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We report on the experimental observation of direct interband-critical-point transitions and phonon modes in
B,Ga _,As alloys (0=x=<0.03) and their evolution with increasing boron concentration using spectroscopic
ellipsometry and Raman scattering. Our results are compared to the corresponding values in thgy GaN
(0=y=0.037) material system. For,8a ,As, we obtain only a small bowing coefficient of tf&(x)
dependence in contrast to the giant redshift of the @&\ , band-gap energy witly. The higher lying
interband-transition energies of8a,_,As (E,,E,+A,, Ej, E,, andE}) are slightly redshifted with in-
creasing boron concentration. A similar behavior is found for the critical pdis, E,, and E," in
GaNAs, . In B,Ga_,As, we observe, as in GgNs,_,, a two-mode phonon behavior using Raman
scattering. However, from infrared-ellipsometry or -transmission experiments, we can estimate that the oscil-
lator strength or polarity of the BAs-like phonon is at least one order of magnitude smaller than the oscillator
strength of the GaN-like phonon measured at a e\, layer with comparable thickness and composition.

All results will be explained using a simple model that takes into account the different nature of the chemical
bonds in both alloy types.
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[. INTRODUCTION eter was obtainel!* The fundamental difference between
the alloys BGa _,As and GalAs, , is the nature of their
GaNAs; _, alloys have attracted wide interest in the pastchemical bonds. The B-As and Ga-N bonds differ strongly in
few years due to their interesting electronic properties andheir ionicity values, which, as will be shown below, causes
possible device applications, e.g., for 1.3—1/% laser di- fundamental differences in the electronic and vibronic prop-
odes(for a review, see for instance Ref.%®*B,Ga,_,Asis erties of both alloy types.
a novel material system of fundamental interest, which offers In early reports, boron doping i(Al,Ga)As was investi-
new possibilities in semiconductor-band-gap engineeringated including MOVPE(metal-organic vapor-phase epi-
and, in addition, for optoelectronic devices, such as solataxy) and MBE (molecular beam cpitayygrowth data, elec-
cells*® B,Ga,_,As ternary compounds result from alloying trical and morphologic propertiés:'® Geiszet al. reported
of the binary compounds GaAsi{=5.6533 A) and cubic on the MOVPE growth of(B,Ga,InAs alloys with boron
BAs (ap=4.777 A) ¢ leading to a lattice mismatch of 16% concentrations up to 4% The authors report on a slight
for x=1. Thus, incorporation of the small B atom in increase of the band-gap energy gi@®y _,As with increas-
In,Ga, _,As alloys withz=2.2x, and assuming Vegard's law, ing boron incorporation, and a bowing parameter of ZeV.
results in quaternary layers that are lattice matched to GaAd:his was confirmed by photoluminescen(l) measure-
This property makes Ba _,_,In,As alloys very interesting ments presented in Ref. 12 for boron concentrations up to
for application in detector structures and solar cells. For cu1%. Hart and Zunger presented a theoretical study of the
bic BAs, theoretical studies predict values for the indirectelectronic structure of BAs and boron containing -V ter-
band-gap energy ranging from 1.27 to 1.86%\4nd for the  nary alloys® For the BGa, _,As alloys, the authors predict a
direct band-gap energy from 3.05 to 4.23 @Refs. 5and 8 relatively small and composition independent band-gap bow-
(an experimental band-gap energy of 1.46 eV has been réag. In Ref. 13, we reported on the MOVPE growth of
ported in Refs. 9 and 10 for polycrystalline BAs; it is not BGaAs, BAIAs, BAIGaAs, and BGalnAs alloys. We demon-
clear whether this band gap is direct or indijecEFor  strated room-temperature photoluminescence @& ,As
B,Ga _,As alloys (0=x<4%), a small increase of the (0=x=<0.032) and BGa , ,In,As lattice matched to
band-gap energy with increasing boron incorporation has alGaAs (several compositionsEy,, down to 1.36 eV.
ready been reportétP'~*The corresponding bowing pa- B,Ga_,As/GaAs and BGa_, ,In,As/GaAs multiple
rameters varied between 1(Ref. 13 and 3.5 e\® These quantum well structures with high structural quality have
values are in strong contrast to the GaN, _, alloy system, been achieve A study of BGa,_,_,In,As as active ma-
for which a large and composition-dependent bowing paramterial in laser diodes will be published elsewhere.
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In the present work we want to address the following
issues:(1) the evolution of several direct critical-poiGEP)
transitions within the Brillouin zonéBZ) of B,Ga, _,As (0
=<x=0.03) with increasing boron incorporatiof2) the pho-
non mode behavior of &g, _,As (0=<x=<0.03);(3) a com-
parison between these properties and those of the
GaNAs; _, alloy system, and we will provide a simple ex-
planation for the observed differences. Properties of elec- , B Ga, As on GaAs
tronic interband transitions and phonon modes are obtained 5 T : 3
using spectroscopic ellipsometgE) for photon energies Energy (V)
from 0.75 to 8 eV and for wave numbers from 150 to ) . . .
600 cmi ! upon model line-shape analysis of the dielectric FIG. 1. Imaginary part of the pseudodlelectrlc _functlon of the
function of BGa_,As and GaNAs, , alloys. Additionally, BXGal_,XAs/GaAs sampl_es. The dashed and solid Iln_es refer to the
we use Raman scattering for analyzing the phonon propertieeg(perlmental and be_st-flt calculated spectra, n_espectlvely. The spec-
of the BGa_,As compounds. The SE investigations for .tra of the samples witk =0.005 have been shifted for better clar-
wave numbers from 100 to 600 crhand for photon ener- 1ty.
gies from 0.75 to 4.5 eV of Gapds, _, single layers(using
the same samples as in the present wankd superlattice
structures have already been presented in Refs. 17,18 al
19,20, respectively.

