
Solid State Communications 303-304 (2019) 113729

Available online 19 September 2019
0038-1098/© 2019 Elsevier Ltd. All rights reserved.

Communication 

Far-infrared optical properties of Hg1� xCdxSe thin films 

J.W. Lyons a, G. Brill b, F.C. Peiris a,* 

a Department of Physics, Kenyon College, Gambier, OH 43022, USA 
b U.S. Army Research Laboratory, Adelphi, MD 20783-1197, USA   

A R T I C L E  I N F O   

Communicated by F. Peeters  

Keywords: 
Ellipsometry 
Hg1� xCdxSe 
Phonons 
Reflectivity 

A B S T R A C T   

Using a combination of reflectivity and ellipsometry, we determined the far-infrared dielectric functions of 
molecular beam epitaxy-grown Hg1� xCdxSe thin films between 85 cm� 1 and 8, 000 cm� 1. Spectroscopic ellips
ometry, performed between 400 cm� 1 and 8000 cm� 1, recovered the dielectric function and the thickness of each 
film. Ellipsometry results were then used to model the reflectivity data allowing us to obtain absolute reflectance 
values and map the dielectric function from reflectivity between 85 cm� 1 and 8, 000 cm� 1, and to obtain the 
absorption due to free electrons, phonons, and band electrons. Specifically, our models find two transverse 
optical modes for Hg1� xCdxSe, where the HgSe-like mode blue-shifts and the CdTe-like mode red-shifts with 
increasing Cd concentration.   

1. Introduction 

While the band inverted properties of zinc-blende structures of 
mercury chalcogenides HgSe and HgTe have been well-known for years, 
there has been a renewed interest in these materials owing to their to
pological properties [1]. Furthermore, the optical, electrical, and 
structural properties of these binary compounds can be changed by 
incorporating strain or alloying them with other binary semiconductors, 
such as CdTe and CdSe [2]. Both Hg1� xCdxTe and Hg1� xCdxSe alloys 
belong to the family of narrow-gap semiconductors, which are ideally 
suited to produce infrared (IR)-based devices [3]. While the workhouse 
material for IR detectors has been Hg1� xCdxTe, constraints in size, 
scalability, and cost of lattice-matched substrates [4] have recently lead 
to a concerted effort in probing other possible candidates, such as 
Hg1� xCdxSe. As bulk crystal growth is unfeasible for the production of 
large 2D detector arrays, an understanding of films grown by molecular 
beam epitaxy is crucial to their characterization as IR detectors [5]. 

In order to determine if Hg1� xCdxSe alloys manifest topological 
properties, as well as to explore if these alloys are suitable candidates to 
produce IR-based devices, it is essential to map their optical properties 
more comprehensively. Importantly, the contributions from free car
riers, phonons and band electrons are generally stamped on the complex 
dielectric function (ε ¼ ε1 þ iε2) of a material [6,7]. While there are 
several experimental techniques available to determine ε, spectroscopic 
ellipsometry offers several advantages, including the fact this method 
does not require one to perform a Kramers-Kronig transformation [8]. 

Using this technique, in a previous study, we reported ε for a series of 
Hg1� xCdxSe alloys, covering a spectral region between 400 cm� 1 

(50 meV) to 50,000 cm� 1 (6.2 eV). Since this spectral region mainly 
covered the activity of band electrons (i.e., fundamental bandgap and 
other higher-order electronic transitions in the Brillouin zone), we were 
able to map out these transitions upon further analyzing ε [9]. 
Expanding on this work, we have now performed reflectivity measure
ments that extend to the far-IR region (~85 cm� 1), which allow us to 
obtain ε from 85 cm� 1to 8000 cm� 1 by combining reflectivity and 
ellipsometry measurements. The effect of two different substrates (GaSb 
or ZnTe/Si) is also able to be accounted for in this data. By mapping ε for 
Hg1� xCdxSe alloys in this broad spectral region, we are able to monitor 
the characteristics of all the main constituents of the material: free 
electrons, phonons, and band electrons. 

