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Abstract—Effects of GaAs/indium tin oxide (ITO)/Si junctions
on III-V-on-Si multijunction solar cells are examined by fabricating and characterizing InGaP/GaAs/ITO/Si triple-junction (3J)
solar cells. The 3J cells are fabricated by evaporating ≈ 100-nmthick ITO films on the surfaces of Si bottom cells and bonding the
InGaP/GaAs double-junction (2J) subcells and the ITO films using
surface-activated bonding technologies at room temperature. The
current–voltage characteristics of 3J cells with p+ -GaAs/ITO/n+
-Si and n+ -GaAs/ITO/n+ -Si junctions are compared with those
of an InGaP/GaAs/Si 3J cell. The parasitic resistance of the respective 3J cells is estimated by analyzing their characteristics in the
dark. We find that the 3J cell with an n+ -GaAs/ITO/n+ -Si junction shows the lowest parasitic resistance, which is the origin of its
lowest differential resistance at the open-circuit voltage and highest fill factor. This means that n+ -GaAs/ITO/n+ -Si junctions are
promising for improving the performances of III-V-on-Si hybrid
multijunction cells. The spectral response characteristics of these
cells indicate that the thickness of the ITO films must be optimized.
Index Terms—Hybrid junctions, indium tin oxide (ITO),
InGaP/GaAs/Si, multijunction solar cell fabrication, surfaceactivated bonding (SAB).

