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Photoluminescence Transitions of the Deep EL2 Defect in Gallium Arsenide
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Fourier-transform photoluminescence spectroscopy has been used to obtain detailed and unequivocal
information on the two major transitions involving the deep EL2 level in semi-insulating gallium ar-
senide. %e report the first observation of a shallow, hydrogenic state of neutral EL2, which leads to
sharp structure in the luminescence spectrum. This new fine structure should prove extremely useful in

perturbation studies of the EL2 defect. These new transitions also locate the energy position of neutral
EL2 within the band gap with unprecedented precision.

PACS numbers: 71.55.Eq, 78.55.Cr

Photoluminescence (PL) spectroscopy is a well devel-

oped and widely applied technique for the study of rela-
tively shallow impurities and defects in semiconductors.
It is capable of providing detailed information on chemi-
cal species, energy levels, symmetries, and, in some in-

stances, concentrations. The use of PL for the study of
deep centers is less advanced, since there are often
diSculties in reliably associating PL features with

specific defects, and in determining the electronic nature
of the transition responsible for the PL. In this Letter
we demonstrate that the great increases in sensitivity and
spectral resolution which can be obtained using Fourier-
transform PL (FTPL)' can provide a wealth of new in-

formation, allowing for the detailed and unequivocal ex-
planation of deep PL processes.

The system under study is the EL2 midgap double
donor in GaAs. This defect is of great technical impor-
tance due to its involvement in pinning the Fermi level in
"semi-insulating" (SI) GaAs. It is also of considerable
fundamental interest due to its readily accessible inactive
metastable state. ' The voluminous literature on EL2
continues to be rife with disagreement and controversy;
for example, on the question of whether EL 2 is the iso-
lated As-antisite (AsG, ) (Refs. 2 and 4) or the Aso,. plus
other constituents, and as to the nature of the lattice re-
laxation associated with the metastable state. The
EL 2 PL literature is similarly characterized by
conflicting claims and models. For example, the fre-
quently observed =0.63-eV band has been suggested to
arise from neutral EL2 recombining with a free hole
(h, EL 2 ), transitions from EL 2 to the GaA, double
acceptor, transitions from a relatively deep (=50 meV)
EL 2 excited state to the ground state, ' an oxygen-
related defect (0), ' " some defect other than EL2, '

and finally 0 in oxygen-containing samples and a free
electron recombining with singly ionized EL 2 (e,EL 2+ )
in others. ' The second frequently observed band at 0.68
eV has been assigned to (e,EL2+) transitions, ' to
(h, EL2 ) transitions, ' '" ' and to internal transitions
of ionized EL 2 (EL 2+* EL 2+ )."

Our new PL results support the conclusion of Taji-

ma that the =0.63-eV band can be due to either 0 or
EL 2, and in addition we show clear differences between
the two spectra. The fine structure in our =0.63-eV
EL2 band reveals that at liquid-He temperatures this
band results from an electron in a shallow, hydrogenic
bound state dropping into the EL2 ground state
(EL2„-q EL2„-~). At higher temperatures (T&30
K) the free-to-bound (e,EL2+) transitions dominate the
spectrum. Our results on the structured 0.68-eV band
reported by Tajima' reveal that at T~ 35 K, it is not
(h, EL2 ) but rather a donor-acceptor-pair (DAP) tran-
sition (EL2,A ) involving carbon (or zinc if present),
and the (A, EL2 ) free-to-bound transition occurs only
at T+ 35 K. The fine structure of the new transitions al-
lows for determination of the energetic position of EL2
in the band gap with unprecedented precision, and we
note that the (h, EL2 ) and (e,EL2+) free-to-bound
edges add up to precisely the band-gap energy as they
should.

A wide variety of bulk annealed liquid-encapsulated-
Czochralski (LEC) GaAs samples were studied. While
most were grown by one manufacturer, we emphasize
that the 0 band and the structured -0.63- and 0.68-eV
bands reported here were also clearly observed in sam-
ples obtained from a second source. A controlling factor
in the incorporation of 0 into LEC GaAs is the moisture
content of the B203 encapsulant. ' ' We refer here to
the high-0-content samples grown with wet B203 as B
type (2000 ppm HqO), and the low-0-content samples
grown with dry B203 as C type (1000-1200 ppm H20)
and D type (500 ppm H&O). It is interesting to note that
even the addition of Ga203 to the melt when using dry
equipment does not appear to introduce detectable levels
of O.

