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The interaction of hydrogen with radiation-induced deféBRB®’s) in Czochralski-grown silicon crystals has
been studied by infrared-absorption spectroscopy @mdnitio modeling. Hydrogen and/or deuterium was
introduced into the crystals by indiffusion fromyKID,) gas at 1200—1300 °C. The samples were subsequently
irradiated with fast electronsE(=2—4 MeV) and annealed in the temperature range of 100—-600°C. The
centers produced by the irradiation were the same in both the untreated and treated cases, néroelyténe
Ci-O, complex, and divacancy. A heat treatment of the H-treated samples resulted in the enhanced loss of these
centers and the formation of centers containing hydrogen. The disappearancé\afahters in the tempera-
ture range of 100—150 °C is correlated with the appearance of three local vibrational (bgtis) at 943.5,
2126.4, and 2151.5 cnt. The isotopic shifts of these lines were obtained from measurements on the samples
doped with hydrogen and deuterium. The lines are identified as related to stretching vibrational modes of a
complex that consists of one oxygen and two hydrogen atoms sharing a vacandy-6itel{ complex. Ab
initio calculations are used to explore the structures and properties of this defect. The origin of other LVM
bands, which were observed upon annealing, is discussed.

[. INTRODUCTION can incorporate some impurity atoms in addition to vacan-

In silicon, practically all radiation-induced defe¢iRD’s) cies and self—|nte_rst|t|als 'S..mUCh less understood.

associated with either single vacanci{®$ or self-interstitial In Czochralski-grown silicoCz-S) crystals, one of the
dominant defects induced by irradiation is known to be a

silicon atoms [g) possess dangling bonds or weakly recon- .
s . . . vacancy-oxygen complexA(centej. Some evidence for the
structed Si—Si bonds. This suggests that strong interactions . . .
, . Interaction of hydrogen atoms with centers was obtained
between the RD’s and hydrogen atoms is to be expected, as

hydrogen is known to eliminatéoassivatg effectively the . y means of de_ep-level tran3|entj5p ectrosc(_ﬂ)yTS) and
; o . _infrared-absorption measuremefts!® Absorption bands at
electrical activity of many extended and point defects in

crystalline silicort—3 870 and 891 cm! were identified as related to the oxygen-
A considerable amount of evidence for the existence Ofc,tretchmg vibrations for the partially and fully passivaitd

these interactions has been obtained by means of electricatMe” T the V-O-H and V-O-H, complexes,
optical, and magnetic measurements on Si samples introéspe_ctwelyl. It wpuld_be expected that these complexes
which RD's and H have been introduced in a variety ofJive rise to local vibrational modd&VM'’s) related to Si-H
ways. These include hydrogenated samples, prepared by iﬁ}retch modes las wgllf as at_pertfurb?ﬁ oxygein—relatefdtrr]n ode.
diffusion or acid-etching, and subsequently irradiated with owever, no clear information for the existence of these

i i 1
fast electrons, neutrons, or gamma rays, or samples exposBgnds was reported, making the assignment of the 891-cm
to a H plasma, or into which protons have beenPand uncertain. o
implanted'~'® However, so far only a few complexes con- N the present work we report our results, using infrared-
sisting of primary radiation-induced defectg @ndlg) to-  @bsorption spectroscopy aidh initio modeling techniques,
gether with hydrogen atoms have been unambiguously iderfn the interaction of hydrogen with radiation-induced defects
tified. The interaction of hydrogen with secondary RD’s thatin Czochralski-grown Si crystals.
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Il. EXPERIMENTAL DETAILS
Samples for this study were prepared from adtype = o1 Va
phosphorus-doped Cz-Si crysta41 Q cm™1). The con- g o.0sl
centration of oxygen in the crystal was about = ’
9.5x 10" cm™ 2 while the carbon concentration was below 2 o8
the detection limit of the optical-absorption method used s
(<5x10" cm%). Hydrogen (deuterium was introduced 3
into the samples by annealing at 1200°C for 1 hina H 5 0.04
(D,) gas ambient at a gas pressure of about 1.5 atm., fol- g
lowed by quenching. Such a procedure leads to the incorpo- 2 %
ration of about 8. 10" cm 3 hydrogen atoms into the <
samples® The hydrogenation treatment did not result in any o9 o p o0 o700 2800 2900 3000