I. INTRODUCTION
ULTIJUNCTION solar cells fabricated by cascading
subcells with different bandgaps have exhibited the
highest conversion efficiencies among solar cell structures
[1]. Proposed multijunction cells include AlGaAs/GaAs [2]
and InGaP/(In)GaAs double-junction (2J) cells [3]–[6], InGaP/(In)GaAs/Ge [7] and InGaP/GaAs/InGaAs [8] triplejunction (3J) cells, and InGaP/GaAs/InGaAsP/InGaAs fourjunction (4J) cells [9], [10]. Their excellent performance has
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been demonstrated by integrating them with equipment for concentrating solar light. An efficiency of >46% at 508 suns was
reported for a 4J cell [10].
For the purpose of realizing photovoltaics with high efficiencies and low costs [11], several authors fabricated III-V-on-Si
multijunction cells by growing III-V subcells on Si-based bottom cells [12], [13]. Although III-V (sub) cells were successfully
grown on Si by using GaAsP-graded buffer layers [14] or Ge/Si
templates [15], [16], the performance of the obtained III-V cells
was still limited because of the threading dislocations because
of the difference in lattice constants between the III-V materials
and Si [13].
For multijunction cell fabrication, an alternative to epitaxial growth is low-temperature wafer bonding, which makes it
possible to stack foreign semiconductor materials with different crystal structures, lattice constants, and thermal expansion
coefficients [17], [18]. Several types of bonding technologies
such as conventional direct bonding [19], smart stack approach
[20], and surface-activated bonding (SAB) [21]–[24] have been
successfully applied for fabricating multijunction solar cells.
In SAB [25], the surfaces of substrates to be bonded are first
irradiated by a fast atom beam (FAB) of Ar, which removes
native oxide layers from the surfaces, or activates the surfaces.
The substrates are then weighted at low temperatures so that they
can be bonded to each other. Fabricated and characterized homojunctions and heterojunctions include Si/Si [25]–[27] Ge/Ge
[28], Si/GaAs [29]–[32], Si/InP [33], Si/InGaP [34], Si/GaN
[35], and Si/SiC [36], [37] junctions. We found that a junction made of p+ -GaAs and n+ -Si substrates and that made of
n+ -GaAs and n+ -Si substrates exhibited a resistance of 0.13
[31] and 0.074 Ωcm2 [32], respectively. We also fabricated non-p InGaP/Si 2J cells [22] and n-on-p InGaP/GaAs/Si 3J cells
[23] by bonding lattice-matched III-V layers grown on GaAs
substrates to Si bottom cells, removing the GaAs substrates,
forming emitter and base contacts, performing mesa-etching,
and depositing antireflection films. The bonding interfaces were
made of p+ -GaAs and n+ -Si.
Because of the bandgaps of the respective subcells in InGaP/GaAs/Si 3J systems, there occurs mismatching in shortcircuit currents among the subcells so the efficiencies of the
3J cells are limited when they are under air mass 1.5G solar irradiance. The impacts of this drawback were alleviated
and an efficiency as high as >30% was achieved by using the
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double-path configuration for the Si bottom cells and arranging the thickness of the III-V layers [24] or by replacing the
GaAs middle cells with AlGaAs cells and optimizing passivation of both sides of the Si bottom cells [38]. Other proposed
approaches for decreasing the impacts of the current mismatching include partially covering the Si bottom cells with the III-V
upper subcells [39] and replacing a single subcell with two cascading subcells of the same materials (for example by replacing
GaAs/Si 2J with GaAs/GaAs/Si 3J [40]).
The FAB irradiation is likely to induce damage, which acts as
mid-gap states, on the surfaces of bonded substrates. An analysis based on the charge neutrality level model suggested that the
mid-gap states cause a potential barrier at the bonding interfaces,
which increases interface resistance [27]. However, the contribution of the potential barrier was suppressed by optimizing the
bonding conditions, such as the bonding temperature and FAB
energy [41]. In [41], a resistance of < 3.6 × 10−3 Ωcm2 was reported for a junction of n+ -GaAs and n+ -Si substrates, which
was much lower than a resistance obtained for an n+ -GaAs
substrate/n+ -Si substrate junction in our group [32].
We estimated the resistance across the p+ -GaAs/n+ -Si bonding interface in actual 3J cells by characterizing cells with extra
tap contacts connected to the p+ -GaAs and n+ -Si bonding layers [42]. The thickness of the n+ -Si bonding layers, which also
worked as emitters of bottom cells, was ∼10 nm. The obtained
resistance, several Ωcm2 , was much higher than the resistance
of bonding interfaces made of p+ -GaAs and n+ -Si substrates
fabricated using the same SAB conditions (0.13 Ωcm2 as stated
above [31]). The assumed reason for the difference in the resistance was that the impacts of potential barriers because of the
FAB irradiation manifested themselves more apparently in junctions of thin bonding layers than in junctions made of heavily
doped substrates. Irrespective of the origin, the obtained results
imply that the resistance across the bonding interface should
limit the characteristics of hybrid multijunction cells.
A practical solution for the higher resistance in the bonding
interfaces of 3J cells might be provided by using conductive
transparent oxides such as indium tin oxide (ITO) as bonding
layers for Si bottom cells. Actually, ITO films have been widely
utilized as top contacts in Si-based [43]–[45] and III-V-based
[46] solar cells. They have also been used as intermediate layers in bonding n-InGaP and n-GaAs layers [47]. In [47], the
temperature of the samples was raised to 650 ◦ C during the
bonding process. The bonding was reportedly achieved because
of the diffusion of In atoms from the InGaP layers to the ITO
films. We previously fabricated Si/ITO/Si junctions by bonding
heavily doped Si substrates to ITO films deposited on other Si
substrates [48]. In [48], we found that the electrical conduction
across the Si/ITO bonding interfaces was degraded by annealing
at temperatures higher than 400 ◦ C. Consequently, in using ITO
films as intermediate layers for III-V-on-Si multijunction cells,
the bonding at lower temperatures is preferable so as to minimize the increase in the interface resistance because of heating.
We recently fabricated InGaP/GaAs/ITO/Si 3J cells and
found that their performance is better than that of conventional
InGaP/GaAs/Si 3J cells [49]. The change in performances was
related to the lower differential resistance observed for 3J cells
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with ITO intermediate layers. In this paper, as an extension to
[49], we focus on the electrical properties of GaAs/ITO/Si junctions and highlight their impact on the characteristics of 3J cells.
After briefly describing the process for depositing ITO films and
the performance of 3J cells, we formulate a method for extracting the parasitic resistance, or the resistance that is not due to
the intrinsic p–n junctions, from the measured current–voltage
(I–V ) characteristics of 3J cells. Then, we clarify the contribution of the ITO film to the resistance of their bonding interfaces.
The optical properties of ITO film and its contribution to the
spectral response of 3J cells are also examined.
II. EXPERIMENTS
A. Methods
ITO films were deposited on a glass plate and an n+ -Si
(100) substrate using the plasma-evaporation without substrate
heating. The impurity concentration of the n+ -Si substrate was
2.6 × 1019 cm−3 . The thickness of the ITO film was nominally
100 nm. The morphology of surfaces of ITO films deposited
on n+ -Si (100) substrates was examined by atomic force microscopy (AFM). We also measured the transmittance of the
ITO on a glass plate and the reflectance of the ITO on Si.
We also prepared p+ - and n+ -GaAs epi-layers by using
MOVPE growth on p- and n-GaAs (100) substrates, respectively. The nominal impurity concentrations in the p+ -GaAs and
n+ -GaAs epi-layers, NA and ND , were equally ∼1019 cm−3 .
Both the p+ - and n+ -GaAs epi-layers were bonded to the ITO
films on the n+ -Si substrates to form the p+ -GaAs/ITO/n+ -Si
and n+ -GaAs/ITO/n+ -Si junctions. Ohmic contacts had been
formed on the backsides of the respective substrates before
bonding. The conditions in the bonding process were the same
as those used in previous work [26], [27]. Note that, as in the process for fabricating 3J cells, the samples were not heated in the
bonding process. The structural properties of interfaces were
examined by scanning electron microscopy (SEM). The I–V
characteristics of these junctions were measured after annealing
at 400 ◦ C for 5 min in a nitrogen ambient. In the actual process
for fabricating the 3J cell [22], [23], the bonding interfaces were
annealed using the same conditions.
We prepared the Si bottom cells by ion implantation to
p− -Si (100) substrates and annealing. ITO films were deposited
on their ∼10-nm-thick n+ emitters. We separately prepared
lattice-matched n-on-p InGaP/GaAs 2J heterostructures with
p+ -GaAs bonding layers and with n+ -GaAs bonding layers by
MOVPE growth on GaAs (100) substrates. n+ -GaAs/p+ -GaAs
tunnel junctions were formed on top of the latter structures.
We bonded each of the 2J heterostructures to the ITO films on
the Si bottom cells. By using a process sequences similar to
that in our previous works [23], we fabricated two types of InGaP/GaAs/ITO/Si hybrid 3J cells, 3J(a) and 3J(b), which had the
p+ -GaAs/ITO and n+ -GaAs/ITO bonding interfaces, respectively. In addition, we prepared a 3J cell with a p+ -GaAs/n+ -Si
bonding interface as reference [3J(c)]. Schematic cross-sections
of the 3J(a), 3J(b), and 3J(c) cells are shown in Fig. 1(a), 1(b),
and 1(c), respectively. The I–V characteristics in the dark as
well as under air mass 1.5G/one sun irradiance were measured
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Fig. 1. Schematic cross-sections of (a) InGaP/GaAs/ITO/Si 3J cells with
p + -GaAs/ITO bonding interfaces [3J(a)], (b) InGaP/GaAs/ITO/Si 3J cells
with n + -GaAs/ITO bonding interfaces [3J(b)], and (c) InGaP/GaAs/Si 3J cells
with p + -GaAs/n + -Si bonding interfaces [3J(c)].

