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Abstract. Ing 49Gag.51P films, both undoped and doped n- and p-type (up to 10'8 cm73), were grown lat-
tice matched on GaAs substrates, with different miscut angles, by Metal-Organic Vapour Phase Epitaxy
(MOVPE) at different temperatures. The shift of the fundamental gap Eo, caused by “ordering effect” was
measured as a function of temperature by photoluminescence. The complex refractive index 1 = n + ik
and the dielectric function € = €1 + ie2 at room temperature were determined from 0.01 to 5.5 eV by us-
ing complementary data from fast-Fourier-transform far-infrared (FFT-FIR), dispersive, and ellipsometric
spectroscopies. The effect of the native oxide was accounted for and the self-consistency of the optical func-
tions was checked in the framework of the Kramers-Kronig causality relations. In the restrahlen region the
dielectric function was well fitted by classical Lorentz oscillators; in the transparent region below Fp, the
refractive index was modelled by a Sellmeier dispersion relation; in the interband region the dielectric func-
tion was well reproduced by analytical lineshapes associated to seven critical points. Thus parametrized
analytical expressions were obtained for the optical functions all over the spectral range, without dis-
continuities, to be used in the modelling and characterization of multi-layer structures, also on opaque
substrates.

PACS. 78.20.Ci Optical constants (including refractive index, complex dielectric constant, absorption,
reflection and transmission coefficients, emissivity) — 78.66.Fd I1I-V semiconductors — 78.30.Fs III-V
and II-VI semiconductors — 78.40.Fy Semiconductors

1 Introduction

In,Ga;_, P mixed crystals have recently gained a consid-
erable technological importance as wide band-gap semi-
conductors for devices applications [1,2]. In particular
Ing.484Gag 516P lattice matched on GaAs has been recog-
nised as an attractive alternative to the AlGaAs/GaAs
system to realize Al-free high-quality and high-reliability
heterostructure devices [3]. In fact, it has a number of
superior features such as: lower oxidation and surface re-
combination rate; low propagation velocity of dislocations;
minor presence of deep level centres (DX-like); strong etch
selectivity and a unique opportunity of designing the band
gap line-up. Thus a successful fabrication of high perfor-
mance LED, lasers [4], photonic devices [5], solar cells [6],
amplifiers, HBT [7] etc., has been recently reported.
However, depending on growth conditions (e.g. V/III
ratio, growth temperature, growth rate, doping) and GaAs
substrate misorientation, Ing 434Gag 516P shows the for-
mation of domains, with different size and statistical dis-
tribution [8], where a spontaneous “ordering” appears in
the cationic sublattice: it consists in the alternate se-
quence of cationic layers along the [111] direction with
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prevalence of Ga atoms and of In atoms [9]. The strongest
fingerprints of “ordering” formation are [10,11] a band gap
reduction (BGR) and a splitting of the degenerate valence
bands (VBS), caused by the reduced crystal symmetry
from T, (zinc-blende) to the Csy- (CuPtp). Consequently
the presence of “ordering” is expected to strongly influ-
ence optical and electrical properties of the material, as
well as the performances of InGaP-based devices.

The effects of ordering and, at minor extent, of doping
on the optical properties of InGaP have been intensively
investigated during the last decade. The studies concerned
mainly the effects on the energies of phonons, fundamen-
tal gap and interband critical points, and reported the
measured dielectric functions in the corresponding spec-
tral ranges. However, the differences in the examined sam-
ples (growth conditions and doping) and in the experimen-
tal techniques make difficult to compare the spectra and
merge them to obtain the optical functions on extended
spectral regions, which are important for the design and
engineering of optoelectronic InGaP-based devices.

More specifically, optical functions at critical points
(CPs) have been determined by spectroscopic ellipsome-
try (SE) on undoped epitaxial layers [12-14]; the disor-
der or doping effects on interband critical points has been



450

studied by SE [15,16] and compared with first-principles
band-structure calculations [10,17]; the refractive index
of undoped samples has been determined by transmit-
tance or reflectance below and above the fundamental
edge [18,19], and the birefringence dispersion below the
gap has been measured in (Al)InGaP waveguide struc-
tures [20]. IR reflectivity in the reststrahlen region has
been measured [21,22] on bulk In,Ga;_,P in order to de-
termine the dependence of the phonon energies on the con-
centration z, and on InGaP films (both disordered and or-
dered) using polarized light to evidence anisotropy of the
dielectric function [23]. Low-temperature photolumines-
cence (PL) and photoluminescence excitation (PLE) spec-
troscopy have been used to investigate the role of growth
parameters and substrate misorientation on the ordering,
determined through the band-gap reduction and valence-
band splitting of undoped InGaP [24].

