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Abstract: Spectroscopic ellipsometry measurements were performed on antiferromagnetic
semiconductor CuFeS2 grown via molecular beam epitaxy. UV/Visible and IR ellipsometry data
was merged and modeled to derive the dielectric function of CuFeS2 from 30 meV to 4.5 eV. The
CuFeS2 samples were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM)
and cross-section scanning electron microscopy (SEM) which gave the crystal quality, surface
roughness and sample film thickness. A critical point analysis revealed a direct band gap of 0.76
eV, while modeling gives a carrier concentration of 8± 2× 1019∼cm−3 and an estimate of the
indirect band gap of 0.5 eV. Optically active infrared phonons were observed at 319 cm−1 and
350 cm−1 with significant Raman active modes at 85.8 cm−1, 265 cm−1, 288 cm−1, 318 cm−1

and 377 cm−1. The fitted optical constants were then used to characterize the crystal quality and
spatial uniformity.
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1. Introduction

Antiferromagnetic (AF) materials have long been studied and investigated but have often
been categorized as "Interesting and useless" (Nobel prize lecture Neel). In recent years,
however, this assessment has changed, mainly due to advancements in the field of spintronics
[1]. Antiferromagnets, with their high frequency dynamics, absence of magnetic stray fields and
thereby higher potential storage densities, have generated renewed interest in the field of AF
spintronics [2,3].

The AF resonances supported by these materials occur at THz energies and have been
experimentally investigated by means of neutron scattering on MnF2 [4] and attenuated total
reflection measurements on FeF2 [5]. CuFeS2, often referred to as chalcopyrite, was the first
semiconductor predicted to have AF properties [6]. In order to explore the AF properties in e.g.
spintronics, the supported magnon modes must be carefully described [7], which requires the
establishment of optical methods for characterization, monitoring, and control of the growth of
the AF semiconductor thin films.

CuFeS2 is the most abundant material found in copper ore [8]. It is a 3-phase semiconductor
with a crystal structure related to more common zincblende materials [9]. Single crystal CuFeS2
is of particular interest because of its extremely high Néel temperature = 823 ◦ K, making
it antiferromagnetic at room temperature [10] and well beyond. CuFeS2 crystallizes in the
tetragonal chalcopyrite structure (I42d (space group 122)) with a lattice constant of a = 5.289 Å,
and c = 10.423 Å. This is a close match to the lattice constant of Si, which is a = 5.431 Å.
This combination of high Neel temperature and close lattice match to Si makes CuFeS2 a very
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interesting candidate for further investigations. Additionally, it is predicted that CuFeS2 is a good
candidate for several spin-based effects [11,12], making it a promising material for applications
in spintronics [1]. Despite this predicted behavior, the semiconducting and magnetic properties
of CuFeS2 remain poorly explored. This is especially true for the behavior of highly crystalline
thin films, which are fundamental for semiconducting and spintronics applications.

Previous studies on CuFeS2 have primarily focused on its electronic [9,13] and thermoelectric
properties [14]. Other works have demonstrated applications of CuFeS2 in the fields of quantum
dots [15], solar cells [16] and energy storage [17]. The vibrational modes of CuFeS2 have also
been investigated by means of IR absorption, Raman scattering and inelastic neutron-scattering
[18,19].

In terms of optical properties, absorption and reflection measurements have been performed
on CuFeS2 in the near-infrared-visible-ultraviolet (NIR-VIS-UV) [20]. There is persistent
uncertainty, however, with regards to the band gap properties of CuFeS2. While reflection and
absorption measurements have estimated the minimum band gap of CuFeSS2 at 0.5 eV [21] and
0.575 eV [22], respectively (both presumably the indirect band gap), density functional theory
(DFT) calculations have estimated a direct band gap as high as 0.915 eV [11]. Moreover, thermal
methods have predicted an indirect gap as low as 0.3 eV [23].

In this work, we recognize that the low direct band gap of CFS imposes the use of both
spectroscopic Fourier transform infra-red (FTIR) ellipsometry and NIR-VIS-UV spectroscopic
ellipsometry (SE) in order to accurately extract the dielectric function and thus the related
interband and intraband transitions from a thin film. Despite advances in the fitting software
for ellipsometry modeling, there seems to have been limited recent research on the optical
properties of CuFeS2. Modern ellipsometry techniques have been used on CuFeS2, but only
in the context of evaporated nanoparticles [24]. Moreover, CuFeS2 films grown by molecular
beam epitaxy (MBE) offer higher crystallinity than samples cut from crystals of variable quality
or films grown with the Bridgman method [25]. Here, the focus is placed back on the thin
film optical properties of high crystalline CuFeS2, employing these more modern and precise
techniques. With remaining uncertainties in material properties such as the direct band gap,
carrier concentration and vibrational modes, this work aims to more fully characterize CuFeS2 in
the IR-VIS-UV by means of ellipsometry in addition to micro-Raman measurements. By more
accurately describing these properties, it is projected that future work can more accurately both
simulate and measure the antiferromagnetic and thermoelectric behavior of CuFeS2.

