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optical excitation of the metastable EL2' level
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Photocurrent studies of optical quenching of the near-intrinsic photosensitivity by 1.1-eV photons
in semi-insulating GaAs reveal that this phenomenon is associated with an internal excitation of the
metastable EL2* level, which then relaxes into a second metastable state, which is characterized by
both extrinsic (1.1-eV) and intrinsic (hv) 1.4-eV) photosensitivity quenching. The spectral distri-
bution of the EL2* excitation is obtained, and the results are discussed. Photoluminescence studies
suggest the role played by shallow acceptors in this phenomenon.

I. INTRODUCTION

Midgap levels in semi-insulating GaAs are very in-
teresting in view of the technological applications of this
material. These levels are the compensators of residual
shallow levels and thus provide the semi-insulating prop-
erties required by GaAs as a substrate in integrated-
circuit (IC) technology. There is a family of levels com-
monly labeled EL2, ' which possess the ability to relax
into a metastable configuration with illumination at low
temperature in the energy range from 1 to 1.3 eV. '

The physics of this defect is a rnatter of controversy,
due to the fact that its chemical identity is not well
characterized and also because the nature of the strong
relaxation undergone by the lattice leading to the meta-
stability is poorly understood. New insights have led oth-
er workers to claim that EL2 is a complex involving an
arsenic antisite and an arsenic interstitial. ' Such a com-
plex would have different optical parameters depending
on the relative position of its components. The first-
neighbor arrangement is believed to be the metastable
configuration, whereas the normal configuration would
be associated with more distant pairs.

It should also be noted that other metastable behavior
has been observed in this material; for example, it exhib-
its a similar photoexcitation spectrum to that of EL2,
from which we conclude that they are related to the same
family of defects. In fact, they are optically induced by
1 —1.3-eV photons, and the reverse transition, i.e., the res-
toration of the initial state, is a thermally activated pro-
cess. These metastabilities are observed in different ex-
perimental ways and can be summarized as follows.

Band edge sects. -DiFerent transformations of the
band-edge photoresponse have been reported, i.e.,

quenching of the optical absorption, far-infrared absorp-
tion from residual acceptors, changes in the low-
temperature thermally stimulated current (TSC) spec-
tra, ' quenching and enchancement of the photoconduc-
tivity, "' and quenching of the photoluminescence exci-
tation (PLE).'

Other sects The m. ain eFects to be cited here are the
optical enhancement of the extrinsic photocurrent ' and
the observation of new EPR signals after excitation with
extrinsic light.

The enhancement of the photocurrent has been proved
to be associated with a defect other than EL2, probably
the so-called EL6.' ' Nevertheless, the study of such
an effect reveals the existence of some relation between
the two as has been suggested elsewhere. ' ' Indeed EL6
seems to involve the AsG, antisite, ' ' which has been
largely described in other papers. ""

Contrary to the usual assertion of the nondirect experi-
mental observation of the metastable state, the subsidiary
quenching effects seem to account for the possibility of an
optical excitation of the metastable state. This possibility
has already been considered in relation to the recovery of
the normal photosensitivity at low temperature by excit-
ing with 0.8-eV (Ref. 21) or 1.1-eV photons. The aim of
this paper is the study of optical quenching of near-
band-gap photocurrent and its relation to optical excita-
tion of the metastable EL2* level.

II. EXPERIMENTAL
A. Samples

The samples used were cut from both horizontal Bridg-
man (HB) and liquid-encapsulated Czochralski (LEC) in-
gots. Typical resistivities lie between 10 and 10 0 cm at
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room temperature; the samples were mechanically pol-
ished and etched in a 5:1:1HzSOi. H202 (30%) solution.
Typical sizes of the specimens used for measurements are
5X2X0.5 mm .

The HB samples (grown by RTC, France) were inten-
tionally doped with Cr, and different amounts of Ga203
were added to the melt. Most of the results reported here
refer to sample RT 420, for which the weight ratio (Cr to
CsaAs) in the melt was 0.000 20.

