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Hydrogen-related complexes formed by electron-irradiation of hydrogenated silicon
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We studied point defects, vacancieg)( and self-interstitialgl), formed by room-temperature electron
irradiation of hydrogenated Si via the observation of the optical-absorption spectra due to complexes formed of
hydrogen and point defects. The formation of lHa metastable state of,th Si, was also studied. Specimens
weren-type, p-type, and high-purity Si crystals. They were doped with hydrog®nby annealing at 1300 °C
in H, gas followed by quenching. Then they were irradiated with 3 MV electrons at room temperature. We
measured their optical-absorption spectra by a Fourier-transform infrared spectrometer at about 7 K. Many
optical-absorption peaks were observed. Among them, 1987 and 199b meaks were weak in B-doped
specimens and the 2122 ¢hpeak was weak in P-doped specimens. These results support the hypothesis that
the 1987 and 1990 cht peaks and the 2122 crhpeak are due to complexes includingndV, respectively.

The H* concentration does not show good correlations with the concentratiovisaofi|. We hypothesize
that H* is formed from the interaction between an &hd a Frenkel pair.
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[. INTRODUCTION specimens to more quantitatively confirm the above identifi-
cation. In this context, further experimentation is needed to
Many studie$ have been performed on the optical- show the incorporation of in the 2122 cm* defect. AV is
absorption spectra due to hydrogéd)-point defect com-  known to form a pair with groupy donors such as P. Hence,
plexes in proton implanted 3iSi grown in H, gas®* and  the concentration of isolatel is expected to be low in
electrori or neutron irradiatetiSi grown in H, gas or hydro-  p-doped Si, probably resulting in a smaller concentration of
genated Sf.° V-H, in P-doped Si. The second purpose was to study the

_One of the issues concerning H-point defect complexes igjependence of the generation\ofH, on various specimens.
Si is the identification of point defects that are included i one issue concerning the interaction between point de-

complexes re_slponsible for opEifaI-absorption peaks at 198¢, s and H is the formation mechanism of K, a meta-
and 1990 cm, an_d 2122 cm (the wave numbers are stable state of 5} from H, in electron-irradiated Si. Optical-
rounded off at the ﬂ'r?g‘i'gc'ma' polnMany models have so absorption peaks due to,H were observed in proton
far been proposett:**®Among them, the model of Bech implanted Si crystai‘§ at about 817, 1838, and 2168 chn

Nielsenet al? seems most reliable since they perfornadd Sub " h K Iso found by N
initio calculation of vibrational frequencies of H in various > s7eguen y, Such peaks were aiso found by Tewman
et al.’ in electron-irradiated Si doped with,HThey pro-

states to explain their experimental results of optical- ’ ] ] ;
absorption spectra of proton implanted Si crystals. CombinP0Sed & formation mechanism of™Hfrom H, in which an
ing their experimental and calculational results, they protz is transformed into bt by capturing & and then an or
posed that the 2122 cm peak and the 2223 chl peak are  Vice versa. A subsequent study by Estreicaeal®® of the
due toV- H2 andV- H4 (V a Vacancy Comp|exeS, respec- model of Newmaret al. by ab initio calculation Supported
tively, and tentatively proposed that the 1987 and 1990cm the existence of this mechanism. It intuitively seems that the
peaks are due tb-H, (I: a self-interstitial. formation process of §f in proton implanted Si may be
The numbers of H atoms included in those complexeglifferent from that of electron-irradiation of hydrogenated Si
were almost conclusively determined from the splitting ofsince hydrogen atoms are in an atomic state in the former
those peaks due to coimplantation of H dddOn the other case and are in a molecular state in the latter case. In a
hand, species of point defects were identified only by theprevious papet? we experimentally studied the formation of
above calculation. SuezawWaought to experimentally deter- H,* due to electron-irradiation of hydrogenated Si and con-
mine them by experiment alone. He focused on the effects afluded that combinations of am,ldnd aV or of an H, and a
impurities on the concentration of intrinsic point defedts, Frenkel pair were the formation mechanism of Hrom the
andV, in electron-irradiated Si, and found that intensities ofinteraction between an Hand electron-irradiation induced
the 1987 and 1990 cnt peaks were much weaker rtype  point defects. This hypothesis is not consistent with that pro-
Si and C-doped Si than those of intrinsic Si, both of whichposed by Newmaret al. and Estreicheet al. According to
were irradiated with electrons at RT after hydrogenationtheir model, an isolate and an isolated equally partici-
This result strongly supports the hypothesis that the 1987 angate in the formation of k. According to our experimental
1990 cm! peaks are due tb H, since thel concentration is  results, however, the formation rates of*Hn B-doped and
known to be low inp-type Si and C-doped Si, which is C-doped Si crystals were similar to those in high-purity
consistent with the findings of Bech Nielsehal? The first  specimens. Thus, an isolatedeems to play a small role, if
purpose of the present study was to systematically investiany, since the intensity of the H, peak was found to be
gate the dependence of the generation dfl, on various very weak in B-doped and C-doped Si crystals as mentioned
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FIG. 1. The optical-absorption spectrum of electron-irradiated (a)
Si doped with H around 2000 cmh. The irradiation dose was 2
X 1018 cm™2. . 1
1990 1985
above. The third purpose of this study was to clarify the role Wave number (cm)
) . . . .
of V in the formation of B* in various specimens. FIG. 2. Optical-absorption spectra @) BH and(b) high-purity
specimens around 1990 ¢t The electron dose was 1.2