2. Experiment

2.1. Fabrication, imaging and XRD

For this work, single crystalline CuFeS2 thin films were fabricated via molecular beam epitaxy,
resulting in films of high crystallinity. Films were grown on 2 inch, single side polished Si(001)
wafers of thickness 275 µm, see Fig. 1(a), with a carrier concentration of 1015cm−3. The CuFeS2
thin films were grown along the [001] direction with their c-axis normal to the substrate. The
thicknesses span the range between 30 nm and 150 nm. The details of the MBE growth procedure
and further structural analysis will be published elsewhere [26]. Atomic Force Microscopy
(AFM) measurements demonstrated the CuFeS2 samples had a surface roughness between 4 nm
and 12 nm. To supplement the AFM image, a scanning electron microscopy (SEM) image of
the CuFeS2 surface was taken over a larger range with 25k × magnification, as seen in Fig. 1(c).
The rectangular features seen in both the AFM and SEM images are islands, a result of a mixed
layer and island growth mode (Stranski–Krastanov growth [27]). These islands are likely caused
by a mixture of imperfect growth conditions and a moderate lattice mismatch between the Si
substrate and the CuFeS2 film of about 2.6%. This mismatch also caused a strain in the sample
of approximately 0.8%. The crystallinity of the CuFeS2 samples was determined via the FWHM
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of X-Ray Diffraction (XRD) rocking curves of the (004) reflection peak, as seen in Fig. 1(d) and
the aforementioned publication [26].
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Fig. 1. (a) A schematic of the thin film stack measured by NIR-VIS-UV ellipsometry
measurements. (b) AFM image taken over a 5 × 5 µm range showing a 1 µm rule for scale.
The color map represents the height of the surface from 0 nm to 41 nm. (c) SEM image of the
CuFeS2 surface with a 2 µm rule depicting the scale taken with 25k times magnification.(d)
An XRD rocking curve indicating the high crystal quality [26]. The angle for a perfectly
crystalline CuFeS2 sample is shown as a black dashed line.

In addition to the SEM images taken to characterize the CuFeS2 surface, as mentioned above,
cross-section measurements were also taken to determine the film thickness. To achieve this,
the sample was cleaved into a small piece measuring approximately 1 cm × 1 cm. The sample
was clamped into the SEM sample holder with the CuFeS2 surface directed perpendicular to
the electron beam direction. The sample holder was then tilted by 1 ◦ such that the CuFeS2
surface could be seen. To resolve the CuFeS2 thickness, a magnification of 100k × was used
with a voltage of 10 kV. The secondary electron detector was chosen because it can focus on
higher-resolution features.

2.2. IR and NIR-VIS-UV spectroscopic ellipsometry

Spectroscopic ellipsometry in the range (0.7 eV −5.9 eV) was performed on all CuFeS2 thin
film samples on c-Si manufactured by MBE using a dual rotating compensator SE, RC2 (JA
Wollam company). All measurements were recorded between 1 and 5 days after the samples
were fabricated. The experimental data supplied by the system are the ellipsometric angles Ψ
and ∆, which are functions of the amplitude and phase of the ratio of rp and rs as

ρ =
rp

rs
= tan(Ψ) exp (i∆), (1)
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where rp and rs are the complex Fresnel reflection amplitudes. Furthermore, the ellipsometric
quantities (N = cos(2Ψ), C = sin(2Ψ) cos(∆), S = sin(2Ψ) sin(∆)) are also usually considered as
measured parameters, and are useful in the fitting procedure.

The off-diagonal elements in the Mueller matrix additionally supplied by the RC2 system
are considered to be negligible for the current analysis (see Fig. S1 in Supplement 1). Hence,
no significant in plane anisotropy is present, and (Ψ, ∆) or (N, C, S) are sufficient to model
the system. Finally, for a uniaxial film with the c-axis perpendicular to the sample surface, it
is commonly accepted that ellipsometry is mainly sensitive to the in-plane component of the
dielectric function. The pseudodielectric function converges in the limit of no overlayer and a
semi-infinite substrate to the bulk dielectric function [28], and is here an efficient way to quickly
approximate the dielectric function of the CFS layer by a simple transformation of the measured
ellipsometric angles Ψ and ∆