The LEC samples (grown by Thomson Semiconductor,
France) were either undoped or In doped. Most of the
results reported refer to a sample cut from ingot Ag 70,
(which is weakly In alloyed).

The choice of samples RT 420 and Ag 70 for illustrat-
ing the results presented in this paper was'made because
they exhibited a strong photoquenching effect revealing
the existence of a high concentration of EL2 levels.

Electric contacts were made by different procedures:
In dots annealed at 390'C, silver-paste-painted elec-
trodes, evaporated In, and AuGe-alloyed electrodes. No
significant variation of the results was observed between
them when the photocurrent was measured at low bias, in
the linear part of the I h versus V plot. The contacts
were masked in order to avoid illumination of the space-
charge region. Samples were provided of lateral elec-
trodes for measuring the Hall effect.

B. Apparatus

The samples were mounted in the holder of a closed-
circuit liquid-helium Air Products cryostat, which al-
lowed temperature regulation from 10 to 300 K. Optical
excitation was provided by a 150-W halogen lamp pass-
ing through a Bausch % Lomb grating monochromator
and a filter system. Light was directed onto the sample
by a light pipe transparent to near-infrared radiation.
The photon Aux was measured by a thermopile and then
corrected for incident wavelengths, in order to excite
with a uniform photon Aux along the scanned spectral
range. Photocurrent measurements were made by either
a logarithmic picoammeter (Keithley model 26000) or a
digital electrometer (Keithley model 616).

III. RESULTS
A. Preliminary results

Here we will consider previous results on near-band-
gap persistent phenomena, obtained by ourselves or by
other authors.

l. 1—1.3 eV near-band-gap persistent phenomena

We summarize the near-band-gap effects related to ex-
trinsic photoquenching. The observation requires prelim-
inary excitation with bleaching light (1—1.3 eV). This
stage shall be implicit in the following description.

The optical quenching of the near-band-gap absorption
has been reported by several authors and consists of a
persistent quenching of the optical absorption for ener-
gies above 1.4 eV. The recovery of the initial optical
transmission is thermally activated and occurs between
60 and 120 K depending on the samples. This is in

agreement with similar observations on thermal recovery
of the extrinsic optical quenching effect. - This confirms
the relationship between the two quenching phenomena.

Optically induced far-infrared absorption from residual
acceptors (Fourier transform ir, FTIR) demonstrates the
neutralization of the residual acceptors, mainly C and Zn,
by holes. This optical absorption is correlated with a de-
crease in the normal EL2 concentration. In this way, the
existence of persistent holes, either bound or free, has
been detected by electronic Raman spectroscopy (ERS)
and Drude-type free-carrier absorption.

TSC spectra recorded from 4 K reveal a strong depen-
dence on the excitation conditions and samples. A strong
quenching of the trap population, as revealed by TSC, is
observed for traps with activation energies below 150
me V under bleaching excitation conditions. This
phenomenon has been the subject of a previous study. '

Photoconductivity. The near-band-gap photoconduc-
tivity (hv 1.4 eV) undergoes significant quenching when
the sample is illuminated with quenching light. "

The occurrence and mechanisms of such band-gap phe-
nomena imply a close relationship between the steps lead-
ing to both the extrinsic and the near-intrinsic quenching
of the photoresponse. This has been considered to be a
check on Levinson's dipolar model of EL2. This model
consists of the pairing between a deep and a shallow
donor, which are driven to a close configuration by a
Coulombic force when photoionization places the system
into a favorable electrostatic condition. The direct rela-
tionship of both quenching effects with such a mechanism
has to be proved. In other words, it must be checked
whether the appearance of both metastabilities is the im-
mediate consequence of such a pairing or not.

2. Quenching of the near intrinsic pho-tocurrent

In order to obtain insight into this problem, further in-
formation is required on the formation kinetics of both
quenching effects as well as the correlation between them
in different kinds of samples.

