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Metallic glass (MG) assists electrical contact of screen-printed silver electrodes and leads to comparable
electrode performance to that of electroplated electrodes. For high electrode performance, MG needs to be
infiltrated into nanometer-scale cavities between Ag particles and reacts with them. Here, we show that the
MG in the supercooled state can fill the gap between Ag particles within a remarkably short time due to
capillary effect. The flow behavior of the MG is revealed by computational fluid dynamics and density
funtional theory simulation. Also, we suggest the formation mechanism of the Ag electrodes, and
demonstrate the criteria of MG for higher electrode performance. Consequently, when Al85Ni5Y8Co2 MG is
added in the Ag electrodes, cell efficiency is enhanced up to 20.30% which is the highest efficiency reported
so far for screen-printed interdigitated back contact solar cells. These results show the possibility for the
replacement of electroplating process to screen-printing process.

D
ue to the strong demands for high performance electrodes in modern electronic devices, there have been
many efforts to form electrodes using various methods such as screen printing, electroplating and depos-
ition processes1–4. Among these processes, screen printing process has the great advantage in commer-

cializing the products due to its much higher cost-effectiveness5. However, the electrodes formed by the printing
process exhibit lower electrical conductance than those by electroplating and deposition processes. To enhance
the electrode performance of the printed electrodes, a special glass frit is to be included in the Ag paste, and should
satisfy the following conditions for highly conductive contact formation: 1) the glass frit should be able to be fill
the cavity between the Ag particles at the temperature as low as possible; 2) it should react with Ag particles and Si
substrate as fast as possible; and 3) it should have electrical resistance as low as possible. So far, oxide glass (OG)
frit has been used to assist the Ag sintering and the contact formation between the electrode and the Si substrate6.
Nevertheless, there is a critical limitation for the OG frit to form a high performance electrode, since the OG has a
very poor electrical conductance. To overcome the limitation of the electrodes formed by the printing process, we
have replaced the OG with metallic glass (MG)7–9. Since MGs consist of mostly metallic elements, their conduc-
tance is approximately 1014 times higher than that of the OGs10,11. Moreover, MGs have some desirable char-
acteristics such as the presence of a wide super-cooled liquid (SCL) region12 and the outstanding thermoplastic
formability which can satisfy the above-mentioned conditions critically required for enhanced solar cell effi-
ciency13–16. In particular, it has been shown that even nanometer-sized channels can be filled with SCL in a
controllable way when the viscosity is low enough and the capillary effect is present16. Here, we show that the
application of Al-based MG instead of the OG in forming the printed electrodes can significantly enhance the
solar cell efficiency comparable to that obtained by electroplating or deposition process. Since the details of the
flow behaviour of the MG in the Ag printing electrodes have not been disclosed yet, we performed CFD
(Computational Fluid Dynamics) and DFT (Density Funtional Theory) simulation. Furthermore, we have
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proposed the electrode contact formation mechanism, and demon-
strated the criteria of the MG to enhance the performance of the
silver printed electrodes.

Results
Flow behavior of metallic glass. Generally, the electrode paste
consists of conductive metal particle, glass frit, additives and
organic vehicles17. We selected Ag as an element for the conductive
particle and Al-based MG particle as an alternative to the OG frit
particle due to its superior electrical conductance. Among the glass
forming Al-based alloys, the Al85Ni5Y8Co2 alloy was selected since
the SCL region (DTx) during heating is relatively large (DTx 5 Tx 2

Tg: 24 K, glass transition temperature Tg: 535 K, crystallization onset
temperature Tx: 559 K at a heating rate of 40 K/min, Fig. 1a)8. The
electrode paste was prepared by mixing Ag particles, Al85Ni5Y8Co2

MG particles and organic vehicles. The electrode pattern was
prepared by screen printing the paste on single crystalline Si wafers
and then fired by rapid heating from room temperature up to 873 K
with a heating rate of 75 K/s.

