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Hydrogenation of the dominant interstitial defect in irradiated boron-doped silicon
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The H3-center with a level &,+0.535 eV is observed in hydrogenated electron-irradiated boron-doped
silicon. In samples with boron concentrations of (2-2a)0'® cm™ 3 the center is the most abundant among all
defects detected by deep-level transient spectroscopy. Electrical properties and thermal stability of the H3-
center are studied in detail. It is shown that the H3-center is created by the addition of one hydrogen atom to
a radiation-induced defect, the H3 precursor, which escapes direct electrical detection in the samples. The H3
precursor is formed immediately after room-temperature irradiation in oxygen-lean crystals and after heat
treatment at~200 °C in oxygen-rich wafers. The H3 precursor anneals out 35 °C in all samples. The
introduction rates of H3 precursor and other radiation defects are measured for samples with different boron
concentrations. The identification of H3 precursor as tf@&, Bair and H3-center as a BCH complex is in good
agreement with the available experimental data.
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. INTRODUCTION self-interstitials produces the interstitial boron species, B
Radiation defects and hydrogen atoms are introduced duwhich are mobile above~240 K (Ref. 14 and can be
ing many treatments of silicon crystals, and there is an urgerttapped by other defects. Several deep levels were reported
need to understand the interaction of these defects in detaih the literature to originate from such complexes.
During the last two decades many studies were published in A level atE;.—0.26 eV was ascribed to the @ pair be-
the field, and several defects have been identified by theicause of the dependence of its concentration on the boron
electrical or optical activities as complexes of radiation de-and oxygen contents:'® The huge asymmetry of electron
fects with one or more hydrogen atoms. In the present papemnd hole capture cross sections to this levet.£2
we consider only complexes formed by a subsequent hydrox 10" 3 cm™2, o,~10 % cm™?) (Ref. 15 insures that the
genation of stable defects which were created by roomeomplex can be reliably detected mtype samples using
temperature electron irradiatidn® minority carrier transient spectroscopgiiCTS). Note that
Hydrogen was found to passivate the electrical activity ofB;O, is abundant only in oxygen-rich Cz-Si, while its intro-
all defects introduced in silicon by irradiation with high- duction rate is many times lower in oxygen-lean FZSi.
energy electronsRecently, this process was studied for ma-  The BO, pair dissociates at 150—200 °C and th@129
jor radiation defects in more detail. The VO centarva-  center with a level aE,+0.29 eV appears in the same tem-
cancy trapped by an interstitial oxygen atom, the A centerperature range. Activation energies and frequency factors for
can bind one or two hydrogen atoms. The VOH center withthe disappearance of the @ pairs and for growth of the
energy levels aE.—0.31 eV andE,+0.28 eV E; andE, H(0.29 centers are nearly the sarf"eDue to this correla-
are the bottom of conduction band and the top of valenceion, the H0.29 center was associated with an interstitial
band, respectivelywas detected by deep-level transientboron-related defect. Because capture of migratingie-
spectroscopyDLTS) (Refs. 3, 5, and Pand by EPR® The  cies at carbon impurity atoms was expected, tH8.2-
electrically passive VOK complex was identified by IR center was tentatively identified as &8 pair® We discuss
absorptiorf. The major interstitial-type defect in oxygen-rich this identification in Sec. Ill C 4 in more detail.
crystals, the @; pair, was shown to lose its electrical activ- A donor level atE,+0.30 eV[H(0.30] (Ref. 3§ was
ity due to the addition of one hydrogen atdrdery recently,  observed in as-irradiated crystals with higher boron doping.
the GO;H complex has been identified with the D1-center, The H0.30-center introduction rate increases as the square
the unique bistable defect detected by Hall effect, IR absorpef the boron concentration, indicating that two boron atoms
tion, and DLTS®**2The GC, pair, which is important in  are involved in the center. Because of its obvious formation
carbon-rich, oxygen-lean crystals, can also be passivated dugechanism, the (.30 center was ascribed to aB pair.

to interaction with hydrogen atonis. However different calculations agree that theBB pair
An important class of radiation defects in silicon are thoseshould be electrically ineff2° Another candidate for the
related to shallow level impurities, e.g. borongrtype sili-  H(0.30 center seems to be a pair of substitutional boron

con crystals. The boron impurity in nonirradiated Si occupiesatoms on neighboring sité$The pair is expected to be elec-
substitutional positions (§ and participates in the formation trically activel® although the complex stability is still
of radiation defects by trapping migrating intrinsic point de- uncertain-8-1°

