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Abstract

Direct semiconductor wafer bonding is a versatile fabrication scheme for
high-performance optoelectronic devices. In the present study, the influence of oxygen
concentration in the bonding ambient on the electrical conductance at directly bonded Si/Si
interfaces is experimentally investigated in relation to interfacial oxidation. The interfacial
electrical conductivity is observed higher for lower oxygen concentration at each bonding
temperature in the range of 200 — 400 °C. Ohmic contact characteristics are found attainable
in the bonded interfaces by proper choice of bonding conditions. To support the electrical
conductance trend, an X-ray photoelectron spectroscopy analysis confirms the extent of
interfacial oxidation to be higher for lower oxygen concentration and higher bonding
temperature. In addition, solar cell fabrication and operation with a current path through the
bonded interface are demonstrated by using the bonding method in a low oxygen
concentration ambient. The energy conversion efficiency of the bonded cell is observed
comparable to that of an unbonded reference, to thus verify the suitability of the bonding

scheme for device applications.
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Introduction

Semiconductor wafer bonding is a versatile fabrication scheme used in a variety of
applications in electronics and photonics [1-6]. Representative optoelectronic devices
generated through wafer bonding include light-emitting diodes [7-9], lasers [10-12], optical
modulators [13,14], photodetectors [15-17], and solar cells [18-20]. To date, semiconductor
wafer bonding process is typically carried out in vacuum chambers in cleanrooms, which
inevitably takes substantial running costs. In view of commercialization, it is important to
ease the process conditions to reduce the cost. In this context, we previously conducted direct
semiconductor wafer bonding in ambient air in a regular, noncleanroom environment by
understanding the environmental influences on bonding characteristics [21]. It should be
noted that direct wafer bonding, in contrast to bonding methods mediated by interfacial agents
such as oxides [5,11,22], metals [7,23,24], and organic materials [25-27], is particularly
sensitive to the bonding atmosphere. Nevertheless, to the best of our knowledge, the
relationship between oxygen concentration in the bonding atmosphere and bonding outcome
has not yet been investigated in detail. In the present study, we fundamentally investigate the
influence of oxygen concentration in the bonding atmosphere on the interfacial electrical
conductivity, one of the most important characteristics of bonds, to further deepen the

fundamental technical knowledge for direct semiconductor wafer bonding.

Experimental Methods

For the bonding experiments, we used epi-ready-grade, single-side-polished p-type

Si wafers (thickness: 280 um, crystalline plane orientation: <100>, dopant: boron, doping
3
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concentration: ~ 1 x 10'° cm™3). We carried out the whole experimental processes of this study
in a non-cleanroom, regular experimental room with a particle density of approximately 5
million m™3, which we measured with a regular particle counter. The surface of the polished
side of the Si wafer was first spin-coated with photoresist (3000 rpm, 1 min) for the purpose
to protect the Si surface to be bonded from scratches and particulates during the process of
being diced [21]. Subsequently, the photoresist-coated Si wafer was soft-baked at 100 °C for
10 min on a hotplate. The Si wafer was then diced into 0.64 and 1.0 cm? pieces. After being
diced, the Si pieces were submerged in acetone for 5 min to remove the photoresist coating
and to degrease the Si surfaces to be bonded. Immediately after the acetone submergence, the
Si pieces were rinsed with deionized water. The Si pieces were subsequently subject to a wet
hydrofluoric (HF) treatment (9% ag, 1 min) to remove the SiO2 native oxide layer formed on
the Si surfaces [21,28]. After the HF treatment, the Si pieces were not rinsed with water [21].
The surfaces of the polished sides of a 0.64-cm? Si piece and a 1.0-cm? Si piece were then
contacted each other with their Si (011) edges being aligned. The combination of dissimilar
sizes of Si pieces allows for handling the pair only by touching the larger piece, to prevent
accidental debonding by shear stress caused by simultaneously touching the two pieces,
before the establishment of firm bonding. The two Si pieces were then bonded under a
uniaxial pressure of 0.1 MPa at various temperatures in the range of 100 — 400 °C in an
electric furnace under nitrogen flow with various rates in the range of 0 — 3.0 L/min for 3 h.

