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Clustering process of interstitial atoms in gallium phosphide
studied by transmission electron microscopy
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Growth of Frank-type dislocation loops of interstitial type in GaP crystal has been systematically examined
by in situ transmission electron microscopy to understand the migration of point defects in the crystal. The
loops were formed by annealing following 200-keV electron irradiation. Most of the loops were nucleated in
the early stage of annealing and the number density of loops remained constant after nucleation. The radius of
each loop increased with annealing time and then reached a certain final value. The number density of
interstitials aggregated in loops therefore reached a maximum value when the growth of all loops stopped. The
maximum density did not depend on annealing temperature but on irradiation condéiecson dose and
irradiation temperatujeand it increased quadratically with electron dose. These results were well explained by
a proposed model that the loops were formed through the thermal migration;-& @airs that were intro-
duced during electron irradiation. From the analysis, the migration energy for the interstitial pairs was esti-
mated as 0.20.03 eV.[S0163-182606)02031-7

[. INTRODUCTION dislocation loops of interstitial type by annealing following
200-keV electron irradiation. We examined the growth of
Point defects in 1lI-V compound semiconductors havethese interstitial clusters bin situ transmission electron mi-
been extensively investigated since they vary the optical an@roscopy(TEM) under several annealing and irradiation con-
electronic properties of final products even when their conditions and we concluded that the clusters are formed by
centration is small. For studying the defects, electron irradiathermal migration of interstitial-related complexes that are
tion is commonly used since pairs of isolated interstitials andntroduced during electron irradiation.
vacancies can be introduced intentionally in a crystal. The
structural and dynamical properties of the primary defects Il. EXPERIMENTS

have been well described. It is well known that various kinds Speci dooed GaP sindl tal b
of defect complexes, such as interstitial clusters, are intro; pecimens wWere undoped >ar single crystals grown by

duced by annealing after irradiation. Nevertheless, the clust—he Czochralski method. Even though the specimens were

X . nominally undoped, weak photoluminescence emission due
tering processes of the point defects have not yet been fully0 sulfur and oxygen atoms was observed. These impurities
examined. .

. . were introduced during crystal growth and the concentrations
In GaP, the atomic and electronic structures of a Ga v gcry N

" ) _ af them may be less than ¥0cm 3. Specimens for TEM
cancy have been clarified using electron spin resonaiué  ,nseryation were prepared as follows. Disks WithO} sur-

deep-level transient spectroscofLTS).”? The vacancy is  faces, 3 mm in diameter and 0.4 mm in thickness, were cut
known to be mobile thermally at the temperatures above 70@om the crystal using an ultrasonic cutter. The central part of
K.*® The P vacancy has also been studied by positron ann syrface on each disk was dug about 0.32 mm deep and 1
hilation spectroscoy’ and theoretic8lapproaches and it is mm in diameter by an ultrasonic drill. Finally, each disk was
known to migrate thermally above 1100 K. The result of polished chemically in a mixture of HNQand HCI until a
infrared(IR) absorption spectroscopy indicates that the onsesmall opening was formed. The crystal around the opening
temperatures for migration of isolated Ga and P interstitialsvas wedge shaped and suitable for TEM observation.
are 100 K(Ref. 7) and 300 K& respectively. For introducing Frenkel-type defects intentionally, speci-
Above the onset temperature for interstitial migration, twvomens were irradiated with 200-keV electrons with the elec-
annealing stages of electrical conductivity have been obtron beam exactly parallel to thg10 direction in a trans-
served in electron-irradiated GaP. The annealing temperanission electron microscopelEOL JEM 2000 EX The
tures of the stages are 430 and 530-570 K and they aieradiation temperatur@&;, was kept at 300 K; otherwise it is
characterized by two first-order processes with activation ennoted in the text. The irradiation area on a specimen surface
ergies of 1.5 and 2.0 e¥:° The same annealing stages havewas about 2um in diameter. After irradiation, the specimens
been observed by DLT®Refs. 11 and 1Pand thermally were annealed at a temperatdrg, (700—1000 K for a pe-
stimulated conductivity® Another annealing stage has beenriod 7., (0-25 200 & Due to the thermal drift of a TEM
observed by IR spectroscoggbout 530 K.!* These results specimen at an elevated temperature, we started to take TEM
indicate the existence of several kinds of complexes. Howphotographs about 2400 s after the annealing commenced.
ever, the structure and annealing of the complexes are still Dislocation loops of interstitial type, created by annealing
debatablé?~1 following irradiation, were observed by the weak-beam TEM
In the present study, we found the formation of smalltechnique using a 220- or 113-type diffraction spot. The
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nucleation of the dislocation loops strongly depended on the
irradiation direction of an electron beam with regard to the
crystal axis. No loops were formed when the electron beam
was inclined by 5° from th€110 direction, since the intro-
duction of point defects was much suppressed by the
electron-diffraction-channeling effett. Weak-beam TEM
images were taken with the beam of off-axial incident direc-
tion. The total electron dose during observation was less than
10*t ecm 2 and it is smaller than that of irradiatioiabout
10%2 e cm™?). Therefore, we could safely neglect the intro-
duction of point defects during TEM observation. We also
neglected electron-irradiation-enhanced migration of point
defects during TEM observation, since we confirmed that the
growth speed of loops with intermittent observation was the
same as that with continuous observation.