fects, vacancies and self-interstitials. TheVBcomplex is At present, the interaction of boron-relateddB, H(0.29),
rather unstable and anneals out at 260—288 Krapping  and H0.30 complexes with hydrogen is not known. Re-
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cently, several groups reported on two deep-level centers itransient’ Durations of the transients were varied from
irradiated boron-doped silicdt?? The centers labeled MH3 0.03 to 5 s. This system was operated in the temperature
and H3 were shown to be hydrogen-relatddiH3 is cre- range 80 to 420 K. Another DLTS setup with the analog
ated by the trapping of a migrating interstitial-type defect,sine-wave lock-in correlation was equipped with a sample
most probably the Bspecies, on the preformediB pair  holder cooled down to 30 K and was used primarily for
forming a BB;H complex. The nature of the hydrogen- investigations of deep levels with peaks below 80 K. Activa-
related H3 center, which strongly dominates the deep-levdion energies and capture cross sections of the defects were
spectrum of some boron-doped cryst&ss still unknown.  determined from the Arrhenius plot of the emission rate us-
In the present article, we investigate in detail the electricaing the standard ?rcorrection. In addition, the capture cross
properties, thermal stability, and formation kinetics of the H3section of some centers was measured by varying the filling
center. In addition we will demonstrate its boron-related ori-pulse duration. The minority-carrier transient spectroscopy
gin and discuss the nature of ilsonhydrogenatedprecur- (MCTS) measurements were performed for semitransparent
Sor. Schottky contacts using front-side photo-excitation from a
light-emitting diode.

The spatial distributions of majority traps were calculated
from the dependences of DLTS signal on the filling pulse
A. Samples voltage \,, at a fixed reverse bias,V The inhomogeneous
nprofiles of shallow dopants, which were determined from the
doped silicon wafers grown by either the float zdf@) or ~ CV measurements, and the so-called transition reficor
the Czochralski(Cz) method. Boron concentrations were \-layeP®) were properly Inclyded in the evaluation of thg
varied in the rangéB]=(0.4—20)x 10> cm™3. The nomi- deep-level c_JIefect concentration. F_or the case o_f overlapping
nally boron-free aluminum-doped wafers[A(]=1.3 peaks, the mterference of DLTS S|gr_1als fror_n different cen-
X 10! cm~3) were also used in a few cases. The sampleéers was also taken into account during profile calculations.
were irradiated with 5.5 MeV electrons at a flux of OF Presentation of the degp—level spectra_th.roughout the
~102cm 25t to doses in the range #5(0.03—7) paper, the measurgd DLTS signals were multiplied by a fac-
X 10! cm2. The samples were either cooled during irradia-1" Vr/(Vr—Vy) to insure that defects with equal concentra-
tion by air convectiortemperature rise up te-60 °C), or tions provide the peaks of approximately the same ampli-

placed on a water-cooled plate. Samples were annealed aft €.

irradiation in the temperature range from 100 to 400 °C in a

furnace under flow of inert gas. lll. RESULTS AND DISCUSSION
Hydrogenation of irradiated samples was produced during

wet chemical etching in an acid solution of )

HF:HNO;:CH;COOH (1:2:1) at ambient temperatures. The  The effect of hydrogenation on the deep-level spectrum of

etching rate was about 20m/min. After etching, most of electron-lrradlat_ed boron—dop(_ad FZ—S|.|s shovv_n in Elg. 1

the hydrogen atoms are trapped in the form of electricallyydrogen was introduced during chemical etching of irradi-

inert boron—hydrogen () pairs located in a narrow near- ated crystal and r_edlstrlbut_ed deeper into the sgm_p_le during

surface layer, which is barely accessible with DLTS and c\Subsequent 90 min annealing at 100 °C. The significant de-

technique€* The BH pairs become unstable around créase of the net boron concentration in the Arb layer

100 °C2® Therefore the etched samples were annealed in 8djacent to the surfadsee inset Fig. llindicates hydrogen

furnace at temperatures between 100 to 200 °C to diffus@€netration into this region. Therefor_e, the dashed line in Fig.

hydrogen deeper into the crystal and stimulate its interactior taken from the hydrogen-free region deeper thanuinv

with radiation defects. Alternatively, the Schottky diodes'@Presents the spectrum of nonhydrogenated radiation de-

prepared on the etched surface were annealed with fects. The spectrum is dominated by the donor level of the

reverse bias appliedeverse-bias annealing, RBARef. 25  divacancy () with a peak at 114 K. The peak of the@
at 340 to 420 K. center at 191 K is relatively low in the oxygen- and carbon-

lean crystal. The nature of smaller peaks-ag25 K and
~280 K, which are observed after irradiation in most of the
investigated FZ crystals, is unknown.