noticeable changes in the oxygen-relateg®-band.
Irradiation with fast (3 MeV) electrons, with a beam in-
tensity of 5<10' cm 2s!, was performed at about  FIG. 1. Absorption spectra measured at 10 K fibr as-grown
100 °C, with a radiation dose of 2x610*® cm 2. This value  and(2) hydrogenated Cz-Si samples which were irradiated with fast
was chosen to create concentrations of radiation-induced detectrons. The spectra are arbitrarily positioned on the absorption
fects close to that of hydrogen. Isochronal annealing experiaxis for presentation.
ments were carried out in an argon atmosphere in the range
of 100-600 °C, in steps of 25 °C for 30 min each. Isothermal |n contrast to the modest influence of the hydrogenation
annealing experiments at 100 °C were also carried out.  treatment on the radiation-induced defects, profound effects
The optical-absorption spectra were measured by gere revealed in the annealing behavior of the RD’s. An
Fourier-transform infraredFT-IR) spectrometer at 10 and enhanced disappearance of all RD’s occurred in the hydro-
295 K in the range of 400-4000 chwith a spectral reso- genated samples. As an example, Fig. 2 shows the changes in
lution of 0.5 or 1.0 cm™. the integrated intensities of the band due to negatively
chargedA centers after isochronal annealing of H-soaked and
as-grown samples. The isothermal annealing study of an ir-
radiated Si:O,H sample showed that the radiation-induced
A band at 1075.1 cmt with a shoulder at 1075.8 cmi defects started to disappear at temperatures as low as 100 °C.
was observed at 10 K in the as-grown hydrogenated 5amp|e§_imU|tan60US|y to the elimination of RD’s, a substantial de-
Replacement of hydrogen by deuterium led to a shift of botttrease in H concentration was monitored by the strength of
lines to 1076.0 and 1076.6 crh. These lines were assigned the line at 1075.1 cm'. Curves 1 and 2 in Fig. 3 show that
previously to LVM'’s related to asymmetrical stretching vi- @ Substantial decrease in intensity of the lines at
brations of an interstitial oxygen atom perturbed by the pres1075.1 cm* (O;-H,) and 885.3 cm' (A centej were
ence of a H (D,) molecule (3-H, complexes!’~**Weak found during isothermal anneals, at 100 °C, of the hydroge-
traces of the bands at about 817, 1838.5, and 2062.3*cm nated samples.
were also observed in hydrogenated samples. According to a Furthermore, it was found that the absorption spectra due
previous study? all these bands are related to LVM'’s of the to defects that are formed upon annealing differ significantly
H3 complex consisting of two hydrogen atoms on the samdor the H-soaked and as-grown samples. Figure 4 shows
trigonal axis, with one H atom at a bond-centered interstitiaff@gments of absorption spectra of the samples at different
site and another one at a nearby antibonding?it& stages of isochronal annealing. Consistent with the results of
We now turn to the results found in irradiated samples.
The dominant centers produced by irradiation were found to " ' '
; " L 1A S—A
be the same in both Si:O,H and the as-grown material: A s

N
namelyVO, G-O;, andV,. Figure 1 shows fragments of the 03ro 0\ A\ 1
\O

Wave number(cm-)

Ill. EXPERIMENTAL RESULTS

infrared-absorption spectra of the as-grown and hydroge-
nated samples after irradiation. The intensities of the bands )
at 885.3 and 2766.3 cm, which are known to originate 02 \O
from theVO™ andV, (Ref. 23 and 24 are practically the
same in both spectra. The integrated absorption intensity of a
band at 865.8 cm', which is related to the @0 01} \o
complex?® in the hydrogenated samples was found to be \
about 75% in the as-grown samples. Additionally, in the hy- \O
0.0

IA (cm-2)

drogenated irradiated samples, two close bands at 1987 and , . )
1990 cm %, due to kH,,>*?and weak traces of the bands at "o 100 200 300 400
943.5, 2126.4, and 2151.5 crhwere detected. A small in- Annealing temperature (°C)

crease in the intensities of the linestd} complex was also FIG. 2. Isochrona(30 min) annealing behavior in the integrated
observed. The band at 1075.1 thidue to the @H, com-  apsorption intensity of the 885.3-crh band due toA centers in
plex, was found to decrease in intensity by about 10—15 %electron-irradiated (1) as-grown and(2) hydrogenated Cz-Si
after the irradiation. samples.
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observed. The most intense among them were the lines at
943.5 and 891.5 cm' [Fig. 4b)]. In addition, a number of
lines in the wave-number range 1900-2250 énwere
found and those at 2126.4 and 2151.5 ¢nwere among the
strongest ones. This range is characteristic for Si-H stretch
modes:~3 No lines in this range were observed in the isoch-
ronally annealed as-grown samples.

