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Influence of Cd and Se atoms on the quantum efficiency of photon emission through
EL2 defects in gallium arsenide single crystals has been investigated. A comparative
technique of impurity diffusion in vacuum and arsenic atmospheres has been used. The
change character and extent of the photon emission quantum efficiency have been estab-
lished to be defined by vacancy structure of crystal that is due most likely to formation of
EL2-dopant complexes.

WNsyueHo BIMSAHNE aTOMOB KaAMUA U ceJieHA Ha MU3MeHeHUe KBAHTOBOUW a(p(eKTUBHOCTU
uaaydyeHus, uuaynupyemoro medbexramu EL2 B MoHOKpucTasmnax apceHuga raanns. Acmosb-
30BaJIaCh CPABHUTEJbHAA MeTOoAuKa Auddysum IIpUMecU B YCJIOBUAX BaKyyMa U aTMOC(hepbl
MallbAgKa. ¥YCTAHOBJIEHO, UTO XapaKTep M CTelleHb M3MEHEHUs KBAHTOBOU d(h(PeKTUBHOCTU
UBJIyUYEHUs OIIPeaeNsiOTCS BAKAHCUOHHBLIM COCTABOM KPHCTAJIJIOB, UTO, HamboJiee BEPOSTHO,

00ycJI0BJIeHO (popMUpPOBaHHEM KoMIlieKcoB EL2-npumecs.

Optical methods of deep centers investi-
gation in GaAs provide information on the
recombination process nature as well as on
the structure of crystal defects. In this
work, a number of factors is established
causing the quantum efficiency changes of
radiative transitions through anti-struc-
tural (Asgy) EL2 defects under doping of
semi-insulating undoped (SIU) GaAs single
crystals.

The recombination processes involving
the EL2 centers are known to induce appear-
ing of an emission band with energy maxi-
mum at hv,~0.65 eV in low temperature
photoluminescence (PL) spectra. This band
is a superposition of bands at hv,~0.63 eV
and hv,~0.68 eV (Fig. 1) [1]. The first band
is due to radiative capture of free electrons
by the charged EL2* defects while the sec-
ond one, to radiative capture of free holes
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by the neutral EL29 defects (see inset to
Fig. 1, the transitions 2 and 3 respectively).
The efficiency of recombination processes
through EL2* and EL29 centers is influenced
by a number of factors, first of all, by the
self-diffusion processes. Diffusion of arse-
nic vacancies from crystal surface during
vacuum high-temperature annealing (TA) of
the material causes decreasing of EL2 cen-
ter concentration (Vg o) due to the reaction

ASga + Vas © Vg, + Asps, (4 )]

and decreasing intensity of the Av, = 0.65 eV
(Iy.65) radiation. On the contrary, formation
of new EL2 centers during TA under excess
As vapor pressure (pag > 9.8:10% Pa) results
in an increased Iy g5 [2]. A sharp drop of
Iy 65 is also observed in copper doping of
the GaAs crystals [3]. This effect is caused
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Fig. 1. PL spectra of SIU GaAs crystals at
77 K. Dotted lines show expansion of
hv,,~0.65 eV band into components with max-
ima at 0.63 and 0.68 eV. Inset: energy
scheme of corresponding optical transitions
(solid lines correspond to absorption, dotted
ones, to emission of light quantum).

by the passivation of the EL2 defects result-
ing from formation of electrically inactive
EL2—-Cu complexes. Besides, copper introduc-
tion causes a decreased luminescence quantum
yield through neutral EL20 centers (as com-
pared to PL quantum vyield for luminescence
through the charged EL2* centers). In [4, 5], it
has been shown that changes in the intensity
ratio of Av, =0.63 eV to hv, =0.68 eV
bands is influenced by the vacancy composi-
tion of the crystal and that in EL2-Cu com-
plexes, copper atoms occupy mainly Ga va-
cancies (EL2-Cugy).

It can be suppose that the decreased I g5
intensity in SIU GaAs crystals as a result of
EL2-dopant complex formation can be sup-
posed to be due not only to copper atoms
but also to atoms of other impurities. Fur-
thermore, there is a question about influ-
ence of the positional state of atoms in the
crystal (i.e. either the dopant atoms have
occupied positions in gallium or arsenic
sublattice) on this process. In this work, the
changes in radiative recombination through
EL2 centers under doping of GaAs crystals
by Cd atoms which diffuse involving arsenic
vacancies and by selenium atoms diffused
mainly through gallium vacancies [6] is
studied.