Capacitance measurements were performed on Schottky The solid line in Fig. 1 shows the deep-level spectrum of
diodes of 1, 1.5, or 2 mm diamet@tepending on the doping the hydrogenated region from 0.5 to 1u%n depth. It is seen
level), which were fabricated by vacuum evaporation of Al atthat the divacancy signal decreases in this region, and two
room-temperature. Ohmic contacts were produced byew peaks appear at 139 K and 233 K. A level located at
scratching the back side of the samples with an eutectic InGR,+0.28 eV (corresponding to the peak at 139 Was re-
alloy. ported in virtually all publications on hole traps in hydroge-

Most of the deep-level transient spectroscadLTS) nated irradiated silicof-*3° Recently this center has been
(Ref. 26 measurements were performed on a computerizedlentified as a donor level of the VOH compléke singly
system based on the modified Boonton 72B capacitanceydrogenated A centef The H3 peak at 233 K dominates
meter operated with the 1 MHz test signal. Different corre-the spectrum of the hydrogenated region of the sample in
lation functions were applied to the recorded capacitancéig. 1. Levels similar to H3 have been reported only in a few

Il. EXPERIMENT

The samples used in this study were cut from boro

A. Hydrogen-related levels

B. Capacitance measurements
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FIG. 1. DLTS spectra from the hydrogenatemirface (V/V,
=3/0V), solid lingd and nonhydrogenatedvolume (V;/V,
=18/6 V), dashed lineregions of irradiated F-type Si (B]
=2.7x10% cm 3, D=7x10" cm™2). Hydrogenation by chemi-
cal etching was followed by 90 min annealing at 100 °C. Rate
window 49 s1. The inset gives the net boron depth profile from
CV measurements.

Depth (um)
publications*?2and the nature of the corresponding center is

still unknown®® No deep-level centers are detected after a FIG. 2. Depth profiles ofa) the H3 centers and the net boron
similar hydrogenation procedure of initighon-irradiategl ~ concentration and(b) the VOH centers in FZ-Si (B7
wafers, implying that the H3 center is a result of hydrogen* 10 cm 2). Samples were chemically etched and received two
interaction with a radiation defect. It is obvious from Fig. 1 Successive 99 min anneals at 380 K under reverse biases of 3 and
that the concentration of the H3 center exceeds all other hol&? V: respectively.

traps in the sample. Hence, no defect with a deep level in the

lower half of the band gap can be(on-hydrogenatédpre-  (2—8)x10* Vicm. The shift of the H3 DDLTS peak is
cursor of the H3 center. The nature and properties of the H8ouNd to be less than the experimental error of 0.5 K, which
center and its precursor will be of primary interest in thisiS related to the reproducibility of the peak position during

article. different thermal scans. At the same time, rough estimate
based on the well-known expression for the Poole-Frenkel
B. Properties of the H3-center effect! g_ive_s a shift of more than 10 K in the studied range
' of electric fields. Thus, the H3 level belongs most probably
1. Electrical parameters to a donor.

The activation energy of hole emission from the H3-. Th_e Kinetics of.hole capture on the H3 centers were stud-
center was determined by dependence of the DLTS peak péqd'dlrectly by using the variation of .f'”'ng. pulse width. A
sition on the correlation function applied to the transfént. hoticeable decrease of the peak amplitude is obs_erved only at
The period and the wave-form of correlation functions werethe sho[tlesst aygulableb puIS&QO Si Ar:ough estimate of
varied to cover more than three orders of magnitude of thet??’xm cm © can be obtained for the capture cross sec-
emission raté’ The Arrhenius plot obtained gives the acti- ion from these measuremen'ts..Tms value is typlcal for cap-
vation energy of (0.5350.005) eV and théapparent cap- ture at neutral centers and is in agreement with the donor
ture cross section of 1271013 cm™2, which are in very nature of H3.

ood agreement with the parameters reported by Mamor .
gt al?? '?he rather large vaIlE)e for the captﬂre crosz section 2. Thermal stability
could be a sign of a hole attractive center. In this case the The depth profiles of hydrogen-related centers formed by
hole emission rate is expected to depend on the electric fielsuccessive RBA treatments with increasing voltages are
(Poole-Frenkel effe¢t The field dependence was studied by shown in Fig. 2 along with the net boron distributions calcu-
the double DLTS(DDLTS) technique on samples similar to lated from the CV curves. During etching, most of hydrogen
those shown in Fig. 1. Emission from the H3-centers locateétoms are trapped at boron forming the electrically ingH B
in a layer between 0.5 to &m from the surfacésee insetin  pairs in a near-surface layer. The H3 and VOH centefth
Fig. 1) was measured under different reverse biases. Thmuch lower concentrations than that ofHy are also formed
electric field in the investigated layer varied in the rangein this layer without any additional thermal treatment. To

