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Abstract

Electron beam epitaxy (EBE) is a highly controlled physical vapor deposition technique used to grow high-
quality copper-indium-sulfur (Cu-In-S) ternary thin films on silicon substrates for heterojunction solar cells. This
method employs a high-energy electron beam to evaporate pure Cu, In, and S sources in a high-vacuum
environment, enabling precise stoichiometric control and epitaxial growth. The heated silicon substrate (300—
500°C) promotes crystallinity and adhesion, while independent evaporation rate monitoring ensures optimal
film composition. In this work, CulnS, thin films were deposited on silicon substrates by electron beam epitaxy
(EBE) to fabricate anisotropic heterojunctions for solar cells technology. The structural, roughness and
spectroscopic characteristics of these heterojunctions were determined, studied and analyzed as functions of
the partial fractions of copper (Cu) and indium (In) in the ternary compound samples.
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1. Introduction

CulnS2 (CIS) is a promising ternary semiconductor for thin-film solar cells due to its optimal bandgap
(~1.5 eV), high absorption coefficient, and good stability. As a cadmium-free alternative to CIGS, CIS-
based photovoltaic devices offer cost-effective, eco-friendly solar energy conversion, with efficiencies
exceeding 11%. Research focuses on optimizing deposition techniques and interface engineering to
enhance performance [1-4]. Electron beam epitaxy (EBE) is a sophisticated physical vapor deposition
(PVD) technigue used to grow high-quality ternary compound thin films, such as copper indium sulfide
(Cu-In-S), on silicon substrates for heterojunction solar cells [5,6]. This method enables precise control
over film composition, crystallinity, and interface quality, which are critical for optoelectronic applications
[7,8]. Electron beam epitaxy (EBE) involves the evaporation of source materials (Cu, In, and S) using a
focused high-energy electron beam in a high-vacuum chamber (~107° to 10~8 Torr) [9,10]. The electron
beam heats the elemental targets to their evaporation points, generating a vapor flux that condenses
epitaxially on the heated silicon substrate [11,12]. The process ensures stoichiometric control and
minimizes impurities. High-purity Cu, In, and S are placed in separate crucibles [13,14]. Their
evaporation rates are independently controlled using quartz crystal monitors [15]. The silicon substrate
is heated (typically 300-500°C) to promote epitaxial growth and enhance adhesion [16]. Cu, In, and S
can be co-evaporated or deposited sequentially, followed by annealing to form a homogeneous CulnS,
(CIS) or related ternary phase [17-19]. Electron beam epitaxy (EBE) allows fine-tuning of the Cu/In ratio,
which governs the bandgap (~1.5 eV for CIS, ideal for solar absorption) [20]. Epitaxial growth ensures
low defect density, improving carrier mobility in the heterojunction [21,22]. A clean, abrupt interface
between Cu-In-S and silicon reduces recombination losses [23]. There are some challenges facing
electron beam epitaxy (EBE). Electron beam epitaxy (EBE) requires high vacuum and precise control,
increasing equipment costs. Sulfur's high volatility may require excess sulfur or reactive sulfurization
post-deposition [24-26]. However, electron beam epitaxy (EBE) is a powerful method for depositing
high-efficiency Cu-In-S/Si heterojunctions, offering superior compositional and structural control [27].
With optimization, this approach can enhance thin-film solar cell performance by improving light
absorption and charge transport [28,29].
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In this work, CulnS thin films were deposited on silicon substrates by electron beam epitaxy (EBE)
to fabricate anisotropic heterojunctions for solar cells technology. The structural, roughness and
spectroscopic characteristics of these heterojunctions were determined as functions of the partial
fractions of copper (Cu) and indium (In) in the ternary compound samples.

