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Abstract 

 

 We propose and experimentally demonstrate a novel concept of semiconductor wafer 

bonding that simultaneously realizes bond formation and solar cell implementation. Firstly, a 

semiconductor bonding technique mediated by poly(3,4-ethylenedioxythiophene) - 

poly(styrenesulfonate) (PEDOT:PSS) is developed. By utilizing the PEDOT:PSS-mediated 

bonding, we subsequently fabricate an InP/Si heterostructure. The PEDOT:PSS/Si 

heterojunction derivatively formed at the bonded interface is then demonstrated to operate as 

a photovoltaic device. The prepared InP/PEDOT:PSS/Si heterostructure can thus be regarded 

as a prototype architecture representing an intermediate section of a multijunction solar cell 

with a built-in subcell. Our facile semiconductor bonding scheme mediated by functional 

agents could lead to low-cost, high-throughput production of high-efficiency multijunction 

solar cells. 
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Main text 

 

 Wafer bonding is a versatile semiconductor fabrication process technology that 

allows for the stacking and integration of dissimilar, lattice-mismatched materials, and is 

utilized for the realization of various heterostructured optoelectronic devices.
1−6

 

Conventionally, the interfacial bonding agents, such as oxides, metals, and polymers, have 

played fundamental roles of mechanical adhesion and/or electrical conductance. We propose 

the functional bonding concept for the simultaneous realization of bonding formation and 

optoelectronic function implementation, by employing proper functional materials as the 

bonding agent, to provide a manufacturing efficacy.
7−10

 In the present study, we develop 

PEDOT:PSS-mediated semiconductor wafer bonding, where PEDOT:PSS is 

poly(3,4-ethylenedioxythiophene) - poly(styrenesulfonate), and subsequently fabricate an 

InP/Si heterostructure, mediated by a PEDOT:PSS interlayer. By the bonded 

InP/PEDOT:PSS/Si heterostack as an example, we demonstrate a derivative photovoltaic 

functionality generation at the bonded InP/Si interface owing to the PEDOT:PSS/Si 

heterojunction, potentially applicable for multijunction solar cell fabrication. 

 

 In the first phase of this study, we conducted a fundamental investigation of 

PEDOT:PSS-mediated semiconductor wafer bonding. Single-side-polished n-type Si wafers 

(thickness: 625 m, crystalline plane orientation: <100>, dopant: phosphorus, doping 

concentration: 8 × 10
17

 cm
−3

) were used. The Si wafer was diced into (1 cm)
2
 square pieces. 

The Si pieces were then subject to a wet hydrofluoric acid (HF) treatment (10 wt% aq, 1 min) 

to remove the native oxide layer on the Si surface. Subsequently, the Si pieces were 

submerged in deionized water for 1 min, which is not essential for basic wafer bonding, but 

was carried out for consistency with the following solar cell fabrication process. As the 
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bonding agent, we employed poly(3,4-ethylenedioxythiophene) - poly(styrenesulfonate) 

(PEDOT:PSS), a transparent conductive polymer, intensively used in various organic 

optoelectronic devices.
11−16

 Dimethyl sulfoxide was mixed into a PEDOT:PSS aqueous 

solution (3.0 − 4.0 w/v%) to a concentration of 5 v/v%, to enhance the electrical conductivity 

of PEDOT:PSS.
17

 This PEDOT:PSS solution was then spin-coated onto the surface of the 

polished side of a Si piece with a rotation velocity of 1500 rpm for 1 min. The 

PEDOT:PSS-coated Si piece was subsequently bonded to the surface of the polished side of a 

bare Si piece under a uniaxial pressure of 0.1 MPa in ambient air at various temperatures for 

various durations. After the wafer bonding process, the detachment normal stress of the 

bonded sample was measured as the interfacial mechanical bonding strength. For electrical 

measurements, Ag paste was applied on both of the outer surfaces of the bonded Si piece as 

electrodes. The current–voltage characteristics were then measured across the bonded 

interface. 

