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Characterization of highly doped Ga, g In(.14ASy.13Shy 87
grown by liquid phase epitaxy
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Gay.s6lno.14AS0.13Shy 57 layers lattice-matched to (100) Te-GaSb have been grown using the liquid phase epitaxy technique under super-
cooling conditionsN andp type layers were grown by adding tellurium or zinc in a wide range of molar fraction in the growth solution. By
Raman spectroscopy, the structural quality of the epilayers was characterized. The Raman spectra show that the layers become more defecti
as the dopant molar fraction is increasedpr p-type. Two main bands are observed in the Raman spectra centered at 230 and 245 cm

that depend strongly on the incorporated dopant molar concentration (Te or Zn), which are assigned to the observed vibrational modes of
GaAs-like and (GaSb+InAs)-like mixture. The low-temperature photoluminescencéop)-type GalnAsSb was measured as function of
dopant concentration added to the melt solution. The photoluminescence spectra were interpreted taking into account the nonparabolicity o
the conduction (or valence) band. Both the band filled as well as band tailing effects due to Coulomb interaction of free carriers with ionized
impurities and shrinkage due to exchange interaction between free carriers were considered in order to properly be taken into account fol
the observed features of the photoluminescence spectra. It is shown that the band-to-band transition energy can be used to estimate the fr
carrier concentration in GalnAsSb for a wide range of dopant concentration.

Keywords: GalnAsSb semiconductors; Liquid phase epitaxy growth; Photoluminescence spectroscopy; Raman.

Capas de Gagslng.14ASo.13Shy 57 con coincidencia de pametros de red a Te-GaSb (100) han sido crecidas mediagtniaa de epitaxia

en faseiquida en condiciones de sobre-enfriamiento. Capasrtip@ fueron crecidas mediante la adinide teluro y zinc en un amplio
rango de frac&n molar en la soluéin de crecimiento. Por espectroscopia Raman, se carackeicalidad estructural de los epicapas. Los
espectros de Raman muestran que las capas se hasédmperfectas a medida que aumenta la féaconolar de impurificante, tipa-o -p.

Dos bandas principales se observaron en los espectros Raman centradas en 230y 24feaependen fuertemente de la concerfiraci
molar del impurificante (Te o Zn), que son asignados a los modos de vibralbservados de GaAs-like y a la mezcla (GaSb + InAs)-like.
La fotoluminiscencia a baja temperatura de GalnAsSb ifgop) se midd como funcdn de la concentragh de impurificante @adido a

la solucbn en estado fundido. Los espectros de fotoluminiscencia se interpretaron teniendo en cuenta la no-parabolicidad de la banda d
conduccdn (o de valencia). Tanto el llenado de la bandacasio los efectos de asimitide la banda debido a la interamticoulombica de
portadores libres con impurezas ionizadas y conttecdebido a la interacoh de intercambio entre portadores libres fueron considerados
para tener debidamente en cuenta las cafiatitxs observadas en los espectros de fotoluminiscencia. Se muestra qud dedenieagsi@n

de banda a banda puede ser usada para estimar la con@ntfagiortadores libres en GalnAsSb para un amplio rango de concéentuaci
impurificante.

Descriptores: Semiconductores; GalnAsSh crecimiento epitaxial en figggda; espectroscopia de fotoluminiscencia; Raman.

PACS: 63.20.-e; 64.70.kg; 61.66.Dk; 61.72.sd; 71.20.Nr; 71.55.Eq; 78.30.Fs; 78.55.Cr

