
Japan

PHYSICAL REVIEW B 15 JANUARY 1999-IIVOLUME 59, NUMBER 4
Vacancy-migration-mediated disordering in CuPt-ordered„Ga,In…P studied
by in situ optical spectroscopy in a transmission electron microscope

Y. Ohno, Y. Kawai, and S. Takeda
Department of Physics, Graduate School of Science, Osaka University, 1-16, Machikane-yama, Toyonaka, Osaka 560-0043,

~Received 2 June 1998!

We examined electron-irradiation-induced disordering in CuPt-ordered~Ga,In!P by in situ photolumines-
cence and cathodoluminescence spectroscopy in a transmission electron microscope. A decrease of lumines-
cence intensity following an electron irradiation in the energy range above 120 keV has been observed. We
have shown that the decrease is due to the Frenkel-type defects on the Ga and In sublattices generated by
electron irradiation, and the threshold electron energies for the displacement of Ga and In atoms have been
estimated to be 145 and 120 keV, respectively. We propose that~1! electron-irradiation-induced migration of
group-III ~Ga and In! vacancies dominates the disordering in the dose range below 231020 cm22, and ~2!
spontaneous recombination of group-III vacancies and interstitials dominates the disordering in the dose range
above 531021 cm22. @S0163-1829~99!03904-1#
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I. INTRODUCTION

Fundamental defect reactions in semiconductors suc
the generation and migration of point defects have been
tensively examined, since these reactions strongly affect
optical and electronic properties of final products. For stu
ing the reactions, electron irradiation is often used to prod
pairs of an isolated interstitial and a vacancy~i.e., Frenkel
pairs! in a crystal. In III-V compound semiconductors, an
sites as well as Frenkel pairs are introduced simultaneo
by this method. Moreover, some defects in III-V compoun
anneal during electron irradiation due to ionization-induc
migration. Because of these complications, there are
many open questions concerning defect reactions in II
compounds.

The generation processes of electron-irradiation-indu
defects have been widely studied by deep level trans
spectroscopy~DLTS!. Several irradiation-induced traps hav
been found in GaAs,1 InP,2 GaP,3 and other III-V compound
semiconductors~Ref. 4!. In InP, by measuring the electron
energy dependence of the introduction rates of the H4
H5 traps, the energy levels atEv20.37 andEv20.53 eV,
respectively, the threshold electron energies for the displa
ment of In and P atoms have been evaluated separa
~about 120–170 and 100 keV!.5 In other III-V compounds,
the energies to create defects have been estimated, bu
energy values are not assigned to the sublattices. The e
nation is that the generation rates of some irradiati
induced defects are affected by ionization-induced migra
~Ref. 4!. However, other experiments will be required to u
derstand quantitatively the generation process of point
fects in III-V compounds.

Owing to the thermal migration of interstitials and vaca
cies, many irradiation-induced defects disappear during
nealing after electron irradiation. The migration processe
defects in GaAs have been well investigated; isolated
vacancies in GaAs are identified by positron annihilat
spectroscopy6 ~PAS! and electron spin resonance,7 and the
As defects anneal at temperatures of about 500 and 72
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The same annealing stages have also been observe
Huang diffuse scattering8 ~HDS! and DLTS.9 The former
stage is attributed to the recombination of Frenkel pairs
the As sublattice through the migration of isolated As int
stitials, and the latter is due to the migration of isolated
vacancies. The migration of isolated Ga interstitials in Ga
presumably causes the annealing stage in a tempera
range from 77 to 500 K observed by HDS~Ref. 8! and
PAS.10 The irradiation-induced H2, H3, and H4 traps in In
show similar annealing properties as in GaAs,11 and the an-
nealing of these traps at around 400 K may be due to
thermal migration of isolated P interstitials. The anneali
mechanisms of other defects in III-V compounds are s
debatable.

As mentioned above, the generation and migration p
cesses of defects in III-V compound semiconductors h
not yet been fully clarified. In the present study, we syste
atically investigated the electron-irradiation-induced dis
dering in CuPt-ordered~Ga,In!P that is caused by the migra
tion of group-III ~Ga and In! interstitials and vacancie
generated by electron irradiation. The first aim of this arti
is a detailed study of the kinetics of point-defect reactio
under electron irradiation byin situ cathodoluminescence
~CL! and photoluminescence~PL! spectroscopy in a trans
mission electron microscope~TEM!. We then discuss a dis
ordering model based on electron-irradiation-induced mig
tion of group-III vacancies. The method ofin situ optical
spectroscopy in a TEM,12 which enables us to observein situ
the variation of both the atomic and electronic structures
material under electron irradiation, was first applied to
study of point-defect reactions under electron irradiation.