 

 We secondly demonstrate the built-in solar cell functionality at the wafer-bonded 

heterointerface. The Si wafer was diced, submerged in the HF aqueous solution and then 

deionized water, spin-coated with the PEDOT:PSS solution in the same manner as above. The 

water submergence process is essential to secure the photovoltaic characteristics in the 

PEDOT:PSS/Si heterojunction. The resulting implementation of an oxide layer at the 

PEDOT:PSS/Si interface plays a role of a certain degree of potential barrier, to suppress the 

undesirable tunneling leakage current.
18

 A double-side-polished n-type InP wafer (thickness: 

365 m, crystalline plane orientation: <100>, dopant: sulfur, doping concentration: 7 × 10
18

 

cm
−3

) was similarly diced into a (1 cm)
2
 square piece. The InP piece was then subject to a wet 

HF treatment (10 wt% aq, 1 min) to remove the native oxide layer on the InP surface, 

followed by a rinse with deionized water. The PEDOT:PSS-coated Si piece was subsequently 

bonded to the surface of the polished side of the InP piece under a uniaxial pressure of 0.1 
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MPa in ambient air at various temperatures for 1 hour. After bonding, Ag paste was applied on 

the top and bottom surfaces of the bonded InP/Si piece as electrodes of a solar cell device. No 

anti-reflective coating was applied on the top surface. Importantly, note that such a simple 

procedure forms heterostructure bonding and solar cell functionality. 

 

 Firstly, we carry out a series of fundamental investigation of PEDOT:PSS-mediated 

semiconductor wafer bonding by using Si wafers. Figure 1 presents the current–voltage 

characteristics of the Si/Si samples bonded via PEDOT:PSS for 1 hour at various 

temperatures. Most current–voltage curves exhibit straight, Ohmic characteristics, which is 

preferable for many optoelectronic applications. Figure 2 plots the dependence of the 

electrical resistivity at the bonded Si/Si interface mediated by PEDOT:PSS on the bonding 

temperature for the bonding duration of 1 hour. The interfacial electrical resistivity was 

determined from the total series resistivity through the sample, represented by the inverse 

slope at the origin of the current–voltage curve plotted in Fig. 1, subtracted by the Ag/Si 

contact resistivities determined by the transmission line method for each bonding condition. It 

should be noted that the apparent turnover of the resistivities between those for the bonding 

temperatures of 100 and 200 °C between Figs. 1 and 2 is because of the higher Ag/Si contact 

resistivities for the case of 200 °C. The relatively high interfacial resistivities in the field of 

semiconductor optoelectronics observed in Fig. 2 can be attributed to the water submergence 

of the Si wafer for 1 min, which causes the formation of the insulating surface oxide, after the 

HF treatment. To improve the electrical conductivity, the water submergence process can be 

simply omitted. As observed in Figs. 1 and 2, bonding at 200 °C is found to provide the 

lowest interfacial resistivity or highest electrical conductivity. This trend indicates the 

existence of the optimal bonding temperature, resulting from the trade-off between the bond 

establishment and the interfacial oxidation due to the ambient air of our bonding atmosphere. 

In other words, the chemical bonds insufficiently form at too low temperatures, while the 
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bonded interface tends to electrically suffer from severe oxidation at too high temperatures. 

Next, we investigate the influence of the length of the bonding duration. Figure 3 presents the 

dependence of the bonding interfacial electrical resistivity on the bonding duration, for the 

bonding temperature of 200 °C. As observed, it is indicated that there is an optimum bonding 

duration in terms of the interfacial electrical conductivity. In a similar logic as that for the 

influence of the bonding temperature, both insufficient bond formation in the shorter bonding 

process and intense interfacial oxidation by longer bonding are considered to provide us with 

undesirable outcomes. So far, we have investigated the electrical property of the bonded 

interface. Let us move on to the mechanical property, another important characteristic 

parameter for wafer-bonded semiconductor interfaces. Figure 4 plots the dependence of the 

mechanical strength of the bonded Si/Si interface mediated by PEDOT:PSS on the bonding 

temperature for the bonding duration of 1 hour. Figure 5 plots the dependence of the 

mechanical strength of the bonded Si/Si interface mediated by PEDOT:PSS on the bonding 

duration for the bonding temperature of 200 °C. Interestingly, as observed in these graphs, the 

optimal bonding condition for the interfacial mechanical bonding strength happened to 

coincide with that for the interfacial electrical conductance, as 200 °C, 1 hour. It should be 

noted that although we added dimethyl sulfoxide to enhance the electrical conductivity of the 

