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DX-center transformation of Te donors in GaSb under hydrostatic pressure
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We have observed the transformation of Te shallow donors in GaSb intoDX centers at hydrostatic pressures
of 27.862.6 kbar. The position of the TeDX energy level at zero pressure is calculated to lie 300
670 meV above the conduction band at atmospheric pressure, consistent with the theory that in the III-V
compounds theDX centers line up in energy with respect to the vacuum level within experimental error. This
binding energy at zero pressure of the TeDX compares well with the value of 210 meV calculated from the
cation-cation bondedDX-center model recently proposed by Park and Chadi. At pressures where the Te
shallow donor intoDX-center transformation has taken place we observe evidence of the existence of a bound
phonon associated with the TeDX center. From its observed pressure dependence the LO optical phonon
Grüneisen parameter is calculated to begLO50.9360.09. @S0163-1829~98!11419-4#
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The DX center is a deep defect found in manyn-type
compound semiconductors and their alloys.DX centers
were first discovered in GaAs12xPx by Crafordet al.,1 and
have been studied extensively in Si-dopedn-type
AxGa12xAs for x.0.22 by Lang and co-worker,2,3 who cre-
ated the name ofDX center. Certain shallow substitution
donors in III-V compound semiconductors transform in
DX centers under hydrostatic pressure, for example, S
GaAs~Refs. 4 and 5! and S in InP.6 These experiments dem
onstrated thatDX centers are substitutional shallow donor7

that undergo a structural change resulting in the formation
a deep level under certain conditions of alloying or hyd
static pressure.

DX centers are characterized by several unusual pro
ties, including a large difference between their thermal a
optical ionization energies and extremely small electron c
ture cross sections that at low temperatures give rise to
sistent photoconductivity. These features ofDX centers are
interesting from the viewpoints of both physics and tech
logical applications since the electrical characteristics o
semiconductor containing metastable defects are affecte
the relative stability of the shallow and deep configuratio
of the defects.

In addition to the examples mentioned above,DX centers
have also been observed to form7 in Te-doped AlxGa12xSb
at Al fractions above 0.2. This result combined with t
similarity between the band structures of these compou
with those of AlxGa12xAs alloys and the suggestion thatDX
centers might be a general phenomenon in all III
compounds8 prompted the question as to the existence of
DX centers in GaSb. Deep level transient spectrosc
570163-1829/98/57~19!/12169~5!/$15.00
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~DLTS! measurements of sulfur-doped GaSb have sho
that the S donor coexists as a shallow donor and as aDX-like
deep level at atmospheric pressure and low temperature9,10

In GaSb at atmospheric pressure, theL1 conduction-band
minima in the ~111! direction lie only 0.08 eV above the
absolute conduction-band minimum at the Brillouin-zo
center (G1). The X1 minima near the~100! zone boundary
lie about 0.43 eV above theG1 minimum.11 Upon the appli-
cation of hydrostatic pressure, theG1 andL1 minima move
upwards and theX1 minimum downwards in energy with
respect to the valence band. Because theG1 minimum has a
larger pressure coefficient than theL1 minimum, the L1
minima become lower in energy than theG1 minimum
roughly above 10 kbar. At still higher applied pressur
~above about 50 kbar! the X1 conduction-band minima fal
below theL1 conduction valleys in energy and thereafter a
the absolute minima.

The pressure dependence of two group-VI elements
form donors in GaSb, Se, and Te, has been studied pr
ously by observing the change in resistivity at pressures
high as 50 kbar.12,13 In those studies it was thought that th
increase in resistivity above 10 kbar in GaSb:Se was du
the greater effective mass of the Se shallow donor associ
with the L1 minima.12 However, recently it has been sug
gested that these observations may indicate the formatio
DX centers.14 Although a decrease of almost one order
magnitude of the free carriers was observed for hydrost
pressures above 38 kbar for the case of Te donors, no sim
association or assignment to a localized donor w
proposed,13 perhaps due to the moderate change in resisti
as compared to the three and five orders of magnit
change observed for Se- and S-doped samples, respect
12 169 © 1998 The American Physical Society
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In this work, we report on the observation of a freezi
out of free carriers at low temperatures and hydrostatic p
sures of 30 kbar and above and on the appearance of pe
tent photoconductivity in this material under these con
tions. These findings are consistent with the existence o
DX centers at these pressures.