We now consider the processes that occur in the hydro-
genated samples during irradiation and subsequent anneal-
ing. The high-temperature heat treatment of the silicon crys-
tals in the H ambient results in the incorporation of
hydrogen atoms into the lattice up to the solubility limit at
the treatment temperatut®.Following a quench to room
temperature, practically all the hydrogen introduced from the
gas phase in moderately doped Si is found to be in the mo-

FIG. 3. Changes in the integrated absorption intensities of bandiecular form®28H, (D,) molecules are quite mobile in Si at

at (1) 885.3,(2) 1075.1, and?3) 943.5 cm ! with isothermal an-

room temperature, and an activation energy for their migra-

nealing at 100 °C for ame-irradiated hydrogenated Cz-Si sample. tion was estimated and calculated to be 0.78 1&%3|n
The sample was kept at room temperature for one year before thez_S; crystals, oxygen atoms were found to be effective traps

isothermal annealing which produced the increase in intensity of thegr mobile hydrogen molecules. The binding energy between
943.5-cm ! band.

previous studieé®?’ the disappearance of th® centers in
as-grown samples was accompanied by the formation of ce
ters which give rise to a band at 895.3 th(V0,).%%?"In
contrast, in the annealed hydrogenated material the band ai
895.3 cm! was not detected. However, other lines were

o
(X

0.1

Absorption coefficient (cm-1)

Absorption coefficient (cm-1)
o o
5] =

0.0Q

o
N
T

850 875 900 925 950 975

850 875 900 925 950 975

885.3 TD3*(2p+)

§§?

Wave number (cm-1)

Wave number (cm-1)

the molecule and Owas estimated to be only 0.28 &¥In
the absence of other traps, there is a dynamical equilibrium
between both K and O;-H, species with the ratio

T’Hz]/[Oi—HZ] depending on the temperature and oxygen

content.

Recentab initio molecular-dynamics calculations have
shown that H molecules are broken up by reactions with
silicon vacancies and self-interstitidldeading to the forma-
tion of Si-H bonds. A similar process in which hydrogen
molecules react with RD’s having dangling bonds can also
be expected.

The hydrogenated CZ-Si used here contained about
10" cm 3 oxygen atoms=5x 10 cm 2 carbon atoms,
and about (3-4%10' cm 2 hydrogen molecules before
irradiation. The electron irradiation dose used should pro-
duce about X 10™ cm™? of separated Frenkel pair¥ (and
I ). Because of their high concentration, the interstitial oxy-
gen atoms are the most effective traps for mobile vacancies,
so practically the same amount ¥fO complexes was in-
duced by irradiation in H-soaked and as-grown samples. The
concentration of hydrogen molecules was comparable with
that of substitutional carbon atoms, sg Ean compete with
Cs in the capture of mobilés;. Indeed, the concentration of
C;-O; complexes in hydrogenated samples was about 25%
lower than in as-grown ones, showing that lessa@ms
were created in the Si:O,H samples. This is because
irradiation-induced interstitials can be trapped by a hydrogen
molecule giving the bands 1987 and 1990 ¢ni*2 Our
data are consistent with this assignment.

O;-H, complexes are not stable at temperatures exceeding
50°C in silicon, thus heating the Si:O,H crystals results in
the appearance of mobile,Hnolecules that can interact with
RD’s, forming other complexe¥. The particular interest of
the present work is the interaction of these mobile hydrogen
molecules with vacancy-oxygen centers. It appears that there

FIG. 4. Development of absorption spectra, measured at 10 KIS & correlation between the disappearance ofAteenters
for e-irradiated(a) as-grown andb) hydrogenated Cz-Si samples and the development of a complex which gives rise to an IR
with temperature, after 30-min isochronal anneals: 1, as-iradiated@Psorption band at 943.5 crh (see Fig. 3. Further, it was
2,100°C; 3, 200°C; 4, 300°C; 5, 400 °C; 6, 500 °C; 7, 600 °C. found that the lines at 2126.4 and 2151.5 Zrwere formed
The spectra are baseline corrected and arbitrarily positioned on tret the same time as the 943.5 cthband. Figure 5 shows
absorption axis for presentation.

the development of these three lines upon isochronal anneal-
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FIG. 5. Isochrona(30 min) annealing behavior in the integrated
absorption intensity of the bands @) 943.5,(2) 2126.4, and?3)