The first question to be answered deals with the simul-
taneity of the occurrence of both quenchings upon excita-
tion with 1.1-eV photons. All of our studies using the
photocurrent technique clearly demonstrated a sequential
mechanism; in other words, the extrinsic quenching of
the photocurrent took place in the first state, and further
illumination with extrinsic photons induced the quench-
ing of the near-intrinsic photocurrent" (Fig. 1). There-
fore, we concluded that the quenching of the near-
intrinsic (hv) 1.4 eV) photocurrent did not correspond
to a relaxation of the normal state of EL2 but rather
seems to be associated with a relaxation of the EL2' state
itself. This is in agreement with results reported by Otsu-
ka et ah. from far-infrared magnetoabsorption measure-
ments, from which the authors claimed a pairing between
EL2* and a shallow donor. This observation would in-
voke the possibility of optically exciting the metastable
EL2* level.

The quenching of intrinsic photocurrent with 1 —1.3-eV
light takes place in the absence of extrinsic photo-
current, "which suggests that this transition does not in-
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FIG. 1. (a) I„h(t)/Iph(t =0) vs excitation time with 1.1-eV
light. (hv=1. 1 eV), (b) (hv=1. 4S eV) T=80 K. The extrinsic
quenching takes place prior to the intrinsic quenching.

process in relation to the extrinsic quenching and de-
pends on the secondary light's wavelength. The obtained
spectral distribution is shown in Figs. 3 and 4 for a LEC
and a HB sample, respectively.

It seems reasonable to assume that this spectrum is as-
sociated with the excitation of the EL2* state. Indeed,
the observation of the near-intrinsic quenching of the
photocurrent is only possible if the extrinsic quenching
has occurred in the first stage as shown in our experi-
ments. Furthermore, the secondary light does not
transfer free carriers to the free bands, because transi-
tions from EL2 were previously quenched by the primary
light; therefore the electronic transition leading to the
quenching of the near-intrinsic photocurrent would be re-
lated to an intracenter transition of the metastable EL2
state. The maximum of the EL2* excitation spectrum is
around 1.1 eV, and the full width at half maximum
(FWHM) is 110—120 meV, which agrees quite well with
the value reported by Kaminska et aI. ' for the intra-
center transition of EL2. If we compare the spectrum of
the near-intrinsic quenching with that of the extrinsic
quenching, a slight shift to the low-energy side is ob-
served, more markedly in the HB sample, which might

hv&

volve the ionization of EL2'; therefore, such an excita-
tion would deal with an intracenter transition of EL2*.

The internal excitation of the metastable state, which
has been considered to be optically inaccessible, was also
suggested by the piezospectroscopic data of Levinson and
Kafalas, who stated that the quenching transient of the
photocapacitance would arise from the metastable state
itself, which would relax in a sequential charge-state-
controlled process in As&, -containing defects. Other
long-term relaxations ' have also been reported in the
literature which seem to agree with a rather complex
lattice-relaxation mechanism. This would imply that the
lattice relaxation leading to the quenching of the near-
intrinsic photocurrent does not fit a pure Coulombic
model unless the charge redistribution in the complex de-
fect could lead to a Coulombic-like interaction between
diAerent parts of the complex.

2x109

—94x10

t2

B. Optical excitation of EL2*

From the above considerations it seems possible to as-
sess the excitation spectrum of EL2* and thus the follow-
ing experiment has been carried out (Fig. 2).

The sample is illuminated with quenching light (pri-
mary light, h v, = 1. 1 eV) for a time sufficient to produce
extrinsic quenching, and then the near-intrinsic photo-
current spectrum (hv) 1.4 eV) is recorded. Next the
sample is illuminated for a time t2 with secondary light,
h v2, and thereafter the near-intrinsic spectrum is record-
ed again. The secondary light is tuned to determine the
spectral distribution of the quenching of the near-
intrinsic photocurrent. The normal state is restored after
every cycle by heating above 150 K. It is clearly ob-
served that the near-intrinsic quenching is a long-term

Q.82

FIG. 2. Experiment for determining the spectral distribution
of EL2 . Curve i is the initial near-intrinsic photocurrent spec-
trum. Curve 1 is the near-intrinsic photocurrent spectrum after
primary light excitation. Curve 2 corresponds to the near-
intrinsic photocurrent spectrum after secondary light excitation
(see text).
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reveal a diferent arrangement of the complex defect in-
volved in the photoquenching phenomenon.
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FICx. 4. (a) Spectral distribution of the near-intrinsic quench-
ing and (b) extrinsic quenching for a Cr-doped HB sample.