<g;> (arb. units)

For description of the dielectric function of ourBa _,As

Hd GaNAs, _, layers, we used a composite model dielec-
tric function (MDF), which consists of contributions of the
following direct CP transitions toe:Eqy,Eq+Aq,Eq,E;q
+A.,Ey E,, andE,". The expressions for the CPEy,
Il. EXPERIMENT AND DATA ANALYSIS Eo+Ap,Eq, andE;+ A, can be found in Refs. 23 and 24.
The contributions of the three CP transitions with transition

pseudomorphically of001) GaAs substrates at growth tem- €nergies higher than that &, +A, to e are described by

peratures ranging between 550°C and 600°C using |OWI__o.rentZ|an 'funct|ons. For a more detalled_descrlptlon of the
pressure [o,o;=50 mbar) metal-organic vapor-phase epitaxyelI|psometr|c model analysis and the applied ME_)I_:S, we re-
(MOVPE). Triethylboron, trimethylgallium, and arsine were fer to Refs. 18 and 25, where we repqrted on critical points,
used as precursors. A GaAs buffer layer of about 150 an?ptlcal constants, and phonon properties of Ill-V alloys stud-

thickness was deposited prior to the@ _,As layer. The B |ethkJ]y SRE' ded
concentration was determined by high-resolution x-ray dif- e Raman spectra were recorded at room temperature

fraction. For details of the MOVPE growth, we refer to Ref. using a Dilor XY800 spectrometer in macromode position

13. MOVPE-growth properties of our Gghs; ,/GaAs with 2 cm™* resolution. The 514.5-nm line of an Ar-ion la-
samples are included in Refs. 17 and 18. o ser with a laser power of 50 mW was used as excitation

The SE spectra were recorded at room temperature at 7§ource. All spectra were recorded in the backscattering con-
i

and 50° angle of incidence for photon energies from 0.75 t guration.

