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The operation of a BaSi, homojunction solar cell is first demonstrated. In n*-BaSi, (20 nm)/p-BaSi, (500 nm)/p*-BaSi, (50 nm) homojunction
diodes on p*-Si(111) (resistivity p < 0.01 Qcm), the internal quantum efficiency (/QE) under AM1.5 illumination becomes pronounced at wave-
lengths A < 800nm and exceeded 30% at A=500nm. In contrast, the /QE values are small at A <600nm in n*-BaSi, (300nm)/p-Si (p >
0.1Qcm) heterojunction diodes, but are high in the range between 600 and 1200 nm. The difference in spectral response demonstrates the
photogenerated carrier separation by the built-in electric field in the homojunction diode. © 2018 The Japan Society of Applied Physics

solar cells has exceeded 26%," and is now approach-

ing the theoretical efficiency limit.? Therefore,
alternative solar cell materials are being examined, including
III-V semiconductors, chalcopyrites, CdTe, and perov-
skites.>” A large absorption coefficient (@), a suitable band
gap, and superior minority-carrier properties are important for
solar cell materials to achieve a high n. Among such mate-
rials, we have focused on semiconducting barium disilicide
(BaSi,).> This is because BaSi, has all these properties such
as a band gap of 1.3eV,'? a large a of 3 x 10*cm™" at
1.5eV,113 Jnactive grain boundaries,'” and a large
minority-carrier lifetime (7 ~ 10us).!>!® Since BaSi, can
be grown epitaxially on a Si substrate!” and its band gap can
be increased by adding other elements such as Sr and C,'%!
BaSi; is a material of choice for targeting # >30% in a
Si-based tandem structure solar cell. As a first step, we chose
a p-BaSi,/n-Si heterojunction structure and have achieved 7
approaching 10%.202D This is the highest 7 ever recorded for
solar cells fabricated with semiconducting silicides. Our next
target is to achieve a high # in a BaSi, homojunction solar
cell towards tandem solar cells. However, there has been no
report thus far on the demonstration of a BaSi, homojunction
solar cell. It is important to mention that since the band gap of
Si is smaller than that of BaSi,, photogenerated carriers
originating from the Si substrate inevitably contribute to the
spectral response of a BaSi, homojunction diode formed on
Si. This makes it difficult to verify the operation of the BaSi,
homojunction solar cell. One way to avoid this problem is to
make use of heavily doped Si substrates having a small
minority-carrier lifetime. According to our previous work,??
however, step bunching occurs to a far greater extent when a
heavily doped (low resistivity p < 0.01 Qcm) Si substrate is
heated at 900 °C for 30 min in an ultrahigh-vacuum chamber
to remove the protective oxide layer on the surface. Step
bunching causes the generation of defects around the BaSi,/
Si heterointerface.?” Actually, such low-p Si substrates are
not available in a BaSi,-pn/Si-pn tandem structure solar cell.
Thereby, we put emphasis of this article not on the 7 but on
the demonstration of a BaSi, homojunction solar cell from
the viewpoint of spectral response. As the topmost layer of
a BaSi, homojunction solar cell, we chose an Sb-doped
n-BaSi, layer instead of a B-doped p-BaSi, layer because

T he conversion efficiency () of crystalline Si (c-Si)

the contact resistance of Al/Sb-doped n-BaSi, was much
smaller than that of Al/B-doped p-BaSi,.??

We used an ion-pumped molecular beam epitaxy (MBE)
system equipped with an electron-beam evaporation source
for 10N-Si as well as standard Knudsen cells for 3N-B, 5N-
Sb, and 3N-Ba. Details of the growth procedure of Sb-doped
n-BaSi, and B-doped p-BaSi, were reported previously.?0?»
To find the growth condition for heavily Sb-doped n-BaSi,,
we used high-p p-Si(111) substrates (p > 10°Qcm). After
thermally cleaning the substrate at the substrate temperature
Ts =900 °C, we deposited Ba at Ts = 500 °C to form a 5-nm-
thick BaSi, template layer by reactive deposition epitaxy.
This template worked as seeds that control the crystal orien-
tation of the BaSi, overlayers.?? Next, we grew 300-nm-thick
Sb-doped n-BaSi, epitaxial layers by MBE with varying Tg
values of 500, 540, and 580 °C. The electron concentration n
of Sb-doped n-BaSi, depends on Ts.2> Then, a 3-nm-thick
amorphous Si (a-Si) layer was in situ deposited at T =
180 °C to prevent surface oxidation.’® Ohmic contacts were
formed with Al by sputtering. Carrier concentration and
mobility were measured by the van der Pauw method. The
depth profile of Sb atoms was measured by secondary ion
mass spectrometry (SIMS) using Cs* ions.