FIG. 3. (a) Spectral distributions of near-intrinsic quenching
and (b) extrinsic quenching for a low-ln-doped LEC sample.

IV. DISCUSSIQN

Two interpretations could account for the observed
quenching of the band-edge photocurrent.

1. The near-intrinsic quenching occurs as a conse-
quence of sequential relaxation of a complex defect in-
volving both EL2* and the corresponding shallow donor
or acceptor, which are generated or neutralized during
the relaxation.

2. The excitation of EL2 to EL2 transforms the prop-
erties of other levels, which then show a metastable be-
havior, as has been proposed by Bray et al. for describ-
ing the existence of free holes and acceptorlike ERS sig-
nals.

In other words, the relaxation might produce a change
in the location and concentration of levels or only a
change in their occupation due to the shift of the Fermi
level, when the extrinsic quenching is achieved.

It is worth noting that experiments on temperature
recovery of the photocurrent" demonstrated that the res-
toration of the near-intrinsic photocurrent took place a
few degrees ( —10 K) below the recovery of the normal
extrinsic photocurrent. This observation, in addition to
the delayed near-intrinsic photocurrent quenching, sup-
ports the hypothesis of a sequential lattice relaxation un-
der 1 —1.3-eV light excitation. This is in agreement with
the thermal recovery of normal sensitivity observed at 60
K for n-type samples. ' Nevertheless, the fact that the
intrinsic quenching could also reAect a change in the oc-
cupation of such levels as a consequence of the metasta-
bility of EL2 is a non-negligible possibility, which could
coexist with the sequential mechanism.

The lattice relaxation would occur in the following
stages.

1. Initially the EI2 and EL2+ populations are in
equilibrium depending on the location of the Fermi level,
which implies the existence of ionized shallow acceptors

The excitation with extrinsic light has two conse-
quences: (a) the EL2+ are converted into EL2 and (b)
the EL2 are ionized and then transformed at a low rate
in metastable EL2 " states. Point (a) corresponds to the
short-time regime in Fig. 5, and the second is associated
with the long-term quenching of Fig. 5. It should be not-
ed that the short-time regime can be strongly modified,
even erased if excitation with 0.9 or 1.4 eV is performed
before the 1.1-eV illumination. This is achieved by the
corresponding shift in the Fermi-level position produced
by such excitation. It is quite interesting that in a first
stage, before the extrinsic quenching takes place, the in-
trinsic photocurrent increases relative to the initial in-
trinsic photocurrent level. This may be due to a decrease
of the EL2+ population, with a corresponding decrease
in the recombination rate of the electrons excited from
shallow acceptors. In fact, the EL2 level is the main
recombination center for the e excited from the ionized
shallow acceptors ( & 0.03 eV for LEC samples and
&0.08 eV for HB samples above the valence band), as is
deduced from the short-time response of the I h (1.1 eV)
versus t plot before and after the 1.4-eV excitation (Fig.
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FIG. 5. (a) I»(1.1 eV) vs t, before 1.49-eV excitation and (b)
after 1.49-eV excitation.

2. The excitation and subsequent relaxation of the
EL2' levels leading to the intrinsic quenching begins at
the moment they are created, in other words when the ex-
trinsic quenching begins to be observed. Nevertheless,
this relaxation is produced at a low rate and is only clear-
ly observed in the final stages of the extrinsic quenching,
for which the dominant process is the excitation of EL2'.
A major point of this relaxation is to know the role
played by the shallow levels, that is to say, whether the
shallow levels participate in the final metastable state,
which will be labeled EL2 *, or are not optically active
only because they are emptied due to the EL2*' metasta-
bility. The hypothesis that the shallow levels should un-
dergo a lattice relaxation leading to a shift of the energy
levels is non-negligible and is supported by changes in the
trap energies observed in TSC experiments. ' However,
the study of In-doped samples (sample Ag70) reveals the
existence of quenching, both extrinsic and intrinsic,
without noticeable shifts in the TSC spectrum, contrary
to what, happens for undoped LEC samples.

