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The band structure of p-Si/n-InGaP heterojunctions fabricated by using surface-activated bonding (SAB) was
investigated by measuring their current-voltage (I-V) and
capacitance-voltage (C-V) characteristics. The I-V characteristics of p-Si/n-InGaP junctions showed rectifying

properties similarly to p-Si/n-GaAs junctions. The conduction band discontinuity of the p-Si/n-InGaP junctions
was determined to be 0.41 eV from C-V measurements,
which indicated that the Si/InGaP junctions revealed the
type-I band line-up in contrast to the Si/GaAs junctions.
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Direct bonding of semiconductor materials has been studied by several groups [1, 2]. This
method has been employed for forming a variety of semiconductor junctions [3-6]. The process for removing native
oxide layers on the bonding surfaces is essential prior to
forming the above-cited junctions. Furthermore, processes
at higher temperatures during and/or after bonding are required for realizing junctions with better electrical characteristics [5, 6]. Such high-temperature processes, however,
might cause the diffusion of impurities through the interfaces or mechanical deficits due to the difference in the
thermal expansion coefficients of bonded substrates, which
are assumed to limit the area of applications of the direct
wafer bonding.
Surface-activated bonding (SAB) is a method to
achieve bonding at room temperature [7-12]. In the process,
surfaces of substrates are activated by the fast atom beams
of Ar and subsequently brought into contact in a vacuum.
SAB, consequently, has enabled us to bond substrates
without heating [7]. This method has a significant advantage of avoiding undesirable heat loads for heat sensitive
electronics devices. SAB has been found to be applicable
in chip-size and wafer-level optoelectronic and micro electro mechanical systems packaging. The prime concern in
relevant research has been the mechanical and structural
properties of junctions [9, 10] although current-voltage (IV) characteristics of SAB-based Si/Si, Si/InP, and Si/GaAs
junctions were reported [8, 11, 12].

In this work, the p-Si/n-InGaP junctions were fabricated by using SAB. The InGaP layers were latticematched to GaAs. Given that the band gap of latticematched InGaP (1.88 eV at room temperature) is larger
than that of GaAs (1.42 eV), InGaP/Si junctions might be
useful as tunneling junction in tandem solar cells. We examined their electrical properties by current-voltage (I-V)
and capacitance-voltage (C-V) measurements and discussed their energy-band stuctures with those for p-Si/nGaAs junctions [12].
2 Experimental procedure We employed B-doped
(100) p-Si substrates and Si-doped n-InGaP layers epitaxially-grown on n-GaAs substrates. The nominal carrier concentration in n-InGaP layers was 1×1018 cm-3. The hall measurements at room temperature revealed that the resistivity
and carrier concentration were 0.1 Ω·cm and 2.4 × 1017 cm-3
for the p-Si substrates. We bonded the p-Si substrates and nInGaP layers to each other by using SAB [7-12], evaporated
Al/Ni/Au and AuGe/Ni/Ti/Au multilayers on the backside of
p-Si and n-GaAs substrates, respectively, and annealed them
at 400 °C for 60 s so that the ohmic contacts were achieved.
All samples were then diced into 4 mm2 pieces. Their I-V
characteristics were measured using an Agilent B2902A Precision Measurement Unit. Their C-V characteristics were
measured using an Agilent E4980A Precision Impedance
Analyzer at room temperature. An FE-SEM facility (JEOL
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JSM6500F) was employed for the cross-sectional characterizations for sides formed by dicing.
The p-Si/n-GaAs junctions used as reference samples
were fabricated in similar manners. The carrier concentrations in the p-Si and the n-GaAs were 2.4 × 1017 cm-3 and
1.1 × 1018 cm-3, respectively.
3 Results Figure 1 shows an FE-SEM image of the
cross section of p-Si/n-InGaP junctions. A straight line can
be clearly recognized at the centre of the sample. This line
corresponds to the interface between Si and InGaP. Some
cracks were observed mainly in the side of InGaP layers at
the cross-sectional surface, which are attributed to dicing
damage.