8 eV in steps of 10 me\2 meV for the low-energy parand

for wave numbers from 150 to 600 crhwith 2 cmi™ %, re- lIl. RESULTS AND DISCUSSION
spectively. A variable-angle-of-incidence, rotating-analyzer
spectroscopic ellipsometer equipped with an automated re-
tarder, was utilized. Ellipsometry can determine the complex In Fig. 1, we present the imaginary part of the pseudodi-
dielectric functione and thicknessl of a thin-film sample by electric function of our BGa ,As/GaAs samples. The
comparing the measured data with the best-fit model calcudashed lines are the experimental spectra, whereas the solid
lations. In the photon-energy range of direct electronic bandlnes refer to the best-fit model calculation using the MDF
to-band transitions, which cause typical CP structures,in described above. Note that solid and dashed lines in Fig. 1
CP energies, amplitudes, and broadening parameters can 8t almost undistinguishable due to the good match between
obtained as best-fit parameters from model analysis of ellipexperimental and best-fit calculated data. Note further that
sometric spectra. The standard ellipsometric quantifies the spectra from 0.75 to 3.5 eV and from 3.5 to 8 eV have

The B,Ga, _,As layers(thickness~400 nm) were grown

A. Direct interband transitions

andA are related to the complex reflectance ratfd been measured at different times, which explains the small
offset in the spectra at an energy of 3.5 eV. However, except
p=r,/rs=tan¥ expiA, (1) for a different oxide-layer thickness to account for the natu-

ral oxide which develops on the surface during the course of

wherer ;, andr are the reflection coefficients for light polar- our experiments, we used exactly the same MDF with the

ized parallel p), and perpendiculafs) to the plane of inci- same MDF parameters for modeling the pseudodielectric-

dence, respectively. The pseudodielectric functfeh is a  function spectra in both energy ranges. The vertical dotted

common representation of the ellipsometric ddtaandA??  lines mark the energies of the CA%, E;, E;+A,, E',

E,, andE;’ resulting from the best-fit analysis. Note that

(e)=eJ[(1—p)/(1+ p)]?SirfdD + cod Jtarfd,,. these assignments of CP structures have originally been
(20 made for GaA2® 28 In the present work, we adopt these
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FIG. 2. Second derivative of the imaginary part of the pseudodi-
electric function of the BGa, _,As/GaAs samples. The dashed and
solid lines refer to the experimental and best-fit calculated spectra,
respectively. The spectra of the samples with0.005 have been
shifted for better clarity. The high-energy part (3.5-8 eV) of all
spectra has been magnified by a factor of 4. Energy (eV)
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FIG. 3. Second derivative of the imaginary part of the pseudodi-
assignments to the Ba _,As alloys, thereby starting from electric function of the Gaphs, _,/GaAs samples. The dashed and
a GaAs reference sample, which is also included in Fig. 1solid lines refer to the experimental and best-fit calculated spectra.
The different CP transitions will be explained in the follow- The spectra of the samples witi=0.001 have been shifted for
ing. better clarity.