For all the aforementioned reasons, the aim of this
paper is to accurately determine the complex refractive
index n(v) = n(v) + ik(r) and the dielectric function
E(v) = e1(v) +iea(v) = n?(v) of Ing.49Gag 51 P films over
a wide spectral range (0.01-5.5 eV), for different miscut
angles of the GaAs substrate, doping and growth condi-
tions. Particular attention has been paid to the medium-
and near-infrared (MIR and NIR) regions, where InGaP-
based optical devices mainly work, and to the shift of the
fundamental optical gap Ejy, induced by ordering.

Ing.49Gagp.51P/GaAs samples were grown by Metal-
Organic Vapour Phase Epitaxy (MOVPE) and well-
characterized to assure good structural, compositional and
optical quality. Fitting of the experimental spectra with
analytical models was performed to obtain a parametriza-
tion, which allows & and n to be calculated for any photon
energy on a wide spectral range. In particular Lorentz
oscillators in the restrahlen region, the Sellmeier disper-
sion relation in the subgap transparency region and two
parametric semiconductor models for the CPs in the inter-
band region have been adopted. The derived parameters
and the database for n and k can play an important role
not only in the analysis and interpretation of the experi-
mental spectra, but also in optoelectronic applications and
diagnostics, e.g. to characterize composition, free-carrier
concentration, homogeneity and thickness of InGaP films
in multilayer structures.

2 Experimental details and data reduction

Two series of Ing 49Gag 51 P/GaAs films of different doping
density and conductivity were prepared by Metal-Organic
Vapour Phase Epitaxy (MOVPE) through different ap-
paratus: the samples of the EPI series were grown, at a
temperature T, = 700 °C, according to the request of
the purchaser by the Epitaxial Products International;
the samples of the BTS series were grown at the Insti-
tute of Electronic Engineering of the Academy of Science
of Bratislava (T, = 640 °C); the GaAs substrates were
oriented along the (100) direction, either 2° or 10° miscut
toward the [110] direction. As concerns the composition
inhomogeneity, related to the gas flux direction into the
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Table 1. Specifications of the InGaP layers on GaAs substrate
used in this work.

Nominal

Sample  Miscut Ty Thickness Doping level

Angle (°C) (pm) (10%¢ cm™2)
EPI61 10° 700 3.15 u/d
EPI62 2° 700 3.15 n < 2.le-2
EPI71 10° 700 3.15 n =16
EPI72 2° 700 3.15 n =10
BTS142 2° 640 1.5 n =42
BTS143 2° 640 1.5 n=>57
BTS144 2° 640 1 p=45
BTS145 2° 640 1 n = 100

reactor chamber, it is important to remark that samples
of EPI and BTS series were both grown in AIXTRON
200 plants, supplied (EPI) and not supplied (BTS) of a
“gas foil rotation” (susceptor rotation system). Accord-
ing to the results reported in reference [25], the growth of
undoped Ing5Gag.sP layers at T, = 640 °C on a GaAs
substrate 2° miscut toward the [110] direction should give
the maximum ordering, that is the maximum BGR. The
value of the order parameter n (with 0 < n < 1) of the
samples was estimated from the measured changes in the
fundamental band gap, as explained below. In Table 1 the
sample parameters are summarised. Carrier densities were
determined at room temperature by the suppliers, through
either Hall or C-V profile measurements. The composi-
tional homogeneity was carefully measured by High Res-
olution X-ray Diffraction. In the BTS samples the mean

lattice mismatch [Aa/a]" averaged over the film thickness
was —1.74 x 1073, corresponding to a mean composition
x = 0.471 [26]. As a consequence, the critical misfit strain
is exceeded and the layers get plastically relaxed giving
rise to misfit dislocations at the layer/substrate interface.
In the case of EPI samples the measured In content was
x = 0.481. As it appears in Table 1, nominal film thick-
nesses were in the range 1-3.5 pum; the actual values were
determined from the interference fringes in the subgap re-
gion of the reflectance spectra (see below).

Optical spectroscopy measurements were performed
on all the samples. Room temperature reflectance (R) at
near-normal incidence was measured in the wavenumber
range 100-5000 cm~! (0.012-0.6 eV) with a Bruker IFS
113v spectrometer, at a spectral resolution of 0.5 cm™!
from 100 to 600 cm™!' (FIR) and 4 cm™! from 600
to 5000 cm~* (MIR). A LHe cooled Si-bolometer and a
deuterated triglycerine sulphite (DTGS) pyroelectric were
used as detectors in FIR and MIR, respectively. The ac-
curacy in the wavenumber calibration was 0.01 cm™! and
the absolute reflectance was accurate to +0.005. In the
0.4-6 eV photon energy range (NIR-UV) R was measured
using a Cary 5E automatic spectrophotometer, with a
photometric accuracy of 0.5% and spectral resolution bet-
ter than 0.5%. An Al mirror and an Au mirror covered
with MgF5 film, whose absolute reflectivity was directly
measured, were used as references for R in the NIR-UV
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and MIR-FIR, respectively. The spectra from different ap-
paratus merge one into the other, within the experimental
uncertainty.

