SEMICONDUCTORS VOLUME 33, NUMBER 10 OCTOBER 1999

Influence of indium doping on the formation of silicon— (gallium vacancy ) complexes in
gallium arsenide grown by molecular-beam epitaxy at low temperatures

A. E. Kunitsyn, V. V. Chaldyshev, and S. P. Vul’

A. F. loffe Physicotechnical Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia

V. V. Preobrazhenski , M. A. Putyato, and B. R. Semyagin

Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences,
630090 Novosibirsk, Russia
(Submitted May 17, 1999; accepted for publication May 17, 1999

Fiz. Tekh. Poluprovodr33, 1187—-1191(October 1999

Low-temperature photoluminescen@l) studies of gallium-arsenide layers grown by molecular-
beam epitaxy at low (200 °C) temperaturésT(GaAs and doped with silicon or a

combination of silicon and indium have been performed. The PL spectra of as-grown samples
reveal a shallow acceptor-based line only. After annealing, an additional lind &eV

appears, which is attributable togg+V e, complexes. The activation energy of complex formation
is found to be close to the activation energy of migration of gallium vacancies and is equal

to 1.9+0.3eV forLT GaAs: Si. It is found that doping with a combination of silicon and indium
leads to an increase in the activation energy of formation gf-Sig, complexes to 2.5

+0.3eV. We believe that this increase in the activation energy is controlled by the gallium
vacancy—indium interaction through local lattice deformations. 1999 American

Institute of Physicg.S1063-782809)00810-§

INTRODUCTION smearing of the interface in isolated quantum wells and in

superlattices (AlAs/GaAs and InAs/GaAs grown by
Gallium vacancies exert a substantial influence on thenolecular-beam epitaxy at low temperatures.

properties of bulk crystals and epitaxial layers of GaAs. = We have performed a photoluminescence study of the

When gallium arsenide is doped with shallow-donor impuri-formation of Sg;—Vg,complexes irL T GaAs : Si layers an-

ties(e.g., S, the interaction of the donors with the vacanciesnealed at various temperatures. We have also investigated

leads to the formation of stable complexes. Such complexgd® influence of indium doping on the formation of these

degrade the efficiency of doping and can have an effect Oﬁomplexes.

the lifetime of the charge carriers. To elucidate and investi-

gate Si-Vg, type complexes, one usually measures the phoSAMPLES AND EXPERIMENTAL PROCEDURE

tolluminescenceéPL) spectr.a, in whict_1 a chgracteristic pand LT GaAs layers were grown on the molecular-beam ep-
with energy near 1.2eV is obser\_/é& Gallium vacancies oy setup “Katun™ on substrates of polished gallium ars-
play an especially important role in GaAs layers grown byenide 40 mm in diameter witfL00) orientation. Growth oc-
molecular-beam epitaxMBE) at low (<300 °C) tempera- cuyrred at the temperature 200 °C at a rate gfmi/h and an
tures. The main peculiarity of this materiaLT GaAs,  arsenic pressure of 710 *Pa. The thickness of theT
which defines its unique properties, is the large arsenic exSaAs layer was 0.am. A layer of AlAs 50 nm in thickness
cess (as high as 1.5at.%0acquired by the layer during was also grown on the surface of the samples to prevent
growth. Although a large fraction of the excess arsenicarsenic evaporation during annealing.

enters into the crystal in the form of antistructural defects ~ Two groups of layers were grown. The first group was
(Asgs), whose concentration reaches?d@m 3 (Ref. 4), dop_ed with only the shallow donor impurity, siIichonc_gn—
the gallium-vacancy concentration is also very large tration 77X %(3)17cm,3), and the second, with silicon
~10%cm™2 (Ref. 5. It is believed that gallium vacancies (7x107cm %) and the isovalent impurity, indium

. . (2x10¥%cm3).
(Ved are the glommant comp.ensatlng acceptorsinGaAs, After the growth procedure the samples were divided
ensuring pinning of the Fermi level near the level of the dee

. . ) Rnto several groups, one of which was held unannealed while
donor Ag,. In addition, it is usually assum?_acﬂhat MIgra- the remaining groups were subjected to annealing at different
tion of gallium vacancies plays a key role in the transportiemperatures. The samples were annealed in an atmosphere
and precipitation of excess arsenic and the formation of theg pure hydrogen for 15 min. The annealing temperature was
system of nanosize As clusters in th€ GaAs matrix during  varied in the limits 606-850 °C.
annealing. It is also assunfetthat diffusion of gallium va- The photoluminescencél) studies were performed at
cancies leads to enhanced interdiffusigm-Ga, Al-Gaand  a temperature of 4.2 K in the spectral range-0182 um. An
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FIG. 1. Low-temperature photoluminescence spectrabfGaAs: Si and ~ FIG. 2. Low-temperature photoluminescence spectra ©fGaAs : Si and
LT GaAs: Si: In samples grown at 200 °C and annealed at 710 °C. LT GaAs: Si: In samples grown at 200 °C and annealed at 802 °C.

