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Vacancy-migration-mediated disordering in CuPt-ordered(Ga,In)P studied
by in situ optical spectroscopy in a transmission electron microscope
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We examined electron-irradiation-induced disordering in CuPt-ord@BedinP 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 proposeIhatectron-irradiation-induced migration of
group-lll (Ga and In vacancies dominates the disordering in the dose range bel®0?®cm 2, and(2)
spontaneous recombination of group-Ill vacancies and interstitials dominates the disordering in the dose range
above 5< 1071 cm 2. [S0163-182009)03904-1

[. INTRODUCTION The same annealing stages have also been observed by
Huang diffuse scatterifig(HDS) and DLTS? The former
Fundamental defect reactions in semiconductors such &age is attributed to the recombination of Frenkel pairs at
the generation and migration of point defects have been inthe AS Sublattlce through the m|grat|0n Of |Solated AS inter-

tensively examined, since these reactions strongly affect th%titials'.a”d_lfﬁe Ia_ttertis du<fa_to Itkle dm(iggrgtiton ?f[.islolateéi ’:S
optical and electronic properties of final products. For study~/2cancies. the migration ot isolated a interstiia’s in Lans
resumably causes the annealing stage in a temperature

ing the reactions, electron irradiation is often used to producgange from 77 to 500 K observed by HD®ef. 8§ and

pairs of an isolated interstitial and a vacarieg., Frenkel  pAg10 The jrradiation-induced H2, H3, and H4 traps in InP
p_alrs in a crystal. In 1I-V compound semiconductors, anti- show similar annealing properties as in GaAsnd the an-
sites as well as Frenkel pairs are introduced simultaneouslyealing of these traps at around 400 K may be due to the
by this method. Moreover, some defects in llI-V compoundsthermal migration of isolated P interstitials. The annealing
anneal during electron irradiation due to ionization-inducedmechanisms of other defects in 1lI-V compounds are still
migration. Because of these complications, there are stillebatable.
many open questions concerning defect reactions in Ill-V As mentioned above, the generation and migration pro-
compounds. cesses of defects in 1lI-V compound semiconductors have
The generation processes of electron-irradiation-induce80t Yet been fully clarified. In the present study, we system-
defects have been widely studied by deep level transie tlc_aIIy_ investigated the electron—|rrad|at|on—|nduced _dlsor-
spectroscopyDLTS). Several irradiation-induced traps have ering in CuPt-orderedGa,InNP that is caused by the migra-

been found in GaAsInP2 GaP? and other I1I-V compound tion of group-lll (Ga and In interstitials and vacancies

semiconductorgRef. 4. In InP, by measuring the electron- generated by electron irradiation. The first aim of this article

energy dependence of the introduction rates of the H4 anhc' a detailed study of the kinetics of point-defect reactions
nder electron irradiation byn situ cathodoluminescence
H5 traps, the energy levels B{,—0.37 andg,—0.53 eV, p ! at yn S um

) ) - (CL) and photoluminescencdL) spectroscopy in a trans-
respectively, the threshold electron energies for the displacey,ission electron microscop@EM). We then discuss a dis-
ment of In and P atoms have been evaluated separate :

o dering model based on electron-irradiation-induced migra-
(about 129_170 and 100 k&V In other 1Il-v cqmpounds, ion of group-lll vacancies. The method @i situ optical
the energies to create defects have been estimated, but t

Sectroscopy in a TENE which enables us to obseriresitu

energy yalues are not ass'gf‘ed to the sublatuces: Th‘? e,XpI’f’h'e variation of both the atomic and electronic structures in
nation is that the generation rates of some irradiation-

) SO S "material under electron irradiation, was first applied to a
induced defects are affected by ionization-induced migrationy,,q o point-defect reactions under electron irradiation.
(Ref. 4. However, other experiments will be required to un-

derstand quantitatively the generation process of point de- Il. EXPERIMENTS

fects in 1lI-V compounds.