045201-3



N. YARYKIN, O. V. FEKLISOVA, AND J. WEBER PHYSICAL REVIEW B69, 045201 (2004

redistribute hydrogen deeper into the crystal, the RBA pro-
cedure(annealing under reverse bigRef. 25 was applied 107
at 380 K. At this temperature the lifetime ofsB pairs is [
only about 5 min. The released hydrogen atoms are posi-
tively charged and quickly drift away in the electric field of
Schottky diode that suppresses the reverse reactionjtef B
formation. Thus, the near-surface region of the space charge
region(SCR) gets virtually free of hydrogen in about 15 min.
After this short treatment, most of hydrogen atoms form the
BsH pairs close to the SCR boundary, where the electric field
turns to zero. Further redistribution takes place in the field- .
free region and is much slower. Note that because of the S S N N S
relatively short BH lifetime, a certain concentration of free 0 1 2 3 4
hydrogen atomsroughly proportional to the B4 concentra- Annealing time (h)

tion) is maintained at 380 K, facilitating the complexing be-

tween hydrogen and radiation defects. FIG. 3. Anneal_ing kinetics at 38_0 K qf the H3 center in the

The first RBA step at 3 MFig. 2) moves hydrogen to Nydrogen-free region op-type FZ-Si. Solid symbols[B]=2.8
around the 2.um depth, where the Ji, H3, and VOH X1014 cm > D:7X5101 cm' " open  symbols: [B]=8.7
complexes are formed. During the second RBA step at 10 V< 10 cm 2, D= 10° em - Solid lines: annealing in the space
virtually all hydrogen atoms are rapidly moved to the deepelpharge region; dashed line: annealing in the neutral region.
region around 4.24m as monitored by the net boron depth
profiles. Accordingly, additional H3- and VOH-centers arereverse bias was switched off after a short initial RBA step,
formed in this region. There is a different behavior for thewhich removed hydrogen from the preformed pile-up region,
H3 and VOH centers near 1.2 and 4260 during subse- and two 1-h-steps of zero-bias annealing were performed. It
quent anneals. The A center concentration remains constaist seen that the H3 centers are stable under zero(iniake
because no free hydrogen atoms were available in those reeutral regionon the time scale of the experiment.
gions to form additional centers or to transform VOH to the In general, different defect stabilities in the SCR and neu-
electrically inactive complex with two hydrogen atoms. In tral region can be related either to different defect charge
contrast, the H3-center concentration significantly decreasegiates or to the presence of the electric field in the SCR. To
revealing an instability of the H3-centers in the space chargdistinguish between these two possibilities we used the pro-
region of a Schottky diode at 380 K. cedure of pulsed-bias annealiffgwhen the H3 centers in-

We rule out the possibility of a drift of the H3 center as aside the SCR are kept in the charge state inherent for neutral
whole in the SCR electric fieléat least at 380 Kdue to the  region (H3") if H3 is a donoy. The extrapolation of the
following two observations. First, the amount of the H3 Arrhenius curve for the hole emission from the H3 center
centers in the deeper pile-up does not depend on the integrédee Sec. lll B 1 gives the emission time constant0.4 us
concentration of the centers formed during the first RBA stemt 380 K. If the period of short filling pulseero bia$ is
which can be controlled by the step duration. Second, theomparable or smaller than this value, the H3 centers will be
detailed studies of the H3 profile transformation during RBApositively charged during a significant part of annealing
at higher voltages reveal no drift of the preformed pile-up; intime. In our experiments, the 0/s filling pulses were ap-
particular, the H3 center concentration remains always low aplied with a period of 0.5us. Thus, the centers experienced
3.5um in Fig. 2a). Therefore, we conclude that the the SCR electric field during 80% of annealing time. How-
H3 centers dissociate in SCR at 380 K. ever, during only ~40% of annealing time, the H3

The dissociation kinetics was investigated by dividing thecenters were in the neutral charge state typical for steady
annealing at higher voltage into shorter steps and measurirgjate in SCR. The H3-center decay rate measured for the
the decrease of the H3-center concentration in the region afiven conditions is 2.5 to 3 times lower than that measured
preformed pile-up; e.g. the H3 decay at .61 during RBA  without filling pulses. This result is in a good agreement with
under the 10 V bias in Fig.(8). It is important to note that a model, which assumes that the H3-center thermal stability
this is the hydrogen-free region after a short initial step ass primarily governed by its charge state. The stability of
indicated by the nearly total recover of the net boron concenpositively charged H3 is much higher than the stability of
tration. So, the process of H3-center dissociation is nothe neutral center.
masked by further defect formation or passivation. It is The temperature dependence of‘M&enter dissociation
found that a part of the DLTS signal measured at the H3{the neutral charge state is realized in S@Rs studied in a
peak maximum remains stable even after several hours afet of identically prepared samples. A pile-up of the H3
annealing. The nature of this signal is unknown, but its am<enters was created in the near-surface region by 90 min
plitude is only 5-15% of the initial signal in different furnace annealing at 100 °C after chemical etching. After-
samples. After subtraction of this stable part, the H3-centewards, Schottky diodes were evaporated and annealed under
decay follows a simple exponential lafifig. 3, solid sym- the pulsed-bias conditions at 380 K for 30 minutes. This
bols) with a characteristic time of abod h at 380 K. For the treatment was sufficient to destroy all boron-hydrogen pairs
case of the lower doped samptgppen symbols in Fig.)3the  and remove hydrogen from the near-surface region, but con-