1. Introduction the band gap energy for the GalnAsSb alloy is nearly fixed,
ranging from 0.74 to 0.78 eV. However, lattice matched to
The quaternary alloy system Ga,In,As;_,Sb, is of great ~ GaSb, this band gap energy varies between 0.73 and 0.29 eV,
importance for optoelectronic applications because its roomeorresponding to a wavelength range from 1.7 to 4n3.
temperature band gap energy covers the extremely wid&his is a very interesting wavelength range for anticipated
range from 1.43 t0 0.10 eV. Lattice matched to InP substrateguture fiber optic communication systems. The development
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of new optical fibers, such as the heavy metal fluoride fibersmechanically polished from Firebird, Inc. were used. All
offers a possible reduction of one or two orders of magnithe precursor elements used to prepare the growth melt were
tude in transmission losses as compared with conventionalf 6N purity, and the GaAs came from a wafer. For carry-
Si0, fibers; the minimum loss is expected to occur in theing out the intentional doping of the epilayers for high elec-
wavelength range between 2 toi4n [1]. The alloy sys- tron (or hole) concentration, $be; (or Zn) pellets were
tem Ga_,In,As,_,Sb, has received relatively little atten- added in small amounts to the growth solution. After the
tion until recently because it is known to have a very largecharge of the substrate into the boat, the temperature was
miscibility gap [2] with a critical temperature estimated to beraised at 640C for one hour, in order to eliminate the ox-
1467C. As shown by Nakajimat al. [3], this restricts the ides in the substrate surface. Then, the temperature was de-
range of solid alloys which can be grown by liquid phase epi-creased to stabilize the system, and a cooling ramp at a rate of
taxy (LPE). Dolginovet al. [4] reported the LPE growth of about 0.3C/min was established, after which the layers were
alloys near GaSb, with values ofsmaller than 0.2 and val- grown at temperatures of around 580 Elemental chemical
ues of y greater than 0.8. Kobayaghial. [5] and Kanoet  microanalysis measurements were performed using a scan-
al. [6] have studied the LPE growth of Ga,In,As;_,Sb, ning electron microscope (SEM) FEI-Quanta 3D FEG model
on GaSb substrates withlimited to the range< 0.18. More  equipped with an X-ray dispersive energy microanalysis sys-
recently, DeWinteret al. [7] reported the LPE growth of tem (EDX). Polarized Raman scattering experiments were
Ga,_,In,As,_,Sbh, on GaSb substrates with values ©f performed at room temperature in the near-backscattering ge-
as large as 0.22; this corresponds to a band gap energy ofmetry using the 6328 line of a He-Ne laser at normal
0.53 eV (2.33um). This is a slight penetration into the pre- incidence for excitation. The light was focused to a diam-
dicted miscibility gap (.18 < = < 0.84) [2]. eter of 6.0um at the sample using& x (numerical aperture
Among many techniques to grow Ga.In,As;_,Sb, 0.9) microscope objective. The nominal laser power used in
epitaxial layers on GaSb substrates, Liquid Phase Epitaxthese measurements was 20 mW. Scattered light was analy-
(LPE) still remains an attractive method due to its simplic-ses using a micro-Raman system (Lambram model of Dilor),
ity and high crystalline quality material it produces. But the a holographic notch filter made by Kaiser Optical System,
existence of a large miscibility gap [3] hinders the growth ofInc. (model superNotch-Plus), an®a6 x 1024-pixel CCD
Ga_,In;As;_,Sh, in a wide range of: andy values. It used as detector cooled to 140 K using liquid nitrogen, and
is considered a metastable alloy, with the tendency to decomwo interchangeable gratings (600 and 1800 g/mm). Typi-
pose into regions of non-uniform alloy composition. It shouldcal spectrum acquisition time was limited to 60 s to mini-
be noted that, owing to the large unstable region, only GaShmize the sample heating effects. Photoluminescence mea-
enriched solid solution compositions will be stable at typicalsurements were carried out by exciting the sample with the
LPE temperatures with lattice-matching to GaSbh substrate488 nm line of an Ar-ion laser, the excitation power was
[8]. This is why trying to reduce the band gap energy of thel20 mW and the measuring temperature was 15 K with the
guaternary antimonide-based material for the desired valusample enclosed in the cold finger of a closed-cycle He cryo-
for thermophotovoltaic (TPV) applications, usually results instat. Sample radiative emission was analyzed through an Ac-
phase separation. ton monochromator and detected with an InSb infrared detec-
In this paper reports the structural and luminescencéor EG&G Judson cooled with liquid nitrogen. Assignation
properties of Te (or Zn)-doped GalnAsSb with the varyingof each transition was accomplished by studying the behavior
Te (or Zn) molar fraction, using Raman spectroscopy andf the PL spectra with the excitation power. The energy posi-
photoluminescence. After thorough investigation of dopedions and the Full-Width at Half-Maximum (FWHM) of each
GalnAsSh, we have found a relationship of the main energypeak were determined by a quantitative fit to the experimen-
emission band versus (Te or Zn) dopant molar fraction addethl PL spectra using a sum of Gaussian line distributions; the
to the growth solution, which could be considered a usedominant peaks were fit first and the additional peaks were
ful tool to determine the free carrier concentration in doped
GalnAsSb by low temperature PL spectra measurement. The
carrier concentration increases with increasing dopant mol@asLe |I. Summary of the GalnAsSb samples studied, and the
fraction. In this work we report a systematic study and aSh;Tes fraction molar added to each one. All samples were grown
quantitative evaluation of the effects of high Te (or Zn) dop-at 530°C on single crystal GaSb substrates.
ing in GalnAsSb layers grown on (100) GaSb substrates by
liquid phase epitaxy (LPE) using the Raman spectroscopy Sample  [ShTes] molar Bv Electron concentration

