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The strain-free boron- and indium-containing GaAs compounds are promising candidates for III-V
semiconductor solar cell absorber materials with lattice match to GaAs, for which experimental data
of the electronic band structure are widely unknown. For nondegenerate, silicon-doped, n-type
Bo.03Ing 06Gag 9 As with band-gap energy of 1.36 eV, determined by near-infrared ellipsometry, a
strong increase of the electron effective mass of 44% in B slngsGageAs compared to
Ing 06Gag 94As is obtained from far-infrared magneto-optic generalized ellipsometry studies. The
authors thereby obtain the vibrational lattice mode behavior. For BAs, an experimentally obscure
compound, the curvature of the I'-point conduction band thus extrapolates to the free electron
mass. © 2007 American Institute of Physics. [DOI: 10.1063/1.2735669]

Among the important group-III-group-V alloys with lat-
tice match to GaAs, the III-V-boride compounds begin to
attract interest. Despite many theoretical and experimental
studies on binary boride materials, except for the BAs sys-
tem for which physical material properties are largely ob-
scure, only little is known for ternary and quaternary boron-
incorporating III-V solid solutions. Demanding studies of
fundamental properties, the incorporation of boron may open
pathways for band-gap engineering in III-V alloys. Specifi-
cally, long-wavelength materials for solar cell absorber, co-
herent light emitter, and detector devices may enrich the
realm of III-V  optoelectronic applications.l’2 The
B,In,Ga,_,_,As quaternary system is of particular interest for
solar energy conversion devices because the incorporation of
boron and indium in GaAs could potentially lead to strain-
free materials with reduced band-gap values. Such absorber
materials could be incorporated into multi-junction solar cell
structures with high conversion efﬁciency.3 Alloying of in-
dium with GaAs reduces the band gap considerably, but lat-
tice mismatch excludes applications in solar cell structures,
where sufficiently large absorber layers are required. Addi-
tion of boron counterbalances strain by virtue of the oppo-
nent covalent radii between indium and boron as compared
to gallium. Possible difficulties may arise eventually upon
the boron-induced increase of the band-gap energy and the
miscibility gap of the solid solution. However, only few ex-
perimental attempts have been reported so far on this mate-
rial system.l’4_6 Theoretical and experimental data on the
electronic band structure properties of B,In,Ga,_,_,As alloys
are widely unknown. Likewise, only little is known about the
lattice mode properties of B,In,Ga,_,_,As, where the host
material InGaAs is renowned for its exotic phonon mode
behavior,7 which follows neither the one- nor the two-mode
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scheme. For B,Ga,_,As, a two-mode phonon behavior has
been found for boron concentrations <3%.° Isovalent boron
substitution of gallium and indium thus provides expectation
of an interesting phonon mode behavior.

In this letter we report on measurement of the Brillouin-
zone I'-point and A electronic transition energies, phonon
and impurity modes, and I'-point effective conduction band
mass from comprehensive spectroscopic ellipsometry inves-
tigations. We employ our recently developed model dielec-
tric function (MDF) approach for the electronic band to band
transitions, the far-infrared (FIR) ellipsometry technique for
phonon and impurity mode measurement, and our FIR
magneto-optic generalized ellipsometry (FIR-MOGE) tool
for assessment of the free-charge-carrier properties effective
mass (m”), density (N), and mobility (w). The sample inves-
tigated here consists of a silicon-doped B y3Ing osGag g1 As
layer grown pseudomorphically on undoped GaAs by metal
organic vapor phase epitaxy. The growth temperature was
T;=550 °C. Further details on growth parameters and com-
position determination are given in Ref. 8. The quaternary
layer was nominally 1300 nm thick and the nominal free-
charge-carrier concentration was about 9 X 10'7 cm™. High
resolution x-ray diffraction measurements ensured the high
structural quality and the low lattice mismatch of the sample.
The perpendicular lattice mismatch (Aa/a), was less than
3X1074

According to the classical Drude theory, the dielectric
function of semiconductors provides access to the coupled
quantities N/m" and Nu. Previously, N obtained from elec-
trical Hall-effect measurements was combined with ellip-
sometry results to obtain " and u for thin layelrs.9 However,
electrical contacts potentially affect the free-charge-carrier
properties upon surface state formation and Fermi level pin-
ning and complicate Hall-effect interpretation. FIR-MOGE
was recently demonstrated as a technique for measurement

