Band gaps and phonons of quasi-bulk rocksalt ScN
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ScN is an emerging transition metal nitride with unique physical properties arising from the
d-electrons of Sc. In this work we present the results of optical characterization techniques spectro-
scopic ellipsometry, Raman spectroscopy, and photoluminescence measurements of a 40 pm thick,
fully relaxed, and only weakly n-type doped (n = 1.2 x 10'® cm™3) ScN film deposited by halide
vapor phase epitaxy (HVPE) on r-sapphire substrate. Spectroscopic ellipsometry yields an indirect
bandgap of 1.1eV while the lowest direct interband transition is observed at Eg opt = 2.16€V in the
dielectric function. A broad luminescence feature at 2.15eV is observed, matching this transition.
We derive an estimate for the exciton binding energy (Funx ~ 14meV) as well as the Born effec-
tive charges Zg. = —Z% = 3.78. In the infrared spectral region we observe a strong phonon and
a weak plasmon absorption. We precisely determine the transverse optical phonon eigenfrequency
(wro = 340.7cm™ '), the high frequency dielectric constant (¢, = 8.3) and the static dielectric
constant (€sta = 29.5). Raman measurements using various excitation energies show resonant
multi-phonon scattering up to 6LO (6th order overtone for longitudinal optical (LO) phonons) for

excitation above the optical band gap (Fraser > Fg opt),

where the allowed 2LO scattering is the

dominant scattering mechanism for all excitation energies. Their characteristic parameters deter-

mined from Lorentzian line shape fitting yield wro = 681 cm™

! and an increased broadening and

reduced asymmetry for higher LO scattering order n.

I. INTRODUCTION

ScN is a transition metal nitride with rocksalt (rs) crystal
structure (Fm3m) as the only stable and wurtzite (wz) struc-
ture as a metastable phase [1]. It is a promising material for
certain applications due to its fundamental characteristics
[2]. For example, giant polarization charge densities were
predicted for (111)rs-ScN/(0001)wz-GaN interfaces [3] and
an improvement of crystalline quality in epitaxial wz-GaN
films with rs-ScN interlayers has been achieved [4]. Recently,
the ternary alloy system wz-ScyAl; N, which is stable up
to 25-35% AIN mole fraction [5, 6], attracts high research
interest due to piezo- [7, 8] and ferroelectric properties
[9, 10] enabling e.g. wz-Sc,Al; xN-barrier HEMT structures
via PA-MBE growth [11]. As a counterpart to wz-AIN,
rs-ScN is the binary base material for ternary rs-Al,Scy «N,
which is under current investigation as well [6, 8, 12] and
stable up to ~55% ScN mole fraction [6].

Already early theoretical studies [13, 14] concluded that
rs-ScN is an indirect semiconductor with its valence band
maximum(VBM) located at the I'-point and the conduction
band minimum(CBM) located at the X-point of the Bril-
louin zone, which is confirmed also by more recent studies
[15-18]. Some of the first experimental attempts including
crystal growth and optical characterization were performed
by Dismukes et al. [19], Travaligni et al. [20], and by Gall
et al. |15, 21]. In the past, a very high unintentional free
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electron concentration usually masked the intrinsic proper-
ties of rs-ScN regardless of the growth technique. However,
in the last 15 years there were new attempts to grow rs-ScN
films with high crystal quality, mainly by halide/hydride
vapor phase epitaxy (HVPE) [19, 22], sputter epitaxy
[23-26] even at room temperature conditions [27], and
molecular beam epitaxy (MBE) [28-30], going hand in hand
with improved control of the unintentionally introduced
free electrons. Sputter grown samples typically exhibit
carrier densities higher than 1 x 102°cm™3 [17, 23, 24],
MBE grown sample are reported to achieve 5 x 108 cm™3
[31]. Oshima et al. [22] achieved record 1.2 x 10'8 cm™3 by
HVPE. The origin of the unintentional doping is attributed
to nitrogen vacancies [31-33] and oxygen impurities [34, 35].
It was already shown by Dismukes et al. [19] and Oshima
et al. [22] that the thickness of the rs-ScN layer has a
massive impact on the structural quality and therefore dom-
inantly determines the carrier concentration. These high
unintentional carrier concentrations still remain one of the
greatest challenges in growth and characterization of rs-ScN.