Our approach for achieving high cell efficiency is based on the
unique characteristics of the metallic glass: the metallic glass in the
SCL state can infiltrate into a nanometer-scale cavity when a proper
wetting condition is provided, i.e. wetting angle (h) is , 90u, and
viscosity of the SCL is low, i.e. the SCL region is wide16. Kumar et al.
reported a modified Hagen-Poiseuille’s equation to determine the
pressure required for MG to flow into nanometer-scale mould16. A
prerequisite to obtain a high cell efficiency is that the MG should
spontaneously fill the cavity between the Ag particles during the early
stage of the firing process. Since there is no external pressure during
the firing process, the condition for the SCL to fill the channel
between the Ag particles can be derived by modifying the equation
suggested by Kumar et al.(Supplementary Information I):

tfill~
3gd

c cos h
ƒ

DTx

Rheat
~tSCL ð1Þ

Here, tfill is the time required for the SCL to infiltrate into the channel
between the Ag particles, g is the viscosity of the SCL, d is the
diameter of the Ag particle, c is the surface tension of the MG, h is
the contact angle between the SCL and the Ag particle,DTx is the SCL
region of the MG, Rheat is the heating rate during the firing process,
and tSCL is the time available for the MG to stay in the SCL region
during the firing process. tfill should be smaller than tSCL for the SCL
to completely flow into the channel between the particles.

The flow behavior of the Al85Ni5Y8Co2 MG in the Ag electrode
paste was simulated using a Computational Fluid Dynamics (CFD)
program of Fluent 13.0 (ANSYS Inc.). First, the heating rate depend-
ence of the viscosity was evaluated by Thermo Mechanical Analysis
(TMA) (Supplementary Information II). The viscosity data mea-
sured at a heating rate of 40 K/min (Fig. 1b) shows that the viscosity

of the MG is , 2 3 1010 Pa?s below the Tg, while it is reduced down to
, 2 3 108 Pa?s in the SCL region. Comparison of the viscosity data
measured at heating rates of 5, 10, 20, and 40 K/min (Fig. 1c) indi-
cates that the lowest viscosity in the SCL region decreases as the
heating rate becomes higher. The lowest viscosity in the SCL region
with a heating rate of 75 K/s (same as that used for the firing process)
is evaluated to be 1.7 3 105 Pa?s by extrapolation of the measured
data in a logarithmic scale (Fig. 1c), which is slightly higher than the
previously reported viscosity of 3 3 104 Pa?s obtained at a heating
rate of 75 K/s for La-based MG18. Differential scanning calorimetry
(DSC) measurements were also performed at various ramping speed
of 5, 10, 20, and 40 K/min to investigate the heating rate dependence
of the SCL region. Since the ramping speed during the firing process
is 75 K/s, the data were extrapolated using Kissinger’s equation19,
and it is derived that Tg and Tx are 564 and 604 K, respectively, at
the heating rate of 75 K/s (Supplementary Information III).

The calculation system for the flow behavior consists of 4 layers of
close packed MG and Ag particles. Each of the three layers from the
bottom contains one MG particle and 32 Ag particles, while the
fourth layer consisted of only Ag particles. (Fig. 2a, Supplementary
Information IV for the details on the simulation method). The sur-
face tension of the Al85Ni5Y8Co2 MG is calculated to be 1045.7 mN/
m using first-principles molecular dynamics (MD) calculation based
on the density functional theroy (DFT) (Supplementary Information
V for the details on the simulation method). Figures 2b–2d show a
collection of a series of snap-shots with time at three different cross
sections of the simulation model. Here, the viscosity of the MG is
assumed to be 105 Pa?s and the average MG/Ag and MG/Si inter-
facial energies are calculated to be 181.8 mN/m, and 961.6 mN/m,
respectively using ab initio MD method (Supplementary Informa-
tion V). The contact angles of the MG on the Ag particle and the Si
substrate are 20.1u and 76.6u, when the surface tensions of Ag and Si
are 1164.1 mN/m and 1204.1 mN/m at 573 K, respectively20,21. Since
the contact angles are below 90u, the MG in the SCL state has a
reasonably high driving force to spread on the surface of the Ag
particles and the Si substrate by the capillary effect. The time availabe
for the MG to stay in the SCL state is approximately 0.5 sec when the
SCL region of the MG is 40 K and the heating rate for the firing
process is 75 K/s. It can be seen from Fig. 2c and 2d that the MG in
the SCL state begins to flow after 0.1 sec, and almost fill the channel
between Ag particles after 0.5 sec, indicating that the SCL fills the
channel between the particles within a remarkably short time. Thus,
the MG particle in the electrode paste can fill the channel between the
Ag particles when it is in the SCL state during the firing process.
Figure 2b indicates that the MG particle in the first layer which is in
contact with the Si substrate retains the almost spherical shape since
the contact angle of the MG on the Si surface is higher than that of the
MG on the Ag surface. However, the MG particles in the second and
third layer flow into the channel due to the lower contact angle of the
MG on the Ag surface.

