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Optical and dielectric dispersion in the Ge/ln,Se;/Ga,S; interfaces
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In this article, the optical and dielectric performance of the Ge, Ge/In,Se; and
Ge/ln,Ses/Ga,S; interfaces are reported and discussed. The growth nature of the physically
vacuum deposited thin film layers is investigated by means of X-ray diffraction and
energy dispersive X-ray spectroscopy. Each 200 nm thick layer exhibited an amorphous
type of crystallization with appropriate atomic stoichiometry. Optically, the
Ge/In,Ses/Ga,S; system is found to exhibit a conduction and a valence band offsets of
values of 0.53 and 0.47 eV at the Ge/ln,Se; and of values of 0.30 and 0.70 eV at the
In,Sea/Ga,S; interfaces, respectively. The values are high enough to actualize quantum
confinements in the heterojunction device. The formed double and three layers displayed
higher light absorbability than single layers. On the other hand, the dielectric dispersion
analysis has shown a wide tunability in the dielectric property in visible light and near IR
regions. The dielectric responses at the Ge/In,Se; and at the Ge/In,Ses/Ga,S; interfaces are
linear below 2.10 eV and 1.53 eV, respectively. The modeling of the dielectric function
revealed the optical conductivity parameters presented by the drift mobility, scattering
time, plasmon frequency and free electron density. It was observed that the quantum
condiment at the Ge/In,Se; interfaces improved both of the drift mobility and made the
scattering time longer at femtosecond levels. The establishing of the second quantum
confinement at the second interface In,Ses/Ga,S; raised the drift mobility more and
extended the scattering time further. With the estimated plasmon frequencies, the
formation of the Ge/ln,Ses/Ga,S; interface appears to be promising for use in
optoelectronic device production especially in photodetection issues.
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1. Introduction

Heterojunction devices that are fabricated onto germanium substrate are of interest as they
show wide range of applications. As for example, Ge/Si field effect tunneling transistors which
shows good performance as MOS type device finds switching application were also found suitable
for biosensing issues [1]. The Ge/Si heterojunction devices are reported to be ideal for limiting
power consumption in MOSFETS. It is regarded as ultra-low power transistors which can offer
very steep inverse subthreshold swing slopes to keep the leakage current at low levels [2]. In
another work, the heterojunctions made of Ge/Si are found ideal substrates to grow high mobility
graphene layers [3]. On the other hand, amorphous InSe which exhibits second-order nonlinear
optical properties presented by the strong and photostable second-harmonic generation [4] are also
promising for optoelectronic application.

In some of recent works [5, 6], it was shown that, the sandwiching of Ge film between two

films of InSe [5] increased the drift mobility values of InSe from 10 cm?/Vs to ~42 cm?/Vs [5].
We have also considered the design and characterization of the Ge/Ga,S; interface as remarkable
plasmon interface being attractive heterojunction for use as microwave cavities and as wireless
terahertz receivers. This system exhibited electron-plasmon coupling frequency in the range of
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1.33-2.30 GHz with drift mobility of charge carriers of 15.61 cm?\V/s [6]. These two recent works
motivated us to bring these three materials (Ge, InSe and Ga,S3) together as stacked heterojunction
layers and study their properties as optical and dielectric interfaces. Particularly, here in this work,
we will report and discuss the optical properties of the Ge/ln,Ses/Ga,S; interfaces as plasmon
heterojunction. The optical energy band gaps, the conduction and valence band offsets as well as
the real and imaginary parts of the dielectric functions will be studied and modeled to investigate
the necessary optical conduction parameters that dominate the device for visible light
communications as optoelectronic receivers.

2. Experimental details

The Ge, InSe and Ga,S; thin films are prepared from the source materials germanium
(99.999%) metal basis, a —In,Se; (99.99) crystal lumps and Ga,S; (99.99%) powders,
respectively. The Ge thin film which was grown onto glass substrates and was monitored by an in
situ thickness monitor was of 200 nm thicknesses. The same films are used as substrate to deposit
InSe films of thickness of 200 nm. The resulting Ge/In,Se; double layer was coated with a 200 nm
Ga,S; film. The geometrical design of the three layers are shown in the inset of Fig. 1 (a). The X-
ray diffraction technique using Minflex 600 was used to investigate the crystalline nature of the
three layers. The compositional analysis of the films were carried out with the help of energy
dispersive X-ray analyzer. The optical transmittance and reflectance spectra at normal incidence
were recorded with the help of an Evolution 300-spectrophotometer.

