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Migration energies of point defects during electron irradiation of hydrogenated Si crystals
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To study both generation rates and mobilities of point defects due to electron irradiation, we measured and
analyzed optical-absorption spectra of complexes of hydrogen and point defects generated by low-temperature
electron irradiation of hydrogenated Si crystals. Specimens were doped with H by heatingas kit 1300 °C
followed by quenching. They were then irradiated with 6-MeV electrons at 270, 200, 130, and 77 K. We
measured their optical-absorption spectr& & with an Fourier transform infrared spectrometer. We observed
many optical absorption peaks which are due to localized vibrational modes of H bound to various point
defects. The irradiation temperature dependence of concentrations of some H-point defect complexes was not
monotonic contrary to the prediction of metastable Frenkel pair models. Relative intensities of those peaks
depended on the irradiation temperature and were interpreted to be due to the relative mobilities of various
point defects. The migration energies of a self-interstitial and a Frenkel pair relative to that of a vacancy were

determined.
DOI: 10.1103/PhysRevB.66.155201 PACS nuntger61.72.Ji, 61.80.Fe, 61.72.Cc
[. INTRODUCTION on the irradiation temperature has been studied under another

simplified assumption: The concentrations of complexes

One of the most important characteristic quantities ofwhich include point defects, for example vacancy-oxygen
point defects is their migration energy. Migration energies of VO) pairs, depended only on the generation rate of point
electron-irradiation-induced vacanciggbbreviated as v defects and not on the mobilities of point defects, since the
hereafter at various charge states have been deternfinedQPtical-absorption intensity of VO pairs did not change due
Those of Frenkel pairgFP’'s) and self-interstitials(l) in tgmggrna?ﬁlrg] Toaéx;gi?lp&rg;zrzzpehrll?jre]i::e;h?vl?/o 'r:lrggé?gon
electron-irradiated Si, however, have not been clarified sinc% : . ! '
they are very difficult to detect. Instead of direct detection ermed metastable V-1 paiwe term them Frenkel pairs

. .. . . 'models have been proposed. Both models assume the exis-
;elf—lntgrstltla[g have been detecteqormypg Si by the detec- tence of metastable V-I pairs: The generation rates of point
tion of interstitial group-Ill acceptors which are formed by

X 3 o X _defects depend on the rates of recombination and dissocia-
the change of occupation site from substitutional to interstiyjion of \v-| pairs. The difference of the models depends on

tial resulting from replacement of these acceptors BWat-  \yhether the charge states influehdbe recombination or
kins' replacement mechanimSelf-interstitials are believed not® Experimentally, the resultant defect concentration was
to diffuse in an athermal manner during electron irradiationfirst studied based on the measurement of electrical
since acceptors at interstitial sites have been detected aﬂﬁésistivity? and then by optical-absorption measurenielnt.
irradiation even at 4.2 K. This athermal motion is explainedthe former measurement, defect species, i.e., V, |, and FP’s,
by the Bourgoin-Corbett mechanisi. were not discriminated. In the latter, only a vacancy-oxygen
As shown in previous papefs,we succeeded in detecting (VO) pair and some other unknown complexes were de-
self-interstitials and Frenkel pairs as well as vacancies, frontected. Within the limits of experimental techniques, these
the measurements of optical absorption of hydrogenated silimeasurements clearly clarified the defect generation process.
con crystals after electron-irradiation at room temperaturéubsequently, researchers have studied properties of the
(RT). Optical-absorption peaks due to localized vibration ofirradiation-induced defects themselves, such as vacancies
H included in complexes of H and point defects enabled theifnd complexes of vacancies and impurities. .
detection. Those complexes were formed due to the diffusion AS mentioned, we can detect V, I, and FP’s using
of those point defects to Hat RT. Consequently, determina- Nydrogen-doped specimens. Contrary to the previous studies
tion of the relative mobilities of those point defects from the@"d t0 the intuitive expectation mentioned in the second
measurement of relative optical-absorption intensities Oparagraph of this section, the optical-absorption intensities

those complexes is intuitively expected. It is important foappear to be determined by both the mobility and generation

know the migration energies of point defects, even their orfate of each point defect. Therefore interpretation of experi-

der of magnitude, since they are still controverSiab de- mental resul_ts seems to be d'mCUIti Even so, low-
termine the mobilities of V. I. and FP’s, we studied Optical_temperature irradiation of H-doped specimens are of value

absorption spectra of hydrogenated Si after electro inFe, as mentioned, genergtion rates and mobilities of I and
irradiation at low temperatures. P’s have never been studied.