Figure 1 | Viscosity of Al85Ni5Y8Co2 MG (Metallic Glass). (a) Differential Scanning Calorimetry (DSC) curve and (b) temperature dependence of the

viscosity of the Al85Ni5Y8Co2 MG at a heating rate of 40 K/min. (c) Effect of heating rate on the viscosity of the Al85Ni5Y8Co2 MG. The viscosity at a

heating rate of 75 K/s is evaluated to be 1.7 3 105 Pa?s by extrapolation of the measured data in a logarithmic scale.
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From the DFT simulation and the experimental results mentioned
above, the parameters required for equation (1) can be obtained:
viscosity of the SCL: 1.7 3 105 Pa?s, surface tension of the MG:
1045.7 mN/m, contact angle of the MG on the Ag surface: 20.1u,
diameter of Ag particle: 1 mm, SCL region: 40 K and heating rate:
75 K/s. Equation (1) indicates that the time required for the SCL flow
into the channel between the particles, tfill, is 0.52 sec, while the time
available for the MG to stay in the SCL state, tSCL, is 0.53 sec.
Therefore, it is concluded that the MG in the SCL state can fill the
channel between the particles by the capillary effect during the firing
process. Equation (1) further indicates that lower viscosity of the
SCL, larger DTx of the MG, and smaller size of the Ag particle is
preferred for more efficient filling of the cavity by the capillary effect.
Higher heating rate can lower the viscosity, but the time available for
the MG to remain in the SCL state becomes shorter, suggesting the
presence of optimum heating rate to maximize the infiltration of the
SCL.

Electrode formation and contact morphology. Due to the lower Tg

and Tx of the Al85Ni5Y8Co2 MG8 than for other glass forming
systems such as Cu- and Zr-based MGs22,23, the Al-MG is suitable
for low firing-temperature process. Lower firing temperature is
particularly important for the back contact solar cell fabrication in
minimizing the thermal degradation of the carrier lifetime in the
cell24. The firing peak temperature attempted in the present study
(873 K) is about 200 K lower than the typical peak temperature for
forming conventional solar cell electrodes using the OG frit.

The electrode formed by the firing process exhibited a continuous
network structure implying that the MG frit plays an effective role in
sintering of Ag particles (Fig. 3a). Several unique microstructural
features can be noticed from the contact achieved with the MG
electrode paste. First, the original spherical surface of Ag particles
changed into a flat surface, especially at the contact region with the Si
emitter in spite of the lower firing peak temperature (Fig. 3b).
Second, an ultra-thin layer with a thickness of ,5 nm is present
between the Ag electrode and the Si emitter (Fig. 3c). The layer is
enriched in Al and O as shown in the EDS line profile (Fig. 3d). Such
contact morphology is strikingly different from that formed using
the OG frit in conventional Si solar cells. When the conventional OG
frit is used, most of the Ag electrode and the Si emitter are separated
by a much thicker highly resistive glass layer with varying thickness,
which is responsible for the high contact resistance and therefore the

low cell efficiency25. Third, no Ag crystallites are observed at the
interface (Fig. 3c). This is in contrast to the findings when the con-
ventional OG frit is used: there Ag crystallites precipitate from the
supersaturated OG frit upon cooling or regrow by an eutectic reac-
tion5,6. It was generally accepted that a uniform distribution of a large
number of Ag crystallites in the interface region has been recognized
as a prerequisite for high current flow efficiency in conventional Si
solar cells26.