2. Experimental Details

The p-type Si (100) substrates were sequentially cleaned in acetone, isopropanol, and deionized
water (DI) via ultrasonic agitation for 10 minutes each. The substrates were dipped in dilute hydrofluoric
acid (HF, 5%) for 30 seconds to remove SiO,, followed by DI rinsing and nitrogen drying. To ensure
surface cleanliness, the wafers were heated in the deposition chamber at 400°C for 30 minutes under
high vacuum (1077 Torr). A high-vacuum electron beam evaporation system (base pressure: 5x1078
Torr) equipped with multiple crucibles was used. High-purity Cu (99.9%), In (99.9%), and S (99.9%)
pellets were loaded into separate graphite crucibles. The Si substrates were mounted on a rotating
holder (10 rpm) to ensure uniform deposition, with temperature maintained at 350°C. Prior to deposition,
individual evaporation rates were calibrated using a quartz crystal monitor (QCM). Different
compositions of CulnS were deposited by adjusting the e-beam power to vary the Cu/In flux ratio (e.qg.,
Cu-rich: Cu/In = 1.2, stoichiometric: Cu/ln = 1.0, In-rich: Cu/In = 0.8). Due to sulfur’s high volatility, an
excess flux (S/(Cu+in) = 1.5) was maintained, followed by post-deposition sulfurization at 400°C for 30
min in an Ar + H,S (5%) atmosphere.

Phase identification was performed using a Bruker D8 Advance diffractometer (Cu-Ka, A = 1.5406A)
to confirm the formation of CulnS, (chalcopyrite structure). Atomic force microscopy (AFM) was
performed on the prepared thin films using a nanosurf AFM instrument. Au electrodes (100 nm) were e-
beam evaporated on CulnS, while Al was deposited on the Si backside. The electrical and optoelectronic
characterization included Hall effect measurements to determine carrier concentration, mobility, and
conductivity were determined using a van der Pauw configuration. The current-voltage (I-V) analysis
included dark and illuminated I-V curves were recorded using a Keithley 2400 source meter under
AML1.5G solar simulation (100 mW/cm?2). The photoluminescence (PL) spectroscopy was performed to
analyze bandgap and defect states using a He-Cd laser (325 nm excitation). The UV-Vis-NIR
spectroscopy was performed by recording the optical absorption spectra (300—1200 nm) to determine
the bandgap via Tauc plot analysis.
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Figure (1) The EBE system used in this work

3. Results and Discussion

The XRD patterns of the CulnS: thin films prepared in this work shown in Fig. (2) were utilized in
order to analyze the crystalline structure of the prepared samples. The XRD patterns reveal the
structural characteristics of CulnS, thin films deposited with varying compositions (Cu-rich,
stoichiometric, and In-rich) alongside a reference CuS phase. The diffraction peaks are analyzed to
determine crystallinity, phase purity, and the influence of Cu/In ratio on the film structure. The dominant
peaks in all samples correspond to the “chalcopyrite structure of CulnS,” (JCPDS 27-0159), with
characteristic reflections at 20 = 28.42° (112), 32.54° (004), 48.53° (204), and 54.91° (312). These peaks
confirm the formation of the tetragonal CulnS, phase, which is critical for optoelectronic applications
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due to its direct bandgap (~1.81 eV) [30,31]. Additional peak at 26 = 22.58° suggest secondary phases
like Cu,S (JCPDS 84-0206). This is expected due to excess Cu occupying interstitial sites or forming
binary sulfides. The (112) peak intensity is higher, indicating improved crystallinity, but Cu,S phases
may introduce recombination centers. The stoichiometric sample (CulnS;) exhibits sharp, well-defined
peaks with no secondary phases, confirming phase purity [32]. The (112) peak’s high intensity and
narrow FWHM (full width at half maximum) suggest large grain sizes and low defect density. For the In-
rich sample (Cusoln5,S;), a minor peak near 26 = 49.52° corresponds to In,S; (JCPDS 32-0456), arising
from excess In [33]. This phase may create n-type conductivity but could degrade junction quality in
solar cells. The pattern shows peaks at 26 = 23.36° (102), and 31.64° (110) (JCPDS 06-0464), distinct
from CulnsS,. Its absence in other samples confirms controlled deposition. The (112) peak is the most
intense in all CulnS, samples, indicating a preferred growth orientation along this plane, typical for
chalcopyrite films. The Cu-rich films show higher (112) intensity due to enhanced adatom mobility under
Cu-excess conditions, promoting grain growth [34,35]. The In-rich films exhibit broader peaks,
suggesting smaller grain sizes or microstrain from In incorporation. In the Cu-rich films, excess Cu may
passivate sulfur vacancies but introduce Cu-related defects (e.g., Culn antisites), affecting carrier
concentration [36]. For the stoichiometric films, optimal crystallinity and minimal defects, ideal for
photovoltaic efficiency. In the In-rich films, broader peaks imply disorder or strain, potentially reducing
charge carrier mobility [37]. Stoichiometric CulnS, is optimal for solar cells due to high phase purity and
crystallinity, ensuring efficient charge transport. The Cu-rich films may improve p-type conductivity but
require post-deposition treatments (e.g., KCN etching) to remove Cu,S. The In-rich films could form n-
type layers, useful for homojunctions, but interfacial defects must be minimized [38]. The XRD analysis
demonstrates that the Cu/ln ratio significantly impacts the structural quality of CulnS, films.
Stoichiometric deposition yields the most phase-pure, crystalline films, while off-stoichiometric
compositions introduce secondary phases that may require mitigation for solar cell applications. Future
work should correlate these structural findings with electrical measurements (e.g., Hall effect, J-V) to
optimize device performance [39].
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Fig. (2) XRD patterns of the CulnS; thin film samples prepared in this work