The ellipsometric functions tan and cos A (with p =
tan exp(i4), where p is the complex ratio of the par-
allel to perpendicular polarization reflection coefficients)
were measured between 1.4 and 5 eV by an automatic
ellipsometer Sopra mod. MOSS ES4G. The system uses
a 75W xenon lamp, a rotating polarizer, an auto-tracking
analyzer, a double monochromator and a single-photon-
counting photomultiplier detector system. tan v and cos A
were measured with a typical standard deviation less
than 0.005, with a mesh of 10 meV and a spectral resolu-
tion of 1 meV, at two angles of incidence (¢ = 75 £ 0.05°
and 70 + 0.05°), close to the Brewster angle for optimum
sensitivity.

The pseudodielectric function (€) = (g1) + i{e2) of the
InGaP films was obtained by the measured complex re-
flectance ratio p = tan exp(iA) in the two-phase model:

(&) = €4 (sin2 ¢ +sin? ¢ tan® ¢ (ﬂf) (1)

1+

where ¢, is the dielectric function of the ambient. The
comparison with previous spectra measured by SE on In-
GaP/GaAs samples [13] showed that our (1) and (e2)
spectra, as expected, were affected by a surface over-
layer. Therefore, to mathematically remove the effects of
the native oxide on (£) we adopted a three-phase model
(ambient-oxide-InGaP) in the inversion of the SE spectra
in the 4-5 eV range, where the InGaP is strongly absorb-
ing. The dielectric function €,; of the InGaP-oxide was
obtained as a 50% average of the &,, of InO3- and GaOs3
native oxides, taken from literature [27], and its effective
thickness was estimated to be dy, = 3.2 £ 0.3 nm.

The consistency of £1 and e (and of n and k) directly
obtained from SE and from R outside the ellipsometric
range, was checked through the Kramers-Kronig (K-K)
causality relations by using the method described in refer-
ence [28], which is not sensitive to overlayers such as oxides
or microscopic roughness, but is sensitive to experimental
artefacts. To perform the K-K transform we extrapolated
the R spectrum beyond 6 eV with a two-parameter tail,
constructed to fit, at two different energies, the values of
n and k as obtained by SE. The normalized difference
(€1 — €1kK)/€2pk, Where 1k is the KK transform of e
and egpy, is the peak value of €5, lays within +0.5%, accord-
ing to the self-consistency values quoted in reference [28].

Photoluminescence measurements from 1.7 to 2.1 eV
were performed at different temperatures in the
range 10-300 K. The exciting source was an Argon laser
(A =514.5 nm); the power density of the incident light
on the sample was about 0.6 W/cm? (power on the sam-
ple of ~5 mW). The light emitted by the samples was
then analysed by a 0.5 m Jobin Yvon-Spex HR 460 single
monochromator and detected by a cooled PbS detector
using a conventional lock-in technique. The spectral res-
olution of the optical system was 1 meV. At low temper-
ature the PL spectra were also taken at different power
values in the range 0.01 mW to 100 mW.
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Fig. 1. Photoluminescence spectra of sample EPI62: (a) at dif-
ferent temperatures, with light power on the sample P = 5 mW
and (b) for different power values at 7' = 11 K.

3 Results and discussion
3.1 Ordering effects on Ey fundamental gap

As pointed out before, peculiar growth conditions and
GaAs substrate misorientation induce the formation of
domains where a spontaneous “ordering” appears and the
crystal symmetry lowers: their effects on the fundamental
gap Ey in our samples have been analysed by photolumi-
nescence [8,24].

As a general feature, PL spectra measured on the BTS
samples display a higher broadening of the structures with
respect to the EPI series. This fact is consistent with the
appreciable compositional inhomogeneity, determined by
the X-ray investigation [22], which in addition causes the
rapid quenching of the PL efficiency for increasing tem-
peratures, due to the activation of non-radiative recom-
bination processes. In Figure la typical PL spectra rela-
tive to the EPI62 sample are reported, as a function of
temperature 1. All the spectra beside the band-to-band
transition structure Ejy, which red-shifts with increasing
T owing to the band gap shrinkage, display a anomalous
emission band at lower energies (LE), which blue-shifts
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Fig. 2. Temperature dependence of the main PL peaks for all
the samples: either the LE or the Ey peaks are reported for
the same sample, using the same symbols with different size
(smaller or bigger, respectively). In the case of sample EP162
both emissions are reported, the corresponding PL peaks being
well resolved. The best fits of Eo(T") to the analytical lineshape
(Eq. (2)) are shown (dotted lines), and their free-parameter
values are reported in the inset, together with the order pa-
rameter 7).

with T'. In the EPI62 sample the two peaks are well re-
solved at low temperatures; however the convolution of
FEy and LE bands gives a anomalous s-shaped behaviour
of the PL spectra as a function of temperature. A mono-
tonic displacement toward higher energies of the LE emis-
sion is observed as the laser power on the sample increases
(Fig. 1b): this behaviour is recognised as a fingerprint of
the presence of ordering. In the case of disordered InGaP
samples only an increasing intensity of the PL peak is
observed for increasing laser power density, without any
energy shift.