Figure 2 | Simulation of MG (Metallic Glass) flow behavior using CFD (Computational Fluid Dynamics) method. (a) Ag electrode model

consists of MG and Ag particles on the Si substrate. Each of the three layers from the bottom contains one MG particle and 32 Ag particles, while the fourth

layer has only Ag particles. Grey balls, dark red plate, and blue plates represent Ag particles, Si substrate, and cross section planes, respectively. MG volume

fraction contour plots are shown at cross sections of the Ag electrode model where the MG particles are located in the (b) first, (c) second, and (d) third

layer from the bottom. White balls represent Ag particles. MG volume fraction is displayed with the color ranging from blue (minimum value) to red

(maximum value) on the contour plots. The MG particles begin to flow after 0.1 sec, and almost fill the gap between the Ag particles after 0.5 sec.

Spontaneous flow of the MG occurs by the capillary effect due to the low contact angle (, 20u) between MG-Ag and the low viscosity (, 105 Pa?s) of the

MG in its supercooled liquid region.

Figure 3 | Cross section of Ag electrode. SEM images obtained from the

cross section of the contact between the Ag electrode and the Si wafer

showing: (a) Sintered Ag electrode on the Si wafer; (b) Flat surface of the Ag

particle in contact with the Si wafer surface. (c) Bright field TEM image

obtained from the cross section of the contact between the Ag electrode

and the Si wafer; (d) EDS line profile along the red line marked in the inset

(dark field TEM image) showing enrichment of Al and O in the interface

layer. The ultra-thin interface layer (, 5 nm) between the Ag electrode and

the Si wafer enables efficient carrier transfer through the interface by direct

tunneling, thus finally results in the high cell efficiency of the solar cell.

www.nature.com/scientificreports
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Contact formation mechanism. In order to investigate the contact
formation mechanism, a separate experiment was performed by
depositing thin Al and Ag layers sequentially on the Si wafer
surface using an evaporator (Fig. 4a). The native SiO2 film with a
thickness of , 1.2 nm was present on the Si wafer surface. Before
heat treatment, the Al and Ag layers were well separated (Figs. 4b,
4c). The deposited samples were heated with a heating rate of 40 K/s
up to 573, 673, and 873 K, and holded for 1 min before cooling to
room temperature. After heating up to 573 K, the composition
profiles of Al and Ag across the deposited layer was almost
constant (Figs. 4d, 4e), indicating that Al diffuses into the Ag layer
due to relatively larger solubility of Al in Ag (13 at% at 573 K). After
heating up to 673 K (Figs. 4f, 4g) and 773 K (not shown), same type
of composition profile was obtained across the deposited layer.
However, after heating up to 873 K (Figs. 4h, 4i), Al and O
enriched regions were observed at both ends of the deposited layer
(marked in Fig. 4i), indicating that selective oxidation of Al occurs as
the temperature becomes higher. At the interface between the
deposited layer and the Si wafer, the oxidation of Al occurs by the
redox reaction of 4/3Al 1 SiO2 R 2/3Al2O3 1 Si, DG0 (J/mol) 5

2207010 1 32.42 T due to the presence of the native SiO2 layer.
Therefore, the native SiO2 layer reduces to Si when Al2O3 forms27.

Based on the results of the simulation and the deposition experi-
ment, we propose that the contact formation during screen printing
proceeds via three main steps: formation of SCL wetting layer
between Ag particles and crystallization of MG R formation of
Al-Ag eutectic liquid film R sintering of Ag particle and electrode
contact formation, as schematically illustrated in Fig. 5. Before the
firing process, the Ag and MG particles are randomly distributed in
the screen printed paste (Fig. 5a). As the temperature is raised during
the firing process, the MG in the paste transforms into the SCL state
and fill the gap between Ag particles by the capillary force (Fig. 5b).
Since the heating rate is very high during firing, crystallization of the
SCL occurs shortly after wetting on the Ag particles. At the same
time, interdiffusion of Al and Ag occurs at the interface between the
MG wetting layer and the Ag particle (Fig. 5c). As the temperature
increases further, binary Al-Ag eutectic reaction occurs at the inter-
face (Al-Ag eutectic temperature, 840 K, Fig. 5d). Since the viscosity
of general metals in their liquid state is 1 to 10 mPa?s, it is expected
that the Al-Ag eutectic liquid can wet the Ag particle surface, accel-
erating the sintering of Ag particles (Fig. 5e). Also, the Al-Ag eutectic

liquid layer flattens the original spherical shape of the Ag particles at
the contact region with the Si substrate (Fig. 5f). Additional eutectic
reactions of binary Al-Si (850 K) and ternary Ag-Al-Si (840 K)28 are
possible at the contact region with the Si substrate. The presence of
the eutectic liquid at the peak firing temperature leads to the forma-
tion of an ultra-thin interface layer between the Ag electrode and the
Si wafer (Fig. 3c) during cooling. After cooling the resulting ultra-
thin layer is enriched in Al and O as shown in Fig. 3d (Fig. 5g).