We next formed two types of pn junction diodes, namely,
n*-BaSi, (300 nm)/p-Si heterojunction diodes on medium-
doped p-Si(111) (p>0.1Qcm), and n*-BaSi, (20nm)/
p-BaSi, (500 nm)/p*-BaSi, (50nm) homojunction diodes
on heavily doped p*-Si(111) (p < 0.01 Qcm). All the BaSi,
surfaces were in situ capped with a 3-nm-thick a-Si layer.?”
In both cases, we chose Tg at 500 °C for n™-BaSi, and fixed its
n value at approximately 2 X 10'°cm™3. In the homojunction
diode, we set the hole concentration p of the p*-BaSi, (50 nm)
layer at approximately 1 x 10'°cm™. This is to obtain a good
electrical contact for a hole transport across the p*-BaSi,
(50nm)/p*-Si interface to overcome a large valence band
offset (AEy ~ 0.6eV) caused by a small electron affinity of
BaSi, (3.2eV).?® Regarding the 500-nm-thick p-BaSi, layer,
we varied the p value as 1 x 10'® or 1 x 10'7 cm~>. For optical
characterization, an 80-nm-thick indium—tin-oxide electrode
(diameter = 1 mm) was sputtered on the front side and a 150-
nm-thick Al electrode was sputtered on the entire back side.
The current density versus voltage (J-V) characteristics under
standard AM1.5 illumination and the photoresponse spectra
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Fig. 1. (Color online) (a) Substrate temperature dependence of electron
concentration and mobility for Sb-doped n-BaSi,. (b) SIMS depth profile of
Sb atoms and secondary ions (Ba + Si) for the sample grown at Ts = 500 °C.

were measured using a xenon lamp with a 25-cm-focal-length
single monochromator (Bunko Keiki SM-1700A and RU-
60N). The light intensity of the lamp was calibrated using a
pyroelectric sensor (Melles Griot 13PEMO001/J). Reflectance
spectra were evaluated with a reflection measurement system
using a xenon lamp with an integrating sphere. All measure-
ments were performed at ambient temperature. The band
alignment of the diodes and carrier concentration profile were
simulated by automat for simulation of heterostructures
(AFORS-HET),” where the ideal condition such as no
defects was assumed.

Figure 1(a) shows n and mobility values of Sb-doped
n-BaSi, films against 75. n decreased with increasing T,
owing to the large vapor pressure of Sb,>” and reached ap-
proximately 10'°cm™ at Ts = 500 °C. Because of this, Ts =
500 °C was fixed for the following pn diode investigations.
The mobility decreased as n increased. This trend is usually
predicted by ionized impurity scattering in conventional
semiconductors. Figure 1(b) shows the SIMS depth profile of
Sb atoms and secondary ions (Si + Ba) for the sample grown
at Ts = 500 °C. The Sb atoms were relatively uniformly dis-
tributed in the grown layer. The Sb concentration was slightly
smaller than the measured value (n = 1.3 x 10" cm™3). Both
first-principles calculation and experiment revealed that the
deviation of the Ba/Si atomic ratio in BaSi, from stoichi-
ometry gives rise to electrons.?!*> We suppose that is why the
n value was higher than the Sb concentration.

Figure 2(a) shows the band alignment of BaSi, and Si with
respect to the vacuum level, and Figs. 2(b) and 2(c) show the
band alignments of n*-BaSi, (300nm, n =1 x 10 cm™)/
p-Si (p>0.1Qcm) and n*-BaSi, (20nm, n=1x 10"
cm™3)/p-BaSi, (500nm, p=1x 107 cm™3)/p*-BaSi, (50
nm, p=1x10°em™3)/p™-Si(111) (p <0.01 Qcm) diodes.
In Fig. 2(b), the depletion region stretches mostly towards the
p-Si side because of a large difference in impurity concen-
tration. Figure 2(d) shows the band alignment of the diode
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Fig. 2. (Color online) (a) Band alignment of BaSi, and Si with respect

to the vacuum level. Calculated band alignments by AFORS-HET for
(b) n*-BaSi,/p-Si and (c) n*-BaSi,/p-BaSi,/p*-BaSi,/p*-Si diodes.
(d) Carrier concentration profiles in (a) at a forward bias voltage of 1.8 V.
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Fig. 3. (Color online) (a) J-V characteristics under AM1.5 illumination

and (b) IQE spectrum for n*-BaSi,/p-Si and (c, d) those for n*-BaSi,/
p-BaSi,/p*-BaSiy/p*-Si diodes. The wavelengths corresponding to the band
gaps of Si and BaSi, are marked in (b) and (d), respectively.

