3), and implantation defects<(4x 10"°cm™3),
6 but it agrees roughly with the density of interstitial oxygen
(~10"®cm™3). The reverse-bias decay &’ in CZ mate-
rial may therefore be controlled by trapping of migrating
hydrogen at interstitial oxygen.
Further evidence for the role of oxygen is provided by the
striking difference between the thermal decaysE@ and
E3” in FZ and CZ material, depicted in Fig. 9. The data in
part (a) of the figure were obtained from FZ material in the
following way: Prior to each step in a series of isochronal
gorl v v v heat treatments with reverse bi&3’ from the previous step
5.4 5.6 5.8 6.0 6.2 was removed by a zero-bias anneal-at00 K. ThenE3”
(predominantly was generated by illumination and its inten-
sity 15 was determined whereupon the heat treatment was
FIG. 8. (a) Relative intensity ofE3’ as a function of reverse- carried out. Subsequently, the intensitiéf E3’ and!” of

bias decay time in 1@ cm CZ material at 175 K(b) Arrhenius E”3” were determllned. In Flg.(ﬁ),. I” and|” normalized to

plot of the reverse-bias decay timég in 10 Qcm CZ material o are plotted against the annealing temperature. The data for

against inverse temperature. The solid line corresponds to an act=Z material, shown in Fig. (®), were obtained in a slightly

vation enthalpy ofAHRrs=0.44+0.01eV and a pre-exponential different way. After the implantation, the initidE3’ (and

factor vg=(1.3+0.6)x10f s L. E3") was removed by a zero-bias anneah<it00 K where-
uponE3’ (predominantly was regenerated by forward-bias

=(3.0+0.5)x102s%. Such a pre-exponential factor is injection. Prior to each heat treatmeB3” was removed by

typical for a thermally activated single-jump process. Fur-& Zero-bias anneal at65 K and the intensity, of the re-
thermore, we showed in Ref. 12 that the zero-bias deca§idualE3’ was determined and used to normalizeand!”
proceeds faster in proton-implanted than in deuteronmeasured after the heat treatment. Above 220 K, the normal-
implanted samples. This provides strong evidence that thized E3” signal was obtained in a different way. Prior to
zero-bias decay is governed by a thermally activated jump ofach heat treatment in this temperature range, the signal was
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hydrogen. generated by illumination and its intenslwas determined
The zero-bias decay d&3” is not a first-order process. and used to normalizE’ measured after the heat treatment.
The rate constant is within-25% proportional to the free- As can be seen from the figuré3’ converts intoE3” at

electron density and hence electron capture seems to contrel190 K in CZ material whereas the opposite conversion
this decay. It has not been possible to establish whethasccurs at~225 K in FZ silicon, whereE3’ is stable up to
single jumps of hydrogen also play a role in this process. ~240 K. Qualitatively, these observations confirm that the
E3’ decay proceeds by hydrogen migration and trapping on
2. Decays in reverse-biased diodes oxygen. Becaus&3' converts fully intoE3” in CZ but not
) ) in FZ material, we conclude thd&3" originates from an
Next, we describe the thermal decaysk#’ andE3" in 4y qen-hydrogen complex. The fact tHe8” is stable up to
reverse-biased diodes. First we discussEBe decay in CZ  pigher temperatures in CZ than in FZ material constitutes an
material. Also this process displays first order kinetics, asjiernative basis for this conclusion.
can be seen from the isothermal decay curve in H@. 8he Since theE3” sites act as traps in hydrogen diffusion,
Arrhenius plot is shown in Fig.(8) and from afitto the data  {here must be an additional binding enthalpyassociated
we find the activation enthalppHgpg=0.44-0.01eV and \jth these sites. Observation of the conversion-a25 K of
the pre-exponential factorgg=(1.3+0.6)x 10°s™". E3” into E3’ in FZ silicon therefore implies that the density
This value of vgg is inconsistent with a single jump of of hydrogen sites associated will8' by far exceeds the
hydrogen being the rate controlling process. We note thadxygen concentration. This suggests tH&3’ originates
AHfg is very close to the hydrogen migration entha{Py48  from hydrogen at solution sites because oxygmether
eV) measured at high temperatufesyhich suggests a pro- with carbon is the most abundant defect in our FZ samples.
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I | In the fit, the density 0E3’ sites is set equal to the density
1.00 f of BC sites (1.0 10%3cm™3) and the density oE3” sites
set equal to the concentration of oxygen. The best fit yields
the valueQ=0.29+0.03 eV for the binding enthalpy. As can
be seen from the figure the agreement between fit and data
points is fair. Hence, our assignments&8’ to solution sites
andE3” to oxygen-related trap sites are quantitatively con-
sistent with the observations. A satisfactory fit can be ob-
tained only ifE3” is oxygen related and the sinks are unre-
lated to oxygen. The sink density needs tob20'®cm 3 in

both FZ and CZ material in order to maintain a reasonable
150 200 250 fit.