3. Results and discussion

In order to reveal information about the crystalline nature of the stacked layers of the
Ge/In,Se;/Ga,S; heterojunction device, the X-ray diffraction (XRD) technique is employed.
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Fig. 1. (@) The X-ray diffraction patterns for the Ge, Ge/In,Se; and Ge/In,Ses/Ga,S; interfaces.

The collected data of the XRD are shown in Fig. 1 (a). As seen from the figure, no sharp
peaks can be detected for any of the layers indicating the amorphous nature of crystallization. The
lack of the structural information about the nature of the materials composing the heterojunction
layers, make prediction of the material formation ambiguous, for this reason the energy dispersion
X-ray analysis technique was employed (EDS). The results of the EDS are also displayed in Fig. 1
(b) for the Ge/ln,Se; and in Fig.1 (c) for the In,Ses/Ga,S; interfaces. The spectra which were
recorded from the top of the Ge/In,Se; double layer contained the O, C and Si as elements which
do exist in the glass substrate, followed by the Ge as pure material and the indium selenide with
atomic contents of Se and In of 60.71% and 39.29%, respectively. The preferred stoichiometric
composition phase of InSe is In,Se; when the InSe is grown onto Ge substrate. On the other hand,
the data which are illustrated in Fig. 1 (c) suggest that the preferred stoichiometric composition of
the gallium sulfide to be Ga,S; when deposited onto indium monoselenide. The quantitative data
that are collected from the EDS technique suggest the physical nature of the growth of the
material. The peak of oxygen which appeared in the InSe/Ga,S; spectra is probably due to the
glass substrate as the grown layer of InSe and InSe/Ga,S; was left to cool for a long period of time
in vacuum media and as it was not subjected to air while it was hot.

The optical properties of the three layers are investigated at room temperature in the
incident light wavelength range of 300-1100 nm. Fig. 2 (a) show the transmission coefficient
spectra (T%) for the Ge, Ge/ln,Se; and Ge/In,Ses/Ga,S;, respectively. It is clear from the figure
that the transmission coefficient values of Ge which was continuously increasing with increasing
wavelength (1) tend to remain constant for all A > 650 nm upon deposition of In,Se; onto Ge.
Similarly, the evaporation of the Ga,S; onto the surface of InSe increased the transmission
coefficient. The T% values of the Ge/In,Se; increased from 33% to 59% at 880 nm where the
transmission coefficient of the Ge/In,Se;/Ga,S; exhibited the absolute maxima. The increase in the
transmission coefficient upon participation of Ga,S; may be assigned to the changes in the band
structure of the heterojunction which lead to saturated absorption and nonlinear phase shift [7].
The presence of antireflection surfaces (Ga,Ss;) is also believed to be a main reason of the increase
in the transmission coefficient values [8]. On the other hand, the reflection coefficient spectra
(R%) of the Ge, Ge/ln,Se; and Ge/ln,Ses/Ga,S; which appears in Fig. 2 (b) display higher
reflectivity for Ge than that of Ge/In,Se; for all A < 950 nm . The Ge/In,Se; interfaces exhibits an
absolute minima at 580 nm. The deposition of the 200 nm thick Ga,S; onto the surface of
Ge/ln,Se; caused the appearance of two resonance peaks at 360 and 610 nm. For all A > 670 nm
the R% values of Ge/In,Ses/Ga,S; are much lower than that of the Ge/In,Se;. The presence of the
absolute minima in the spectra of the Ge/In,Se; interfaces and the appearance of the two maxima
in the reflection coefficient spectra of Ge/In,Ses/Ga,S; should be assigned to the interference
between the incident light waves with those reflected from the bottom of the film at the glass, Ge
and In,Se; surfaces. The decrease in the values of the reflection coefficient via coating of 1n,Se;
onto Ge and coating of Ga,S; onto the surface of In,Se; should be attributed to the behavior of
these layers as antireflection surfaces [8].

Fig. 2 (c) show the absorbance spectra (A% = 100 —T% — R%) for the studied
interfaces. It is clear from the figure, that the absorbance significantly increased by the coating of
Indium selenide onto the surface of Ge. The absorbance spectra for the Ge/In,Se; and
Ge/ln,Ses/Ga,S; exhibit a sharp decay A% values for all A<700 nm. For larger A values the
decrease in the absorbance percentage with increasing incident light wavelength is smoother than
the other region. In addition, the absorbance spectra of the Ge/In,Ses/Ga,S; exhibit a peak at 440
nm. The peak refers to a photon energy of 2.82 eV. This value is close to the energy band gap of
Ga,S;3 [6]. The enhancements in the absorbability of Ge and Ge/In,Se; are better screened in Fig. 3
(@) which shows the absorption ratio spectra R; = A,/Age (x refer to Ge/ln,Se; or
Ge/ln,Ses/Ga,S3). As the figure shows, the absorption ratio in the Ge/In,Ses is always greater than
one. It exhibits two peaks at 2.62 and 1.65 eV. The absorbability of the Ge/In,Se; interface reaches
~ 1.71 times in the IR region. The coating of Ga,S; enhanced the absorption ratio more. The
R; spectra for the Ge/In,Ses/Ga,S; interface reach a maxima of 1.82 at 2.22 eV. The width of the
absorption peak at half maximum is 0.91 eV which is narrower than that of Ge/In,Se; (1.1 eV).
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For both interfaces, the region of absorption is wide enough to nominate the interface for
optoelectronic applications.