for the respective 3J cells with 1-mm2 III-V mesas using an
in-house solar simulator equipped with a Xe lamp. The I–V
characteristics under the solar irradiance were measured without masking the periphery of the Si. The external quantum efficiency (EQE) and reflectance of each 3J cell with a 2 × 2-mm
III-V mesa were also measured.
B. Characterization of ITO Films and GaAs/ITO/Si Junctions
An AFM image of an ITO film is shown in Fig. 2(a). We found
that the averaged roughness of the ITO surface was ≈0.3 nm,
which was small enough for the ITO film to be firmly bonded using the SAB. The optical transmittance of the ITO film deposited
on a glass plate is shown in Fig. 2(b). The transmittance measured after the irradiation by the FAB of Ar is also shown in this
figure. The transmittance was slightly increased by the Ar beam
irradiation, which was likely to be due to the slight etching of the
ITO film. The reflectance of the ITO/Si (100) substrate is shown
in Fig. 2(c), which also compares the measured reflectance with
the calculation obtained by using a reported refractive index
of the ITO film [50], which is also shown in this figure. The
two curves are roughly close to each other, suggesting that the
refractive index of the ITO films is ∼1.7 in the vicinity of
900 nm.
An SEM image of a GaAs/ITO/Si junction is shown in
Fig. 3(a). No voids were observed at the interface, thanks to the

Fig. 2. (a) AFM image of an ITO film deposited on an Si substrate. (b) Optical
transmittance spectra of a 100-nm-thick ITO film deposited on a glass plate. The
spectrum measured after the Ar-beam irradiation is compared with that before
irradiation. (c) Reflectance spectrum of a 100-nm-thick ITO film deposited on an
Si (100) substrate. A comparison with a calculation using a reported refractive
index of ITO [50] is also shown.

