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Deep-level symmetry studies using ballistic-phonon transmission in undoped semi-insulating GaAs
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(Received 2 March 1987)

An anisotropic change in ballistic-phonon transmission induced by irradiation with 1.06-pm-
wavelength photons has been measured in undoped semi-insulating GaAs. The anisotropy of the
phonon transmission is consistent with scattering from a defect having trigonal symmetry. The
metastability, as well as the thermal-annealing and optical-excitation properties of the observed
change in phonon transmission, are consistent with those which have been associated with the
dominant deep electronic level (EL2) in undoped semi-insulating GaAs.

Undoped semi-insulating GaAs is a material of consid-
erable scientific and technological interest. Much of the
scientific interest has been focused on understanding the
nature of the intrinsic defect states in this material. It is
now well established that the AsG, antisite defect (As on a
Ga site) is an important intrinsic defect. This defect ap-
pears to be closely associated with the ubiquitous deep
donor EL 2, which is thought to render GaAs semi-
insulating. There is a broad consensus that AsG, consti-
tutes part of a more extended EL2 defect, or a family of
EL2 defects. The determination of the structural details
of these extended defects in GaAs has been dificult by
means of traditional probes of the local environment, such
as electron spin resonance (ESR).

Information about the local symmetry of a defect can
be obtained from ballistic-phonon transport measure-
ments. Such a technique was used successfully to deter-
mine the symmetry of Cr defects in GaAs. ' These results
were subsequently confirmed by an acoustic-phonon relax-
ation experiment. The interpretation of experimental
phonon scattering data relies on the prediction of group
theory that a defect can scatter phonons anisotropically
only if the defect has a symmetry that is lower than that
of the lattice position it occupies. The nature of the an-
isotropic scattering can be calculated for defects of vari-
ous symmetries.

This Rapid Communication describes the first measure-
ments of defect-related anisotropic phonon transport in
undoped liquid-encapsulated-Czochralski- (LEC) grown
semi-insulating GaAs. The GaAs crystal (obtained from
Microwave Associates) was grown in a BN crucible with a
B203 encapsulant and an overpressure of As—conditions under which the presence of the EL 2 defect
is expected. Optical-absorption measurements are con-
sistent with a concentration of EL2 of (1-2)x 10'6 cm
ESR measurements at 15 K have been performed to
determine the concentration of AsG, in the 1+ charge
state [AsG, ]+= (1-2)X 10' cm . This provides a
lower bound on the concentration of AsG, . If EL2 con-
tains an As~„as is presently believed, then the total con-
centration of Asg, is an upper bound on the concentration
of EL2.

Our ballistic-phonon studies were performed on a 0.5-
mm-thick piece of grown GaAs. A square NbN granular
superconducting bolometer, —,

' mm on a side, was de-

posited on one (100) surface of this crystal and a thin
light-absorbing film was evaporated onto the opposing
surface. The film consists of 30 A of Cr followed by 500
A. of Al and 200 A. of Ge. Heat pulses were created by
focusing light pulses onto the film (5800-A wavelength,
6-ns duration, and 2-50 nJ/pulse). This film is opaque to
the 5800-A light. To observe the [100] phonon transport
the laser beam was focused (spot size —150 pm) on the
film directly opposite the bolometer. The GaAs crystal
was sufficiently transparent to phonons to allow a substan-
tial fraction of the heat pulse to traverse the crystal
without scattering (ballistic transport). To measure
transport along the [110] and [111]directions the laser
beam was moved along the film. All measurements were
made at 2 K.

Figure 1(a) shows the bolometer response for phonon
propagation along the [100] direction. The longitudinal-
acoustic (LA) and transverse-acoustic (TA) phonons are
so labeled. The 6-ns-long, heat-generating optical pulse
occurs at zero time. The arrival times (onsets) of the
ballistic TA~~pp) and LAf~pp] phonons agree well with
those prediced by dividing our crystal s thickness by the
accepted TA~~pp) and LA~~pp) phonon sound velocities.