Figure 1 FE-SEM cross-sectional image of the interface of
Si/InGaP.

3000
2500
2000
1500
1000

10

4

10

3

10

2

10

1

10

0

2mm×2mm
RT
p-S i/n-GaAs

10

-1

10

-2

10

-3

p-S i/n-InGaP

-1.5

-1.0

-0.5

0.0

0.5

B ias voltage (V )

1.0

1.5

0.64 V

p-S i/n-GaA s
p-S i/n-InGaP

500
0

(a)

-500
-1.5

0.38 V
-1.0

3.5

-0.5

0.0

B ias voltage (V )

0.5

14

1/C2 (10

4 2
cm /F )

p-S i/n-InGaP

2.5

1.5

1.5

2mm×2mm
RT

3.0

2.0

1.0

1.0

p-S i/n-GaA s
0.5

V d=1.39 V

(b)

0.0
-1.2

-0.8

V d=1.59 V

-0.4

0.0
0.4
0.8
B ias voltage (V )

1.2

1.6

2.0

Figure 2 (a) I-V and (b) C-V characteristics of SAB-based pSi/n-InGaP junctions at room temperature. Results for p-Si/nGaAs junctions are also shown for comparison.
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The I-V characteristics of the p-Si/n-InGaP junctions
measured at room temperature are shown in Fig. 2(a).
Those of the p-Si/n-GaAs junctions were also shown for
comparison. It was found that both the curves revealed rectifying properties similarly to those in conventional pn
junctions. The turn-on voltages were found to be 0.64 and
0.38 V for the p-Si/n-InGaP and the p-Si/n-GaAs junctions,
respectively. The inset shows the semi-log plot of I-V characteristics of the p-Si/n-InGaP and the p-Si/n-GaAs junctions. It is noteworthy that the magnitude of the current increased as the junctions were more deeply reverse biased
for both the p-Si/n-InGaP and the p-Si/n-GaAs junctions.
In addition, the magnitude of the current of the p-Si/nGaAs junctions is larger than that of the p-Si/n-InGaP
junctions for reverse bias voltages.
The 1/C2-V characteristics of the p-Si/n-InGaP junctions measured at a frequency of 100 kHz are shown in Fig.
2(b). It exhibits characteristics in which 1/C2 is approximately a linear function of the applied voltage. However, a
decrease in slope with increasing reverse bias was very
noted. Although a slight warp was observed in the characteristics, the diffusion potential was found to be ∼ 1.39 V
by linearly extrapolating 1/C2 for the bias voltages between
-0.6 and 0 V to zero. The 1/C2-V characteristics of the pSi/n-GaAs junctions are also shown in this figure for comparison. The diffusion potential of the p-Si/n-GaAs junctions was found to be ∼ 1.59 V.
The I-V characteristics of p-Si/n-InGaP junctions
measured at varied temperatures are shown in Fig. 3. It is
noteworthy that the magnitude of the current increased as
the junctions were more deeply reverse biased. Furthermore, the magnitude of the current increased with increasing the temperatures. We also find that the slope of the current for reverse-bias voltages is almost invariant to temperature.
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Figure 3 I-V characteristics of p-Si/n-InGaP junctions measured
at varied temperature.