2151.5 cm?! with temperature for are-irradiated hydrogenated
Cz-Si sample.

ing. It seems likely that all these bands are related to the
same defect. The lines at 2126.4 and 2151.5 tare in the
wave-number range characteristic of Si-H stretch modes. Aﬁﬁ
a rule, significant isotopic shifts of the lines in this range
occur when hydrogen is substituted by deuterfariindeed,

in deuterated samples the lines at 1549.1 and 1567.4'cm
were observed. Together with a line at 943.2 émtheir
growth upon annealing is similar to the lines at 943.5,
2126.4, and 2151.5 cnt found in H-soaked samples. In the
samples co-doped with hydrogen and deuterium, additional IV. THEORETICAL CALCULATIONS

lines were observed at 1557.3 and 2140.6~ &nFigure 6

shows a fragment of the infrared-absorption spectra of a We carried out local-density-functional cluster calcula-
sample, which was co-doped with H and D and annealed fotions using theAb Initio Modeling Progran{AIMPRO),* to

105 h at 100 °C after electron irradiation. determine the structure and vibrational modesVeD-H,

It is likely that V-O-H, complexes formed by the interac- defects. Clusters containing 133 atoms, with the composition
tion of mobile H, molecules withA centers are the centers SizgHg O, were used. The oxygen atom was placed at the
responsible for the lines at 943.5, 2126.4, and 2151.5 'cm center of the cluster within the vacancy, bridging two Si
The positions and isotopic shifts of the bands in Si:O,H ancatoms. The two remaining silicon dangling bonds were al-
Si:0,D samples are consistent with those expected folowed to interact with the hydrogen atoms.

V-0O-H,, in which an oxygen atom and two hydrogen atoms The valence electronic wave functions were expanded in a
share a vacancy. For such a complex, the 943.5 'climée ~ set ofs andp Gaussian orbitals placed at the atomic nuclei
can be assigned to an oxygen Stretching LVM, and th@.nd at bond centers. The charge density was fitted to a sum

2126.4 and 2151.5 cnt lines to the vibration of two Si-H Of Gaussian functions placed at the same sites. Norm-
conserving pseudopotentials of Bachetetl 3* were used to

0.020 eliminate the core electrons. Full details of the method have
been described elsewhetePreviously the method has been
used to describe the structure and vibrational modes of

FIG. 7. Calculated ground-state structure for Yh®-H, center
silicon. Oxygen is over th€, axis, and the white atoms repre-
sent hydrogen.

units. These suggestions were then investigated bywtan
initio modeling scheme.

bonding sites, as in Nifi®” Both configurations have,,

§ oowsp 21264 21406 vacancy-oxygen defecfand oxygen dimers in silicot?.

= Two configurations of the/-O-H, defect were investi-

3 gated. In the first both hydrogen atoms were placed inside
§ 0010 the vacancy(see Fig. 7 and Table in a manner similar to

2 21515 VH,.* In the second configuration they lay outside, at anti-
'*;g;

8

8

<

0.005 symmetry. We found that the second configuration was
0.000 . s s TABLE I|. The ground-state structure of thé&O-H, center in
2120 2130 2140 2150 2160

silicon. All units are in A.

Wave number (cm-1)

) H-H Si-H Si-O Stt-Hsj Sip-Si
FIG. 6. Infrared-absorption spectrum, measured at 10 K, for a

Cz-Si sample which was co-doped with hydrogen and deuterium, 1.50 1.49 1.65 4.15 3.24
irradiated with fast electrons, and annealed at 100 °C for 105 h.
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TABLE II. Calculated LVM's for V-O-H, in silicon. All fre-  due to an overestimate in the separation of the H atoms. The
quencies and isotopic shiftsS) are in cm *. N.D. stands for not observed splitting is similar to the one found (22.5 <

detected. for the VH, center*
The calculated oxygen-related mode at 1076 &nis
Obs. IS Calc. IS Symm.  gpoyut 100 cmi® greater than the observed mode but both
21515 2176 A, are mugrll 1gigh(?:-r Fhan that' calculated for tAecenter at
2126.4 2173 B, 787 cm . This increase in frequency demonstrates that
V-160-H, 043.5 1076 B, the saturation of the Si reconstructed bond leads to stronger

Si-O-Si bonds and mirrors what is seen experimentally:
namely the neutrah center has a mode at 835 cfwhile
the O-related mode iWOH, lies at 943.5 cm?.