The heating and cooling rates were approximately 10 °C/min.

For electrical measurements, ohmic electrodes comprising a Au—-Ge—Ni alloy layer
(80:10:10 wt%) and a pure Au layer with thicknesses of 30 and 150 nm, respectively, were
sequentially deposited via thermal evaporation on both of the outer surfaces of the bonded Si
pieces. In this manner, Au/Au-Ge—Ni/Si contacts were formed and covered the entire Si

surfaces of the bonded samples. We did not apply any annealing for the contacts to prevent
4
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potential heating influences to the bonded interfacial characteristics. We then measured the

current—voltage characteristics across the bonded interfaces.

Using the developed direct bonding technique, we fabricated a Si solar cell bonded to
a Si wafer to demonstrate the applicability of our bonded semiconductor interface in
optoelectronic devices. Si solar cells were prepared by thermal diffusion of phosphorus (10%°
— 10%° cm~®) into one side of the surface region of a double-side-polished epi-ready p-type Si
<100> wafers doped with boron (doping concentration of ~ 1 x 10 cm™). After the
phosphorus thermal diffusion, the boron doping concentration on the other surface was
increased to the level of 10%° — 10% cm~2 by ion implantation, in order to provide a sufficient
electrical conductance at the bonded interface. The p-type side of the Si solar cell wafer was
bonded to a bare Si wafer (the same p-type Si wafer used for the above bonding investigation)
under the same process conditions as those in the bonding investigation. A bonding
temperature of 300 °C and a nitrogen flow rate of 1.5 L/min were employed, providing the
highest conductivity according to the bonding investigation. A front grid contact on top of the
Si cell and bottom contact on the back of the bare Si wafer were formed with the Au/Au-Ge—
Ni metal material in the same manner as in the bonding investigation. It should be noted that,
in this electrode configuration, the current passes through the bonded interface in the solar
cell operation. Therefore, this solar cell fabrication and operation test is suitable to evaluate
the validity of our bonding scheme for optoelectronic device applications. For comparison, we
also prepared a pristine reference solar cell sample from the same Si solar cell wafer with the
same top and bottom electrodes but standing alone, not bonded with a bare Si wafer. Through
this performance comparison, the loss in the power conversion efficiency by the electrical

resistance at the bonded interface can be estimated.
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Results and Discussion

Prior to the bonding experiments, the relationship between the nitrogen flow rate and
the oxygen concentration in the bonding furnace was calibrated. To measure the oxygen
concentration in the calibration run, an oxygen monitor was installed in the furnace. In
advance of the calibration run, the original ambient air in the furnace was purged by flowing
nitrogen with a rate of 3.0 L/min for 5 min. Subsequently, the nitrogen flow rate was changed
into the designated value, and the oxygen concentration in the furnace was measured at room
temperature by the monitor 1 h later, as the steady-state concentration. Figure 1 presents the
calibration result: the dependence of the oxygen concentration in the furnace (i.e., the bonding
ambient) on the nitrogen flow rate. As naively expected, the oxygen concentration in the
bonding furnace becomes lower as the nitrogen flow rate becomes higher. In the range of the
nitrogen flow rate of 0 — 1.5 L/min, the oxygen concentration is observed to decrease nearly
linearly to the flow rate, to eventually saturate at 0.8 % in the faster region. To reflect this
result, nitrogen flow rates of 0, 0.5, 1.0, and 1.5 L/min were employed in the following
bonding experiments. The corresponding oxygen concentrations in the bonding furnace are 21,

13, 5.8, and 0.8 %, respectively.