Ar™ laser(the 514.5um line) was used to excite emission, the defects responsible for the appearance of these lines since
and the signal was recorded with a B462 cooled photo- the photoluminescence intensity depends not only on the

multiplier. concentration of recombination centers, but also on the life-
time of the charge carriers in the investigated material. It is
EXPERIMENTAL RESULTS well known that during annealing significant changes take

Both the unannealeT GaAs samples doped and not place in the structure of theT GaAs samples associated

doped with indium were characterized by an extremely WeaIYVith the formation of arsenic clusters and a decrease in the
total photoluminescence intensity, which is due to the ex-nﬁmber Off r:'[)r?mt tdeftects. ?Itiarly, Itn _thlethprol_(;e?s of :l:r?h
tremely short lifetime of the charge carriers in this material.c'aNges O1 the structure ol the material the Teime ot the
A single line was observed in the spectra of unannehl&d nonequilibrium charg_e carriers can vary over wide I|r_n|ts.

GaAs which is associated with recombination at shallow ac- "€"éfore, to determine the change in the concentration of

ceptors(1.498 eVf. We did not observe lines associated with M€ Ska~Veacomplexes, instead of the absolute value of the

recombination on free excitons, which is characteristit Bf intensity of the photoluminescence line associated with this
GaAs (Ref. 10 defect we examined its ratio to the recombination line on

Figure 1 shows the photoluminescence spectrd. bf shallow acceptors.

GaAs samples doped and not doped with indium, annealed at Figure 3 shows a ;emllog plot. of the raup of the.mten-
710°C. It can be seen that in addition to tAdine associ- 'Y of the photoluminescence line associated with the
—Vga complexes to the intensity of the edge lumines-

ated with shallow acceptors, a weak wide band appears in th%IGa 3 . .
region of 1.2eV, which is associated with deep centersCeNce line as functions of the annealing te_mp_ergture for
namely, (gallium vacancy-donor complexegin this case samples oL T GaAs doped anld not doped with |nd|gm. It
Sie.—Veo).1 2 It can be seen that in the indium-doped can be seen that at low annealmg temperatures the dn‘ference
samples, the intensity of this band is much less than in thd the concentrations of the &V, complexes is quite
samples not doped with indium, which is evidence of a lower

concentration of $j,—Vg, complexes.

As the annealing temperature is raisg€lg. 2 shows T,°C
photoluminescence spectra of samplesLdf GaAs doped .990 8?0 890 7?0 . 790 6?0
and not doped with indium, annealed at 800 °C), the total | GaAs:Si,In
photoluminescence intensity increases due to intensification 'F=2'5 (£0.3) eﬂ
of the edge photoluminescence lines and due to a significant _ 2
growth of the intensity of the line associated with deep cen- &
ters. The increase in the intensity of the edge luminescence™~¢
lines is apparently explained by an increase in the lifetime of §
the nonequilibrium charge carriers proportional to the extent = _ GaAssSi ___4100
that native lattice defects are annealed out. The intensity of =19 (£ 0.3) eV
the line associated with the &V, complexes, on the a_ :
other hand, grows by two or three orders of magnitude, L - . s s : . 1000
which can be explained only by an increase in the number of 0.85 090 095 1.00 1.05 1.10 1.15 120
these complexes. 1000/T, 1/K

