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ABSTRACT

KEMING REN. Investigation of The Current Transport Mechanisms in Fire
Through Dielectric Contact (FTDC) to Silicon Solar Cells by Spectroscopic

Analyses.
(Under the direction of DR. ABASIFREKE EBONG)

This thesis work investigates the current transport mechanisms at the Si/gridline

interface of the screen-printed commercial silicon (Si) solar cell with lowly doped

emitter. The use of lightly doped emitter is one way to improve the e�ciency of a

Si solar cell. In addition, developing the screen-printable Ag-Cu paste to reduce the

cost of using 90-95% Ag powder is crucial to reach the cost-e�ective solar electricity.

Hence, the contacts under investigation are, respectively, Ag/Si and Ag-Cu/Si, which

are formed with screen-printable pastes consisting Ag powder (and, or Cu at some

wt%), glass frits and organic binders. For screen-printable contacts formed on heavily

doped emitter, the contact resistance at the Ag/Si is always low but because of

the shadowing and surface recombination losses, the cell e�ciency is low. In this

work, the Ag/Si interface on lightly doped emitter was �rst studied to elucidate the

understanding of the transport mechanisms at the interface and then was extended

to the Ag-Cu/Si interface.

Optical and electrical characterization of the Ag/Si interface was carried out after

the contact formation at high temperature. For the Ag/Si interface on the lightly

doped emitter, a very thick interface glass layer (IGL) was measured, which should

show high contact resistance according to literature. However, in this case, the IGL

was found to be conductive according the conductive AFM (c-AFM) I-V curve, which

�tted a barrier height of only 0.1 eV. This low barrier height stems from the forma-

tion of the semimetal nano-alloys found in the glass layer revealed by Raman Spec-

trographs. These nano-alloys are low-bandgap compounds, PbTe and Ag2Te, and

could be responsible for the high conductivity exhibited by the thick IGL. Thus, in
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the presence of these semimetal alloys, the contact behaves as ohmic as seen with the

lithography and buried contacts which are pure metal-semiconductor contacts.

For the Ag-Cu paste contacts, the SEM showed that the glass was �rst doped

with Cu, which led to increased glass frit transition temperature (Tg). Thus, the

high glass transition temperature impeded the uniform spreading of the molten glass

and resulted in poor wetting and etching of the SiNx with the agglomerated Ag

crystallites found in the Si. Further analysis with STEM showed that the IGL at the

Ag-Cu/Si interface acted as an e�ective di�usion barrier layer to prevent Cu atoms

from di�using into the Si emitter, which is the primary requirement for applying Cu

in the Si solar cells. More so, the c-AFM in conjunction with the SEM and STEM

analyses revealed that the growth of Ag crystallites in the Si emitter is responsible

for carrier conduction in the Ag-Cu contacts.

For the Ag-Cu/Si contact �red at high temperature, Cu tended to dope the glass

frit and was sequestered by the resulting oxide. The higher the ratio of Cu to Ag, the

thicker the formed oxide. It can therefore, be concluded that, part replacement of Ag

with Cu may not be the way to go but it can be the use of Cu paste with 90-95%

Cu powder as in the Ag paste, if the paste can be formulated such that Cu does not

oxidize in the atmosphere. Thus, the future work focuses on the atmospheric Cu-

paste. The preliminary study with the atmospheric Cu paste showed very promising

results with the Cu particles being sequestered in the oxide so it does not di�use

into Si. Open circuit voltage of 628 mV and the ideality factor of 1.17 with Jo2 of

1.1× 10−8A/cm2 indicate that the p-n junction is not damaged by Cu di�usion.
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CHAPTER 1: Introduction

1.1 Motivation

The enormous usage of fossil fuel as energy source to meet the increasing energy

need has caused extreme anthropogenic emission of greenhouse gases and consequent

environment pollution. In this case, an alternative energy source which should be

environmentally friendly and renewable is desirable to replace the fossil fuel energy

source. Among all renewable energy sources, such as wind, geothermal and hydro-

electric, photovoltaic (PV) technology, which is developed to convert solar energy

into solar electricity, is projected by the U.S. Energy Information Administration in