Owing to the thermal migration of interstitials and vacan- ~ The CuPt-orderedGa,InP sample was grown on a GaAs
cies, many irradiation-induced defects disappear during arsubstrate by metal-organic vapor-phase epitaxy at 700 °C;
nealing after electron irradiation. The migration processes ofhe substrate angle was 2° off frof@01) towards[110].
defects in GaAs have been well investigated; isolated A<ross sections of the sample fiorsitu CL and PL spectros-
vacancies in GaAs are identified by positron annihilationcopy and electron microscopy were prepared using a conven-
spectroscopy (PAS) and electron spin resonantend the tional etching method with Ar ions. These specimens were
As defects anneal at temperatures of about 500 and 723 Khen irradiated with an electron beam in a TEM at a tempera-
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FIG. 1. (a) PL spectrum of an as-grown specimen observed at )

20 K. (b) CL spectrum of an as-grown specimen measured at 110 FIG. 2. CL peak energfc 110 Vs electron dos®. Incident-

K. The CL peak intensity was normalized to 1G6) CL spectrum  €lectron energies are indicated in the figure.

obtained after electron irradiation; the incident-electron energy was

170 keV, and the electron dose was4BY°cm2 one[as an example, see Figgbland Xc)]; i.e., Sdecreased
L L after electron irradiatiorEc (119 k) for variousD andE were

ture of 110 K; the direction of the incident beam was keptmeasureo[Figs. 2a)-2(d)], and we obtained the relation-

parallel to the[110] zone axis. The incident electron ENergY ships ofSwith D for several incident-electron energigsg.

EI rangedﬂfrom 1908“)1569 ke,\é' ‘:’Td thel ?ll‘?cgot? ds“:"f" 3). We found thatS decreases with increasimyin the range

electron flux ¢ (7.8x cm °s ) multiplied by irradia- E>140keV [Figs. 3a)—3(c)]. Swas unchanged after elec-

tion timet;,, was up to 1. 10°2cm™2. The irradiated areas T 2
were about 2Qum in diameter. tron irradiation wherE<140keV; Fig. 3d) shows a result
8’[ E=140keV.

The irradiated specimens were characterized by CL an - . .
PL spectroscopy. CL and PL emissions from an irradiated As shown in Fig. 3, we could obtain a detailed dose de-

area were measured in the TEM immediately after electrof€ndence oBusing optical spectroscopy with an experimen-
irradiation, as described in Ref. 12. Since irradiation by 1001al error forSof less than 0.008. The methog was, however,
keV electrons did not vary luminescence spe¢8ecs. lIlA  applicable only in the dose range<1.5X 10_2 cm 7, since
and IIC1, a 100-keV electron beam was used for CL peak intensity, as \{vell &S decreased with mcrea_a@;
the excitation of CL with fluxé=1.2x10%cm 25! and [as an example, see Figgbland g(c)]: ?nd no CL emission
measurement temperatufe,= 110 K. PL was excited with Was detectable wheB>1.5x 10°cm™? (Sec. 111C 1. We
the 514.5-nm line of an AT laser(excitation power of about Unavoidably supplemented the dose dependencs lof a
2 mW, andT,,=20K). CL was measured in the absence of TED method(Fig. 4), even though the experimental error for
laser-beam illumination, and the electron beam was switched (@bout 0.018was rather large. We found th8tdecreases
off during PL measurements. Therefore CL emission did nogradually Wl'f_h mcre_asm@ When_E> 140keV[Figs. 4a)—
overlap with PL emission and vice versa. Figuréa)11(c) 4(c)];OMq2d|sorder|ng stages In the dose randes<2
show examples of PL and CL profiles. The irradiated speci-¥ 10°%cm™? andD>5x 10°*cm™? were clearly observable.
mens were also characterized by transmission electron difD the latter stageS decreased exponentially with increasing
fraction (TED), as described in Ref. 13. D with a decay rateu: u=(1.5+0.5)x10"** (150 keV),
The degree of atomic ordering in GalnP is characterized 7-0=1.0)x107?* (160 keV), and (13.@:2.0)x 10" **cn¥
by an order parameteS* The relationship between (170 keV), respectively.
the band-gap energy an& has been discussed theor-
etically*>*®and ﬁXperiFentallﬂlaandS has bezg 58V3|Uat8d B. Disordering process in the dose rang®>5x 10?*cm™2
by an equatiol S={(2.005-Ep|(<30k)/0.471"> where . . . .
Ery <2010 denotes PL peak energ; ™~ ei/ measured below 30 AS Shown in the preceding section, we found the exis-
K.* From the results of PL and CL measurements for aS_enceO of _t\évo disordering lstag_%s in the dos_e ranges2
grown [Figs. Xa) and Xb)] and several electron-irradiated X10?cm™? andD>5x10*'cm ™2, The order-disorder reac-
specimens, we determined that the CL peak energy obtained
at 110 K, Ecraow, is given by Eciaiok=Epi<sok 049 ' A '
+0.012 eV. Hences could be estimated by 0.48

