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Abstract: A newly Ti-doped In,O; rotary target was used to prepare transparent conductive oxide (TCO) films for

amorphous/crystalline silicon heterojunction solar cells. The changes in electrical and optical properties of TCO films were

investigated based on T100 thin films deposited with various O, contents and compared with indium tin oxide (ITO). Results show

that a columnar structure is observed and exhibits high quality of optical performance. Maximum mobility of 75.6 cm*(V-s) ' is

observed in Ti-doped In,O; films. Compared to the results of ITO films, it is verified that the cell conversion efficiency based on the

heterojunction (HJT) production line improves by 0.26% of T100 material, mainly benefiting from the excellent electrical transport

properties, as well as the high transparency.
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Silicon heterojunction (HJT) solar cells exhibit very high
efficiencies  with passivation  of
hydrogenated amorphous silicon (a-Si:H) films!"™. During

excellent surface
the process, transparent conductive oxide (TCO) layers are
deposited on the front and rear sides of the HJT solar cell.
These TCO layers facilitate carrier conductance for efficient
current collection and transfer the collected current to
electrode terminals. Meanwhile, the front TCO layers are
expected to serve as antireflection coatings in HIJT
configuration*, Many efforts were made in recent years to
better combine excellent optical properties with electrical
properties. It is recognized as the key issue to gain proper
ohmic contact between TCO material and doped p and n-type
a-Si:H layers for the improvement of cell performance!'*"*,
especially in short current (/) and fill factor (FF) of the HIT
solar cells.

Among series of commercially TCO materials,
-W/-Sn-doped In,O; has been widely used on PV devices,
due to its high electrical conductivity and high transmission
in the visible spectral. Van et al'"® prepared titanium-doped
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indium oxide by sputtering and observed a maximum
mobility of 83.3 cm®™(V's)'. Gupta et al'” studied
titanium-doped indium oxide using the technique of pulsed
laser deposition (PLD) and obtained the mobility of 159
em”V~' grown at 600 °C, which is the highest mobility ever
of doped In,O; films. This apparent enhancement in electrical
feature suggests that the titanium-doped indium oxide has
large potential application in PV. However, few works about
using Ti-doped In;0, on HJT solar cells were reported.

In this research, various Ti-doped In,O; (T100) thin films
were fabricated with different O, contents under the Ar
atmosphere. The crystallization, resistivity and transmittance
of T100 films were investigated. The optical and structural
property differences between T100 and typical indium tin
oxide (ITO) were systematically investigated. The T100
films were optimized to obtain better performance based on
HIT devices, as well as on the mass production of HJT solar
cells.

1 Experiment
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All solar cells in this work were fabricated through the same
process using n-type Si substrates of M2 size (156.75%x156.75
mm?) with a resistivity of 5 Q-cm. At first, wafers were exe-
cuted by saw. Then, etched wafers with both sides were
achieved. Texturing treatment of substrates was carried out,
and then the wafers were cleaned in SC1 and SC2. The perfect
wafer surface was achieved with a final thickness of 160 um
and pyramids size of 5 um. Doped and intrinsic hydrogenated
amorphous silicon (a-Si:H) layers were deposited on both
sides, with a n-type/intrinsic stack (n/i) on the front side and a
(p/1) stack on the rear, corresponding to the “rear-emitter” HJT
architecture!®. Then, TCO layers were deposited on both sides
by DC magnetron sputtering from rotatory targets under Ar/O,
gas mixtures atmosphere. It should be mentioned that the rear
TCO of each group was made of ITO material. The front TCO
films were prepared by ITO and T100 targets respectively. ITO
layers were sputtered from a rotatable target of In,O;:SnO,=
90:10. Metal grids were screen-printed with a silver paste, us-
ing a 5-busbar pattern. Finally, the cells were annealed at 200
°C for 30 min in order to cure the silver paste. Film thickness
was measured using 4-probes measurement.