0.75 —

0.50 —

Annealing Ratio

0.25 —

0.00

A few additional experimental checks of the interpretation
of the reverse-bias decays were carried out. The capacitance
of a reverse-biased diode was monitored as the temperature
was increased at a constant rai&SCAP measurementNo
step in the capacitance-versus-temperature curve was found
in a temperature range covering the reverse-bias decay stage.
This strongly suggests that the process proceeds without cap-
ture or emission of free carriers, as assumed in the model.

A point of experimental concern is that the hydrogen
DLTS signals might decrease due to redistributidisper-
sion) of hydrogen in the space-charge layer rather than to
annealing of the centers. We have carefully checked this pos-
sibility by measurements of CV and DLTS profiles. During
150 200 250 the reverse-bias decay, the profiles broaden only slightly. We

Temperature [K] conclude that the redistribution of hydrogen does not signifi-
cantly influence the measured decay curves.

1.00 ¢

0.75

0.50

Annealing Ratio

0.25

0.00

FIG. 9. (a) The normalized intensities &3’ (O) andE3” (@)
measured in FZ material after 20-min heat treatments at different
temperatures. Prior to each heat treatment, the available hydrogen
was converted tdE3" centers. The solid lines through the data A. Assignment of E3" and E3”
points represent the best fit to the data obtained with the diffusion

model discussed in the text. The dashed lines show the normalized . - 8
intensity of E3’ +E3" obtained from the model with the best-fit ebeen ascribed to electron emission fror?(H}C). The find-

parameters. See text for further detafls. The normalized intensi- ings repo.rted herein "_:md in. our previqus pab?el'%pm\’id?
ties of E3' (O) andE3” (@) measured in CZ material after 20-min Strong evidence for this assignment. Firstly, B center is

heat treatments at different temperatures. Prior to each heat trediydrogen related as discussed in Sec. IlIB and in Ref. 12.
ment below 220 K, all hydrogen was removed fr&8” centers. Secondly, the observed Poole-Frenkel effect and the CV pro-

Prior to heat treatments above 220 K, the available hydrogen walles in Fig. 6a) show that theE3" center is a single donor.
converted toE3” centers. The solid lines through the data points Thirdly, from the model analysis of the reverse-bias decays,
represent the best fit to the data obtained with the diffusion modethe density of hydrogen sites relatedE8’ is ~10%cm 3
discussed in the text. The dashed lines show the normalized intenvhich by far exceeds the density of impurities and defects.
sity of E3’ +E3” obtained from the model with the best-fit param- This strongly indicates thd&3’ originates from a site asso-
eters. See text for further details. ciated with the perfect silicon lattice. Fourthly, tE8’ cen-
ter is metastabléSec. Il © and transforms into a negatively

In CZ silicon, the concentration of oxygen is higher by charged centetSec. 111 D) as a result of zero-bias decay at
about two orders of magnitude and the conversiok®fto ~ ~100 K. Finally, as shown in Ref. 13, the annealing behav-
E3’ is shifted toT=300K. The conversion then cannot be ior of E3’ is identical to that of the AA9 centéf,which has
observed because the sum sigBal + E3” anneals at lower been unambiguously identified with°BC). This is impor-
temperaturesT ~240K andT~260K in FZ and CZ mate- tant since it linksE3’ to hydrogen at the BC site. On basis of
rial. We ascribe these stages to hydrogen migration and tra@l these findings we identify the nonioniz&38’ center with
ping at sinks. This assignment is supported by the observad®(BC) and thus maintain the assignment presented origi-
tion that neithefE3’ nor E3” can be regenerated after heat nally in Ref. 12.
treatments above these stages. The identical emission properties &3’ and E3” show

A detailed analysis has been carried out to test our conthat theE3" center is also a single dond3"” is observed in
clusions quantitatively. The analysis is based on a model iproton-implanted but not in helium-implanted silicon, which
which hydrogen diffuses among solution sit&s3( siteg in strongly suggests that also tB&8"” center involves hydrogen.
a field of traps E3” siteg and sinks. The details of the Further evidence comes from the fact that it is possible to
analysis are presented in the appendix and at this point onlgycle reversibly betweeB3"” and thehydrogen-related B’,
the major conclusions will be stated. The solid curves in Figas described in Sec. Ill C. Finally, the diffusion-driven con-
9 represent the best fit to the data obtained from the modelersion of E3’ into E3” during reverse-bias decay in CZ