and photoluminescence (PL) spectroscopy technique. fraction (meV) (cnT?)
Tel 6.48 x 107%  644.52 —
2. Experimental details Te2  219x10°%  660.47 4.84 x 107
Quaternary GalnAsSb epitaxial layers were grown in a Tes 3.69 107 701.47 2.41 % 10"
three-zone furnace undenttmosphere, using a horizontal ~ Te4 287 x 107" 707.84 2.75 x 10'®
graphite sliding boat. As substrates, (100) Te-GaSb wafers Te5 431 x107*  722.06 3.40 x 10"8
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into IlI-V semiconductor compounds [9], which are dom-
TABLE Il. Summary of the Gasslno.14Aso13Shys7 samples  inating non-radiative deep centers located below the con-
studied in this work, which were grown by liquid phase epitaxy and duction band that critically reduce the luminescence effi-
different Zn molar fractions were added to each one. All samplesciency [9,10]. Thus, it appears that oxygen has replaced an-
were grown at 530C on single crystal Te-doped GaSh substrates. timony or arsenic at a few random points of the GalnAsSb
The fourth column shows the hole concentrations estimated by lowmattice. The EDX spectrum indicated that the sample con-
temperature photoluminescence measured at 15 K and at a lasghins a significant amount of carbon (0.78%). From EDX
power of 120 mW. characterization, the chemical stoichiometry of the quater-
Sample  Zn molar fraction = Hole concentration nary layers was deduced for all the samples as approximately:

(meV) (cm?) Ga.s61N0.14AS0 135Sk 87-
Back scattering geometry has been used to record the Ra-

znl Undoped 64854  7.70 x 10°° man spectra of the GalnAsSb epitaxial layers grown with dif-
Zn2 1.30 x 107" 641.95 5.11 x 10 ferent tellurium and zinc molar fractions that are shown in
Zn3 1.71 x 107* 640.51 7.03 x 10'7 Figs. 1 and 2. Raman spectrum of undoped GalnAsSb layer
Zn4 2.33 x 107* 639.95 7.86 x 107 presents four well resolved bands. There are two dominant
7n5 3.98 x 104 639.96 7.00 x 107 bands observed at about 227 and 241 énwhich were Ila—
716 3.49 x 10~ 637.88 114 x 10 belled as A and B., and one small band located at 259 ¢m
labelled as C, which does not depend on the tellurium con-
Zn7 5.34x 107" 637.77 1.16 x 10° centration incorporated into thetype layers. The band C at
Zng 5.88 x 107" 634.79 1.81 x 10'® 269 cnt'! is associated to GaAs TO-like mode [11]. For the
Zn9 6.77 x 107* 629.96 3.22 x 10'® case of p-type layers, the bagddisappears gradually as the