The crystallite size (D) was determined from the Scherrer’s equation as [40]

K2
= B cosB (1)

where K represents a shaping factor equals to 0.9, A represents the wavelength of the x-ray beam (nm),

B is the full-width at half maximum intensity of diffracted peak (FWHM), and 6 represents Bragg’s

diffraction angle

Table (1) Summary of structural parameters of the CulnS, thin film samples according to the XRD data

Cu (%) | 28 (deg.) | FWHM (deg.) | dwa (&) | D (nm) | (hkl)
100 22.854 0.401 3.067 16 | (1)
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28.422 0.282 3.447 11 (112)
32.543 0.611 3.015 17 (004)
45.353 0.176 2.557 29 (204)
54.915 0.582 3.309 29 (312)
90 22.853 0.982 2.543 20 (111)
28.425 0.609 3.028 13 (112)
32.548 0.319 2.667 17 (004)
45.354 0.986 3414 30 (204)
54.917 0.292 2.880 27 (312)
70 22.861 0.332 3.330 18 (111)
28.427 0.407 2.968 15 (112)
32.548 0.419 3.155 23 (004)
45.357 0.870 2.804 31 (204)
54.916 0.523 2.757 24 (312)
50 22.861 0.188 2.506 19 (111)
28421 0.185 3.015 17 (112)
32.545 0.759 3.480 26 (004)
45.359 0.210 2.785 32 (204)
54.912 0.702 2.790 21 (312)