IV. DISCUSSION

As mentioned in the IntroductiorE3’ has previously
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emission giving rise t&3’ is represented by the arrow from

1.2} N - - 0 n 2
T 7N\ H”(BC)+e; to H"(BC)+2e., and the activation enthalpy,
1.0 / \ / \ 7 AH.=0.175eV, for this process determines the energy of
S 0.8 - B / H* +2e, \\ i H+(BC)+ Zec .
5"; 0.6 | / \ . The zero-bias decay &3’ involves both a change of site
S 04l \/:\/ A ' . and electron capturesee Sec. Il Eand we identify the pro-
0 g2l \\/\ pe H+es ¢ | cess with H(BC)+e,—H(T). There is no direct evidence
£ ool \/ \ ~7 VN | that the hydrogen ends up @r neaj a T site and the as-
= 1 l’ \\ signment of the final configuration is guided mainly by the-
021 \\ / » \ /_\_ oretical results:®’ According to our findings, the rate of the
04 - \/ \_~ T process is controlled by the thermally activated jump of hy-
06| ! ! ! [~ drogen, and the process proceeds &6B8)—H’(T) fol-
BC BC T ™ BC" lowed by H(T)+e,—H™(T). Therefore, the total energy of
Configuration coordinate the saddle point in the $turve, denoted\ in Fig. 10, equals

) ) ) the activation enthalpy0.293 eV} of the zero-bias decay.
FIG. 10. Configuration diagram for the three charge states Oﬁl'he reverse-bias decay &3’ in CZ material proceeds by

hydrogen at isolated@ and BC sites and &t” and BC sites with a e . , . "
nearby interstitial oxygen atom. The zero of the energy scale hag_lffusmn of ionizedE3" centers, i.e., H(BC)' to traps €3

been chosen to be equal to the total energy &88)+e,. The sngs). The .diﬁusion barrier is det.erm_ineq to be 0.44 eV,
dashed part of the curves indicates that the energies of the minim4hich implies that the saddle poirf in Fig. 10 has the
and saddle points in these regions are uncertain. The arrows indgnergy 0.44e\0.175eV=0.615eV.
cate the thermally induced electron emissions which give rise to None of the other saddle points or minima associated with
E3’ andE3". isolated hydrogen in silicon can be determined on basis of
this study alone. To emphasize this, the energy curves are
material rather unambiguously establishes the involvemerflashed in the regions where the energies are not obtained
of hydrogen. The differences in the reverse-bias decays in Fgirectly. However, it is possible to make reasonable esti-
and CZ silicon show that th&3” center also contains an mates of the total energies of’(T), H(T), and H'(T).
oxygen atom, as discussed in Sec. Il E. The identical emisEirstly, forward-bias injection at 45 K produc&s’ centers
sion properties oE3” andE3’ Suggest that the local struc- but not as efficient as injeCtion at 65 K. As discussed belOW,
tures of theE3” andE3’ centers are similar. Therefore, we Most of the hydrogen atoms @tsites will be in the neutral
tentatively identify the nonionizedE3” center with an charge state during forward-bias injection. Hence, the pro-
HY(BC)-O complex where bond centered hydrogen is per<ess H(T)—H%BC) may be analyzed as a simple first-order
turbed by nearby oxygen atdsh. In view of the low con- Jump process with rate constampexp(—AH/KgT), where
centration of hydrogen in our samples, much lower than théH is approximately equal to the barrier height. If we set
trap (i.e., oxygen concentration, it is improbable that the »o~10"*s™%, atypical value for an atomic jump process, and
E3” center involves two or more hydrogen atoms. Also, bednsert the experimental rate constant ofl0 *s™* at T
cause oxygen is immobile in silicon well below room tem- ~65K (see Fig. 3 we obtainAH=0.19 eV. With this bar-
perature, theE3” center most likely contains only a single fier, the total energy of H(T) +e is 0.10 eV. Secondly, the
oxygen atom. acceptor level reported by Johnsenal? is close to midgap.
The density ofE3” trap sites cannot deviate substantially This suggests that the energy difference betweéfTH
from that of oxygen in our samples and remain consistentt €. and H (T) is about 0.56 eV, which with our estimate
with the reverse-bias decay, as discussed in Sec. Il E. Inte@bove would fix the energy for HT) to —0.46 eV. Thirdly,
stitial oxygen @, where an oxygen atom located near a BCthe ionization energy of atomic hydrogéh3.6 eV) greatly
site is bonded to the two silicon neighbors, is by far the mosexceeds that of silicor8.15 e\). Therefore, hydrogen is
abundant oxygen center—even after implantation. Thereforeéxpected to be locally neutral and the configuration(H
the E3" center may more correctly be referred to as arthen corresponds to%iT) +h,, whereh, is a valence-band
H°(BC)-O; complex. hole—possibly bound to ¥T). If the binding of the hole to
HO(T) is negligible, the energy difference betweer (F)
_ o +2e. and H(T) + e, equals the band gap1.17 eV at 65 K.
B. Configuration diagram With this value, the energy of HT)+2e, is ~1.27 eV. If
The sketch in Fig. 10 of the total-energy variations of thethe binding energy of the hole is included, the energy of
three charge states HHHC, and H'", along paths connecting H*(T)+ 2e. will decrease accordingly.
neighboring BC and sites in configuration space, complies  Next, we discuss the energies of hydrogen trapped at O
qualitatively with the theoretical consensugVe shall refer From the analysis of the reverse-bias decays, the binding
extensively to this configuration diagram in our discussion ofenthalpy of hydrogen td&3" sites relative toE3’ sites is
the observed processes. A BC site associated B&h i.e., Q~0.29eV. Hence, the total energy of HBC")+2e, is
a BC site with a nearby Q is denoted BCandT” labels a obtained as the energy of "fBC)+2e.—Q~—0.12eV.
neighboring @-perturbedT site. Moreover, since the emission enthalpy B8” also equals
The zero point of the energy scale has been chosen ©.175 eV, the total energy of ¥BC”)+ e, will be —0.30 eV.
equal the total energy of isolated it the BC site with a free  In n-type siliconE3” disappear swiftly and we assign this
electron in the conduction band°tBC)+e.. The electron decay to H(BC")+e.,—H (T"). Owing to the fact that the
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rate constant of the decay scales roughly with the free- D. Formation and regeneration of E3" and E3”
electron density, the initial step of the process is probably
electron capture after which the hydrogen swiftly moves
from the BC to the T” site. Because the capture process AS described in Sec. Il B, th3' centerf H(BC)] is the