2. Material and methods 

The Hg1� xCdxSe samples used for this study were grown by molec
ular beam epitaxy, with three samples grown on GaSb(112) substrates 
and one sample grown on a ZnTe/Si substrate. The thicknesses of 
Hg1� xCdxSe films were around ~3 μm. The details pertaining to the 
growth of these samples can be found in a previous publication [5,9]. 
The alloy concentrations of Hg1� xCdxSe films were measured using ab
sorption experiments, utilizing a model for the energy band gap vs. 
composition developed previously [10]. Alloy concentrations deter
mined by absorption measurements corresponded to those measured 
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through energy-dispersive x-ray spectroscopy [5]. Spectroscopic ellips
ometry measurements were performed using a J. A. Woollam 
IR-ellipsometer (250 � 5, 000 cm� 1, 60 � 700 meV) with a spectral 
resolution of 2 cm� 1. For each Hg1� xCdxSe sample, ellipsometric spectra 
were obtained at three angles of incidence (i.e., 65�, 70�, and 75�). Prior 
to ellipsometric measurements, the backsides of the samples were 
roughened by a sand-blaster to eliminate backside reflections which 
helps to avoid complications in modeling. The reflectivity spectra were 
obtained using a Bruker Vertex 80v Fourier transform spectrometer 
(85 � 8, 000 cm� 1, 6 � 990 meV) with a spectral resolution of 1 cm� 1. 
The spectra were measured at an angle of incidence of 11�, using a gold 
mirror as a reference. 

3. Results and discussion 

The reflectivity spectra obtained for four different alloy samples are 
shown in Fig. 1a. All samples show reststrahlen-like bands produced by 
Hg1� xCdxSe layers. The fine structure (i.e., peaks near ~140 cm� 1 and 
~180 cm� 1) associated with the high-reflectivity band is due to the 
optical phonons. Since near-normal reflectance does not permit the 
incident light to activate longitudinal optical (LO) phonons, the reflec
tivity spectra manifest only the transverse optical (TO) phonons [11]. 

The reflectivity of a gold mirror was used to provide a reference 
spectra and obtain absolute reflectance. Underestimation of the reflec
tivity of the reference will lead to a corresponding overestimation of the 
sample reflectivity (Fig. 1b). In-situ evaporation of a gold film onto the 
sample can be a way to obtain a near-perfect reference, accounting for 
all non-idealities [12]. This technique, while very effective, is also time 
consuming, technically challenging, and requires a very specialized 
experimental setup [13]. To circumvent this issue, we instead use 
ellipsometry data (which does not need a reference sample) to monitor 
the attenuation of the reference reflectivity. Using a model of the 
dielectric function fitted to ellipsometry data, a predicted reflectivity 
curve can be created over the same region (Fig. 1b). An attenuation 
factor can then be derived by comparing the experimental reflectivity to 
the predicted spectra, and the experimental data can be normalized 
appropriately. 

In order to obtain the thickness and the dielectric function, the data 
were fitted using a layered-model [8]. Samples were modeled with three 
layers; a substrate, a Hg1� xCdxSe film and a surface-oxide-layer, where 
the substrates were either GaSb or ZnTe/Si. Prior to measuring the 

Hg1� xCdxSe samples, we used isolated samples of GaSb and ZnTe/Si (i. 
e., without the presence of Hg1� xCdxSe films) to recover their optical 
constants, which were consistent with the literature values [14,15]. The 
optical constants of the substrates were then used in the model of the 
entire structure, varying the dielectric function and the thickness of the 
Hg1� xCdxSe layer. The surface oxide layer was modeled using an 
effective medium approximation [8]. In Fig. 2 we show the results 
generated from our model for both reflectivity and ellipsometry. In 
Fig. 2a, the reflectivity spectral range has been extended beyond the 
reststrahlen-like bands (shown in Fig. 1) to cover the region of interest 
where the Hg1� xCdxSe film absorbs due to transitions from band elec
trons. The Fabry-Perot-like oscillations in both reflectivity and ellips
ometry spectra are due to interference from light reflecting from the 
surface and from the interface between the Hg1� xCdxSe film and the 
substrate. The disappearance of these oscillations near ~2250 cm� 1 

(~275 meV) signals the transition from the transparent to the absorptive 
region of the Hg1� xCdxSe film. The close agreement between the 
experimental and the model data gives confidence in our model. 