II. EXPERIMENTS

The CuPt-ordered~Ga,In!P sample was grown on a GaA
substrate by metal-organic vapor-phase epitaxy at 700
the substrate angle was 2° off from~001! towards@11̄0#.
Cross sections of the sample forin situ CL and PL spectros-
copy and electron microscopy were prepared using a con
tional etching method with Ar1 ions. These specimens wer
then irradiated with an electron beam in a TEM at a tempe
2694 ©1999 The American Physical Society
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ture of 110 K; the direction of the incident beam was ke
parallel to the@110# zone axis. The incident electron energ
E ranged from 100 to 170 keV, and the electron doseD, i.e.,
electron fluxf (7.831016cm22 s21) multiplied by irradia-
tion time t ir , was up to 1.031023cm22. The irradiated areas
were about 20mm in diameter.

The irradiated specimens were characterized by CL
PL spectroscopy. CL and PL emissions from an irradia
area were measured in the TEM immediately after elect
irradiation, as described in Ref. 12. Since irradiation by 1
keV electrons did not vary luminescence spectra~Secs. III A
and III C 1!, a 100-keV electron beam was used f
the excitation of CL with fluxf51.231016cm22 s21 and
measurement temperatureTm5110 K. PL was excited with
the 514.5-nm line of an Ar1 laser~excitation power of abou
2 mW, andTm520 K!. CL was measured in the absence
laser-beam illumination, and the electron beam was switc
off during PL measurements. Therefore CL emission did
overlap with PL emission and vice versa. Figures 1~a!–1~c!
show examples of PL and CL profiles. The irradiated spe
mens were also characterized by transmission electron
fraction ~TED!, as described in Ref. 13.

The degree of atomic ordering in GaInP is characteri
by an order parameterS.14 The relationship between
the band-gap energy andS has been discussed theo
etically15,16and experimentally,17,18andShas been evaluate
by an equation17 S5$(2.0052EPL~,30 K!)/0.471%0.5 where
EPL~,30 K! denotes PL peak energy in eV measured below
K.19 From the results of PL and CL measurements for
grown @Figs. 1~a! and 1~b!# and several electron-irradiate
specimens, we determined that the CL peak energy obta
at 110 K, ECL~110 K! , is given by ECL~110 K!5EPL~,30 K!

10.012 eV. HenceS could be estimated by

S5$~2.0172ECL~110 K!!/0.471%0.5. ~1!

Swas also estimated by transmission electron diffraction
ing a 100-keV electron beam and was approximately gi
by S5S0$I TED(D)/I TED(0)%0.5 whereS0 andI TED(D) denote
the order parameter for an as-grown specimen and the d
dependent TED intensity of an ordered spot, respectively13

III. RESULTS AND DISCUSSION

A. Decrease of order parameter due to electron irradiation

The CL peak energyECL~110 K! of an electron-irradiated
specimen shifted to a higher value compared to an as-gr

FIG. 1. ~a! PL spectrum of an as-grown specimen observed
20 K. ~b! CL spectrum of an as-grown specimen measured at
K. The CL peak intensity was normalized to 100.~c! CL spectrum
obtained after electron irradiation; the incident-electron energy
170 keV, and the electron dose was 4.831019 cm22.
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one@as an example, see Figs. 1~b! and 1~c!#; i.e.,Sdecreased
after electron irradiation.ECL~110 K! for variousD andE were
measured@Figs. 2~a!–2~d!#, and we obtained the relation
ships ofSwith D for several incident-electron energies~Fig.
3!. We found thatSdecreases with increasingD in the range
E.140 keV @Figs. 3~a!–3~c!#. S was unchanged after elec
tron irradiation whenE<140 keV; Fig. 3~d! shows a result
at E5140 keV.