The topography and surface roughness of the CulnS: thin film samples prepared in this work has
been analyzed by the AFM results, as shown in Fig. (3), which shows the 3D images of these samples.
Atomic force microscopy (AFM) provides critical insights into the surface morphology, roughness, and
grain structure of thin films. This analysis compares the AFM images of four thin films: CuS, Cuggln;oS,,
Cu,oln3z¢S,, and CusglnseS,, deposited via electron beam epitaxy (EBE). The comparison focuses on
how varying Cu/ln ratios influence surface characteristics, which are crucial for optoelectronic
applications like solar cells [41]. All films exhibit polycrystalline structures, but their grain size, shape,
and surface roughness vary significantly with composition. CuS (binary phase) shows densely packed,
small grains (20-50 nm diameter) with uniform distribution. This sample also shows low surface
roughness (Rq = 2—-3 nm), typical of stoichiometric binary sulfides. The homogeneous morphology
suggests a well-controlled deposition process but may lack the optoelectronic advantages of ternary
compounds. The Cugglni,S, (Cu-rich ternary) sample shows larger grains (50-100 nm) with irregular
shapes and some agglomeration. Also, it shows moderate roughness (Rq = 57 nm), attributed to Cu-
rich phases (e.g., Cu,S) segregating at grain boundaries. The uneven surface could lead to scattering
losses in solar cells but may enhance light trapping [42]. The Cu,InzeS; (near-stoichiometric ternary)
sample displays well-defined, faceted grains (80—120 nm) with reduced agglomeration and smooth
surface (Rq = 4-5 nm), indicating improved crystallinity and phase purity. This sample can be ideal for
optoelectronic devices due to balanced charge transport and minimal defect states [43]. The CusglnseS,
(In-rich ternary) sample exhibits smaller, elongated grains (30—60 nm) with porous morphology and
higher roughness (Rq = 8-10 nm), likely from In,S; secondary phases or strain from excess In. The
porous structure may hinder electrical conductivity but could benefit catalytic applications [44].

As composition-dependent trends, the grain size was observed along the transition CuS —
Cuggln;oS,; — CuylnzeS, to increase with In incorporation up to ~30 at.%, as In promotes adatom
mobility during EBE growth. For the Cusylns,S, sample, the grain size decreases due to In-induced
lattice strain and secondary phase formation. Roughness peaks for In-rich films (CusolnseS,) due to
phase separation, while stoichiometric Cu,,In;,S, offers the best trade-off between grain growth and
smoothness. The Cu-rich films (Cuggln,0S;) show voids, whereas In-rich films (CuselnseS;) exhibit
pinholes, both detrimental to solar cell performance [45].

Considering the optimal composition, Cu,,ln;,S, sample’s faceted grains and low roughness are
ideal for heterojunction interfaces, minimizing recombination [46]. The Cu-rich films may require KCN
etching to remove Cu,S aggregates, which act as recombination centers. The porous structure of the
In-rich films could be advantageous for buffer layers in tandem solar cells but needs passivation [47].

When the AFM results are compared with XRD data (from previous analysis), the Cu;lnseS,
correlates with XRD’s sharp (112) peak, confirming high crystallinity. As well, the Cus,lns,S, matches
XRD'’s broadened peaks, reflecting nanoscale disorder seen in AFM. The AFM analysis highlights that
Cu,oln3¢S, (near-stoichiometric) offers the most favorable morphology for solar cells, balancing grain
size and smoothness. Deviations toward Cu- or In-rich compositions introduce defects, necessitating
post-deposition treatments [48]. Future work should integrate these findings with electrical
measurements to optimize device performance.
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Fig. (3) 3D AFM images of the CulnS; thin film samples prepared in this work

The absorption spectra of the CuS, Cugln10S,, Cu;0InzeS,, and CuselnseS, thin films shown in Fig.
(4) reveal critical insights into their optical properties, bandgap behavior, and potential for solar cell
applications. This analysis focuses on comparing the absorption edges, bandgap transitions, and
composition-dependent trends observed in the spectra. The CuS (binary phase) sample exhibits a steep
absorption edge near ~500 nm (1.81 eV), characteristic of its direct bandgap, strong absorption in the
visible range (400-700 nm) but weak absorption in the near-infrared (NIR), limiting its utility for broad-
spectrum solar cells. The absence of secondary absorption features suggests phase purity, consistent
with XRD and AFM data. The sample of Cugeln,¢S; (Cu-rich ternary) shows an absorption edge shifting
to ~650 nm (1.83 eV), indicating a reduced bandgap compared to CuS due to In incorporation. Enhanced
NIR absorption (700-900 nm) but with a less absorbance likely due to Cu-related defects or secondary
phases (e.g., Cu,S). A slight "shoulder" near 650 nm may arise from sub-bandgap states induced by
excess Cu. The Cuylnz,S, (near-stoichiometric ternary) sample shows an optimal absorption profile
with an edge at ~665 nm (1.85 eV), matching the ideal bandgap for solar energy conversion. The broad
and strong absorption across visible and NIR regions is attributed to the direct bandgap of chalcopyrite
CulnS, [49]. Smooth curve without shoulders, indicating minimal defect-mediated absorption. The
CusolnseS, (In-rich ternary) sample exhibits an absorption edge further redshifts to ~675 nm (1.87 eV),
but with a weaker and more gradual slope. Reduced absorption intensity in the visible range is likely
due to In,S; phase segregation or disorder. A "tail" extending beyond 900 nm suggests Urbach tails
from structural imperfections. Urbach tail represents the exponential absorption tail below the bandgap,
indicative of disorder [50].

