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We report on the attenuation of ballistic phonons generated in bulk GaAs and propagat-
ing through epitaxial layers of Al„, Ga& „As containing up to 10' Sn or Te donors per cubic
centimeter. The latter donors are known to form a complex with an unidentified defect
(DX center) whose occupation is changed by photoexcitation. The symmetry of the ionized
DX center is shown to be trigonal in the case of Sn and most likely orthorhombic in the case
of Te donors.

The phenomenon of low-temperature, persis-
tent impurity photoconductivity in compound semi-
conductors has attracted considerable recent
attention. Most recently this phenomenon has
been observed' ' in well-controlled, uniformly
doped samples of the semiconductor Al„Ga, „As,
and a large-lattice-relaxation model' to explain
the results has been invoked. For the case of
Al„Ga, „As it involves a non-effective-mass-like
donor complex labeled a "DX"center. The un-
occupied DX center is believed to be resonant
with the conduction band, yet sufficiently local-
ized to produce a large lattice relaxation. Even
though a large number of recent measurements"'
have given considerable support to this model,
no microscopic information on the nature and
symmetry of this important class of defects ex-
ists. A novel and direct method of determining
such information is through the study of absorp-
tion of beams of ballistic phonons of well-defined
propagation direction and polarization. The re-
sults of such studies on Sn- and Te-related donor
centers in Al„Ga, Qs are reported here. The

highly anisotropic nature of the attenuation pro-
vides compelling evidence for a (111)axial dis-
tortion in the case of Sn and a (110) distortion in
the case of Te DX centers and the existence of
donor-related resonant states in the conduction
band of GaAs. Both of these features, as we
shall see, are crucial to the model of large-
lattice-relaxation DX centers in AlGaAs,

In the top of Fig, 1, we show a simple config-
uration-coordinate diagram proposed by Lang
and co-workers' for DX centers in Al„Ga, „As.
Curves C and D correspond to vibrations of the
unoccupied and occupied defect. The physical
significance of the large-lattice-relaxation limit
is that the defect level is above the conduction-
band minimum in the Q = Q,~&,Y

configuration, but
when energy is supplied to distort the local en-
vironment of the defect to Q= Qf,q the level drops
deep into the gap. The net energy gained in the
process, E„ is small (-0.1 eV) and is the defect
activation energy as measured thermally (e.g. ,
Hall effect). The optical activation energy is,
however, large (-1.5 eV) since such transitions

1536 1979 The American Physical Society



+OI,UMp ~~ +UMPH pR 20

DARK
-~~GHT

FT

YSI CAI. RP&II&W I @TIER

0

~o- 2O

UJ

LIJ

I- I.O

Q 05-
+

O

R
empt& Qf UllQ

CONFIGURATI ON ORDI NATE

12 +ovKMgpR ~g7~

Sn

VAs

PURE GOAS OP, EPILAyER

IxG0i x AS

(UNDOPED~

y&I DETECTOR

":~e--LAMp

:':~ DETECTOR

I~~
C}

BALLISTI C

PHONONS

(0~I~~
f I

I

/ I,
I

l
g

X I

I

I

2.0

10'. EPILA'(ER

Alx 6~1 As

PLUS IO/8 S
OR Te DONORS

I I

0
I

~
-~~me )

I.O

ME (~S )TIME

~

~allis tic pho
~ with -yo&s ~

non 1ntens1

dat . rs Pex' c '
e differen

e arkwhO
e er, and

ta taken 1n th d
P cubic centim t

ent samples O~oa As

1ntensities of the . e th dashed &in
' (c~ with -yo~s Te

0~: CR) nom

"Pon the symm t
P o»» reve lo e ballistic h

1nes are taken

material'n y undoped m

metry of the d

tt
t donor-related

n o certain

1nes are

experimental

1rection j 1

arr
mate diagram f1n ox' SUch

t ty t
ansverse m

10) . The
ode depe d'

a so shown.