The appearing in some samples (EPI62, BTS142
and BTS144) of this anomalous band at energies lower
than FEy reveals a significant presence of “anti-phase
boundaries” [29-32] between regions characterised by a
some degree of CuPtp order [24], with the prevalence,
in the present cases, of small size ordered domains with
a large statistical distribution of the domain size [8,26].
However, the lack of the LE emission in the other samples
does not exclude the presence of “ordering”, whose main
effect is a reduction of the fundamental band gap and a
splitting of the valence band at the I' point [9,11], as a
consequence of the crystal symmetry lowering.

The temperature dependence of the peak energy of the
main PL emission bands is reported in Figure 2 for all the

samples: Fy transition and anomalous emission band are
distinguished through symbols of equal shape and differ-
ent dimensions for each sample. The energies were ob-
tained by fitting the PL spectra using a Gaussian profile,
through the deconvolution of the HE and LE contributions
whenever appropriate. The resulting Ej energies were fit-
ted to the empirical formula of Lautenschlager, Allen and
Cardona [33],

K

Eo(T) = Eo(0) = exp(©/T) -1 .

(2)

Ep(0), K and © are phenomenological free parameters;
in particular © should be related to an averaged phonon
temperature. All the data were fitted simultaneously by
forcing the K free parameter to be the same for all curves:
the accuracy was x2~3 x 107% and the confidence limits of
the parameters were about 0.1% for Ey(0), 10-20% for K
and 10-20% for ©. This constraint allows us: i) to avoid a
meaningless scattering of the correlated ©® and K param-
eters; ii) to better evidence differences in the temperature
dependence of the curves, without appreciably limiting the
fit accuracy and influencing F(0). The lines in Figure 2
give the results of the fit, with K = 0.175, whereas the
values of the free parameters Ey(0) and O, as well as the
order parameter 7, are collected in the inset.

The degree of order of the samples was estimated using
the equation [10]

El =

=0 =1_2
g =E]"" - AE]" 1

3)
where E7 is the measured gap (Eo(0) in our case); E1=°
and E;Fl are the gaps of the perfectly random and the
perfectly ordered alloy, respectively; and AE)=" = EJ=—
E7=!. The values EJ=% = 2.007 ¢V and AE7=! = 0.49 eV
are taken from reference [11].

Only the EPI61 and EPI71 samples resulted quasi
completely disordered, whereas a relevant degree of order
resulted for the BTS142, BTS144 and BTS143 samples.
As expected, the 2° miscut angle produces higher ordering
with respect to the 10° miscut (see the undoped samples
EPI 61 and EPI62 or the doped ones EPI71 and EPI72).
Moreover, at the same miscut angle and doping, the disor-
der increases with increasing the growth temperature (see
samples EPI72 and BTS142).

Concerning the doping effects, in a semiconductor the
optical transitions near Ey are generally influenced by
doping and structural disorder (band tails, degeneration,
many body effects): in n-type InGaP the critical den-
sity for the appearing of the Burstein-Moss effect is of
a few 10'6 cm™3. On the other hand it has been exper-
imentally shown that the increasing doping reduces the
ordering effects [34], so that the measured Ey is the re-
sult of the two competitive effects. In the case of samples
BTS143 and BTS144 the many-body effect related to the
increasing doping prevails causing a gap-shrinkage with
respect to the less doped sample (BTS142), whereas the
BTS145 sample exhibits the highest Fy among the BTS
samples, suggesting the reduced ordering effect to prevail.
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Fig. 3. FIR reflectance spectra (full lines) of InGaP films on
GaAs with different thickness and doping and their best-fits
(dotted lines). Each spectrum is displaced vertically by 1.0 to
facilitate viewing.

From the comparison of the two series of samples
shown in Figure 2 a stronger temperature dependence is
observable for the less “ordered” samples (EPI series) with
respect to the BTS samples, resulting in a lower value of
the © parameter. A more detailed discussion on these re-
sults is reported in reference [25].

