806 Brazilian Journal of Physics, vol. 29, no. 4, December, 1999

Experimental Evidence for the Distinction Between

Metastability and Persistence in Optical and
Electronic Properties of Bulk GaAs and AlGaAs

M.V.B Pinheiro! and K. Krambrock?
Y Centro de Desenvolvimento da Tecnologia Nuclear (CDTN)
CP 941, R. Prof. Mdrio Werneck s/n, 30.123-970 Belo Horizonte, MG, Brazil
2 Departamento de Fisica, ICEz, Universidade Federal de Minas Gerais (UFMG)
CP 702, Av. Anténio Carlos 6627, 30.123-970 Belo Horizonte, MG, Brazil

Received February, 1999

In this paper we present experimental evidence supporting that persistent behavior in the electronic
and optical properties of bulk GaAs and AlGaAs can have different origins as: the metastability of a
defect, the persistent charge transfer from a defect to another defect, and the transfer from a defect
to the conduction band. In particular, we show three different cases in which defects are either
directly or indirectly related to persistent changes of the optical absorption, the magnetic circular
dichroism of the absorption (MCDA) and the photoconductivity (PC). The three cases are as follows:
the transfer of EL2 to the metastable state EL2°* in semi-insulating (SI) GaAs causing persistent
quenching of the absorption and photoconductivity (PPCQ); the persistent transfer of electrons
from stable EL2° to arsenic vacancies in lightly n-type GaAs; and the correlated appearance of
persistent MCDA and photoconductivity in AlGaAs due to the photoionization of DX-centers.

I Introduction

Point defects in semiconductors often cause persistent
behavior in the electronic and optical properties of a
semiconductor during transfer from ground to the ex-
cited state. That is the case of the well known DX
centers in AlGaAs [1-3] and the EL2 defects in GaAs
[4]. Both have charge states which are related to a
large lattice relaxation [5,6]. The transfer of the DX
centers by light at low temperature is accompanied by
a persistent photocurrent (PPC) [7,8], whereas that of
EL2 is related with a persistent quenching of the pho-
tocurrent (PPCQ) [9]. In the literature, much confu-
sion still exists when it concerns with persistent effects
in the electronic and optical properties of a semicon-
ductor. New metastabilities of defects were suggested,
although only persistent electronic or optical proper-
ties were observed [10]. The main reason for that is
the lack of structure-sensitive experimental data like,
for example, electrically or opticallly detected magnetic
resonance (EDMR and ODMR), which correlate unam-
biguosly the measured property with the microscopic
structure of a specific defect [11]. In this work we dis-
cuss whether persistent effects like PPCQ, PPC and
persistent quenching of the absorption are directly or
indirectly related with the metastability of a specific

defect or caused by a charge transfer process between
two defects or one defect and the conduction band. For
this purpose we give experimental evidence for three
distinct cases: excitation of the EL2 defect in ST GaAs
by light of energy between 1.0 and 1.4 eV generating
PPCQ and persistent quenching of the absorption in
GaAs [12,13]; charge transfer between EL2 defects and
As vacancy-related defects by light of energy below 1.0
eV causing also a persistent quenching of the absorption
in GaAs [14]; and PPC as well as the persistent MCDA
caused by photoionization of Te-related DX- centers in
AlGaAs by light of energy above 0.7 ¢V [8]. All those
processes are observed at low temperatures. As ex-
perimental techniques, we used the transient behavior
of the Magnetic Circular Dichroism of the Absorption
(MCDA) correlated with Optically Detected Magnetic
Resonance (ODMR), as well as optical absorption and
photocurrent measurements.

IT The case of EL2 in GaAs

The EL2 defect is one of the most studied intrinsic de-
fects in GaAs [4]. It appears mainly in semi-insulating
GaAs grown by liquid encapsulated Czochralski (LEC)
and horizontal or vertical Bridgman (HB or VB, re-
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spectively) [4]. Although its microscopic structure is
still a controversial subject, it 1s accepted that its core
is an arsenic antisite (AsGa) [15]. Acting as a dou-
ble donor, it has three charge states EL2°, EL2% and
EL2*t* which introduce two ionization levels in the
band gap (E, + 0.75 €V for 0/+ and E, + 0.54 eV for
+/4+4). Tts neutral charge state has an excited state,
EL2%, which is metastable and optically and electri-
cally inactive at low temperatures. The most accepted
model for the metastable state of EL2 is that caused
by a large lattice relaxation (LLR) of the As antisite
in a < 111 > direction [6].
metastability is created, at low temperature, when light
of photon energy between 1.0 and 1.4 eV transfers the
EL2° from ground state to the excited state EL2%*. It
can be recovered by heating the crystals up to 140 K.
This metastability is also responsible for one of the the
most well known fingerprints of the EL2 defect, the
persistent quenching of photoconductivity [9]. Another
fingerprint of the EL2 defect which is also related to the
metastability is the persistent quenching of the MCDA
band of paramagnetic EL2% [12,13]. Figs. 1(a) and
1(b) show, respectively, the MCDA of EL2% and the
absorption of the EL2% in semi-insulating LEC GaAs
before and after photo-quenching for illuminating light
of 1.2 eV. This photo-induced quenching of the absorp-
tion and the MCDA is persistent for hours at low tem-
peratures (<140 K). Figs. 2(a) and 2(b) show the tran-
sient behavior of the MCDA of EL2T at 0.95 eV and the
transmission at 1.3 eV, which is related to the absorp-
tion band of EL2°. Both EL2° and EL2% are converted
to EL2%* according to the following reactions [12,13]:

This relaxation-induced

EL2° + hy — EL2% + e~ (1)
EL2Y + hy — EL2° + bt (2)
EL2° + hv — BL2% (3)