The above explanation of the generation of H-point defect
complexes, i.e., that they are determined by the mobilities of
those point defects, is an oversimplification. The dependence Specimens were prepared from floating-z¢Rg) grown
of the generation rate of point defects, mainly of vacanciesSi crystals of n-type (phosphorus concentration: 1.0

II. EXPERIMENT
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% 10*® em~3), high-purity (p-type: carrier concentration at FP’s from the measurement of the concentrations of relevant
RT was 4.5 10 cm %), and p-type (boron concentration: complexes. The formation processes of all complexes must
1.5x10% cm™3). After etching to the size of %6  be fully analyzed to determine the mobilities of the above
x 11 mn?, they were doped with hydrogen by being sealedpoint defects. In the following, however, we simply assume
in quartz capsules together with,Hjas and heated at that they mainly form complexes of b VH,, and H and
1300 °C for 50 min followed by quenching in water. Hydro- neglect the formation of larger complexes. Hence the accu-
gen doped with the above method in Siis in a state pH  racy of the deduced results may be insufficient. Numerical

RT.'% The H, concentration was the same for all specimensanalyses of the defect formation process and defect migration
since the doping condition of H was the same. The speciprocess should be conducted in the future.

mens were then irradiated at 270, 200, 130, and 77 K with - contrary to the metastable Frenkel pair model where dif-

6-MeV electrorz_)s using a6Iinear accelgzratorz with irradiationfysion rates of point defects were neglected, we propose that
doses of 810%, 1.5<10"%, and 5<10'° cm™2. Specimens  he observed intensitie®As) of the above complexes be
were placed in a cooled nitrogen-gas flow during irradiation.gnsidered as the multiplication of two factors, iy, and
at the thre_e al_)ove_-m_entioned temperature_s and in liquid nipz, whereP; andP, are the generation rate and the mobil-
trogen during irradiation at 77 K. The specimen temperaturgy, of relevant point defects, respectively. Namely, OA equals
was mqnltored with a thermocquple. We measurgd optlcalpl,Pz_ In the following, we first show the irradiation-
absorption spectra of the specimens at aboW with an emperature dependence of OA and then the results of mo-
Fourier transform infrared FTIR) spectrometer equipped bility.
with a continuous-flow-type liquid-He cryostat. The resolu-
tion was 0.25 cm?.

Specimens experienced RT for about 3 min while they B. Irradiation temperature-dependent intensity
were being set into the cryostat. Annealing during specimen , , ,
setting, however, seemed to be absent since the optical- Fig9ures 1a—(c) show optical-absorption spectra of Si
absorption spectrum strongly depended on the irradiatiofg"YSta!s of high purityn type andp type, respectively, irra-
temperature as shown later. Hence the reaction betwgen I-‘i“ate‘g at%?O and 130 K with an irradiation dose of 5
and point defects seemed to have finished during irradiationr 10°° €M 2. As can be seen, the absorption due tq i
This is in accordance with Whan and Vook's restisat 1987 and 1990 cmt in Fig. 1(a) was the strongest of the
concentrations of VO pairs and of some unidentified com-Yarious peaks after the irradiation at 270 K. On the other

plexes did not change due to annealing at temperaturé%a”dv after irradiation at 130 K, it was much weaker than that
higher than irradiation temperature. with irradiation at 270 K; those of Viland H; were similar

to those with irradiation at 270 K. Figuréld shows spectra

of n-type specimens. After RT irradiation, the absorption due
Ill. RESULTS to IH, is the strongest. The intensity due to Yk$ much
weaker than those in Figs(a and(c). This is due to the
preferential formation of V-P pairs as shown in the previous