smooth surface of the ITO films. The thickness of the ITO layer
was ≈100 nm as is shown in the inset. The I–V characteristics
of the p+ -GaAs/ITO/n+ -Si and n+ -GaAs/ITO/n+ -Si junctions
are shown in Fig. 3(b). The I–V characteristics of both junctions
revealed nonohmic properties. The differential resistances in the
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Fig. 3. (a) SEM image of a GaAs/ITO/Si junction. (b) I–V characteristics
of p + -GaAs/ITO/n + -Si and n + -GaAs/ITO/n + -Si two-terminal devices after
annealing at 400 ◦ C for 5 min. The differential resistances, or the slopes of
the respective I–V curves in the vicinity of 0 V, were estimated by using a
least-squares fitting. The results of the fitting are shown by dashed lines.

vicinity of 0 V were estimated to be 0.61 and 0.12 Ω cm2 for
the p+ -GaAs/ITO/n+ -Si and n+ -GaAs/ITO/n+ -Si junctions,
respectively, by fitting the data to straight lines. The results of
the fitting are shown by dashed lines. The differential resistance
of the n+ -GaAs/ITO/n+ -Si junction was slightly (1.6 times)
higher than a resistance across the n+ -GaAs/n+ -Si junction
(0.074 Ω cm2 [32]). The resistance of the p+ -GaAs/ITO/n+ -Si
junction was much (≈5 times) higher than a resistance of the
p+ -GaAs/n+ -Si junction (0.13 Ω cm2 [31]).
C. Characterization of 3J Cells With ITO Intermediate Layers
The I–V characteristics of 3J(a), 3J(b), and 3J(c) measured
in the dark are shown in Fig. 4(a). We obtained the differential
resistance Rdiﬀ from the parts for forward-bias voltages in the
respective curves. The relationships between Rdiﬀ and forwardbias current IF are shown in Fig. 4(b). We found that Rdiﬀ was
lowered by employing the ITO intermediate layers. The lowest
differential resistance was obtained in 3J(b). These relationships
are also shown on a log–log scale in the inset. It was found that
Rdiﬀ in each 3J cell was almost inversely proportional to IF . The
dependence of the product of the forward current and differential
resistance IF Rdiﬀ on IF is shown in Fig. 4(c). We found that
IF Rdiﬀ increased as IF increased. The slopes of IF Rdiﬀ were
estimated to be ≈4.5, ≈0.02, and ≈7 Ω·cm2 for 3J(a), 3J(b),
and 3J(c), respectively, by the least-squares fitting. It was also

Fig. 4. (a) I–V characteristics of the 3J cells in the dark. (b) Relationships
between the differential resistance and forward current of the 3J cells in the
dark. The inset shows the relationships on a log–log scale. (c) Dependence of
the product of the forward current and differential resistance on the forward
current.

found that IF Rdiﬀ converges to 130–150 mV at the limit of
IF = 0 mA/cm2 .
The EQEs of 3J(a), 3J(b), and 3J(c) are shown in Fig. 5(a),
(b), and (c), respectively. The reflectance and internal quantum
efficiency are also shown in each figure. The measured EQEs
suggested that the short-circuit current of the 3J cell was limited
by the current generated in the bottom cell. Furthermore, the
EQEs of the bottom cells of 3J(a) and 3J(b) were markedly
smaller than that of 3J(c), which indicated that the reflectance
in 3J(a) and 3J(b) was higher than that in 3J(c) for wavelengths
>900 nm. It is assumed, consequently, that the reflection at ITO
films limits the performance of the bottom cell. Noting that the
refractive index of the ITO film is ∼1.7 for this wavelength
range, the optimum thickness of the ITO film for minimizing
the reflectance is estimated to be ≈200 nm (not depicted).
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Fig. 5. Spectral responses of 2 × 2-mm (a) 3J(a), (b) 3J(b), and (c) 3J(c) cells.
The external quantum efficiencies, reflectance, and internal quantum efficiencies
are shown.

Fig. 6. I–V characteristics of (a) 3J(a), (b) 3J(b), and (c) 3J(c) cells measured
under solar irradiance of AM1.5G and one sun using in-house facilities. Red
straight lines show the slopes at 0 mA/cm2 for the respective characteristics.
The Si peripheries were not masked during the measurements.