The solid line in Fig. 1(a) is the heat pulse observed be-
fore irradiation with 1.06-pm light. The dashed curve is
the heat pulse measured after a 5-min irradiation with 5
mWcm of 1.06-pm-wavelength light at 2 K. This
change in phonon signal is observed only when the sample
is irradiated with photons whose energies lies within the
range from 1.0 to 1.2 eV This co.rresponds closely to the
intracenter absorption band of the deep level EL2. This
change in phonon transmission is metastable at low tem-
peratures. Raising the temperature above 130 K restores
the initially smaller phonon pulse amplitude. We also
verified that the bolometer resistance had not changed
after exposure to 1.06-pm light. Thus we conclude that
the metastable changes in phonon transmission induced by
the irradiation are caused by optically induced changes in
the phonon scattering in the GaAs crystal. These changes
are such that the TA-phonon transmission along the [100]
direction is increased after the irradiation, whereas the
LA[~pp)-phonon transmission is unchanged within experi-
mental uncertainty.

In Fig. 1(a) the peak time of the TA-phonon signal is
seen to change due to the irradiation with 1.06-pm light.
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FIG. l. Acoustic-phonon signal intensity vs transit time
across the crystal for the (a) [100], (b) [110], and (c) [111]
directions. The solid line is EL2 in ground state. The dashed
line is EL 2 in metastable state. The dotted line is the diA'erence
between the first two phonon signals; the phonons that are not
scattered when EL 2 is in its metastable state, but are scattered
when EL 2 is in its ground state.

The onset of the change in TA[~ppj-phonon transmission,
as evidenced by the dotted curve (which is the dashed
curve minus the solid curve), corresponds to 0.962 ~ 0.014
of the velocity of long-wavelength TA~&ppl phonons. These
measurements were performed at a number of laser-pulse
energies and consequently varying phonon-energy distri-
butions. The onset of the change in phonon transmission
was found to be independent of pulse energy. From the
published TA-phonon dispersion curves the onset time
for the dotted curve of Fig. 1(a) corresponds to a TA[~pp]
phonon of energy 3.6~1.3 meV. The interpretation of
these delayed phonons as higher-energy phonons is con-
sistent with several other observations: The first observa-
tion is that increasing the laser-pulse energy results in a
broader phonon pulse with more phonons arriving later.
This observation is consistent with the existence of more
high-energy phonons at higher pulse energies. Conse-

quently the ratio of the amplitude of the high-energy
(—3.6 meV) phonons [dotted curve in Fig. 1(a)] to the
amplitude of the low-energy phonons [solid curve in Fig.
l(a)] should increase with increasing laser-pulse energy.
We have verified that this is the case. This second obser-
vation rules out diffusive transport which could be used to
explain the observed broadening of the phonon signal with
increasing pulse energy.

Figures 1(b) and 1(c) show the bolometer response to
phonons propagating along the [110]and [111]directions,
respectively. Although Figs. 1(b) and 1(c) show well-
defined peaks, these peaks are considerably broadened
compared to the [100] peaks of Fig. 1(a). This is due to
the geometry of our crystal-bolometer system combined
with the sharp focusing of [100] phonons relative to the
comparatively weakly or even defocused [110] and [111]
phonons.

In Figs. 1(b) and 1(c), as in Fig. 1(a), the solid curves
were obtained before, and the dashed curves were ob-
tained after the crystal was irradiated with 1.06-pm light
for 5 min. The dotted curves are the change in phonon
transmission (the solid curves subtracted from the dashed
curves). In response to the irradiation an increase in pho-
non transmission is observed for the LA~~ ~pl and fast
TA1((p] phonons (the weaker slow TA[~~oI phonon is not
resolved). The change in [111] phonon transmission
shows no peak when TA~~~ ~l phonons are expected to ar-
rive; within experimental uncertainty there is no measur-
able change in TAl~~~j phonon scattering. A substantial
increase in the transmission of LA~~ ~~l phonons is seen. It
is significant that the irradiation results in no change in
the arrival time of these LA~~ ~ ~l phonons. This is in con-
trast to the TAl&ppl observations where the delayed TA
phonon arrival depended on the dispersion of -3.6-meV
phonons. The dispersion and the corresponding delayed
arrival of 3.6-meV LAt~~~l phonons is negligible. The
broad peak arriving after the ballistic LA and TA peaks is
interpreted as being due to a combination of multiply
internally re[Iected phonons (involving mode conversion at
surfaces), diA'usion, and to a lesser extent, possibly pho-
non dispersion.