The first transition is responsible for the photo-
conductivity (PC), and the last two for the persistent
photo-quenching of the photoconductivity (PPCQ) or
even a p-type persistent conductivity. While the two
reactions in (1) and (2) compete with each other, the
third one occurs always when the bleaching light is
around 1.2 eV. As a consequence, both EL2° and EL2*
are converted into the metastable state EL2°* and their
concentrations, which are directly related to the inten-
sity of the MCDA and the absorption, decrese persis-
tently [12,13].
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Figure 1. Optical absorption (a) and MCDA (b) in semi-
insulating LEC GaAs before (solid lines) and after (dotted
lines) illumination with photon energies at 1.2 eV at low
temperatures [13].
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Figure 2. Transient behavior of the optical absorption at
1.3 €V (a) and the MCDA at 0.95 €V (b) during bleaching
with light of energy of 1.2 eV in semi-insulating GaAs at
low temperatures [13].
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IIT The charge transfer between
EL2 and V4, in GaAs

In a slightly n-type Te-doped GaAs sample we observed
a completely different persistence which is not related
to the metastability of the EL2 defect [14]. The persis-
tence was created by light of energy below 1.0 eV with
the transfer of electrons from the EL2° defect to an-
other defect, the V5, at low temperatures (up to 120
K), according to the reactions:

EL2° + hv — EL2% 4 ¢~ (4)
VAL 27 = Vg, (5)

This effect has been observed in transient MCDA
experiments where the MCDA band of EL2T was per-
sistently increased (Fig. 3) [14]. The photon energies
used to occupate persistently the EL27T states, 0.80 and
0.94 eV, were below the threshold energy for bleaching
the EL2% centers which is above 1.0 eV [12,13]. How-
ever, one must remember that for the same sample we
have also observed the bleaching of EL2 centers due
to the transfer to the metastable state. This transfer
was only detected for illumination with photon ener-
gies above 1.0 eV [14]. As for the metastable transition
of the EL2 centers, the persistent charge transfer from
EL2 to VAs may also generate a PPCQ, which was
not measured up to now. In this picture, the electrons
photo-excited from the EL2° generate a photoconduec-
tivity which is quenched by their capture into V 45.

IV The case of DX centers in
AlGaAs

The DX centers in n-type Al Gaj_zAs (¢ > 0.3) are an-
other kind of defect which introduce persistent proper-
ties by illumination at low temperatures in the semicon-
ductor. Unlike the EL2 defect in GaAs, the DX center
in Al,Gaj_;As is an extrinsic defect. Its ground state,
in the most accepted picture, 1s a negatively charged
deep donor which undergoes a large lattice relaxation
(LLR) along a < 111 > direction for group IV im-
purities (Sn, Si), or one of its first Ga neighbors for
group VI donors (Se, Te) [7]. After photo-excitation by
light of energies above 0.7 eV at low temperatures, the
deep ground state DX-becomes ionized and the released
electrons are trapped in shallower substitutional donor
states which may include or not the same impurity-
related effective mass type states, do [7]. The equilib-
rium between these shallow states and the conduction
band generates a photoconductivity which is persistent
for long periods of time when temperatures are kept

below 150 K (PPC) [7,8]. Most group IV and group VI
donor impurities behave in such a way. For Te-doped
Al Gaj_,As we correlated the persistent occupation of
neutral effective mass type Te-donors, responsible for a
MCDA band in the near infrared region [8], with the
appearance of the PPC after photoionization of DX-
centers. Both the MCDA measured at 1.5 K and the
PPC measured at 40 K are persistent up to 150 K, ap-
pear with the same photon energy threshold and satu-
rate with similar illumination times (Fig. 4). The PPC
could only be detected above 40K because for lower
temperatures the photoexcited electrons were freezed
out in the shallow Te" states [8]. The DX-related per-
sistence is different from the other two cases discussed
above since it is not due to a metastable transformation
whitin one and the same defect neither due to a charge
transfer between two defects. It can be considered, in
principle, as a consequence of a bistability of a defect
which can be either negatively and positively charged.
The reaction that describe this behavior is

DX~ 4+ Tet «—Te’ + Tet +ecp (6)
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Figure 3. Transient MCDA of EL2% detected at 0.94 eV
during illumination with light at 0.8 €V at low temperatures
in n-type Te doped GaAs [14]. The occupation of EL2% is
persistent until 120 K.
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Figure 4. Correlated appearance of PPC and MCDA in Te-
doped Alg 46 Gao 54 As indicating that after photoionization
of DX centers electrons are persistently transferred to the
conduction band. For T' < 40 K these electrons are trapped
in the shallow Te® effective mass-type states [8].

V Discussion and conclusions

Fig. 5 shows schematically for the three cases described
above how persistent changes in the electric and optical
properties are originated. The three cases are: transfer
of stable EL2° to metastable EL2%* in GaAs originating
PPCQ; transfer of electrons from EL2Y to As vacancies
in slightly n-type GaAs; and PPC based on the bistabil-
ity of DX centers in AlGaAs. Although there are many
similar persistent effects in the optical and electrical
properties of GaAs and AlGaAs, at least three different
kind of phenomena originating such persistence have
been identified using transient MCDA, optical absorp-
tion and photoconductivity measurements in correla-
tion with optically detected magnetic resonance. They
could unambiguously be identified because structure-
sensitive techniques were applied.
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Figure 5. Schematic representation of persistent effects ob-
served in optical and electrical properties: (a) metastability
of EL2 in SI GaAs, (b) charge transfer between EL2 and As
vacancies in n-type GaAs and (c) bistability of DX centers
in AlGaAs.
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