2019 [1] that in 2050, solar photovoltaic (PV) will provide 48% of renewable elec-

tricity generation, as shown in Figure 1.1. In addition, the Department of Energy

announced that the SunShot 2030 goal of utility-scale solar electricity would be $0.03

per kilowatt hour which would make solar electricity to be among the least expensive

new power options and to be cheaper than the electricity from most fossil fuels [2]. In

order to meet the goal of high solar electricity generation and low-cost solar electric-

ity, the solar cell e�ciency should be high and cost e�ective. As the silicon (Si) solar

cells have dominated solar market, and according to the International Technology

Roadmap for Photovoltaic (ITRPV) 2019 report [3], the major Si solar cells will still

be p-type in the upcoming decade with e�ciency approaching ∼ 24%, further e�orts

will be focused on improving the cell e�ciency to 24% on the p-type at lower cost.
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Figure 1.1: Percentages of renewable electricity generation from di�erent sources [1].

1.2 Commercial Si Solar Cells

A typical commercial Si solar cell structure fabricated on p-type crystalline silicon

is shown in Figure 1.2. The solar cell is a p-n junction made of phosphorus doped

n-type (sunward side) and boron doped p-type as the bulk and metal contacts on both

front and back sides. The antire�ective coating (ARC) deposited on the sunward side

in addition to the surface texturing is to reduce the surface re�ection. When the

solar cell is exposed to sunlight, photons are absorbed in the p-bulk and the electron-

hole pairs are generated. Due to the electric �eld that exists at the p-n junction

resulting from the depletion region, electrons and holes are separated and the current

is extracted via the front (electrons) and rear contacts (holes).
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Figure 1.2: Schematic drawing of a solar cell.

Figure 1.3 shows two main structures of commercial Si solar cells which are Alu-

minum Back Surface Field (Al-BSF) and Passivated Emitter Rear Contact (PERC),

respectively. Both cells have the front emitter surface textured and deposited ARC

to reduce the optical losses. The front contacts for both cells are same and designed

to reduce shading losses and series resistance. The only di�erence lies on the back

contacts. In the Al-BSF cell, the rear side is mainly covered by metal contact (Alu-

minum), while in the PERC cell, the rear side is passivated and the contacts are

fabricated on selected areas to increase rear re�ection and to reduce surface recombi-

nation.
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Figure 1.3: Two main types of commercial Si solar cells, (a) Al-BSF cell; (b) PERC
cell.

1.2.1 Fabrication of Si Solar Cells

The predominant process steps to fabricate Si solar cells, for example Al-BSF cell,

is illustrated in Figure 1.4 which includes seven steps: (1) Saw damage removal and

surface texturization are achieved with alkali etchants like NaOH or KOH followed

by cleaning steps with H2SO4 +H2O2 +H2O, HCl +H2O2 +H2O, and HF +H2O

to remove organic materials, metal precipitates and remove native SiO2 layer on the

surface, respectively; (2) the n-type emitter is formed by di�usion of phosphorous

under high temperature either through N2 gas transporting POCl3 or printing the

di�usion source onto the wafer; (3) remove phosphorus glass and isolate parasitic p-n

junctions at the wafer edge by wet chemistry etching; (4) Plasma Enhanced Chemical

Vapor Deposition (PECVD) deposits the antire�ective coating; (5 & 6) Fire Through

Dielectric Contact (FTDC) process is the dominant way for the metallization in Si
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solar cells due to its high throughput and simplicity, where the front and back metal

contacts are in turn screen printed onto the Si wafer and after dried, are co-�red under

peak high temperature for a short time; (7) after cool down, the cell is characterized

and ready for use.

Figure 1.4: Standard industrial Si solar cell fabrication processes.

1.2.2 Screen Printing and Firing

Following the fabrication process steps in Figure 1.4, all samples, included in this

dissertation, are prepared on the wafers which already have the �rst four steps (step

1∼4) completed with antire�ective coating and are ready for screen printing and

�ring (step 5 & 6). The screen-printing process (step 5) is demonstrated in Figure

1.5 (a) where the screen is placed above the wafer and the paste is printed onto the

wafer when the squeegee moves forward. Figure 1.5 (b) and 1.5 (c) show the screens

for printing the front contacts and rear contact, respectively. Figure (d) shows the

microstructure of the screen meshed and middle opening area, which allows the paste

to go through. Figure 1.5 (e) is the screen printer used by the PV Research Laboratory

at the University of North Carolina at Charlotte.
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Figure 1.5: (a) screen printing process; screens to print (b) front and (c) rear sides
with (d) the top view of the wire mesh; (e) lab printer at the PV Research Laboratory.