zinc concentration is increased in the epitaxial layers indicat-

added as necessary. Galno.14ASy.13Sh) s7 layers with dif-  ing that the films have a better crystallinity. .
ferent tellurium or zinc concentrations were grown by LPE ~ The ratio of intensities of the bands A/B (f) increases

adding small quantities of Te (or Zn) to the growth solutionWith the increase of tellurium (zinc) concentration incorpo-
as is indicated in Tables | and II. rated into the layers; this effect will be explained later. The

bands B 3) and C () can be associated to vibrational modes

of the semiconductor binary compounds GaSbh, GaAs and
3. Results and discussion InAs [12,13]. These bands can be deconvoluted in three

Lorentzian line shape signals as shown in Fig. 2, which
For all the Te (or Zn)-doped Gaclno.14ASo.13Shy 57 layers,  are centered at 246.2, 231.8 and 221.1 &rfor the n-type
the surface morphology was very smootfe. mirror-like  lightly doped (Tel) and undoped (Zn1) samples. In this figure
surface without any pinholes, as confirmed by optical mi-are depicted only Raman spectra corresponding to the sam-
croscopy and atomic force microscopy (AFM). The surfaceples: n-type; a) undoped, (b) lowest Te-dop2d{ x 10~%)
morphology was generally very smooth with a root-mean-and (c) the highest Te-doped.§1 x 10~%). For p-type: a)
square (rms) roughness of 19-8%s determined from tap- undoped, (b) lowest Zn-dopedl. x 10~*) and (c) the high-
ping mode AFM. est Zn-dopedd.78 x 10%). The enhanced intensity of the

Itis interesting to consider the effect of tellurium as grouptwo vibrational modes is due to the fact that the alloys are
VI dopant (or of zinc as a group ll-dopant) on the struc-rich in GaSb and GaAs. The Raman shift of these vibrational
tural and optical properties of GalnAsSb solid solutions. Itmodes in the alloys is modified with respect to its bulk values
means that Te atoms as substitutional impurity can substitutgue to the effect of the internal stress originated on the differ-
Sb atom in the GaSb lattice since the covalent radius of Tence in lattice constant between GaSh, InAs and GaAs [13]
(a7.=0.136 nm) is nearly the same as that of 8p,€0.140  and the incorporation of tellurium (or zinc). Taking into ac-
nm). Zn is an acceptor impurity in GaSb and its alloys, whichcount that phonons are active in the first order Raman process
means that Zn atoms as substitutional impurities can substin backscattering configuration on the (001) face, the vibra-
tute Ga atoms in the GaSb lattice since the covalent radiugonal bands observed around 216.9, 226.9 and 2412'cm
of Zn atom ¢z,=0.125 nm) is nearly the same as that of are assigned to the TO-(GaSh+InAs)-like, LO-(GaSb+InAs)-
Ga atom ¢¢,=0.126 nm). The influence of these dopantslike and LO-GaAs-like [12,14] modes, respectively. Besides,
on the GalnAsSb physical properties has been studied usirtpe low frequency asymmetry of the GaAs-like mode is very
the Raman spectroscopy and low-temperature photoluminetikely due to the contribution of the scattering process of
cence for high doping regime. phonons with non-zerg-vectors that becomes active due to
The chemical composition of a typical sample was anathe alloying disorder process [11,14]. The TO-(GaSb+InAs)-