Figure 2 presents the current-voltage characteristics of the Si/Si interfaces bonded in
the conditions of varied temperatures and nitrogen flow rates in the furnace. It should be
noted that bonding did not form for the bonding temperature of 100 °C. For the values of
current density, the raw data of the measured current value was simply divided by the nominal
bonding area of 0.64 cm?, corresponding to the area of the smaller Si piece. Depending on the
bonding condition, i.e., bonding temperature and oxygen concentration, some current—voltage
curves are observed to be straight, which represents the ohmic contact character, and others

being rectified, which is Schottky barrier-like character. The rectified, diode-like current—
6
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voltage characteristics are presumably due to the existence of an insulating oxide layer,
namely SiO», at the bonded interface. In Fig. 2, it is observed that for the highest nitrogen
flow rate of 1.5 L/min, ohmic current-voltage characteristics, which is preferable in many
device applications, are observed for all of the bonding temperatures. This result can be
attributed to the low oxygen concentration in the bonding ambient, which sufficiently
suppresses the oxide formation to secure highly conductive bonded interfaces. In fact, it is
generally observed in Fig. 2 that the interfacial electrical conductivity, represented by the
amplitude of slope of the current-voltage curves, becomes higher for higher nitrogen flow rate,
which corresponds to lower oxygen concentration. In addition, it is observed that the
interfacial electrical conductivity becomes higher for higher bonding temperature, although
this trend is not as outstanding as the abovementioned dependence on oxygen concentration.
Figure 3 summarizes the results presented in Fig. 2, as output parameter of the interfacial
electrical conductivity, plotting the dependence of the interfacial electrical resistivity on the
oxygen concentration in the bonding ambient for varied bonding temperature. It should be
noted that the measured raw data of current-voltage characteristics, such as those in Fig. 2,
include all series resistances through the bonded sample. Therefore, we independently
determined the contact resistivities of the metal electrode/semiconductor interfaces using the
transmission line method [29-31], and then determined the pure resistivity at the bonded
interface by subtracting them from the inverse slope of the current-voltage curve at an applied
bias voltage of 0 V, to be converted into the electrical resistivity data presented in Fig. 3.
Another merit of this technical manner is that the finally obtained resistivity value contains no
influence of the oxidation of the outer Si surfaces of the bonded piece during the bonding
process, but solely reflects the characteristics of the bonded Si/Si interface. It is observed in
Fig. 3 again that the interfacial electrical conductivity becomes higher for lower oxygen
concentration in the bonding ambient. The effectiveness of the reduction of oxygen

concentration in bonding ambient has thus been thus demonstrated. The interfacial electrical
7
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resistivities for the samples bonded in the lowest oxygen concentration, 0.8 %, are observed
to be about 0.2 Q.cm? for all of the bonding temperatures, 200, 300, and 400 °C. These
resistivity values are slightly higher than those in the case of direct bonding in vacuum, about

0.1 Q-cm? [32].

To clarify the correlation between the oxygen concentration in the bonding ambient
and interfacial oxidation, to explicitly explain the abovementioned dependence of interfacial
electrical conductance, we carried out an x-ray photoelectron spectroscopy analysis for
delaminated Si surfaces after bonding. Typical x-ray photoelectron spectra are shown in Fig. 4,
for the samples bonded at 200, 300, and 400 °C under a nitrogen flow rate of 1.5 L/min. The
plots present the binding energy region for the Si 2p orbitals. A potential concern about the
influence of the additional oxidation of the Si surface in ambient air before the x-ray
photoelectron spectroscopy measurement after the delamination of the bonded Si/Si interface
is dissolved as long as we observe a clear variation in the signal intensities of oxygen among
the bonding conditions, i.e., the degree of oxidation during the bonding process is dominant
over that in ambient air at room temperature, which is consequently negligible. It is clearly
observed in Fig. 4 that the peak for SiO> becomes larger for higher bonding temperatures,
while that for Si is relatively stable. As a parameter that represents the extent of interfacial
oxidation, we employ the ratio of the peak area for SiO> to that for Si. Figure 5 summarizes
the SiO2/Si peak ratio in x-ray photoelectron spectroscopy for all of the bonding conditions
with varied bonding temperatures and oxygen concentrations. As observed, the intensity of
the SiO> peak for the bonding temperature of 200 °C lie below the detection limit of our x-ray
photoelectron spectroscopy, for all of the oxygen concentrations. Presumably, the effect of the
HF surface pretreatment to substantially suppress the interfacial oxidation may be retained at
such a relatively low bonding temperature. Whilst, the SiO2 peaks were clearly detected for

the bonding temperatures above 300 °C. Overall, it is generally observed that the degree of
8
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interfacial oxidation is higher for higher oxygen concentration and bonding temperature.

