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1 Introduction Compound-semiconductor-based tan-
dem (multi junction) solar cells, which are composed of
stacks of sub cells with different bandgaps, are promis-
ing as practical candidates for next-generation solar cells
[1-3] since tandem cells have reportedly produced higher
conversion efficiencies in comparison with other solar cell
structures [4]. The strategy for realising high efficiencies in
the tandem cells is to slice the solar spectrum into several
parts and absorb the respective parts by using sub cells.
The bandgap of each sub cell is determined so that the
current matching condition is fulfilled. In most cases the
sub cells are made of group-III arsenides or phosphides
with specified bandgaps. InGaP/(In)GaAs/Ge triple junc-
tion cells have reportedly produced conversion efficiencies
> 30% [1-3].

Noting that the group-III arsenides and phosphides po-
tentially bring about a large impact on the environment,
they should be preferably replaced by materials with lower
environmental burdens. Possible candidates for them are
group-III nitrides with bandgaps varied between 0.7 (InN)
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and 6.2 (AIN) eV [5]. The possibility of nitrides as con-
stituent of solar cells has widely been explored [5—11]. Fur-
thermore Si-based cells should be substituted for Ge-based
bottom cells in the triple junction cells for lowering the
costs of cells. A pioneering work for the growth of GaN-
based cells on Si-based cells using the plasma-assisted
molecular-beam epitaxy was reported [7]. Researches on
the growth of InGaN-based cells on Si-based cells are in
progress [11].

Given that the growth of nitride-based solar cell struc-
tures on Si substrates is still hard technological issues,
other approaches, the mechanical-stacking (hybrid tan-
dem) approaches [12—14], should be explored for realising
the nitride-on-Si stacks. The surface-activated bonding
(SAB), in which the native oxide layers formed on sur-
faces of substrates are removed by Ar beam irradiation
prior to bonding [15,16], is one of the promising methods
for the hybrid tandem approaches. The present authors
previously applied SAB for making junctions of a variety
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of dissimilar materials and examined their structural and (a)
electrical characteristics [17-19]. Before polishing After polishing

In this work, we fabricated hybrid tandem cells com-
posed of InGaN/GaN multi quantum wells (MQWs) based
top cells and Si-based bottom cells by using SAB and ex-
amined the applicability of SAB for realising nitride-on-Si
tandem cells.

2 Results and dicussions

2.1 Sample preparation On n-type (0001) GaN
substrates with a carrier concentration of ~ 10'® cm—3,
we grew 100 nm-thick n-doped GaN buffer layers (~
5 x 108 cm—3), undoped 10 pairs of InGaN/GaN MQWs,
and p-doped emitter/contact layers in this sequence. By
using Xray-diffraction analyses, the thicknesses of InGaN
well layers and GaN barrier layers in MQWs were found
to be 3.4 and 5.8 nm, respectively. Furthermore the InN
mole fraction of InGaN well layers was estimated to be
0.14. We made the emitter contacts on the contact layers
by Ni/Au evaporation. Next the base contacts were formed
on the surfaces of the n-GaN buffer layers, which had been
exposed by mesa etching, by evaporating Ti/Al/Ni/Au and
an annealing at 800 °C for 60 s so that the nitride-based
top cells were fabricated. The area of the mesa was 1 mm?.
Details of growth and characterisation of the layer struc-
ture as well as the cell fabrication process were previously
reported [10]. By polishing the backsides of substrates,
their averaged roughness was improved from 170 nm (be-
fore polishing) to 0.33 nm (after polishing) as is shown in
Fig. 1(a). We then diced the GaN substrates into 1 cm?
chips.

Si-based bottom cell structures were made by the im-
plantation of boron (B) ions to high-resistive n-type (111)
and (100) Si substrates and subsequent rapid thermal an-
nealing at 900 °C for 60 s. The acceleration energy in the
ion implantation was 10 keV. The preparatory SIMS mea-
surements suggested that the profile of the concentration
of B atoms revealed a peak with a height of =~ 1.5 X
10%° ¢cm~3 at a depth of ~ 50 nm after the annealing.
We also formed n™ layers on the backsides of Si sub-
strates by means of the ion-implantation of phosphors (P)
and annealing for obtaining good ohmic contacts and back-
surface-field layers. The base contacts to Si-based bottom
cells were achieved by Ti/Au evaporation. Furthermore,
standalone Si-based cells were fabricated by forming the
emitter contacts by evaporating Al and annealing at 400 °C
for 60 s.

After the surface activation process using the Ar beam,
the backsides of GaN substrates were bonded to the top
surfaces of Si-based bottom cells in the atmospheric pres-
sure of ~ 107% Pa. The samples were not intentionally
heated during the bonding process. The bonding pressure
was ~ 10 MPa. Both of the nitride-on-(111)-Si and (100)-
Si tandem cells were successfully fabricated thank to the
improved smoothness of backside of GaN substrates. The
schematic cross section of the tandem cells is shown in
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Figure 1 (a) AFM images of backsides of GaN substrates before
and after polishing. (b) A schematic cross section of nitride-on-Si
tandem cells fabricated by using SAB.

Fig. 1(b). It is noteworthy that the characteristics of the tan-
dem cells as well as those of the top cells, which are parts
of the tandem cells, are independently measured since the
base contacts to the top cells were formed.

2.2 Cell characterisation We measured current-
voltage (I — V') characteristics of cells under air mass 1.5G
and one sun conditions using an in-house solar simulator.
The measurements were performed at room temperature.
The characteristics of three neighbouring nitride-on-(111)-
Si tandem cells as well as the constituent top cells are
shown in Figs. 2(a) to 2(c). The characteristics of the sepa-
rately fabricated (111)-Si based bottom cells are shown in
Fig. 2(d). Results for nitride-on-(100)-Si cells and (100)-
Si based bottom cells are shown in Figs. 3(a) and 3(b),
respectively .