During contact formation, there are two important steps: flow of
the SCL into the channel between the Ag particle (as can be seen in
the simulation result mentioned above); and flow of the eutectic
liquid by which the sintering process and contact formation can be
completed. Here, the fluidic behavior of the Al-Ag eutectic liquid was
predicted using CFD simulation mentioned above. The result shows
that the Al-Ag eutectic liquid forms a wetting layer on the Ag part-
icles and the Si wafer surface within a remarkably short time of
0.0003 sec (Fig. 6, Supplementary Information VI for the DFT simu-
lation of the interfacial energies and Supplementary Information VII
for the input parameters of the CFD simulation).

Evaluation of cell efficiency. Generally, conventional Ag paste
containing the OG frit is sintered by firing up to 1073 K, and the
specific resistance of the resulting electrode is 3 – 5 mVcm29.
However, in our study, the specific resistance of the electrode is
2.96 mVcm in spite of the lower firing temperature of 873 K. Also,
Al atoms in the MG frit induce binary and ternary eutectic reactions
with Ag and Si atoms, leading to the formation of a , 5 nm thick
ultra-thin interface layer (Fig. 3c). Such a thin interface layer enables
efficient carrier transfer through the interface by direct tunneling,
thus significantly decreasing the contact resistance between Ag
electrode and Si wafer. The contact resistance of the electrode is
measured to be 0.18 and 0.37 mVcm2 for p-type emitter and n-
type BSF (Back Surface Field), respectively, which is in the same
range of 0.1 – 0.3 mVcm2 as for electro-plated electrodes. Such an
improved contact resistance implies that the cell performance is
comparable to that of the cell fabricated using an electroplating
method. To evaluate the cell efficiency, interdigitated back contact
(IBC) solar cells were fabricated using an elecrode paste containing
Al-based MG frit. IBC cell design was adopted since it demonstrates
the highest efficiency among the Si solar cells developed until now.
The higher cell efficiency is mainly attributed to elimination of the

Figure 4 | Mechanism studies in Ag-Al-Si layers. Evaporation of Al and Ag thin layers on the Si substrate. (a) Bright field TEM image showing Ag and Al

layers deposited on the Si wafer; (b), (d), (f), (h) Dark field TEM images showing the deposited layer on the Si wafer before heat treatment and after

heating up to 573, 673 and 873 K, respectively; (c), (e), (g), (i) EDS line profiles across the deposited layer before heat treatment and after heating up to

573, 673 and 873 K, respectively. (d–e) Interdiffusion of Al and Ag at the interface forms an Al-Ag solid solution layer at 573 K. (h–i) The oxidation of Al

occurs by the redox reaction of 4/3Al 1 SiO2 R 2/3Al2O3 1 Si at the interface between the Al-Ag solid solution layer and the Si wafer.

www.nature.com/scientificreports
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front shading losses by placing all electrodes at the back of the cell.
The fabricated cells exhibit an energy conversion efficiency of 20.30%
(Table 1), which is the highest record reported for screen-printed
IBC solar cells so far30,31. Cell efficiency of 20.30% is acquired using
commerciallized size (154.8 cm2) of Si solar cell. Furthermore, we
fabricated the solar cell using the same Ag paste for both of p-type
emitter and n-type BSF, which would be highly advantageous in
commercializing the screen-printed solar cell using Al-based MG
frit. Such a high cell efficiency is mainly attributed to the lower

contact resistance which can be achieved by securing a very thin
interface layer (, 5 nm, Fig. 3c) beneath the Ag electrode. The
thickness of the interface layer becomes much larger, generally
over 100 nm, when the conventional OG frit is used32. Com-
parison of the I–V parameters (Table 1) of the screen printed IBC
solar cell fabricated using a MG frit (SPC) and those of the
electrodeposition processed solar cell (EPC) shows that the cell
performance of the SPC is comparable to that of the EPC. The
mechanical stability of the solar cell fabricated using a MG frit is