lll. EXPERIMENTAL RESULTS

A. Formation of dislocation loops of interstitial type

Figure Xa) shows a weak-beam TEM image after electron
irradiation(electron fluxg, =5.5x10*® cm 2 s and irradia-
tion period 7,,=7200 3. There is no distinct contrast of lat-
tice defects in the irradiated ar¢adicated by the circle in
Fig. 1(a)]. Figure 1b) shows the result after subsequent an-
nealing (T,,=1000 K, 7,,=1800 9. A number of defects
exist in the irradiated area. The defects were identified as the
Frank-type dislocation loop of interstitial type by high-
resolution TEM imagegFig. 2. An oblique view of the
image along the horizontal direction indicates that the extra
{111 plane is inserted. These loops were located homoge-
neously on four equivaleqtL 11} planes and we did not find
another kind of dislocation loop. We found that the loops
were formed in an irradiated area after subsequent annealing
at the temperature range,=700 K. It is generally known
that the threshold electron energies for atomic displacement
of Ga and P atoms in GaP are in the range 100-150'ReV,
indicating that the electron energy of 200 keV is enough to
introduce Frenkel-type defects at both Ga and P sublattices.
Therefore, the dislocation loops were formed by the thermal _ o
migration of Ga and P interstitials, which are introduced bybeflcjlrg.ai'c{\kly\)/eaitk::‘;i?e;?n'\g Irpﬁg?rsra(giaetlggt::g;ir:(:t?éiiﬁﬁp
electron irradiation at 300 K. As reported already, disloca- '

tion loops of the same kind are formed in a GaAs crystal byd'ammer'

the similar procedure, though the onset temperature for I00B Nycleation and growth of the dislocation loops by annealing
formation is slightly highe{773 K (Ref. 17] than that in ) ) } ,
GaP. The growth of the loops has not yet been obseived ~ Growth of the dislocation loops during annealing was pur-
situ in GaAs because of rapid deterioration of the specimergu€d by TEM. Figure 4 showa situ TEM images taken at
surface above 773 K. 800 K (¢,=5.5x10" cm ?s™!, 7,=1800 3. Most loops
We first measured the planar density of the loops in FigWere nucleated within the annealing timg of 2400 s and
1(b) as a function of specimen thickness. As shown in Fig. 3the number densityC, remained constant after the nucle-
the density can be fitted with the single straight line thatdtion. The radir of the loops named, b, ¢, andd in Fig. 4
penetrates the origin. This indicates that the volume numbef€re measured at sevetgl (Fig. 5. We found thar of the
density of loop<C, is independent of the specimen thickness!00PS are well expressed by a function
and there is virtually no inhomogeneous distribution of loops r=rgtanh(At,,) 1)
near surfaces. Therefor@) specimen surfaces do not act as 0 an’
a sink of interstitials andii) the loops do not originate from wherer, andA represent the final loop radii and the growth
contaminant impurity atoms injected under the electron enrates, respectively. The valuesmgf, A, andr (A for the best
trance surface. The concentration of interstitiais the order fitted curves indicated in Fig. 5 are summarized in Table I.
of 10'® cm™3) is much more than that of native impurity The products (A of the loops are a common value, though
atoms in the specimendess than 18 cm™3). Hence we r,andA of each loop are slightly different. We found that
conclude that the formation of the dislocation loops is anthe ratio of the standard deviation f to the average of,
intrinsic bulk phenomenon in a GaP crystal. is about 6/100.
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FIG. 3. Planar density of loops against specimen thickness. The
density is proportional to the specimen thickness, indicating that the
volume number density is independent of the thickness.