The I–V characteristics of the 3J cells under the air mass
1.5G/one sun irradiance are shown in Fig. 6(a), (b), and (c)
for 3J(a), 3J(b), and 3J(c), respectively. Values of characteristics parameters of the I–V curves are summarized in Table I.
The short-circuit current/fill factors (FFs) of 3J(a), 3J(b), and
3J(c) were 0.106 mA/cm2 /83.4%, 0.107 mA/cm2 /85.6%, and
0.106 mA/cm2 /84.1%, respectively. The differential resistances
at the open-circuit voltage (I = 0 mA/cm2 ), which we obtained
by the least-squares fitting, were 17.0, 11.3, and 18.0 Ω·cm2 for
3J(a), 3J(b), and 3J(c), respectively, as is seen from the slopes
of the red straight lines in the figures. Among the three 3J cells,
3J(b) exhibited the largest FF due to its lowest resistance at
I = 0 mA/cm2 .
Although the results of EQE measurements indicate that the
short-circuit current of the 3J cell should be limited by the
reflection at the ITO film, the actually measured short-circuit
currents of the three 3J cells agreed with one another. This can be

TABLE I
CHARACTERISTIC PARAMETERS OF THE FABRICATED 3J CELLS MEASURED
UNDER AIR MASS 1.5G/ONE SUN WITHOUT MASKS FOR SI PERIPHERIES
3J type

3J(a)

3J(b)

3J(c)

Short-circuit current (mA/cm2 )
Open-circuit voltage (V)
FF (%)
− dV/dI @0 mA/cm2 (Ω cm2 )

10.6
2.77
83.4
17.0

10.7
2.76
85.6
11.3

10.6
2.69
84.1
18.0

explained by unmasked periphery of Si in the I–V measurement,
i.e., the Si bottom cell worked as the source of the overwhelming
current in the 3J cells. The observed differential resistances at
0 mA/cm2 were, consequently, likely to be dominated by the
electrical conduction across the bonding interfaces, not by the
properties of the respective subcells.
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The conversion efficiencies of the fabricated 3J cells, which
are 24.6 [3J(a)], 25.1 [3J(b)], and 24.0% [3J(c)], should be compared with the reported efficiency of unmasked InGaP/GaAs/Si
3J cells (27.2% for the air mass 1.5D/one sun irradiance [24]).
The difference might be because of the open-circuit voltage in
the bottom cells.
III. DISCUSSION
Two interfaces (GaAs/ITO and ITO/Si) are formed by placing
the ITO layers between heavily doped GaAs and Si. Each of the
newly formed interfaces might cause an additional resistance. In
contrast, the ITO layer itself is expected to play a role in lowering
the interface resistance since its electron concentration is higher
than the concentrations in conventional n-type semiconductors.
The difference in the resistance between the junctions with and
without ITO intermediate layers is likely to be the result of such
a tradeoff.
The I–V characteristics of p–n junctions in the dark for
forward-bias voltages are approximately expressed as IF ≈
I0 exp(qV/nkB T ), where I0 , q, n, kB , and T are the saturation current density, the elementary charge, the ideality factor
of the p–n junctions, Boltzmann constant, and the lattice temperature (300 K), respectively. Then, the differential resistance
of single p–n diodes for forward-bias voltages, or the intrinsic resistance of p–n diodes, is expressed as nkB T /qIF for
IF >> I0 . Consequently the differential resistance of the 3J
cells is approximately given by
Rdiﬀ =

(n1 + n2 + n3 )kB T
+ Rpara
qIF

(1)

where n1 , n2 , and n3 are the ideality factors of the p–n junctions
in the top, middle, and bottom cells, respectively. Rpara stands
for the parasitic resistance in the dark, which is attributed to
resistances in the contacts at the emitter and base, the semiconductor substrates, tunnel junctions, and bonding interfaces. We
obtain from the above equation
lim IF Rdiﬀ =

I F →0

(n1 + n2 + n3 )kB T
q

(2)

and
∂IF Rdiﬀ
= Rpara .
∂IF

(3)