S={(2.017-EcL(110)/0.473°%. D 0.47:\)
Swas also estimated by transmission electron diffraction us- "’0 46
ing a 100-keV electron beam and was approximately given T
by S= So{l TED(D)“ TED(O)}O'S WhereSO andl TED(D) denote 0.450 |
the order parameter for an as-grown specimen and the dose- @ Egﬁ Eg;g
dependent TED intensity of an ordered spot, respectitely. 04 —50 040 0.60 080 1.0

D (10%° cm?)
Ill. RESULTS AND DISCUSSION
FIG. 3. Order parametes estimated by optical spectroscopy vs
electron doseD. Symbols have the same meaning as in Fig. 2.
The CL peak energ¥c 110k Of an electron-irradiated Curves denote the theoretical calculations from B2). (K g
specimen shifted to a higher value compared to an as-growa K ;=7 andK,ygy=Kjyn=0.2.

A. Decrease of order parameter due to electron irradiation
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FIG. 4. Order paramet&estimated by TED method vs electron
doseD. Symbols have the same meaning as in Fig. 2. Curves de- 0 .
note the theoretical calculations from HE) (Kgy=Kn=7 and 0 0.75 1.5
Kivica=Kivin=0.2.

tion under electron irradiation is generally explained by three

kinds of effects?® the change o8 with respect to irradiation 0 4 D 1(?20 2 12 16

time can be expressed by an equatitfidt;, =[dS/dt; ]spon (107 cm™

+[dSdti]se+[dSdt]ya, Where the first, second, and third  FIG. 5. Normalized CL peak intensity, vs electron dos®.

terms represent the changeSxdwing to spontaneous recom- |ncident-electron energies are denoted in the figure. Each solid line

binations of an interstitial and a vacancy, sequential colli-is the best fit of Eq(4) to the experiments.

sions, and vacancy migrations, respectively. The latter stage

has been examined and the disordering is attributed to SPORxperiments. For example, whei=170keV andD=5.0

taneous recombinations of a group{Ga and In interstitial x10%m2, the model yields the result tha=0.477,

and a vacancy generated by electron irradiatidefore we  \hich does not correspond to the experimental resuls of

discuss the newly observed former stage, let us recall the 0.445+0.008 [Fig. 3(@)]. The effect of sequential colli-

a_malytical rlgsults obtained from the spontaneous recombineg—Ions may be disregarded in the present study, i.e.,

tion model. . . [dSdt;]se=0, since the incident-electron energies used in
_ (1) Each concentration of primary defedisolated vacan-  yhe experiments were very close to the threshold electron

cies, isolated interstitials, and pairs of an isolated Vacanc)énergies for atomic displacements. We therefore considered

and an interstitiglcomes to a steady-state value immediatelythat the disordering in the rang@<2x 10?°cm 2 is attrib-

after irradiation commences. o o
. . uted to the migration of vacancies introduced by electron
(2) Under steady-state conditions the changeSaé ex-  jiagiation. So far, there has been little information on the
pressed by generation and migration of primary defects, including va-
ds o cancies, in(Ga, INP under electron irradiation. For a quan-
[_} = 37U q_f)4s, (2) fitative understanding of the disordering in the range, we

dt; spon TGaT o) discuss the generation process of point defects in detail.

and thus

1. Generation of Frenkel-type defects under electron irradiation

E The CL peak intensity, of an electron-irradiated speci-
men decreased to a lower value compared to an as-grown

So
_ _ o onelas an example, see Figgbland Xc)]. We found that
in which f represents the correlated recombination factor, oL was well expressed by a function

0 (Ga)@ndojn the cross sections for displacement damage of

Ga and In atoms, respectivel\§ decreases exponentially 100

with increasing D with the decay rate ofogao(n)(1 lol=r———,

—B){oGayt o} 1+0,D
(3) The threshold electron energies for the displacement ) _ L )

of Ga and In atom& gz and Eqqy are estimated as in the whereo is a fit parameter; F'|gs_.(5)—5(f) show experimen-

range between 120 and 150 keV. We have confirmed thd@! (marks and simulatedsolid lines I, vs D for several

Eq. (3) expresses the dose dependencs af the rangeD incident-electron energies. We found that the decrease is
>5x10P'cm 2 well: the value of u corresponds to well explained by a recombination-center motftile., some

o (cam(1— T ){ocay+ oy} under the assumption that localized energy Ie\./el.s of electrgn—irradiation—induceq de-
E. - —=147+5keV andE..<E  respectively® fects act as nonradiative recombination centers, lgpdis
d(Gay d(in) = =d(Ga) P Y given by the function