PEDOT:PSS interlayer for the performance improvement of the PEDOT:PSS/Si 

heterojunction solar cell, an interfacial bonding strength of 1.1 MPa was observed for 25 °C, 3 

hours in the case without dimethyl sulfoxide in our preliminary bonding test. The series of 

results in the fundamental bonding experiments presented above has thus brought us to an 

interim conclusion: the optimal bonding condition is a bonding temperature of 200 °C and a 

bonding duration of 1 hour, accounting for optoelectronic device applications. 

 

 In the second phase of this study, we experimentally demonstrate that the 

PEDOT:PSS-mediated semiconductor wafer bonding is able to simultaneously form a solar 
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cell at the bonded interface. As our experimental example, we employ an InP/PEDOT:PSS/Si 

layered heterostructure formed by InP/Si wafer bonding mediated by PEDOT:PSS, where 

PEDOT:PSS acts as a hole transport layer to activate a PEDOT:PSS/Si heterojunction solar 

cell.
19−23

 Figure 6 presents a cross-sectional scanning electron microscope image of the 

bonded InP/PEDOT:PSS/Si heterostructure. This bonded heterostructure is positioned as a 

prototype of our photovoltaic functional bonding concept, mimicking an intermediate subcell 

section in a multijunction solar cell architecture. Assuming the InP layer as an upper subcell 

of a multijunction cell, the PEDOT:PSS/Si heterojunction solar cell part simultaneously 

formed in the bonding process can be regarded as a lower subcell. Figure 7 presents the light 

current–voltage characteristics under AM1.5G, 1-sun illumination (100 mW/cm
2
) of the 

InP/PEDOT:PSS/Si heterostructure bonded at 25 and 200 °C for 1 hour. The bias direction of 

the output photovoltage coincided with that of (p-)PEDOT:PSS/n-Si, but not 

n-InP/(p-)PEDOT:PSS. The device performance was: the open-circuit voltage of 0.396 and 

0.392 V, the short-circuit current density of 3.26 and 4.86 mA/cm
2
, the energy conversion 

efficiency of 0.376 and 0.521%, and the fill factor of 0.291 and 0.274, for the samples bonded 

at 25 and 200 °C, respectively. The short-circuit current density and thus the conversion 

efficiency are observed to be higher for the sample bonded at 200 °C than that for 25 °C 

presumably owing to the lower electrical resistivity at the bonded interface, as presented in 

the first phase of this study (Fig. 2). Nevertheless, the fact that such a semiconductor 

heterostructure is realized by room-temperature bonding process can be also thought to be 

fascinating. The thickness of the PEDOT:PSS layer was observed to be around 430 nm in 

scanning electron microscopy. Accounting for the reported trend that the PEDOT:PSS 

thickness typically ranges in 100 − 250 nm for high-efficiency PEDOT:PSS/Si heterojunction 

solar cells,
17,20,21

 ours could be too thick to obtain high cell performance. The apparently low 

energy conversion efficiency of the samples is attributed to the fact that the 365-m-thick InP 

wafer on the top of the PEDOT:PSS/Si solar cell structure completely absorbs the incident 
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solar-simulator spectrum for the region above the InP bandgap energy of 1.34 eV, or 925 nm, 

and also, the spectral window between the bandgap energies of InP and Si (1.12 eV, 1110 nm) 

is very narrow (< 200 nm) and covers only a small energy fraction in the whole AM1.5G 

spectrum. The conversion efficiency of the InP/PEDOT:PSS/Si sample bonded at 200 °C 

essentially corresponds to 4.82% based on the illumination intensity of 10.8 mW/cm
2
 in the 

spectral region between the bandgap energies of InP and Si in the AM1.5G, 1-sun spectrum. 