The dominant structure at about 3 eV is due to the CP’s
E; andE;+A;. TheseM,-type critical points are due to entiated pseudodielectric-function spedifég. 1). Note that
electronic interband transitions occuring along thedirec-  we have not explicitly included the derivative spectra into
tion of the BZ% We note a slight increase of the broadeningthe best-fit model analysis. Note further that experimental
of the E; andE; + A, transitions with increasing boron in- (dashed linesand calculatedsolid lines spectra are almost
corporation in Fig. 1, which we attribute to compositional undistinguishable in Fig. 2 due to the good match between
fluctuations. The small features labeleg at about 1.4 eV experimental and best-fit calculated data. Apparently, all
are due the direct band-gap transitions. Distinct oscillationspectra for the different compositions are quite similar,
occur for photon energies belof,, except for the GaAs which means that the influence of boron on the electronic
reference samplexE&0). These oscillations are due to mul- band structure of B5a _,As alloys is rather small. We fur-
tiple reflections at the sample surface and thether note a small increase in the broadening ofEje, E.,
B«Ga - xAs/GaAs interface leading to well-known optical andE,’ CP transitions, which we attribute to compositional
interference pattern. The other dominant structure at about f,ctuations.
eV can be well described by two distinct transitions that we In F|g 3, we present the second derivatives of the imagi_
assign to the CP'€,’ and E,. The two CP's are due to nary parts of the pseudodielectric functions of the
direct transitions at the center of the BE{) and around GaNAs, _,/GaAs samples including those for pure GaAs as
the x point (E,).2"?® Note, however, that in the spectral re- well. Again, experimental(dashed lines and calculated
gion from 4.5 to 5.2 eV there is an accumulation of severalsolid lineg spectra are almost undistinguishable in Fig. 3
CP’s in GaAs(except from various transitions at the centerdue to the good match between experimental and best-fit
of the BZ and around the point, there are further transitions calculated data. The low-energy part of the pseudodielectric-
along theA and X lines), which makes the unambiguous function  spectra  (0.75 e¥E<4.5 eV) of  the
assignment of these structures difficifit’* The weak struc-  GaNAs, _,/GaAs samples is presented in Refs. 17 and 18
ture at about 6.5 eV labeldd,’ is due to transitions either including a discussion of the CP&y, E;, andE;+A;. The
along theA direction or at the point of the Bz2%2’ assignment of the structures in Fig. 3 to different CP transi-

In Fig. 2, we show the second derivatives of the imagi-tions is the same as for thg,Ba _,As layers. We note that
nary parts of the pseudodielectric functions of theall CP structures of Gaps, ,, in comparison to
B,Ga, _,As samples. Derivative spectra are shown becausB,Ga _,As (see Fig. 2, are much more rapidly broadened
all CP transitions are more pronounced than in the undifferwith increasing nitrogen incorporation. This indicates that
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the effects of compositional fluctuations and clustering argorted values of Geiset al. (b=2 eV, transmission and
much more pronounced in the Gghs;_, compared to the PL),* Gottschalchet al. (b=1.7 eV, PL,"® and Hartet al.
B,Ga, _,As material system. (b=3.5 eV, calculation® Note, however, that no reliable
The energies of the direct CP transitions ofG, _,As  experimental data for thd'g,-I";. transition of BAs are
and GaNAs, , resulting from the best-fit model analysis available in the literature. Existing theoretical values vary
are presented in Figs.(@ and 4b), respectively. For significantly(3.05—4.23 eV.>® Thus, depending on the cho-
B,Ga, _,As, all CP-transition energies are slightly sen theoretical value for thEg,-I";. transition of BAs, the
redshifted with increasing boron incorporation exceptgr ~ obtained bowing parameters vary as well. Alternatively, the
which increase slightly with increasing In order to describe band-gap energies obtained in this work can also be well
the observedp(x) dependencies, we use the CP-transitionapproximated by a straight line with a slope oEq/dx
energies of BAdextracted from the calculation of Hart and =1.1 eV.
Zunge)® together with the corresponding CP energies of A discussion of the band-gap energies Gadl _, has
GaAs (extracted from our data analysi®r a linear interpo-  already been included in Ref. 18. We find a strong redshift of
lation of all CP-transition energies. The correspondingthe band-gap energy with increasiggwhich has been ob-
ECP(x) dependencies are then approximated by the followtained by many authorsand theoretically described using

ing expressior(dotted lines in Fig. # different model$®~3? The E,(y) dependence cannot be de-
cp cp cp cp scribed using a composition-independent  bowing
E-"(x)=E~"(0)+[E~"(1)—E~"(0) ]x—bx(1—x). parametet? and the dashed line in Fig. 4 is only shown to

() guide the eye. Comparing the behavior of the band-gap en-
The direct CP transitions of GgKs, , [see Fig. 4b)] are ~ ©rgies of GaljAs, _, to the BGa,_xAs system, one clearly

described by Eq(3) as well. sees the different influences of boron and nitrogen on the
bandstructure of GaAs. The physical origin of this is dis-
1. E, transitions cussed in Sec. I C.