proceeds efficiently at low temperatures, the energy oflominating hydrogen defect produced by the proton implan-
H~(BC”) must fall below—or be very close to—that of tation at~40 K. Close to the end of range, the charge state

HYBC")+e,, as indicated in Fig. 10. of the projectile depends on the competition between elec-

The variations of the energy curves in the neighborhoodron capture and emission. Because the ionization energy of
of the T” site are expected qualitatively to resemble thosdlydrogen(13.6 eV is significantly larger than that of silicon
around the isolated site. However, there should be quanti- (8:15 €V, the hydrogen atoms are most likely neutral when
tative differences due to the nearby .OFor the H+e,  they becomg thermalized. Direct trapping_dﬂtt aBC site
curve, neither the energy minimum t nor the saddle point is unlikely since a large outwards relaxation of the two sili-
at C (see Fig. 10 need exist. In the figure, the energy of CON neighbors is required to stabilize’(BC). Hence, we
HY(T") + e, has arbitrarily been chosen to be 0.05 eV and theé@XPect the hydrogen atoms to have the configurati8fH
energies of H(T")+2e, and H (T") to be 1.17 eV above When they come to rest. .
and 0.56 eV below this energy, in analogy with the estimates In a reverse-biased diode, there are essentially no free
made for the isolated site. As discussed in Sec. IV D, the carriers and (T) can therefore maintain its charge state for
efficient regeneration oE3’ under forward-bias injection Quite some time. Also in a short-circuited diodetype ma-
suggests that the binding energy dttd aT” site relative to tenfal), a significant fraction o_f the hydrogen atpms will be in
aT site is too small to give significant trapping during(F) their neutral charge statduring the implantation: By far

diffusion at 65 K. On the other hand, the observed trapping"©St Of the energy of the 450 keV protons is deposited in
at BC’ under illumination implies that the energy of¢T”) excitations of the electronic degrees of freedom over the first

cannot be much above that of (). 5 pm of the sample. From the average energy 3.6 eV re-
quired to form an electron-hole p&irand a typical proton
flux of 10°cm 2s™?, the generation rate of electron-hole
C. Diffusion of hydrogen pairs is estimated to be abouk3 0" cm 3s L. The lifetime
7, Of minority carries in our sample is probably within the
limits 0.6 us<7,<10us, where the upper limit corresponds
to undamaged 10} cmn-type material and the lower limit to
silicon doped with gold atomépotent lifetime killers in a