⟨ϵ̃⟩ = sin(θi)2(1 + tan(θi)2(
1 − ρ

1 + ρ
)2), (2)

where θi is the angle of incidence and ρ is defined in Eq. (1).
The narrow direct band gap nature of CuFeS2 requires FTIR ellipsometry in order to fully

characterize the inter-band behavior. These lower energy measurements also reveal the free carrier
and vibrational properties of the material. FTIR ellipsometry measurements were performed on
the samples using a variable angle spectroscopic FTIR-ellipsometer (single rotating compensator,
IR-VASE, JA Woolam company) in the spectral range 29 meV – 729 meV (234 cm−1 – 5879
cm−1) , approximately one month after fabrication. The FTIR-ellipsometer is specified to operate
accurately between 333 cm−1 to 5900 cm−1. In this work however, data is presented as low as 234
cm−1, as the CuFeS2 samples were sufficiently reflective to produce usable data. Ellipsometric
angles Ψ and ∆ (or N,C,S) were measured such that the data was consistent with the NIR-VIS-UV
data and overlapped. The instrument was set with a resolution of 4 cm−1 and an accumulation
time of 12 hours. The data was recorded in both spectral regions at 60 ◦, 65 ◦ and 70 ◦ angles
of incidence. These angles were chosen to increase the reliability of the results and attempt
to produce data near the Brewster angle, where ellipsometry is the most sensitive [29]. The
samples were measured in the center of the wafer, such that edge effects could be neglected. A
collimated, 3 mm diameter beam was sufficiently large such that any local surface features such
as the aforementioned islands were averaged out.

The parameters describing the layer were obtained through nonlinear regression based on the
minimization of the mean square error (MSE) between the measured ellipsometric data and the
data generated by the model [30]

MSE =
1

n − m − 1

n∑︂
i=1

(︃
Xexp − Xcalc

σX

)︃2
, (3)

where n represents the number of measured data points, m the number of fitting parameters, X the
ellipsometric quantity to be measured or calculated, and σX is the error in the value. Although
N, C, and S are not independent, minimizing the sum of squares of Eq. (3) provides a plausible
comparison of the model and measured data.

2.3. MicroRaman system

To further investigate the vibrational modes supported by CuFeS2, MicroRaman measurements
were performed using a Renishaw inVia system with a 5 mW, 633 nm source and a 50 x objective.
An edge filter was used, which suppressed any Rayleigh scattering present below 80 cm−1. Light
was accumulated until no changes in the Ramanshift were observed. Although the Raman system
is principally set up for a normal incidence reflection geometry, the high objective is commonly
accepted to result in a collection of modes not allowed in the simple geometry.

https://doi.org/10.6084/m9.figshare.23282891
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3. Results

In order to extract the direct band gap, carrier concentration and dielectric function of the CuFeS2
samples, an optical model was needed to describe the layered system. This modeling was
performed using the CompleEASE software (JA Woolam Company). To clarify this complex
model, the surface/oxide layer, electrical properties around the direct band gap and lower energy
features will be described in different sections.

3.1. Surface roughness/oxides and cross-section

As seen in Fig. 1(b) and (c), the thin film surface is not flat and should accordingly be modeled
appropriately. To account for these islands, a more complex EMA was used, as illustrated in
the top layer in Fig. 1(a). This EMA layer consisted of CuFeS2, void and an oxide layer. This
oxide layer itself was a Bruggeman EMA [31] of both CuO [32] and Fe2O3 [33]. Other oxide
components were considered, but no better fit was found.

The root-mean-square surface roughness was measured (using the software package Gwyddion)
and found to be 6 nm and 8 nm for the two samples. The uncertainty was estimated at ± 2 nm to
account for variations in the surface. The CuFeS2 film thicknesses were determined from the
SEM images as follows: A color map was chosen that was sensitive to the intensity changes
across the cross section of the image. Multiple cross sections were then measured by eye as seen
in Fig. 2, the mean values were then calculated as seen in Table 1 and used as starting values for
the model. The approximate uncertainties in these mean values were used as upper and lower
bounds for the fitted film thicknesses.

0.5 μm

(a)

0.5 μm

(b)

Fig. 2. The SEM cross-section images for samples (a) CFS-113 and (b) CFS-112. A
colormap has been used that is sensitive to the scattering intensity that occurs at the cross
section.

Table 1. The individual cross-section measurements on the two CuFeS2 samples, their respective
mean values and their surface roughness measurements as found via AFM.

Sample M1 M2 M3 M4 M5 M6 Mean AFM

Name (nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)