© 2007 American Institute of Physics
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FIG. 1. Experimental (symbols) and best-model calculated NIR-vis ellip-
sometry data in pseudodielectric function presentation for the BInGaAs
samples studied here.

of m", N, and M in semiconductor layer structures, dispensing
with the need for electrical contacts.'®™"

Near-infrared visible (NIR-vis) (0.75-3.3 eV) ellipsom-
etry data were measured at room temperature at angles of
incidence ®,=65° and 75° using a VASE™ gystem (J.A.
Woollam Co.) with spectral resolution set to 3 meV. FIR
(100—600 cm™') ellipsometry measurements were performed
with 1 cm™ resolution at ®,=45°. FIR-MOGE data were
acquired within our optical Hall-effect setup with magnetic
fields po/H|=%3.00(0.02) T, as detailed previously.'*'>'*
The treatment of the optical response of birefringent media is
properly described within the Mueller matrix (M) and Stokes
vector (S) presentation. Ellipsometry permits determination
of the full 4 X4 matrix M, which relates the four real-valued
elements of S before, S™P" and after, SOuPH the interaction
with an optical system: S‘;”‘p”t=2?=0M ST (=0, ... ,3).1
For isotropic media, complex reflectance ratio p=rylrs,
where r,, and r, are the Fresnel coefficients for light polarized
parallel (p) and perpendicular (s), respectively, is commonly
presented in terms of the pseudodielectric function
(e)y=(e)+i(e).'

The ellipsometric data were analyzed using a stratified
layer calculation with appropriate MDF accounting for the
dielectric response of the epilayer and the substrate.>'* The
NIR-vis MDF employs the critical-point model developed
recently for BGaAs.® The FIR MDF accounts for polar lattice
mode and free-charge-carrier contributions, rendered by har-
monic oscillators and the classical Drude approach, respec-
tively. The FIR-MOGE model requires an anisotropic expan-
sion of the plasma contribution according to the classical
Drude model, which provides additional access to the carrier
cyclotron frequency w.. During data analysis, significant
MDF parameters were varied until calculated and measured
data match as close as possible (best fit). A two-phase model
(undoped GaAs substrate/By 3Ing 0sGagg;As layer) is em-
ployed to analyze the FIR ellipsometry spectra. For the NIR-
vis data analysis a very thin oxide layer of approximately
3 nm, formed on top of the B g3lng06Gag g As layer, was
included to ;)roperly implement its influence on the
NIR-vis data.'

Figure 1 presents experimental and best-model calcu-
lated NIR-vis ellipsometry spectra in pseudodielectric func-
tion representation (g)=(g)+i{e,). The onset of absorption
in the By o3Ing 06Gag 9;As layer at Ey=1.360(0.002) eV indi-
cates the I'-point band to band transition energy. The thick-
ness of the Bgg3lngpsGagg;As layer is obtained as
dpmGaas=1288(2) nm. The A transition energies E;
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FIG. 2. Same as Fig. 1 for the FIR ellipsometry data in the Mueller matrix
descriptor system.

[2.79(0.01) eV] and E;+A, [3.07(0.01) eV] are indicated by
vertical arrows. These energies are found here to be approxi-
mately 70 and 10 meV smaller than those of unstrained
Ing 06Gag 94AS, respe:ctively.18

Figure 2 depicts experimental data and best-model cal-
culated FIR ellipsometry spectra in the Mueller matrix de-
scriptor system. The GaAs and B zIng 0sGagg;As phonon
modes are superimposed and cause distinct structures in the
polarized sample response for wave numbers from
250 to 320 cm™!. The GaAs-like phonon band of the
Bo.o3Ing0sGag g As extends between the transverse optic
(TO) and longitudinal optic (LO) mode frequencies at
267.0(0.5) and 289.0(0.2) cm™!, respectively. These modes
compare excellently with data obtained from InxGal_XAs.7’19
The high-frequency edge of the phonon band in Fig. 2 is
shifted above the GaAs-like LO mode due to LO-phonon—
plasmon coupling. Two additional small bands are
identified near w=272 and 355cm™!, denoted by AM,,
[wro=274.1(0.8) cm™!, w;,=273.1(1.3) cm™!] and AMg;
[wr0=355.2(2.2) cm™!, w; 5=356.0(2.3) cm™'], respectively.
Both bands possess a very small width (~1 cm™'). Mode
AMy, is tentatively assigned to the InAs-related sublattice
vibration. A similar structure was previously reported with-
out assignment from InGa;_,As FIR reflectivity
measurements.'” We assign AMg; with a low-polarity Si
mode, likely caused by Si substituted on Ga or As sites.
Similar modes were previously found in GaAs for wave
numbers between 380 and 400 cm™!. %