lyzed by EDX. The Zn7 EDX measurement showed the preslike mode forbidden for the (100) orientation of the substrate
ence of oxygen (0.35%) in the samples along with zinc, in-becomes active by the breakdown of the selection rules in
dium, antimony, gallium and arsenic. It is widely acceptedthe backscattering configuration [15]. This breakdown is at-
that oxygen is a residual impurity that introduces deep trapgributed to crystalline structural defects in the alloy originated
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FIGURE 1. Raman spectra measured at 300 K for the LPE-grown GalnAsSh epitaxial layers with different dopant concentrations: a) tellurium
and b) zinc.
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FIGURE 2. Decomposition of the measured GalnAsSb Raman spectra into individual components (Lorentzian shape) for three carrier

concentrations: a) n-type; lightly doped, doped and highly doped. b) p-type: undoped, lightly doped and highly doped. Layers were grown
on n-type GaSb substrates. The lines (-0-0-) are their respective fitting.
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FIGURE 3. Decomposition of the measured GalnAsSb photoluminescence spectra into individual components (Gaussian shape) for two
samples: a) Znl and b) Tel. The lines (-0-0-) are their respective fitting.

from compositional fluctuations and by elastic scattering andjuaternary alloy [22]. As can be seen in Fig. 3a, the dominant
by the ionized doping impurities [16]. Its appearance indi-emission band has a slightly asymmetric shape in the sharp
cates that the crystalline quality of the GalnAsSb layers ishigh-energy edge and the low-energy tail. The quantitative
not perfect due to the presence of defect structures and tHi# of the dominant band of the 15K PL spectrum suggests
stress of the lattice by the incorporation of Te (or zinc), butthat the main radiative emission consists of three bands with
their crystallinity is good enough. photon energies centered at 639, 645 and 649 meV that have
The reduction in Raman intensity of the LO-GaAs-like been associated to bound excitons labelled ag BE, and
mode, at about 246.2 cm, for the highly Te (or Zn)-doped BE,, respectively [23-25], bounded to neutral acceptor impu-
samples with respect to the undoped one is due to the depléties. The origin of these acceptor impurities is not definitely
tion layer depth. This effect can be explained as the supeknown though some authors have conjectured that they are
position in the observed Raman spectra of two contributionsdue to native defects. The transition Blias been ascribed to
The first one would come from the depletion layer near to thehe decay of an exciton bound to a dominant residual accep-
surface; this Raman spectrum could be essentially the santer level that has a binding energy of 34-39 meV [24]. Very
as that of the undoped sample, and its intensity depends onligtle is known about the acceptor impurity corresponding to
on the thickness of the depletion layer. The second contributhe transition BE, while there are some conflicting reports
tion would come from the charge region that is between theoncerning the origin of the transition BE The values for
depletion layer and the penetration depth of the exciting lightthe Full Width at Half Maximum (FWHM) of the three main
In this region, the phonon-plasmon interaction can take placéhree PL bands at 120 mW of laser power are about 6.5, 4.5
and it could be the cause that the band associated with this efnd 7.4 meV, respectively. This fact indicates the good crys-
fect is not so sharp. Thus, the intensity of the LO-GaAs-liketalline quality of the undoped GalnAsSh layer. The FWHM
mode in the total spectrum will be determined by the ratio ofof the BE bands are smaller than or comparable to the best
the thickness of the depletion layer to the penetration depthesults previously reported on similar composition GalnAsSbh
of the exciting light. This is the reason why the intensity of layers grown by LPE and other growth techniques [24]. Ad-
the LO-GaAs-like mode in the doped samples decreases wittlitionally, a broad band is observed at the PL low energy re-
respect to the same mode in the undoped sample. In faagjon that is constituted by acceptor-related transitions [24]. It
it can be considered that a sample with a carrier concentras very well-known that undoped GaSb and its alloys exhibit
tion of around~ 107 cm3 could be treated as undoped, p-type conductivity caused by native defects such ggor
since, for example, for GaAs is necessary to have concens,Gasp [26]. Moreover, for sample Tel, see Fig. 3b, LT-PL
trations higher thas x 10'7 cm3 to observe an intensity shows only two bands, one associated to excitonic transition
reduction. This effect appears only for high concentration8E; and another transition associated to neutral donor Te -to-
(> 5x10'" cm™3) and has been studied in several I1I-V semi- neutral acceptor (P&°).
conductors and alloys such as n-GaAs [17], p-GaAs [16], n- Figure 4a illustrates the PL spectra measured at 15 K of
GasSb [16], p-InGaAs [18], n-AlGaAs [19], p-AlGaAs [20] n-type samples studied and Fig. 4b shows the PL spectra of
and n-GalnAsP [21]. p-type ones. As one can observe the PL spectra of Te (or Zn)-
Figure 3 shows the low-temperature photoluminescencdoped GalnAsSb have features similar and show the same ra-
spectra of the samples Tel and Zn1, one lightly doped andiative transitions as in the case of low doping. Therefore, the
the undoped one. For the undoped sample an optical band gégatures observed in PL spectra may be attributed to tellurium
energy of about 653 meV at 15 K has been estimated for thigzinc) incorporated in the films. Thus, the increase of dopant
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FIGURE 4. a) Photoluminescence spectrarefype GalnAsSb as a function of [Pes] molar fraction in the growth solution at 15 K.