Il. EXPERIMENT x 10" cm™2.

bs"tei”l%'}i ""eff) hlgth-pugllty;-;?/[l)g;lﬁPPcon(;:eznt;::ltic())qsof positions of most absorption peaks agree well with those
a ou_3 cm =), n-type (L. and <. observed in proton implanted $As mentioned in Sec. |, we
P-cm abbrewatecg as PH and P%’ resp§3ct|vely, hfaremterherein mainly discuss peaks at 1838, 1987, and 1990, and
and p-type (1.5x 10°°B and 2.6<10"°B-cm *, abbreviated 5155 .11 The fine widths at half maximurtabbreviated as
as BH and BL, respectivelyfloating-zone grown Si crystals. FWHM, hereafter of the 1838, 1987, and 2122 Erjnpeaks
Specimens were cut from the above crystals with a diamond.. apout 1.40 0.63. and 0.27 ?:?nre;spectively AS 2 mea-
slicer. Aiter being cut, they were shaped with carborunduny, .o of defect density responsible for those peaks, we plot

and chemically etched with a mixed acid of HNEF ; : ; wo
; . the peak intensity rather than the areal intensity in the fol-
=3:1. The specimen size was abouk 6x11mn?. To Iowiﬁg. I nd I Wi

dope the specimens with H, they were sealed in quartz cap-
sules together with FHgas. They were heated at 1300 °C for

1 h followed by quenching in water. Most hydrogen atoms B. The 1987 and 1990 cm' peaks

are in a state of Hlin quenched specimens since hydrogen  Figure 2 shows the optical-absorption spectréapfa BH
atoms form pairs during quenching to reduce the solubilityspecimen and(b) a high-purity specimen after electron-
that depends on the specimen temperature. Specimens wefgadiation of 1.2< 10 cm 2. The spectra have been shifted
irradiated with 3 MV electrons at RT. During irradiation, the along the ordinate for the sake of simplicity. The intensities
specimens were pressed onto a sample holder that was$ the 1987 and 1990 cht peaks in the BH specimen were
cooled with running water and blown air. To ensure thatmuch weaker than those in the high-purity Specimen_ This
damage was nearly uniform throughout the 6-mm-thickresult is interpreted to be due to the lower concentratioh of
specimens in the case of electron irradiation, each sampl@ B-doped Si than that in high-purity Si because of the
was irradiated equally on both sides. The total dose indicateghange of substitutional B to interstitial B Ibyin the former

in Sec. lll was the sum of that irradiation. Optical-absorptioncrysta|_ Hence, this result C|ear|y shows that these two peaks
spectra of those specimens were measured with a Fouriegre due to ar- H, complex, not tov- H,. The most remark-
transform infrared(FTIR) spectrometer and a continuous aple point of this result is that we can detedty the fact that
flow-type liquid-helium cryostat. The resolution was 0.25it forms a complex with K This will be discussed in Sec.

cm ~. IV. Figure 3 shows the dependence of the 1987 timeak
intensity on the electron dose in various specimens. Gener-
ll. RESULTS ally, the peak intensity increases linearly at low doses and
then is saturated or decreases at high doses. Comparing the
A. General peak intensities of the BL specimens and those of the high-

