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D X-center transformation of Te donors in GaSb under hydrostatic pressure
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We have observed the transformation of Te shallow donors in GaSBXtoenters at hydrostatic pressures
of 27.8+2.6 kbar. The position of the T®X energy level at zero pressure is calculated to lie 300
+70 meV above the conduction band at atmospheric pressure, consistent with the theory that in the 1lI-V
compounds th® X centers line up in energy with respect to the vacuum level within experimental error. This
binding energy at zero pressure of the DX compares well with the value of 210 meV calculated from the
cation-cation bonded X-center model recently proposed by Park and Chadi. At pressures where the Te
shallow donor intd X-center transformation has taken place we observe evidence of the existence of a bound
phonon associated with the T&X center. From its observed pressure dependence the LO optical phonon
Gruneisen parameter is calculated to J9¢,=0.93+0.09.[S0163-18208)11419-4

The DX center is a deep defect found in manytype  (DLTS) measurements of sulfur-doped GaSb have shown
compound semiconductors and their alloy®X centers thatthe S donor coexists as a shallow donor and2X dike
were first discovered in GaAs,P, by Crafordet al,* and  deep level at atmospheric pressure and low temperatdPes.
have been studied extensively in Si-doped-type In GaSb at atmospheric pressure, theconduction-band
A.Ga,_,As for x>0.22 by Lang and co-workér who cre- ~ Minima in the(ll_l) direction .I|9 only 0.08 eV a_tbov_e the
ated the name obX center. Certain shallow substitutional 2PSolute conduction-band minimum at the Brillouin-zone
donors in 1ll-V compound semiconductors transform into CENter €'1). The X, minima near _the(lOl(l)) zone boundary
DX centers under hydrostatic pressure, for example, Si iljfe f”‘bOUt 0.43 eV gbove thE, minimum. Upo.n.the appli-
GaAs(Refs. 4 and band S in InP. These experiments dem- cation of hydrostatic pressure, thg andL, minima move
onstrated thaD X centers are substitutional shallow dorfors upwards and the&; minimum downwards in energy with

S . t to the valen nd. B [theninimum h
that undergo a structural change resulting in the formation ofespec 0 the valence band. Becauselthen um has a

d level und ai diti £ allovi hvd arger pressure coefficient than thg minimum, thel,
a deep level under certain conditions ot afloying or yaro-inima pecome lower in energy than tig minimum
static pressure.

roughly above 10 kbar. At still higher applied pressures

DX centers are characterized by several unusual propefzpave about 50 kbathe X, conduction-band minima fall
ties, including a large difference between their thermal an

> LIV - elow thel ; conduction valleys in energy and thereafter are
optical ionization energies and extremely small electron capge apsolute minima.

ture cross sections that at low temperatures give rise to per- The pressure dependence of two group-VI elements that
sistent photoconductivity. These featuresDok centers are  form donors in GaSh, Se, and Te, has been studied previ-
interesting from the viewpoints of both physics and technogysly by observing the change in resistivity at pressures as
logical applications since the electrical characteristics of &igh as 50 kbat>* In those studies it was thought that the
semiconductor containing metastable defects are affected Qycrease in resistivity above 10 kbar in GaSb:Se was due to
the relative stability of the shallow and deep configurationshe greater effective mass of the Se shallow donor associated
of the defects. _ with the L, minima?> However, recently it has been sug-

In addition to the examples mentioned abo& centers  gested that these observations may indicate the formation of
have also been observed to fdrin Te-doped AlGa ,Sb DX centers* Although a decrease of almost one order of
at Al fractions above 0.2. This result combined with the magnitude of the free carriers was observed for hydrostatic
similarity between the band structures of these compoundsressures above 38 kbar for the case of Te donors, no similar
with those of AlGa; _,As alloys and the suggestion tfaX  association or assignment to a localized donor was
centers might be a general phenomenon in all Ill-Vproposed? perhaps due to the moderate change in resistivity
compound® prompted the question as to the existence of Teas compared to the three and five orders of magnitude
DX centers in GaSbh. Deep level transient spectroscopghange observed for Se- and S-doped samples, respectively.
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ABSORBANCE (arb. units)