The PL was performed on a Bomem DA3.02 Fourier-
transform interferometer using a liquid-nitrogen-cooled
Cincinnati Electronics InSb detector. A variety of exci-
tation sources were used, namely, an Ar+ laser for
above-band-gap excitation, a Ti:A1203 laser for near-gap
excitation, and a 1.3-pm diode laser for long-wavelength
excitation. All PL spectra have been corrected for in-
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strumental response unless otherwise noted. The photo-
luminescence-excitation (PLE) spectra were excited by a
LiNb03 optical parametric oscillator system. ' The
samples were mounted in a liquid-helium cryostat that
allowed the temperature to be varied from 1.5 K to room
temperature.

The first issue to address is the eAect of oxygen on the
deep luminescence. Figure 1 shows the eflect of increas-
ingly lower concentrations of oxygen on the deep PL us-

ing above-gap excitation at liquid-helium temperature.
The PL spectrum, Fig. 1(a), of the heavily oxygen-doped
sample (Ga-0-Ga concentration of 2x10'-' cm ) ' is
completely dominated by a broad, structureless band at
0.63 eV. We found no evidence of the previously report-
ed structure. ' In the undoped 8-type sample, Fig. 1(b),
the intensity of the deep PL is approximately 200 times
weaker than the near-gap luminescence but is still
strong. The peak has shifted down in energy somewhat,
but in relation to the width of the band, the change is

slight. The deep PL found in the C-type and D-type
samples is, however, dramatically diferent. The
luminescence is much weaker and is unusually long lived,
with a lifetime of r=5 ms. The spectrum, Fig. 1(c), is
also markedly diferent: The band now peaks at 0.61 eV
and is characterized by sharp structure on the high-
energy side of the band. All of the undoped C-type and
D-type samples studied had this same distinctive band
and fine structure, whereas the 8-type samples were nor-
mally dominated by the much stronger 0-related band at
0.63 eV. In some cases the sharp feature from the
deeper band can still be discerned in the 8-type samples,

but it is usually obscured by the 0-related 0.63-eV band.
We have also verified that the PLE spectra of these
bands differ in the way described by Tajima. '

The most widely recognized signature of EL2 is its
unusual bleaching or quenching behavior. The 0.61-eV
band is observed to quench completely after the sample
is bleached for several minutes with intense light of
wavelength near 1 pm, regardless of the wavelength of
the light used for exciting the PL. Spectra taken im-
mediately after bleaching show only a much weaker and
structureless band centered at 0.66 eV. These spectra
were collected quickly when using above-gap excitation
because this light slowly regenerates the neutral EL2.
By bleaching a sample for short periods and measuring
both the PL and the 1.039-eV absorption line, the 0.61-
eV band was found to bleach at the same rate as the
EL 2 intracenter absorption transition, and complete
recovery of both was achieved after annealing at 140 K.
As expected, the 0-related band could not be quenched
when using above-gap excitation for the PL. '

The EL2 optical cross section, a„', and the PLE re-
sults ' suggest that the conduction-band-to-EL 2 PL
should be most eSciently pumped by excitation just
below the gap. This was found to be the case for the
0.61-eV band and allowed the collection of the low-noise
PL spectra of Figs. 2(a)-2(c). An abundance of sharp
structure is apparent in the spectrum shown in Fig. 2(a),
taken at 4.2 K. The band begins with a weak no-phonon
(NP) transition at 739.33 meV which is seen to couple to
a wide variety of phonons. The longitudinal-optical
zone-center phonon- (Lor) assisted transition is by far
the strongest and occurs at 702.82 meV. There is also a
transverse-optical zone-centered phonon (Tor) replica, a
transverse-acoustic phonon from the L point of the Bril-
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FIG. 1. Spectra at 4.2 K with 515.5-nm excitation showing
the effect on the PL of reducing the oxygen concentration. (a)
The Ga-0-Ga concentration in the 0-doped sample is 2 x 10"
cm . The water content of the Bq03 encapsulant is (b) 2000
ppm and (c) 500 ppm. The indicated EL2to transition is
present in (b) but is difficult to discern on the strong back-
ground. (D,A ) refers to the near-gap donor-acceptor-pair
luminescence and X the excitonic luminescence. Resolution is
0.5 meV.
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FIG. 2. PL spectra with 840-nm excitation showing (a) the
structure on the 0.61-eV band at 4.2 K, and the free-to-bound
transition at (b) 20 K and (c) 30 K. These spectra are not
corrected for instrumental response. The resolution is 0.12
meV. (d) The PLE of the 0.61-eV band at 1.6 K with approxi-
mately 1-meV resolution.
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louin zone (TA~) and 2LQr and LOr+TOt- replicas. In
addition to these lattice phonons, there is strong coupling
to local vibrational modes (LVM) of energy 10.8+ 0.2
meV. These are strikingly similar to the 11-meV LVMs
which couple to the 1.039-meV NP transition of the EL 2

intracenter absorption. '

