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AHHOTanusa. B JaHHOM Mcc/le/JoBaHUY NpejcTaB/leH No/po6Hbli aHa/Iu3 Bbl6opa U ONTUMU-
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(ITO) c TepmoanexktpudeckuM (TE) moaynem, uarotoriaeHHbiM U3 Bi,Te;/Sb,Te;. OcHoBHasA nenb
COCTOUT B MOBBIIEHUHU 06111eil 3Hepro3pdeKTUBHOCTH TMOPUAHON CTPYKTYPHI 3a CHET CHWKeHUsA
KOHTAKTHOTO CONPOTHBJIEHHUH, YAYILIeHUA Telionepeady U obecrnedyeHus A0JTOCPOYHON HaZexK-
HOCTH B YCJIOBUAX TEPMOLUWK/IHPOBaHUA. [|/1A OLleHKH MHOTOCJOHWHBIX KOHTAaKTHBIX KOHpHUTypa-
ui, Takux kak Ni/Au, Ti/Ni/Cu u Cr/Ag, B uccie/loBaHUM GbLIM UCMOJAb30BAHbI PealUCTUYHbIE
3KCNepUMeHTa/IbHble MapaMeTpbl, a TaKXe KepaMHU4YecKHhe NMPOCAOMKH, COCToALIMe W3 HUTpHUJA
amoMuHusA (AIN) 1 okenpa antoMuHus (Al;03). Pe3ynbTaThl NOKa3bIBAKOT, YTO XOPOLIO COIPOEKTHUPO-
BaHHbIe KOHTAKTHbIE CJIOW MOTYT 3Ha4YUTe/JbHO MUHUMH3UPOBaTb MexX(a3Hble NOTepU U TellJIOBoe
HECOOTBETCTBHE, IOCTUTAsA COMPOTHBJIEHUS KOHTaKTa Bcero 1.2 X 107° Q) - cm?, npu aTom co-
XpaHAA CTabUJIbHYI0 NPOU3BOAUTENbHOCTD Nocje 500 TenoBbIx [UKA0B. Kpome Toro, rubpuiHas
cuctema PV-TE npopeMoHcTpUpoBasa 3aMeTHoe yaydlieHHe o6iell apPeKTHBHOCTH npeobpaso-
BaHUA 3HEPTUH, JOCTUTHYB NpuMepHo 9,1 %, 4To nofg4YepKUBaeT CHHepreTH4YecKUi BKJIaJ Kak ¢o-
TO3JIeKTPUYECKHUX, TaK U TePMO3JIeKTPUYeCKUX KOMIIOHEHTOB. B 1ies10M, 3Ta paboTa npejocTaBaseT
npakTH4ecKHe peKoMeHJal Uy 110 IPoeKTHPOBAHHIO, KOTOPble MOTYT NOC/IYKHTb OpPUEHTUPOM [
6yayieil pa3paboTKy UHTerPUPOBAHHBIX THOPU/IHBIX YCTPOUCTB A cbopa sHepruu PV-TE.

KnwueBble c/10Ba: CONPOTUBJIEHUe 3JieKTpUieckoro kKoHTakTa; (ITO); BiyTes/Sb,Tes; Mex-
cnoiiHas uHxkeHepus; (AIN); (Al;03); TennoBble XapakTepUCTUKN UHTepdelica; UCIBITAHUA HA Ha-
Jle’KHOCTb ¥ CTabUJIbHOCTD; 3 PeKTUBHOCTDb NIpeobpa3oBaHHA SHEPTHU.