In order to obtain information about the energy band gap, the Tauc equation, (aE)"* — E
(a = A/d) for direct (n = 2) and allowed electronic transitions are plotted and displayed in Fig. 3
(b). As the inset of the figure shows, the germanium substrate exhibited indirect (n = 1/2) types
of electronic transitions with an energy band gap of 0.60 eVV. The coating of the Ge with Indium
selenide reveal a direct allowed transitions energy band gap value of 1.60 eV. On the other hand,
as clearly appears in Fig. 3 (b), the deposition of the Ga,S; films onto the Ge/ln,Se; surface
displayed two energy band gap values of 2.6 and 1.9 eV in the high (E > 3.3 eV) and low
(2.0 < E < 3.3 eV) absorption regions, respectively. Since the formed Indium selenide on top of
Ge refers to the In,Ses phase, the experimentally determined energy band gap for this phase when
deposited onto glass substrates is 1.85 eV (y —In,Se;). The value is consistent with literature data
[5, 9]. The lowering of the In,Se; energy band gap from 1.85 to 1.60 eV upon replacement of glass
by germanium may be due to the band bending mechanism in addition to the electron-hole
recombination mechanisms that occurred at the Ge/ln,Se; interface. The electron affinity of
p — type Ge is 4.13 eV [6] and that of n — type y —In,Se; is 3.60 eV [10]. The 3.60 eV value is
very different from those we previously reported for Indium selenide monophase as 4.55 eV [5]
during the discussion of the Ge nanosandwiching between two layers of Indium selenide. In
accordance with the published data [5, 6, 10] the conduction band offset (AEC=|q XGe — Xin,ses |)
at the Ge/In,Se; interface is 0.53 eV. With the energy band gaps differences being AE,; =
|Eg—Ge = Eg—in,se,| 1.25 €V, the conduction band offset (AE, = AE; — AE,) turn out to be 0.72
eV. When the energy band gap that was determined from the E — axis crossings of Fig. 3 (b) is
used, the values of AE;, AE. and AE,, are found to be 1.0, 0.53 and 0.47 eV, respectively. The
valence and conduction band offsets support the assignment of the band bending as a reason for
the shift in the energy band gap of y — In,Se; when deposited onto Ge film instead of glass. On
the other hand, at the In,Se3/Ga,S; interface, with the electron affinity and energy band gap of
Ga,S; being 3.30 and 2.96 eV, respectively, the energy band gaps difference, the conduction and
valence band offsets are expected to exhibit values of 1.11, 0.30 and 0.81 eV, respectively.
However, using the experimentally determined energy band gap values (E;_ge/in,se, =
1.60 eV and Ey_jn,se,/Ga,s, = 2-60 eV (as band gap of Ga,S; deposited onto In,Se; of band
gap of 1.60 eV (lowered by interfacing effects)) which are determined from the E — axis
crossings of Fig. 3 (b), the values of AE,, AE;and AE, become 1.0 eV, 0.30 and 0.70 eV,
respectively. Both of the interfaces Ge/In,Se; and In,Ses/Ga,S; exhibit a sufficiently large valence
band offsets that nominate the Ge/ In,Ses/Ga,S; system for use in optoelectronic technology. The
value of the offset being 0.70 eV suits the devices which are famous in realizing quantum
confinements that are necessary to separate the generated electron- hole pairs through
photoexcitation effects. This effect usually enhances the photocurrent and eternal quantum
efficiency as well [11, 12].