For application in electrical and optical devices, knowledge
of the optical constants of a material is crucial. Also, phonon
and luminescence properties may yield relatively quick and
non-destructive characterization of semiconductors. This
work provides solid optical parameters, i.e. band gap values,
phonon eigenfrequencies and broadenings, optical constants
including precisely determined static and high frequency lim-
its, and Born effective charges of quasi-bulk ScN. Knowledge
of these parameter for a bulk-like single crystal sets a basis
for understanding and design of thin films and heterostruc-
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Figure 1: Numerically determined, exact-exchange-based
quasiparticle bandstructure of rs-ScN from Ref. 16 and
main critical point transitions.

tures. Our results reveal several differences to state of the art
ScN thin films, most striking the enhanced above-bandgap
absorption, giant amplitude and narrow linewidth of the IR
active phonon mode, and strong multiple phonon Raman
scattering up to 6th order. Those parameters partially stand
in contrast to the properties of traditional ITI-V semiconduc-
tors.

II. EXPERIMENTAL

For simplification we now use the notation ScN instead of
rs-ScN. In this study we investigate a (100) oriented, ~40 pm
thick ScN film deposited by HVPE on r-plane sapphire
[22]. X-ray diffraction (XRD) full widths at half maximum
(FWHM) values are 0.07° and 0.34° for the (200) and the
(131) reflexes, respectively, indicating relaxation and low
dislocation densities. The free carrier concentration of our
sample is determined by Hall effect measurements with
van-der-Pauw geometry to be n = 1.2 x 10¥ em™3 at room
temperature, the corresponding mobility is 264 cm? V~1s™1,
The origin of the free electrons is not clear, however it is
much below the theoretical calculated degeneracy threshold
of ~ 3 x 10" em ™3 [18]. Therefore the sample represents
one of the best ScN films currently available. We use optical
characterization techniques, namely spectroscopic ellipsom-
etry (SE) in the infrared (IR) and near infrared (NIR)
— ultraviolett (UV) spectral range, Raman spectroscopy
[including photoluminescence (PL)], and IR reflectivity.
Raman spectra were excited by laser wavelengths of either
632.8nm, 532.1nm, or 472.9nm. A discussion of spectral
resolutions and detailed experimental setups is reported in
the supplement.

III. THEORETICAL MODELS

The space group of rocksalt is Fm3m, the point group

%3%. Due to the rocksalt structure with two atoms per

unit cell , only 6 phonon branches exist in ScN, where

three of them are optical. The eigenfrequencies at the
I'-point are predicted to be 632cm™1(78.4meV) for the
longitudinal optical (LO) phonon and 365cm™~!(45.3 meV)
for the doubly degenerate transverse optical (TO) phonon
mode [36]. Experimental results suggest 2wro =~ wro
[wpo =686cm~! (85.1meV), wro =346cm~t (42.9meV)]
[37] at the I'-point, which constitutes an even larger LO-TO
splitting than theoretically predicted [36]. While first order
Raman scattering in rs-structured crystals is symmetry
forbidden, second and higher order processes are in gen-
eral allowed [38], but exhibit a relatively weak scattering
efficiency. One way to overcome the small efficiency of nth
order phonon scattering is to choose an incident photon
energy Fj;, for which resonance condition is
fulfilled, i.e. choosing an excitation energy

. The resonance enhancement of
multiple phonon scattering in polar materials is expected to
be particularly large for LO phonons due to the so-called
Frohlich mechanism [39].