To characterize the properties of ITO and T100 films,
these films were deposited on SiO,-coated soda-lime-sili-
cate glass substrates at room temperature. Considering the
drying and sintering effect of post-annealing on the
structure in fabricating a-Si/C-Si heterojunction solar cells,
the electrical and optical properties of the T100 films were
annealed at about 200 °C before all the characterization
tests. Sheet resistance was measured by the four-point
probe method, and the Hall effect measurement was
performed by Van der Pauw method to evaluate the carrier
density and Hall mobility of thin films. The thickness of
thin films was measured by SE 800PV ellipsometer. X-ray
diffraction (XRD, using Cu Ko radiation) measurement was
carried out to evaluate the crystal structure of thin films.
Optical measurement was performed to estimate the
transmittance of TCO thin films. ITO films were deposited
with the best conditions as references.

2 Results and Discussion

2.1 Microstructure of as-received coating

Fig.1 describes XRD patterns of post-annealed ITO and
T100 thin films deposited with different oxygen flows at the
substrate temperature of 90 °C. ITO shows extremely weak
diffraction peak at 26=30.7°, which is preferentially
indexed to the cubic bixbyite-type In,O; polycrystalline
structure!'* 2", Interestingly, it is observed that all of the
T100 films have the strong diffraction peak at 26=30.7° and
weak diffraction peaks at 26=21.4°, 35.5°, 61.4°, 51.0°,
indicating that the T100 films are better crystallized after
the annealing process. It can be attributed to the facility of
Ti*" in grain growth. The ionic radius of Ti*" (0.068 nm) is
smaller than that of In*" (0.092 nm) or Sn*" (0.071 nm),

leading to strong crystalline growth in T100 films.
According to the results summarized in Fig.1, the T100
films has typical polycrystalline structures with the weak
diffraction peaks of (122), (400), (431), (440) and (622),
and main diffraction peak of (222) when the oxygen flow
increases from 3 mL/min to 6 mL/min. Furthermore, the
diffraction intensity of (222) peak increases implying that
the improvement of crystalline grain corresponds with the
increase of oxygen flow.

Fig.2a~2d show T100 film morphologies of surface and
cross-section with the increase of O, flow from 3 mL/min to
6 mL/min, Fig.2e illustrates the morphologies of ITO film.
According to the measuring scale, both T100 and ITO films
have nanocrystalline property. Compared to T100 profiles,
ITO film shows a smoother cross section and smaller
crystalline grain size, corresponding to the results of XRD
analysis. On the contrary, T100 films exhibit disorganized
structure, and the cross-sectional structure of T100 changes
markedly with the increase of O, flows. A columnar
structure perpendicular to the substrate is visible when O,
flow is 6 mL/min, which is prone to enhance the visible
light transmittance*>**!.

2.2 Optical and electrical properties

The electrical properties of the T100 and ITO films are
analyzed by Hall-effect measurement. Fig.3 illustrates the carrier
concentration (r) and mobility (1) of the annealed films as a
function of O, flow. A general tendency of increase at first and
decrease afterwards is observed in the Hall mobility with
increasing the O, flow. T100 film gets the highest value of 75.6
cm(V-s)' when the O, flow is 4 mL/min. It is clear that the
values of carrier concentration of T100 films are very sensitive
to the oxygen flow. Different from the tendency of Hall mobility,
the carrier concentration shows a downtrend from 2.0x10* ¢cm™
to 1.16x10°° cm . The oxygen vacancies are gradually filled by
inducing excess oxygen, leading to the reduction of carrier
concentration. As shown in Fig.4, the resistivity of these films is
sensitive to the oxygen content during deposition. On basis of
the optical and electrical analysis, the key to combine high
conductivity with optical transmission for better films is
optimizing the O,/Ar component.
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Fig.1 XRD patterns of ITO and T100 films with different O,

flows
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Fig.2 SEM morphologies of surface and cross-section of T100
films with different O, flows (a~d) and ITO film (e):
(a) 3 mL/min, (b) 4 mL/min, (¢) 5 mL/min, and
(d) 6 mL/min

Fig.4 illustrates the optical features in the
UV-visible-NIR region (from 300 nm to 850 nm) of the ITO
and T100 films grown on glass under various O, flows. All
of the T100 films fabricated under different oxygen flows
exhibit higher transmittance than ITO in the visible region.
The higher transmittance of T100 films might be explained
by the lower carrier concentration of T100 films than that of
ITO sample (Fig.3), decreasing optical absorption by excess
free carries density. In the aspect of T100 series, both the
transmittance and reflectance peaks shift toward the red re-
gion with the increase of the oxygen content. It is known
that the bandgap of indium tin oxygen compound films in-
creases with the increase of carrier concentration by the

Burstein-Moss (BM) effect. The redshift of T100 films
might also be explained by the lower carrier concentration
with the increase of O, flow from 3 to 6 mL/min by BM
effect.

