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This paper presents a comprehensive theoretical study of p-n heterojunctions formed between cadmium telluride (CdTe) and silicon (Si) over
the temperature range of 0 K to 800 K. We focus on band alignment, carrier transport mechanisms, and the temperature-dependent
electrophysical properties of the heterojunctions. Through modeling approaches, we explore the energy band structure, intrinsic
concentration, intrinsic electrical conductivity, and the impact of temperature variations on the heterojunction characteristics. Our findings
provide insights into optimizing the performance of CdTe/Si heterojunctions for applications in photovoltaics and optoelectronics.
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1. INTRODUCTION

Heterojunctions have garnered significant attention in recent decades due to their extensive applications in
optoelectronic and photovoltaic devices. Among these, CdTe/Si heterojunctions stand out for their potential to enhance
the performance of solar cells and photodetectors, attributable to the advantageous combination of their respective
material properties [1]. Cadmium Telluride (CdTe), a II-VI compound semiconductor, is renowned for its suitability in
photovoltaic (PV) solar cell production, primarily owing to its exceptional absorption coefficient (a0 > 10* cm™) and
ideal band gap of 1.5 eV [2, 3]. Silicon (Si), with its established manufacturing processes, is widely utilized in the
electronics industry. The integration of these two materials into p-n heterojunctions can leverage the inherent benefits of
each, resulting in improved device performance and expanded functionality [4, 5].

The formation of a p-n junction between CdTe and Si introduces complexities related to band alignment and
carrier transport. The band alignment of heterojunctions plays a critical role in charge separation and recombination
processes, which are pivotal for device efficiency. Numerous models have been proposed to investigate the electronic
properties of these heterojunctions, particularly emphasizing band offsets, energy level alignments, and carrier mobility.
Despite the promising potential of CdTe/Si heterojunctions, the temperature-dependent behavior remains a significant
challenge, necessitating further theoretical and experimental exploration [5-7]. Notably, doping within CdTe-based
heterojunctions profoundly influences their electrical characteristics. For instance, the introduction of lead (Pb) into
CdTe films has been observed to diminish hole concentration by over three orders of magnitude due to self-
compensation effects, while also resulting in a decrease in charge carrier mobility with increasing temperature during
annealing [8]. To achieve an efficient photoelectric heterojunction, it is imperative to investigate the electronic
properties of the semiconductors involved, considering the effects of doping impurities and their optimal spatial
distribution within the heterojunction [9, 10]. These insights are vital for elucidating carrier transport mechanisms and
band alignment in CdTe/Si heterojunctions, particularly under varying temperature conditions.

Temperature fluctuations can significantly affect carrier transport mechanisms by altering the band gap, carrier
concentration, and mobility within the materials. Specifically, the band gap of CdTe decreases with increasing
temperature, which leads to variations in conduction and valence band offsets at the heterojunction interface. Such
changes critically impact the overall performance of the heterojunction, especially in applications such as
thermophotovoltaics and high-temperature sensors [11,12]. Furthermore, studies focusing on temperature dependence
are essential for understanding the heterojunction's resilience to operational stresses, particularly in environments
characterized by fluctuating thermal conditions.

Previous investigations have sought to model these effects through both analytical and numerical approaches.
Workshops on mathematical modeling of semiconductor heterostructures have delved into the numerical aspects of
carrier transport across various temperature regimes [13-17]. Additionally, experimental studies have assessed the
structural and electrical properties of CdTe/Si heterojunctions [7,18-25]. Nevertheless, significant gaps persist in the
theoretical understanding of temperature-dependent band alignment and carrier dynamics, especially when
contextualized within real-world operational scenarios.
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A thorough understanding of band alignment and charge carrier transport in CdTe/Si heterojunctions is crucial for
optimizing device performance. This paper endeavors to provide an in-depth theoretical exploration of the band
structure, carrier dynamics, and temperature-dependent properties of CdTe/Si heterojunctions.

Additionally, various experimental methods for fabricating p-n junction structures utilizing CdTe material have
been extensively researched. Emerging fabrication techniques for CdTe/Si heterojunction structures include vapor-
liquid-solid (VLS) [26] growth, transient laser-induced grating (TLIG), close-spaced vapor transport (CSVT) technique
[29], chemical vapor deposition (CVD) [28], transmission electron microscopy (TEM) [21] and metalorganic vapour-
phase epitaxy MOVPE [17]. These methodologies have enabled researchers to successfully create innovative structures
such as nanowire arrays and nanocones, which are specifically designed to enhance light absorption in CdTe/Si
heterojunction structures.