The radiative transition band-to-band is renamed hyt&the Te-doped samples. b) PL spectra of p-type GalnAsSb as function of the Zn
concentration. They were recorded at 120 mW of excitation power. The lines (-0-0-) correspond to the components of the experimental
LT-PL spectra obtained by deconvolution by Gaussian curves. The radiative transition ban-to-band is renamextbg B-type samples.

concentration above the degeneracy limit results in the sutexcitonic radius of the impurity states, the majority carriers
stantial broadening of low-temperature PL spectra. The indiin the crystal become so numerous that their presence alters
vidual band due to the band-to-band (BB) transition, as carhe lattice periodic potential. The calculated Bohr excitonic
be seenin Fig. 4, completely overlap each other at free carrieadius to the undoped quaternary alloy&.88 nm that was
concentrations. Additionally, at very high concentrations, theevaluated using the numerical factor mentioned above [30].
low-temperature luminescence band becomes highly asymis a result of the high carrier concentration, three effects
metric [27]. should be considered for studying the physical properties of
At low doping concentration, the donor (acceptor) impu-the crystal. One of them is the many-body effect that involves
rity energy could be treated agdunction. The low temper- ionized donor-electron (acceptor-hole) interaction, electron-
ature PL spectrum of the non-degenerate materials could bedectron (hole-hole) interaction and electron-hole interaction.
explained by band-to-band (BB) and band-to-acceptor (BA)The ionized donor-electron (or ionized acceptor-hole) inter-
radiative transitions, as schematically is illustrated in Fig. 5aaction gives as a result a reduction in the donor (or accep-
shown for p-type material [28]. As n (or p)-type dopant con-tor) ionization energy and causes the donor (acceptor) level
centration is increased; the dopant level spreads into a bartd move toward the conduction (or valence) band edge,
on two sides. The heavier the doping, the more the spread, ésr E,). The electron-electron (hole-hole) interaction shifts
evidenced from the increase of the FWHM with the increaseF,. (or E,) down (or upward). The electron-hole Coulomb
in dopant concentration incorporated in the layers [29]. How-interaction reduces the electron potential energy and causes
ever, as the doping concentration is further increased to the conduction (or valence) band edge to move down (or up).
level comparable to the effective density of states in the conThe second effect that should be considered is the random-
duction (or valence) band, the band maximum energy)E ness of the Te (or Zn) atoms that causes fluctuations in the
in the PL spectrum starts shifting toward higher (or lower) enHocal electrostatic potential and results in the formation of
ergy side. Some examples are schematically shown in Fighand tail states. Finally, the effect of the carrier degeneracy
5b-c, n-type and p-type. should also be considered as the Maxwell-Boltzmann statis-
As the n (or p)-type dopant concentration is increased irtics will be replaced by the Fermi-Dirac statistics in the case
the crystal; the average spacing of the impurity atoms beef degenerate semiconductors.
comes smaller. When this is close to or less than the Bohr
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FIGURE 5. Schematic illustration of the photoluminescence emission from: (a) slightly depgzk, (b) heavily doped-type and c) heavily
dopedp-type samples [28].