The dielectric functions of Hg1� xCdxSe were modeled as follows; [7] 

εðEÞ ¼ ε1 þ iε2 ¼ εDðEÞ þ
X

εpðEÞ þ
X

εCPðEÞ

The first term on the right side of the equation represents a Drude 
oscillator that models the absorption due to free carriers [16]. The 
second term on the right side of the equation represents the absorption 
due to phonons and usually this entails the addition of the contributions 
due to and LO phonons of the system. The final term on the right side of 
the equation represents the contributions from the transitions due to 
band electrons (i.e., critical points). As discussed in our previous pub
lication, the Hg1� xCdxSe layers were modeled as a collection of four 
critical points (i.e., E0, E1, E1 þ Δ1 and E2) defined by parametric os
cillators [9,17]. While the critical point E0 corresponds to the funda
mental band gap, E1, E1 þ Δ1 and E2 critical points are associated with 
higher order electronic transitions in the Brillouin zone. 

While our previous publication focused on the spectral range above 
~400 cm� 1, which was covered exclusively by ellipsometry measure
ments [9], here we focus mainly on the spectral region between 
~85 cm� 1 and ~350 cm� 1, which was covered by reflectivity mea
surements. In this spectral region, it is the free electrons and the phonons 
that are the dominant players influencing ε. While none of the 
Hg1� xCdxSe samples were intentionally doped, all samples were heavily 
n-type due to impurities in the source material and intrinsic Se vacancies 
that are incorporated during growth [5]. Indeed, our models required a 
fairly significant Drude oscillator to achieve good fits for experimental 
data which confirmed that the samples were doped. Additionally, we 

Fig. 1. (a) Measured reflectivity spectra for Hg1� xCdxSe samples. The three 
samples with x ¼ 0.179, x ¼ 0.185, and x ¼ 0.249, were grown on GaSb sub
strates while the sample with x ¼ 0.35 was grown on ZnTe/Si. (b) Reflectivity 
spectra of a typical Hg1� xCdxSe sample (predicted and experimental) used to 
calculate the attenuation due to mirror mis-alignments and in turn, to deduce 
the absolute reflectance of the sample. 

Fig. 2. Reflectivity and ellipsometry spectra for a typical sample 
(Hg0.821Cd0.179Se) along with the spectra obtained from our models. 
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used two Lorentzian oscillators to model the phonons in Hg1� xCdxSe 
films. In Fig. 3, we show the real and the imaginary parts of ε for four 
Hg1� xCdxSe samples with different alloy concentrations. 

Using our oscillator model, we obtained relatively good fits for both 
reflectivity and ellipsometry data across the studied region. The primary 
characteristics of these oscillators are reported in Table 1. The carrier 
concentration was deduced from the characteristics of the Drude oscil
lator [7]. It is known that for films grown on GaSb substrates, Hall 
measurements produce ambiguous results for carrier concentration 
because of the doping associated with the GaSb substrate [5]. For this 
reason, an optical technique � such as the one proposed in this work � is 
essential to measure the carrier concentration for films on GaSb sub
strates. In Fig. 4, we plot the contribution of each oscillator to ε2 for a 
typical sample (Hg0.751Cd0.249Se) studied in this work. The figure shows 
that the Drude oscillator, representing the free carriers, is an oscillator 
with ω ~ 0 because the restoring force acting on free carriers is essen
tially zero. It is the free carriers that dominate the absorption at the 
lower spectral region, and we observe that the oscillator strength in
creases with the carrier concentration. 

Now we turn our attention on the contribution of phonons to ε. As 
shown in Fig. 4, our models demand the inclusion of two phonon modes, 
each represented by a Lorentzian oscillator. Similar to Hg1� xCdxTe al
loys, where extensive data exist [18,19], Hg1� xCdxSe alloys exhibit 
two-mode behavior, manifesting HgSe-like and CdSe-like TO and LO 
modes measured using Raman experiments [20,21]. While the Raman 
results identify four phonon modes in Hg1� xCdxSe alloys, in order to 
model the reflectivity and ellipsometry data our models required only 
two oscillators: HgSe-like TO and CdSe-like TO. This is likely due to the 
weak activation of the longitudinal-optical (LO) by near-normal reflec
tance. The general trend of the position of the TO mode as a function of 
Cd concentration follows what has been observed by Raman spectros
copy: the HgSe-like TO mode blue-shifts and the CdTe-like TO mode 
red-shifts with increasing Cd concentration (see Table 1). Likewise, the 
positions of the TO phonons are appropriately blue shifted compared to 
Hg1� xCdxTe alloys, on account of the lighter mass of Se compared to Te 
[18]. 