In this work, we report on the observation of a freezing 0.60 T T . I .
out of free carriers at low temperatures and hydrostatic pres- GaSb:Te n=13x10"cm® -
sures of 30 kbar and above and on the appearance of persis- |
tent photoconductivity in this material under these condi- 714 kW
tions. These findings are consistent with the existence of Te
DX centers at these pressures. 0.40 |- 7
The samples used were GaSh:Te with free-carrier concen- 56 kbar
trations of 0.5 and 1:80.3x 10 cm 3. The samples were
thinned down to 5Qum in thickness and were cut into small - 4
disks 300um in diameter using an ultrasonic grinder as de- 41 kbar
scribed elsewher®. Hydrostatic pressure was applied to the 0.20 — ]
sample using a modified Merrill-Basset diamond-anvil cell
with liquid nitrogen as the pressure medium. The far infrared 30.4 kW
transmission(FIRT) of the sample was measured with a i -
Digilab FTS-80E vacuum Fourier Transform Spectrometer 25.2MWW
and a small Ge:Cu photoconductive detector mounted di- 0.00 — .
rectly behind the pressure cell. We measured the pressure in . | . [
the cell before and after th#R) measurements, by means of 200 400
the pressure dependence of the wavelength oRthandR, WAVE NUMBERS (cm ')
fluorescence lines of the &r ion in ruby. The low-
temperature pressure, at which the FIRT is observed, was FIG. 1 Far infrare_d absorbance spectra by Te-doped GaSb un-
estimated from a calibration previously obtained using theer applied hydrostatic pressure.
pressure dependence of the vibrational mode of CQ at
4.2 K1 It is estimated that the low-temperature pressure is In Fig. 1 absorbance spectra of the GaSh:Te at pressures
around 10 kbar lower than the average of the room-of 25.2, 30.4,56.0, and 71.1 kbar ae-5 K are shown. At
temperature pressures before and after liquid-heliunthe lowest pressuré5.2 kbaj, we see that ratioing of the
cooling!® The uncertainty in the applied pressures is esti-spectra taken before and after shining light on the sample
mated to bet+ 2 kbar. All spectra were taken at 4.5 K. produces a flat absorbance, indicating that there is no persis-
At low pressures the Te donors are all in the shallowtent photoionization. However, at 30.4 kbar, we can clearly
donor state and in our samples, which were highly doped, theee the presence of light-induced absorption. Hence, the tran-
shallow impurity band has broadened and merged with théition pressure must be between these two pressures and is
conduction band. Hence all of the donor electrons from Teestimated to be 27:82.6 kbar. A phonon-related sharp ab-
behave like free carriers and the sample is opaque to fasorbance peak is also visible as a Fano-like resonance in the
infrared radiation(FIR) due to free-carrier absorption. When electronic continuum in the spectra recorded at 41, 56, and
the sample is subjected to hydrostatic pressures of 3@1 kbar. Careful observation indicates its presence also for
+ 2 kbar or above, however, the Te shallow donors transfornthe spectrum taken at 30.4 kbar, as well as for all spectra
into their DX configuration. Upon cooling, the carriers be- recorded under applied pressures above the transition value
come trapped at the de&X levels and the sample becomes of 27.8t 2.6 kbar. These peaks have a line shape similar to
transparent to FIR. However, by shining light of energythat of the reststrahlen band observed in reflectivity for the
greater than 1 eV on the sample, tBX centers can be same GaSh sample which, at 10chwide, is very narrow
converted back into their shallow configurati¢persistent  in this compound. On the low-energy side of this sharp peak,
photoconductivity and the sample returns to its opaque state@ broad asymmetric absorption band is seen in all spectra
At low temperatures, a thermal barrier prevents these shapbove the transition pressure. The spectral widths of these
low donors from returning to their dedpX configuration. bands increase monotonically with increasing applied pres-
Thus, the shallow donor-tBX center transition pressure is sures from around 25 to 55 crh for the pressure values
taken to be the pressure at which the sample shows this pdpetween 30.4 and 71 kbars, respectively.
sistent photoionization. One possibility for the sharp peak is that it is a bound
In order to detect this persistent photoionization, the fol-phonon’*8i.e., a phonon bound to either the shallow hy-
lowing procedure was used. First, the sample was brought tdrogenic donor associated with theminima or to the deep
the desired pressure and cooled to liquid-helium tempera®X form of the Te impurity. The energy of this peak ex-
tures. A reference spectrum was then taken. The light incitrapolates to 23881.5cm! at atmospheric pressure,
dent on the sample during this process was not of a showhich is very close to the LO phonon energy of 240 ¢rat
enough wavelength to disturb afX centers that might be liquid-helium temperatures and atmospheric presSure.
present in the material. Light of a much higher energy waBound phonons have been observed at low temperatures
then shined on the sample using an ordinary incandescemthen the impurities are neutral and the main dipolar-active
light bulb, converting amDX centers back into the normal (1S-2B transition energy of the impurity is larger than that
shallow state. A second spectrum was then taken and ratioed the LO phonort! Bound phonons associated withX
against the reference spectrum. Any additional absorptionsenters have been observed in GaAs under pressure after the
by the sampléfor example, due to persistent photoionizationI"-X transition has taken plac&.However, our results as

of the TeDX center$ after the light treatment would then well as previous experiments have shown that Te donors
show up as positive peaks in the absorbance spectrum. associated with thé valley in GaSb have binding energies
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TABLE |. Comparison of the energy positioasE,, of Te -DX centers observed in IlI-V semiconduc-
tors. The zero of energy is located at theminimum of the GaSb conduction band.