Tun=380K

H3 concentration (cm _3)
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FIG. 4. Temperature dependence of the H3 center dissociation
rate in the space charge region of a Schottky diode. Solid and open
symbols correspond to hydrogenated and deuterated samples, re-
spectively. The solid line is the best fit to the solid symbols. The
dashed line is parallel to the solid one and shiftedyByalong the
ordinate axis.
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served most of the preformed H3 centers. Finally, the diodes
were annealed under reverse bias at different temperatures
from 363 to 390 K. The decrease of H3 center concentration
in the near-surface region with annealing time is exponential

and the calculated dissociation rates are plotted in Fig. 4 with Depth (um)
solid symbols. The best linear fit to the data gives a disso- _
ciation energy for the neutral H3 center of (1:30.02) eV FIG. 5. Depth profiles ofa) the H3 centers and the net boron

and a pre-exponential factor of abouk20"s 1. A few cgncentration andb) the VOH centers in FZ-Si after three succes-

samples were etched in an acid solution where 95% of hy$ive 1 h anneals at 380 K under reverse bias of 5 V=D

drogen cations were replaced by deuterium. The H3 centef 10 cm- ). The range for variation of the SCR boundary during

concentration in deuterated samples was similar to that ig"nealing is indicated.

hydrogenated ones. It is seen in Fig. 4 that dissociation of the . . . _

H3©)-centers in deuterated samples is slower by a factor ofiS dissociation mechanism the time constants of about 4

~+/2, exactly as should be expected if the dissociating par‘:jlnd 0.4 h at 430 and 450 K, respectlve!y. This explains falrly

ticle is hydrogen. well the obgerved decrease of the maximum concentration of
The positively charged H3 center is thermally stable alH3 centers in corr_espondlng s?mples. Thus, we conclude that

380 K (see Fig. 3, open symbolsTo study its stability at the thermal stab|l_|ty qf the H3) center 1S clqse_ to, or even

higher temperatures the etched samyeidl without diodes higher than, the limit imposed by the dissociation rate of the

were annealed at temperatures from 380 to 450 K for 1 hheutral center.

Since hydrogen was not removed from the investigated o

layer in this case, both formation and dissociation of the H3 8. Formation kinetics

centers took place during annealing. Therefore, the heat The development of the deep-level depth profiles during

treatment was terminated by fast cooling to room temperathe RBA procedure at 380 K is shown in Fig. 5. Depth dis-

ture to avoid an additional formation of the centers at thistributions of the H3 and VOH centers after the first hydro-

stage. Finally, Schottky diodes were evaporated withougenation step are similgdotted curves At this stage, the

any additional chemical treatment of the surface, and the HBrocess is governed by the addition of a single hydrogen

center depth profiles were measured. The maximunatom to the respective precursors. For longer hydrogenation,

H3 center concentrations are2 and~5 times lower after the VOH profile exhibits a decrease in the region of maxi-

the anneals at 430 and 450 K, respectively, as compared taum hydrogen concentration around L& in Fig. 5b).

the concentration after 380 K treatment. This decrease is caused by the further hydrogenation of the
It is however not possible to determine quantitatively theVOH center and its transformation to the electrically passive

properties of H8") centers from an analysis of these data.VOH, complex’*° No indications of such behavior have

Due to a dynamic equilibrium between the two charge statebeen found for the H3 centers for as lorgg&h hydrogena-

of the H3 center in the neutral region, the center is neutration at 380 K. In contrast, the H3 center concentration re-

during a certair(smal) fraction of time and subjected to the veals a saturation in the region of maximum hydrogenation,

dissociation with(high) rate plotted in Fig. 4. Extrapolating although hydrogen is still available in this region as seen

the data from Fig. 4 to higher temperatures and accountinffom the net boron concentrati¢see Fig. %a)]. This behav-

for the Fermi level position in the samples, one obtains forior is consistent with a model, which assumes only one hy-
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drogen atom in the H3 center and a negligible binding of a (a) as irradiated
second hydrogen at 380 K. A long hydrogenation time results
in the consumption of nearly all H3 precursors. Under these
conditions the H3 center concentration is a measure of the
initial precursor concentration.