sz e ' res owsatyp-
a s Bndasc eschematic of the

can take place onl
has bee

on y at constanton ~. Such behavior

) (j
i

n a-site donors su
such as

wi h somewhat d ff
rs such as Sn or S

wi h i erent activ
r i

own in Fig. I'
'vation ener ies

~ is a crystal mo
ies. Also

mode showi g os

an As vacancy.
re complexed with,

The DX centern er, dependin u

astortion ca, can occu
g pon the local tatom-

py any of sever lra equili-
n e lattice. At low tenl-

peratures the center ma
orient by mecans of a phonon-as

may be expected to re-
onon-assisted quantum-

me ne ing process. ' The

feet

erac
ie with a

el
ts can be cal 1

aanisotropic d-

e astic relaxat'
m the theories fs o an-
efects in solid

fre

1 s.

in general be given by

a(u) =(hs/st') f(~ ~0$

1537



VOLUME 4), NUMBER 20 PHYSICAL REVIEW LETTERS 12 NovEMBER 197$

where b,S/S is the relative change of the elastic
compliance, f is a line-shape function which will
depend on S, ~, is the tunneling resonance, I' is a
level width, and e is the sound velocity. Accord-
ing to elastic dipole theory b,S/S depends strong-
ly on the phonon-propagation direction, the phonon
polarization, and the defect symmetry. In Table
I we list the selection rules for transverse pho-
non modes for tetragonal, trigonal, and ortho-
rhombic defects. These selection rules are ex-
perimentally known to be accurately obeyed for
trigonal defects with some exceptions for other
symmetries. ' Selection rules also apply for
longitudinal phonon modes. These are not shown
in the table since, because of their larger sound
velocity, their coupling is weaker, and they will
not be discussed in detail in this paper.

The geometry of the experiment is shown sche-
matically in the inset of Fig. 1 (bottom right-hand
corner). The phonons were generated at one end
of the sample of a semi-insulating GaAs crystal
(typical thickness 2.3 mm) by means of a thin-
film Constantan heater of area -0.25 to 0.75 mm'.
At the other end of the sample a thick epilayer
(-10 pm thick) of Al„Ga, Qs was grown by liquid-
phase epitaxy (LPE). One half of this epilayer
was typically undoped while the other half was
doped with approximately 10" Sn or Te donors.
A thin-film granular Al bolometer or tunnel junc-
tion (again of typical size -0.5 mm') was used as
the phonon detector. Electrical pulses of dura-
tion 10 to 100 ns were applied to the generator.
The detector output was amplified and signal
averaged by means of a Tektronix %P221 tran-
sient digitizer. All measurements were done
with an ambient sample temperature -1.5 K. The
experiments were done either in the dark or in
the presence of light generated by a tungsten
lamp. Suitable absorbing filters could be insert-
ed between the lamp and crystal for effective
illumination of the Al„Ga, Qs epilayers. The de-
tectors were sufficiently thin to allow transmis-

sion of the light. For clarity we present data for
x =0.5 only, and compare these results to those
obtained with several different Al compositions
in the x=0 to x=0.5 range.

In Figs. 1(a) to 1(c) we show typical ballistic
phonon signals taken with the sample in the dark
(solid curves) and in the light (dashed lines). The
propagation direction in both cases is [110]. The
heater power density was extremely low for these
measurements (typically 0.03 W/mm'). At these
low densities the heater temperature is only
slightly above ambient and bulk scattering in
GaAs is insignificant. ' In the [110jdirection the
two transverse modes are nondegenerate and well
separated in time. The intensities of the ballistic
phonons, in the absence of attenuation, is gov-
erned solely by the combined effects of the den-
sity of states and phonon focusing' effects because
of anisotropy. Detailed calculations' of the focus-
ing effects for GaAs indicate that the detector
shape (when transformed from real space to wave-
vector space) is accurately preserved for the
longitudinal (L) and the slow transverse (ST)
modes. Some distortion of the fast transverse
(FT) mode shape occurs but this is minimal in
this direction. Thus selection rules for scatter-
ing are expected to be meaningful. All of these
data in the dark are very similar and the intensi-
ties of the three modes can semiquantitatively be
described by the known elastic anisotropy of
GaAs.