We also found two LVM’s around 770 cm. The lower
frequency one at 771 cnt is a symmetric Si-H bending
mode and the higher one at 774 this a Si-O-Si bending

N.D. 774 B,
N.D. 771 Ay

1567.4 584.1 1564 612 A
1549.1 577.3 1559 614 B,

V0D, 943.2 03 1076 0 B, mode. These modes have not been detected presumably be-
N.D. 765 9 By cause they possess small effective charges.
N.D. 698 73 A,
21406 109 2174 2 A V. DISCUSSION
1557.3  569.1 1562 611 A It is implied from our data and calculations that the lines
V-0-H-D  ~9435 ~0 1076 o A at 943.5, 2126.4, and 21515 ch are related to the
N.D. 774 0 A’ V-0-H, complex. Moreover, all three lines and their associ-
N.D. 706 65 A’ ated isotopic shifts are well reproduced by a structure with a
strong binding energy (2.4 eV) between theenter and a
2176 0 Ay hydrogen molecule. The earlier assignment of the line at
2173 0 B, 891 cm?! to V-O-H, (Ref. 15 is inconsistent with our
V-180-H, 1021 55 B, study and leaves unresolved the assignment of this center.
753 21 B, This line is, however, one of the most intense LVM bands
770 1 A found in proton-implanted Cz-3F, as well as in electron-

irradiated Si:O,H crystals, annealed at about 300 °C.

We found that the growth of the 891.5 cfhband occurs
1.25-eV higher in energy than the first where the hydrogemsimultaneously with the disappearance of ¥w®-H, com-
atoms lie inside the vacancy. plex but the band is unaffected by the substitution of hydro-

For the relaxed configuration, the Si-O bond lengths wergjen by deuterium, and could not be correlated with any other
1.65 A compared with 1.75 A in thé center’® Clearly, |ine. A tentative assignment for this band is tovaO,-H,
the saturation of the Si dangling bonds has increased thgomplex. This defect consists of two oxygen atoms sharing a
strength of the Si-O bonds. The calculations indicate that thgacancy with a hydrogen molecule, possibly at a nearest tet-
energy released when the hydrogen molecule interacts witfhhedral interstitial site. The Hnolecule would only slightly
the the A-center to formV-O-H2 is 2.4 eV. This Strongly perturb the vibrations of oxygen atoms |N02
supports the view thak centers are effective traps for mobile (895.3 cm'!) in the same way as Hin the Q-H,

H, molecules. center!”8 If this is the case, then LVM's close to

The local vibrational mode& VM's) for the defect along 3700 cni?! are to be expected, but were not observed due to
with their isotope shifts are given in Table. Il. The Ca'CU'atedtheir small effective Chargesl The Comp|exe5 would be
and observed frequencies and their isotopic shifts are in reagrmed from the capture of-O-H, complexes by interstitial
sonable agreement. The two highest frequencies, at 2176 aggtygen atoms. However, the high thermal stability of such a
2173 cm*, are the symmetric and antisymmetric Si-H defect has to be accounted for, and further studies are re-

stretching modes, respectively. The 1076- and 774%cfre-  quired to determine its structure and formation mechanism.
guencies are the antisymmetric stretching and bending

modes of the Si-O-Si unit, i.e., where the oxygen atoms vi-
brate in(110) and (110) symmetry planes perpendicular to
the C, axis. H, molecules, which are introduced into moderately
The calculated isotopic shiftéTable Il) shows that the doped silicon crystals by high-temperature indiffusion from a
oxygen and hydrogen-related LVM'’s are completely decouH, (D,) gas ambient, with subsuequent quenching to room
pled: in either case, oxygen or hydrogen isotopic substitutiotemperature, can interact strongly with defects produced by
does not affect the LVM’s. For example, the 1076-¢m irradiation with fast electrons. In Cz-Si crystals, the interac-
O-related mode is unaffected by deuteration in agreemeriton of mobile H, molecules withA centers leads to the
with observations. creation ofV-O-H, complexes. This complex gives rise to
The two highest H-related LVM's are also almost inde-infrared-absorption  lines at 943.5, 2126.4, and
pendent. The highest LVM is aA; mode and lies 3 cmt  2151.5 cm!. Ab initio calculations showed that the most
above the antisymmetriB,; mode. This is somewhat less stable configuration of/-O-H, consists of &C,, -symmetry
than the observed splitting of about 25 thmpresumably structure where an oxygen and two hydrogen atoms share a

VI. CONCLUSION
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