As can be observed in Fig. 4a, PL spectra of Te-nonparabolicity of the conduction and valence bands, which
GalnAsSb as the dopant concentration is increased the pea&sult in a concentration-dependent effective mass. The three
En is shifted to higher energies in all investigated dopantband Kane’s model [34] has been used for the calculation of
range, this indicates that the PL spectra come from the dieconcentration-dependent effective mass. Kane’s model con-
rect band-to-band or direct impurity-to-band transitions fol-siders the interaction of the conduction band with the valence
lowing the k conserving rule. Unlike the photolumines- band, separated by the band-gap endfgyrom the former.
cence spectra of Zn-GalnAsSb have a particular behavioilhe valence band itself is composed of two bands with the en-
as can be seen in Fig. 4b, the main radiative bagdire  ergy separation of the spin-orbit split-off enerdy At first,
the LT-PL spectra shifts toward lower energies (redshift) a®ne shall assume that the conduction band and valence bands
the Zn molar fraction is increased in growth solution fromin Ga s7Ing.13ASy.14Shy.s¢ are described by the following
0-2.325 x 10~%. This indicates that photoluminescence hasequation:
the same radiative transitions, as above. The spectral shape
of the PL emission band is almost symmetrical. The asym- E'(E’' — Ey)(E' + A) — B*k*P*(E' +2A/3) =0 (1)
metry of the spectrum observed at higher Zn molar frac-
tion, sample Zn8, in Fig. 4b strongly indicates that effectivewhereE’ = E — h?k? /2mq, which is true at very high (low)
band-to-band or effective band-to-acceptor transitions domienergies in conduction (or valence) bang is the free elec-
nate the emission across the energy gap breaking ttmm-  tron (or hole) massh is Planck’s constanty is the wave
servation [31,32]. The steep slope characterized by the eXtumber,P is the momentum matrix elemerit, is the band-
ponential decayexp(—/iw/E;), of the luminescence on the gap energy of undoped GarIng.13Asy.14Sky s andA is the
high-energy side is caused by a decrease in the hole pop&Pin-orbit split energy. Expanding the solution of Eq. (1) in
lation below the Fermi energy levels. Whereas the smootipower ofk up to the ordek*, as has been proposed by Bose
slope on the low-energy side closely follows the relationship€&t al [35], gives the following expressions for the energy of
I « (E, — hw)'/? [33] whereF, is the threshold energy of conduction (valence) band as measured from the bottom (or
the band in Fig. 3 and is the spectral intensity at the photon top) of the conduction (or valence) band:
energyhw. In Table Il are shown the results of the energetic

positions of the band & obtained by deconvolution of the Eo = ﬁ <%> (W>2
PL spectra of the studied samples. 2m? E, 2m}
In order to compare the observed photoluminescence h22 1212 2
peaks with calculated transitions in high level of dopant con- E, = — _ (%) ( ) @)
centration. It is necessary to include not only the usual 2my, A 2my,

band filling effect but also band gap shrinkage due to the ex-

change interaction among free carriers as well as the barﬁj]e
tailing effect due to the Coulomb interaction of the free
carriers with ionized impurities interaction. All the above-
mentioned interactions are calculated taking into account th

The second term on the right hand side of Eqgs. (2) depicts
deviation of the® — k dispersion from the ideal parabolic
nature. Introducing the dimensionless nonparabolicity fac-
t60r3a’s given by
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FIGURE 6. a) Electron concentration as a function of the tellurium molar fraction in GalnAsSb and b) hole concentration as a function of the
zinc molar fraction in the quaternary alloy &&1no.14ASo.13Sky 57

energies of the bandsyEfor high levels of carrier concen-
(1 me >2 (1+4A/3E, + 2A2/3E3) trations, one may estimate the majority carrier concentration,
Qe = — — .