The samples used were GaSb:Te with free-carrier con
trations of 0.5 and 1.360.331018 cm23. The samples were
thinned down to 50mm in thickness and were cut into sma
disks 300mm in diameter using an ultrasonic grinder as d
scribed elsewhere.15 Hydrostatic pressure was applied to t
sample using a modified Merrill-Basset diamond-anvil c
with liquid nitrogen as the pressure medium. The far infra
transmission~FIRT! of the sample was measured with
Digilab FTS-80E vacuum Fourier Transform Spectrome
and a small Ge:Cu photoconductive detector mounted
rectly behind the pressure cell. We measured the pressu
the cell before and after the~IR! measurements, by means
the pressure dependence of the wavelength of theR1 andR2
fluorescence lines of the Cr31 ion in ruby. The low-
temperature pressure, at which the FIRT is observed,
estimated from a calibration previously obtained using
pressure dependence of thev3 vibrational mode of CO2 at
4.2 K.16 It is estimated that the low-temperature pressure
around 10 kbar lower than the average of the roo
temperature pressures before and after liquid-hel
cooling.16 The uncertainty in the applied pressures is e
mated to be62 kbar. All spectra were taken at 4.5 K.

At low pressures the Te donors are all in the shall
donor state and in our samples, which were highly doped,
shallow impurity band has broadened and merged with
conduction band. Hence all of the donor electrons from
behave like free carriers and the sample is opaque to
infrared radiation~FIR! due to free-carrier absorption. Whe
the sample is subjected to hydrostatic pressures of
62 kbar or above, however, the Te shallow donors transfo
into their DX configuration. Upon cooling, the carriers b
come trapped at the deepDX levels and the sample becom
transparent to FIR. However, by shining light of ener
greater than 1 eV on the sample, theDX centers can be
converted back into their shallow configuration~persistent
photoconductivity! and the sample returns to its opaque sta
At low temperatures, a thermal barrier prevents these s
low donors from returning to their deepDX configuration.
Thus, the shallow donor-to-DX center transition pressure
taken to be the pressure at which the sample shows this
sistent photoionization.

In order to detect this persistent photoionization, the f
lowing procedure was used. First, the sample was brough
the desired pressure and cooled to liquid-helium temp
tures. A reference spectrum was then taken. The light i
dent on the sample during this process was not of a s
enough wavelength to disturb anyDX centers that might be
present in the material. Light of a much higher energy w
then shined on the sample using an ordinary incandes
light bulb, converting anyDX centers back into the norma
shallow state. A second spectrum was then taken and rat
against the reference spectrum. Any additional absorpt
by the sample~for example, due to persistent photoionizati
of the TeDX centers! after the light treatment would the
show up as positive peaks in the absorbance spectrum.
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In Fig. 1 absorbance spectra of the GaSb:Te at press
of 25.2, 30.4, 56.0, and 71.1 kbar andT55 K are shown. At
the lowest pressure~25.2 kbar!, we see that ratioing of the
spectra taken before and after shining light on the sam
produces a flat absorbance, indicating that there is no pe
tent photoionization. However, at 30.4 kbar, we can clea
see the presence of light-induced absorption. Hence, the
sition pressure must be between these two pressures a
estimated to be 27.862.6 kbar. A phonon-related sharp a
sorbance peak is also visible as a Fano-like resonance in
electronic continuum in the spectra recorded at 41, 56,
71 kbar. Careful observation indicates its presence also
the spectrum taken at 30.4 kbar, as well as for all spe
recorded under applied pressures above the transition v
of 27.862.6 kbar. These peaks have a line shape simila
that of the reststrahlen band observed in reflectivity for
same GaSb sample which, at 10 cm21 wide, is very narrow
in this compound. On the low-energy side of this sharp pe
a broad asymmetric absorption band is seen in all spe
above the transition pressure. The spectral widths of th
bands increase monotonically with increasing applied pr
sures from around 25 to 55 cm21 for the pressure value
between 30.4 and 71 kbars, respectively.