From the observed anisotropy of the change in phonon
transmission it is possible to determine the symmetry of
the responsible defect(s). That we are dealing with a
single-defect symmetry seems probable due to the highly
anisotropic nature of the change in phonon scattering (no
change in TA1~~~1 transmission). The &&'s in Table I mark
the TA phonons for the various high-symmetry directions
that group theory indicates can couple and thus scatter
with three different lattice distortions. ' The results of
our experimental observations are also tabulated. It is
clear that the reduction of TA-phonon scattering caused
by the irradiation with 1.06-pm light is consistent with a
decrease in concentration or scattering cross section of a
defect of trigonal symmetry. Defects of tetragonal and
orthorhombic symmetry are ruled out. For a trigonal de-
fect it is expected that LAl~ ~ ~l and LA~~ ~pl phonons will be
scattered, and that LA~~opl phonons will not be scattered.
Our LA phonon observations are in excellent agreement
with these predictions.

The results reported here are closely related to the pres-
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TABLE I. Phonon-defect interaction table. The existence of an interaction of a defect of given sym-
metry with a transverse-acoustic phonon is indicated by an x. The phonon modes listed are either trans-
verse (T) or fast transverse (FT) polarizations.

Phonon
mode

T
FT
T

Propagation
direction

[100]
[110]
[110]

Tetragonal
&1OO)

Trigonal
&111)

Orthorhombic
&»0& Experiment

ence of the EL 2 defect(s) in our crystal of GaAs. Howev-
er, when EL2 is converted to its metastable state, the Fer-
mi level shifts downward, which may change the phonon
scattering cross sections of electrically active defects lying
below EL2 in the energy-band gap. To exhibit anisotrop-
ic phonon scattering a defect must have a lower symmetry
than the site it occupies. This implies the existence of an
extended defect and for a lattice relaxation that lowers the
local symmetry. These facts lead us to conclude that shal-
low effective-mass-like impurities are not responsible for
our phonon scattering eAects. The defect responsible for
the change in scattering must be either EL2 or another
electrically active deep level lying below EL2 in the
energy-band gap. We argue that the scattering of pho-
nons by the EL2 defect is sufficient to explain the magni-
tude of the changes in phonon scattering. Light absorp-
tion measurements indicate our sample has an EL 2 con-
centration of (1-2)x 10' cm . If the phonon scattering
cross section of EL2 in GaAs is of comparable magnitude
to those of other deep levels, such as Cr in GaAs, ' or Sn or
Te in A105Ga05As, ' then the concentration of EL 2 in our
crystal is sufficient to explain the magnitude of the change
in phonon scattering we observe. Although no theoretical
predictions of the EL 2-phonon scattering cross section are
available, a sizable cross section is suggested by the
significant lattice distortions featured in several recently
proposed models for this double donor.

The majority of these models propose that EL2 is an
AsG, complexed with other intrinsic defects such as vacan-

cies" ' and/or interstitials. ' ' Of particular interest is
a recent electron-nuclear double-resonance (ENDOR) ex-
periment' which has been interpreted to show that EL 2
is an AsG, with a neighboring As interstitial positioned to
give the overall defect a trigonal symmetry. Similar con-
clusions have been reached on the basis of annealing stud-
ies. ' ' We find a definite trigonal symmetry in agree-
ment with the ENDOR results. If there is a family of
EL2 defects' ' ' responsible for the phonon scattering
we observe, then the members of this family that dom-
inate the phonon scattering must have the same trigonal
defect symmetry.

In conclusion, we have observed phonon scattering
efects in LEC-grown semi-insulting GaAs that mirror the
metastable, optical-excitation, and thermal-annealing
features of the EL2 defect. The anisotropic increase in
phonon transmission caused by the irradiation with 1.06-
pm light has been interpreted in terms of the decrease in
scattering cross section of, or the removal of, a defect
which has trigonal symmetry. This change in phonon
transmission does not occur for TA[iooj phonons with en-
ergies below —3.6+ 1.3 meV. This energy most probably
corresponds to an electronic energy-level splitting of the
defect's ground state.
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