Due to the non-vanishing dipole-moment under vibration
of Sc™- and N -ions the TO phonon mode is IR-active, ex-
hibiting the symmetry 73,. Additionally, in the IR spectral
region one has to take into account the free carrier absorption
for the given carrier concentration (n > 10® ecm™3). For a
single IR-active phonon mode and a Drude contribution the
dielectric function for fw < Eg ops is described by
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where S" = egtat — €00 and Egtat /Eco are the low-/high-
frequency limits of the £(w), respectively. Here, with the
presence of a plasmon absorption, eyt is the limit e(w — 0)
without the Drude contribution. The plasma frequency wp
is given by
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where m; . is the optical effective mass [40] and n the con-

centration of free electrons in the conduction band. For ScN
the approximation of a constant £,, does not hold satisfac-
torily, therefore we use the model by Shokhovets et al. [41]:
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We follow the notation of ref. [42]. Within this model e is
given by €0 = €yis(w — 0) and e in eqn. (1) is replaced by
Evis from eqn. (3). Additionally, the LO-TO-splitting and
€co vield the Born effective charges Z*, given by [43, 44]

2 2 (Z*e)?
Wio —Wro = —5— 4
where Z* = Z3, = —Z{ fulfills the required sum rule, V; is

the primitive unit cell volume, and g = Mg, My /(Msc+ Mx)
the reduced mass. The lattice constant of strain-free ScN is
well known to be a = 4.505 A [29].

To describe the imaginary part of the dielectric function
around the fundamental absorption edge we use the model
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Figure 2: Measured ellipsometric parameters (a) ¥ and (b) A for three different incident angles (grey solid) and
corresponding point-by-point dielectric function model fit results (red solid) for IR-SE and UV-SE. (¢) measured IR
reflectivity (red solid), model fit (black solid), and calculated reflectivity from point-by-point fitted e; and 2 (red dashed)
and (d) pseudo dielectric functions (e1) (blue) and (e2) (orange) from UV-SE.

by Elliott et al. [45]. For the exciton continuum we have

g

C
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where Ey,x denotes the exciton binding energy, 7, is the
empirical width of the exciton continuum absorption, C a
constant taking into account the transition matrix element
and E, the bandgap energy [42]. The constant offset e,g
is added to improve the fit results as discussed later. In
addition, different electronic transitions are assigned to
van-Hove singularities in the joint density of states (JDOS).
From the electronic band structure shown in Fig. 1, we can
assume a My critical point (CP) for the direct X-transition
(at = 2eV), a M; CP for the direct I'-transition (at ~ 4eV)
and a My CP for the direct I''- or X’-transition (at ~ 5.5¢eV)
to the second conduction- or valence band, respectively.
For different types of CPs different line shapes of e(w) are
expected.
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IV. RESULTS

A. Ellipsometric angles and pseudo-dielectric function

The ellipsometric angles ¥ and A shown in Figs. 2a and 2b
are converted to the so-called pseudo-dielectric function (g),
partially shown in Fig. 2d. ¥ and A are the polarization
angle and phase shifts that emerge from the reflection of
light with a distinct polarization at an interface. For a cubic
crystal, they are linked to the diagonal Fresnel coefficients
Tjj by

p= Tep _ tan(W)e'
Tss

(6)



and with to pseudo-dielectric function by
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where @ is the incident angle. () would be identical to e
in case of an isotropic, semi-infinite, and perfectly smooth
sample.

(e) = sin® @ (7)

For photon energies < (1.1 + 0.1)eV the data sets
obtained with different angles of incidence do not merge
to a single (¢). This threshold can be interpreted as the
energy position, where incoherent interface reflections
become relevant, i.e. the energy of the indirect band gap
which is found between I' and X points of the Brillouin
zone. This indirect band gap energy of (1.1 £0.1)eV is in
good agreement with earlier results [15, 16, 18, 46]. Due
to incoherent backside reflections in the transparent region
[0.089 eV (720 cm~1)—1.1eV] the point-by-point fit does not
yield reliable results, which is obvious from Figs. 2a and 2b.
Therefore we exclude this spectral range from the analysis
of point-by-point fitted dielectric functions. The offset in
U and A between IR-SE and UV-SE data is caused by
different spot sizes.