Eyat 4.2 K AEc Eo AEpy
Compound (eV) (meV) (meV) (meV)
GaSbh 0.81 0 30870
CCB model 210
Al ,Gay Sb 1.32:0.02 330+ 1(° 601 270+ 30
Al 3Gy 6AS 2.00+0.05° 350+ 509 100° 250+70
GaAs 6P 36 1.96+0.08' 390+ 509 70 320+ 60
%Reference 33. Reference 29.
bReference 28. 9Reference 31.

‘Reference 27. hReference 32.
dReference 1. iReference 30.
®Reference 2. IReference 3.

of only about 20 meV\f° ruling out the possibility that any the conduction-band minimum ai’ at the rate of
ground to bound excited state transitions of this donor couldlE(I')/dP—dEcg/dP=11.7£0.7 meV/kbar and that at
be larger in energy than the LO phon@9.8 meV. Itis also  zero pressure, thBX level energy is 325 meV above the
very improbable that this feature is associated with a phonogonduction band. Furthermore, it was estimated in Ref. 25
bound to theD X state since all of th® X centers are con- that theDX level should be located 25 meV below the shal-
verted to the hydrogenic form of the donors by the illumina-low donor energy in order for the sample to turn 90% trans-
tion of the sample by light chosen precisely to ionize themarent. Substrating this correction to our total gives us
before taking the second spectrum to be ratioed. This exper800+ 70 meV as the position of the T@X level above the
mental procedure produces the absorbance of the samptenduction band at zero pressure.
without electrons populating these centers. Hence, our ex- Based on studies of sulfur-relat&dX centers, it has been
periments cannot be conclusive to the existence of phonorguggested that these levels occur at the same energy in GaSb,
bound to TeDX centers in GaSb. GaAs, and InP, when the conduction-band offset energies
A second possibility is that the sharp peak is simply theamong these compounds are taken into accotmsimilar
LO phonon itself. Although LO excitations are normally for- calculations can now be performed for the D& center in
bidden in IR absorption, the concentration of Te impurities isAl,Ga, _Sb, ALGa, _,As, and GaAs_,P, alloys!~3%
high enough to affect the local translational symmetry of the The band offset has been measured or calculated directly
crystal and hence produapindependent impurity-induced only among heterostructures of the GaSh@d;_,Sb
effects that are known to cause forbidden LO absorption, asysten?’ For Al,Ga, _,Sb, the binding energy of the T&X
observed by Venugopalart al?* in boron impurified has been reported to li&=0.060 eV forx=0.4, when the
Cdy Mn, ;Te samples. band gap is 1.320.01 eV?® The valence-band offset of
Above the transition pressure, a continuum beginning afl,Ga _,Sb/GaSb heterostructures at any composition can
135 cni ! is observed at all pressures. This indicates the exbe calculated from the experimental fit of Mentezet al?’
istence of a light-induced shallow donor state with an ioniza-as 0.18-0.01 eV forx=0.4, corresponding to a conduction-
tion energy of 17 meV, which might be the Te donor asso-band offset of 0.33 0.02 eV. Assuming that thB X-center
ciated with theL minima, which as mentioned above is energies of the same group-VI impurity are indeed equal
expected to have an ionization energy of around 20 ffeV. with respect to the vacuum level, one would expect the Te
The ionization energy of this donor decreases slightly withDX center to be found at (0.33+0.02—(0.06*
applied pressure to 15 meV at 71 kbar. 0.01) eV=0.27+£0.03 eV above the GaSb conduction band,
As in the case of the sulfubX center in InP(Ref.  we  an estimation that compares very well with our present result
can estimate the energy of the DX level in GaSb at zero of 0.3=0.07 eV. In Table I, we list the energy of T@X
pressure relative to the conduction-band minimum, from theenter with respect to the bottom of the conduction band of
transition value of 27.82.6 kbar. Chadi and Chaffgpro-  GaSb, and the parameters used to determine it.
posed that the pressure derivative of ¥ level should be The band offset among GaSb/&a_,As and
the same as that of the conduction band averaged ovér allGaSb/GaAs_,P, heterostructures may be obtained indi-
space since it is a localized state. The average is estimatedctly from the band offsets between these two alloys and
using the expression proposed by those autffors, GaAs, and that between GaAs and GaSb, all of which are
known?°=3! This information is listed in Table | to find the
dEcg/dP=[dE(I")/dP+3dE(X)/dP+4dE(L)/dP]/8. energy positions of the TBX center in these alloys, where
it can be seen that they coincide within the reported experi-
We use dE(I')/dP=14.5£0.3 meV/kbar, dE(X)/dP  mental uncertainties. This exercise certainly does show the
= —1.4+0.6 meV/kbar®® and dE(L)/dP=5 tendency to line up in energy expected for tBX levels.
+0.3meV/kbar (Ref. 24 to obtain dEcg/dP=3.0 Hence, the Te-relateBX centers appear to follow the same
+0.4 meV/kbar. This implies that the X level approaches dependence as the[3X centers in 11I-V compounds.
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280 . — T T . sponse of the lattice vibrations to applied pressure or equiva-
lently to isothermal compression, which is normally defined
in terms of the TO optical phonon pressure derivative as