. e concentration of 1¥cm™3, which well exceeds that of im-
Co”‘isl';"’”ds_tlo an eﬁ_‘ectl_ve diffusion constant gﬁ~_2 plantation defects. With,=1 us, the steady state concen-
x10~"cm?s ™, which is higher by 27 orders of magnitude tration of holes during the implantation is about 3

than expected fronghe high—temperature d_ata. In a recenf 10t cm 3, 2—3 orders of magnitude below the density of
paper Langpapet al™* reported on fast diffusion of hydro-  onqyction-band electrons. However, the capture cross sec-
gen at low temperatures. From their fit to the observed difyio of holes to H(T) probably exceeds that of electrons to
fusion constant$ we find a value~7x10"**cn’s ™ at 65 0(T) by about the same factor. Therefore, a significant part
K, still five orders of magnitude below the above estimate. of the hydrogen atoms will be neutral during the implanta-
The ratio between the numbers of neutral and negativelyjgn.
charged hydrogen atoms Esites is equal to the ratia,/ 7, The expectation that a significant fraction of the hydrogen
between the mean times for electron capture B¢TH and  atoms at theT sites are neutral suggests that diffusion plays
hole capture by H(T). In the high-injection regime, the an important role. Application of the effective diffusion con-
density of electrons and holes are about equal and therefogantD .4~2x 10" *?cn?s ! indicates that (T) on average
7ol 1~ 0o /oe, Whereoy, and o, are the capture cross sec- diffuses at least 500 A during the 10-sec. implantation. This
tions for holes and electrons. Since hole capture by a negalistance corresponds roughly to the average separation dis-
tively charged center is very efficient compared to electrortance between interstitial oxygen atoms in FZ material, and
capture by a neutral center, we have,>o., oy hence the observation ofE3"” directly after the
~102cn?, and o,~10"1°cn? being typical values, and implantation—even in FZ material—can be explained by dif-
almost all the hydrogen atoms atsites are therefore ex- fusion.
pected to be neutral during forward-bias injection. The fact thatE3” is formed more efficiently in reverse-
According to theory’® the energy surface for Hs very  biased diodes than in short-circuited diodes is easily ex-
flat in the open regions of the lattice, and(M) is expected plained on basis of Fig. 10: ¥BC”) is unstable inn-type
to diffuse rapidly through the lattice even at low tempera-material (short-circuited diodesbecause electron capture
tures. This expectation is supported by the fact that normakads to a swift site change from BG@ T”. In a reverse-
muonium°(T) in silicon, which is the analog of §T), is  biased diode, the lack of free carriers ensures that once
highly mobile, with a jump rate exceeding 87! at all ~ formed H(BC”) will be stable. In addition, when the implan-
temperature&? If the value Doy~2x10""cn?s ! is con-  tation stops X(T) will swiftly capture an electron 4.,
verted to a jump rat€, we find['~2x 10* s for migration ~ ~1 us) in the short-circuited diode wherea&(H) survives
of H(T). This represents a lower limit sinc€(T) eventu-  considerably longer in the reverse-biased diode owing to the
ally converts to M(BC), which is immobile at 65 K. lack of carriers. Thus, the diffusion time is longer in a

1. Formation

Extrapolation of high-temperature diffusion ddtgields
a hydrogen diffusion constant 8 ~6x 10 “°cn?s ! at 65
K. The hydrogen profile after four 10-min forward-bias in-
jections at 65 K(see Fig. 4 has a width of about 2m. This



PRB 60 BOND-CENTERED HYDROGEN IN SILICON STUDIB. .. 1725

reverse-biased diode whereby the trapping orf Bi@s will  atom. This binding of (BC) to O can be understood in
increase. simple terms, and the underlying mechanism may be active
for other impurities and defects as well.

The total energy of ABC) is the result of a competition

After zero-bias decay at100 K of the initialE3’ signal,  between two terms of opposite sign. The first is the gain in
both E3" and E3" can be regenerated as described in Secbinding energy associated with the formation of a three-
lIIC. According to our assignment, the zero-bias decay ofcentered Si-H-Si bond. This term depends critically on the
E3’ proceeds as MBC)—HYT) followed by electron cap-  Sj-H-Si bond length. As the optimum Si-H-Si bond length
ture H(T) +e.—H™(T). The lifetime of the intermediate exceeds that of the undisturbed Si-Si bond, the two silicon
configuration H(T) is of the order 1us in ourn-type mate-  neighbors have to relax outwards from their perfect lattice
rial and the possibility that {{T) diffuses to an Qrelated  sjtes to accommodate the hydrogen atom. The second term
site before the electron captufgee Fig. 1pcannot be ruled  oquals the increase in elastic energy owing to this relaxation.

out. However, in FZ material where the average distance {Q\ccording to theory, this energy is substantial: 1.8 eV for
the nearest Oss about 300 A, this would require a jump rate HO(BC).

i 5 H - 01 . . . .
between neighboring sites of I'~5x10""s™ at 100 K. In the strain field around defects or impurity atoms such