when a forward bias voltage of 1.8V, corresponding to the
open-circuit voltage (Voc), was applied. At the n*-BaSi,/p-Si
heterointerface, there is a large conduction band offset (E¢ ~
0.8eV) for photogenerated electrons in the p-Si substrate to
travel to the n*-BaSi, layer and a large AEy for photo-
generated holes in the n*-BaSi, layer to be transferred into the
p-Si substrate. Such large band offsets disturb the carrier
transport of photogenerated carriers and hence they accumu-
late at the heterointerface as shown in Fig. 2(d). In Fig. 2(c),
the influence of a large AEy at the p*-BaSi,/p*-Si was
diminished by using the heavily doped p*-Si substrate.
Figures 3(a) and 3(b) show typical examples of rectifying
J-V characteristics under AM1.5 illumination and internal
quantum efficiency (IQE) spectrum for the n*-BaSi,/p-Si
diode. A short-circuit current density Jsc of 11.8 mA/cm?,
Voc =0.22V, and = 1.5% were obtained. The values of Jsc,

© 2018 The Japan Society of Applied Physics
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Voc, and n are much smaller than those obtained in B-doped
p-BaSi,/n-Si heterojunction solar cells.?" This is because the
band offsets at the n*-BaSi,/p-Si interface hinder the transport
of photogenerated carriers, promoting the recombination of
accumulated electrons and holes via defects at the heterointer-
face as shown in Fig. 2(c). Actually, the reverse saturation
current density of the diode (Jy) was calculated to be 2.4 X
1072mA/cm? by using a technique described in Ref. 33.
This value is more than three orders of magnitude higher than
that for B-doped p-BaSi,/n-Si solar cells (Jo=1.5x 107>
mA /cm?),2D where the band offsets promote the separation of
photogenerated carriers. In Fig. 3(b), the IQE values were
high in the wavelength A range between 600 and 1200 nm.
The A of approximately 1200 nm is close to the band gap of Si.
This means that the IQE spectrum was ascribed to the photo-
generated carriers originating from the p-Si substrate. On the
other hand, the IQE was negligibly small at A < 600nm,
showing that the photogenerated holes in the 300-nm-thick
n*-BaSi, did not contribute to the photocurrent. Figures 3(c)
and 3(d) are those for the n*-BaSi, (20 nm)/p-BaSi, (500
nm)/p*-BaSi, (50nm) diodes. The J-V curve in Fig. 3(c) is
for the sample with p = 1 x 10'®cm™. As shown in Fig. 3(c),
leakage current was so large in the homojunction diode as
expected. The IQE became pronounced at A < 800nm in
Fig. 3(d), while the IQE was very small at A > 800nm be-
cause the photogenerated electrons in the p*-Si recombined
with holes before reaching the built-in field region. On the
other hand, the IQE exceeded 30% at A = 500 nm. Consider-
ing that the absorption length (3/a) at A = 500 nm is approxi-
mately 100nm in BaSi,,'” we can state that the IQE spec-
trum in Fig. 3(d) was attributed to the photogenerated carriers
originating from the p-BaSi, layer and then they were
separated by the built-in electric field in the BaSi, pn junction
diode. The IQFE value distinctly increased as the p of the
p-BaSi, layer decreased from 1x 10'7 to 1x 10'%cm™,
verifying the above discussion. The Jgc values were 1.3 and
3.6 mA/cm?, respectively. On the basis of these results, we
conclude that the operation of a BaSi, homojunction solar cell
was achieved for the first time. 7 is as small as ~0.1% at the
moment because of large leakage currents caused by defects
resulting from step bunching at the p*-BaSi,/p*-Si inter-
face.?” We can avoid such defects by growing a heavily
doped p*-Si epitaxial layer on a medium-doped p-Si(111)
substrate instead of using a heavily doped p*-Si substrate.
In summary, we formed n*-BaSi, (20 nm)/p-BaSi, (500
nm)/p*-BaSi, (50nm) homojunction diodes on a heavily
doped p*-Si(111) (p <0.01 Qcm) substrate and n*-BaSi,
(300nm)/p-Si heterojunction diodes on a medium-doped
p-Si(111) (p > 0.1 Qcm) substrate by MBE. The IQE was
high at 1< 800nm in the homojunction solar cell and
exceeded 30% at 4 = 500 nm, while the IQF was pronounced
in the A range between 600 and 1200 nm in the heterojunction
solar cell. The difference in IQE spectrum between these
solar cells clearly demonstrated the generation of photo-

050310-3

generated carriers in the BaSi, layer and their separation by
the built-in electric field in the homojunction diode.
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