B. NIR-UYV dielectric function

To obtain the dielectric function of ScN, we apply a
simple bulk model without taking into account the sub-
strate including the ScN layer and an obligatory roughness
effective medium layer for the NIR—UV spectral range
(UV-SE), which is 8nm thick and has a layer/void ratio
of 50%. Point-by-point-fitting of the complex refractive
index of the ScN layer yields the real and imaginary parts
of the dielectric function, which are shown in Fig. 3b for the
NIR-UV spectral range (point-by-point fit results are shown
in Figs. 2a and 2b). This dielectric function is decomposed
into different empirical functions (generalized parametric
semiconductor oscillators provided by the analysis software
WVASE32) exhibiting the typical characteristics of different
critical point transitions. In Fig. 3b these contributions are
shown as well.

The characteristic energies of these are com-
pared to the band structure calculated by Qteish et al. [16]
(Fig. 1) and a very good qualitative agreement is found.
The fundamental absorption edge of ScN is located at the
X-point of the Brillouin-zone in agreement to Gall et al.
[15] and Haseman et al. [47] but in contrast to Saha et al.
[24]. The energetic ordering of the main transition features
in the dielectric function (Fig. 3b) corroborates this fact:
At =~ 2eV we find a My like transition, at =~ 4eV a M; type
transition, and again a M type transition at ~ 5eV. The
band structure (Fig. 1) reveals the same ordering: the lowest
direct CP transition occurs at the X-point (dEjgint/dk > 0
for all directions, hence My CP) and a second direct CP
transition at the I-point (dEjeint/dk < 0 only for T'X-
direction, hence M; CP). The third CP transition could be
assigned to two different points: (i) VB(T") to second CB(T")
or (i) second VB(X) to CB(X). Possibly they both appear

at around the same energy. The remaining contributions
to our model are a general higher energy contribution (Fig.
3b, blue dotted) and a small background like contribution
describing the indirect T'X transition (Fig. 3b, yellow
dotted).

A quantitative analysis of the dielectric function for
E > 1.1eV reveals the fundamental absorption edge at
E, = 2.16eV with a width of 7, = 76meV from Elliott’s
model (eqn. (5)). Applying Shokhovets’ model (eqn. 3) we
obtain A, = 7.1 and Ay, = 27.4eV which precisely yields
€oo = 83 (Eg = 2.16eV and Ep, = 5.20eV were fixed).
The fitted curves and the real and imaginary parts of the
dielectric function are displayed in Fig. 3b. Shokhovets’
model was applied only to 1 for £ < 2eV. Elliott’s model
is valid only for a single M, type VB to CB transition.
Therefore, the fit was applied to the spectral region of £2(w),
where all other transitions have 5 =~ 0, which is the case for
E < 2.7¢V (see Fig. 3b). What still remains is the indirect
absorption edge contribution, which we approximate by a
constant offset eo in eqn. (5). Although we do not observe
any discrete exciton state, we obtain the exciton binding
energy Fpx = 14meV as an estimate. For the transition
energies Fr and Er we determine the inflection points of
g to be Epr = 3.75¢eV and Er» = 5.20eV in good agreement
with the electronic band structure shown in Fig. 1.

Further, we observe a relatively high absolute ¢, above
the fundamental bandgap (2 ~ 7 at 3eV) which yields an
absorption coefficient o = 3.4 x 10°cm™! at 3eV, which
is significantly larger than that of e.g. GaN [48] or other
common III-V nitrides at ~ 1eV above the absorption
onset. Overall, our observations are similar to those of Dinh
et al. [49] qualitatively, but our absolute amplitudes of e;
and e, are larger by a factor of ~ 1.3 — 1.5. Additionally,
we can derive the Born effective charges from our ., and
later on determined wroTo. We have Z5, = —Z3 = 3.81
(eqn. (4)), which is well above the expected ionization levels
of 3/-3 for Sc/N respectively, but significantly lower than
it was theoretically predicted [50]. This hints towards a
strong bonding hybridization, leading to an admixture of N
2p and Sc 3d states in the highest occupied valence band,
which was already shown by theoretical calculations [16].
The same behaviour was observed for the related rs-CrN by
both, theory [51] and experiment(Z* = 4.4) [43].