Figure 5 | Electrode contact formation mechanism. (a) Cross section of Al-MG/Ag paste printed on Si wafer. Green, red, yellow, and black

represent silver, Al85Ni5Y8Co2 MG (Metallic Glass), Si wafer, and native SiO2 layer, respectively. (b) Al-MG particle spontaneously flows into the channel

between the Ag particles during firing process. Since the contact angle between the MG and the Ag particles is below 90u and the viscosity of the MG is

decreases in its SCL (supercooled liquid) region, the MG has a reasonably high driving force to fill the gap between Ag particles by the capillary

effect. (c) Interdiffusion of Ag and Al occurs at the interface. (d) At the peak temperature (873 K) of the firing process, binary Al-Ag eutectic reaction

occurs at the interface. Blue layer represents the Al-Ag eutectic liquid. (e) The Al-Ag eutectic liquid accelerates the sintering of Ag particles. (f) 1. Al-Ag

eutectic liquid layer flattens the originally spherical Ag particle at the contact region with the Si wafer; 2. The native SiO2 layer on the Si wafer reduces to Si

by Al in the Al-Ag eutectic liquid: 4/3Al 1 SiO2 R 2/3Al2O3 1 Si; 3. Additional eutectic reactions of binary Al-Si (850 K) and ternary Ag-Al-Si

(840 K) occur at the contact region with the Si substrate. (g) The presence of the eutectic liquid at the peak firing temperature leads to the formation of an

ultra-thin interface layer between the Ag electrode and the Si wafer during cooling. Grey layer represents the ultra-thin interface layer.

Figure 6 | Simulation of fluidic behavior of Al-Ag eutectic alloy. Al-Ag liquid alloy volume fraction contour plots at cross sections of the Ag

electrode model (Same model described in Fig. 2a except that the MG balls are substituted by Al-Ag balls) where the Al-Ag alloys are located in the (a) first,

(b) second, and (c) third layer from the bottom. White balls represent Ag particles. Volume fraction of Al-Ag alloy is displayed with the color ranging from

blue (minimum value) to red (maximum value) on the contour plots. (d) Al-Ag alloy volume fraction contour plots of Si substrate. Since formation

of the eutectic liquids are possible at the peak firing temperature (873 K), the eutectic liquid can form wetting layer on the Ag particles and on the Si

substrate in a remarkably short time (, 0.0003 sec).

www.nature.com/scientificreports
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not affected by the crystallized metallic glass which is known to be
brittle, since eutectic reactions between crystallized product, Ag and
Si occurs during the firing process. Therefore, the use of the MG frit
in the electrode paste can significantly enhance the competitiveness
of the screen printing process which will eventually become superior
to that of electroplating or deposition processes.

Discussion
We have achieved a significant improvement in the quality of the
contact between the Ag electrode and the Si emitter using a MG frit in
the paste for screen printing. The dramatic improvement of the
contact quality is attributed to: (i) the spontaneous flowability of
the SCL to fill the cavity between the Ag particles; (ii) the efficiency
in sintering to form a sound Ag electrode on the emitter surface; and
(iii) the existence of eutectic reactions enabling to form an ultra-thin
layer and a larger contact area between the Ag electrode and the Si
emitter. The solar cell fabricated using such a good contact electrode
exhibits an energy conversion efficiency of 20.30%, which is the
highest efficiency reported so far for screen printed solar cells.

Methods
The electrode paste was prepared by mixing Ag particles (diameter: , 1 mm),
Al85Ni5Y8Co2 MG particles (diameter: , 5 mm, fabricated in Phoenix Scientific
Industries Ltd.) and organic vehicles. Butyl carbitol and ethyl cellulose-based che-
micals were used for the organic vehicles. The volume fraction of Al-based MG in the
electrode paste was , 6 vol% excluding the organic vehicles. The pre-mixed paste was
3-roll-milled, and then re-mixed in the paste mixer to remove air bubbles. The
electrode pattern was prepared by screen printing the paste on single crystalline Si
wafers, followed by drying in an IR-belt furnace at 423 K for 5 min to evaporate the
organics in the paste. The dried wafer was fired using a rapid thermal process in an IR-
belt furnace from room temperature up to 873 K with a ramping speed of 75 K/s.