Compared with the rear contacts, using Ag paste to print the �ne front Ag contacts

on the Si wafer is more important because the properties of these Ag contacts impact

both the optical loss due to shadowing and electrical loss due to series resistance in

the Si solar cell, and hence the cell performance. The quality of the Ag contacts is

decided by the Ag paste itself. The components of the Ag paste include: ∼ 90 wt%

Ag powder, ∼ 6 wt% organic binder and ∼ 4 wt% glass frits, as show in Figure 1.6.
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Figure 1.6: Components of commercial Ag paste.

The lab furnace used for �ring the Si solar cells (step 6) is shown in Figure 1.7(a)

with its thermal pro�le in Figure 1.7(b). During the �ring process, the Si solar cell

is heated up to a peak temperature of about 800 oC and then quenched to the room

temperature. The contact formation mechanism is that (1) at temperature under

400 oC, the organic binder evaporates and burns out; (2) before the temperature gets

up to 600 oC, the glass frits melt and the melted glass wets the emitter surface; (3)

above 600 oC, the melted glass reacts with SiNx layer which is the ARC through

redox reactions and this allows Ag metal to contact with the Si emitter. The cell will

stay under peak temperature for a short time. (4) after that, the cell will cool down

quickly to avoid glass over etching Si emitter.
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Figure 1.7: (a) the infrared belt furnace at the PV Research Laboratory; (b) thermal
pro�le of the furnace.

In general, solar cell technologies are characterized according to the contacting

technique, which includes: lithography, buried contact and �re through. Both lithog-

raphy and buried contact use selective emitter approach encompassing double di�u-

sion (emitter di�usion and contact di�usion) to isolate the metal contact and reduce

metal recombination. The lithography on one hand requires vacuum evaporation or

sputtering of the contacts, which include: Ti/Pd/Ag on the front and Al/Ag on the

back side, followed by light induced plating of Ag to thicken the gridlines. The buried

contact on the other hand uses laser to form the front grooves that is di�used heav-

ier than the emitter before the Ni plating plus anneal at 400oC to form NiSi alloy

before Cu plating to �ll the grooves and then followed by Ag dip to avoid oxidation
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of Cu. The contacts formed here are pure metal contact on semiconductor and it

obeys the �eld emission carrier transport at the interface of the Si/gridline. How-

ever, the �re through contact made with screen-printed Ag paste is not pure metal

to semiconductor but metal/insulator/semiconductor. Thus, the whole challenge of

screen-printing technology is to understand the material interaction at this interface

to create a contact that will mimic the lithography and buried contact with simple

process exhibiting similar or better result.

1.3 Improvement Strategies

Based on the state-of-the-art fabrication process steps for FTDC, to improve the

Si solar cell to be (1) more e�cient and (2) less costly, the following strategies are

imperative.

(a) Use of emitter sheet resistance of 140 Ω/sq (ITPVR [3]) to take advantage of

lower surface recombination and increased blue response [4] to enhance Jsc and Voc;

(b) Use of narrow gridlines (from 60 um to 20 um) to reduce grid shadowing,

decrease silver consumption (50 mg/cell in 2029) and favor Jsc;

(c) Use of Cu or other low-cost metal without additional process steps and equip-

ment - Cu is a highly conductive metal with conductivity close to that of Ag but 100

times more cost-e�ective.

1.4 Challenges

Future improvement of p-type Si solar cell will be through the lowly doped emitter

with fabrication of narrow Ag contacts, Ag-Cu or Cu contacts. These strategies,

ultimately, are about the front metallization which a�ects the cell e�ciency through

shadowing related optical losses and series resistance related electrical losses. The

shadowing in Si solar cell results from the front metal contacts, blocking the incident

light and can be minimized by printing �ne lines. The series resistance in the Si

solar cell consists of six components as shown in Figure 1.8: (i) back contact, R1, (ii)
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bulk, R2, (iii) emitter, R3, (iv) contact, R4, (v) gridline, R5 and (vi) busbar, R6. The

application of high sheet resistance emitter leads to higher R3 which can be reduced

by increasing the number of �ngers. The front metallization impacts R4, R5 and R6.

Among these three components, R6 is much smaller than R4 and R5 due to the larger

dimension of busbars and can be optimized through screen design. R5 is decided by

the dimension of �ngers and even for �ne lines (20 um), R5 can be reduced through

reduction of the �nger length by multi-busbar design. However, R4 is known as the

contact resistance (Rc) which is impacted by both emitter doping and the dimensions

of the �ngers.