C. IR dielectric function

In the IR spectral range, a broad reststrahlenband
arising from the phonon absorption and a free carrier
absorption for w < 200cm~! is observed from IR re-
flectivity measurements (Fig. 2c). From the model fit
[eqns. (1) and (3)] we determine Drude parameters of
wp = 1200cm~! and yp = 250cm ™!, yielding an effective
electron mass of m} = 0.07me[eqn. (2)]. This effective
electron mass is well below various theoretical calculated
[16, 18, 50] and experimentally determined [17, 46] values
[mpos =~ (0.35 £ 0.05)me|. In Fig. 2c it is obvious, that the
applied model does not match the data well, especially for
wave numbers below 250 cm~!. Therefore, we conclude that
the Drude formalism currently does not hold satisfactorily
for free electrons in ScN and the determined plasmon
parameters are not trustworthy. Evaluation of the IR-SE
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Figure 3: (a) Real (blue) and imaginary (orange) part of the point-by-point fitted dielectric function derived from IR-SE
and Lorentz-model fit (black lines). (b) Real (blue) and imaginary (orange) parts of the point-by-point fitted dielectric
function derived from UV-SE, Elliott model fit to €2 (black line), Shokovets model fit to 1 (red line), and different model
oscillators (colour dotted). The reference line indicates the upper bound (2.7 eV) of the area, where only the direct

X-transition exhibits e > 0.

data (see Figs. 2a and 2b) yields more accurate results, but
due to the limited spectral range, the plasmon absorption is
not detectable.

The point-by-point fitted dielectric function shown in Fig.
3a shows a strong phonon absorption with a maximum of
€2 =~ 1700 and the reflectivity calculated from this dielectric
function matches the measured reflectivity well(Fig. 2c). A
similar value of €5 was reported before [52] and hints towards
a partially ionic bond in ScN, which was already theoretically
predicted in 1971 by Weinberger et al. [13]. A Lorentz fit
[eqn. (1) without the Drude contribution] including our fixed
evis(w) [eqn. (3)] from the UV-SE yields a TO-frequency of
wro = 340.7cm™!, broadening yro = 3.7cm~!, an am-
plitude S = 21.2 and hence &g,y = 29.5. This broaden-
ing yro is about twice the selected spectral resolution (see
supplement). In comparison to common ITI-V nitride semi-
conductors such as GaN the oscillator strength of the TO
phonon and hence eg4,¢ is very high, and thus semiconduct-
ing ScN is a so called high-k dielectric. The determined TO
frequency (wro = 42.24 meV) matches well with the exper-
imentally determined phonon dispersion of Uchiyama et al.
(wro (T + 0k) = 42.9meV) [37], but is in contrast to several
theoretical calculations [36, 50] and other experiments [52].

D. Raman and PL spectra

For Raman and PL measurements we employed three
different incident laser wavelengths: 472.9nm (2.62eV),
532.1nm (2.33eV), and 632.8nm (1.96eV). In Fig. 4a
the Raman spectra obtained with different excitation
wavelengths are shown. These spectra are measured with
a better resolution than photoluminescence (see supple-
ment). For all three incident laser energies the allowed [38]
second-order scattering by two LO phonons (2LO peak) is
the dominant scattering process with wer,0 ~ 1370 cm~L.

Although first order scattering is Raman-forbidden, we
observe weak first order Raman scattering for excitation
energies of 2.33eV and 2.62eV. Assigning the multiple (nth
order) phonon scattering peaks has to be done carefully
for w0 = 2wro and hence signals can be undistinguish-
able. The Raman spectrum at an incident laser energy
of 2.62eV shows nLO scattering up to 4LO (see Fig. 4a,
blue line). In the same figure, nTO signals are labeled for
odd n. Due to wro =~ 2wrp these Raman signals could
either be (2n — 1)TO or nLO+TO peaks. We observe two
different first order TO related peaks at ~ 336cm~! and
~ 415cm~! with 2.62eV excitation. They can be assigned
to TO(I") and TO(X) in good agreement with previous
experimentally determined values at I' (wro = 346cm™1!)
and at X (wro = 408 cm™1!) points of the Brillouin zone [37].