CFS-113 69 64 59 57 54 56 60 6

CFS-112 91 89 78 77 67 68 78 9

3.2. Ellipsometric results

Figure 3 depicts the combined NIR-VIS-UV and IR ellipsometry angles for two similar but
different CuFeS2 samples labeled CFS-112 and CFS-113. Figure 3(a) and (c) show no visible
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mismatch in Ψ for CFS-113 as seen in (a) or ∆ in (c). The fact that there is no mismatch in
Fig. 3(a) shows the material was homogeneous and that no further oxidation occurred after the
NIR-VIS-UV measurements were performed. This implies that all oxidation must have occurred
within the first day of growth. The reason for a visible mismatch for CFS-112, seen in Fig. 3(b) is
then likely due to the sample being inhomogeneous, as both samples were grown and measured
at approximately the same time. This is also consistent with the AFM results, which determined
sample CFS-112 to have a higher surface roughness. Figure 3(a) and (b) also show optically
active phonons in the infrared. This is seen as two peaks arising above the noise. This more
chaotic data is due to the Fabry-Perot resonances of the Si wafer (as the wavelength becomes
longer on the order of the film) as well as the absorption due to water vapor in atmosphere (as the
FTIR ellipsometry was not in vacuum).
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Fig. 3. NIR-VIS-UV and IR ellipsometry data plotted from 0.03 eV to 5.8 eV on a
logarithmic scale. A slightly thinner CuFeS2 sample of high crystallinity is presented in (a)
and (c) (CFS-113) while data from a slightly less crystalline sample can be seen in (b) and
(d) (CFS-112).

To gain a quick insight into the optical response of the material, the pseudodielectric function
was plotted in Fig. 4 for both samples, CFS-112 and CFS-113. Although the pseudodielectric
function is an approximation as it assumes a bulk layer with no EMA layer, it can give information
regarding the position of optical features. For example, the plot shows a prominent peak in
Re(<ϵ̃>) at approximately 0.75 eV with a corresponding sharp increase in Im(<ϵ̃>). This could
indicate the presence of a critical point. To a lesser extent, a similar argument could be made for
a weaker peak at 1.6 eV.

To make a more refined model, the top EMA layer and Si substrate were included. The Si layer
was modeled as semi-infinite with its optical properties taken from literature [33]. The CuFeS2
layer and EMA surface layer thicknesses were set as fitting parameters, with their sum equaling
the measured cross-sections as seen in Table 1. To model the dielectric function of the CuFeS2
layer, a B-spline was used. This method uses a set of basis-spline functions and nodes with a set
resolution to fit the ellipsometric data. To increase the speed and probability of a good fit, initial
optical constants were used based on CuFeS2 from the literature [21]. This B-spline fit is shown
in Fig. 5(a) and bears some resemblance to the pseudodielectric plot in Fig. 4, which has a strong
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Fig. 4. Real and imaginary components of the pseudodielectric function of CuFeS2 samples
with an angle of incidence of 70◦. Samples CFS-113 and CFS-112 are distinguished by
full-lined and dashed curves, respectively.

Table 2. The oscillator number (with relation to Fig. 5), oscillator type and oscillator parameters
including amplitude broadening, position, peak energy, bandgap, resistivity and carrier lifetime.

Due to the large span in energy, values are given in both cm−1 and eV. The thickness of the CFS-113
sample was fitted to 46 ± 1 nm, with the corresponding EMA/roughness layer height being 7 ± 2 nm.

For definitions of terms and context within equations, please see the supporting information
document.

Osc Osc Amp2 Br3 Eo1 Eg1 Ep1 N µ

number type (cm−1/eV) (cm−1/eV) (cm−1/eV) (cm−1/eV) (cm−3) (cm2V−1s−1)

1 Cody-Lorentz 3.810 1121/0.139 6235/0.773 3920/0.486 4130/0.512 - -

2 Cody-Lorentz 8.124 6049/0.750 8727/1.082 6138/0.761 588/0.0705 - -

3 Tauc-Lorentz 23.911 5864/0.727 15704/1.947 - - -

4 Drude - - - - - 8.0 ×1019 1.39

5 Gaussian 5.27 14881/1.845 48208/5.977 - - - -

6 Gaussian 2.88 9437/1.17 34230/4.244 - - - -

7 Lorentz 91.767 8.70/0.001079 319/0.0395 - - - -

8 Lorentz 100.069 6.24/0.000774 350/0.0434 - - - -

absorption edge at around 0.75 eV as well as a peak at around 1.7 eV. Note that the B-spline
model was fitted from 50 meV, excluding the IR active phonons seen in Fig. 3(a) and (b), as it
ignores the noisier, low energy data (more appropriately modeled by dispersion models) while
supplying high resolution in the band gap region. This model is Kramer’s Kronig consistent,
meaning the real component can be computed from the imaginary, using the relation [34].

ϵ1(E) = 1 +
2
π

∫ +∞

0

ϵ2(E′)E′ − ϵ2(E)E
E′2 − E2 dE′, (4)

where E’ is the energy variable to be integrated and ϵ1 and ϵ2 are the real and imaginary
components of the dielectric function respectively. The B-spline model is therefore more
physically meaningful, having only positive Im(ϵ̃) and a signature of a free carrier contribution at
low energies.