In relation to this, it should be worth studying the be-
havior of the band-edge photoluminescence under
quenching conditions. The 1.49-eV band, associated with
C~, acceptors, exhibits significant quenching after
bleaching light excitation at 4 K.

This observation could be associated with either a de-
crease of the radiative recombination yield or a decrease
of the excitation efficiency. These experiments were car-
ried out with the 514-nm line or an Ar+ laser as the
source of excitation. No shift of the PL band is observed,
showing that the radiative recombination efficiency was
reduced as a consequence of the existence of nonradiative

recombination competitive processes. On the other hand,
this result also indicates that at least a part of the carbon
acceptors keeps their identity after quenching. In order
to obtain insight into this problem, it should be valuable
to have data on (PLE) under quenching conditions.

The band-gap absorption is also quenched, which
suggests that the excitation of carriers from shallow ac-
ceptors becomes less efficient after quenching. In other
words, in view of the reported experimental data, it seems
to be a reliable hypothesis that the intracenter excitation
of the metastable state of EL2* leads to a lattice relaxa-
tion that induces changes in the acceptor population, re-
sulting in changes in the charge state of the shallow ac-
ceptors. This could be a consequence of the formation of
deep acceptor levels associated with the metastability,
which would lock in the electrons initially trapped at
shallow acceptors. Therefore other remaining residual
shallow acceptors are led to exhibit metastable behavior
as a consequence of the above-mentioned metastabilities,
without undergoing a lattice relaxation themselves.
Another possibility would be that a part of the shallow
acceptors shifts to a deeper position in the band gap as a
consequence of the lattice relaxation.

The metastable acceptor levels should lie between 0.03
and 0.4 eV above the valence band as deduced from TSC
experiments. ' EPR measurements demonstrate the ap-
pearance of these acceptors during the metastability of
EL2"

V. CONCI. USIA N

For the first time the intracenter excitation spectrum
of EL2* has been determined. The results reported in
this paper indicate that deexcitation of the excited EL2*
level induces a low-probability nonexponential relaxation.
The relation between shallow acceptors and EL2 has
been discussed, this being an important aspect for under-
standing the EL2 level in GaAs.

In our opinion time-resolved measurements can help
one to understand the complexity of EL2 metastability.
New work on this problem is now in progress and is
planned to be the subject of forthcoming papers.

ACKNOWLEDGMENTS

The authors wish to thank Professor J. P. Fillard
(Universite des Sciences at Techniques du Languedoc) for
helpful discussions. The samples were kindly supplied by
C. Poiblaud [Radio Technique Complelec (RTC)] and M.
Bonnet (Thomson Semiconductor) in France. This work
has been supported in part by Comision Interministerial
de Ciencia y Tecnica (CICYT) (Proyecto ME86-0002).
Two of us, J.J. and L.I.M. , wish to thank Consejo Superi-
or de Investigaciones Cientificas (CSIC) and the Academy
of Sciences of the U.S.S.R. for financial support. L.I.M.
is also indebted to Professor J. Piqueras (Universidad
Autonoma de Madrid) for hospitality in his laboratory.
French-Spanish exchanges were possible in the frame of
the Accion Integrada Hispano-Francesa No. 94.



39 OPTICAL EXCITATION OF THE METASTABLE EL2 LEVEL 13 315

G. M. Martin and S. Makram Ebeid, in Deep Centers in Semi-
conductors. A State of the Art Approach, edited by S. T. Pan-
telides (Gordon and Breach, New York, 1985), Chap. 6, p.
399.