As shown in Fig. 3, we could obtain a detailed dose d
pendence ofSusing optical spectroscopy with an experime
tal error forS of less than 0.008. The method was, howev
applicable only in the dose rangeD<1.531020cm22, since
CL peak intensity, as well asS, decreased with increasingD
@as an example, see Figs. 1~b! and 1~c!#: and no CL emission
was detectable whenD.1.531020cm22 ~Sec. III C 1!. We
unavoidably supplemented the dose dependence ofS by a
TED method~Fig. 4!, even though the experimental error fo
S ~about 0.018! was rather large. We found thatS decreases
gradually with increasingD when E.140 keV @Figs. 4~a!–
4~c!#; two disordering stages in the dose rangesD,2
31020cm22 andD.531021cm22 were clearly observable
In the latter stage,Sdecreased exponentially with increasin
D with a decay ratem: m5(1.560.5)310224 ~150 keV!,
(7.061.0)310224 ~160 keV!, and (13.062.0)310224cm2

~170 keV!, respectively.

B. Disordering process in the dose rangeD>531021 cm22

As shown in the preceding section, we found the ex
tence of two disordering stages in the dose rangesD,2
31020cm22 andD.531021cm22. The order-disorder reac

t
0

s

FIG. 2. CL peak energyECL~110 K! vs electron doseD. Incident-
electron energies are indicated in the figure.

FIG. 3. Order parameterS estimated by optical spectroscopy v
electron doseD. Symbols have the same meaning as in Fig.
Curves denote the theoretical calculations from Eq.~9! ~K (Ga)

5K (In)57 andKIV(Ga)5KIV(In)50.2!.
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tion under electron irradiation is generally explained by th
kinds of effects:22 the change ofSwith respect to irradiation
time can be expressed by an equationdS/dtir5@dS/dtir#spon
1@dS/dtir#se1@dS/dtir#va, where the first, second, and thir
terms represent the change ofSowing to spontaneous recom
binations of an interstitial and a vacancy, sequential co
sions, and vacancy migrations, respectively. The latter s
has been examined and the disordering is attributed to s
taneous recombinations of a group-III~Ga and In! interstitial
and a vacancy generated by electron irradiation.13 Before we
discuss the newly observed former stage, let us recall
analytical results obtained from the spontaneous recomb
tion model.13

~1! Each concentration of primary defects~isolated vacan-
cies, isolated interstitials, and pairs of an isolated vaca
and an interstitial! comes to a steady-state value immediat
after irradiation commences.

~2! Under steady-state conditions the change ofS is ex-
pressed by

F dS

dtir
G

spon

52
s~Ga!s~ In!

s~Ga!1s~ In!
~12 f !fS, ~2!

and thus

lnF S

S0
G52

s~Ga!s~ In!

s~Ga!1s~ In!
~12 f !D, ~3!

in which f represents the correlated recombination fac
s (Ga) ands (In) the cross sections for displacement damage
Ga and In atoms, respectively;S decreases exponentiall
with increasing D with the decay rate ofs (Ga)s (In)(1
2 f )/$s (Ga)1s (In)%.

~3! The threshold electron energies for the displacem
of Ga and In atomsEd(Ga) andEd(In) are estimated as in th
range between 120 and 150 keV. We have confirmed
Eq. ~3! expresses the dose dependence ofS in the rangeD
.531021cm22 well: the value of m corresponds to
s (Ga)s (In)(12 f )/$s (Ga)1s (In)% under the assumption tha
Ed(Ga)514765 keV andEd(In)<Ed(Ga), respectively.23

C. Disordering process in the dose rangeD<231020 cm22

The spontaneous recombination model cannot yield
dose dependence ofS in the rangeD,231020cm22: the
order parameter estimated by Eq.~3! is much larger than the

FIG. 4. Order parameterSestimated by TED method vs electro
doseD. Symbols have the same meaning as in Fig. 2. Curves
note the theoretical calculations from Eq.~9! ~K (Ga)5K (In)57 and
KIV(Ga)5KIV(In)50.2!.
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experiments. For example, whenE5170 keV andD55.0
31019cm22, the model yields the result thatS50.477,
which does not correspond to the experimental result oS
50.44560.008 @Fig. 3~a!#. The effect of sequential colli-
sions may be disregarded in the present study,
@dS/dtir#se50, since the incident-electron energies used
the experiments were very close to the threshold elec
energies for atomic displacements. We therefore conside
that the disordering in the rangeD,231020cm22 is attrib-
uted to the migration of vacancies introduced by elect
irradiation. So far, there has been little information on t
generation and migration of primary defects, including v
cancies, in~Ga, In!P under electron irradiation. For a qua
titative understanding of the disordering in the range,
discuss the generation process of point defects in detail.