To begin with the band-gap energies ofG& _,As, we
note first that BAs is an indirect semiconductor wiitk,-Xg.
as the indirect band-gap transitidnHowever, for the For theE; andE; + A, transitions of BGa, _,As, we are
B-composition range studied here, there are no experimentabt aware of the corresponding CP energies of BAs. Thus,
or theoretical hints for a direct to indirect crossover, andthe dotted lines in Fig. 4 are only linear approximations to
thus, our BGa, _,As (0=x=0.03) layers should be direct the E;(x) and E;+A;)(x) dependencies with linear in-
semiconductors, which is confirmed by photoluminescencereases ofdE;/dx=(—1.5+0.1) eV andd(E;+A,)/dx
measurementS. For the lowest direct -point transition en-  =(—1.3+0.2) eV, respectively. The two solid lines depict
ergy of BAs (Ug,-I'7c), we use a value of 3.05 eV taken the influence of biaxial, tensile strain on the two transition
from Ref. 5 and obtain a bowing parameter o (0.7 energies, which we have calculated using deformation-
+0.1) eV. This value is within the same region as the repotential theory and the corresponding deformation poten-

2. E; and E;+A; transitions
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tials of GaAs® The strain-induced redshift of both CP’s in-
dicates that, depending on the exact value ofEheandE;

0, 2yy)7

+ A, transition energies of BAs, the observed redshift of the B, ,,Ga, . As on GaAs
E, andE;+A; CP energies in B5a _,As should be mainly
. . GaAs 11
strain induced. o oo Bg,)
A discussion of thé&e; andE;+ A, transition energies of i‘”Lo(wBG)

GaNAs; _, has already been included in Ref. 17. The ob-
served blueshift of thé&e; and E;+A; CP energies with
increasing nitrogen content has been reported by different
groupst’**=36|n Ref. 17, we explained the blueshift of the
E, transition energies with increasing nitrogen content as the
sum of the effects of linear interpolation between the corre-
sponding values of GaAs and cubic GaN and biaxial, tensile
strain. The dotted lines in Fig. 4 have been obtained by fit- FIG. 5. Raman spectrum of a,BGa, o As/GaAs sample re-
ting Eq. (3) to the E;(y) andE;+ A;(y) dependencies of corded at room temperature in the backscattering configuration.
GaNAs; . For the values of the binary end compounds,

we used the corresponding values for Gags-0) from the  boron on the band structure of®a _,As alloys is rather
present work and the values for cubic GajN=(1) from the  small. For GalAs,_, alloys, we obtain, in contrast to
literature [E;(1)=7.24 eV experimentally determined in B,Ga,_,As, a large redshift of thé&, transition energies
Ref. 37 andE;+A,(1)=7.27 eV by addition of the spin- described by a large and composition-dependent bowing pa-
orbit splitting of A;=30 meV calculated in Ref. 38As a  rameter. This shows the large influence of N on the band
result, we obtain (2.80.2) eV and -0.1+0.1) eV for the  structure of GalAs;_,. All other CP transitions of
bowing parameters of the CF&; andE; + A, respectively.  GaNAs, _, can be described by relatively small bowing pa-
In Ref. 35, a bowing parameter of thg transition of 1.5 eV rameters indicating that the band structure modification due
was obtained. to N should mainly occur at the conduction-band minimum
at thel” point of the BZ(the valence-band maximum is ruled
out according to theoretical calculatiorfs°

Raman-Intensity (arb. units)

300 400 500 600
Wave number (cm™)

3. Ey, E,, and E,’ transitions

For application of Eq.(3) to the E,'(x), Ex(x), and
E,'(x) dependencies of ®&a _ ,As, we take the corre- B. BAs-like and GaN-like vibrations
sponding calculated transition energies of BAs from Ref. 5