Figure 1.8: Schematic drawing of series resistance sources in an Si solar cell.

According to DK Schroder et al. [5],

Rc = (LT/Z)Rsheet · coth(L/LT ) (1.1)

where Z is the �nger length, L is the �nger width, Rsheet is the emitter sheet

resistance, the LT is the transfer length and de�ned by:

LT =
√
ρc/Rsheet (1.2)

where ρc is the speci�c contact resistance.

The Equation 1.1 is valid for Z � L and LT and for negligible metal resistance.
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Two limiting cases of Equation 1.1:

For L ≥ 1.5LT ,

Rc ' LTRsheet/Z = ρc/(LTZ) (1.3)

Substituting Equation 1.2 in Equation 1.3 gives

Rc '
√
ρc ·Rsheet

Z
(1.4)

For L < 0.5LT or L < 10 um for lowly doped emitter,

Rc ' ρc/(LZ) (1.5)

According to Equation 1.4 and 1.5, when the �nger width (L) is 20 um and the

lowly doped emitter has Rsheet = 140 Ω/sq, the Rc will be mainly decided by ρc,

because Z can only be slightly changed through multi-busbar design. In addition, Rc

increases largely with increasing ρc, according to a numerical modeling that increase

ρc from 10−3 Ωcm2 to 10−2 Ωcm2 caused Rc to increase from 0.3 Ω to 2 Ω [5]. Hence,

the ρc needs to be low enough to have low Rc and thus low total series resistance.

1.4.1 Speci�c Contact Resistance

Based on the metal-semiconductor contacts [6, 7], the ρc is related to the current

�ow over the interfacial barrier which has three processes in Figure 8, and relies on

the emitter doping concentration (ND):

(1) Field emission (FE): when 1019 cm−3 6 ND, electrons tunneling through the

potential barrier;

(2) Thermionic emission (TE): when ND 6 1017 cm−3, electrons emit over the

potential barrier;

(3) Thermionic �eld emission (TFE): when 1017 cm−3 < ND < 1019 cm−3, electrons

thermally tunnel through the potential barrier.
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Figure 1.9: Current �ow mechanisms of the metal semiconductor contact.

The speci�c contact resistance ρc is de�ned as

ρc =
( ∂J
∂V

)−1
V=0

(1.6)

where J is the current density of a metal-semiconductor contact and V is the

applied voltage.
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In the FE region, when 1019 cm−3 ≤ ND [8],

ρc,FE =

(
Aπq

kTsin(πc1kT )
· exp

(−φB
E00

)
− Ac1q

(c1kT )2
· exp

(−φB
E00

− c1uF
))−1

(1.7)

where

A =
4πm∗q(kT )2

h3
(1.8)

E00 =
q~
2

√
ND

m∗ε
(1.9)

and if φB � uF ,

c1 =
1

2E00

· ln
(4φB
uF

)
(1.10)

And the Equation 1.7 is valid if

1− c1kT > kT (2E00uF )−
1
2 (1.11)

where q is the electronic charge, ~ is Planck's constant divided by 2π, ND is the

doping concentration, m∗ is the e�ective mass of the tunneling electron, ε is the dielec-

tric constant of the semiconductor, k is Boltzmann constant, T is the temperature,

φB is the barrier height, uF is the Fermi energy with respect to the energy band edge

in the semiconductor bulk.

In the thermionic �eld emission (TFE) range, when 1017 cm−3 < ND < 1019 cm−3

ρc,TFE =
(kT
qA

)
· kT√

π(φB + uF )E00

×cosh
(E00

kT

)√
coth

(E00

kT

)
×exp

(φB + uF
E0

− uF
kT

)
(1.12)

where E0 is a measure of tunneling probability in the TFE region,

E0 = E00coth
(E00

kT

)
(1.13)

And Equation 1.12 is valid if

cosh2
(E00

kT

)
sinh3

(E00

kT

) < 2(φB + uF )

3E00

(1.14)

In the thermionic emission (TE) range, when ND ≤ 1017 cm−3,

ρc,TE =
kT

qA
exp
(φB
kT

)
(1.15)

Thus, ρc is proportional to exp(
φB√
ND

) and the trend of ρc with decreasing the ND
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is shown in Figure 1.10.

Figure 1.10: Theoretical dependence of the speci�c contact resistance on the doping
concentration.