3.2 Restrahlen region

The FIR reflectance spectra of five samples from 100
to 650 cm ™! are shown in Figure 3 (full line). All spec-
tra display two higher-energy bands, one at ~330 cm™!
and the other one at ~370 cm™!, which are typical of
two-mode ITI-V alloys and are due to IR-active transverse-
optical (TO) phonons, with energy vro: they can be char-
acterized as InP-like and GaP-like, respectively, because
of their energy relationship to the restrahlen bands of InP
(vro = 303.7 em™!) and GaP (vto = 367 cm™1t). The
peak at 270 cm ™! is due to the TO-phonon of the GaAs
substrate, while the lower-energy tail, increasing with dop-
ing, represents the free-carrier response.

Amplitude, position and shape of the FIR bands
strongly depend on the alloy composition as well as on the
layer thickness and doping. The shoulders appearing be-
tween the GaAs and InP-like peaks are due to interference
effects, caused by multireflections at the interfaces be-
tween the InGaP layer and the air or the substrate. In the
transparency regions (v < 250 cm~! and v > 450 cm 1),
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instead, some little oscillations in R are due to two-phonon
absorption; the little steps at ~540 cm™! and ~150 cm ™!
are due to contributions to R from the back-surface of
GaAs substrate, which is difficult to evaluate because this
surface was not optically polished.

In order to obtain the optical functions, the experimen-
tal spectra were fitted with the R analytical expression for
a three-phase system (air-InGaP layer-GaAs substrate),
assuming the InGaP effective thickness deduced by the
interference fringes in the MIR region (see below). The
complex dielectric function £(v) of InGaP was constructed
as a superposition of three damped harmonic oscillators
corresponding to the InP- and GaP-like phonon modes
and to the free carriers, respectively. Hence:

2 2 2
Sj v

EW) =cst Y -2 (4)

— V%OAj—VQ—I—iFjV vZ+iyr

J

where eo, vro,, Sj, I}, Vp, 7 (which are also the
free-parameters of the fit) represent, in order, the high-
frequency dielectric constant, the frequency, the oscillator
strength and the phenomenological damping of the TO
phonons, the plasma frequency and the damping of the
free carriers. The values oo = 11.1, 1o = 268.7 cm ™!,
S =380 cm™!, I' =24 cm! for the GaAs substrate were
fixed and kept from literature [35].

We considered all the samples to be isotropic: this as-
sumption can appear correct for highly disordered phase,
which has the cubic zincblende structure, but not for the
ordered one, which has trigonal symmetry; in this case
the dielectric function should be a tensor, with compo-
nent parallel and perpendicular to the ordering axis, as
discussed in detail in reference [23]. In the same paper,
however, off-normal incidence reflectance, measured with
polarized light on undoped samples both ordered and dis-
ordered, showed that GaP-like structures is not affected
by ordering; instead, a little structure in R, centered
at 355 cm™!, appears in p-polarized spectra as the or-
der parameter increases, due to the splitting of the LO
InP-like phonons. In our R spectra, taken with unpolar-
ized light at near-normal incidence, this weak structure
was not detectable.

The least-squares fit, giving a standard deviation
o < 2 x 1072 for all the spectra, was carried out using the
CERN library MINUIT program, based on the Metropo-
lis algorithm. Regarding the fit quality, we note that the
biggest discrepancy between experimental and fitted spec-
tra (full and dotted lines, respectively, in Fig. 3) concerns
the peak of the structure at ~330 cm~!. This discrepancy,
which was also present in the results of reference [23], can
be ascribed to the assumption of abrupt interface between
film and substrate, while a transition region, caused by in-
terdiffusion, is probably present. Moreover our model does
not include two-phonon contribution to £(v) nor the GaAs
back-surface contribution to R, giving the aforementioned
features in the experimental spectra.

The best-fit parameters are reported in Table 2 and
deserve some comment:

a) €0 = 9.4 + 0.04 value, lying between the extreme val-
ues of 9.61 for InP and 9.09 for GaP [35], is consistent
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Table 2. Harmonic oscillator parameters from the best fit to the reflectance spectra of InGaP layers on GaAs in the far infrared
spectral region and Sellmeier parameters from the fit to the refractive index n below the fundamental energy gap Fo.

Sample InP-like mode GaP-like mode Free-carriers  Sellmeier parameters
N d VTO S r UTO S I Vp ol A B C
(10%em=) (um) fem~Y] fem™] fem™"] [em~] [em~] [em~}] [em!] fem!] [
EPI 61 u/d 3.23  329.1  526.2 9.92 371 113.5 8.1 235.2 20 6.058 3.27  0.459
EPI 71 n— 16 213 3299 5235 10.02 370.6 124.1 8.16 316.2 73.6  6.061 3.29 0.454
BTS 142 n—4.2 1.5 328.1  526.5 7.75 370.3 101.3 9.77 330 58.1 6.074 3.21 0.460
BTS 143 n— 57 1.32 3319 499.7 9.58 371.6 121.2 12.35 706.8 93.7 5.737 3.55 0.446
BTS 144 p—45 0816 327.2 5244 878 3711 1024 135 4723 182 5.676 3.65 0.452
08 to 6 eV. The spectra of the other samples, displaying
| BTS144 the same behaviour, are omitted. Due to multiple inter-
nal reflections within the film, extending down to the re-
g 06 [~ EPITI strahlen region, regular interference oscillations in R spec-
=1 . .
8 tra start up just below the fundamental absorption edge
l;;‘: | Eqy at ~1.9 eV. The amplitude and period of the fringes
& o4 change from one sample to the other, due to the different
effective thickness and refractive index. The first interfer-
i ence fringe, in correspondence of Ey, is red-shifted in the
02 T S R S B S R samples with a miscut angle of 10° with respect to those
0 1 2 3 4 5 6 with a miscut angle of 2°.