1. Generation of Frenkel-type defects under electron irradiation

The CL peak intensityI CL of an electron-irradiated spec
men decreased to a lower value compared to an as-gr
one @as an example, see Figs. 1~b! and 1~c!#. We found that
I CL was well expressed by a function

I CL5
100

11s1D
, ~4!

wheres1 is a fit parameter; Figs. 5~a!–5~f! show experimen-
tal ~marks! and simulated~solid lines! I CL vs D for several
incident-electron energies. We found that the decreas
well explained by a recombination-center model;24 i.e., some
localized energy levels of electron-irradiation-induced d
fects act as nonradiative recombination centers, andI CL is
given by the function

I CL5
100

11(
i

sD~ i !nC~ i ! /$t r
211tnr

21%

, ~5!

e-

FIG. 5. Normalized CL peak intensityI CL vs electron doseD.
Incident-electron energies are denoted in the figure. Each solid
is the best fit of Eq.~4! to the experiments.
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whereC( i ) represents the concentration of thei th nonradia-
tive center.sD( i ) is the capture cross section for carrie
~electrons and holes! becoming trapped in thei th center, and
n the velocity of carriers;t r and tnr denote the carrier life-
times for the radiative recombination and for nonradiat
recombination due to electron-phonon interactions, resp
tively. sD( i )n/$t r

211tnr
21% may remain constant during th

present CL measurements. Comparing the experimenta
sult given by Eq.~4! with the theoretical one from Eq.~5!,
we conclude thatC( i ) increases linearly with increasingD,
i.e., C( i )5a ( i )D in which a ( i ) represents the introductio
rate for thei th nonradiative center. This indicates that t
nonradiative centers are related to primary defects gener
by electron irradiation.

We next discuss the nature of the above-mentioned n
radiative centers. No active energy level in the band gap
to isolated interstitials has been detected to our knowled
implying that the interstitials are irrelevant to the cente
Since the threshold electron energy for the displacement
atoms is experimentally suggested to be 100 keV,13 we de-
duce that the centers are not related to P vacancies. So
Frenkel-type defects have been observed in elect
irradiated GaInP,25 even though the atomic configurations
the defects are still uncertain. It is generally believed t
Frenkel-type defects in semiconductors form localized
ergy levels in the band gap and some of the levels ac
recombination centers. We therefore consider that Fren
type defects on the Ga and In sublattices are related to
nonradiative centers. The change of the concentration
each defect with respect to irradiation time is theoretica
predicted by the equation26

dCIV~j!

dtir
5s~j!~12 f !f2KIV~j!CIV~j!

2 , ~6!

whereCIV(j) represents the concentration of the Frenkel-ty
defects on thej sublattice~pairs of an isolatedj interstitial
and aj vacancy,j5Ga and In!. KIV(j) is proportional to the
sum of the mobility of thej interstitials and that of vacancie
on thej sublattice. Numerical calculations of Eq.~6! provide
the result that CIV(j) approximates to
s (j)(12 f )D for D,$f/s (j)(12 f )KIV(j)%

0.5 ~in the order
of 1020cm22!. In the case where all defects act as nonrad
tive recombination centers,s1 is

s15

n~12 f !(
j

sD~j!s~j!

$t r
211tnr

21%
. ~7!

The electron-energy dependence ofs1 ~closed circles in Fig.
6! was well expressed by the theoretical equation wh
Ed(Ga)514365 keV and Ed(In)512062 keV, respectively;
the solid line in Fig. 6 shows the best fit of Eq.~7! to the
experiments. We thus conclude thatI CL decreased owing to
the Frenkel-type defects on the Ga and In sublattices ge
ated by electron irradiation.

From the results in this section and in Sec. III B, we c
estimateEd(Ga) and Ed(In) to be 14562 and 12062 keV,
respectively. This conclusion is consistent with the resul
Ref. 13.
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2. Vacancy-migration-mediated disordering
under electron irradiation

We now return to the disordering process in the ran
D,231020cm22. Before we discuss the results in this do
range, let us recall briefly a standard model of vacan
migration-induced disordering:@dS/dtir#va}2(jCV(j)S in
which CV(j) represents the concentration of thej vacancy.
This model describes the disordering in ion-implant
~Ga, In!P well.27

The above-mentioned model is insufficient to explain t
present experiments; an analysis based on the model y
the result thatS decreases monotonously with increasingD.
We propose an extended vacancy-migration model in wh
the change ofS is related to the concentration gradient,
well as the concentration, of thej vacancy; the disordering
can be expressed by an equation