(Ey :Too—Tg, =457 €V, EiXge—Xg,—=5.346eV, E, : The first observation of localized vibration mod&¥'M )

due to By, isoelectronic substitutions in boron doped GaAs

Lise—Ls5=6.55¢€V), and obtain (1:60.2) eV, (1.4  boiates was re : -
: , . ported by Newnetral. using IR transmis-
+0.1) eV, and (0.20.1) eV, respectively, for the corre- sion at 77 K*° The authors found two lines at 517 and

sponding bowing parameters. Note that experimental data fQf; 5 -1 (T=77 K) caused by the incorporation of the
the E;', E,, andE,’ transition energies of BAs are not giapie isotoped!B and 198 on Ga-lattice site&’ Boron has
available. Thus, the obtained bowing parameters depend qqq stable isotopes with natural abundances of &8)(and
the chosen theoretical values as well, which varyy 5 198 Additionally, Newmanet al. found two lines at
S|gn|f|cansly?' , y , 601 and 628 cm 1, which, according to subsequent reports,
TheE,’, E;, andE,’ transition energies of GgMs,y  \ere caused by LVM's due to & isoelectronic
show a similar dependence as the corresponding values §pstitution<142
the BKGai_,.XAs system. For application of E¢3), we use In Fig. 5, we present a Raman spectrum of a
the transition energies of GaAy+<0) from the present g  a . As/GaAs sample recorded in the backscattering
work and the values for cubic Galy€1) from the litera-  configuration. The structure between 260 and 300 tiis
ture[ E5(1)=7.57 eV experimentally determined in Ref. 37, yue to the TO and LO phonons of the GaAs sublattice of
E, (1)=10.6 eV andEl’(1)=1_0.2 eV calculated in Ref. g G5  As (GaAs-like phonons labeled w83 S in
39]. As a result, we obtainb=(7.4+0.5) eV, (3.7 Fjg. 5 and not to be mixed with the corresponding TO and
+0.3) eV, and (5.70.3) eV for the bowing parameters of | § phonons of the GaAs substrate/buffer layer. Note that the
the CP'sE,’, E,, andE,’, respectively. TheEy'(y) and  GaAs-like TO phonon is actually forbidden in the applied
E,(y) dependencies deviate slightly from the applied ap-scattering configuration, but could be activated for instance,
proximation [Eq. (3)], which could be strain induced. due to alloy disorder and/or deviation from the perfect
Slightly decreasing or approximately constdfy’ andE,  z(x,y)z’ scattering condition. However, we did not obtain a
CP energies of Gaphs, , have already been found by significant increase of the TO/LO-intensity ratio with in-
Hung et al®* and Matsumotcet al®® In Ref. 35, a bowing creasing boron incorporation. Besides the GaAs-like
parameter of theé, transition of 4.5 eV was obtained. For phonons, we detect a strong double structure between 510
the CPE,’, we are not aware of an existing literature report.and 540 cm®, which we attribute to the BAs-like LO
To summarize Sec. Il A, one could say that the obtainedohonons. This assignment follows the detection of the LVM
E°P(x) dependencies of ®a_,As can be described by of B and B in GaAs:B at 517 and 540 cm,
small bowing parameters. This indicates that the influence afespectively’® and calculations of the LVM frequencies us-
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z(y,y)z ; (DLO(“BGa) B,Ga, As 60

¥ (%)

——B,,Ga, ,,As on GaAs
ob B GaNo,onAso,%} on GaAS

Raman-Intensity (arb. units)

200 300 400 500
‘Wave number (cm'l)

500 510 520 530 540 550

Wave number (cm”) FIG. 8. Experimentall spectra of a GajsASp 963/ GaAs(dot-
ted line, reproduced from Ref. 1&nd a B (Ga, g;AS/GaAs(solid

FIG. 6. Raman spectrum of three Ba, _,As/GaAs samples line) sample.