The Varlatlon in the intensities of md!VIdual photolumi- FIG. 3. Semilog plot of the temperature dependence of the ratio of the line
nescence lines in the spectra of the various samples canngensity of recombination on a shallow acceptor to the intensity of the line
be used to judge the variation of the relative concentration oéssociated with the §i-Vg, complexes.
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significant while at high annealing temperatures their conment with the data for the activation energy of gallium-
centrations are roughly the same. From the slope of the lineacancy diffusiort?**
obtained by statistical processing of the results, it is possible The data plotted in Fig. 3 indicate that the activation
to determine the activation energy of complex formation. Forenergy of formation of Si;—Vg, complexes differs signifi-
the samples not doped with indium, it is equal to 1.9cantly in the samples doped with indium from those that are
+0.3eV. For the indium-doped samples the activation ennot doped. It can be seen that the activation energy of for-
ergy of formation of Si—Vg, complexes is equal to 2.5 mation of Si,—Vg,complexes in the indium-doped samples
+0.3eV. The difference amounts to 0.6 eV, which exceedgxceeds the activation energy of the complexes in the mate-
the measurement error. rial not doped with indium by~0.6eV. Let us consider
probable reasons for this phenomenon.
Since the concentration of gallium vacancies in our ex-
periments was not measured, we can assume that an increase
The formation of complexes consisting of the pairin the energy of complex formation is associated with an
gallium-vacancy and silicon in the gallium sublattice is typi- insufficient concentration of gallium vacancies in the
cal of single crystals and epitaxial layers of gallium arsenidendium-doped material, which leads to the necessity of gen-
prepared by various methods. It is usually assuthiétht the  eration of additional gallium vacancie®/§,) for complex
formation of (gallium vacancy—(shallow donoy complexes formation to proceed. This assumption, however, is at vari-
in epitaxial layers occurs during crystal growth. Our studiesance with the data obtained in our previous studfiéBaus,
show, however, that in the case of low-temperature moleeptical absorption measurements in the near-infrared show
cular-beam epitaxy the concentration o SiVg,complexes  that indium-doped. T GaAs contains a large concentration
formed during growth of the layers is small. Vigorous for- of excess arsenic and a large concentration of antistructural
mation of complexes takes place during annealingt®f defects (Ag, in comparison with the material not doped
GaAs layers and intensifies as the annealing temperature vgith indium. It is well knowrt® that the concentration ratio
increased. This means that complex formation takes place &ssg,+ /Asgp remains roughly constant over a wide interval
a consequence of migration of defects and impurities, i.e., bpf growth temperatures and flux ratios As/Ga. An increase in
the mechanism characteristic of bulk single crystals. the number of positively charged defects in turn, should ob-
In general, for a sufficiently high concentration of;Si  viously be accompanied by an increase in the concentration
donors obtained as a result of doping, complex formation i®f gallium vacancies, which, as is suggested in Ref. 6, are
the result of two consecutive processes: formation of a fre¢he main compensating acceptors. It should also be noted
vacancy and its migration to a lattice site at which a siliconthat despite the high concentration of shallow Si donors
atom is found. Motion of silicon atoms can be ignored since(7x 10" cm™ %), the unannealed layers were high-resistance
it is well known that the diffusion coefficient of vacancies in layers, i.e., the concentration of compensating acceptors
GaAs significantly exceeds the diffusion coefficient of sub-should be higher than the concentration of shallow donors. In
stitution impurities. The activation energy of diffusion addition, earlier studié3 of LT GaAs by transmission elec-
of gallium vacancies in GaAs is 1#0.5eV according to tron microscopy showed that during annealing the indium-
the data of Ref. 12, and 1#70.3 eV according to the data of doped material contains a higher concentration of large ar-
Ref. 13. senic clusters in comparison withiT GaAs not doped with
The energy of formation of gallium vacancies in GaAs isindium. It is now assumed that the formation of arsenic clus-
very large, 4.600.5eV (Ref. 12. A peculiarity of gallium ters occurs as a result of diffusion of excess arsenic in the
arsenide grown by molecular-beam epitaxy at low temperagallium vacancies. Thus, we can rightfully and confidently
tures is that this material contains a high concentration otonclude that doping df T GaAs with indium should not be
gallium vacancies-10*¥cm™3 (Ref. 5; i.e., the concentra- accompanied by a decrease in the gallium-vacancy concen-
tion of gallium vacancies i T GaAs layers is comparable tration.
with the silicon concentration, and for formation of A probable reason for the increase in the energy of
Sici—Vga complexes additional vacancies are not required. Sig—V g, complex formation in indium-doped samples is an
Thus, in a layer of GaAs: Si grown by molecular-beaminteraction of the gallium vacancies with the indium atoms
epitaxy at low temperatures, the concentration of galliumduring diffusion of vacancies in the crystal. Indeed, in the
vacancies Vg, and of Sg,donors is higHunder conditions investigated samples the indium concentration exceeds the
of a large arsenic excess, silicon atoms are embedded ingilicon concentration by more than an order of magnitude,
the gallium sublatticéRef. 14]. The formation of Si,—Vsa  and although indium is an isovalent impurity and electrically
complexes, however, does not take place since the diffusiomactive in gallium arsenide, the difference in the size of the
of defects and impurities at low temperatures is “frozen.” indium and gallium atoms leads to the appearance of local
During annealing the gallium vacancies presentinGaAs elastic deformations in the vicinity of the lattice sites occu-
become mobile and as they diffuse they are captured by silipied by indium atoms. In other words, a vacancy creates
con atoms with subsequent formation of complexes. The adecal deformations of opposite sign in the material. It is clear
tivation energy of complex formation should be equal to thethat such defects, which create local deformations opposite
activation energy of migration of vacancies. According toin sign, have a tendency to come together and form com-
our data, this energy fdtT GaAs: Si layers not doped with plexes, lowering the free energy of the material. Such com-
indium is 1.9- 0.3 eV. This quantity is indeed in good agree- plexes can have a binding energy on the order of several tens

DISCUSSION OF THE RESULTS
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