This is a very 'afge jgump rate, cpmparable to that reporte%s oxygen, there will be Si-Si bonds, which are longer than
for no,rmal muoniurf, and most likely the zero-bla”s decay the 2.35 A found in the perfect lattice. When hydrogen enters
of Eg Ieglds to formanqn of H(T), rathgr than H(T"). the BC site of such a dilated bond, the full gain in binding
_H(T) is the predominant configuration of hydrogenTat  enerqy from the bonding is obtained but the energy cost is
sites during forward-bias injectidisee Sec. IV & In spite of 655 than that for an unstrained Si-Si bond since less outward
the long-range diffusion, only a mind3" signal is gener-  yighiacement of the two silicon neighbors is required. There-
ated by this process. The situation is similar to that prevallTore, the total energy of hydrogen introduced at the bond-
ing during implantation in a short-circuited diode. As S00N aS.anter site of a dilated bond is lower than that HNBO).
neutral hydrogen is trapped af(BC"), this structure trans- e suggest that any dilated bond in the strain field around
forms into H (T"). Additional hole capture brings the sys- impurity atoms and defects represents a trap f8(8@).
tem back to M(T”) from which configuration the hydrogen Previously, Tarnov and Stréétand Van de Walle and

can either jump to ABC”) and repeat the cycle or diffuse pjckeP? suggested the same trapping mechanism to apply
away to H)(T? and eventually convert to %BC). . for hydrogen in amorphous and in polycrystalline silicon.
The situation is quite different when the regeneration is  1pe Q-related structure HBC”) is lower in energy than

performed by illumination under reverse bias at 65 K. Due tOHO(BC) by 0.29 eV, as discussed above. Van de Walle and
the low free-carrier concentration in the space-charge layekickel?” calculated the lowering in the formation energy

electron and hole captures are less important. However, th&Ef of bond centered hydrogen as a function of the initial
laser light will induce the transition HT)+hv—HYT)

" ' distortion (bond-length increageof the Si-Si bond. They
+e; , wherehw is the energy of the photon amd denotes o nd that for distortions below-0.3 A, AE; equals 0.46 eV

a hot electronlm the conduction band. Using a typical crosger 0.1 A initial distortion. With this number, the initial dis-
section of 10 *°cn? for such a process and the photon flux tortion of the Si-Si bond required to yield 0.29 eV binding is
of 4x10'cm?s™!, we estimate that essentially all'T)  only 0.06 A. According to theoretical calculatioffsthe dis-
convert to H(T) within 10 ms. As a result of the shortage of tance between two silicon atoms directly bonded to an inter-
free carriers, (T) diffuses freely—at least for the few sec- sitial oxygen atom is 0.84 A larger than the 2.35 A of an
onds the illumination lasts. This gives ample tfhéo be-  ynstrained Si-Si bond. With such a large value, it seems
come trapped as ¥BC") which is stable because electron reglistic that Si-Si bonds dilated by-0.06 A may exist
capture is hampered by the shortage of conduction electronggmewhere in the proximity of O

Eventually, H(BC”) emits an electron and becomes

H*(BC"). We note from Fig. 3 that much longer timésev-

2. Regeneration

eral minutey are needed to forrE3’ at 65 K. This presents F. Comparison with previous work
a simple explanation for the predominant formationE®" Based on studies of muonium® in silicon, a configura-
by illumination of reverse-biased diodes. tion diagram of this light “hydrogen isotope” was presented

If the diode is short-circuitedzero-biag below ~100 K recently?®3° Qualitatively, the diagram resembles the left-
after regeneration oE£3", H"(BC") swiftly captures two hand side of Fig. 10. In Table I, the activation enthalpies
electrons and converts to KIT”) according to our configu- derived from the muon work are compared with those re-
ration diagram. Subsequent illumination under reverse-biagorted here. As can be seen from the table, there is close
at 65 K generates T”) which for a major part transforms agreement between the ionization enthalpies of tA@6)
into HY(BC") whereas only a minor part diffuses away andand x°(BC) donors. Likewise, the activation enthalpies of
ends up primarily at other BCsites. Therefore, successive the equivalent processe(BC)+e,—H(T) and x°(BC)
zero-bias decays and illumination under reverse bias proceefle — ;,~(T) are very similar. The enthalpy fop°(T)
without resolvable redistribution of the hydrogen atoms_, ,0(BC) was found to be 0.38 eV in Ref. 30 which is
within the depletion region. somewhat larger than the crude estimate 0.2 eV found for
the similar process in Sec. IVB. We note that within a
single-jump model, an activation enthalpy of 0.38 eV is too

Above, theE3” center was identified with a bond cen- large to comply with the observed regeneration rat&8f
tered hydrogen atom, perturbed by an interstitial oxygerat 65 K. Finally, we find that the migration process

E. General trapping mechanism
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TABLE I. Comparison of the activation enthalpiddd associated with isolated hydrogen and muonium

in silicon.