(x=0.005, 0.01, and 0.Q3recorded at room temperature in the

backscattering configuration. The solid lines refer to Lorentzian fits

to the experimental dat@symbols. terpolation between the phonon-mode frequencies of the bi-
nary end compounds. The latter has been calculated using the

i — —1\44
ing a linear diatomic-chain mod&, which result in LO-Phonon frequencylof cubic Bﬁ)&)ﬁ_o—7l4 cm )™ (no
o(MBe) =523 cm * andw(19Bg,) =546 cni L. We did not splitting between the!'BAs and 1°BAs phonons has been

observe a structure due to a B-Ga vibrati@on As lattice  observed in Ref. 44and the extrapolated values far=0
site) in our Raman spectra. taken from this work. For both phonon modes, the actual
In Fig. 6, we show thredtypical) Raman spectra of linear increases  [dw''®*Ydw=(169+10) cm !,
B,Ga,_,As/GaAs samples in the vicinity of the BAs-like dw'*®*dw=(97+5) cm '] are smaller than the alloy-
phonon region. The solid lines refer to Lorentzian fits to theinduced blueshift withx, which may have been caused by the
experimental datésymbolg. Apparently, the intensity of the effect of biaxial, tensile strain. Because we are not aware of
Raman scattering lines due to BAs-like phonons increaseghonon-deformation potentials of the BAs phonon, we can-
with increasing boron content. TheBAs/!®BAs LO-mode  not calculate the effect of strain on the mode frequencies.
scattering-intensity ratio scatters between 2.5 and 4 and f$he difference between the two linear increases could be due
thus close to the ratio of the natural isotope abundanciese different anharmonic phonon interactioftsotopic effects
which is MB/*°B=4/1. Deviations from the ideal 4/1 ratio on phonon frequencies and their temperature dependence
may arise from the existence of additional Scattering due t(have been discussed in Ref_)4§train effects or the Coup"ng

disorder-activated GaAs-like two-phonon mode excitation ingf the BAs phonons with the GaAs phonon. At this point, the
the BGaAs layers. In addition, we observe a blueshift of bothyst_principles calculations would be helpful in order to

phonon frequencies with increasing which is discussed
below.

The mode frequencies of thEBAs-like and 1°BAs-like
phonons resulting from the Lorentzian-line-shape analysi§ro
are shown in Fig. 7. The dotted lines are linear fits to the dat?n
points, whereas the solid lines depict the effect of linear in—G

clarify the orign of the observed isotopic differences. How-
ever, this is beyond the scope of the current paper.
Beside Raman scattering, we also used infrétgd spec-
scopy, such as IR transmission and IR ellipsometry for
vestigation of the phonon properties of®s _,As and
aNAs, _, alloys. In the latter, we observed, in addition to
the GaAs-like phonon, a GaN-like phonon a#470 cmi !
using IR ellipsometrysee Ref. 18 for detailsThis is shown
in Fig. 8 (dotted ling for a GaN, y3ASy 963 layer as an ex-
ample. On the other hand, there is no structure due to a
BAs-like phonon in the spectrum of the, BGa, g7AS/GaAs
sample(solid line). From a simulation of the corresponding
¥ spectrum including one oscillator term for the BAs mode,
we can estimate that the oscillator strength or polarity of the
BAs-like phonon f = (w o~ w1o)/ w70] is at least ten times
smaller than the oscillator strength of the GaN-like phonon
measured at a Ggls, _, layer with comparable thickness
and composition.

We also performed IR transmission experiments but could

FIG. 7. Mode frequencies of thé'BAs-like and 1°BAs-like ~ Not detect the BAs-like phonon as well. Note that Newman
phonons in BGa,_,As resulting from the Lorentzian-line-shape €t al.did detect a LVM of B in GaAs using IR transmission
analysis. The dotted lines are linear fits to the data points, whereagpectroscopy at 77 K However, the experimental situation
the solid lines depict the effect of linear interpolation between theis different: Newmanet al. used boron doped GaAs sub-
phonon-mode frequencies of the binary end compounds. strates, where, compared to our thinG& _,As layers

540 1
538 1
536
5184

5164

5144

Phonon-mode frequency (cm')