The H3 center formation during hydrogenation can be de-
scribed by equation

[H3](®)=[H3]o[1—exp(—r®)], )

where[H3] is the concentration of the H3 centekl3], the
initial concentration of the H3 precursarthe radius of hy-
drogen capture to the precursor, addthe “hydrogenation VOH
dose.” The valueb is proportional to the free-hydrogen con-
centration[H] at a given point integrated over annealing
time:

DLTS signal

t
D(t)= fo 47Dy[H]dt, (2
100 140 180 220 260
whereDy, is the hydrogen diffusivity® The Du[H] combi- Temperature (K)
nation is found from the net boron concentration taking into
account that equilibrium is reached in the reaction of boron—  F|G. 6. The effect of hydrogenation on the DLTS spectrum of
hydrogen pair formation/dissociatidn Eq. (1) is valid only  cz-grownp-type crystal(a) irradiated at room temperature afty
if the hydrogen-related complex that is formed is thermallyannealed after irradiation at 200 °C for 30 min. The dashed and
stable. Accounting for the dissociation of H3 centers in thesolid curves were taken before and after hydrogenation, respec-
space charge region at 380 (Rig. 3), only data from the tively. Hydrogenation by chemical etching and subsequent RBA
layer of 2.1-2.7 um [Fig. 5a)] placed well inside the neu- V) at 380 K during 100 min.[B]=2.6x10"cm 3, D=3
tral region, are included in the calculations. A fit of the ex- X10"* cm™2. V,/V,=4/1V and rate window is 49'8 for all
perimentally measured H3 center concentration as a functiogpectra.

of calcglatgd@ determ|nes[H3]04and7r3.l For the s?mple the H3 centers formed during further hydrogenation. Thus,
shown in Fig. 5[H3]o=0.95<10"" cm; thus, ~90% of & conciude that formation of the H3 precursor in FZ crys-
precursors have been converted to the H3 centers. Averagings js already completed duririgr shortly aftey irradiation
over different samples, we determine a capture radius of hy;¢ \oom temperature. An increase of the annealing budget up
dro_gen to the H3 precursor of=(0.65£0.15) nm at 380 K. 5 350 °C for 30 min, results in a significant decreésem

This vqlue is not strongly deper_ldent on tempera;ure. Indeead, i 5 times in different crystalof the H3 precursor con-
approximately the same maximum concentrations of H%.entration. Finally, the H3 centers are not found in the
centers are detected immediately after chemical etching mples, which were annealed at 375 °C for 30 min after

room temperature and after long RBA steps at 380FK9. . adiation.
2). Existence of the H3 centers was not reported in the pre-
C. H3 precursor vious studies performed on Cz-grown irradiated crystafs.

._In the present study, we confirm the absence of H3 centers in
The results presented above show that the H3 center is a . . . o

..~ such crystals. Five different Cz crystals with boron doping in
complex of one hydrogen atom and an unknown radlat|on;[ e range of (0.4—20) 10 cm~2 were irradiated at room
induced defect, the H3 precursor. As H3 is the most abundan{1 9 i

. . S temperature and then hydrogenated by chemical etching fol-
center in the hydrogenated region of |rrad|ated_ Fz crys’_tal?owgd by prolonged RBK tregtment at %/80 K No H3 cen%ers
(see Fig. 1, the H3 precursor is one of the dominant radla-are detected in these sampleee Fig. €)]. At the same

tion defects in non-hydrogenated silicon. To learn moretime, the VOH-level is found in all crystals indicating the

about the precursor, its introduction rate and behavior under . : . )
resence of hydrogen in the investigated regions.

annealing have been studied. We use the result from the prg- . . . )

! : ) . However, if the irradiated Cz-Si crystals were annealed at
vious section that the maximum H3 center concentration af; . ', . .
: . 200 °C for 30 min, subsequent hydrogenation forms the H3
ter a long enough hydrogenation at 380 K is almost equal tg P )

DS . peak as shown in Fig.(B). The electrical parameters of the
the precursor initial concentration. . o . .
center, the formation kinetics during hydrogenation, and the
thermal stability(including the strong dependence on charge
statg are identical to those for the H3 center in FZ crystals.
The H3 centers are detected in all FZ Si crystals studied'hus, the H3 precursor is formed in oxygen-rich Cz crystals
which were doped with boron in the range of (0.8—15)upon post-irradiation annealing at 200 °C. As in the FZ
X 10' cm™3. Annealing of the irradiated samples at tem- crystals, an increase of the annealing temperature up to

peratures up to 300 °C has no effect on the concentration qf350—-375)°C also destroys the H3 precursor in Cz samples.