Finally, we demonstrate a fabrication and operation of a solar cell device by using
our bonding method. The solar cell structure has an electrical current path through the bonded
Si/Si interface, and therefore this experiment is a proper testimony for device applications.
The bonded interface securely survived during the fabrication process, thus demonstrating its
mechanical stability. Figure 6 presents the light current-voltage characteristics of the
fabricated Si solar cell via Si/Si bonding at 300 °C with an oxygen concentration of 0.8 %,
under an Air Mass 1.5 Global, 1-sun illumination (100 mW/cm?). Also plotted in Fig. 6 is the
light current-voltage curve of the unbonded reference Si solar cell. As observed, the light
current-voltage characteristics of the bonded and unbonded cells are close to each other,
which indicate that the bonded Si/Si interface does not degrade the solar cell performance and
therefore is considered to be suitable for applications. The energy conversion efficiency of the
bonded Si solar cell was measured as 6.1 %, which was observed highly comparable to the
efficiency of 6.3 % for the unbonded reference cell. The interfacial electrical resistivity of
about 0.2 Q-cm? observed in Fig. 3 for the employed bonding condition (temperature: 300 °C,
oxygen concentration: 0.8 %) would in principle cause a voltage drop of about 4 mV for a
current density of 20 mA/cm?, i.e., less than 1 % reduction in the output voltage, and thus
similarly in the conversion efficiency. Such a rough estimate for the influence of the electrical
resistance at the bonded interface on the cell performance verifies the similarity in the
conversion efficiency between the bonded and unbonded cells. The cause of the slightly larger
short-circuit current observed for the bonded cell is unknown, but presumably being a matter
of experimental error. We observed that by sufficiently suppressing the oxygen concentration
in bonding ambient, the interfacial electrical resistivity in the bonded Si/Si interfaces can
securely be well below 1 ohm-cm?, as presented in Fig. 3. It is generally thought that a series

resistance below 1 ohm-cm? does not significantly affect the overall light current-voltage
9
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output performance for a 1-sun irradiation intensity [33,34]. The electrical characteristics of

our bonding may thus be suitable, for instance, for the non-concentrator solar cell application.

Conclusions

In this study, we conducted a fundamental investigation on the influence of oxygen
concentration in the bonding ambient on the electrical conductance at directly bonded Si/Si
interfaces in relation to interfacial oxidation. The interfacial electrical conductivity was
observed to be higher for lower oxygen concentration at each bonding temperature in the
range of 200 — 400 °C. Ohmic contact characteristics were found to be attainable in the
bonded interfaces by proper choice of bonding conditions. To support the electrical
conductance trend, we carried out a series of x-ray photoelectron spectroscopy analyses for
the delaminated Si surfaces after bonding, to confirm that the extent of interfacial oxidation is
higher for lower oxygen concentration and higher bonding temperature. Furthermore, solar
cell fabrication and operation with a current pathway through the bonded interface were
demonstrated by using the bonding method in reduced oxygen concentration. The energy
conversion efficiency of the bonded cell was observed comparable to that of an unbonded

reference, to thus verify the suitability of the bonding scheme for device applications.
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Figure Captions

Fig. 1 Dependence of the oxygen concentration in the furnace (i.e., the bonding ambient) on

the nitrogen flow rate.

Fig. 2 Current-voltage characteristics of the Si/Si interfaces bonded at (a) 200, (b) 300, and

(c) 400 °C, with varied nitrogen flow rate in the furnace.

Fig. 3 Dependence of the interfacial electrical resistivity on the oxygen concentration in the

bonding ambient for varied bonding temperature.

Fig. 4 X-ray photoelectron spectra of the delaminated Si surface after bonding in an oxygen

concentration of 0.8 % at varied temperatures.

Fig. 5 Dependence of the ratio of the SiO> peak area to the Si peak area in x-ray photoelectron

spectroscopy on the oxygen concentration in the bonding ambient for varied bonding

temperature.

Fig. 6 Light current-voltage characteristics of the bonded Si solar cell and the unbonded

reference Si solar cell.
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