Hydrogerd Muoniun®
Assigned process AH (eV) Assigned process AH (eV)
HYBC)—H"(BC)+e, 0.175 #O(BC)—u"(BC)+e, 0.21
HYBC)+e,—H (T) 0.293 u2(BC)+e,—u (T) 0.31
H(T)—HYBC) ~0.2 1o(T)— u°(BC) 0.38
H*(BC)—H*(BC) 0.44 wh(BC)—ut(BC)
H™(BC)+ e,—H(T) wH(BC)+e+ ul(T) 0.40
H (T)—HYT)+e, w (M- u’(T)+e, 0.56

8Data obtained in this work.
bData from Refs. 29 and 30.

H™(BC)—»H"(BC) has an activation enthalpy of 0.44 eV, sent electron emission from deep donors. Both donors are
close to the 0.40 eV ascribed to the process(BC)+ e, hydrogen-related and within limits of error, they have iden-
— u%(T) in Refs. 29 and 30. This suggests that the jump oftical emission properties with an activation enthalpy of 0.175
" out of the BC site may be the rate controlling processeV- Both signals can be regenerated after zero-bias decay,
also in the muonium work. which sets in at~100 K for E3’ and below 40 K forE3".

In a previous study* we have identified local vibrational ~ Based on the thermally induced decay<€@f andE3” in
modes of two oxygen-hydrogen complexes labeled @it  FZ and CZ material under zero-bias and reverse-bias condi-
OH,. Based on the frequencies of the observed hydrogefions together with our previous findings, tB3’ center is
and oxygen modes together with the resultabfinitio cal-  identified with H(BC) and theE3"” center with H(BC) sta-
culations, Ol and OH, were identified with complexes in bilized by a nearby Q The binding enthalpy of HBC) to
which H*(BC) is stabilized by a nearby 0 The modes of O is found to be 0.29 eV.

OH, anneal out at-230 K which is in close agreement with A configuration diagram has been constructed and used to
the annealing temperature expectedE8f in these samples. €xplain the formation and regeneration properties of both

Hence, theE3” and OHI centers may be identical. Further signals. The configuration diagram is Iargely consistent with

work is needed to clarify this possibility. that suggested from muonium studies.

Finally, we should like to comment on the carbon- We find that hydrogen can diffuse rapidly in silicon at low
hydrogen donor CH which was originally observed by temperatures. According to our assignmerf( is the mi-
Endras 2 This donor has an ionization enthalpy of aboutdrating agent and at 65 K the effective diffusion constant
0.16 eV and it is stable at 315 K under reverse-bias condiexceeds the value extrapolated from high-temperature data
tions but anneals within-1 min at this temperature under Py 27 orders of magnitude. .
zero bias?%® Thus, the properties of CHare qualitatively A general trapping mechanism for(BC) is suggested. It
similar to those of th&3' andE3” centers but CHis stable IS argued that the dilated Si-Si bonds in the strain field
to much higher temperatures, and neitf&8’ nor E3” is around defects and impurity atoms act as trapping sites for
identical to the CH signal. Endre 32 Csaszar and Endsg® H(BC). We estimate that the initial elongation of the Si-Si
and Kamiuraet al3* identified the CH defect with a hydro- bond required to account for the observed binding energy
gen atom residing at the BC site between a substitutiond}-29 €V is about 0.06 A
carbon atom Cand a substitutional silicon atom. Recently,

Kamiqra_et al® provided strong evidencg for this structure ACKNOWLEDGMENTS
by uniaxial stress measurements. At a first glance, it might
be expected that the donor level of Etfould be very dif- This work has been supported by the Danish National

ferent from that of HK(BC) but density functional Research Foundation through the Aarhus Center for Ad-
calculations® revealed that this expectation may be incor-vanced PhysicéACAP). Pia Bomholt is gratefully acknowl-
rect. edged for preparing the diodes applied in this work.