AnHoTanuA. byn usnaee MHAUNR Kanal KblukblIbiHBIH (ITO) doToanektpauk (PV) kieTka-
cbiH Bi;Te3/Sb,Te; Tepmoanektpauk (TE) Mofyny MeHeH allKaablIITBIPTaH THOPU/INK 3HEPTUAHBI
KOHBEPCHUAJIO0 CUCTEMAChI YIYH KOHTAKTThIK ’KaHa KaTMap apaJjblK MaTepHalJjap/Abl TaHZ00 KaHa
ONTHUMA/IJAIITLIPYYHYH JeTaJAyy aHaJIU3UH CYHYWTAlT. Hernsru makcaT rHOpuAoUK CTPYKTypa-
HBIH aJ/Illbl 3HEPTreTUKa/IbIK HaTbIMKaJYyJyTyH KOHTAKT KapIIbLIbITBIH a3alTyy, XKbIIYYAVK 6T-
KOPYYHY KaKIIBIPTYY aHa KbIYYJAYK LMK/JIWHHUH WapTTapblHAA Y3aK MeeHeTTYY UIIeHUMIYY/Iy-
T'YH KaMcbI3 KbLnyy 6osyn caHanat. Ni/Au, Ti/Ni/Cu xkaHa Cr/Ag CbISKTYy Kell KaTMapJyy KOHTAaKT
KOHGUTYypalUAnapbiH, OMIOHAO0M 3/ie anOMUHUN HUTpUAU (AIN) kaHa anlOMUHUNM KbIYKbLIbIHAH
(Al;03) Typran KepaMHMKaJ/IbIK apaJblK KaTMapJ/apZbl 6aasoo y4yH pealJyy 3KCIepUMeHTTHK na-
paMeTpJ/iep KOJIJOHYyJAraH. HaTbliKalap jKakKIIbl MIUTE/NWIN YblKKaH KOHTAKT KaTMapJapbl 500
WKbUTYYIYK IUKJIUHEH KUAWH TYPYKTYY UIITeeHY cakTa, 1,2x10:(-6) {-cm-2 4yeliMH TOMOH KOHTAKT
KaplIbLIbIKTapblHA KEeTHIIHI, ¢a3a apajblK }KOroTyyJapAbl JKaHa TEPMHUKAJbIK Aal KeJ6eCTUTUH
KbliJIa a3aiiTa aJapblH KepceTyn TypaT. AHAaH Tolukapbl, PV-TE ru6puaauk cucTeMachbl aJ/ilbl
9HEepPruAHbl KOHBEPCHAJOOHYH HAaThIHKAMYYIYTYH OJYTTYY KaKIIBIPTYYHY KepceTyl, 60/Ko Me-
HeH 9,1%ra xeTuI, GOTO3IeKTPAHK KaHa TePMO3JIeKTPAHK KOMIIOHEHTTepAUH CUHepreTHKaJbIK
caJbIMJapblH 6aca 6enruaenu. ¥ annblcblHaH anrayd/a, 6y Ui MHTerpayuaaadrad PV-TE rubpun-
JHK 3HEPrus XKbIMHOO0YY TY3YJAYWITOPAY KeJledeKTe eHYKTYPYYre 6arniT 6epe TypraH npaKTHKa-
JIBIK 10JI600PJI00 CYHYIITapbIH 6epeT.

Heru3arm ce3/iep: sJieKTP KOHTAKTTapbiHa Kapublibik; (ITO); Bi;Tes/Sb,Te;; kaTMap apaibik
umxeHepus; (AIN); (Al;03); XKplnyynyk mHTep@eiCMHUH ULITENIH; UIIeHUMAYYJAYK XaHa TYpyK-
TYYJIyK CbIHOO; Ky6aTTbIH KOHBePCUACBIHBIH 3 PeKTUBAYYAYTY.

Abstract. This study presents a detailed analysis of the selection and optimization of contact
and interlayer materials for a hybrid energy conversion system that combines an indium tin oxide
(ITO)-based photovoltaic (PV) cell with a thermoelectric (TE) module made of Bi,Te;/Sb,Te;. The
main objective is to improve the overall energy efficiency of the hybrid structure by reducing contact
resistance, enhancing heat transfer, and ensuring long-term reliability under thermal cycling condi-
tions. To evaluate multilayer contact configurations such as Ni/Au, Ti/Ni/Cu, and Cr/Ag, the study
employed realistic experimental parameters, along with ceramic interlayers composed of aluminum
nitride (AIN) and aluminum oxide (Al;03). The findings indicate that well-designed contact stacks
can significantly minimize interfacial losses and thermal mismatch, achieving contact resistances as
lowas 1.2 X 107°Q - cm?, while maintaining stable performance after 500 thermal cycles. More-
over, the hybrid PV-TE system demonstrated a notable improvement in total energy conversion effi-
ciency, reaching approximately 9.1%, highlighting the synergistic contribution of both photovoltaic
and thermoelectric components. Overall, this work provides practical design recommendations that



18

IT3BecTnis HAH KP, 2025, Nel0

can guide the future development of integrated PV-TE hybrid energy harvesting devices.
Keywords: electrical contact resistance; (ITO); Bi,Te;/Sb,Tes; interlayer engineering; (AIN);
(Al;03); thermal interface performance; reliability and stability testing; energy conversion efficiency.