4 Discussion The diffusion potential Vd in p-Si/nInGaP junctions, which is given by the difference in the
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work functions between p-Si and n-InGaP(n-GaAs), is expressed as
qVd = Egp + ΔEc + δn - δp.
(1)
where q is the elementary charge, Egp is the energy gap of
p-Si, ΔEc is the conduction-band discontinuity, and δp and
δn refer to the position of the Fermi energies relative to the
valence-band maximum in p-Si and that relative to the
conduction-band minimum in n-InGaP, respectively.
Using Eq. (1), ΔEc is estimated to be 0.41 eV for the pSi/n-InGaP junctions. Their valence-band discontinuity is,
consequently, found to be 0.35 eV. The energy-band diagram at zero-bias voltage based on these estimations is
shown in Fig. 4(a).
The energy-band diagram of the p-Si/n-GaAs junctions,
which was obtained in similar manners, is shown in Fig.
4(b) for comparison. Where ΔEv is the valence band discontinuity, and Xn and Xp are the depletion width of nGaAs or InGaP and p-Si in the p-Si/n-GaAs and p-Si/nInGaP junctions. We find that the energy-band diagram of
the p-Si/n-InGaP junctions reveals type-I features although
type-II features are apparent in that of the p-Si/n-GaAs
junctions. These findings are in contradiction with a previous report for the energy-band profile of InGaP/GaAs
junctions, which showed ΔEc of 0.11 eV [13]. The electric
dipole possibly formed at the bonding interfaces might explain the contradiction [14-16].

Figure 4 The schematic energy-band diagram of (a) p-Si/nInGaP and (b) p-Si/n-GaAs junctions.
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We found that the diffusion potential is surprisingly
larger compared with the turn-on voltages and the magnitude of the current increased for larger reverse bias voltage
for both of the p-Si/n-InGaP and the p-Si/n-GaAs junctions.
Similar results were reported for the p-GaAs/n-GaN and
the p-SiC/n-GaN junctions fabricated by wafer fusion,
which were attributed to the scheme of trap-assisted tunneling [17-19].
Actually the fact that in the I-V characteristics of the pSi/n-InGaP junctions the slope of the current for reverse
bias voltages in the semi-log scale is not sensitive to the
ambient temperature (Fig. 3) suggests that the tunneling
process dominates the electrical transport properties across
the interfaces. The analysis shows that the energy of the
traps is estimated to be ∼ 0.08 eV. The energy of the traps
is close to that in the p-Si/n-GaAs junctions that we previously reported (0.1 eV).
One possible origin of the traps is damages formed on
the bonding surfaces during the Ar plasma irradiation in
the SAB process. Formation of amorphous layers due to
SAB supports this model [9, 12]. Another explanation is
that the notch, or the conduction-band discontinuity,
formed at the Si/InGaP and Si/GaAs interfaces might play
a role of traps. Note that the notch in AlGaAs heterojunctions reportedly can act as a trap [20]. The difference in the
depth of the notch between the Si/InGaP (0.41 eV) and
Si/GaAs (0.58 eV) junctions might be related to the energies of traps obtained from the I-V characteristics for the
respective pn junctions.
The warp in the 1/C2-V characteristics of the p-Si/nInGaP junctions might be explained by considering the
mobile charges trapped at the interface during the tunneling [21, 22]. In addition, the slope decreased with increasing reverse biased in the 1/C2-V characteristics for the pSi/n-InGaP junctions which is similar to those for n-Ge/pSi vapor grown diode [23]. The considerable electric dipole or charged states may be formed at the bonding interfaces which may affect the 1/C2-V characteristics. For the
p-Si/n-GaAs junctions, the interface states also may be
formed at the interface, but its effects is relatively small
compared with the p-Si/n-InGaP junctions because the value of 1/C2 at the bias of 0 V is consistent with the depletion
width shown in Fig. 4(b).
5 Conclusion We successfully fabricated p-Si/nInGaP junctions by using SAB and examined their energyband structure in comparison with that of p-Si/n-GaAs
junctions. The energy-band structure of p-Si/n-InGaP junctions, which we obtained from their C-V characteristics,
showed type-I feature in contrast to that of p-Si/n-GaAs
junctions. The contribution of traps was observed in the
I-V characteristics of both of the junctions, which might be
attributed to the damage due to the Ar plasma irradiation or
the notch in the conduction band profile of the respective
junctions.
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