Changing the laser energy to 2.33eV yields
Eraser = Egopt + 2E1L0 and hence nearly perfect criti-
cal point resonance for the 2LO (and 4TO) scattering.
Therefore, all other signals exhibit relatively small inten-
sities. For excitation in the transparent region at 1.96eV,
the condition for the enhancement of multiple order phonon
scattering by outgoing resonances is not fulfilled anymore.
Indeed, while we still observe a dominant 2LO peak, no
higher order scattering is found anymore (see Fig. 4a,
red line). Additionally, we observe a broad contribution
covering various narrower signals around 700cm~'. The
origin of this broad contribution is not known yet. Because
we do not expect first order scattering for the non-resonant
excitation at 1.96 eV, we tentatively assign the two features
at ~ 690cm~! and ~ 830cm~! as 2TO(T') and 2TO(X)
rather than first order LO scattering. The 2TO(X) is also
weakly visible at other incident laser energies.

For a quantitative analysis, line shape fits are performed
using standard Lorentzian type functions. Due to the
luminescence signal, which is located directly at the position
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Figure 4: (a) Room temperature Raman spectra at three different excitation wavelength and (b) Raman and PL spectra

from 5 K—293K at an incident laser energy of 2.62¢V.

of the 2LO line, the spectrum for Ey .50 = 2.33€eV is impos-
sible to fit unambiguously and with 1.96eV excitation we
observe only second order scattering. Therefore, we choose
to model only data recorded with Efy s = 2.62eV. Results
are summarized in Tab. I and fit details are reported in
the supplement. From Tab. I the dependence of the n-LO
broadening v on the LO-order n is obvious. We observe
increasing broadening with higher scattering order n, while
the broadening values for the nTO lines scatter around
~ 40 — 100cm~'. An important result is the LO eigen-
frequency obtained from fitting the first order LO signal.
We have w,o = 684.5cm ™! in good agreement with earlier
experiments (wpo = 686cm™1) [37, 52|, but in contrast
to theoretical calculations (wpo ~ 630cm™1!) [36, 50] at
the I'-point. The phonon lifetime can easily be derived as
the inverse phonon broadening as 7.0 = (27myLo)~!. We
have 7,0 = 0.2ps, which is again in perfect agreement
with previous experimental results (.o = 0.21ps [37]).
So in contrast to Dinh et al. [49], we rather conclude that
the LO scattering takes place at the I'-point due to both,
momentum conservation and above discussed previous XRD
results [37]. The multiple odd number TO scattering lines
correspond to TO frequencies of ~ 350cm™!, which is
between the frequencies of the first-order TO phonon lines
(see Tab. I) indicating their origins as {TO(T") + jTO(X)
(i + 7 = n) combination modes. The multiple even number
TO lines correspond to TO frequencies of ~ 337cm™!,
which indicates their origin as nTO(T") lines.

To investigate the photoluminescence signal, we scan a
larger spectral range and apply lower temperatures down
to 5 K. These spectra demonstrate multi-phonon scattering
and luminescence in a single measurement, but do not allow
precise evaluation of the m-phonon peak positions due to
the decreased accuracy (see supplement). In Fig. 4b the
Raman /PL spectra are presented from 1.9-2.6 eV for differ-
ent temperatures. We find a broad luminescence peak with
a maximum at around ~2.15eV and multi-phonon Raman
signals up to 6LLO and 9TO. Surprisingly, the center energy
of the luminescence signal seems to decrease slightly with

decreasing temperature. Accordingly, the 6LO Raman line
exhibits a much larger intensity with respect to the lower
order modes at low temperature (5K). This enhancement
is caused by a better matching of the resonance condition
resulting from the slight decrease of the direct band gap.
Comparing the luminescence peak to our ellipsometry
results we conclude that luminescence arises from direct
band-to-band recombination at the X-point. Concerning
the band structure shown in Fig. 1, the VB seems to
be only a saddle point and photo-generated holes could
easily thermalize towards I'. Our observation thus strongly
indicates a local VB maximum at the X-point. For a degen-
erately doped ScN single crystal (ngay =2.2 x 102 cm—3)
Al Atabi et al. [46] already reported ARPES measurements
indicating such a local VB maximum at the X-point.