Photon energy (eV)

Fig. 4. NIR-UV reflectance spectra of InGaP samples EPI61,
EPI71 and BTS144 (full lines). Each spectrum is displaced
vertically by 0.1 to facilitate viewing. For sample EPI61 the
best-fit to PSM model is also reported (dotted line).

with the dielectric response at higher frequencies, and is
in good agreement with the value of 9.43 + 0.02 quoted in
reference [13]. For undoped Ing 49Gag 51 P (sample EPI61)
€00, VTO,j, S, I'; values, inserted in equation (2) for v = 0,
give a static dielectric constant £g = 12.05.

b) vro values agree within 2% with vro = 333 cm™
and vro = 370 cm~! for InP-like and GaP-like, respec-
tively, quoted in reference [36] collecting results from dif-
ferent works, and should be compared with those corre-
sponding of InP (vro = 303.7 cm™! ) and GaP (vro =
363.4 cm™1!) [35]. In particular they only differ by £1 cm ™!
from the values obtained in reference [23] by fitting R spec-
tra with a dielectric tensor. Unfortunately in this work
the oscillator strength and the damping values are not
given, so that a deeper comparison is not possible. vpg val-
ues change little with doping, indicating that at the ac-
tual free-carrier concentrations the electron-phonon inter-
action is rather weak.

c) I'; and v values, instead, strongly increase with doping,
both for increasing disorder and electron scattering from
ionised impurities.

1

3.3 Subgap transparency region and interband region

In Figure 4 the R spectra for three typical samples (EPI61,
EPI71 and BTS44, i.e. undoped, n- and p-type doped,
respectively) are reported for photon energies from 0.07

All the spectra display two main structures, £ peaked
at ~3.4 eV and Fs at ~5.2 eV, typical of the III-V zinc-
blende semiconductors. They originate from direct opti-
cal transitions around the interband critical points in the
Brillouin zone (BZ): the E transitions take place along
the A direction, while Ey consists of several CP contribu-
tions arising mainly from transitions along the X' line and
near the X-point of the BZ. The energy position of these
peaks is intermediate between that of the corresponding
peaks of InP (F; =~ 3.2 ¢V and F2 = 5.1 ¢V) and GaP
(E1 =~ 3.7 eV and F3 = 5.4 €V) [28]. Shape, intensity and
peak positions are practically constant for all samples, ex-
cept a little red-shift of F7, more evident in the spectra
deduced from SE, increasing with ordering, as discussed
in reference [16].

In Figure 5 the ellipsometric spectra tant and cos A
of a typical sample (EPI61) from 1.4 to 5 eV and at two
incidence angles (70° and 75°) are reported (full lines).
In order to derive the optical functions from the exper-
imental R and SE spectra and fit them with analytical
expressions we proceeded as follows.

At first we determine n(v) in the transparency region
of InGaP (k(v) = 0 from ~0.05 to 1.8 e¢V) and the ac-
tual thickness d by fitting the interference fringes in R,
through the well-known relations for the reflectance of a
multilayer [37] and the Sellmeier dispersion relation:

2 \?
where A, B and C are variable fit parameters. Then we
use the value of d and d,, to invert tan and cos A with
a four-phase model (ambient-oxide-film- GaAs substrate),
thus obtaining £(v), n(v), and k(v), which merge without
discontinuities in the restrahlen-region spectra. The re-
sulting €1 and €5 spectra, except for photon energies near
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Fig. 5. Ellipsometric spectra of sample EPI61 at two angles
of incidence 70° and 75°. The best-fit to PSM model is also
reported (dotted line).

the band gap, are practically the same for all samples and
well agree (within 5%) on the overall SE range with those
obtained previously on ordered [13] and disordered [14]
undoped samples, which accounted for the surface oxide
as well. Our values of €5 at £ and Ey peaks instead are
systematically higher (the difference increasing with pho-
ton energy, up to 30% at E2) than those reported in refer-
ence [12], where the oxide effect was not removed from the
pseudodielectric function. Our results support the conclu-
sion that oxide effects are very important and that the
observed miscut-angle dependence of e5 in reference [12]
results mainly from the difference in the surface roughness
and oxide thickness.