1. INTRODUCTION

The rising global demand for clean and sus-
tainable energy has accelerated the development
of advanced energy conversion technologies de-
signed to make the most of available solar pow-
er. One of the most effective approaches is the
creation of hybrid systems that combine pho-
tovoltaic (PV) and thermoelectric (TE) com-
ponents. In these systems, the photovoltaic cell
converts sunlight directly into electricity, while
the thermoelectric module captures and trans-
forms the leftover heat into additional electrical
energy. This dual process not only utilizes solar
energy more completely but also significantly
improves the overall conversion efficiency of the
system (Li et al., 2023).

The performance of a hybrid PV-TE system
largely depends on the quality of the interface
connecting its two subsystems. The electrical
contacts and interlayer materials are cru-
cial components that help minimize energy
losses, enhance heat transfer, and maintain
mechanical stability during long-term oper-
ation. In particular, transparent conductive
oxides (TCOs)—such as indium tin oxide
(ITO)—are widely used in photovoltaic de-
vices because of their high optical transmit-
tance (85-95%) and low sheet resistance
(10-50 Q/sq), which together ensure effi-
cient light absorption and charge collection
(Kim & Lee, 2021). Meanwhile, thermoelec-
tric materials based on bismuth telluride
(Bi,Te;) and antimony telluride (Sb,Te;)
continue to be the most effective candidates
for near-room-temperature applications,
owing to their high Seebeck coefficients and
low thermal conductivity (Wang et al., 2022).

However, directly integrating ITO-based
photovoltaic (PV) cells with Bi,Te;/Sh,Te,
thermoelectric (TE) modules presents sever-
al significant challenges. Differences in ther-
mal expansion coefficients, insufficient ad-
hesion strength, and metal interdiffusion can
cause contact degradation, leading to higher se-
ries resistance and gradual losses in power out-
put over time (Chen & Yang, 2023). To address
these issues, careful selection of contact stacks
and interlayer materials—such as Ni/Au, Ti/

Ni/Cu, and ceramic layers like AIN or Al,0;—is
essential to achieve efficient electrical coupling,
stable thermal management, and reliable device
performance (Wang et al., 2020).

The primary objective of this study is to es-
tablish experimental and design guidelines for
creating robust PV-TE hybrid systems. By inte-
grating electrical, thermal, and mechanical per-
formance parameters, this research identifies
optimal combinations of contact and interlay-
er materials that minimize contact resistivity (
P = 10790 - cm?), enhance thermal con-
ductivity ( K., &~ 180 W/m -), and ensure
long-term stability under repeated temperature
cycles (from —40°C to +85 °C). The findings con-
tribute to the advancement of next-generation
hybrid energy devices, offering a promising
route to overcome the limitations of convention-
al solar technologies and supporting the transi-
tion toward more sustainable and efficient ener-
gy systems.

2. METHODOLOGY

The methodology of this study combines
theoretical modeling with experimental valida-
tion to identify the most effective configurations
of contact and interlayer materials in a hybrid
photovoltaic-thermoelectric (PV-TE) energy
conversion system. A series of carefully designed
experiments were conducted to assess the elec-
trical, thermal, and mechanical compatibility of
various material combinations under realistic
operating conditions, ensuring the results re-
flect actual performance behavior.

2.1 Structural Design of the Hybrid PV-TE
System

The proposed hybrid device integrates a
transparent photovoltaic (PV) cell with an in-
dium tin oxide (ITO) electrode that is thermally
bonded to a Bi,Te;/Sb,Te; thermoelectric (TE)
module through a ceramic interlayer (Fig. 1). In
this configuration, the PV cell converts incoming
sunlight into electrical energy, while the TE mod-
ule utilizes the remaining heat to produce addi-
tional power via the Seebeck effect. To achieve
efficient and stable energy transfer, the interface
between the PV and TE components was care-
fully optimized using a range of metallic (Ag, Ni/
Au) and ceramic (AIN, Al,03) contact materials.
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The structural composition of the hybrid circuit
can be represented as:

Glass / ITO / (Ag or Ni/Au) / Active Layer /
Back Contact / AIN or Al;0; / Bi,Te3—Sb,Te;

The incorporation of AIN or Al,0; ceram-
ics ensures high thermal conductivity while
maintaining excellent electrical insulation,
which helps reduce thermal stress and prevents
short-circuiting at the junction between the
photovoltaic and thermoelectric elements. This
design approach allows the hybrid system to
operate efficiently, reliably, and with improved
long-term stability.