GaSh:Te 5K
n=1.3x10"® e¢m

#o y=Blwro(Swro/dP)1=(d In wro/d In V)7.

Here B=1/3(C;;+2C;,) =5.79x 10° bar is the isothermal
bulk modulus at low temperature arith, and C,, are the
elastic moduli in GaSb at 4.2 # We obtain y,o=0.93
+0.09, a figure that is close to the almost “universal” value
of 1.0 valid for many diamond and zinc-blende
semiconductord? As expected for the LO phonons it is
smaller by an amount of 0.1-0.2 than the value derived from
the pressure dependence of Raman scattering by TO phonons
in GaSb ofyro=1.10+0.22%°
In summary, we have observed the transformation of Te
shallow donors in GaSb into TBX centers at hydrostatic
pressures of 30.4 kbar and above. From the data, a transition
230 : 2|0 . 4'0 ' slo ' slo ' pressure for this process is estimated to be 22.8 kbar.
PRESSURE (kbar) The energy position of the TBX center at zero pressure is
calculated to be 30670 meV above the conduction band.
) The energies of Te-relatdd X centers appear to be consis-
FIG. 2. Observed hydrostatic pressure dependence of the LO Gbnt with the trend observed for3X centers, that these are
Gasb, full circles. Full diamond, expected position of the LO pho'expected to line up in energy in all the 1ll-V compounds in
non at liquid-helium temperatures. Straight line, least squares fit. which they have been observed. The binding energy at zero
pressure of the TB X is well explained by the cation-cation
bondedD X-center model of Park and ChatliAt pressures
where the Te shallow donor ino X center transformation
has taken place we observe evidence of LO phonon absorp-
tion, which is normally forbidden in the IR. From the ob-
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A recent theoretical calculation by Park and CHagre-
dicts that Te should fornd X centers in GaSb. This result is
expected from two models: the broken-bdd& (BB-DX)
of Cz, symmetry model and a model called cation-cation

bonded DX (CCB-DX), which they claim may apply o eq pressure dependence of this phonon, the L1-Gru
mainly for the sulfurDX donors. They calculate for the Te eisen parameter for this compound is calculated to be
DX binding energies 70 and 210 meV above the conduction L 6=0.93+0.09

band, from the BBDX and CCDDb X models, respectively.
Comparison with the experimental binding energy 300 This work has been partially supported by the USA-
+70 meV obtained in this work for the T2X donor favors  Mexico Scientific Collaboration Program NSF-CONACYT,
a CCBDX character for this centér. spring promotion 1995, research project under Contract No.
In Fig. 2, a plot of the observed bound phonon peak po4851005-0690PE, by the Fondo de Apoyo a la Investigacio
sitions as function of the applied hydrostatic pressures igle la Universidad Autaoma de San Luis PotogiFAlI-
shown. The LO phonon should parallel very closely the prestASLP), and by the U.S. NSF Grant No. INTL-9408165.
sure dependence of this bound phonon, which always apA/e also acknowledge the use of the facilities at the
pears very close in energy and at the low-energy side of theawrence Berkeley National Laboratory, which is operated
LO. From these data the resulting L@ound phonop  for the U.S. Department of Energy under Contract No. DE-
pressure-dependent slope is estimated to deg./dP  ACO03-76SF0098. H.N.-C. wishes to acknowledge the warm
=0.38+0.04 cmi Ykbar. From the slope we can determine hospitality of E. E. Haller and his research group at Berke-
the Grineissen parameter that is used to describe the rdey.
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