To gain more physical meaning from this B-spline fit, the optical constants were parameterized
by a generic oscillator model. The equations used in this method are taken from the literature
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Fig. 5. (a) The real and imaginary components of the dielectric function for CuFeS2 derived
from the B-spline fit. (b) The imaginary component of the dielectric function of CuFeS2
after the B-spline fit was parameterized with a generic oscillator model. The individual
oscillators listed here from 1– 6 are described in Table 2

[35] and shown in the SI. In order to characterize the band gap region, Cody-Lorentz oscillators
were used [36]. Above this immediate band gap region, Tauc-Lorentz oscillators were used to
model the charge transfer peaks. This was chosen as these oscillators have no contributions
below the indirect band gap [37,38].

The absorption peaks at higher energies are said to originate from charge transfer from the
valence band to the d-orbitals of Fe atoms [21] and have been modeled with Gaussian peaks to
reflect the multiple possible transitions they represent. The energy range of the generic oscillator
model was expanded from the B-spline fit to include the IR active phonon peaks below 50 meV.
Arising from a single mechanism, these observed phonon peaks were modeled with Lorentzian
oscillators. To model the increased absorption at lower energies caused by free carriers, a Drude
model was incorporated. The critical point-like feature seen in both the pseudodielectric function
and B-spline fits of ≈ 0.75 eV was used as an initial guess for the direct band gap.

In order not to overfit the model, some model parameters were set. For example, in the
Drude model, DFT calculations have determined the effective mass of CuFeS2 electrons with
m∗ = 0.81m0 [11], where m0 is the free electron mass. With this value set, the Drude model fits
the carrier concentration N and electron mobility µ as seen in Table 2

The Cody-Lorentz peaks [36] in Table 2 show a strong peak centered at 1.082 eV with a
Cody gap at 0.76 eV, and a weaker, broader peak centered at 0.773 eV, with a Cody gap at 0.486
eV. The two Cody gaps were purposely not fixed in order to model the complex nature of the
2D critical point and the indirect band gap, as discussed further in the analysis below. The
Tauc-Lorentz peak [37] is significant, being centered on 1.947 eV. The Drude model gave a carrier
concentration of 7.9× 1019. This is higher than previously computed with optical modeling [21]
but approximately consistent with values from charge and spin transport measurements [39,40].
The electron mobility was fitted at 1.39 cm2V−1s−1 which is consistent with the range of values
previously found [39]. The fitted Gaussian oscillators are relatively broad and occur at 5.98 eV
and 4.24 eV.
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3.3. Lattice resonances from FTIR ellipsometry and Raman spectroscopy

The two Lorentzian peaks listed in Table 2 correspond to the IR-active phonons seen in the raw
ellipsometric data in Fig. 3. The fitted Im(ϵ̃) of these peaks, occurring at 319 cm−1 and 350
cm−1 (39.5 meV and 43.4 meV) are shown in Fig. 6(a). Note that although there is a clear Drude
component representing the contribution from free carrier absorption, it is not strong enough to
suppress the phonon resonances.
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Fig. 6. (a) Fitted Im(ϵ̃) for CuFeS2 in the mid-IR region with three oscillators shown,
as described in Table 2. (b) MicroRaman spectra (purple) plotted on a logarithmic scale,
indicating photon count number. The black double-sided arrows correspond to regions
of calculated phonon resonances at the Γ point [41]. The real part of the fitted dielectric
function (red) plotted on a different y-axis from the Raman spectra the blue and green vertical
lines display the reported positions of TO and LO modes [18,42].

The IR-active phonons are accompanied by Raman-active modes, which are listed in Table 3
and shown in Fig. 6(b). The horizontal black arrows correspond to vibrational modes at the Γ
point as calculated by DFT [41].

Table 3. The five strongest fitted Raman peaks, showing peak positions, peak width, the ratio of
Gaussian and Lorentzian components of the convoluted profiles used in the fit and the peak area

normalized to the strongest peak at 288 cm−3, for sample CFS-112.

Peak frequency Frequency width Gaussian to Lorentzian ratio Normalized peak area

(cm−1/meV) (cm−1/meV) (%)

85.8/10.6 6.60/0.818 0 0.067

265/32.9 38.3/4.75 100 0.22

288/35.7 8.11/1.01 24 1.0

318/39.4 9.34/1.16 100 0.016

377/46.7 11.0/1.36 100 0.016
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4. Discussion

4.1. Direct band gap electronic transitions

The results further discussed in this work focus on sample CFS-113, which is of higher quality.
the first peak of the real part, and the step-like increase of the imaginary part of the dielectric
function at 0.75 eV (extracted by B-spline - Fig. 5(a)) resemble a strong 2D critical point
corresponding to the minimum direct band gap. To further establish this critical point feature, a
second derivative of a high resolution fitted B-spline dielectric function (0.02 eV resolution) was
calculated using a Savitzky-Golay three polynomial window over 0.1 eV. Figure 7(a) shows the
complex second-derivative function, which can be modeled by multiple lineshape functions of
the form [35]