One possibility for the sharp peak is that it is a bou
phonon,17,18 i.e., a phonon bound to either the shallow h
drogenic donor associated with theL minima or to the deep
DX form of the Te impurity. The energy of this peak e
trapolates to 238.361.5 cm21 at atmospheric pressure
which is very close to the LO phonon energy of 240 cm21 at
liquid-helium temperatures and atmospheric pressur19

Bound phonons have been observed at low temperat
when the impurities are neutral and the main dipolar-act
~1S-2P! transition energy of the impurity is larger than th
of the LO phonon.17 Bound phonons associated withDX
centers have been observed in GaAs under pressure afte
G-X transition has taken place.18 However, our results as
well as previous experiments have shown that Te don
associated with theL valley in GaSb have binding energie

FIG. 1. Far infrared absorbance spectra by Te-doped GaSb
der applied hydrostatic pressure.
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TABLE I. Comparison of the energy positionsDEDX of Te -DX centers observed in III-V semiconduc
tors. The zero of energy is located at theG minimum of the GaSb conduction band.

Compound
Eg at 4.2 K

~eV!
DEC

~meV!
E0

~meV!
DEDX

~meV!

GaSb 0.81 0 300670
CCB model 210a

Al0.4Ga0.6Sb 1.3260.02b 330610c 60d 270630
Al0.36Ga0.64As 2.0060.05e 350650f,g 100e 250670
GaAs0.64P0.36 1.9660.05h 390650i,g 70j 320660

aReference 33. fReference 29.
bReference 28. gReference 31.
cReference 27. hReference 32.
dReference 1. iReference 30.
eReference 2. jReference 3.
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of only about 20 meV,20 ruling out the possibility that any
ground to bound excited state transitions of this donor co
be larger in energy than the LO phonon~29.8 meV!. It is also
very improbable that this feature is associated with a pho
bound to theDX state since all of theDX centers are con
verted to the hydrogenic form of the donors by the illumin
tion of the sample by light chosen precisely to ionize the
before taking the second spectrum to be ratioed. This exp
mental procedure produces the absorbance of the sa
without electrons populating these centers. Hence, our
periments cannot be conclusive to the existence of phon
bound to TeDX centers in GaSb.

A second possibility is that the sharp peak is simply
LO phonon itself. Although LO excitations are normally fo
bidden in IR absorption, the concentration of Te impurities
high enough to affect the local translational symmetry of
crystal and hence produceq-independent impurity-induced
effects that are known to cause forbidden LO absorption
observed by Venugopalanet al.21 in boron impurified
Cd0.9Mn0.1Te samples.

Above the transition pressure, a continuum beginning
135 cm21 is observed at all pressures. This indicates the
istence of a light-induced shallow donor state with an ioni
tion energy of 17 meV, which might be the Te donor as
ciated with theL minima, which as mentioned above
expected to have an ionization energy of around 20 me20

The ionization energy of this donor decreases slightly w
applied pressure to 15 meV at 71 kbar.

As in the case of the sulfurDX center in InP~Ref. 6! we
can estimate the energy of the TeDX level in GaSb at zero
pressure relative to the conduction-band minimum, from
transition value of 27.862.6 kbar. Chadi and Chang22 pro-
posed that the pressure derivative of theDX level should be
the same as that of the conduction band averaged overk
space since it is a localized state. The average is estim
using the expression proposed by those authors,22

dECB/dP5@dE~G!/dP13 dE~X!/dP14 dE~L !/dP#/8.

We use dE(G)/dP514.560.3 meV/kbar, dE(X)/dP
521.460.6 meV/kbar,23 and dE(L)/dP55
60.3 meV/kbar ~Ref. 24! to obtain dECB/dP53.0
60.4 meV/kbar. This implies that theDX level approaches
ld
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the conduction-band minimum atG at the rate of
dE(G)/dP2dECB/dP511.760.7 meV/kbar and that a
zero pressure, theDX level energy is 325 meV above th
conduction band. Furthermore, it was estimated in Ref.
that theDX level should be located 25 meV below the sh
low donor energy in order for the sample to turn 90% tra
parent. Substrating this correction to our total gives
300670 meV as the position of the TeDX level above the
conduction band at zero pressure.