1. Formation and annealing temperature
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In accordance with previous studi®s® the H0.29
center appears both in FZ- and Cz-Si at approximately the
same annealing temperature as the H3 precursor in Cz-Si
[see, e.g., Fig. ®)]. However, the H3 precursor concentra-
tion exceeds that of (9.29 centers in all studied crystals

with boron doping above-10'® cm™3.

e
=

2. Electrical activity

As seen in Fig. 6 the annealing at 200 °C, which forms
the H3 precursor, is accompanied by a rather minor transfor-
mation of the hole trap spectrum in non-hydrogenated 0.01 , ,
samples. This indicates again that the observed hole traps 10" 10
cannot be associated with the H3 precursor. If the H3 precur-
sor introduces any levels in the band gap, they are either
shallower than~0.1 eV from the valence band or in the  FIG. 7. Introduction rate of the H3 centefsolid symbol$ and
upper half of band gap. The latter possibility was checked byhe sum of introduction rates for the H3 centers and all interstitial-
MCTS measurements from 77 to 300 K. None of the minor-type complexesiopen symbolsin samples with different boron
ity carrier traps observed by MCTS exhibit the thermal sta-concentrations. The dashed line shows the divacancy introduction
bility similar to that of the H3 precursor as determined inrate.
previous section. However, due to the low photoexcitation
level, only the traps with electron capture cross sectionsiature and dominates the spectrum of interstitial-type radia-
above ~5x10 ' cm™? are expected to contribute to our tion defects in the (2—20) 10 cm™2 range of boron con-
MCTS signal. Thus, the question about electrical activity ofcentration. In addition, the interstitial nature of the H3 pre-
the H3 precursor remains open. Note that the hydrogen cagursor is supported by the strofgp to 2 time$ increase of
ture radius of 0.5-0.8 nm found in section Ill B 3 for H3- C,O; pair concentration in Cz samples due to the heat treat-
center formation in the neutral region pftype silicon, sug- ment around 350 °C, which destroys the H3 precursor.
gests the binding of a positively charged hydrogen atom with

a neutral rather than a negative complex. 4. Discussion on the nature of the H3 precursor

The most important reactions of interstitial defects in sili-
con were considered by Zhasi al,®* and the introduction

Our measurements show that the H3 precursor concentrgates of stable complexes were calculated as functions of
tion as well as the concentrations of other most prominenimpurity content. Among boron-related defects, only the
radiation defects in our samples are proportional to the irraB,0, and BC; pairs show a linear increase with boron con-
diation dose. Hence, the introduction rétiee ratio of defect centration and a subsequent decrease due to competition with
concentration to irradiation dosean be calculated. The H3 the BB, complexes. Actually, such behavior is expected for
precursor concentration in FZ-Si was taken equal to theiny complex formed by Btrapping to a background impu-
maximum concentration of H3 centers after a long enoughity with a high enough concentration. However, taking into
hydrogenation of as-irradiated samples. For the case of Czccount that the H3 centers have been observed in all crystals
wafers, the post-irradiation annealing at 200 °C was usedtudied, we expect this trap to be a common impurity in
before hydrogenation to form the maximum concentration okilicon. Obviously, the H3 precursor cannot be identified as
H3 precursor. The results for different crysté@z and FZ  B;0, due to the missing correlation with oxygen content and
are presented with solid symbols in Fig. 7. The H3 precursor quite different thermal stability. Therefore, we propose the
introduction rate exhibits a near linear increase with dopings;C, pair as the H3 precursor.
at low boron concentrations and a saturation when the boron The solid curve in Fig. 7 has been calculated by the for-
concentration exceeds 3x10° cm 3. Usually, such de- mula
pendence is interpreted as involvement of one boron atom in
the investigated compléeX. B c

The total introduction rate of H3 centers and all known  [B.c.]=[Si] r[B] reclCl ,
interstitial-type complexes detected in the samples, is shown (rg[Bl+rc[C]) (recd Cl+rgelB])
in Fig. 7 with open symbols. The interstitial-type defects in
our samples are mainly the @ and GC; pairs. The H0.30  wherer with subscript B, C, BC, or BB are the effective
centers also contribute to the sum in FZ samples with highecapture radii for formation of the ;B G, B;Cs, and BB
doping®*! The dash-dotted line, which is the best linear fit to defects, respectively, brackets denote the concentration val-
the open symbols, shows that such a sum is almost indepenes. The first terniSi;] is the concentration of silicon self-
dent of the doping level. A similar slight decrease with theinterstitials, which escapes recombination with vacancies.
increase of boron concentration is found for the divacancylhe second term describes thefBrmation by dividing the
introduction rate(dashed line in Fig. )7 This behavior leads self-interstitials between the;Band C traps. The final term
us to the conclusion that the H3 precursor is of interstitialstands for the BC formation with the competition for B

° O all interstitials
® H3

Introduction rate (cm_l)

. 3
Boron concentration (cm )