Figure 3 summarizes our FIR-MOGE measurements and
the corresponding best-model calculated spectra. Here, data
are presented by the differences between ellipsometry spec-
tra taken at uo|H|=3.00(0.02) and —3.00(0.02) T. These are
the nonvanishing Mueller matrix element difference spectra
under reversal of the external magnetic field and which ren-
der the magnetic-field-induced optical free-charge-carrier bi-
refringence at FIR wavelengths. If a semiconductor layer
structure sample is exposed to a magnetic field woH, the
dielectric function of each constituent (substrate, layers, etc.)
which contains free charge carriers requires a complex-
valued tensor description e"“MO(w). Measurement of this
tensor by acquiring MOGE spectra and comparing model
calculated data allows the determination of the cyclotron
frequency w.=uo|H|(e/m”) and the plasmon broadening and
plasmon  frequency  parameters  y,=e/(m'w)  and

w,=\/Ne*/ (§ym"), respectively (e denotes the the elementary
charge and &, the vacuum permittivity).12 Both plasmon fre-
quency and broadening parameters are already defined by the
analysis of the field-free FIR ellipsometry measurement.
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FIG. 3. Same as Fig. 1 for the FIR-MOGE data.

Thus, in order to best match model and experiment in Fig. 3,
the same MDF parameter set determined from analysis of the
FIR data in Fig. 2 is used, and only variation of w,
is required. The effective mass parameter follows then
directly from o,. Data in Fig. 2 provided w,=753.5 cm™!
and y,=113.5 cm™!. Those in Fig. 3 resulted in
0,=30.1 cm™'. Hence, for BgglngpGaggAs, we
obtain N=5.9(0.3) X 10'7 cm™3, u=885(9) cm?/V's, and
m”=0.093(0.03)m,. Mobility and density compare well with
our results from electrical Hall-effect measurements
(N=8.9x 10" cm™, u=774 cm?/V s). For the Hall-effect
results we estimate an uncertainty limit of 15% obtained
from repeated contact processing. The mobility of the qua-
ternary compound is still fairly high.

According to results from plasma edge reflectance mea-
surements on bulklike unstrained InGaAs, the effective mass
parameter scales linearly (with slight bowing) with the in-
dium content between those of InAs (0.025m,) and GaAs
(0.067mo).21 Hence, for Inj (sGajg4As, the effective mass is
m”=0.065m,. Upon incorporation of 2.7% boron, we ob-
serve here an increase of the effective mass of about 44%.
According to sim}z)le kp schemes, m should linearly follow
the change of E. 2 We have previously determined the in-
fluence of strain and alloying on E, in BGaAs for boron
contents up to 3.3%.° Assuming deformation potentials of
GaAs, the band gap of B g3Ing¢sGagg;As is blueshifted
by ~3% with respect to the corresponding strain-free In-
GaAs compound. Thus, the observed effective mass increase
is more than ten times larger compared with the ~3% in-
crease expected from the simple kp rule.*” Linear extrapola-
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tion of the effective mass of BAs at the I' point yields
1.02m,, approximately the mass of the free electron in
vacuum.

In summary, we observe a strong increase of the I'-point
conduction band effective mass in strain-free Si-doped
Bo.03Ing 06Gag 91 As, with decent electron mobility values and
direct band-gap energy E,=1.360(0.002) eV. Linear extrapo-
lation predicts the curvature of this band in BAs to be similar
to the free electron mass. Boron- and indium-containing
GaAs are promising materials for use in solar cell structures.
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