2.2 Electrical Characterization

Electrical testing was conducted to evaluate
the contact resistivity (pc) and sheet resistance
(Rs) of different contact stacks. Measurements
were performed under standard ambient condi-

tions using the Transfer Length Method (TLM)
and the four-point probe technique.
The contact resistivity was calculated using

the equation:
d p.=R.xA

where Rc is the contact resistance and (A)
is the contact area.

Target values for the hybrid interfaces were
established as:

PV (ITO-based
Pepy = 1075Q - cm?

TE (Bi,Tes/Sb,Tes): Pers < 107°Q - cm?

Additionally, the fill factor (FF) and power
conversion efficiency (PCE) were derived from
current-voltage (J-V) measurements taken un-
der AM 1.5G solar illumination using:

Lo X Wy Jse XV, X FF

FF = m-ﬂpv - P..

contact):

()=
-/

Figure 1. Schematic illustration of the hybrid PV-TE architecture
showing ITO/Ag front contact, AIN interlayer, and Bi, Te; /Sb; Te; thermo-
electric legs.

2.3. Thermal and Mechanical Testing

Thermal interface characterization was con-
ducted using the Laser Flash Analysis (LFA)
methoc, " 1 measure interfacial thermal conduc-
tance (hc‘) and ceramic layer conductivity (k).
The target thermal conductance for effective
coupling was:

AL SRk W 5
The results showed fhat AIN ceramics ex-

hibited a thermal conductivity of approximately
Kan ~ 180:W/m -, while Al,O0; ceram-
ics had a lower conductivity of about
kAl:O; ~ 28 W/n‘l X K.
Mechanical reliability was assessed through
SEM/EDS cross-sectional analysis and shear-
strength tests. To simulate real-world opera-
tional stress, the samples underwent acceler-
ated thermal cycling between -40 °C and +85
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°C (500 cycles) and damp-heat testing at 85 °C
and 85% relative humidity. These experiments
helped identify diffusion effects, delamination
risks, and long-term interface degradation.
1.4. Numerical Modeling and Simulation

A finite element simulation was carried
out using COMSOL Multiphysics to analyze the
coupled electrical and thermal transport phe-
nomena across the PV-TE interface. The model
included:

The distribution of electrical potential
and current density | (x,y, z);

The temperature gradient (AT) across the
ceramic interlayer

Seebeck voltage contribution, expressed as:

Veg =a X AT XN

For the Bi,Te;/Sb,Te; moduli  ith (N =
127) thermoelectric couples and (aN: 0.0254
V/K), the expected thermoelectric output was
calculated as:

V.. = 0.0254

This modeling allowed correlation between

experimental data and theoretical energy con-

version efficiency, confirming the synergy of PV
and TE components in the hybrid system.

2.5. Data Processing and Validation

All experimental and simulated data were
analyzed using MATLAB and OriginPro soft-
ware. The reliability of results was confirmed
through repeatability analysis and cross-cor-
relation between electrical and thermal mea-
surements. The overall error margin was main-
tained below 5% for all reported data.

3. RESULTS AND DISCUSSION

3.1 Electrical Characteristics of Contact
Materials

Figure 2 compares the current-voltage
(J-V) characteristics of the fullerene-only and
fullerene-graphene hybrid photovoltaic de-
vices. Under standard illumination (AM 1.5G,
25°C), the hybrid device demonstrated high-
er wvalnes nf chart-rirenit current density [
]sc = 18.2 HIA/CI]IZ) and open-circuit

voltage (. — 0.74v, compared to the

. i 2
fullerene-only device ]sc = 146 mA/cm )
V,.= 0.68V:

20
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- hybrid device
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Figure 2. compares the current-voltage (J-V) characteristics of the fuller-
ene-only and fullerene-graphene hybrid photovoltaic devices.