The I — V characteristics shown in Fig. 2(a) re-
veal that the short circuit current (Jgc), the open cir-
cuit voltage (Voc), the series and shunt resistances (Rger
and Rgp), and the efficiency are 0.22 mA/ cm2, 1.64 V,
3.2x103 2cm?, 4.0x104 Nem?, and 0.16%, respectively.
Those for the nitride top cells are 0.21 mA/ cm2, 1.12°V,
3.1x10% cm?, 2.1x10* 2em?, and 0.08%, respectively.
Similar values are obtained from I — V characteristics
shown in Figs. 2(b) and 2(c). From the characteristics of
the (111)-Si based bottom cell [Fig. 2(d)] we extract Jsc
of 24.0 mA/cm®, Voc of 0.56 V, Ry, of 0.55 Qcm?,
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Figure 2 (a)-(c) I — V characteristics of neighbouring nitride-
on-(111)-Si tandem cells as well as those of constituent top cells.
(d) I —V characteristics of a separately-fabricated (111)-Si based
cell.

Rgp of 7.4x10* 2cm?, and the efficiency of 10.4%. The
magnitude of R, of the tandem cells is much larger than
the resistance across the bonding interfaces, which was
estimated to be ~ 102 cm? as is discussed later. The
measured series resistance of the tandem cells is, conse-
quently, likely to be attributable to the resistance on the
p-GaN emitter contacts of the top cells.

We find that in the nitride-on-(111)-Si tandem cells the
sum of Vo of the top cell and that of the bottom cell is
in almost agreement with Voo of the tandem cell. This
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Figure 3 I —V characteristics of (a) a nitride-on-(100)-Si tandem
cell and (b) a separately-fabricated (100)-Si based cell.

means that the two sub cells are electrically well-connected
to each other through the bonding interfaces. Vo of the
nitride-on-(100)-Si tandem cell, 1.88 V as is seen from
Fig. 3(a), is slightly lower than the sum of V¢ of the
top cell (1.50 V) and that of the bottom cell (0.56 V from
Fig. 3(b)). The origin of the discrepancy remains unclear.

We have to note that Jg¢ of the nitride-based cells,
which is much lower than Jg¢ of the (111)- and (100)-
Si based cells, limits the performances of the tandem cells,
which suggests that the quality of the top cell must be im-
proved. In addition, the occurrence of the difference in Jgc
between the nitride and Si-based cells implies that when
the tandem cells are short circuited the bottom cells are
forward biased by ~ 0.5 V, which should amount to the
change in the self bias voltage applied to Rg}, of the top
cells (2.1 x 10* 2cm?) and Ry (3.2 x 103 2¢m?) from
the case for the standalone top cells. The increase in Jsc
of the tandem cells in comparison with that of the top cells
is qualitatively explained in such scheme.

2.3 Conduction across bonding interfaces The
I — V characteristics measured between the base con-
tacts of top and bottom cells on (111) Si and (100) Si
substrates without illumination are shown in Fig. 4. The
I — V characteristics, which are assumed to reflect the
electrical conduction across the bonding interfaces, reveal
quasi-ohmic properties with a resistance of ~ 200 2cm?
for the tandem cells on (111) Si substrates. The slope of the
characteristics for the tandem cells on (100) Si substrates
corresponds to a resistance of ~ 140 2cm? although the
characteristics are slightly unsymmetrical.
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Figure 4 I — V characteristics between base contacts of top and
bottom cells in nitride-on-(111) Si and nitride-on-(100) Si tandem
cells measured without illumination.

In contrast, given that the conduction-band discontinu-
ity at the GaN/Si interface is assumed to be zero (AE¢ ~
0 eV) [5], the thickness of the depletion layer in n-GaN of
the n-GaN/p-Si junctions should be ~ 30 nm. This sug-
gests that the conductive properties across the bonding in-
terfaces should be unsymmetrical and their resistance is
large so that the operation of the tandem cells might be
degraded. The conductive characteristics of the actual n-
GalN/p-Si junctions might be attributable to interface states
possibly introduced through the bonding process. Note that
similar properties were observed in GaN/GaAs junctions
obtained using the wafer fusion [20]. The resistance across
the interface might be lowered by increasing the concen-
tration of impurities in GaN substrates [19].

Although the mechanism inducing such quasi-ohmic
properties in the GaN/Si junctions remains unclear, the
achieved results implies that SAB provides a good inter-
face between the nitride and Si-based sub cells. Structures
and fabrication processes of the respective sub cells can be
separately optimised for obtaining better performances of
the tandem cells. Also by noting that nitride top cells are
successfully bonded to the bottom cells based on (100)-Si
substrates, which are widely used than (111)-Si substrates
in the present semiconductor industries, SAB is assumed
to play a major role in accelerating the research and de-
velopment for nitride-on-Si tandem solar cells with high
efficiencies, low costs, and low environmental burdens.

3 Conclusions Using the surface activated bonding,
we fabricated nitride-on-Si hybrid tandem cell structures of
nitride top cells on GaN substrates and (111)- and (100)-Si
bottom cells. The GaN substrates was successfully bonded
to the surfaces of Si bottom cells thank to the improved
smoothness of the polished backside of GaN substrates.
The open-circuit voltage (Voc) of tandem cells on (111)
Si was almost in agreement with the sum of Voc of the
respective sub cells.
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