M. Taniguchi and T. Ikoma, Appl. Phys. Lett. 45, 69 (1984).
G. Vincent, D. Bois, and A. Chantre, J. Appl. Phys. 53, 3643

(1982).
4G. M. Martin, Appl. Phys. Lett. 39, 747 (1981).
5H. J. Von Bardeleben, D. Stievenard, D. Deresmes, A. Huber,

and J. C. Bourgoin, Phys. Rev. B 34, 7192 (1986).
B. K. Meyer, D. M. Hofmann, J. R. Niklas, and J. M. Spaeth,

Phys. Rev. B 36, 1332 (1987).
7J. Jimenez, M. A. Gonzalez, P. Hernandez, J. A. de Saja, and J.

Bonnafe, J. Appl. Phys. 57, 1152 (1985).
8J. Wagner, H. Seelwind, and P. Koidl, Appl. Phys. Lett. 49,

1080 (1986).
J. P. Fillard, J. Bonnafe, and M. Castagne, J. Appl ~ Phys. 56,

3020 (1984).
J. P. Fillard, J. Bonnafe, and M. Castagne, Appl. Phys. A 35,
149 (1984).

~~J. Jimenez, P. Hernandez, J. A. de Saja, and J. Bonnafe, J.
Appl. Phys. 57, 5290 (1985).

~ J. Jimenez, P. Hernandez, J. A. de Saja, and J. Bonnafe, Phys.
Rev. B 35, 3832 (1987).
M. Tajima, Jpn. J. Appl. Phys. 26, L885 (1987).
M. Baeumler, U. Kaufmann, and J. Windscheif, Semi-
insulating III-V Materials, edited by H. Kukimoto and S. Mi-
yazawa (Ohmsha, Tokyo, 1986), p. 361.

U. Kaufmann, W. Wilkening, and M. Baeumler, Phys. Rev. B
36, 7726 (1987).
T. Wosiriski and T. Figielski, Solid State Commun. 63, 885
(1987).
J. Jimenez, A. Alvarez, M. A. Gonza. lez, J. Bonnafe, and J. A.

de Saja, Jpn. J. Appl. Phys. 27, 1841 (1988).
J. Jimenez, A. Alvarez, J. Bonnafe, M. A. Gonzalez, and L. F.
Sanz, in Diffusion and Defect Data —Solid State Data, edited
by J. C. Bourgoin and D. Stievenard (Trans Tech, Aeder-
mannsdorf, to be published).
G. M. Martin, E. Esteve, P. Langlade, and S. Makram-Ebeid,
J. Appl. Phys. 56, 2655 (1984).

~oM. Levinson, in Proceedings of the 14th International Symposi

um on GaAs and Related Compounds, Heraklion, 1987, Insti-
tute of Physics Conference Series No. 91, edited by A. Chris-

tou (IOP, Bristol), p. 73.
D. W. Fischer, Appl. Phys. Lett. 50, 1751 1987.
J. C. Parker and R. Bray, Phys. Rev. B 37, 6368 (1987).
W. Kuszko, P. J. Walczak, P. Trautman, M. Kaminska, and J.
M. Baranowski, Materials Science Forum, edited by H. J. Von
Bardeleben (Trans Tech, Zurich, 1986), Vols. 10—12, p. 317.
J. P. Fillard, J. Bonnafe, and M. Castagne, Phys. Status Solidi
A 72, K65 (1982).
R. Bray, K. H. Wan, and J. C. Parker, Phys. Rev. Lett. 57,
2434 (1986).

B. Dischler, F. Fuchs, and U. Kaufman, Appl. Phys. Lett. 48,
1282 (1986).

J. Jimenez, J. Bonnafe, P. Hernandez, and J. A. de Saja, Phys.
Status Solidi A 87, 623 (1985)~

8M. Levinson, Phys. Rev. B 28, 3660 (1983).
29E. Otsuka, T. Ohyama, and H. Nakata, in Proceedings of the

12th International Symposium on GaAs and Related Com-

pounds, Karuzaura, 1985, Institute of Physics Conference
Series No. 79, edited by M. Fujimoto (Hilger, Bristol, 1986),
p. 223.

M. Levinson and J. A. Kafalas, Phys. Rev. B 35, 9383 (1987).
3~M. Kaminska, M. Skowronski, J. Lagowski, J. M. Parsey, and

H. C. Gatos, Appl. Phys. Lett. 43, 302 (1983).