Figure 1 shows a part of the optical-absorption spectrunpurity specimens, we can estimate the efficiency of capture
of electron-irradiated Si doped with,HObserved absorption of | by B as compared with that of +&s follows. The peak
peaks were as follows: 2145, 2122, 2072, 2062, 1990, 198Tntensity of the 1987 cm peak at a dose of about 0.2
1953, 1952, 1870, 1838, 1600, 817, and 719 tnPeak x10cm 2 is about 4<10 ?cm! and that of the BL
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FIG. 3. Thg depe_ndence of the 1987 chpeak intensity on the Wave number (cm-)
electron dose in various specimens.
FIG. 4. Optical-absorption spectra @ high-purity and(b) PH

specimen is about 210 2cm 1. Hence, the decrease of ipfgligne”fz around 2120 ch The electron dose was 1.2
cm “.

peak intensity due to B doping isx310 2cm L. Since the
H, concentration is estimated to be about X I0%cm 3
from the doping condition, the relative efficiency of the cap-which is proportional to multiplication of peak intensity and
ture of I is given as (3107 %/1x10 %)X (1.7x10'%2.6  the FWHM, and the conversion factor that is inversely pro-
X 1019~ 20. portional to the oscillator strength. If we assume that the
multiplications of the FWHM and the conversion factors for
the 1987 and 2122 cnt peaks are the same and that the
capture cross sections of,Hor | andV are the same in
_Figure 4 shows the optical-absorption spectra(@fa  high-purity Si, the generated concentration®/cind! due to

high-purity specimen 7an63)2 a PH specimen after electron g|ectron-irradiation are almost the same at low doses. This
irradiation of 1. 10'7cm 2. The intensities of the 2122 zgrees well with our intuition, but such results have never
and 2145 cm™ peaks in the PH specimen were much weakelyeen shown experimentally. Hence, our method to detect
than those in the high-purity specimen. These results are ing,4v/ via their complexes with blis expected to open up a

terpr_eted to be due to the 'OWef con_centranqlvoh the PH ay of investigating radiation damage in semiconductors as
specimen than that in the high-purity specimen because ell as in Si

the formation of av- P pair in the former specimen. Hence,
these results clearly show that the 2122 and 2145'qreaks
are due toV-H,, not tol-H,. According to Bech Nielsen
et al,? the 2122 and 2145 cnt peaks are due t¥- H, with
different modes. Figure 4 shows the dependence of the 2122
cm ! peak intensity on the electron dose in various speci-
mens. Generally, again, the peak intensity increases linearly
at low doses and then is saturated or decreases at high doses.
Comparing the peak intensities of the PH specimen and the
high-purity specimen at a dose of aboux 10'’cm 2, we
notice that the efficiency of the capture \éfby P is about 5
times higher than that of Hn high-purity specimens.
Combining the results shown in Figs. 2—5, we can experi-
mentally show that botW andl in electron-irradiated Si are
detected via their interaction with,HFigure 6 shows the
dependences of the peak intensities of the 1838, 1987, 2122, 0 1 2
and 2145 cm’® peaks at low doses. The peak intensities of
the latter three are proportional to the electron dose. Inciden-
tally, the concentration of defects responsible for an absorp- FIG. 5. The dependence of the 2122 ¢thpeak intensity on the
tion peak is given by multiplication of the areal intensity, electron dose in various specimens.

C. The 2122 cm'! peak

»

n

Peak intensity (10-2 cm-1)

Electron dose (1017 ¢m-2)
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specimens is not so strong as thosé dfl, andV-H,. This
1987 o1 means that only ahor only aV cannot form H* by inter-

A acting with H, in Si. Hence, in the sense that bdtandV are
necessary to form §1, the model of Newmaret al.” and
2122 Estreicher, Hastings, and Feddéris supported. The above
results, however, as already suggested in the previous
1838 papert* deny the possibility that isolated and| form H,*
by separately combining with +kince the formation rate of
1} H,* does not strongly depend on the specimens, and also
because the formation rate linearly depends on the electron

dose at low doses as shown in Fig.(Ehe intercept at dose

- 2145 0 in Fig. 6 corresponds to the quenched in intenSityThe
concentrations of isolatetl and V are proportional to the
electron dose and the formation rate of*Hshould be pro-
portional to the square of electron dose if*Hs formed by
an H, combining separately with an isolatedndV. Hence,