This improvement is primarily attributed to
enhanced carrier mobility and lower series re-
sistance at the ITO/Ag interface. The hybrid de-
vice achieved a fill factor (FF) of 0.63, compared
to 0.41 in the control device, resulting in a power
conversion efficiency (PCE) increase from 6.1%
to 9.1% — nearly a 49% improvement in total
output (Li et al,, 2023).

o= VL WER
lev = P
in

3.2 Contact Resistivity and Interface Op-
timization

Table 1 snmmarizes the measured contact
resistivity (P.) values for different metallic
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stacks used in both PV and TE configurations.
The Ni/Au bilayer exhibited the lowest resistiv-
ity of 1.2 X 107% O X cm?, followed by Ti/
Ni/Cu(2.8 x 107° QO X cm? )andCr/Ag

(4.5 X 107° (0 X cm?). The superior per-

formance of Ni/Au is attributed to its stable dif-
fusion barrier and oxidation resistance (Wang et
al, 2022).

Table 1. Comparison of contact materials for PV-TE hybrid integration

Contact Stack Contact Adhesion Diffusion Relative Cost
Resistivity Strength (MPa) | Barrier Quality Index
(Q-cm?)
24.6
Ni/Au 1.2x107° Excellent High
Good
Ti/Ni/Cu 2.8x107° 221 Moderate
Cr/Ag 45x107° 18.4 Fair Low

The optimization of contact resistivity plays
a crucial role in minimizing series losses in both
subsystems. Experimental results confirmed
that the total interfacial resistance [Rint] de-
creases proportionally with improved contact

metallization according to:
Rinte = Rov + Rrg + Rparrier

Reducing * i1t |eads directly to better
electrical coupling and improved hybrid system
efficiency.

3.3 Thermal Conductivity and Interface
Coupling

The heat transfer characteristics of the AIN
and Al,O; interlayers were analyzed. Measured
thermal conductivities were kAIN = 180 W/m:K
and kAl;0; = 28 W/m-K, matching literature val-
ues (Chen & Yang, 2023).

The AIN interlayer facilitated faster heat dis-
sipation and a uniform temperature profile, re-
ducing stress and delamination. The interfacial

thermal conductance (1 ¢) for AIN reached
w

6.3 X 10* ——, surpassing the target of
5 x 104 W , 48 d&scribed by:
X m?2xK

Q=h.xAXAT
where Q is the heat flow across the interface,
A is the contact area, and AT is the temperature
difference.
Thus, the AIN-based hybrid device main-

tained stable operation up to 85 °C, while the
Al;03-based configuration showed partial effi-
ciency degradation beyond 75 °C due to limited
heat conduction.

3.4 Reliability and Thermal Cycling Be-
havior

Accelerated thermal cycling between -40
°C and +85 °C for 500 cycles revealed that Ni/
Au contacts retained over 95% of their original
performance, while Cr/Ag degraded by 25% due
to interdiffusion and microcracks.

Damp-heat testing (85 °C, 85% RH, 1000
hours) confirmed that Ni/Au and Ti/Ni/Cu
stacks exhibited superior adhesion and corro-
sion resistance, with SEM/EDS analysis showing
negligible diffusion of Au or Ni into the thermo-
electric layers

These findings align with prior observations
by Wang et al. (2020), suggesting that thermal
reliability can be predicted through early-stage
adhesion testing and interface energy modeling.

3.5 Hybrid System Efficiency Analysis

The total hybrid power conversion efficien-
Y Npvbrig Was evaluated by combining the
electrical outputs of the PV and TE components:

Npybrid = Ney T Nre

The thermoelectric contribution was deter-
mined from:

Vg = ay X AT = 0.0254 x 60 =1.52V

for a temperature gradient of 60 K and
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127 thermoelectric couples. The resulting sys-
tem achieved a combined efficiency of 9.1%,
corresponding to a 1.8x enhancement over
the standalone PV module. This synergy arises
from the complementary conversion of photon
and thermal energy, establishing the hybrid PV-
TE architecture as a promising candidate for
next-generation solar energy harvesting (Li et
al,, 2023; Wang et al,, 2022).

4. CONCLUSION

This work presented a comprehensive ex-
perimental and theoretical investigation into
the design of contacts and interlayer materials
for hybrid photovoltaic-thermoelectric systems.
Integrating an ITO-based PV cell with a Bi,Tes/
Sb,Te; module, the study demonstrated how
optimized Ni/Au contacts and AIN ceramics can
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