Furthermore, an additional loss of the incident light by free-carrier absorption of the photons 

even below the bandgap energy of InP in the thick, heavily doped InP wafer should also be 

accounted for. The major cause of the low fill factors can be attributed to the relatively large 

series resistance across the whole device due to the unoptimized fabrication process 

conditions, but electrical shunting at the photovoltaic junction (i.e., the PEDOT:PSS/Si 

interface) by insufficient interfacial oxidation might also matter.
18

 Although we cannot 

exclude the possibility that the n-InP/PEDOT:PSS heterointerface also acts as a solar cell, our 

demonstration has anyway verified the formation of built-in subcell at the InP/Si interface. 

The potential, undesirable counter photovoltaic competition effect, such as that between the 

n-InP/PEDOT:PSS and PEDOT:PSS/n-Si interfaces, could be circumvented by adopting 

proper doping polarities and concentrations in the upper and lower semiconductor materials. 

In this context, it should be noted for our present experiments that we intentionally omitted 

the water submergence process for InP, in contrast to Si. As a reference test, we fabricated 

spin-coated PEDOT:PSS/n-InP solar cell structures with deionized water submergence for 0, 1, 

and 10 min, all resulting in energy conversion efficiencies below 0.01%. Therefore, the 

photovoltaic effect at the n-InP/PEDOT:PSS interface is considered to be negligibly small, at 

least for our condition. Accounting for the status that various kinds of multijunction solar cells 

utilizing semiconductor wafer bonding have been intensively fabricated for more than a 

decade,
24−29

 our scheme of photovoltaic functional bonding could be useful in the field. Our 

proposed and demonstrated scheme of built-in subcells induced by semiconductor wafer 
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bonding mediated by functional agents could lead to low-cost, high-throughput production of 

high-efficiency multijunction solar cells. 

 

 In this study, we proposed and experimentally demonstrated a new concept of 

semiconductor wafer bonding that simultaneously realizes bond formation and solar cell 

implementation. Firstly, a semiconductor bonding technique mediated by 

poly(3,4-ethylenedioxythiophene) - poly(styrenesulfonate) (PEDOT:PSS) was developed. By 

using the PEDOT:PSS-mediated bonding method, we subsequently fabricated an InP/Si 

heterostructure with a PEDOT:PSS interlayer. It was then demonstrated that the 

PEDOT:PSS/Si heterojunction spontaneously formed at the bonded InP/Si interface operates 

as a photovoltaic device. The prepared InP/PEDOT:PSS/Si heterostructure can thus be 

regarded as a prototype architecture of an intermediate part in a multijunction solar cell with a 

built-in subcell. Our simple semiconductor bonding scheme mediated by functional agents 

could lead to the efficient production of high-efficiency multijunction solar cells. 
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Figure Captions 

 

Fig. 1. Current–voltage characteristics of the Si/Si samples bonded via PEDOT:PSS for 1 

hour at various temperatures. 

 

Fig. 2. Dependence of the electrical resistivity at the bonded Si/Si interface mediated by 

PEDOT:PSS on the bonding temperature for the bonding duration of 1 hour. 

 

Fig. 3. Dependence of the electrical resistivity at the bonded Si/Si interface mediated by 

PEDOT:PSS on the bonding duration for the bonding temperature of 200 °C. 

 

Fig. 4. Dependence of the mechanical strength of the bonded Si/Si interface mediated by 

PEDOT:PSS on the bonding temperature for the bonding duration of 1 hour. 

 

Fig. 5. Dependence of the mechanical strength of the bonded Si/Si interface mediated by 

PEDOT:PSS on the bonding duration for the bonding temperature of 200 °C. 

 

Fig. 6. Cross-sectional scanning electron microscope image of the bonded InP/PEDOT:PSS/Si 

heterostructure. 

 

Fig. 7. Light current–voltage characteristics under AM1.5G, 1-sun illumination (100 

mW/cm
2
) of the InP/PEDOT:PSS/Si heterostructure bonded at 25 and 200 °C for 1 hour. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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