Fig. 4 (a) and (b) illustrate the real (¢,-) and imaginary parts (e;,,) of the dielectric constant
spectra. The dielectric constants values are calculated with the help of the previously reported
methods [6] using the data of Fig. 2. As can be seen from Fig. 4 (a), the real part of the dielectric
constant for the Ge exhibit the highest values for all incident light with energy larger than 1.30 eV.
The ¢, values for Ge increases with decreasing incident photon energy. It exhibits two peaks at
1.75 and 1.30 eV. The appearance of the dielectric peak at 1.75 eV was previously observed for
nanoparticles of germanium being embedded in the matrix of Al,Os [13]. This peak was assigned
to the variation in average particle size in combination with the matrix induced effect. It was
also observed in the photoluminescence spectra of diamonds synthesized in the Mg-Ge-C system.
The peaks are assigned to the germanium but the origin of this peak was stated as unknown [14].
The peak which is observed at 1.30 eV is most probably assigned to the indirect transitions
between the Si which exists in the substrate and the amorphous Ge films [15] (Fig. 1 (b)). For
E < 2.10 eV, the &, spectra of the Ge/ln,Se; show a continuously increasing trend of variation
with decreasing incident photon energy, indicating a linear (e.(E) = —33.96E + 70.09)
dependence of the dielectric constant on energy. The increase in the dielectric constant values
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upon the Ge/ln,Se; formation should be assigned to the electron-hole pairing in the depletion
region of the pn interface. The increase in the values of &, with decreasing E is probability
assigned to the ability of the oscillating atoms to rotate with the incident electric field. As the
frequency decreases, a relativity sufficient time of molecular rotations become available [16]. On
the other hand, the dielectric spectra of the real part for the Ge/In,Ses/Ga,S; interfaces, show a
decrease in the magnitude of the dielectric constant which may due to the availability of freer
electrons [16] that is associated with the presence of n — type Ga,S; . In addition, the spectra
contained two resonance peaks being centered at 3.43 and 2.07 eV. These two peaks appeared as
a result of the participation of the Ga,S; into the structure of the heterojunction device. While the
3.43 eV energy value corresponds to the direct transitions in the energy band gap of the « —phase
of Ga,S;3 [17], the peak centered at 2.07 eV is probably assigned to the transition between the Ga
and Se atoms at the In,Ses/Ga,S; interface.  The latter assignment arise from the fact that the
direct electronic transitions in GaSe between the I;, — I3, points of the first Brillouin zone which
take place at 2.12 eV [17].
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Fig. 2. (a) The transmission coefficient, (b) the reflection coefficient and (c) the absorbance spectra for the
Ge, Ge/ln,Se; and Ge/ln,Ses/Ga,S; interfaces being recorded at room temperature.

The imaginary parts of the dielectric constant for the Ge, Ge/In,Se; and Ge/In,Ses/Ga,S;
layers are shown in Fig. 4 (b). As the &;,,, value at particular frequency is directly proportion to the
optical conductivity (c(w) = wey,, /4m), analyzing the imaginary part reveals information about
the optical conduction parameters. The displayed ¢;,, spectra indicate that the highest optical
conduction refers to the Ge film. For Ge, the imaginary part increases with increasing incident
photon energy reaching a maxima at 1.90 eV, then it decreases with increasing incident photon
energy. Since the optical conductivity is directly proportional to the free charge carrier density (n)
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and drift mobility (u). The increasing trend of &;,, means freer charge carriers or higher drift
mobility. The &;,, spectra for the Ge/In,Se; interface exhibit lower optical conductivity compared
to that of Ge. This could have happened as a result of the formation of the depletion region
between the p-Ge and n-In,Ses. The interface between two layers is usually associated with series
resistance that decreases the conductivity. In addition to that the optical interference between the
two layers lead to the appearance of the local (2.76 eV) and absolute maxima (1.46 eV) in the
Ge/ln,Se; heterojunction. For the same reasons, the optical spectra of the Ge/ln,Ses/Ga,S;
interface show lower values with two local (1.21 and 2.09 eV) and absolute maxima (3.27 eV).
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Fig. 3. (a) the absorbability spectra and (b) the Tauc equation plots for the Ge/In,Ses/Ga,S; interfaces.

The modeling of the imaginary part of the dielectric spectra in accordance with the Drude-
Lorentz theory which was early described in our previous works [5, 6] using the equation,

2
¢ Vo

with, 7, Wpe = \/472ne2 /m* and W, being the free charge carrier relaxation time, the charge

carrier bounded plasma frequency and the resonant frequency, It was possible to investigate the
optical conduction parameters which are shown in Table 1. The effective mass (m =) values for
Ge, In,Se; and Ga,S; were taken as 0.374m,,[6,17]0.240m, [6,17] and 0.40m, [5, 17],
respectively. The good consistency between the experimentally found data and theoretically
estimated (dark solid plotting’s in Fig. 4 (b)) are obtained assuming four linear oscillators that are