The close proximity of the hydrogen and carbon atoms
implies that direct bonding plays an important role. Thus, the
higher thermal “stability” of CH is hardly surprising. Al-
though CH may be described as an-Ei(BC) complex and The starting point for the analysis is the set of rate equa-
qualitatively has the same properties asHIBC) (the E3” tions
centey, this structure cannot be discussed in a meaningful
way on basis of the general trapping mechanism presented

APPENDIX

dh’ dh” dhs
above. 4=
at Tdr T2 (AL)
V. SUMMARY
Low-temperature proton implantation into crystalline sili- _" =K'h'—g"h" (A2)

con produces two DLTS signals3’ andE3", which repre- dt
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dhs Since the conversion frof3’ into E3” at~190 K in CZ
o = «h, (A3)  silicon is total, k" exceeds by fag” in this temperature
range. According to Eq$A4)—(A6) this implies that in this
whereh’, h”, andh® are the fractions of hydrogen atoms caseh’ may to a good approximation be expressed as
present aE3’ centersE3” centers, and bound to sinks. The
first equation follows from conservation of the number of
hydrogen atoms in the depletion layer. The tdeth’ gives h' ~e~ (Ko kgt (A13)
the rate of diffusion and trapping of hydrogen at oxygen '
(E3” trapg and g”"h"” gives the corresponding detrapping

rate. The last equation accounts for the diffusion and trapghere the subscript CZ refers to the material. HenceE®e
ping of hydrogen atoms at sinks. The effect of hydrogengecay in CZ silicon should proceed as a first order process in
saturation ofE3" trapping sites has been disregarded in theaccordance with our observations. With the parameters ob-
second equation. This assumption is well fulfilled, becausgained from the Arrhenius analysid Hpg=0.44+0.01 eV
}rr:eoﬁtr)r;c;ir]ﬁgg?n of oxygen by far exceeds that of hydroge%g(rjnka: (1.3+0.6)x 1P sL, K.,+kS, can be calculated

A general solution to Eq9A1)—(A3) is easily derived.
We are interested only in the two solutions defined by the
initial conditions that at timeé=0 all hydrogen atoms either ) s .
occupy solution E3') sites or trap E3”) sites, i.e., the two cztkez= vre®
cases wheréd’=10h"=0 orh’=00h"=1 at timet=0. If
the constant$’ and y are defined by

AH';{B/KBT. (A14)

Using this expression and Eq#10)—(A12) we now get

1
= E(k”+g”+ k®), (A4)
N” RSNSCZ -1 .
K'= — | 1+ —— V&Be_AHRB/KBT, (A15)
y=+I?—ksg" (A5) Ncz R"N¢z
the two solutions corresponding to a heat treatment with du-
ration timet are given by the following. NS RN/ 1
First case: H=10h"=0 at time t=0: S=—5—| 1+ S_;IZ) vige MHreKsT (Al6)
cz R*Ncz
1
h'= 2o [(y=T+ge (17 (y+T—ghe T,
(AB) N’
g/r: Wkue—QlKBT_ (Al?)
h" = k_[e—(F—y)t_e—(F+ y)t]. (A?)

2

7 The subscript CZ again refers to the values attained in CZ
Second case: 'h=00h"=1 at time t=0: material. From Eqs(A6)—(A9) and (A15)—(Al17), the ratio
of the numbers of hydrogen atoms occupylBg’ andE3”
sites can be calculated as a function of temperature for a
specific choice of the parameters N’/N”, NS/NEZ,
N"/N¢z, N&/NE,, R/R”, andQ. The solid curves in Fig. 9
represent the best fit to the data points obtained in the fol-
lowing way: t was fixed at the annealing tim@0 min) at
(A9) each step. The density &3’ sites was set equal to that of
bond center sited\’ =1.00x 10?*cm 3 in both FZ and CZ
material. The density oE3” sites was set equal to the ap-
proximate concentration of interstitial oxygenN”

h/:%[e—(r—y)t_e—(r+y)t], (AS)

1
h" = 2_’y[(,y_’_]-*_gn)ef(f‘fy)’[_k(,y_1—*_i_gn)e7([‘+'y)t:|.

Since we are dealing with diffusion in a field of traps and
sinks, the rate constank$, g”, andk® may be expressed by

the equations =10%cm 2 in FZ andN”"=10%cm 2 in CZ material. The
K'—47R'DN" (A10)  density of sink sites wali®=7.5x 10*cm 2 in both FZ and
’ CZ material. Finally, we seR%/R"=1, corresponding to
g’ =47R'DN’e"/KeT, (A11) equal trapping radii for th€&3" traps and the sinks. With
these choices of parameters, the only free parameter used in
kS=47RSD NS’ (A12) our fit was the blndlng enthal[@.

A reasonable fit to all the data cannot be obtained if any
where N’, N”, and N® are the density of solutionE3") of the densitiesN’, N”, andNS are changed by more than a
sites, traps E3” center$, and sinksR” andR® are the trap- factor of 4 relative to the numbers stated above. Furthermore,
ping radii associated witE3” and sink sites, an@ is the  within reasonable limits (02 RS/ R"<5), the best-fit value
binding enthalpy of hydrogen to aB3” site relative to a of Q does not depend strongly on the raR&R”. We esti-
solution site. mate that the resulting uncertainty @nis about 0.03 eV.
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