Prior to presenting the experimental results, we shouldstudy®® Vacancies preferentially form pairs witR and

consider the formation process of various complexes of pointience the concentration of \(Hin n-type specimens is
defects and kI, which was briefly described in Sec. I. Due to smaller than that in high-purity angtitype specimens. After
irradiation of specimens with electrons of moderate energyirradiation at 130 K, the intensity due tg;Hs the strongest.
probably between 1 and 10 MeV, FP’s are first formed. TheFigure 1c) shows spectra gi-type specimens. The intensity
generation of a FP itself probably does not depend on thelue to VH, is strong after RT irradiation. The intensity of
irradiation temperature since it occurs due to energy transfeH, is much weaker than those in Figgalland(b), which is
from high-energy electrons to Si atoms; the relevant energgdue to the action of Watkins' replacement mecharfism.
is much higher than the thermal energy. Some FP's disappe&ifamely, the preferential replacement of occupation sites oc-
due to the recombination of V and |, some diffuse tpahd  curs between an | and a substitutioradl+B(s)—B(i)
some dissociate into V and I. These processes strongly der Si(s), where(i) and (s) denote the interstitial and substi-
pend on the irradiation temperature since diffusion and distutional sites, respectively. As shown above, optical-
sociation of FP’s are thermally activated processes. Thabsorption spectra strongly depended on the irradiation tem-
former results in the formation of complexe$ tdnd hence perature. Moreover, the spectra after low-temperature
we can determine the concentration of surviving., neither irradiation did not change due to annealing up to 50 °C.
recombined nor dissociated=P’s from optical absorption Hence, as mentioned, we concluded that the formation of
due to H . V and | also diffuse to various sinks and traps complexes was completed during electron irradiation at low
during irradiation. Their diffusion processes also depend oriemperatures.
the irradiation temperature. There are many kinds of com- Figures 2a)—(c) show a summary of the dependence of
plexes for each point defect. Some form complexes with H peak intensities of ¥ (1838-cm* peak, IH, (1987-cm*
such as VH, V,H,, IH,, and bH,, where an IH, for peak, and VH, (2122-cm! peak on the irradiation tem-
example, is a complex of one self-interstitial and two H at-perature in high-purityp-type, andp-type specimens, respec-
oms. Some form complexes by themselves, for example, V tively, after an irradiation dose of 610" cm 2. Solid,
Hence it is difficult to obtain accurate mobilities of V, I, and dashed, and chained lines were drawn to guide the eye. In

A. Defect generation
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FIG. 1. Optical-absorption spectra of specimensgapthigh pu-
rity, (b) n type, and(c) p type, irradiated at 270 and 130 K. Electron
dose was %10 cm 2. Complexes responsible for peaks were  FIG. 2. Irradiation-temperature-dependence of peak intensities
determined in previous studid4.BH denotes a boron-hydrogen of high-purity (a), n-type (b), and p-type (c) specimens. Electron
pair. dose was % 10 cm™2.
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case ofn-type specimens, the intensity of YHvas weak 1
after 270-K irradiation. This is explained above.

In case ofp-type Si specimens, the intensity of Jhivas
weak after 270-K irradiation. As explained above, this is due
to Watkins’ replacement effect. According to FigicR the
probability of the replacement of occupation sites seems to
decrease due to irradiation at 130 K. No 1987- and
1990-cm ! peaks, however, were observed after irradiation
at 77 K. This is probably due to the lower concentration of |
after irradiation at 77 K, as well as to the fact that Watkins’
replacement mechanism works well at 77 K.

Intensities of some complexes in Fig$a2-(c) show non-
monotonic dependence on the irradiation temperature. This
seems to support the proposal in Sec. Il A that processes of
more than one kind are involved in the formation of com-
plexes.

As previously mentioned, complexes of H-point defects
were formed due to the migration of point defects, i.e., V, |,
and FP, to H. As shown in Figs. @)—(c), the magnitudes of
peak intensities due to Wl VH,, and H (formed by a
reaction between antand a FP are different but more or
less similar. Hence, qualitatively, these results show that the FIG. 3. Dose dependence of peak intensities of high-purity
migration energies of V, I, and FP’s are similar during elec-specimens irradiated at 130 and 270 K. Circles, triangles, and rect-
tron irradiation. To our knowledge, no one has shown theangles denote the intensities of YHIH,, and H , respectively.
diffusion of FP’s. The migration of FP’s suggests that it has a
long lifetime, i.e., the annihilation of some FP’s is difficult obtained energies of 6.5 and 37.4 meV fo}/MH, and
and there is probably an energy barrier for pair annihilationH,/VH,, respectively. These energies are thought to be the
of V and I. This will be discussed in Sec. IV. differences of migration energies of FP’s and V and of | and
V. They are much smaller than the migration energy 8f V
which is about 0.45 eV as shown above. Hence these results
show that the migration energies of V, I, and FP’s are similar