FIG. 2. High-resolution TEM image of a Frank loop of intersti- C. Number density of the dislocation loops
tial type taken with th€110) incidence. .
e with the(11Q inci Figure 6 shows IfC,) vs 1kT,,. C, was measured after

o _ all loops were nucleated. The electron flgx was 5.5<10'
The growth of loops was observeal situ at variousT,,  c¢cm 2s ™! and irradiation periods;, were 3000 Sopen and

(700, 725, 750, 775, and 800) kind we found that is well  closed circlesand 1500 gsquares As shown in Fig. 6C,
described by Eq(1). The product (A depended only oif,,  increases exponentially with KT,,. The slopes of the

and increased with rising,, (Table 1. We could not esti- straight lines in Fig. 6 provide the energies of 0.47 @gen
mateA in the temperature range,;>800 K since the growth circles and 0.45 eV(squares The closed circles in Fig. 6

of loops stopped within a short period less than 2400 s.  were measured in a specimen that was annealed stepwise at

FIG. 4. Growth of the dislocation loops obsenviedsitu by TEM at the annealing temperatufg,=800 K.
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TABLE Il. Fitting parameters at several annealing temperatures.

3.0 . r . .
g ) ngf% ----------- 5 Tan (€) oA (s
' e 700 2.5¢1074
g j b —4
2.0 SR ;-;%:‘.:—;%z‘:.:@% i i & c 1 725 3.%<10
g 750 9.9<10°*
£ X - d
_ LSt Tl ] 775 1.1x10°3
800 1.3<1073
1.0F F
0.50F that the loops are formed through the migration of interstitial
0.08 . ) ) ) ) . pairs, that is, the pairs of Ga and P interstitials. Details are
R X Y R Y 10 12 14 discussed in the next section.

tan (10°) Figure 9 shows the variation @&, () with the irradia-
tion temperatureT;,. Specimens were irradiated with
FIG. 5. Variation of loop radii measured in Fig. 4 as a function D=4.0x10°> ecm * and subsequently annealed at
of annealing timet T.,=1000 K. C, () reaches the maximum &t,=300 K
and decreases rapidly with raisifig .
700, 900, and 1000 K. In the step-annealing process, loops
occasionally shrunk and released interstitials, which then IV. DISCUSSION
took part in another loop. The estimated energy in Fig. 6
(0.53 e\ differs from those in the constant temperature an-
nealing.

A. Rate equations based on the migration
of isolated interstitials

We have shown that the formation of dislocation loops is
an intrinsic bulk phenomenon in GaP crystals. Since we con-
firmed that dispersion of the radii of all the loops is small, we

may replace by the average radiisand rewrite Eq(2) as
The volume number density of Ga and P interstitials ag-

D. Number density of agglomerated interstitials
in the dislocation loops

gregated in all the loop€,, can be estimated by a simple C, =27 20C,. 3
formula
Therefore, we apply the chemical kinetics theory, in which
2 the homogeneous distribution of defects is usually assumed.
C'L:V > @t lo, (20  Dislocation loops of interstitial type are formed in various
i

metals and alloys during electron irradiation and the nucle-
. . . o ation and growth of them have been well understood by the
in which V' represents the specimen volume irradiated byineraction of point defects. Before we discuss the results in
electronso is a planar density of Ga or P interstitials in the GaP, let us recall the standard rate equations that apply to

5 72 .y . .
Frank-type loopg1.5x 10" cm ), and thei’s denote indi-  etals and alloy& We consider the phenomena at ay at
vidual loops.C,, reached a maximum valug€, () when

the growth of all loops stopped. Figure 7 sho@g () as a
function of T,,. The irradiation and annealing condition
were the same as those used in Fig. 6. The symbols have the 1000 900 Tan (1) 200 700
same meaning as in Fig. 6. As shown in Fig.Gj, () is 1 T T - 1 T
independent ofT,, on the condition of constant,. More-
over,C,, () in the step annealing is the same as that in the 10"}
constant temperature annealing whgiis the same. Figure 8
summarizesC, () vs electron dos®; ¢, is multiplied by
7. These results lead us to the important fact Bat(«) is
independent ofp,, 7., and T4, under the constant doge.
As seen in Fig. 8C, (=) increases quadratically with in-
creasing electron dose in the rariges2x 10?2 cm™ 2. This is
a characteristic trend in the second-order reaction, suggesting 10}

(em™)

CL

TABLE I. Fitting parameters of Fig. 5.