This study aims to model and analyze the band alignment and carrier transport mechanisms in CdTe/Si
heterojunctions, with a particular emphasis on their temperature-dependent electrophysical properties. Employing
advanced simulation tools such as TCAD Sentaurus and MATLAB [4,5], we will investigate how temperature
influences the key parameters that dictate the efficiency of these heterojunctions. Moreover, we will compare theoretical
results with experimental data to furnish a comprehensive understanding of the factors that enhance or impede the
performance of CdTe/Si-based devices.

2. MATERIALS AND METHOD
As previously mentioned, the Band Gap emerges as the most crucial parameter in semiconductor materials.
Therefore, equation (1) enables the calculation of the varying temperature of the bandgap for Si, and CdTe. The formula
for calculating the temperature dependence of the bandgap in semiconductor materials is typically described by the
Varshni equation. It's expressed as:

o-T?

E(T)=E,(0)-

Where E,(T) and E4(0) are bandgap at T and 0 K respectively, o and B are material-specific constants. This
equation shows how the bandgap energy varies with temperature. The parameters o and [ are experimentally
determined constants for a particular semiconductor material [29]. The results of our new model and the corresponding
equation (1) are depicted in Figure 3.

Figure 1. Schematic two-dimensional section of the p-n heterojunction structure based on pCdTe/nSi

The Figure 1 shows the 2D cross-sectional surface of the selected pCdTe/nSi sample. In this case, the p-type ohm
contact is connected to In, and the n-type ohm contact is connected to Al. The band diagram corresponding to this
heterojunction is shown in Figure 2.

The intrinsic concentration serves as a fundamental electrophysical parameter of semiconductor materials. The
intrinsic carrier concentration n; in a semiconductor is given by the equation:

n(T)= \/W~exp(——Eg (T)J

2kT

(@)
Where: N¢(T) and Ny(T) are the effective density of states in the conduction band and the effective density of

states in the valence band. Ey(T) is the energy bandgap, k is the Boltzmann constant and T is the absolute temperature.
The values of N¢(T) and Ny(T) depend on the material and are often expressed as functions of temperature

[30,31]. The results of the corresponding equation (2) are depicted in Figure 4. Another electrophysical parameter

influenced by temperature is internal conductivity. For the materials we have chosen, expression (3) corresponds to the

equation for electrical conductivity as a function of temperature:
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Band Diagram of CdTe/Si Heterojunction
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Figure 2. Band diagram of the pCdTe/nSi heterojunction
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is the conductivity, is determined by expression (4), which indicates a linear dependence on temperature,
and we have also considered that this expression is temperature-dependent. This expression (5) was analyzed in two

cases: Case A, where 0,(T) is assumed to have a strong linear dependence on temperature, and Case B, where 0,(T)
is considered temperature-independent. The difference between Cases A and B is presented and analyzed in Figure 5.
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Figure 3. Band gap of a semiconductor as a function of temperature: red line for Si, blue line for CdTe

0o(T) = - (n(T)- 4, (T)+ p(T)- 1, (T)) @

Here, n(T) and P ) are the electron and holes concentration, #,(T) and #» () are the electrons and hole mobility
which represents the temperature dependence. If we consider equal intrinsic electrons and holes concentration

m(T) = p,(T) , expression (3) can be substituted with expression (5).

E, <T>j

Gf(T)=00i(T)~€Xp(— AT
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The graphical representation of the result from expression (5) is depicted in Figure 5, illustrating intrinsic
electrical conductivity as a function of temperature. The obtained results were derived by considering the temperature
dependence of the electrophysical parameters in our model.

3 RESULTS AND DISCUSSION
This graph illustrates the well-known phenomenon of band gap narrowing with increasing temperature in
semiconductor materials, which is crucial for understanding their electronic and optical properties across different
operating temperatures.
Based on the analysis of Figure 3, we can conclude that both CdTe and Si exhibit significant temperature-
dependent band gap narrowing from 200K to 800K. The CdTe band gap decreases more rapidly than Si, indicating a
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stronger temperature dependence. This behavior has important implications for the performance of CdTe/Si
heterojunction diodes across different operating temperatures.