The ballistic phonon intensities, however,
change markedly with photoexcitation. In the
case of the nominally undoped sample [case (a)]
we observe a small decrease of the FT mode
signal relative to the other modes. In the case
of the Sn-doped sample the FT mode intensity
drops dramatically between a factor of 2 and 3
while the ST mode remains virtually unaffected.
In the case of the Te-doped sample, we see
strong attenuation of both FT and ST modes, with
the latter attenuation being somewhat stronger. "

TABLE I. Interaction (indicated by 3Q of various transverse phonon modes with defects of different symmetries
in a cubic host lattice.

Mode
Propagation

direction
polarization

direct&on
Stress

symmetry
Tetragonal

(100)

Defect Symmetry
Trigonal Orthorhombic

(111) (110)

T
FT
ST

[ 100]
[1101
L 110l
l 111)

I. 0101
1 001l
t 1101

t112J or l. 110]

2g

2g

Eg y T2g

X
X

X
X

X
X
X
X
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The attenuation persists even after the light is
switched off as long as the low temperature is
maintained. The effects described here have
been observed with several different samples
and do not depend on Al composition in the range
x =0.3 to 0.5. In this composition range the min-
imum band gap of Al„Ga, „As changes from di-
rect to indirect. " Thus the effects me describe
cannot be explained by free carrier or band-
structure effects due to ordinary piezoelectric
or deformation potential scattering. For x &0.3
we observe strong attenuation in the dark with

little sensitivity to light. In this range, the acti-
vation energy Eo for DX centers is negative and
the DX centers are always ionized.

Since the unusual data that we have observed
parallel the behavior of the DX genter in Al, -
Ga, gs studied by photocapacitance, ' we inter-
pret our data as follows: The strong sensitivity
to photoexcitation and persistence of the phonon
attenuation after the light is switched off (in the
x = 0.3 to 0.5 range) and the variations we have

observed with Sn and Te doping is unequivocal
evidence that the attenuation is to be associated
with ionized DX centers. Furthermore, from
Table I we identify the distortion of the Sn DX
center to be trigonal and suggest the existence of
donor-related energy states in the conduction
band of GaAs. The near equality of E

g
and T, g

scattering for Te donors makes a symmetry
identification in this case more difficult. Assum-
ing anelastic relaxation in analogy with the Sn

case, the symmetry of Te DX centers is most
likely orthohombic from Table I. Extensive bal-
listic phonon attenuation measurements in other
crystallorgraphic ([111]and [100])are also con-
sistent with these results. By keeping the detec-
tor bias fixed, absolute changes of intensity as
a.function of photoexcitation could be monitored.
Careful inspection of the data reveals attenuation
of I. modes. In the case of Sn donors, for exam-
ple, the weak L-mode scattering occurs only in
the [111] and [110]direction but not in [100] as
is to be expected for trigonal centers. The small
FT attenuation we observe in the [110]direction
in the undoped sample is also to be identified with
trigonal centers. Our nominally undoped LPE
material is usually n type and has a background
donor concentration in the mid-10" to 10"/cm'

range. Since the material is grown in quartz
tubes and in carbon boats, the most likely donors
are Si or C which may be expected to take a
GaAl) site similar to the case of Sn as observed.
For x &0.3, as already mentioned, the DX cen-
ters are always ionized and our attenuation re-
sults are suggestive that this resonance persists
down to x=0.

In summary, we have described unusual, selec-
tive attenuation of ballistic phonons by donor-
related persistent photoconductivity centers in

Al„Ga, gs. These results give the first proof
of the microscopic nature of these centers, both
in terms of their symmetry and the existence of
scattering states in the conduction band of GaAs
and Al„Ga, Qs. The latter feature is the es-
sence of the large-lattice-relaxation model while
the former gives strong support to the crystal
model of the DX center shown in Fig. 1.
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