11 12 13 14 15 16 17

I, (eV!
Loops ro (Nnm A(sh roA (nms? an (V)
a 2.8 4.8<107* 1.3x10°° FIG. 6. Logarithms of the density of loof® against the recip-
b 2.0 6.6<10°* 1.3x10°3 rocal of annealing temperature kTi,,. The irradiation period
c 1.9 6.9<10°* 1.3x1073 7,=3000 s(open and closed circlesand 1500 s(open squares
d 1.7 8.4<10°* 1.4x1078 respectively. The closed circles represent the results of a specimen

that underwent the step annealing.
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FIG. 7. Final density of aggregated interstiti&l§ () against FIG. 9. Variation of the final density of aggregated interstitials

the reciprocal of annealing temperature&Ty},. The irradiation  C; () with several irradiation temperatur@s .

period 7,=3000 s (open and closed circlesand 1500 s(open

squarep respectively. The closed circles represent the results of avhere o represents the capture site number per unit length

specimen that underwent the step annealing. around a loop for the interstitials. The mobility can be
estimated by measuring the variationroandC, as a func-

which only interstitials can freely migrate thermally. Point tion of P andT; .*°

defects introduced by irradiation annihilate when interstitials

jump into the recombination volume around vacancies. B. Extended rate equations based on the migration

Therefore the change of the concentration of interstiigls of Ga;-P; pairs

and vacancie€y can be expressed as The above-mentioned model is insufficient to explain the

present experiments in GaP. First, the onset temperature for
dc, dcCy formation of loops(700 K) was much higher than that for
9t - gt P EMGCy, (4 migration of isolated Ggabout 100 K(Ref. 7] and P[about
300 K (Ref. 8] interstitials. This suggests that the loops
were formed by migration of not isolated interstitials but
where P is the production rates of Frenkel defech8, the interstitial-related complexes. Second, the model yields the
mobility of interstitials, andZ the number of capture sites result thatC, () increases linearly witlD, while the ob-
around a vacancy for interstitials. Dislocation loops of inter-served C,.(») increases quadratically as given in Fig. 8.
stitial type, of course, act as sinks for interstitials. The addi-Since the quadratic dependence@f («) indicates that the

tional term of variation ofC, is represented as complexes, which are agglomerated in the loops, are formed
in the second-order reaction, we have come to consider that
~ the complexes are G®; interstitial-pairs. For a quantitative
— (2T @)MC,C,, (5) P ¢& P d

understanding of the growth of loops, we propose the ex-
tended model as depicted in the equations

20 Py T T T T T
i dC
[ —at P ZeM@eCieCues
~ 15
g [ —Z(MGat+Mp)CicaCip), (6)
E
= 10 dCV(f)
ol gt~ P ZoM©CieCue. @
I
5
L dC” —_
i at =Z1(MatMp)CicaCip— (2mra)MC.Cy,
ok L (8
22 -2
D (10 cm™) dCIL _
TZ(ZWI’Q’)M”CLC“. (9)

FIG. 8. Final densityC,_(«) as a function of the electron dose ) ) ]
D. Open symboldcircles and squargs#,=5.5x10'% cm2s™%; Ci(y andCy,, represent the concentration of isolated inter-

filled symbols (circles, 7,=1800 s, circles(open and fillegy  stitials and vacancies, respectively,, is the production rate
T.=1000 K; squaregopen), T,,=950 K. of Frenkel defects and is equal to zero during anneahhg,
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- . ) ) ) FIG. 11. Variation of the simulated final densiGj () using
FIG. 10. Variation of the simulated final densiGy, (=) with o same parameters as those assumed in Fig. 10. It is assumed that

several electron dosds and interstitial mobilitiesM;; . My, in the pairs are formed during both irradiation and annealing.
computations are written in the figure. It is assumed that the pairs

are formed only by irradiation.