The next step was to fit simultaneously the spectra
from 0.08 to 6 eV of R at normal incidence and of tan
and cos A at two different incidence angles, using the soft-
ware package by Woollam Inc., based on £(v) parametric
semiconductor model (PSM) of C.C. Kim et al. [38], which
has been successfully applied to AlGaAs alloys [39]. This
model is more generally valid than other models, which
are purely phenomenological (like the harmonic-oscillator
one) or based on parabolic-band approximation (Critical-
Point Parabolic Band, CPPB model): it is applicable both
below and above the fundamental gap Ey, giving the cor-
rect analytic structure of the joint density of states at each
interband critical point (Ep included). Moreover it satisfies
the Kramers-Kronig relations and combines Lorentzian
and Gaussian broadening. In our case seven critical points
are sufficient to reproduce accurately the interband dielec-
tric function, which well fit all the experimental different
spectra.

A typical best-fit (sample EPI61) is shown (dotted
line) in Figure 4 for R and in Figure 5 for SE spectra,
while in Figure 6 the detailed fit for the interference fringes
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Fig. 6. Reflectance interference fringes in the subgap region for
InGaP sample EPI61 on GaAs substrate (full line) and their
best fit (dotted line).
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Fig. 7. Refractive index n and extinction coefficient k from
FIR to VUV region for the samples EPI61 (full line) and EPI71
(dashed line). Interband optical functions for EPI61 sample as
derived from PSM are also reported (dotted lines).

is reported. We note that the resulting n spectra from
Sellmeier model and PSM model are quasi coincident in
the 0.05-1.8 eV energy range. Obviously, better agreement
between experiment and analytical model should be ob-
tained by separately fitting each R and SE spectrum, but
in this case the derived &(v) spectra should not coincide.
The simultaneous fit is the best compromise for fitting
spectra from different techniques and different angles of
incidence. In addition we note that, apart from the pe-
riod, the amplitude of the interference fringes is hardly
reproduced when assuming abrupt, plane and parallel in-
terfaces, as already mentioned concerning the FIR spectra.

3.4 Overall n(v) and k(v) spectra
In Figure 7 we report the refractive index (n) and the ex-

tinction coefficient (k) spectra of EPI61 and EPI71 sam-
ples in the region from 0.01 to 5.5 eV. As expected, the
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major differences between the two samples (and other
samples) are in the FIR region, due to the free carrier
contribution, and around the absorption edge. Above Ej
the two spectra are practically coincident (and not distin-
guishable in the figure). From 0.01 to 0.08 eV the spectra
were obtained from Drude-Lorentz oscillators (Eq. (4))
using the fitted parameter values reported in Table 2.
From 0.05 to 1.9 eV n spectra follow Sellmeier disper-
sion (Eq. (5)) with the parameters A, B, C reported in
Table 2 and well connect to the FIR spectra. From 1.9 to
5 eV n and k spectra were obtained from the inversion of
SE spectra in the four-phase model. The corresponding n,
k, 1 and &4 values for the EPI61 sample are reported in
Table 3. n and k (dotted line) as obtained from the para-
metric semiconductor model are also shown in Figure 7.

Beyond the PSM model, we employed the well-
known Adachi’s critical-point model (MDF) [40] for the
parametrization of the interband complex dielectric func-
tion. This model augments a CPPB model with a phe-
nomenological contribution at higher energies. Its main
advantage is that it has already been applied to a num-
ber of compound semiconductors [40], and in particular
to InGaP [14]. Moreover, this model has a reduced num-
ber of parameters with respect to the PSM; in Table 4
we report the complete set of parameters, which we ob-
tained for the EPI61 sample using the Adachi’s equations
as reported in reference [14]. We note that the MDF fit to
the experimental dielectric function is not as good as the
PSM one, above all near the Fy and Es peaks and at the
absorption edge.

For more clarity we report in Figure 8 the expanded
spectra of n and k for all samples around the fundamen-
tal gap Ey, i.e. the region of highest interest for appli-
cations and multilayer diagnostic. We note that, apart
from the shift of the absorption edge Ey, no differences
are detected within the experimental uncertainty for sam-
ples with a different degree of ordering or doping. In ref-
erence [20] a difference between the ordinary refractive
index n, and the extraordinary one n. (parallel and per-
pendicular to the ordering planes, respectively) has been
measured in the 1.5-1.8 eV range on ordered InGaP in
waveguide structures. The value of this difference, less
than 0.02, is beyond the attainable precision of R, T or
SE techniques.