Figure 4 shows at 300 K, n,(T)=1.5-10"[em ] for Si and n,(T)=2-10°[cm™] for CdTe indicate the intrinsic
carrier concentration. Figure 4 shows the inverse relationship of internal concentration to temperature in logarithmic
form. The slopes of the lines for Si and CdTe differ, reflecting the intrinsic band gap differences between the two
materials. Silicon, with a smaller band gap, shows a higher intrinsic carrier concentration at equivalent temperatures
compared to CdTe, which has a larger band gap. The steeper slope of the CdTe line indicates that its intrinsic carrier
concentration decreases more rapidly with decreasing temperature compared to silicon, highlighting its greater thermal
stability at lower temperatures.
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Figure 4. Internal electrical concentration as a function of temperature: red line for Si, blue line for CdTe.

At higher temperatures (left side of the graph), the intrinsic carrier concentration m(T) of silicon is significantly
higher than that of CdTe. This difference becomes more pronounced as the temperature increases due to silicon's
smaller band gap, which allows for greater thermal excitation of carriers. At lower temperatures (right side of the
graph), the intrinsic carrier concentration for both materials approaches lower values, but CdTe maintains a significantly
lower ni compared to silicon. This makes CdTe advantageous for applications that require low carrier concentrations
and minimal thermal noise at lower operating temperatures, such as infrared detectors and photovoltaics. The lower
intrinsic carrier concentration in CdTe at elevated temperatures, compared to silicon, is advantageous for high-
temperature applications where minimizing carrier generation is crucial, such as in high-performance photovoltaic cells.
Conversely, the higher ni of silicon may benefit devices that rely on higher carrier densities for conduction, but it may
also lead to increased leakage currents and thermal noise, potentially limiting its use in certain high-temperature or low-
noise applications. The plot effectively illustrates the intrinsic properties of Si and CdTe and their suitability for
different semiconductor applications. The analysis reveals that the choice of material for device fabrication must
consider these temperature-dependent properties, especially in environments where thermal management is critical. The
differences in band gap energies, as reflected in the slopes of the lines, underline the importance of material selection
for optimizing the performance of semiconductor devices in varying temperature regimes.

Figure 5 shows the inverse relationship of conductivity to temperature in logarithmic form. The slope of the Si line
is less steep compared to that of CdTe, indicating that silicon has a lower activation energy for conduction relative to
CdTe. This suggests that at equivalent temperatures, silicon requires less energy to activate charge carriers, resulting in
higher conductivity compared to CdTe. For CdTe, the steeper slope indicates a higher activation energy, which
corresponds to its wider band gap. This translates to lower intrinsic conductivity at a given temperature, making CdTe
more suitable for applications that require minimized leakage currents and stable performance at elevated temperatures.
At higher temperatures (left side of the graph), both Si and CdTe exhibit higher conductivities, which is consistent with
intrinsic conduction, where thermal energy is sufficient to excite electrons from the valence band to the conduction
band. However, the higher intrinsic conductivity of Si highlights its lower band gap, enabling more electrons to be
thermally excited. As the temperature decreases (right side of the graph), conductivity for both materials diminishes
significantly, indicating reduced carrier availability and a shift toward extrinsic conduction dominated by impurity
levels. This shift underscores the importance of doping strategies to maintain conductivity in these materials at low
temperatures. CdTe’s lower conductivity at higher temperatures, as evidenced by its steeper slope, suggests its
advantage for applications in environments where maintaining low intrinsic carrier densities and minimal thermal noise
is critical, such as in radiation detectors and high-temperature electronics. Silicon's higher intrinsic conductivity across a
broad temperature range is advantageous for devices that operate efficiently at room temperature, such as
microelectronics and photovoltaics. However, this characteristic may limit its effectiveness in high-temperature
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environments where thermal noise must be minimized. The slopes of the linear regions for both materials can be used to
extract the activation energies for conduction. This quantitative analysis provides a deeper understanding of the
electronic properties of each material and helps optimize them for specific temperature-dependent applications. The
Figure 5 effectively illustrates the contrasting thermal behaviors of Si and CdTe in terms of electrical conductivity. The
observed differences highlight the significance of band gap energies and intrinsic material properties in determining
their suitability for different semiconductor applications. The higher activation energy of CdTe suggests its preference
for high-temperature environments where stability is key, while silicon's lower activation energy and higher
conductivity make it ideal for room-temperature and low-temperature applications. These insights are crucial for
developing efficient semiconductor devices tailored for specific operating conditions.
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Figure 5. Internal electrical conductivity as a function of temperature: red line for Si, blue line for CdTe