Migration energies of vacancies at various charge states iguring electron irradiation. This seems to be a rather unex-
Si have been determined, i.e., 0:33).45/% and 0.18(Ref.  pected result. One supporting evidence for our result is that
13) eV for V™~ (double-negatively charged)VW° (neutral  the activation energies of self-diffusion via vacancy and self-
V), and V" (double-positively charged )V respectively. interstitial have been reported to be rather sinfifdr Such
There has been no report of electron irradiation enhancemesinall difference is expected to occur due to the difference of
of vacancy diffusion. We adopted the above values as baseformation energies of those point defects. Table | shows a
Namely, we determined the migration energies of | and FP’Summary of the migration-energy difference in various crys-
relative to the above values. We estimated the dependencesls. The magnitude of migration energy of each point defect
of relative quantitieginitial slopes of intensities as explained is the sum of the values in Table | and the migration energy
below) of IH, and VH,, and of H and VH,, on tempera- of the vacancy in an appropriate charge state.
ture to determine the relative migration energies of | and
FP’s to that of V. Such a procedure is necessary to cancel the
possible change of irradiation condition depending on the
irradiation temperature and to cancel the irradiation tempera-
ture dependence of production of elementary point defects,
i.e., V, I, and FP’s, which is not fully understood as shown in
Sec. IlIB. We studied the irradiation dose dependence of
peak intensity at and above 130-K irradiation in detail. Fig-
ure 3 shows the dependence of peak intensities of, VH
(circles, IH, (triangles, and H (squareson the irradiation
dose in high-purity specimens. With irradiation at 270 K,
peak intensities were easily saturated. At 130 K on the other
hand, they increased much more slowly with the electron 10! ; : : :
dose than those at 270 K. From Fig. 3, we determined the 103/ T ((qu) 8
initial slope of intensity of each complex, which is propor-
tional to the initial formation rate. Figure 4 shows the depen- FIG. 4. Dependence of relative intensities on the irradiation
dence of the ratio of the initial slope on the irradiation tem-temperature. Triangles and circles denofW¥H, and IH,/VH,,
perature in high-purity specimens. From the dependence, wespectively.

Peak intensity (102 cm-1)

Electron dose (1016 cm-2)

C. Migration energy of point defects

100

Ratio of initial formation rate
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TABLE I. Migration energies of | and FP’s relative to that of V B ® ®)
during electron irradiation. 2 \
g EL‘\ /N EL E
E [ m
I, meV FP, meV g e \‘\ oy ER l 1
S ] \
High purity -37 -6 3 LA i
n type —50 —24
| i S | - " 1
p type +15 +21 1st 2nd 3rd tst 2nd 3rd
Pair distance
IV. DISCUSSION FIG. 5. Schematic of the metastable Frenkel pair mo¢®l.
o ) Slight modification of Fig. 3 of a paper by Vook and Stein dbyd
A. Lifetime of Frenkel pair proposed picture. Iitb), the migration energy of the relevant point
As shown in Sec. lll, some FP’s diffuse to,Hiuring defect is smaller than the energy of recombination and liberation.

electron irradiation and formH. This means that some FP’s
exist as pairs of V and | until arriving atHafter generation —defects. As previously mentioned, this is because the optical-
due to electron irradiation. Here, we roughly estimate theabsorption spectrum did not depend on the annealing at tem-
lifetime of FP’s. The average separation of I4 about 46 peratures higher than the irradiation temperature. For ex-
nm (the H, concentration is around X106 Cm_3) and ample, Whan and Vodkstudied the formation of VO pairs in
some FP’s should survive longer than about 0.19 s as estglectron-irradiated Czochralski-grown Si crystals from the
mated from the diffusion time[Dt]¥?=46 nm, whereD measurement of optical absorption due to VO pairs. They
andt are the diffusion constant and diffusion time, respec-found “the formation energy” of VO pairs to be about 50
tively) of FP's to form H at RT. Here, the diffusion constant MeV, assuming the barrier-limited model. This energy is an
of FP’s is assumed to be the same as that ®fabout 4 ~ apparent one, namely, the difference betwBgrand Ex in
X 10~3 exp(—0.45 eV/KT)] 2 Recently, Tanget alX® studied ~ Fi9- 5(@)," as interpreted by Vook and SteifTo form a V-0
the lifetime of Frenkel pairs by molecular-dynamic calcula-Pair, @ V should diffuse to an O atom. The above value,
tion. Their results do not agree with our results. According tolOWever, is much smaller than the vacancy migration energy.
them, the lifetime of an ordinary Frenkel pair is around 1 psThis means that bot&, andEg should be much larger than
at RT. This lifetime is negligibly small compared with the the migration energy of a point defect, V or |, because one
above value. They also found a greatly stabilized configurasuccessful jump is sufficient to liberate or recombine the
tion of a FP. The energy barrier for the recombination of that~rénkel pair but long-distance migration is necessary for for-
FP is estimated to be about 1.1 eV, which is too large tgnation of a VO pair. Therefore, if the difference betwégn
explain the above value. and the migration energy of V or | is small, the activation