irradiation: Z;, =4 during irradiation an&;, =0 during an-
is the mobility of interstitials denotes the species of atoms N€aling.C, () increases quadratically wih in the lower
Ga and PZ,, represents the number of capture sites around0S€ rangeC, () computed withM;;=10"% s agrees
a ¢ vacancy for¢ interstitials. Instead of the ters), we add ~ Well with the measurement shown in Fig. 8. At a certain
the third term in Eq.(6), which represents the rate of the d0S€, simulatedC, () varies with M; . In the range of
disappearance of isolated interstitials by the formation of théoWer mobility, the densityC, (=) increases with increasing
interstitial pair. The pair is formed when an interstitial jumps M @nd in the range of higher mobility, th@, () decrease
into the spontaneous combination volume around an inters@Pidly @s the valug;, increases. The variation ofl;; is
tial of the other kindZ,, denotes the number of capture sites'¢lateéd to that off;, ; M;. is small wherT;, is low. Therefore,
of the interstitial pairing. The variation of the concentration the dependence of simulate, () on Ty, is consistent with
of the pairsC,, is described in Eq(8). The second term in the experiments shown in Fig. 9. Similar results could be
Eq. (8) represents the rate of the disappearance of the pai@tained whenever the valugs ;bllf » Z(g, andP, were on
by the formation of the loops, whetd,, represents the mo- the order of 18 1_02* and 10° s, respectively. _
bility of the pairs. In Eq(9), dislocation loops of interstitial W& next considered an alternative model in which the
type are formed by migration of the pairs. Since the vacaninterstitial pairs were formed durlng not lonly |rrad|at|on. but
cies are generally immobile below 700 (6a) (Refs. 1 and a[so annealingZ,, =4 dynng both irradiation and anneglmg.
3) and 1100 K(P),* the clustering of Ga and P vacancies is Fi9ure 11 shows the simulated curves@f (=) vs D using
neglected. Another assumption is that coupled Ga and P irfl® same parameters as those assumed in Fig. 10. The simu-
terstitials never combine with an isolated single Ga or P valated Ci () increases linearly witlD. It decreases mono-
cancy. By this assumption, the experimental results thafonically with M;, at a certainD. Consequently, the experi-

C,. (=) is independent of annealing temperatui®sc. Il D) mental data are consistently described by the former model:
can be easily explained. the interstitial pairs are created only by electron irradiation.

C. Interpretation of the experimental results 2. Growth of dislocation loops

We found that an interesting formula consisting of some
observable parameters and the mobility, is valid during
Numerical calculations of the rate equatig6$—(9) were  annealing. After the nucleation of all loops, the number den-
performed with several sets of parameters. In the followingsity of loopsC, was constant during annealiti§ec. Il O.
computations, we naturally assumed tlﬁﬁga)zP(p)zlo’ﬁ From Egs.(3) and(9), the variation of averaged raditisis
s ! during irradiation,P gy =P =0 s ! during annealing, written as
Z(Ga)=Z(P):102, and the concentrations of point defects be-
fore irradiation were assumed to be zero. We assumed that
MGa=M@E(=M;) and M;;=0 during irradiation, and dr  aM
Mca=M@E(=M,,) during annealing. First, we confirmed dtan_ﬁc“' (10
that, in our modelC,, (») is independent of botiM ,, and
M,, on the condition of constaf andM, . This reproduces
the experiment shown in Fig. 7, sindéé,, andM,, are re- The first term of Eq(8) can be omitted because the intersti-
lated to the annealing temperaturg,. tial pairs were not formed during annealing. Combining Egs.
Figure 10 shows the simulated curves@f () vs D in  (8) and(10), C;,=C,,(,) andT =0 att,,=0, we can obtain
which we assumed that the pairs are created only by electrathe analytical formula of,

1. Formation of Ga-P; pairs
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heightened. Since the pairs distributed inhomogeneously, the
chemical kinetics theory is inapplicable to this case. Conse-
quently, the migration energy for interstitial pairs is esti-
mated as 0.20.03 eV.

E. Onset temperature for the migration of interstitial pairs

We observed the formation of dislocation loops above
700 K. Interstitial clusters whose size is less than 1 nm may
be formed by annealing below 700 K, though they are hardly
observable by TEM. Suppose the relationships betw@gen
andT,,denoted in Fig. 6 and betwe€h, (=) andT ., in Fig.

