PHYSICAL REVIEW B VOLUME 59, NUMBER 12 15 MARCH 1999-II

Shallow to deep transformation of Se donors in GaSb under hydrostatic pressure
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We have observed that highly doped GaSh:Se, which is opaque to far IR radiation, becomes transparent at
hydrostatic pressures above 8.8 kbar. We discuss how this behavior may be explained by the transforma-
tion of Se shallow donors into Se-DXvhere DX is the unknown donor or X donacenters in GaSb. Under
this assumption the position of the Se-DX energy level at zero pressure is calculated ta 86 &V above
the conduction band at atmospheric pressure. The onset of transparency allowed us to observe several mul-
tiphonon absorbance features. We assign six of them to two-phonon absorptions. From the measured pressure
dependence of the TO phonon, the Ggisen parameter for this compound is calculated toyhg=1.23
+0.18. No persistent photoconductivity is observed for these Se-DX centers, a fact that may be explained by
the expectation that the optical energy necessary to transform them back into the shallow form is larger than
the band-gap energy of GaSb at all pressures examined, although it may be also an indication that the Se
shallow donors change to deep donors associated with th@nima of ionization energy larger than 90 meV.
[S0163-182699)02211-7

The study of the behavior of shallow impurities, both do-tion that DX centers might be a general phenomenon in all
nors and acceptors, under hydrostatic pressure has recentl{+V compounds}* prompted the question of the existence
received considerable attentibAMuch of this interest has ©0f Se-DX centers in GaSb.
originated from the fact that many of these shallow impurity At atmospheric pressure, tHe; conduction bandCB)
states in binary 11V compounds transform into unknownMinima in GasSb are only 0.08 eV above the absolute

) : conduction-band minimum at the Brillouin zone centEkY.
ggg\% grc;(rtg%n?hrr(eDsﬁ)olgigtli:as under: applied pressuresTheXl minima near th€100) zone boundaries lie about 0.43

The DX center is a deep-level defect found in manyev above thel’; minimum. Upon application of hydro

-t mpound semiconductors and their all DX nstatic pressure, thE; andL,; minima move upwards and the
t_ ype co f.potud_ s€ C% ) ucéo N aP b eC af 0()j/s.t I 3ce Xy minima move downwards in energy with respect to the
ers were first discovered in Gasp, by Crafordetal.” \giance pand, as illustrated in Fig. 1. Because fhe

and have been StUd'fd extensively in Si-dopedype  onqyction-band minimum has a larger pressure coefficient
AlGa _,As for x>0.22." In addition, some shallow substi- thap thel, minima, theL, minima become lower in energy
tutional donors in binary compound semiconductors such agan thel’; point above roughly 10 kbar. At still higher
centers under hydrostatic presstifeThese experiments minima fall below thel, valleys in energy, and thereafter
demonstrated that DX centers are related to substitutionalre the absolute minima. The pressure dependencies of the
donors whose shallow electronic level become deep undepinding energies of two group VI elements that form donors
certain conditions of alloying or hydrostatic pressure. DXin GaSb, Se, and Te have been studied previously by observ-
centers are characterized by several unusual properties, iimg the changes in resistivity at liquid helium temperatures,
cluding a large difference between their thermal and opticaénd at pressures as high as 50 kldf.In those studies it
ionization energies, small electron capture cross sectionsyas thought that the increase in resistivity above 10 kbar in
and persistent photoconductivity. GaSh:Se was due to the greater effective mass of the Se
In addition to the examples mentioned above, DX centershallow donor associated with thg minimal* However, it
have also been observed to form in Te-doped GaSb at hyras more recently been suggested that these observations
drostatic pressures larger than 27.8 Kb&reep-level tran- may indicate the formation of DX centel3.
sient spectroscopy measurements of sulfur-doped GaSh have Here we report on the observation of the freezing out of
shown that the S donor coexists as a shallow donor and asfeee carriers in GaSh:Se at liquid helium temperature and
DX-like deep level at atmospheric pressure and lowhydrostatic pressures above ©.8 kbar, when thé; valleys
temperature?© These results, combined with the sugges-have replaced thE; minimum as the absolute CB minima.
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FIG. 1. Plot of the energies of the local conduction-band minima

at various symmetry points for GaSb as a function of pressure. 101 6 0 Kbar
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We discuss how this freezing out of the carriers may be due WAVE NUMBER (cm")