The sharpness of the NP transition and its LO-phonon
replica implies that the initial and final states are both
localized on the same center. Since EL2 is a double
donor, it should have shallow Coulombic excited states in

the gap analogous to the excited states of the helium
atom. On varying the sample temperature, it was noted
that the PL was very strongly temperature dependent.
The PL intensity of the sharp structure associated with
the 0.61-eV band decreased rapidly as the temperature
increased, indicating that the initial state was depopulat-
ing into another nearby state. PL spectra taken at 20
and 30 K, Figs. 2(b) and 2(c), clearly show a new transi-
tion from a thermally populated level, and the Boltz-
mann-like line shape is indicative of a free-to-bound
transition, namely, (e,EL 2+). This is confirmed by the
PLE spectrum shown in Fig. 2(d) where the onset of the
absorption agrees well with the edge of the free-to-bound
transitions in Figs. 2(b) and 2(c). The spectroscopic
binding energy of the shallow state is measured to be
3.2+0.5 meV, which puts the EL2 ground state at
742.5~0.5 meV below the conduction band at 4.2 K.
This is by far the most accurate measurement yet of this
important level and is in good agreement with the results
of Omling, Silverberg, and Samuelson. We note that
the fact that the low-temperature transition couples
strongly to LOr while the (e,EL2+) transition does not
results in an anomalous increase in the energy of the
center of the band as T increases, from 0.61 eV at
liquid-helium temperature to 0.63 eV at 30 K.

As noted by Tajima, ' the 0.68-eV band is best excit-
ed at 1.3 pm, near where the optical cross section o~
reaches its maximum. In contrast to previous work, '

most of our samples did not show this band. It was
found only in samples where the acceptor concentration
(N~) exceeded the shallow donor concentration (ND) by
approximately 1.0x10' cm ', resulting in a significant
concentration of ionized EL2. A typical spectrum ob-
tained at 6.0 K is shown in Fig. 3(a). It is very similar
to that reported by Tajima. ' The improved quality al-
lows us to observe that the structure at -720 meV is not
the third LVM replica but rather is dominated by an

LO~ replica. Once again, the temperature dependence of
the PL provides valuable information. In the spectrum
collected at 40 K, Fig. 3(b), a free-to-bound transition
with an edge at 773.0+ 0.6 meV is evident, and at 70 K,
Fig. 3(c), this initial state is dominant and the broad
band has shifted to higher energy by approximately 15
meV. The appearance of this free-to-bound transition
and the -23-meV shift from its edge to the lower edge
of the relatively broad NP transition, which peaks at 756
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FIG. 3. Spectra of the 0.68-eV band as a function of tem-
perature from a sample ~ith carbon concentration of 5.5x10"
cm ' with 1.3-pm excitation. The sample temperature is (a)
6.0 K, (h) 40 K, and (c) 70 K. Resolution is 0.5 meV.

meV, indicates that the 756-meV transition is the NP
transition of the EL2 to neutral-acceptor (EL2,A )
DAP luminescence (due to carbon with an ionization en-

ergy of 27.0 meV) and the 773.0-meV transition is

(h, EL2 ). When the energy of the (h, EL2 ) transition
edge at 40 K is added to the energy of the (e,EL2+)
edge, a value of 1515.5+ 1.1 meV is obtained, which
compares well to the 40-K band gap, 1516.6 meV.

To conclude, we have presented PL spectra of a band
centered at 0.61 eV at liquid-He temperature, with a
sharp NP transition at 739.33 meU and strong phonon
replicas. The band bleaches and anneals identically to
the EL2 intracenter absorption and has the same LVMs
as observed in absorption. The band is distinguished
from the much stronger, structureless oxygen-related PL
band centered at 0.63 eV. At low temperature the PL is
due to transitions from a shallow, hydrogenic EL2 excit-
ed state to the EL 2 ground state and at higher tempera-
tures transitions involving free electrons to the EL2
ground state are observed. The 0.68-eV band is only ob-
served in samples where there are significant concentra-
tions of acceptors, and at low temperature this band is
due to DAP recombination involving EL2 and shallow
acceptors. At higher temperatures the band is due to
EL2 to valence-band transitions. The narrow linewidth
of the transitions in the 0.61-eV band will allow pertur-
bation studies of EL2 to be carried out with much
greater precision than was previously achievable.
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