4 Conclusions

Two series of Ing49Gags51P thin layers were grown by
MOVPE, using two different apparatus and temperatures,
on (100) GaAs substrates with different miscut angles
(2° and 10°) toward the [110] direction. The films were
both undoped and doped n- and p-type (up to 10*® cm~3).
The photoluminescence spectra around the fundamen-
tal edge gave evidence of the Ey energy displacements as-
sociated to different factors: short-range ordering in the
cation sublattice, doping level and structural disorder. In
particular the ordering parameter n was obtained from FEj
for each sample. Moreover, the dependence of Ey on T was
determined and well fitted by an empirical formula.
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Table 3. Refractive index n, extinction coefficient k, real and
imaginary part of the dielectric function € of the undoped
and highly disordered InGaP layer on GaAs substrate (sample
EPI61).

Energy n k €1 €2

(eV)

1.9 3.588 0.077  12.869 0.554
2.0 3.612 0.123  13.033 0.889
2.1 3.643 0.164 13.244 1.197
2.2 3.680 0.198  13.506 1.461
2.3 3.727  0.228  13.841 1.701
24 3.788 0.261  14.280 1.978
2.5 3.853 0.306  14.755 2.360
2.6 3918 0.351  15.229 2.748
2.7 3.999 0391  15.842 3.130
2.8 4.107 0.442  16.672 3.632
2.9 4.244  0.518  17.744 4.395
3.0 4.416  0.639  19.096 5.646
3.1 4.604 0.863  20.450 7.949
3.2 4.677 1.260 20.285  11.789
3.3 4574 1716  17.977  15.701
34 4.263 1.964 14.316 16.749
3.5 3.982 1980 11.937  15.766
3.6 3.836 1938 10.954  14.869
3.7 3.760 1910 10.487 14.364
3.8 3.723 1.898  10.257  14.128
3.9 3.713 1901 10.168  14.116
4.0 3.722 1922 10.163  14.305
4.2 3.750  1.959  10.222  14.690
4.2 3.795 2,017 10.337  15.308
4.3 3.861 2105 10.482  16.253
4.4 3.945 2241  10.540  17.679
4.5 4.027 2451 10.206  19.741
4.6 4.061  2.753 8.913 22.362
4.7 3.981 3.126 6.074 24.892
4.8 3.741  3.493 1.797 26.138
4.9 3.352  3.755  —2.864 25.173
5.0 2914 3.834 —6.203 22.344
5.1 2.528 3.765 —7.788  19.036
5.2 2.255 3.604 —7.908 16.253
5.3 2.098 3439 —7.429 14.431
5.4 2.009 3317 —6.969 13.325
5.5 1.943 3.236 —6.697  12.579
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Table 4. Free-parameter values of the best-fit of the InGaP
interband complex dielectric function (sample EPI61) to the
Adachi MDF model.

Parameter Value
€00 0.30

Ey (eV) 1.91
Ag (eV!?) 7.48
Iy (eV) 0.08
E; (eV) 3.30
Ay 5.72

I (eV) 0.418
Aiz (eV) 1.73
I, (eV) 0.206
Siz (eV72) 0.48
Py —0.44
E5 (eV) 4.88
Ao 2.64

Iy (eV) 0.734
So (eV™2) 0.7
Py 0.16

15 2.0 25
Photon energy (eV)

Fig. 8. Refractive index n and extinction coefficient k in the
fundamental gap spectral region for samples (from bottom to
top) EPI61, EPI71, BTS142, BTS143 and BTS144. Each spec-
trum is shifted vertically by 0.1 to facilitate viewing.

The real and imaginary parts of the complex dielectric
function, the refractive index and the extinction coeffi-
cient were determined from 0.01 to 5.5 eV through nor-
mal incidence reflectance and spectroscopic ellipsometry.
Their consistency was checked with the Kramers-Kronig
causality relations, and the effect of the native oxide was
accounted for.
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The optical functions were modelled with the follow-
ing analytical lineshapes: Drude-Lorentz oscillators in the
restrahlen region, the Sellmeier relationship below Ey and
a complete critical-point model (which goes beyond the
parabolic-band and the Lorentzian broadening approxi-
mations) in the interband region. In this last region, the di-
electric functions have been fitted by the Adachi’s critical-
point model and the resulting parameters are reported.
The optical functions can be applied in the tayloring of
the optoelectronic properties and in the optical character-
ization of multilayer systems based on InGaP.

Concerning the influence of growth parameters, sub-
strate orientation and doping on the optical functions, the
following points should be stressed. All the samples, irre-
spective of the growth temperature and plant, have shown
good optical quality and spatial homogeneity. The order-
ing degree has very little effect on the optical functions
from the subgap transparency region up to the restrahlen
region. As expected, the order strongly influences the gap
Ey and the F; interband peak. The doping has major ef-
fects on the FIR and MIR optical functions, while is quite
irrelevant in the NIR subgap region; moreover, it modifies
the gap through two competitive effects: a gap-shrinkage
due to many body interactions and a gap widening due to
the structural disorder.
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