to two different possibilities: either the carriers bind to a
deeper form of the Se donors associated withLtheninima
after the replacement of absolute CB minima takes place,
the shallow donors transform to DX centers. However, in
contrast to the transformations of Te donors into DX centers
in GaSb, no persistent photoconductivity was observed fovibrational mode of C@at 4.2 K1° The uncertainty in the
the transformation of the Se donors in this compound asipplied pressures is estimated to h@ kbar. All spectra
discussed below. We also report the observation of severabere recorded at 5 K.
multiphonon absorbance features in this compound after the In Fig. 2 the absorbance spectra of the GaSb:Se at various
sample becomes transparent. pressures and at a temperatufé&d are shown. In the first
The samples used in these experiments were GaSh:S$pectrum, taken at atmospheric pressure when the sample
grown by liquid-phase epitaxfL PE). They had free-carrier was opaque, we see that the absorption spectrum is flat and
concentrations of & 10 cm 2 and were 32—36:m thick.  nearly featureless. At low pressures the Se donors are all in
Prior to growth, the substrates were cleaned with a solutiothe shallow donor state. This spectrum results from stray
of 0.25:2.56:0.74 mol of HF, }D,, and GHgO; (tartaric  light, which passes around the sample.
acid. The GaSbh:Se layer was grown at 450°C in flowing At such high-doping levels, the shallow impurity band has
high-purity hydrogen, which had been diffused through pal-broadened and merged with the conduction band. Hence, all
ladium silver. The dew point of the hydrogen is less thanof the donor electrons from Se behave like free carriers and
—90 °C. Sapphire boats were used to minimize the introducthe sample is opaque to far-infrared radiati®iR) due to
tion of unintended impurities during the growth. In preparingfree-carrier absorption. When the sample is subjected to hy-
the samples to be used in diamond anvil cells, the substratdrostatic pressures of 38 kbar or above, however, the Se
was eliminated by thinning down the material to a film ap-shallow donors transform into a deeper form. In what fol-
proximately 30um in thickness, so that the only remaining lows we will discuss the case when these donors transform
material was the LPE-grown GaSbh:Se. This film was therinto DX centers. In this case, upon cooling, the carriers be-
cut into small disks 30Qum in diameter using an ultrasonic come trapped at the deeper DX levels and the sample be-
grinder as described elsewhére. comes transparent to FIR. In some other wider band-gap
Hydrostatic pressure was applied to the sample using aemiconductors the DX centers may be converted back into
modified Merrill-Basset diamond anvil cell with liquid nitro- their shallow configuration by shining light on the sample of
gen as the pressure medium. The far-infrared transmission @nergy greater than the optical enekgy, that is typically of
the sample was measured with a Digilab FTS-80E vacuunthe order of 1 eV or larger. At low temperatures, a thermal
Fourier transform spectrometer using a small Ge: Ga photdsarrier prevents these shallow donors from returning to their
conductive detector mounted directly behind the pressurdeep DX configuration. This behavior gives rise to the phe-
cell. The radiation was incident normal to tfiE00 face of nomenon of persistent photoconductivi®PQ. The sample
the sample. We measured the pressure inside the cell at roasiopaque in this condition. In those compounds the shallow
temperature by means of the pressure dependence of tlenor-to-DX center transition pressure is taken to be the
wavelength of theR; andR, fluorescence lines of the &  pressure at which the sample shows this persistent photocon-
ion in ruby. The low-temperature pressure, at which the meaductivity. However, the absence of this PPC could be ex-
surements were made, was estimated from a calibration pregdained if the Se donors in GaSb have an optical transition
viously obtained using the pressure dependence ofvthe energy larger than 1 eV, i.e., larger than the band gap of this

FIG. 2. Absorbance spectra of GaSb: Se under various hydro-
0§tatic pressures. The vertical lines point to pressure-dependent, pho-
non, or multiphonon features.
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300 L B L A B B AL LR level to yield the sample 90% transparent, we get as a posi-

tion of the Se-DX level 8& 30 meV above the conduction
band at zero pressure.

A theoretical calculation by Park and Chadipredicts
that Se, as well as S and Te should form DX centers in GaSb.
This result is expected from two models: the broken-bond
DX (BB-DX) of Cz, symmetry model and a new model,
called cation-cation bonded DXCCB-DX), which they
claim applies to the sulfur DX donors in this compound. S
and Te are predicted to form CCB-DX centers with calcu-
lated binding energies of-60 and 210 meV. Within the
BB-DX model the binding energies for S and Te are pre-
dicted to be 10 and 70 meV, respectively. The binding en-
ergy of Te DX centers has been experimentally measured to
be 300+ 70 meV?8 which suggests a CCB-DX character for
this centef! Very similar binding energies in both models
for the Se-DX in GaSb, 90 and 80 meV above the conduc-
ST T tion band, respectively, are calculated. Therefore, the esti-
0 10 20 30 40 50 60 mated experimental result of 80 meV, is not conclusive

PRESSURE (kbar) to the Se DX character.