F ]S

]t ir
G

va

52(
j

$a~j!¹
21b~j!%DV~j!CV~j!S, ~8!

in which DV(j) represents the diffusion constant of thej
vacancy under electron irradiation, anda (j) andb (j) are dis-
ordering efficiency factors. As we discuss in the followin
section, a recombination-enhanced effect may promote
motion of the vacancies under electron irradiation. Howev
since the irradiation temperature~110 K! was very low, the
value ofDV(j) must be small during the present experimen
We therefore consider that the value of the second term
Eq. ~8! can be negligible. Assuming¹2DV(j)CV(j) is in pro-
portion to the differential ofCV(j) with respect to t ir ,
@dS/dtir#va may be proportional todCIV(j) /dtir . Hence the
change ofS can be expressed by a simple equation

dS

dtir
52

s~Ga!s~ In!

s~Ga!1s~ In!
~12 f !fS2(

j
K ~j!

dCIV~j!

dtir
S,

~9!

whereK is a disordering efficiency factor. The phenomen
logical factor K should be proportional to the number o
atomic sites around a vacancy for the migration of the
cancy. Analytical calculation of Eqs.~6! and~9! provides the
equation

FIG. 6. Fitting parameters1 for the fits indicated in Fig. 5 vs
incident-electron energyE. Broken lines represent the theoretic
cross sections for displacement damage of the Ga and In at
s (Ga) ands (In) vs E ~Ed(Ga)5143 keV,Ed(In)5120 keV!. The solid
line is a fit of Eq.~5! to the data.
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lnF S

S0
G52

s~Ga!s~ In!

s~Ga!1s~ In!
~12 f !D2(

j
K ~j!

3H s~j!~12 f !f

KIV~j!
J 0.5

3tanhF H s~j!~12 f !KIV~j!

f J 0.5

DG , ~10!

where the second term is related to the disordering by
migration of group-III vacancies under electron irradiatio
The dose dependence ofS ~Figs. 3 and 4! is well expressed
by Eq.~10! when the values ofK andKIV are on the order of
100 and 1021, respectively; solid lines in the figures sho
simulated curves ofSvs D. For D.531021cm22, the value
of the second term comes to a small steady-state value
thus Eq.~10! almost corresponds to Eq.~3!. The value of the
first term is negligible in the rangeD,231020cm22, and
hence the migration of group-III vacancies under elect
irradiation dominates the disordering in this dose range.

As shown in Figs. 3 and 4, all experimental data ha
been consistently expressed by Eq.~10!, and thus we have
concluded that group-III vacancies can migrate at a temp
ture of 110 K under electron irradiation. So far, the migrati
of these vacancies has been observed only in a temper
range above 923 K.27 We showed that the CL peak intensi
decreases owing to nonradiative electron-hole recombina
~Sec. III C 1!, and the energy of the recombination may e
hance the motion of the group-III vacancies~recombination-
enhanced migration!. Such a recombination-enhanced effe
has been widely investigated in semiconducting materi
since the electronic and optical properties may vary dra
cally as a result of the effect; as an example, it is conside
that dislocation climbs28 and rapid migrations of impurities29

due to the effect cause the degradation of some GaAs-b
laser diodes. Similar effects have also been observed in30

GaP,3 and InP.31 We could first observe the recombinatio
,
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enhanced migration of the group-III vacancies in~Ga,In!P,
and the present experimental data may be useful for a gen
understanding of point-defect reactions under electron i
diation.

IV. CONCLUSION

We investigated electron-irradiation-induced disorder
of the CuPt-type ordered structure in~Ga,In!P by in situ
photoluminescence and cathodoluminescence spectros
in a transmission electron microscope. A decrease of lu
nescence intensity following an electron irradiation in t
energy range above 120 keV has been observed and we
shown that the decrease is due to Frenkel-type defects on
Ga and In sublattices generated by the irradiation. We c
clude that ~1! electron-irradiation-induced migration o
group-III ~Ga and In! vacancies dominates the disordering
the dose range below 231020cm22, and ~2! spontaneous
recombinations of a group-III vacancy and an interstit
dominate the disordering in the dose range above
31021cm22. The former conclusion suggests that group-
vacancies can migrate at a temperature of 110 K under e
tron irradiation due to a recombination-enhanced effect.

This study has provided additional experimental d
about the generation and migration of Ga and In vacan
under electron irradiation. The method ofin situ optical
spectroscopy in a TEM is useful for studying defect reactio
under electron irradiation.
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