The usage of (1) is justified by that the measured differential
resistance was almost inversely proportional to the forward-bias
current [inset of Fig. 4(b)]. Based on (2), that the zero-current
limit value of IF Rdiﬀ was 130–150 mV [see Fig. 4(c)] means
that n1 + n2 + n3 ≈ 5–5.8, which fulfills the requirement for
the ideality factors (1 < n1 , n2 , n3 < 2).
Using (3), we find that the Rpara values in 3J(a), 3J(b), 3J(c)
are ∼4.5, ∼0.02, and ∼7 Ω ·cm2 , respectively, from the respective curves in Fig. 4(c). Rpara in 3J(c) is the largest among the
three 3J cells. In contrast, Rpara in 3J(b) is negligibly small.
The Rpara values in 3J(a) and 3J(c) are likely to be dominated
by the resistance at GaAs/ITO/Si and GaAs/Si junctions, respectively, since the process relevant to the other parts of the
parasitic resistance is the same among the three 3J cells.

Rpara for 3J(c) should be comparable to the interface resistance estimated for actual 3J cells with p+ -GaAs/n+ -Si bonding
interfaces (several Ω cm2 as stated above [42]). The lower Rpara
for 3J(a) and 3J(b) is attributed to the evaporated ITO films
that played a role in effectively enhancing the thickness of the
bonding layers of the bottom cell. Noting that the electrical conduction is likely to be influenced by the interface states formed
in the vicinity of the bonding interface [27], the deposited ITO
films can protect the underlying semiconductor layers, n+ -Si
emitters in the present case, from the damage because of the
SAB process.
The smaller Rpara in 3J(b) compared with that in 3J(a)
is consistent with the result that the resistance in the n+ GaAs/ITO/n+ -Si junction was lower than that in the p+ GaAs/ITO/n+ -Si junction [see Fig. 3(b)].
The contribution of the intrinsic resistance of 3J cells to
the differential resistance at 0 mA/cm2 under the solar irradiance
is approximately given by (n1 + n2 + n3 )kB T /(qISC ) with the
short-circuit current ISC . For the investigated 3J cells, this value
should amount to 12 ∼ 14 Ω ·cm2 since n1 + n2 + n3 ≈ 5–5.8.
The differential resistance obtained for 3J(b) under the solar
irradiance, 11.3 Ω ·cm2 as is shown in Table I, is close to this
estimation. This means that the differential resistance under the
solar irradiance was dominated by the intrinsic resistance for
3J(b). This contention is supported by the result that Rpara in
3J(b) was the smallest among the three 3J cells, which was the
origin of its highest FF.
The results of the present work suggest that n+ -GaAs/
ITO/n+ -Si junctions with GaAs/ITO bonding interfaces are
likely to be promising for achieving better performances in hybrid multijunction cells. We have to note, however, that the
obtained Rpara in 3J(b) is still high in comparison with the
reported resistance of bonding interfaces in n+ -GaAs/n+ -Si
junctions [41]. Although Rpara in the present work was estimated for junctions made of layers with finite thicknesses, i.e.,
not for junctions of heavily doped substrates, one possible explanation is that differences in the SAB process conditions such
as the treatment of sample surfaces before bonding and the acceleration voltage of the FAB play a dominant role. If such an
explanation is acceptable, a further decrease in Rpara might be
achieved by combining the approach in the present work with
optimization of the SAB conditions.
IV. CONCLUSION
By applying SAB technologies, we successfully fabricated an
InGaP/GaAs/ITO/Si 3J cell with a p+ -GaAs/ITO/n+ -Si junction and a 3J cell with an n+ -GaAs/ITO/n+ -Si junction. The
characteristics of these 3J cells were compared with those of
a conventional InGaP/GaAs/Si 3J cell with a p+ -GaAs/n+ -Si
junction. By analyzing the characteristics in the dark, the parasitic resistances, or the parasitic parts in the differential resistances, of the respective 3J cells were distinguished from
the intrinsic parts, which were proportional to the ideality factors of subcells. Among the three 3J cells, the cell with an
n+ -GaAs/ITO/n+ -Si junction showed the lowest parasitic resistance. The observed resistance was negligibly small in
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comparison with the other two 3J cells. This finding was in
accordance with measurements of the characteristics of the 3J
cells under solar irradiance, which indicated that, among the
investigated 3J cells, the differential resistance at 0 mA/cm2
was the lowest and FF was the largest for the cell with an
n+ -GaAs/ITO/n+ -Si junction. The obtained results indicated
that the performances of III-V-on-Si multijunction cells can be
improved by utilizing n+ -GaAs/ITO/n+ -Si junctions in combination with the optimization of the SAB process.
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