The n-type SIU GaAs (100) crystals grown
by the Czochralsky technique with resistivity
p = 7107-2.108 Q-cm were used as initial ma-
terial in our experiments. The EL2 center
concentration, as determined from optical ab-
sorption of Av = 1.04 eV light quanta [1] was
N=NO+N*=(1.2 to 2.0)-101% cm™3. The
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vacancy composition of crystals (concentra-
tion ratio between arsenic and gallium va-
cancies, 2z =[Vpsl/[Vgy]) was determined
from intensity ratio between PL bands at
77 K: the edge band with the emission
maximum at hv, = 1.51 eV and extrinsic
one, with hv,, = 1.49 eV, caused by radia-
tive transition from the conductivity band
to the acceptor level Cpg (Fig. 1) [7]. As a
radiation source for PL excitation, a He—Ne
laser with radiation intensity of (2.5-
3.0)-1018 ¢cm~2.s71 was used. The PL spectra
were recorded by a standard technique [8].

Selenium and cadmium diffusion was car-
ried out by annealing of the GaAs samples at
800°C for 6 h in quartz ampoules in vacuum
as well as under excess pressure of arsenic
vapor. As the source of diffusing atoms, a 1 pm
thick Se or Cd layer thermally sputtered onto
the sample surface was used. To realize the
diffusion process, the samples of about 2 mm
thickness were placed in a quartz ampoule of
about 4 ¢cm3 operating volume. The ampoules,
pre-degreased and treated in aqua regia to re-
duce uncontrollable contamination of crystals
with copper, were evacuated to a residual pres-
sure less than 1073 Pa. A 20 mg arsenic mass
was placed in the ampoule to provide As
excess pressure. Since Cd and Se diffusion co-
efficients at 800°C (DCd;3~10’16 em?Zs71,
DSe;7~10’17 em?s71) are substantially lower
than that for arsenic vacancies (Dypg=1-10"
15 em2.s71), these dopants diffuse in vac-
uum into the crystals with arsenic defi-
ciency, or into the crystals with arsenic ex-
cess under arsenic vapor excess pressure.
The reference annealing of the samples
without sputtered dopant layers was also
carried out in vacuum and under arsenic
vapor excess pressure in the same condi-
tions. The emission characteristics of the
surface layers for doped crystals were deter-
mined in the linear carrier recombination
region using the layer-by-layer photostimu-
lated anodic oxidation. The carrier concen-
tration at n < 1016 cm™3 was determined
from the half-width of 800 K band-to-band
PL [8], and the conductivity type, by measur-
ing of surface thermo-e.m.f. sign [9].

After annealing of crystals without sput-
tered dopant layers, a change in Av,, = 0.65 eV
quantum yield at the surface layer was ob-
served, the intensity ratio between the hv,,
= 0.63 eV to hv, = 0.68 eV bands remain-
ing unchanged. Annealing in vacuum re-
sulted in decreased I g5 for surface layers
(up to 20 um in depth) (Fig. 2, curve 2).
Also, in this case, the surface layers showed
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Fig. 2. Emission intensity through EL2 cen-
ters after thermal annealing as a function of
the distance to crystal surface: 1, 2 — without
dopant; 3, 4 — diffusion of Cd atoms; 2, 3 —
in vacuum; 1, 4 — in of As vapor atmosphere.

p-type conductivity. Such I g5 decrease can
be explained by decreasing EL2 center con-
centration ([Ng o)) due to arsenic evapora-
tion from the surface region of samples and
formation of Vg [2]. At the same time, the
reaction of anti-structural defect "decay”
according to Eq.(1) is defined by diffusion
of arsenic vacancies into the crystal vol-
ume. Annealing in arsenic atmosphere
caused an increase of Iy g5 at a depth up to
12 um from the sample surfaces (Fig. 2,
curve 1), the n-type of surface conductivity
being retained. This increase is due to for-
mation of EL2 defects as a result of As
diffusion [2].

After cadmium diffusion, the crystal
surface was characterized by p-type conduc-
tivity. In comparison with annealing
dopant-free samples, the crystal doping
with cadmium in vacuum had no significant
impact on quantum efficiency of radiative
transitions through EL2 centers (Fig. 2,
curve 3). Under excess arsenic pressure,
cadmium diffusion resulted in a significant
(by 2-3 orders at the crystal surface) de-
crease of Iy g5 as compared to typical I g5
values for the case of dopant-free annealing
(Fig. 2, curve 4). The nature of quantum
yield changes for radiative transitions
through EL2 defects in the case of cadmium
doping seems to be same that in the case of
copper doping [3]. Namely, the reason for
hv, = 0.65 eV intensity decrease is the low-
ered concentration of separated EL2 defect
resulting from EL2-Cd complex formation.
The fact that the effect is observed only at
diffusion in arsenic atmosphere may be ex-
plained as follows. As cadmium atoms in
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Fig. 3. Emission intensity through EL2 cen-
ters after thermal annealing as a function
of the distance to crystal surface: 1, 2 — without
dopant; 3, 4 — diffusion of Se atoms; 2,
3 — in vacuum; I, 4 — in As vapor atmosphere.