In@A -ry) (nm s'l)
Q
N

8.5F 7 are held even at low,,: we can estimat€, andC, ()
at the temperature randge,,<700 K. At T,,=530-540 K,
—914 e T TG T G - C, reaches a quarter @, (e°); only two interstitial pairs

are contained in a loop. This temperature corresponds to the
onset temperature for the migration of the interstitial pairs.
The estimated temperature is much higher than the onset
temperature for migration of isolated Ga and P interstitials
[100 K (Ref. 7 and 300 K(Ref. 8] and lower than that of
isolated Ga and P vacancig&0 K (Refs. 1-3 and 1100 K
(Ref. 9].
T:[ Cul(my) ]O.Stanl-{ M (WCLCII (Tir))o'st } The onset temperature for the pair migration is close to
2moCy ! 20 an the annealing temperature of DLTS spectra in electron-
(1) jrradiated GaP(Refs. 11 and 12(530-570 K. It is sug-

egested that these spectra correspond to electron traps: the
energy levels of the pairs of P interstitial and P vacalfcy.
The annealing of the defects is attributed to the migration of
P interstitials. The estimated onset temperature is also close
to an annealing temperature of IR spectra in electron-
irradiated GaR530 K).1* According to the work, these spec-
aCy () tra correspond to the local vibrational modeadP atom on a

20 - (12 Ga site (antisite defedf) and the annealing mechanism of
this defect is still uncertain. The annealing of the defects
observed in DLTS and IR spectra may be related to the mi-

Sincea, C,(7,), ando are independent oF,,, the variation ~ gration of interstitial pairs, though it is possible that different

of ryA with T,, arises from the temperature dependence of(inds ofzc(i)efects anneal at the same temperature as observed
My . in GaAs:

/KT, (eV'h

FIG. 12. Arrhenius plot of the product of the final loop radius
and growth rate jA.

This result exactly corresponds to the experiments repr
sented by Eq(1). The productryA in Eq. (1) is therefore
written as

roA:

. . . . . V. CONCLUSION
D. Migration energy for interstitial pairs

We found that Frank loops of interstitial type are formed
uniformly in GaP crystal by annealing following 200-keV
electron irradiation. The results af situ TEM observations
hshowed that the loops are formed through the two processes:
(i) introduction of point defects by irradiation artid) ther-

We estimated the migration energy for interstitial pairs
using Eq.(12). Figure 12 shows the Arrhenius plot of the
productr A with T,,. The slope of the straight line provides
the migration energy of 0.87 eV. This value well agrees wit
one obtained by Hirata, Hirata, and Kiritaffi.9 eV),'° even

though they claimed that the energy was related to the moma_:_?iglzration gf pqint defe%ts by e;nnea_lling.f i
bility of isolated interstitials. Using a high-voltage TEM & loop radius increased as a function of annealing tem-

technique, they plotted I, ) vs 1kT, and estimated the peraturesT ,,. As T,, raised, the volume number density of

migration energy as twice the energy shown by the slope oIP_O_pSC_L decreased. The final density of agglom_ergted inter-
the logarithm'® Suppose the loops were formed by cluster-Stitials in all l00psC,, (=) only depended on irradiation con-
ing of interstitial pairs introduced by irradiation: the energy ditions (electron dos® and irradiation temperaturg,) and

obtained by them is replaced with one for interstitial pairs_ir}creajeg quadraticalhé Witfg' lTr;]ese hreslults are wellf ex- q
The same analysis may apply to our experimental result alneh g’ ahpropolse_ mode tf atat N _oophs were forme
denoted in Fig. 6. The migration energies for the interstitiall""OUgh the thermal migration of G& pairs that were in-

pairs are estimated to be 0.93 édpen circlesand 0.90 eV troduced during electron irradiation. From the analysis, the
(open squares which are aimost the same as thel one esti_migration energy for the interstitial pairs is estimated as 0.9

mated in Fig. 12. The estimated energy for step-annealin&o'O?’ ev.

experiments, 1.06 eXtlosed circley differs from the one in
Fig. 12. In the case of step annealing, interstitial pairs ag-
glomerated in loops after annealing of the first step. Some This work was supported in part by a Grant-in-Aid for
loops released the pairs during annealing of the second ste&frientific Research from the Ministry of Education, Science
and thus the concentration of the pairs around the loops wasnd Culture, Japan.
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