CONCLUSIONS

In this study, we conducted a comprehensive modeling and theoretical analysis of p-n heterojunctions based on
CdTe/Si, focusing on band alignment, carrier transport, and temperature-dependent electrophysical properties. The
results indicate that the band gap and intrinsic carrier concentration of CdTe and Si are significantly affected by
temperature variations. Specifically, the band gap of CdTe was found to decrease more rapidly with increasing
temperature compared to Si, which highlights the strong temperature dependence of CdTe. This property is
advantageous for high-temperature applications where thermal stability is critical. The intrinsic carrier concentration
analysis revealed that silicon, due to its smaller band gap, maintains a higher carrier concentration at equivalent
temperatures, making it suitable for applications requiring higher carrier densities.

The intrinsic conductivity analysis showed a linear relationship between conductivity and temperature. Silicon
displayed a lower activation energy for conduction compared to CdTe, resulting in higher conductivity at room
temperature. However, CdTe’s lower intrinsic conductivity at elevated temperatures offers advantages for applications
where minimizing leakage currents and maintaining stable performance are crucial.

These insights underline the importance of considering temperature-dependent properties when optimizing
CdTe/Si-based devices for specific applications, such as photovoltaics, infrared detectors, and high-temperature
electronics. Future work should focus on experimental validation of these theoretical findings and explore the influence
of different doping strategies and material modifications on the performance of CdTe/Si heterojunctions under varying
temperature conditions.
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MOJEJIOBAHHS TA TEOPETUYHE JOCJIIIKEHHSI p-n TETEPOIIEPEXOJIB HA OCHOBI CdTe/Si:
BUPIBHIOBAHHS 30HH, TPAHCIIOPT HOCIIB TA EJEKTPO®I3UYHI BIACTUBOCTI, 3AJIEXKHI BIJT
TEMIIEPATYPU
Canymia O. Canyanaes®?, Iopoxiv B. Camaes?, Xinost E. AGaikapiMos®
nemumym gyynoamenmanvrux i npukaaonux oocniodcenv npu TIHHAME NRU, Tawxenm, Y36exucman
bHayionanvnuii docnionuywxuii yuisepcumem TIHAME, gaxyromem ¢pizuxu ma ximii, Tawxenm, Y3bexucman
‘Kagheopa midicgpaxyibmemcbKux 3a2anbHOMeXHIUHUX HAYK YpeenucbKkoeo 0epaicasrozo yHieepcumemy, Ypeeny, Yzoexucman
V 1iif cTaTTi MpeacTaBieHo BcebidHEe TEOPETHYHE AOCIIKEHHS P-N TeTePONepexo/iB, YTBOPEHHX Mix TernypuaoM kaamiro (CdTe) i
kpemuiem (Si) y miamasoni temmneparyp Bix 0 K mo 800 K. Mu 30ocepemkyeMocsi Ha BUPIBHIOBaHHI 30H, MeXaHi3MaxX TPaHCHOPTY
HOCI{B 1 TeMIepaTypHO-3aJIeKHIX €IeKTPO(i3UIHIX BIACTUBOCTAX TETEPONEPEXOMiB. 3a AOMOMOTOI0 MiAXOIB MOICTIOBAHHSI MU
JIOCTIDKYEMO CHEPTeTHYHY 30HHY CTPYKTYpY, BIaCHY KOHLICHTPALIIO, BIACHY CJIICKTPOIPOBIAHICTh Ta BIUIMB 3MiHU TeMIIEpaTypH Ha
XapaKTepUCTHKU reTeponepexofy. Hamri pesynsrard HaJalOTh HOBI 3HAHHS IJIS ONTHMI3allii NMPOAYKTHBHOCTI TIETEPOIEPExoiiB

CdTe/Si anst 3acTocyBaHb Y (POTOCIEKTPUIHUX 1 ONTOETEKTPOHHUX IIPHCTPOSIX.
Kuo4oBi ciioBa: mooentosanns; 60yoosanuti nomenyian, eemeponepexio; wupuna 3a60poHenoi 301U, 61aCHA KOHYEeHMPayis 61aACHA
eLeKMPOnPoOsIOHicCmb