Figure 5) shows the determination of energy band gap of the CuS, Cuggln;¢S2, Cu;lnz,S,, and
CusolnseS, thin films prepared in this work. Tauc plots (assuming direct transitions) were used to
estimate bandgaps for CuS ~1.81 eV (consistent with literature), Cuggln;S; ~1.83 eV (broader transition
due to compositional inhomogeneity), Cu,,In;,S; ~1.85 eV (sharp transition, ideal for solar cells), and
CusolnseS, ~1.87 eV (broadened by disorder). Increasing In content redshifts the absorption edge (1.81
eV — 1.87 eV), enabling tunability for tandem solar cells. The band gap of Cu,,In;,S, aligns optimally
with the solar spectrum’s peak intensity. The stoichiometric Cu,lnz,S, shows the highest absorption
coefficient, critical for thin-film device efficiency. The In-rich films suffer from weaker absorption due to
phase separation (In,S3) [51].

The Cu-rich and In-rich films exhibit sub-bandgap absorption (shoulders/tails), signaling defect states
that could enhance recombination. The sharp absorption edge of Cu,,ln;,S, sample correlates with its
high crystallinity (XRD) and smooth morphology (AFM). The Urbach tail of Cuselns,S, sample aligns
with its porous AFM structure and XRD peak broadening. The Cu,4ln;,S, sample is the standout
candidate for single-junction solar cells due to its ideal bandgap and strong absorption. The Cuggln;S,
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sample could serve as a p-type layer in heterostructures but requires defect passivation. The Cus,InsS;
sample’s wide bandgap may suit bottom cells in tandem designs if defects are mitigated [52].

The absorption spectra demonstrate that Cu,¢lnz,S, offers the best combination of bandgap and
absorption strength for photovoltaic applications. Deviations from stoichiometry introduce optical losses,
highlighting the need for precise compositional control during EBE deposition [53].
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Fig. (4) Absorption spectra of the CulnS; thin film samples prepared in this work
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Fig. (5) Determination of energy band gap for the CulnS; thin film samples prepared in this work

Table (3) Band gap values of the CulnS; thin film samples prepared in this work

Sample In doping (%) | Eq (eV)
CuS 0 1.81
CUgoln]_oSz 10 1.83
CuzlngeS; 30 1.85
CusolnseS, 50 1.87

4. Conclusion

In concluding remarks, CulnS thin films were deposited on silicon substrates by electron beam
epitaxy (EBE) to fabricate anisotropic heterojunctions for solar cells technology. The electrical and
optoelectronic characteristics of these heterojunctions were determined as functions of the partial
fractions of copper (Cu) and indium (In) in the ternary compound samples. The Cu-rich films may exhibit
p-type conductivity due to Cu vacancies, while In-rich films could show n-type behavior from InCu
antisites. Stoichiometric CulnS, is expected to yield the highest efficiency due to optimal defect
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passivation and band alignment with Si. This systematic study provides insights into composition-
dependent optoelectronic properties, aiding the optimization of CulnS/Si heterojunction solar cells.
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