3. Introduction rate

()
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from the BBy pairs. Data on the capture radii are ratherpredict the dissociation of the pair by; @mission that is
scattered in literature. It was cited in Ref. 35 that the inter-experimentally supported by the increase ¢©Cpair con-
action of mobile self- and boron interstitials with negatively centration upon annealing of the H3 precursor. The calcu-
charged substitutional boron is several times stronger thalated binding energy ofl.1-1.2 eV corresponds fairly well
with neutral impurities. On the other hand, equal radii wereto the annealing of the H3 precursor around 375 °C. Finally,
used for the Band G formation in the later worR? There-  the absence of the H3 precursor energy levels in the range
fore, the approximationc/rg=rgc/rgg= « is accepted be- accessible by DLTS ip-type silicon, correlates with results
low. In this case, only two independent parameters exist itby Liu et al,*® which assume that the;8 pair has only an
Eq. (3), the producta[ C] and the scaling factdrSi;]. The  acceptor level in the upper half of the band gap.
value of a[ C]=8x 10" cm 23 provides the best fit to the
experimental points in Fig. {solid curve. Taking into ac-
count that carbon concentration in the investigated crystals
may vary, the fit is reasonably good. The H3 level E€,+0.535 eV) is formed due to hydroge-
Generally, the alternative mechanism to create thésB nation of electron irradiated boron-doped silicon. Based on
pair, the capture of migrating;&pecies to B, is also pos- the absence of Poole-Frenkel effect, the level is attributed to
sible in FZ crystals. In Cz-Si, most of the Gpecies form the H3*/? transition. The thermal stability of the center is
C,O, pairs, which are stable under 200 °C annealing. Theshown to depend strongly on the charge state. The neutral
same(within the scatter of points in Fig.)amount of the H3  H3(® center is dissociated by hydrogen release with an ac-
centers formed in Cz and FZ crystals shows that the alternaivation energy of 1.37 eV. The stability of the positively
tive mechanism is less effective. charged H8") center is higher and is most probably gov-
As mentioned in Sec. |, another defect, th€0RR9  erned by hole emission and subsequent decay of the neutral
center, was tentatively identified in the literature as th€;B  complex. It is concluded from the complex formation kinet-
pair due to its formation kinetics which are correlated withics during hydrogenation that the H3 center is created by
the dissociation of the |®; pairs. The main problem with capture of one hydrogen atom at a neutmlp-type) radia-
this identification is that the ¢0.29 centers are not detected tion defect, the H3 precursor.
in as-irradiated samples, even in oxygen-lean FZR®f. 17 The H3 precursor formation is completed during room-
where the concentration of the competingdBpairs is neg- temperature irradiation of oxygen-lean FZ crystals. An addi-
ligible. In the FZ samples used in the present work, the contional 30 min annealing at 200 °C is required to form the
centration of the KD.29 centers formed due to the 200 °C defect in Cz samples. The H3 precursor is destroyed by 30
annealing exceeds more than 10 times the initial concentranin anneal at 375 °C both in FZ and Cz irradiated wafers.
tion of the BO, pairs. Along with the unexpected introduc- The introduction rate of the H3 precursor increases linearly
tion rate for BCg,! this indicates probably the more com- with boron concentration in the rangéB]=(0.4-3)
plicated nature of the 9.29 center. x 10 cm 2 and saturates in the rangEB]=(3-20)
On the other hand, the identification of the H3 precursorx 10'° cm™ 2. In the samples witfiB]=2x 10" cm™ 3, the
as a BC, pair agrees well with all experimental findings. H3 precursor is the most abundant interstitial-type complex.
Indeed, the pair is formed immediately during irradiation of  Analysis of the interstitial defect reactions suggests that
oxygen-lean FZ crystals due to the capture of mobjlsfie- the BC, pair is the most suited candidate for the H3 precur-
cies by substitutional carbon atoms. In oxygen-rich Cz-sor. This assignment is in agreement with all present experi-
crystals, all B species are first trapped by oxygen, and no H3mental results.
centers are detected in as-irradiated Cz samples. Upon an-
nealing of the BO; pairs around 200 °C, the situation for B
becomes similar to that in FZ crystals, and the H3 centers
can be formed with a similar concentration. Comparison of We would like to thank R. Jones for sending us preprints
the DLTS and MCTS data shows that the H3 precursor conef his works and for helpful discussions. Fruitful discussions
centration in the sample presented in Fifh)6s at least half ~ with E. Yakimov are greatly appreciated. The expert techni-
of the BO; concentration in the same sample before annealeal assistance of B. Kder and N. Tkacheva are acknowl-
ing. edged. The work was supported by Deutsche Forschungsge-
The assignment of the H3 precursor to th€Bpair is in  meinschaf({436 RUS 113/166/0and Russian Foundation for
good agreement with recent calculatidfs® Both works  Basic ResearctRFBR-DFG 00-02-04002
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