Based on studies of sulfur-relatedDX centers, it has been
suggested that these levels occur at the same energy in G
GaAs, and InP, when the conduction-band offset energ
among these compounds are taken into account.6,15 Similar
calculations can now be performed for the TeDX center in
Al xGa12xSb, AlxGa12xAs, and GaAs12xPx alloys.1–3,26

The band offset has been measured or calculated dire
only among heterostructures of the GaSb/AlxGa12xSb
system.27 For AlxGa12xSb, the binding energy of the TeDX
has been reported to beE050.060 eV forx50.4, when the
band gap is 1.3260.01 eV.28 The valence-band offset o
Al xGa12xSb/GaSb heterostructures at any composition
be calculated from the experimental fit of Mene´ndezet al.27

as 0.1860.01 eV forx50.4, corresponding to a conduction
band offset of 0.3360.02 eV. Assuming that theDX-center
energies of the same group-VI impurity are indeed eq
with respect to the vacuum level, one would expect the
DX center to be found at ~0.3360.02!2~0.066
0.01! eV50.2760.03 eV above the GaSb conduction ban
an estimation that compares very well with our present re
of 0.360.07 eV. In Table I, we list the energy of TeDX
center with respect to the bottom of the conduction band
GaSb, and the parameters used to determine it.

The band offset among GaSb/AlxGa12xAs and
GaSb/GaAs12xPx heterostructures may be obtained ind
rectly from the band offsets between these two alloys a
GaAs, and that between GaAs and GaSb, all of which
known.29–31 This information is listed in Table I to find the
energy positions of the TeDX center in these alloys, wher
it can be seen that they coincide within the reported exp
mental uncertainties. This exercise certainly does show
tendency to line up in energy expected for theDX levels.
Hence, the Te-relatedDX centers appear to follow the sam
dependence as the SDX centers in III-V compounds.
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A recent theoretical calculation by Park and Chadi33 pre-
dicts that Te should formDX centers in GaSb. This result i
expected from two models: the broken-bondDX (BB-DX)
of C3v symmetry model and a model called cation-cati
bonded DX (CCB-DX), which they claim may apply
mainly for the sulfurDX donors. They calculate for the T
DX binding energies 70 and 210 meV above the conduc
band, from the BB-DX and CCD-DX models, respectively
Comparison with the experimental binding energy 3
670 meV obtained in this work for the TeDX donor favors
a CCB-DX character for this center.33

In Fig. 2, a plot of the observed bound phonon peak
sitions as function of the applied hydrostatic pressures
shown. The LO phonon should parallel very closely the pr
sure dependence of this bound phonon, which always
pears very close in energy and at the low-energy side of
LO. From these data the resulting LO~bound phonon!
pressure-dependent slope is estimated to bedvLC /dP
50.3860.04 cm21/kbar. From the slope we can determin
the Grüneissen parameter that is used to describe the

FIG. 2. Observed hydrostatic pressure dependence of the L
GaSb, full circles. Full diamond, expected position of the LO ph
non at liquid-helium temperatures. Straight line, least squares
k,
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,
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sponse of the lattice vibrations to applied pressure or equ
lently to isothermal compression, which is normally defin
in terms of the TO optical phonon pressure derivative as

g5B/vTO~dvTO/]P!T5~] ln vTO/] ln V!T .

Here B51/3(C1112C12)55.793105 bar is the isotherma
bulk modulus at low temperature andC11 and C12 are the
elastic moduli in GaSb at 4.2 K.32 We obtain gLO50.93
60.09, a figure that is close to the almost ‘‘universal’’ valu
of 1.0 valid for many diamond and zinc-blend
semiconductors.34 As expected for the LO phonons it i
smaller by an amount of 0.1–0.2 than the value derived fr
the pressure dependence of Raman scattering by TO pho
in GaSb ofgTO51.1060.22.35

In summary, we have observed the transformation of
shallow donors in GaSb into TeDX centers at hydrostatic
pressures of 30.4 kbar and above. From the data, a trans
pressure for this process is estimated to be 27.862.6 kbar.
The energy position of the TeDX center at zero pressure
calculated to be 300670 meV above the conduction ban
The energies of Te-relatedDX centers appear to be consi
tent with the trend observed for SDX centers, that these ar
expected to line up in energy in all the III-V compounds
which they have been observed. The binding energy at z
pressure of the TeDX is well explained by the cation-catio
bondedDX-center model of Park and Chadi.33 At pressures
where the Te shallow donor intoDX center transformation
has taken place we observe evidence of LO phonon abs
tion, which is normally forbidden in the IR. From the ob
served pressure dependence of this phonon, the LO G¨n-
eisen parameter for this compound is calculated to
gLO50.9360.09.
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