FP's cannot diffuse if it keeps the same neighbor pair, forenergy obtained should have been the same as the migration
example, the first neighbor pair. It should change the kind ofnergy of V or I. Hence we propose an energy diagram as
neighbor, for example, the first neighbor to the second neighschematically shown in Fig.(B). In this model.E, andEr
bor and vice versa during diffusion. We have no idea, how-2re larger than the migration energy of the relevant point
ever, about the detailed diffusion mechanism of FP’s. (éefeCtS- We could not determine the magnitude&ofand

R .

According to Figs. ta) and(b), we can explain the result
of Ehrhart and Zillingert®> From the measurement of the
x-ray diffraction of Si crystals electron irradiated at 4.2 K,

As shown in Figs. @)—(c), the intensities of optical ab- they observed that a high concentration of defects can be
sorptions due to complexes show different dependences dozen in a@ 4 K and that a large fraction of defects is stabi-
the irradiation temperature. As already mentioned, two modtized in the form of close FP’s. This result clearly shows that
els have been proposéd,both of which assume a meta- a FP is stable at 4.2 K, suggesting the existence of the re-
stable configuration of FP’s. The issue of those models igombination barrieEr. The models in Fig. 5, however, can-
whether the charge state of FP’s affects the annihilation rataot be said to be superior based on experiments performed at
(a charge-state-limited mod&lor not (a barrier-limited  such a low temperature.
mode).® In any case, the defect production rate depends on
the irradiation temperature 44+ g expE/kT)} 1, whereg,
E, T, andk are a geometrical factor, an energy, the irradiation
temperature and Boltzmann’s constant. EneEgyaries with It is well known that an | inp-type Si crystals diffuses in
the models. In case of the charge-state-limited model, it isn athermal manner even at 4.2' Khis athermal motion is
the difference between the Fermi level and the energy levedxplained as being due to the Bourgoin-Corbett mechahism.
of the metastable pair. In the case of the barrier-limitedAccording to this, the position where an | in one charge state
model, it is the difference between the liberation barrlgr)(  is at a potential minimum which corresponds to a potential
and the recombination barrieEg) of the metastable pair.  maximum for an | in another charge state. Thus an | will

When applying the above models to the experimental remove toward its new minimum-potential position each time
sults, there has been no discussion on the mobility of poinits charge state changes. How is this | generated? According

B. Irradiation temperature dependence of optical-absorption
intensities

C. Mobility of self-interstitials
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to Fig. 5b), there is a barrier against liberation of FP’s. and the diffusion of point defects toliwere involved in the
Hence this liberation barrier itself should be almost O infgrmation of complexes. We proposed a modified metastable
p-type Si during electron irradiation. This means that there isrenkel pair model in which the migration energy of the
excitation-induced liberation of FP’s inm@type Si crystal at  relevant point defect is smaller than the energies of recom-
4.2 K. bination and liberation of the Frenkel pair. Relative initial
According to our experiment, however, an | has migrationsjopes of intensities of optical-absorption peaks due to com-
energy even irp-type Si crystals at above 77 K. There are plexes of point defects and,hvere found to strongly depend
two possible reasons. The first is that the lifetime of theon the irradiation temperature. We interpreted those results
charge state at the maximum potential of I is shorter than th@nder a simplified assumption that the relative initial slopes
time for one atomic “movement{not “jump” according to  of intensities correspond to the relative mobilities of relevant
the Bourgoin-Corbett mechamigrfor diffusion motion be-  point defects and determined the migration energies of self-

cause of the thermal escape of the trapped charge at highterstitials and Frenkel pairs relative to that of vacancies.
temperatures. The other reason is that nonradiative recombi-

nation becomes dominant at high temperatures, making it
difficult for the charge state of | to change. We have no idea ACKNOWLEDGMENTS

now to determine which is the case. )
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