Z_M(l_fm, 3)

In
TGat o)

4

C. Disordering process in the dose rang®<2x 10?°°cm=2

Lo . 100
The spontaneous recombination model cannot yield the oL = , (5)

dose dependence & in the rangeD<2x107%cm % the 1+ opivCo b+ 24
order parameter estimated by Eg) is much larger than the i M7=m 7t i
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whereC;, represents the concentration of ttie nonradia- 60— 10
tive center.op is the capture cross section for carriers sol

(electrons and hole$ecoming trapped in thigh center, and . 175 4
v the velocity of carriersy, and r,, denote the carrier life- "g 40y _Ii =
times for the radiative recombination and for nonradiative g 300 L F R
recombination due to electron-phonon interactions, respec- = 20l e g
tively. apgyv/{r, '+ 7'} may remain constant during the o . {2.5~
present CL measurements. Comparing the experimental re- i S AR Ga|

sult given by Eq.(4) with the theoretical one from Ed5), 0 '1/;6(0 ' 188

we conclude thaC;y increases linearly with increasiri, E (keV)

i.e., Ciy=a;)D in which « represents the introduction

rate for theith nonradiative center. This indicates that the FIG. 6. Fitting parameter, for the fits indicated in Fig. 5 vs

nonradiative centers are related to primary defects generatdrident-electron energ§. Broken lines represent the theoretical

by electron irradiation. cross sections for displacement damage of the Ga and In atoms,
We next discuss the nature of the above-mentioned norfZ(ca and on VS E (Eqcy =143 keVEyn=120keV). The solid

radiative centers. No active energy level in the band gap duline is a fit of Eq.(5) to the data.

to isolated interstitials has been detected to our knowledge,

implying that the interstitials are irrelevant to the centers. 2. Vacancy-migration-mediated disordering
Since the threshold electron energy for the displacement of P under electron irradiation
atoms is experimentally suggested to be 100 kéwe de- We now return to the disordering process in the range

duce that the centers are not related to P vacancies. So fgh< 2% 102°cm™2. Before we discuss the results in this dose
Frenkel-type defects have been observed in electrofange, et us recall briefly a standard model of vacancy-
irradiated GalnP? even though the atomic configurations of migration-induced disordering:d S/dt; ], — =:Cy(5S in
the defects are still uncertain. It is generally believed thatyhich Cyv(y represents the concentration of thievacancy.

Frenkel-type defects in semiconductors form localized enThis model describes the disordering in ion-implanted
ergy levels in the band gap and some of the levels act ags5 Inp well2

type defects on the Ga and In sublattices are related t0 thigesent experiments; an analysis based on the model yields
nonradiative centers. The change of the concentration Ghe result thas decreases monotonously with increasing
each defect with respect to irradiation time is theoretically\ye propose an extended vacancy-migration model in which
predicted by the equatiéh the change ofSis related to the concentration gradient, as
well as the concentration, of thevacancy; the disordering

dCy(g 2 can be expressed by an equation
—at, 017K Crve, 6)
. s
whereC,y () represents the concentration of the Frenkel-type —| =- E {a(g)V2+B(g)}DV(g)CV(g)S, (8
defects on the sublattice(pairs of an isolated interstitial Iir] £

and a¢ vacancy = Ga and In. K,y is proportional to the

sum of the mobility of the interstitials and that of vacancies in which Dy, represents the diffusion constant of tije

on the¢ sublattice. Numerical calculations of E@) provide  vacancy under electron irradiation, ang, and S, are dis-

the result that  Cyy (g approximates to ordering efficiency factors. As we discuss in the following

0y(1—T)D for D<{p/o (1T )Klv(g)}(’f’ (in the order section, a recombination-enhanced effect may promote the

of 10?°cm™?). In the case where all defects act as nonradiaimotion of the vacancies under electron irradiation. However,

tive recombination centers;; is since the irradiation temperatu(@10 K) was very low, the
value ofDy,; must be small during the present experiments.
We therefore consider that the value of the second term in

v(1—f )Eg ap(&) oy Eq. (8) can be negligible. Assumin@ZD.V(g)Cv(g) is in pro-
o= 7 ) 7) portion to the differential ofCy with respect tot;,
{7 "+ 7 [d¥dt;]ya may be proportional ta@C,y ) /dt;. Hence the

) o change ofS can be expressed by a simple equation
The electron-energy dependencesgf(closed circles in Fig.