GaAs mainly occupy Ga vacancies [6], they
can enter the complexes as EL2-Cdg, (cad-
mium diffusion occurs according to disso-
ciative mechanism and the formation prob-
ability of EL2-Cd; complexes with intersti-
tial atoms is low).

As is noted, the diffusion coefficients for
Cd are much lower than for As vacancies.
Therefore, cadmium can be believed to dif-
fuse into crystal area where the V,4 concen-
tration is reduced according to expression [6]

[Vasl - [Vgal = & - pas 172, (2)

(where p,g is the As vapor pressure). At the
same time, in this area, Vg, concentration
(gallium deficiency) increases. Within the
frame of our experiment, the impurity dif-
fusion area did not exceed in extent that of
the emission quantum yield through EL2 de-
fects at the doping-free annealing. In-
creased Vg, number near As,g defects fa-
vors the EL2-Cdg, complex formation.
After introduction of Se atoms, the crys-
tal surface showed n-type conductivity. Dif-
fusion in vacuum resulted in a greater de-
crease of I g5 than in samples annealed
without dopant (Fig. 3, curve 3). At the
same time, Se diffusion in As atmosphere
caused I g5 increase as compared to its val-
ues after dopant-free annealing (Fig. 3,
curve 4). In conditions of linear carrier re-
combination, when the carrier lifetime 7, in
Se-doped region corresponded to that in
SIU GaAs, Iy g5 ~ Ng o and I g5 change is
defined by increase or decrease of Ng 5 [1].
The increased intensity of emission associ-
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ated with transitions through EL2 centers
after Se diffusion in arsenic atmosphere is
caused most likely by partial displacement
of As atoms by the impurity introduced in
arsenic sublattice [10]. At the same time,
the displaced atoms can occupy gallium va-
cancies, the concentration thereof at crystal
surface being increasing during heat treat-
ment in arsenic atmosphere according to the
law of active mass [6]. The I, g5 decrease
resulting from selenium diffusion at wvac-
uum heat treatment can be connected with
decreasing efficiency of emission through
EL2 defects due to EL2-Se complex forma-
tion, as in the cases with cadmium and cop-
per. Thus, diffusion of Se atoms occurs into
areas where the concentration of As vacan-
cies V,g generated due to arsenic evapora-
tion from the surface is higher than that in
the crystal volume. At the same time, the
number of As vacancies near Asg, anti-
structural defects increases. The latter is
possible if the probability of reaction be-
tween Asg, and V,g4 in accordance to mecha-
nism (1) is less than one, i.e. there is a
potential barrier for recombination thereof.
That barrier (exceeding 5 meV at GaAs
crystallization temperature) has been evi-
denced in [11, 12]. As a result of selenium
diffusion along vacancies in As sublattice
[6], electrically inactive EL2-Sepg com-
plexes are formed and the concentration of
separated EL2 centers reduces.

To conclude, copper is not the only impu-
rity causing change in quantum efficiency
of emission through EL2 defects in GaAs
crystals. Introduction of cadmium as an ac-
ceptor dopant results in decreased intensity
of the corresponding radiation band for
crystals with gallium deficiency, while in
the case of GaAs crystals with arsenic defi-
ciency the introduction of cadmium does not
change intensity of that band. This effect is

caused by reduction of separated EL2 cen-
ters concentration due to EL2-Cdg, complex
formation. Introduction of selenium donor
dopant increases the quantum yield for
emission caused by transitions through EL2
defects in crystals with gallium deficiency
and decreases it in crystals with arsenic de-
ficiency. The first effect is caused most
likely by increasing EL2 center concentra-
tion due to displacement of As atoms from
arsenic sublattice by the impurity while the
second onr, by EL2-Se,g complex formation.
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BunpominoBansHa pekomOiHanmia uepe3 mentpu EL2
Y MOHOKPHCTAJIaX apCeHiay rajiio, JeroBaHUX CEJeHOM
1 KagMieMm

M.B.JIimeinosea, C.B.Illymos, O./] Illmanvko, B.B.Kypaxk

BuBueno BnuB aToMiB KaaMiio Ta cejieHy Ha 3MiHY KBaHTOBOI e()eKTHBHOCTI BUIIPOMiHIO-
BaHH#A, iHAYKOoBaHoro gedexramMu EL2 y mMoHOKpmcTanmax apceHimy raniro. 3acTOCOBAHO IIO-
piBHAIBHY MeTOAMKY au@ysii moMimIiok B ymMoBax BakyyMy Ta armocdepu Muir’ sky. Bera-
HOBJIEHO, II[0 XapaKTep i crymins 3MiHM KBaHTOBOI e(DEKTHMBHOCTI BUIIPOMIiHIOBAHHSA BHU3HAYA-
IOTbCSA BAKAHCIMHMM CKJIaIOM KPHCTAJiB, IO, HaliBiporigmimie, o0ymMoBieHO (POPMYBAHHSIM

komiuiekcis EL2-gomimKka.
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