subjected to electron frictional damping with coefficients of ;1 . In accordance with the
tabulated data because the number of free charge carriers (n) for each layer increase with
increasing number of oscillators (i = 1 ... k), the most important oscillator is the first one. The
amorphous layer of germanium exhibits the shortest relaxation time, the highest electron —plasmon
resonant frequency, the highest free carrier density, the least drift mobility and the highest plasmon
frequency. Interfacing the Ge with In,Se; decreased the free carrier density by ~nine times,
increased the drift mobility from 5.02 to 18.5 cm?Vs and shifts the plasmon frequency from 3.33
to 1.93 GHz. The main reason for these changes at the interface should be assigned to the
formation of the depletion layer at the interface which leads to large amount of electron-hole
recombination during the formation process in spite of the large valence band offsets as we
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observed in this work. It is also possible to think that the large valence band offset which forces
guantum confinement make the freedom of the charge carriers limited and as a result more space
become available for the freely set electrons causing lesser collisions and thus making the
scattering time longer. On the other hand, as Table lalso shows, the coating of the Ge/In,Se; with
Ga,S; significantly increased the scattering time, slightly decreased the resonant frequency (w,,)
and decreased the free carrier density by additional 7.7 times compared to Ge/In,Se; and by 67.7
times compared to that of Ge. It also increased the drift mobility from 18.5 to 57.1 cm%/Vs. The
plasmon frequency decreases to 0.77 GHz. We believe that the presence of the second valence
band offset between the In,Se;/Ga,S; is the main reason for these remarkable enhancements in the
optical conduction parameters. The quantum confinement at this interface reduces the free carriers
more leading to a longer scattering times and better drift velocity of charge carriers in the response
to the incident oscillatory electric field.
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Fig. 4. (a) The real and (b) the imaginary parts of the dielectric spectra for the Ge, Ge/In,Se; and
Ge/In,Ses/Ga,S; interfaces. The sold dark lines of (b) indicate the fittings obtained by Eqgn. 1.

Compared to our previous works, the sandwiching of the In,Se; between Ge and Ga,S;
improved the mobility from 15.6 to 57.1 cm?/Vs it also shifts the plasmon frequency from 2.30 to
0.77 GHz [5]. On the other hand, the sandwiching of the Ge between two Indium selenide layers
was able to increase the drift mobility to 42.2 cm?/Vs [6]. The optimization of high drift mobility
while maintaining the nanostructuring and quantum confinement effects are reported to be an asset
in optoelectronic devices that guarantee smart operation modes [18] when employed in materials
to reveal photodetectors, solar cells and thermoelectric devices. For our stacked layers (each of
200 nm thickness), the realizing of the high mobility and optimizing two quantum confinements at
the two interfaces make the usability of the Ge/ln,Ses/Ga,S; device favorable for carrying such
issues.
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Table 1. The computed optical conduction parameters for the Ge, Ge/In,Se; and Ge/In,Ses/Ga,S;
heterojunctions.

Ge Ge/ln,Se; Ge/ln,Ses/ GayS;

7;(fs) 0.80 0.63 0.35 0.32 1.00 1.00 0.75 0.24 25 0.60 0.50 0.37

Wei( x10"rad/s) 2.35 3.10 4.30 6.00 2.08 250 4.00 5.80 1.90 3.30 5.00 6.50
n (x 107 cm?) 88.0 130 400 490 10.0 10.0 18.0 150.0 1.30 21.0 25,5 32.0
[(cm? V) 5.02 3.95 220 2.01 | 185 185 139 4.44 57.1 13.7 11.4 8.45
Wi (GHZ) 3.33 4.05 7.10 7.86 1.93 193 259 7.47 0.77 3.10 3.42 3.83

4. Conclusions

In this work we have shown the ability of forming a heterojunction with two valence and
conduction band offsets that support the increase in the light absorbability through quantum
confinement of charge carriers. The heterojunction which is formed from In,Se;/Ga,S; deposited
onto Ge substrate exhibit energy band gap values that nominate it for electromagnetic waves
sensing in the spectral range of ~1.0-3.0 eV. In addition, the interfacing of the Ge with In,Se; and
with Ga,S; is found to beneficial for the engineering of the dielectric properties and the optical
conductivity parameters.

The modeling of the imaginary part of the dielectric constants spectra have shown that
the drift mobility of the Ge/In,Se; can be remarkably increased via participation of the Ga,S;
layers. The identified parameters presented by the plasmon frequency, free carrier density,
scattering time and charge carrier resonant frequency values suggest the ability of using the
Ge/ln,Ses/Ga,S; heterojunctions as plasmonic devices with conduction parameters of the device
being suitable for visible light communications in which our heterojunction can be employed as
optical receivers.
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