The inability to activate LO modes also contributes to the inability of 
our model to distinguish coupled plasmon-LO modes from the effects of 
increased carrier concentration. Note that the plasmon frequency de
pends on carrier concentration via: 

ωp ¼

ffiffiffiffiffiffiffiffiffiffiffi

Ne2

m*ϵ∞

s

where N is the carrier concentration, e is the electron charge, m* is the 

carrier’s effective mass, and ε∞ is the real part of the dielectric function 
as energy approaches infinity. While the plasmon-LO resonances can 
contribute significantly to reflectivity, it can be difficult to distinguish 
the broadening of a coupled plasmon mode from the overall increase in 
reflectivity, caused by increased carrier concentration [22]. Com
pounding the issue is the difficulty in accurately obtaining the plasmon 
frequency of samples grown on GaSb substrates because, as mentioned 
earlier, Hall measurements fail to provide accurate values for carrier 
concentration. Thus, values of carrier concentration for those samples 
must be obtained from fitting reflectivity spectra alone, a process that 
involves some uncertainty. This is reflected in the error bars seen in 
Table 1, which were calculated by evaluating ωp for the lower and upper 
bounds of the carrier concentrations and effective masses previously 
calculated [9]. 

Unlike Hg1� xCdxSe films grown on GaSb substrates, the plasmon 
frequency of films grown on the ZnTe/Si substrates can be determined 
fairly precisely because Hall measurements provide the carrier concen
tration of the films unambiguously. However, the restrahlen band of 
ZnTe (~180 cm� 1) [23] tends to overshadow the HgSe-like and 
CdTe-like TO modes, which prevents our models from recovering those 
modes precisely. This is probably why the HgSe-like TO mode is slightly 
underestimated and the CdTe-like TO mode is slightly overestimated in 
our model (see Table 1). In the case of GaSb, because the restrahlen band 
occurs slightly higher (~230 cm� 1) [24] than the Hg1� xCdxSe phonon 
modes, our models are better able to evaluate HgSe-like and CdTe-like 
TO modes. 

Finally, we explored the possibility of accounting for a conducting 
surface layer that may be suggestive of topological insulator properties 
in Hg1� xCdxSe. Unfortunately the high doping levels in the bulk tend to 
produce ambiguous results for the surface layer [13]. In order to 

Fig. 3. (a) Real and (b) imaginary parts of the dielectric function of four 
different alloys of Hg1� xCdxSe. 

Table 1 
The carrier concentration, plasmon frequency, HgSe-like TO and CdSe-like TO 
phonon modes of Hg1� xCdxSe alloys. Note that the three samples with x ¼ 0.179, 
x ¼ 0.185, and x ¼ 0.249 were grown on GaSb substrates while the sample with 
x ¼ 0.35 was grown on a ZnTe/Si substrate.  

Hg1� xCdxSe Carrier concentration  
(� 1017cm� 3) 

ωp 

(cm� 1) 
HgSe-TO  
(cm� 1) 

CdSe-TO  
(cm� 1) 

0.179 3.5 � 1.5a 270 � 100 138.9 180.1 
0.185 1.7 � 1a 195 � 70 142.4 179.6 
0.249 2.7 � 1.2a 230 � 80 146.6 178.9 
0.350 7.95b 390 � 20 144 183  

a As previously obtained from ellipsometry experiments [9]. 
b Value measured by Hall effect. 

Fig. 4. Individual oscillator contributions to ε2 for a typical Hg1� xCdxSe sample 
studied in this work (Hg0.751Cd0.249Se). 
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evaluate the presence of a conducting surface layer, it will be imperative 
to grow insulating Hg1� xCdxSe films, a task which will be pursued in 
future studies. 

4. Conclusion 

In summary, the dielectric functions of Hg1� xCdxSe films were ob
tained by combining reflectivity and ellipsometry measurements. By 
analyzing the combined-spectra, in regions where both techniques 
provide data, the absolute reflectance is obtained from reflectivity 
spectra. The oscillatory model developed to represent ε produced in
formation on free carriers, phonons, and band electrons. We observed 
that the Drude oscillator strength increased as a function of the carrier 
concentration. Additionally, we found that as the Cd concentration 
increased in Hg1� xCdxSe, the HgSe-like TO mode blue-shifted while the 
CdTe-like TO mode red-shifted. 
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