which show a good agreement with the results obtained with

moe ) (1+A/Eg)(1+2A/3E) the SIMS measurement [38]. In order to do this, it is nec-
o m 21+ AJE,)?(1+2A/E,) ) essary to include not 'only the usual band filling effect bu't
v = Mo 9(1 + 2A/3E,)?2 also the band gap shrinkage due to the exchange interaction

o among free carriers as well as the band tailing effect due
These terms are named the nonparabolicity factors. Thugg the Coulomb interaction of the free carriers with ionized

calculating the concentration-dependence effective massegnpurities interaction. All the above mentioned interactions
with the following numerical values of Ga,In;As,Sbi_,  are calculated taking into account the non-parabolicity of the

band structure parametersi;/mo. = 0.0354, mj /mon =  conduction (or valence) band, which results in a concentra-
0.433 [36], E,(14K) = 0.653 eV [37], A = 0.715eV [36],  tion dependent effective mass. It is assumed that the hole dis-
one can obtainy, = —0.820 anda, = —0.3364. It ap-  tribution is highly degenerate, whereas the electrons (holes)

pears that the nonparabolicity factors are almost temperatuifitroduced by optical generation occupy the states at the very

independent. Therefore, one can write the equation for thgottom (top) of the conduction (or valence) band. Therefore,

energy within the conduction and valence bands in the folto a good approximation, the energy of the photolumines-

lowing form: cence band f arising from band-to-band (BB) transitions
B. = By, — 0.820(E§/Eg) would be given by [28,39]:

E, = Fo, + 0.3364(E2/A) (@) Eri(n) = Eyo + Ep,(n) — ES(n) - E¢ ()

whereEy, = k?/2m}, and By, = —h%k?/2m;, . These En(p) = Ego — Epp(p) + E"(p) — ES () (6)
equations are valid for highly degenerated materials, which
allows to write concentration-dependence effective mass for WhereE,, B, (E},), ES and ES(EL) are: the band
electrons and holes in nonparabolic conduction and valencgap of undoped GalnAsSb at 15 K; the Fermi energy for non-
bands of the GalnAsSb alloy as: parabolic bands for electrons or holes; the electron (hole)-
impurity interaction [40,41]; and the exchange interaction
among free carriers [42], respectively. These equations can
m*(p) = 0.433mop(1 — 7.956 x 10_15p2/3)—1 (5) pe used to estimqte the ca}rrier concentration in t'he samples,
in fast form and without using a destructive technique. Here,
These concentration-dependent effective mass expre#-has been supposed that Eq. (6) might also be valid at low
sions allow one for obtaining a useful expression for theconcentration to estimate the free carrier concentration in the
Fermi energy of nonparabolic bands in terms of carrier conwhole investigated range. The carrier concentration was mea-
centration. It has been demonstrated for InP that the Fernsured through the low temperature PL spectra and fitting the
energy calculated by exact method using Fermi integrals difPL peak with the band-filing model, which takes into ac-
fers only at low concentrations of the Fermi energy of non-count the shift of the Fermi energy towards the conduction
parabolic bands obtained using the mathematical expressiofisr valence) band as the donor (or acceptor) concentration in-
above mentioned [27]. For high dopant concentrations, thegreases. These results suggest that the Te (or Zn) atoms are
agree very well with calculated values for the case of nonincorporated in the samples as donor (or acceptor) impuri-
parabolic bands. Using the early obtained results and thtes. The obtained results are presented in Tables | and Il and

m*(n) = 0.0354mg(1 — 23.136 x 10~ 14n?/3)~1
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in Fig. 6, which are in agreement with the reported in theconcentration. For low doping levels, the PL spectra show the
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