V. CONCLUSIONS

In summary, we investigated a HVPE grown quasi-bulk
rs-ScN single crystal and derived fundamental material
parameters which are listed in Tab. II (see supplement for
error analysis). UV-SE precisely yields an absorption edge
of B, = 2.16 eV from an Elliott model fit as well as e, = 8.3
from Shokhovets model fit. Additionally, an estimate of the
exciton binding energy of Eyx = 14meV was extracted.
IR-SE and IR reflectivity showed a strong phonon and a
weak free carrier (plasmon) absorption. Drude-Lorentz
fitting yields wro = 340.7cm™!, 770 = 3.7cm™!, and
Estat — 29.5.

Checking the Lyddane-Sachs-Teller (LST) relation yields

520 —== = 1.14+0.06, which is significantly off the expected
To Estat
value of 1. Deriving the LO frequency from LST yields

W = (640 + 20) cm~!, which is much closer to theo-
retically calculated values than our Raman result. Possible
reasons for this deviation are the large LO broadening,
which is neglected in the LST relation, or the coupling of the



Table I: Characterization of single and multiple phonon resonant Raman scattering for an incident laser energy of 2.62eV.
Eigenfrequencies wg/n, broadening parameters 7, and signal-to-noise ratios snr were determined by Lorentzian line shape

fitting.

TO) TO(X) 2TO  LO 3TO 4TO

2LO 5TO 6TO 3LO 7TO 8TO 4LO

<0 (em™') 33642 41542 334.5+2 684.5+2 355.040.2 338.84-0.8 689.040.5 350.0+0.4 337.54-0.8 68641 349.440.7 342.0+0.6 689+0.8

o (em™) 7646 6448 4047
snr 6.3+0.34.0£0.3 9+3

2744
14+4

6043
12.8+0.3

59+4
66+8

36+4
63+9

94+£8 758
6.5+0.3 8+2

6516
10+£2

100+£30
1.3£0.2

30420  210+£20
0.6+0.3 5.3£0.4

Table II: Overview of results. Note that wpo displays the
eigenfrequency of the first order LO signal at

Elaser = 2.62eV. For details about the experimental
accuracy see supplement.

parameter unit value accuracy
wro cm ™! 340.7 +0.03
yTO cm ™! 3.7 +0.06
Estat 29.5 +0.5
€oo 8.3 +0.2
wLo em™? 684.5 +2
Lo (To) em™ (ps) 27 (0.20) =44 (£0.03)
:%—g;w 1.14 +0.06
W™ em ™ 640 +20
Z&. = —2Z% 3.81 +0.05
z; (ST — _ 7x (ST 3.50 +0.2
Eyx meV 14 +1
Erx eV 1.1 +0.1
E, eV 2.16 +0.002
Ye meV 76 +3
Er eV 3.75 +0.02
Ep eV 5.20 +0.03

LO phonon mode with free charge carriers. Born effective

charges are calculated as ZS., = 3.81 and Z;éLST) = 3.5

ST)

. (L .
using wro and wy ;" ’, respectively.

The free carrier absorption could not be described
adequately by the Drude model. From Raman scattering
experiments at different excitation wavelengths we observed
efficient multi-phonon scattering up to 4LO and 7TO, and
even 6LO and 9TO from temperature dependent combined
Raman/PL spectroscopy. The nLO and nTO positions and
broadening parameters are determined from asymmetric and
symmetric Lorentzian line shape fits respectively, which de-
scribe the spectra adequately for Efy g6, = 2.62eV. The LO
broadening parameter increases while the LO asymmetry
parameter decreases with higher scattering order n and the
determined first order LO-frequency is wro = 684.5cm ™ *
in good agreement with previous experiments [37, 52]. In a
combined Raman and PL measurement we observed a broad
luminescence signal at ~ 2.15eV which perfectly matches
the UV-SE determined direct bandgap of 2.16eV. From this
we assume a possible local valence band maximum at the
X-point in agreement with earlier ARPES measurements
[46].
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