T T T T T T
0.5 1.0 15 20 25 3.0
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(thickness~400 nm), the absorption due to the LVM of B cause of the difference in ionicities, we can thus conclude
in GaAs is drastically enhanced. On the other hand, outhat the short ranging potential is much weaker in GaBAs
B,Ga _xAs and GaNAs,_, layers have approximately the compareq to GaNAs. Likewise, deep impurity levels caused
same thickness, are both deposited on GaAs substrates, ayi boron in B-doped GaAs have not been observed. On the
are therefore comparable. The physical origin of the differenpther hand, Zunger and co-workers have pointed out that the
behavior of the BAs-like and the GaN-like phonon is dis-unusually large and composition-dependent band-gap bow-

cussed in the following section. ing in GaNAs can be traced back to the existence of a deep
N-related level in the impurity [imit*°®In view of this the
C. lonicities of the B-As and Ga-N bonds small bowing coefficient in GaBAs can be understood.

_ ) _ _ Considering the phonon properties, the low ionicity of the
. As shqwn in the last se(_:tlons |ncorporat|on_of boron andg_as pond results in a correspondingly small dipole mo-
nitrogen in GaAs results in fundamentally different elec- et This explains that the observed oscillator strength of
tronic and vibronic properties. At the first view, this might be {he Ga-N phonoriresulting from IR ellipsometryis at least

surprising having in mind that both elements are relativelyien times larger than the oscillator strength of the B-As
small with corresponding covalent radii of 0.85 (&) and phonon.

0.72 A(N).*® However, B and N are incorporated in different
sublattices of the GaAs host crystal. Let us first consider the
electronegativity value$EV) of the group-lll and group-V
elements. The elements boron, gallium, nitrogen, and arsenic We reported on spectroscopic ellipsometry and Raman-
have eV's of 2.01, 1.82, 3.07, and 2.20, respectif®ljhe  spectroscopy investigations of8a, _,As (0<x=<0.03) and
differences may be understood by the following trendsGaNAs,_, (0<y=0.037) alloys. For BGa _,As, we ob-
within the periodic table of the elementBTE): (1) in each  tained only a small bowing coefficient of tig,(x) depen-
column of the PTE, the eV's decrease from the top to thalence in contrast to the giant redshift of the GAB|_,
bottom due to increased screening of the nucleus chéye; band-gap energy wit. All higher lying interband-transition

in each row of the PTE, the eV’s decrease from the right teenergies of BGa, As (E;,E;+A,, Ey', E,, andE,’) are

the left due to decreasing number of electrons in the outersjightly redshifted with increasing boron concentration. A
most shell. These trends may also help to understand thgmilar behavior is found for the CPEy, E,, andE,’ in
ionicities of the B-As and Ga-N bonds, which amount tOGaN/Asl,y. In B,Ga _,As, we observe, as in GgHs, _,,
0.002 and 0.5 on the Phillips scale, respectiVéff: This 5 two-mode phonon behavior. However, the oscillator
means that the B-As bond is almost purely covalent, whereasrength of the B-As phonon is at least one order of magni-
the Ga-N bond has a large ionic contribution. This is con+yde smaller than the oscillator strength of the Ga-N phonon.
firmed by recent calculations of Hart and Zungdhe au- Al results are explained using a simple model that takes into

thors have pointed out that the bonding in BAs is much moreyccount the different nature of the chemical bonds in both
covalent than in the rest of the group-lll-As family, and that g0y types.

the band structure of BAs is more reminiscent of silicon than
most other 1ll-V compounds.

Several years ago, deep impurity levels caused by nitro-
gen in N-doped GaFRef. 49 and GaAs(Ref. 50 were This work is supported by Deutsche Forschungsgemein-
detected by PL and transmission measurements. Local stragthaft under Grant No. Go 629/4-2, by BMBF, and by the
fields around the N atom and the large ionicity of the Ga-NNational Science Foundation under Contract No. DMI-
bonds have been discussed to cause a strong short rangi®8g§01510. Additionally, we wish to thank U. Teschner for
potential giving rise to the observed impurity levets®®Be-  experimental support.
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