FIG. 6. The dependences of the 1838, 1987, 2122, and 214%€ hypothesize that the formation of,Hby electron irra-
cm ! peak intensity on the electron dose at low doses in high-puritydiation of a hydrogenated Si crystal is due to the interaction
specimens. between an KHand a Frenkel pair, which is a much more
restricted situation than that postulated by the model of New-
manet al. and Estreicher, Hastings, and Fedders. The trans-
formation process of kito H,* after the capture of a Frenkel
pair is probably the same as that proposed by Estreicher,
Hastings, and Fedders. According to Fig. 6, the formation
rate of H* is abouts those ofl - H, andV - H, under assump-
tions similar to those made in Sec. llI C. This may be inter-
preted to mean that the concentration of the Frenkel pair is
about3 those ofl andV. If this interpretation is correct, the

bove result is very interesting since we can estimate the
oncentration of the Frenkel pair. A Frenkel pair probably
dissociates intd/ and| or is annihilated by recombination
itself or with V and | if it is not captured by H These
S8robabi|ities are expected to strongly depend on the irradia-
tion temperature. Experiments using a low-temperature irra-
diation method should thus be conducted.

Peak intensity (10-2 cm-1)

\

0 1 )
0 5 10

Electron dose (1015 cm-2)

D. The 1838 cni! peak

Next we show the results forf4. In the previous papéf,
we proposed two possible mechanisms by whicjt Hs
formed from the interaction between,Hand electron-
irradiation-induced damages, namely, capture of @r a
Frenkel pair by an B These proposed mechanisms were
based on the dependence of*Hconcentration on the elec-
tron dose in high-purity, B-dopeBH) and C-doped speci-
mens. This time we irradiated various specimens. Figure
shows the results. The ordinate is the 1838 tpeak inten-
sity. Comparing Fig. 7 with Figs. 3 and 5, it can be noticed
that the dependences in Fig. 7 are much different from tho
of I -H, andV - H,: the dependence of the intensity of*Hon

PL
IV. DISCUSSION
high-purity First, we discuss the reactions of electron-irradiation-
6 —g_f_ induced defect$V, |, and Frenkel pajramong themselves as
- well as with impurities. The following reactions are possible:
BL
g V+1—Si, 1)
. BH
=~ PH
oy V+P—V.-P, (3)
[}
[=4
2 V+Hy—V-H,, (4)
%2
& I+1=15, )
| + B—Si+Bi (6)
0 1 I + HZHI . H2 (7)
1 2
Electron dose (1017 cm-2) Hy+F—Hy*, (8)

FIG. 7. The dependence of the 1838 thpeak intensity on the

electron dose in various specimens.
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where Si, Bi, and F mean a Si atom at a normal lattice site, B
at an interstitial site, and a Frenkel pair, respectively. During
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electron-irradiation at RTY, I, and F can move very fast in
the specimen. Here, we neglect other possible reactions such 6 I .-o— 1838
asl+F, V+F, and so on. Moreover, we do not take into
consideration higher-order reactions, for example,H,
+V—V,-H,, which probably become dominant at high
doses and lead to the saturation or decrease of peak intensi-
ties shown in Figs. 3 and 5. We first assume that the concen-
trations ofl, V, and F do not depend on the specimens just
after irradiation. In other words, the primary knockon events
do not depend on the specimens. Reactidns(2), (4), (5),
(7), and (8) commonly occur in high-purity, B-doped and
P-doped specimens. Even for the same reaction, for example,
reaction(1), there may be a difference of reaction efficiency
depending on the specimens, since some defects may have
appropriate charge states depending on the dopant concentra- , .
tion. Reactiong(3) and (6) occur in P-doped and B-doped 0 1 2
specimens, respectively. In the following, we will not discuss
reactiong2) and(5) since we detected optical absorption due
to V, only in ann-type specimen becauseVg is optically FIG. 8. The dependence of the 1838, 1987, and 2122 qaak
active only in a neutral charge state and we did not detect aintensity on the electron dose in high-purity specimens.
optical-absorption peak due 1g. Incidentally, comparing
Figs. 3 and 5, it can be noticed that theH, intensities at V by H, is probably smaller than that of by P, but the
high doses are roughly 1.5 times larger than those obinding energy ofV-H, is larger than that of & P pair
V-H,. This may be interpreted as being due to the greatesince the former is thermally more stable than the Idfter.
ease ofV, formation as compared with, formation. The origin of the difference of reaction efficiency betwden