ϵ̃ ′′ =
d2ϵ̃

dE2 = −

n∏︂
j=1,j≠d/2

(d/2 − j)Aeiϕ(E − E0 + iΓ)
d
2−3, (5)

where A is the CP amplitude, d is the dimensionality of the CP, φ is an angle describing the nature
of the CP (min, saddle,max, or mixed), E0 is the CP position and Γ, the broadening. Several
dimensions were investigated, but the 2-dim CP solution was preferred, and appears reasonable
given the reduced symmetry of the crystal. Similarly, the number of CPs was increased up to a
maximum of six (adding further critical points appears difficult to legitimize given the current
experimental resolution). Adding these CPs was motivated by the inspection of the dielectric
function (maxima and minima) and by the features in its second derivative, but also by recent
band structure calculations [11]. The fitted parameters were found to vary somewhat depending
on the overlayer (where no overlayer removal consists in fitting the second derivative of the
pseudodielectric function), but one set of reasonable parameters is reported in Table SI1, found
in the Supplement 1. These parameters can then be used to compute the general form of the
dielectric function for each 2D CP following [35]

ϵ̃ = C − Aeiϕln(ℏω − E0 + iΓ), (6)

where the dimension has been assumed to be 2D. The four strongest peaks are shown in
Fig. 7(b)-(e), where the y axis is on an arbitrary scale and x-axis has been normalised.

The second derivative analysis confirms that there is indeed a very strong and narrow 2D
Min CP at 0.76 eV. This is thus an accurate estimate of the minimum direct band gap of highly
crystalline CuFeS2.It is recalled that SE is mainly sensitive to the in-plane component of the
dielectric function, and it is therefore presumed that the current analysis will only reveal the
transitions allowed for E ⊥ ĉ. In terms of the most recent band structure calculations [11], we
assign this CP to the X(VB-1) → X(CB-1) = 0.76 ± 0.005 eV (i.e. 0.168 eV below the value
calculated by Brekke et al. [11]), where VB-1 denoted the upper valence band, and CB-1 denoted
the lowest conduction band in their calculations. Relatively flat bands are likely an artifact of
the CP strengths being proportional to the reduced effective mass [14]. The phase of the VB
maxima and CB minima indicates that it is a slightly mixed CP of mainly minimum character.
Angle Resolved Photo Emission Spectroscopy (ARPES) can potentially accurately determine
these values, but is complicated by both the surface oxides and roughness.

The remaining CPs (weak 0.875 eV min/mixed, weak 1.1 eV saddle, 1.50 eV broad and weak
minimum (insignificant), 1.68 eV strong minimum and 2.18 eV significant maximum) appear
more difficult to establish with a similar accuracy, and more experimental data is needed to relate
it to the electronic band structure, see Supplemental for further discussion. However, the strong
maximum near 2.2 eV appears as a typical E2 CP at Γ.

Adding to the case that sample CFS-113 has superior optical properties compared with
CFS-112, are the differing CP model parameters, as listed in the Supplement 1 (Table S3).

https://doi.org/10.6084/m9.figshare.23282891
https://doi.org/10.6084/m9.figshare.23282891
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Fig. 7. (a) Real and imaginary components of the 2nd derivative of the fitted B-spline
model for sample CFS - 113. The simulated and experimental values are distinguished
by lined and dash-dotted lines respectively. (b)-(e) The dielectric function of each distinct
spectral structure in (a).

4.2. Indirect band gap

The minimum of the imaginary part of the dielectric function at 0.54 eV is speculated to be close
to the indirect band gap; similarly, the Cody-Lorentz oscillator model gives a lowest Cody gap
(interpreted as a possible indirect band gap) of around 0.485 eV. While some DFT calculations
have placed the indirect gap from X(VB-1) → Z(CB-1) at 0.35 eV [14], more modern works [11]
report the gap from X(VB-1) → N(CB-1) at 0.532 eV (when scissor corrected in this work by
0.168 eV). This is reasonable in accordance with our findings and well within the error of our
determination of the indirect band gap via SE.