. The optical energy of the sulphur S-DX center is calcu-
FIG. 3. Pressure dependence of the ‘.elbsorbance fea_tL_Jres in igied to be 1.25 eV in GaAs and 0.95 eV in GZ&Hhe
doped GaSb. Squares at zero pressure: expected positions of t
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phonon or multiphonon absorption process at liquid-helium tem—_Optlcal energy of the _Se-DX donor required to transf(_)rm It
peratures. Straight lines: least squafiasea fits. into a shallow donor is larger than that of S-DX and it has

been calculated to be 1.34 eV for the CCB-DX and 1 eV for

compound at all pressures examined. Then the required th—‘e BB-DX configurations In GaAS. Therefore, itis reason-
tons cannot penetrate the crystal and there will be no PPCPIE to expect that the optical energy of the Se-DX might be
We discuss below how indeed this assumption may be th&So larger than that of sulphur in GaSb, i1 eV for both
case for the Se donors in GaSh. DX conflgurathns. .Indeed, the sulfur donor has been ob-

Under hydrostatic pressures larger than 11.2 kbar th§€TVed to coexists in the shallow and the DX form at zero
sample is transparent and the reflectance of the reststrahlEf€SSUT€ and presents a quenching behawor'of the PPC phe-
band(visible as an absorptionas well as some multiphonon "omenon that reflects the fact that the incoming photons are
absorptions of GaSb are visible below 250 ¢mSpectra  2Psorbed in its majority by band-gap transitidhs indeed
recorded at 8.3 kbar indicate that the sample is still almosth€ Optical energy of the Se donor fulfills the conditiorl
completely opaque. Therefore, we choose the threshold hf_v, then no PPC is expected fo_r these donors since the band-
drostatic pressure value for this transformation of the Se doJaP €nergy of the_GaSb remairgl eV for almost all the .
nors as the value halfway between these two pressures, i.&PPlied pressures in this paper as can be observed from Fig.
at 9.8+ 2 kbar. L . .

If indeed the transformation of Se shallow donors into A mgnyoned before, as thel minima become the ab-
Se-DX centers is the explanation for the onset of the freezingc’lme minima at a pressure close to 10 ki, associated
of the CB carriers observed in this paper, then we can estdonors are e_xpected to form at this and at Iarg_er pressures,
mate the energy of the Se-DX level in GaSb at zero pressuw%ompet'”g with the DX as another struc'ture.avallable tg the
relative to the conduction-band minimum, from the transition>€ donorsL1 donors are expected to give rise to consider-
value of 9.8+ 2 kbar, in analogy to the case of the sulfur DX aPle absorption at such high-doping levels. However, no IR
center in InP® Following Chadi and Chantf,who proposed absorption continuum is observed at all wave numbers ob-

that as the DX level is deep, its pressure derivative is th&€"ved up to 700 cnt, or ~90 meV. Therefore, if donors
same as that of the conduction band averaged ovek all associated with the1 band are responsible for the observed

space, the average is estimated using the expression prgnset of transparency after 10 kbar, then they have to have an

posed by those authdfs ionization energy larger than this value. However, these do-
nors are expected theoreti¢alto have an ionization energy
dEcg/dP=[dE(I')/dP+3dE(X)/dP+4dE(L)/dP]/8. of 18 meV. Experimentally there exists a previous report

stating that this ionization energy has to480 meVZ If L,

We use dE(I')/dP=14.5-0.3 meV/kbar, dE(X)/dP  associated donors are indeed responsible for the observed
=—1.4+0.6 meV/kbar?® and  dE(L)/dP=5*0.3 behavior of Se donors reported in this paper, it would mean
meV/kbar!® to obtaindEcg/dP=3.8=0.4 meV/kbar. This that the Hall experiments from which the result of Ref. 23
implies that the DX level approaches the conduction bandvas obtained would have to be revised.

minimum atI" at the rate ofdE(I")/dP—dEcg/dP=10.7 In Fig. 2, one can follow at least eight features that shift to
+0.7 meV/kbar. This results in a zero-pressure DX levelhigher energies with increasing pressures. These include
energy position of 10530 meV above the conduction seven peaks that we have assigned to phonon or multiphonon
band. If a correction of 25 meV is substracted, as suggestesbsorbances, and the absorbance minimum to the right of the
in Ref. 20 as the position of the DX level below the shallowrestrahlen band that corresponds to the phonon LO energy.
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TABLE I. Phonons and low-energy multiphonon processes that may be expected in GaSbh. The mul-
tiphonon assignments differ in some cases from those in Ref. 24.