T100 and ITO with the thickness of 100 nm were applied
on the HJT solar cell as the transparency electrodes. HIT
solar cells in this research were fabricated through regular
processes, and then formed as the final configuration in Fig.5.
In this structure of HJT solar cell, the commercial n-type
Cz-Si wafer was used as the absorber layer. The intrinsic
a-Si:H layers can passivate the dangling bonds on the
surfaces of Si wafer in order to suppress the carrier
recombination. The p/n a-Si:H layers with n-type wafer can
construct the in-built electrical field and back surface field
(BSF) of solar cell. And the TCO deposition process on the
a-Si/C-Si stack plays the critical role for short-circuit current
J. and FF of solar cell®*?! Based on the rear-emitter design,
regular ITO with 10wt% SnO, was sputtered as back TCO
electrode. The n-side TCO materials studied in this research
is deposited by T100, referring to ITO. O, flow to ITO varies
keeping the total stack thickness constant.
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Fig.3 Carrier concentration, square resistance and Hall mobility
of T100 films with different O, flows (the parameters of
ITO are described as the isolated data points)
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Fig.4 Optical transmittance/reflectance spectra of ITO and T100
films with various O, flows
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Fig.6 shows cell performances using sputtered ITO and
T100. In the aspect of T100 groups, J,. shows rapid increase
with increasing the O, flow. This improvement is caused by
the improvement of optical response (Fig.4), further
ascribed to less free carrier absorption. Simultaneously,
high quality T100 can improve photon absorption and
carrier collection. FF displays progressive reduction with
increasing the O, flow from 3 mL/min to 6 mL/min.
Besides, FF of T100 cell is lower than that of ITO reference,
owing to the mismatch between T100 and adjacent contact
layers. The relationship between J,. and fill factor of solar
cells is similar to the “seesaw effect”'">**!. The behavior of
conversion efficiency is a comprehensive manifestation of
Ji. as well as FF for HJT cell. Replacing front TCO from
ITO to T100, significant improvement of external quantum
efficiency (EQE) is observed in Fig.7. The enhancement
within 500~900 nm can be attributed to the high
transparency of T100. The improvement within 900~1100
nm can be accounted for the better transmittance and lower
carrier concentration. Finally, T100 material gets its best
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efficiency when the O, flow is 4 mL/min, increasing by
0.26% (abs.) of the terminal cell efficiency in mass
production.
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Fig.5 Bifacial configuration of HJT solar cell
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Fig.7 External quantum efficiency (EQE) plots of T100 and ITO
solar cells

Fig.7 shows the external quantum efficiency (EQE)
spectra for T100 (under the condition of setting O, flow as
4 mL/min) and ITO solar cells. The EQE of T100, which
increases in a wide range of wavelengths between 300 and
1100 nm, apparently increases in the short wavelength
range (600~1100 nm) because of the slight carrier parasite
absorption. A discrepancy between T100 and ITO cells is
observed at the range of short wavelength (300~400 nm)
which can be explained by the Burstein-Moss (BM) effect,
indicating the redshift of T100 induced by the lower carrier
concentration. These results indicate that the T100 material
enables light to reach the silicon wafer with higher effi-
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ciently. Especially, the short-circuit current (J.) of T100
significantly increases to 0.57 mA-cm "

3 Conclusions

1) T100 thin films with various O, contents and ITO
reference can be prepared on glass substrates by DC
sputtering.

2) T100 shows relatively poor optical properties in
transmittance and high carrier concentration. A columnar
structure perpendicular to the substrate is observed based
on T100 films, exhibiting relatively high quality on optical
performance.

3) The T100 films possess high conductivity and
excellent transparency, which contribute to prominent
improvement of short-circuit current J,, on heterojunction
solar cells, leading to an absolute efficiency gain of 0.26%
in mass production.

4) The superior material properties show potential
applications for heterojunction technology.
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