4.3. Parametric dispersion model of the dielectric function

The parametric model was based on a large number of oscillators. It is noted that modeling the
dielectric function based on 2D CPs is known to be difficult [35]. A more pragmatic complete
working model allows for the determination of the phonon polaritons as seen in Fig. 8(a), the
free carrier response, and supplied a good estimate of the critical points (Table SI1). In fact, the
center of the Cody-Lorentz oscillators is believed to emulate the 2D direct CPs as their center
energies (0.77 eV and 1.08 eV) are in reasonable correspondence to the CP energies of the 2nd
derivative analysis. Replacing the Cody Lorentz oscillators with Tauc Lorentz oscillators gave a
considerably worse fit. The Cody gap of the lower Cody-Lorentz oscillator gives a lower estimate
of the indirect band gap (0.48 eV). Recent band calculations of CuFeS2 indicate a range of
possible transitions, contributing to absorption above both the direct and indirect band gaps [11].
The higher energy oscillators are the sum of a large number of critical points, which are modeled
by a Tauc Lorentz oscillator at 1.9 eV (near the 2D maximum). Finally, two additional Gaussian
oscillators at 4.2 eV and 6 eV have been added to the model lineshapes. It is observed that the
oscillators at 1.08 eV, at 1.9 eV and the two upper Guassian peaks at 4.2 eV and 6 eV are in good
correspondence with the oscillators A, B and C reported by Oguchi et al. [21]. However, we
note from Fig. 8(b) that the dielectric functions are surprisingly different. The parametric model
revealed that the free carrier density was estimated at 8 ± 2 × 1019 cm−3 for sample CFS-113 and
4 ± 2 × 1020 cm−3 for sample CFS-112. These are in approximate agreement with recent results
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of Ref. [41]. The critical points were also modified with a small lowering of the direct band
gap, and the critical points appeared less intense. However, the surface roughness was higher
for CFS-112, which increases the uncertainty, in particular at higher photon energies, where the
BEMA overlayer approximation is expected to be worse.
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Fig. 8. (a) and (b) the real and imaginary components of the permittivity over the IR
and visible frequency ranges, with the real part found via Kramer’s Kronig relation. For
comparison, (b) includes previously modeled values for the dielectric function. The inset
shows a closeup of Re(ϵ̃) in the plasmonic region in the visible.

The full complex dielectric function of CuFeS2, as derived with the parametric model, is
shown in Fig. 8. The corresponding complex refractive index can be found in Fig. S1. The
region around the IR-active phonons is shown in Fig. 8(a). The two peaks of enhanced absorption
are followed by two regions of negative Re(ϵ̃), as expected. This should support two surface
modes known as surface phonon polaritons [43]. The large Im(ϵ̃) however, would mean these
surface modes are heavily suppressed. The dielectric function extracted using the B-spline and
the parametric model were overall found to be similar, with the main difference seen in the
contribution from free carriers to the absorption. A further comparison is made in Fig. S4 in the
Supplement 1.

Figure 8(b) compares our results with previously performed reflectance measurements [21].
The past work shows similar (but smaller in amplitude) peaks in Re(ϵ̃) occurring at approximately
0.6 eV, 1.5 eV and 4.2 eV. Rather large deviations are likely caused by differences in sample
quality as well as the measurement methods, including the treatment of surface layers.

The new fit also shows a small plasmonic region in which Re(ϵ̃) < 0, as seen in the inset
of Fig. 8(b). Interestingly, previous work on CuFeS2 quantum dots has attributed a Localized
surface Plasmon resonance at approximately 2.5 eV to such a LSPR [44]. For a lossless, spherical
particle, such a resonance occurs when Re(ϵ̃) = −2 [45], a result that is approximately consistent
with the dielectric function seen in the inset; however, the large absorption seen as the large values
of Im(ϵ̃) would make the observation of LSPR unlikely with these optical response functions.

The used Si substrates contributed signals from light reflected from the backside. Because
the Si wafer was single-sided polished, the backside scatters some of the light. The model used
in this work omits the corresponding Fabry-Perot oscillations, as it assumes the substrate to
be semi-infinite. This inaccuracy contributes to an increased MSE. An additional source of
error comes from the mismatch in resolution between the FTIR and NIR-VIS-UV systems. The
two data sets must be stitched together despite the NIR-VIS-UV system having a much higher

https://doi.org/10.6084/m9.figshare.23282891
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resolution (2.5 nm in the NIR and 1 nm at VIS-UV frequencies). Although the data is then
interpolated before fitting, higher-frequency features can only be measured in the NIR-VIS-UV
range. To address this in future work, a higher resolution should be used in the 0.3 eV – 1.4 eV
range. More details regarding the accuracy of the generic oscillator fit can be found in Section B
of the Supplement 1.

4.4. Vibrational modes

The vibrational modes present in CuFeS2 have previously both been calculated via classical
spring [18,46] and DFT [41] and experimentally investigated by both neutron scattering and IR
reflection and transmission measurements [18,19].

Figure 6(b) shows the recorded micro-Raman spectrum for sample CFS-112, where the
horizontal black double-sided arrows correspond to the DFT calculated Raman-active phonon
peaks [18]. Furthermore, all peaks are listed in Table 3, with the weakest ones only appearing
after a sufficiently long recording time. The dominating Raman peaks that also occur at low
accumulation times are at 85 cm−1, a broad shoulder at 265 cm−1, the strongest peak at 288 cm−1,
and two weaker peaks at 318 cm−1 and 377 cm−1.