1. Hilali, M. M., To, B. & Rohatgi, A. A review and understanding of screen-printed
contacts and selective-emitter formation. in Proceedings of the 14th Workshop on
Crystalline Silicon Solar Cells and Modules, 109–116 (Colorado, USA, 2004).

2. Hilali, M. M. Understanding and development of manufacturable screen-printed
contacts on high sheet-resistance emitters for low-cost silicon solar cells (Ph.D.
thesis, Georgia institute of Technology, 2005).

3. Li, T. et al. Improvement on electrical properties of screen-printed crystalline
silicon solar cells by light-induced electroplating of silver. Applied Mechanics and
Materials 71, 778–781 (2011).

4. Bartsch, J., Mondon, A., Schetter, C., Hörteis, M. & Glunz, S. W. Copper as
conducting layer in advanced front side metallization processes for crystalline
silicon solar cells, exceeding 20% on printed seed layers. in Proceedings of the 35th
IEEE Photovoltaic Specialists Conference, 1299–1303 (Honolulu, HI, USA, 2010).

5. Hilali, M. M. et al. Effect of glass frit chemistry on the physical and electrical
properties of thick-film Ag contacts for silicon solar cells. J. Electronic Mater 35,
2041–2047 (2006).

6. Schubert, G., Huster, F. & Fath, P. Current transport mechanism in printed Ag
thick film contacts to an n-type emitter of a crystalline silicon solar cell. in
Proceedings of the 19th European Photovoltaic Solar Energy Conference, 813–816
(Paris, 2004).

7. Kim, S. Y. et al. Replacement of oxide glass with metallic glass for Ag screen
printing metallization on Si emitter. Appl. Phys. Lett. 98, 222112 (2011).

8. Kim, S. J. et al. Exploiting metallic glasses for 19.6% efficient back contact solar
cell. Appl. Phys. Lett. 101, 064106 (2012).

9. Jee, S. S. et al. Enhancement of electrical conductivity of thick silver electrode using
a tailored amorphous alloy. Appl. Phys. Lett. 101, 084104 (2012).

10. Kuo, Y. K. et al. Measurement of low-temperature transport properties of
Cu-based Cu-Zr-Ti bulk metallic glass. Phys. Rev. B 74, 014208–014214
(2006).

11. Mazurin, O. V., Streltsina, M. V. & Shvaiko-Shvaikovskaya, T. P. Handbook of
glass data. Part C: Ternary silicate glasses (Elsevier, Amsterdam, 1987).

12. Kumar, G., Desai, A. & Schroers, J. Bulk metallic glass: The smaller the better. Adv.
Mater. 23, 461–476 (2011).

13. Johnson, W. L. et al. Beating crystallization in glass-forming metals by millisecond
heating and processing. Science 332, 828–833 (2011).

14. Furukawa, A. & Tanaka, H. Inhomogeneous flow and fracture of glassy materials.
Nature Materials 8, 601–609 (2009).

15. Liu, Y. H. et al. Super Plastic Bulk Metallic Glasses at Room Temperature. Science
315, 1385–1388 (2007).

16. Kumar, G., Tang, H. X. & Schroers, J. Nanomoulding with amorphous metals.
Nature 457, 868–872 (2009).
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Table 1 | Comparison of I–V parameters of solar cells fabricated
using screen printing method and electroplating method (cell area:
154.8 cm2)

Jsc
[a] Voc

[b] Rs
[c] Rsh

[d] FF[e] g [f]

Electroplating
method

40.8 680 0.63 $ 6,000 79.35 22.02

Screen printing
method

40.8 672 1.11 $ 10,000 74.26 20.30

[a] Jsc (mA/cm2): short-circuit current density, [b] Voc (mV): open-circuit voltage, [c] Rs (Vcm2): series
resistance, [d] Rsh (Vcm2): shunt resistance, [e] FF (%): fill factor, [f] g (%): cell efficiency
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