Phonon Extrapolated Observed pressure
combinations at Calculated values to zero dependence
No. 5K values(cm %) pressurgem™ 1) (cm™Ykban
1 LA(L)+TA(L) 204 207.4-1.2 0.42-0.07
2 LA(WL)+TA(WL) 220 217.31.2 0.47:0.07
3 LA(X) +TA(X) 227 219.91.2 0.510.07
5 TOI) 230 227.201.2 0.5x0.07
6 LOT) 240.5 238.81.2 0.48:0.07
7 TO(L) +TA(L) 245 243.0:1.2 0.47:0.07
8 LO(L) +TA(L) 266 258.4:1.2 0.39:0.07
9 TO(X) + TA(X) 273 273.31.2 0.39:0.07
LO(X) + TA(X) 273

The values used for one-phonon frequencies are taken from Ref. 25.
The WL-line phonon frequencies FA80 cni ! and LA=140 cmi'* are from Ref. 26.
The values for TPL], TO[T], and LAQT], 197, 230, and 240.5 cr, are respectively, from Ref. 24.

The excitation of a LO mode is IR forbidden in diamond or =B/ wo(dwo/IP)1=(dNwro/dINV):=1.23+0.18,
zinc-blende compounds. In some cases we observe a ninth

very small unidentified peak. where B=5.79x 10° bar is the isothermal bulk modulus of
In Fig. 3, a plot of the pressure dependence of these aligasp at 4.2 K This value is close to that of=1.10
sorbance features is shown. No other consistent featuresg 2227 gerived from the pressure dependence of TO

were observed outside of the spectral region of this figurephonons in GaSb measured by Raman scattering.
The solid lines are linear fits. The values of these absorptions |, summary, we have observed the freezing out of carriers
extrapolated to atmospheric pressure are listed in Table fom Se shallow donors in GaSb into a deeper form of this
where they are compared to absorptions expected from vargonor at pressures of 38 kbar and above. At higher pres-
ous multiphonon excitations. Some multiphonon absorptiongres, the sample becomes transparent at low temperatures
in GaSb have been reported in the Ilteraﬁj‘re{owever, W€ allowing us to observe several additional absorbance peaks,
observe some additional multiphonon absorptions and oUghich we have identified as multiphonon absorptions. A
assignments differ in two cases from those made in Ref. 2415110w to a deep DX Se donor transformation may be re-
_The values used for the transverse acou§t) and lon-  gponsible for this freezing out of carriers under applied hy-
gitudinal a‘éOUSt'O(TO) phonons are those of Farr, Taylor, grostatic pressures. In this case the energy position of the
and Sinh& for TA[L], LA[L], TA[X], and LAX],  se-DX center at zero pressure may be calculated to lie 80
TO[X], LO[X], and LQ L] phonons, which are 48, 156, 59, +30meV above the conduction band. If replacement of the
168, 215, 215 and 207 cm, respectively. These values are ghajlow donors byL, associated donors is responsible for
hlgbler than those normally quoted in the literature by 2—3pis phenomenon, our results indicate that these donors have
cm to account for the small stiffening of the modes at low g pe deeper in energy than 90 meV. From the observed
temperatures. The calculations of Giannozzi and Girofftoli pressure dependence of the GaSh TO phonon, thee@en
were used to find the Ioc_ations qf th(—;- peaks in the phono'ﬂ)arameter for this compound is calculated tofag=1.23
density of states, determined to lie midway along &) - 18, a figure that is close to the value derived from the

line at the zone boundaryi.e., TAWL]=80 cm ' and pressure dependence of Raman scattering by TO phonons in
LA[WL]=140cn7"). The energies of the T[@], TQI'], GaSb of yro=1.10+0.22.

and LJT] phonons(197, 230, and 240.5 cm) are from
Ref. 24, as their values provide better fits to the restrahlen This work was partially supported by the U.S.A.“keo
reflection at room temperature and to our extrapolated valu8cientific Collaboration Program NSF-CONACYT, spring
for the TO(L) + TA(L) multiphonon absorption. promotion 1995, CONACYT research project under Contract
In Table | the pressure dependence of the phononNo. 4851005-0690PE, Fondo de Apoyo a la Investigacie
absorption processes observed are listed in the last columta Universidad Autaoma de San Luis Poto§FAI-UASLP)
All of the slopes range from 0.39 to 0.5D.07 cm Y/kbar.  and the USNSF, the Director, Office of Energy Research,
Based on our data, the pressure dependence of the TO phOffice of Basic Energy Sciences, Materials Science Division
non is dwro/dP=0.49+0.07 cm Ykbar. From this value, of the U.S. Department of Energy under Contract No. DE-
we can estimate the Gmaissen parametéused to describe AC03-76SF0098. H.N. wishes to acknowledge the warm
the response of the lattice vibrations to applied pressure dnospitality of the research group of E. E. Haller at LBNL and
equivalently, to isothermal compressjaas UCB.
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