6) was well expressed by the theoretical equation when

Ed(ca=143=5 keV and Ey(,=120+2 keV, respectively; as__ T@a%in 1 ty4s- S K dCrvg s

the solid line in Fig. 6 shows the best fit of E€f) to the dty  o(Gat o) T @ ody, 7
experiments. We thus conclude that decreased owing to 9
the Frenkel-type defects on the Ga and In sublattices gener-

ated by electron irradiation. whereK is a disordering efficiency factor. The phenomeno-

From the results in this section and in Sec. IlI B, we canlogical factor K should be proportional to the number of
estimateE g, and Ey(y) to be 145-2 and 12-2 keV,  atomic sites around a vacancy for the migration of the va-
respectively. This conclusion is consistent with the result incancy. Analytical calculation of Eq$6) and(9) provides the
Ref. 13. equation
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enhanced migration of the group-Ill vacancies(@a,InP,

J(Ga ol
In sl %(1—1‘ )D—2> Kg and the present experimental data may be useful for a general

(G ™ T (in) ¢ understanding of point-defect reactions under electron irra-

X(U(g)(l_f)qg]% diation.
Kivie IV. CONCLUSION
os(1—)K 05 : : L . .
X tan ©® VoL o (10) We investigated electron-irradiation-induced disordering
¢ ’ of the CuPt-type ordered structure {Ga,InNP by in situ

Bhotoluminescence and cathodoluminescence spectroscopy
In a transmission electron microscope. A decrease of lumi-
nescence intensity following an electron irradiation in the
energy range above 120 keV has been observed and we have
shown that the decrease is due to Frenkel-type defects on the
Ga and In sublattices generated by the irradiation. We con-
r%ude that (1) electron-irradiation-induced migration of
group-lll (Ga and In vacancies dominates the disordering in
the dose range below>210?°°cm 2, and (2) spontaneous
r{ecombinations of a group-lll vacancy and an interstitial

irradiation dominates the disordering in this dose range. domlrllateizthe disordering in t.he dose range above 5
As shown in Figs. 3 and 4, all experimental data have™ 107 cm™<. The_former conclusion suggests that group-Ill
been consistently expressed by Ef§j0), and thus we have vacancies can migrate at a temperature of 110 K under elec-

concluded that group-IIl vacancies can migrate at a temper&fon 'Tfad'a“"” due to a .recombmz_apon-enhancgd effect.

ture of 110 K under electron irradiation. So far, the migration This_study ha§ prowded_ ad(_:h'uonal experimental da.ta
of these vacancies has been observed only in a temperatu?‘goUt the generation and migration of G"’.‘ anq In vacancies
range above 923 K We showed that the CL peak intensity under electron |rrad|at|_on. The method' ¥ situ optlcal'
decreases owing to nonradiative electron-hole recombinationP Ctroscopy in a TEM Is useful for studying defect reactions
(Sec. llICY, and the energy of the recombination may en-under electron irradiation.

hance the motion of the group-Ill vacancigecombination-
enhanced migratign Such a recombination-enhanced effect
has been widely investigated in semiconducting materials, The (Ga,InP sample was provided by Mitsubishi Chemi-
since the electronic and optical properties may vary drastieal Co. This work was partially supported by the Ministry of
cally as a result of the effect; as an example, it is considere&ducation, Science, Sports and Culture, Grant-in-Aid for
that dislocation climi® and rapid migrations of impuritié®  Scientific ResearchC), No. 09640395, 1997-1998, and
due to the effect cause the degradation of some GaAs-bas@&tant-in-Aid for Scientific Research on Priority Areas
laser diodes. Similar effects have also been observedih Si,(Phase transformations No. 09242222, 1997, and No.
GaP? and InP*! We could first observe the recombination- 10136226, 1998.

where the second term is related to the disordering by th
migration of group-Ill vacancies under electron irradiation.
The dose dependence 8f(Figs. 3 and #is well expressed
by Eqg.(10) when the values &K andK,y are on the order of
10° and 10!, respectively; solid lines in the figures show
simulated curves dBvs D. ForD>5x1071cm™2, the value
of the second term comes to a small steady-state value a
thus Eq.(10) almost corresponds to E). The value of the
first term is negligible in the rangp<2x10?°cm™2, and
hence the migration of group-lll vacancies under electro
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