As already estimated, the efficiency of reactid@sand and B and that o¥/ and P is not clear, but it is probably due
(6) are about 5 and 20 times larger than those of reactih)ns to the difference of the stability of Bi and thé- P pair that
and(7), respectively. The efficiency is determined by captureare the products of reactior{8) and (6), respectively. The
cross sections of B, P, and,Hor moving| andV. To de- former forms a pair with B at a substitutional site that is
termine the magnitude of a capture cross section, we need tauch more stable than the P pairl’ We suppose that some
know the nature of the interaction between defects and imef the V- P pairs formed during electron-irradiation dissoci-
purities, namely, if it is long range or short range. The Cou-ate because of low thermal stability, resulting in a lower
lombic interaction and the interaction via the strain field areefficiency of reaction(3). To confirm this hypothesis, we
representative of long-range interactions, the former being ofieed to perform low-temperature irradiation wheré&/ &P
longer range. Without electron irradiation, B and P are negapair is not dissociated.
tively (B™) and positively (P) charged, respectively, at RT. Shi etal® observed 1987 and 1990 cth peaks in
Intuitively, the charge states of B and P are greatly distrib-electron-irradiated Si grown in Hgas. They proposed that
uted during electron irradiation. The above results, howeverthey were due td/-H, or V,- H,. Although their identifica-
suggest that B and P are ionized to Band P during tions are incorrect as shown above, they succeeded in detect-
electron-irradiation and strongly interact withand V, re-  ing anl in electron-irradiated Si. According to Fig. 5, the
spectively. Anl and aV probably act as a donor and an formation rates of - H, andV-H, are similar at low doses.
acceptor resulting in* and V~, respectively. Hence, the Their formation rates are proportional to the concentrations
interactions betweehand B and also betweevt and P are  of constituent defectd,andV, and also to the diffusion rates
long-range Coulomb interactions resulting in a large captur@f | andV, respectively. The above results suggest that the
radius. On the other hand,tik probably in a neutral charge diffusion rates of andV are similar at RT since the concen-
state. Hence, the interactions betwdenr V and H, are trations ofl andV generated by electron irradiation are simi-
probably not Coulombic. BothandV form complexes with lar. In this context, it should be remembered that the diffu-
H,, i.e.,l-H, andV-H,, respectively, with similar formation sion rate ofV during electron irradiation seems much lower
rates in high-purity specimens as shown in Fig. 6. Thisthan that ofl at low temperature, say 20 K, since only
means that the interactions betwelenr V and H, are not  exists after electron irradiation at such a low temperature.
long-range, strain-field-type interactions, but rather short-The reason for the fast movement lofluring irradiation at
range ones that act only within a limited atomic distancelow temperature is explained by the Bourgoin-Corbett
This hypothesis is based on the opposite strain field arbundmechanisnt® which may not work during irradiation at RT.
and V, namely, dilatational and compressive, respectivelylt would be of interest to perform experiments of electron
Hence, the capture radius around isl small. irradiation of hydrogenated Si at low temperature.

Here, it should be remembered that the magnitude of the For the sake of easy comparison, we plot dependences of
capture cross section does not correspond to the magnitugeak intensities of the 1838 ¢H), 1987 ( -H,), and 2122
of binding energy. For example, the capture cross section qiV-H,)cm ! peaks on the electron dose in high-purity speci-

1987 cm-1

2122

Peak intensity (102 cm-1)

Electron dose (1017 cm-2)
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mens in Fig. 8. For the sake of simplicity, we have not plot-Moreover, extension of our method of optical-absorption
ted the data points of the 1987 and 2122 ¢rpeaks. The measurement after electron irradiation of hydrogenated Si to
1838 cm! peak intensity shows a much different depen-methods of evaluation employing various techniques of high-
dence on electron dose than those of the 1987 and 212hergy particle irradiated semiconductors doped with hydro-
cm ! peaks at high doses. This suggests that ah ks  gen should yield fruitful information about irradiation in-
much smaller capture cross sectionslfov, and the Frenkel duced defects not yet clearly detected.

pair. This is probably due to the geometrical configuration of

H,*. As already mentioned, the decreases of peak intensities

of the 1987 and 2122 cnt peaks are probably due to cap- ACKNOWLEDGMENTS
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