Most of modes listed in Table 3 do indeed approximately fall in the regions marked by the
horizontal arrows seen in Fig. 6(b). However, the other observed peaks at 318 cm−1 and 377 cm−1

do not have such a good correspondence. Figure 6(b) also compares our results (for Re(ϵ̃)) with
the Γ5L,T and Γ4L,T modes identified in Refs. [18,42]. The transverse and longitudinal modes are
shown in blue and green, respectively. As the latter results were obtained from a piece of CuFeS2
cut from mineral, differences in crystal qualities could explain the (slight) discrepancy in the
mode positions.

4.5. Control and monitor of MBE films

Ellipsometry has previously been used to characterize the homogeneity and quality of thin films
[47], with the overall aim of reaching specific targets in the fields of photovoltaics [35], and
should thereby also be a good approach for thermoelectric [41] and spintronic materials [7].

4.5.1. Crystal quality

The ellipsometric angles Ψ are qualitatively compared for CuFeS2 samples with varying crystal
quality. Figure 9(a) shows Ψ for three samples of varying crystal quality, as verified from XRD
measurements seen in Fig. 9(b). The energy range focuses on the phonons in the infrared. The
plot shows a decreasing phonon peak prominence for decreasing crystallinity. Although this
analysis is just qualitative, FTIR ellipsometry is sufficiently surface sensitive to present itself as
an additional method to reveal the CuFeS2 thin film quality.

4.5.2. Spatial uniformity of the film

Moreover, although the beam size of a standard RC2 ellipsometer is on the order of 3 mm ×

7 mm, focusing probes can reduce it to typically 100µm. By using a translation stage with
movements of order 10s of µm’s, sample parameters can be determined as a function of sample
position, as illustrated in Fig. 9(c). Here the previously fitted generic oscillator model is used
to fit the thickness and surface roughness of sample CFS-113. The direction of the cuts is
shown in Fig. 9(c) in relation to the 2-inch wafer (seen in blue). The thickness is approximately
equal to the extracted thickness from the generic oscillator plot over the entire wafer. Moreover,
the thickness profile shows a minimum thickness in the middle of the sample, with increasing
thickness toward the edges. This thickness variation, although small as seen in Fig. 9(d) could
possibly be explained by the temperature variations over the sample during growth. The surface
roughness is also shown in 9(c), but does not follow the same trend. This could simply be due to

https://doi.org/10.6084/m9.figshare.23282891
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Fig. 9. (a) The ellipsometric angle Ψ showing the phonons energies for three different
samples of varying crystallinity. (b) XRD results for three CuFeS2 samples of varying
quality. (c) The fitted sample film thickness and surface roughness along different direction
across the wafer. (d) A zoomed-out plot of the fitted film thickness.

bending or damage to the sample near one edge and is unlikely to be the result of fabrication.
Additionally, the plot shows small scale peaks that most likely correspond to dust particles.

4.5.3. Magnon modes and metrology

No sign of magnon modes was observed by THz SE in the range 0.1 THz – 1.8 THz, although on
a film of lower quality than the current films. Having established the characteristics of a high
quality semiconductor CuFeS2 layer, it will facilitate further improving the growth process in
order to search for layers of sufficient quality (thickness and semiconducting quality) that may
reveal a clear magnon resonance. The lower Raman modes most likely correspond to the phonons
reported by DFT calculations near the Γ point [18], although the measured modes are in fact at
lower wavenumbers than the calculated ones. It is interesting to note that a hypothetical Magnon
resonance is speculated to exist in this range. It is envisaged that accurate DFT calculations of
the magnon spectrum and the phonon spectrum may resolve this issue.

The optical metrology appears critical to monitor and achieve control over the quality of the
layers. It is envisaged that high-quality CuFeS2 layers with strong magnon resonances can be
realized through tight control and monitoring of the film quality.

5. Conclusion

In this work, FTIR-VIS-UV ellipsometry was performed on high-crystalline CuFeS2 samples
fabricated via MBE. Previously derived optical constants, surface roughness and film thickness
were all used to guide a B-spline fit of the ellipsometry data. Both a CP and a parametric
dispersion model were used, identifying a direct band gap position of 0.76 eV and an indirect
band gap roughly estimated to 0.5 eV. The CP model was based on 2D-CPs and was informed by
DFT calculations. The B-spline fit was then parameterized using six generic oscillators, giving
physical insights into the material, such as a carrier concentration of 8 × 1019 cm−3 and two IR
active phonon peaks occurring at 319 cm−1 and 350 cm−1 (39.5 meV and 43.4 meV). Multiple
vibrational modes were also revealed via MicroRaman, including prominent peaks at 85.8 cm−1,
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265 cm−1, 288 cm−1, 318 cm−1 and 377 cm−1. Metrological methods were then employed to
aid in the high level of control enabled by the MBE fabrication. This included a phonon peak
prominence and XRD position correspondence and a minimum in sample thickness occurring in
the center of the sample.
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