Based on the PC1D modeling, the 140 Ω/sq emitter has surface doping concentra-

tion of 4.4×1019 cm−3 and the commercial 90 Ω/sq emitter has that of 7.9×1019 cm−3.

Thus, according to Equation 1.7, 140 Ω/sq emitter will have ρc of 5.21× 10−4 Ωcm2

which is ∼ 24 times larger than that of 90 Ω/sq emitter of 2.13 × 10−5 Ωcm2. As

shown in Figure 1.11, for 1.0× 1019 cm−3 < ND < 1.0× 1020 cm−3, ρc decreases with

increasing ND.
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Figure 1.11: The change of speci�c contact resistance with increasing doping con-
centration.

Thus, to achieve higher e�ciency though application of the lowly doped emitter in

conjunction with the �ne gridlines to reduce the cost with either Ag, Ag-Cu or Cu

paste, the speci�c contact resistance must be as low as possible. Because of this, it is

important to understand the contact mechanisms of Ag/Si contact in screen printed

Si solar cells before the fabrication of narrow Ag contacts or Ag-Cu or Cu contacts.

1.4.2 Contact Mechanisms in the Ag/Si Contact

The front metallization in the Si solar cell is manufactured by �ring the screen-

printed Ag contacts under peak high temperature for a short time as described in

section 1.2.2. Based on the microstructure of the Ag/Si contact, there are four current

transport paths, as shown in Figure 1.12.

(1) through Ag �ngers direct contact with Si emitter;

(2) through Ag crystallites direct contact with Si emitter;
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(3) tunneling through an ultrathin glass layer;

(4) through Ag nanoparticle assisted tunneling;

Figure 1.12: Schematic drawing of current transport paths in the Ag/Si contact.

Path (1) is the ideal current transport path where Ag �ngers directly contact with

exposed Si emitter without extra etching. The speci�c contact resistance of path (1)

can be calculated according to the pure metal-semiconductor contact as discussed in

section 1.4.1 based on the surface doping concentration. But the direct contact area,

compared with the whole surface area, is small and only occurred on the top surface

of the Si pyramids [7].

Compared with path (1), next desired path is through Ag crystallites, path (2),

which can also be treated as pure metal-semiconductor contact. But, the formation

of Ag crystallites is because of the Ag ions in the glass further etching of Si emitter

[9], which is dependent on both the paste properties and the �ring conditions [10, 11,

12, 13]. The speci�c contact resistance for Ag crystallites does not sit right on the

top of the emitter top surface doping concentration and is impacted by the etching

depth, because the dopant concentration of phosphorus emitter decreases dramatically

with increasing in depth from the surface [14]. In this case, the deep growth of Ag

crystallites will result in higher speci�c contact resistance [15]. In addition, as the

doping concentration reduces, the p-n junction will be shallower [14]. Hence, Ag
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crystallites are not desired for the lowly doped emitter because of the higher risk of

penetrating the p-n junction.

Paths (3) and (4) are the least e�ective contact paths because both are highly

dependent on the properties of the interface glass layer (IGL), especially its thickness

and the embed metal nanoparticles. For carrier conduction through a pure insulator

glass layer (SiO2), the glass thickness has to be less than 3.6 nm and the speci�c

contact resistivity can be calculated based on a semi-empirical tunneling current

model [16, 17]. When the glass thickness is thicker but less than 20 nm, conduction

can still transpire, but only if there are su�cient metal nanoparticles embedded in it

[17]. However, controlling the IGL thickness to be thinner than 20 nm is challenging

because it requires speci�c amount of glass frits to completely and uniformly etch

through the ARC.

Because completely etching through the ARC requires a tailored amount of glass

frits in the Ag paste, the IGL normally is thicker than 20 nm and uniform as well.

In order to achieve low speci�c contact resistance at the same time, such thick glass

must be conductive.

1.4.3 Challenges for Cu Pastes

The understanding of the Ag �re through contacts can be extended to the Ag-Cu

or Cu �re through contacts. However, the main problem that hinders the application

of Cu in Si solar cells is the fast di�usion of Cu into Si during the �ring. The di�used

Cu ions create carrier recombination sites [18, 19], cause copper related light-induced

degradation (Cu-LID) of the minority carrier lifetime [20] and form Cu3Si compound

which can shunt the p-n junction [21]. Compared with the Cu oxidation problem,

preventing Cu from di�using into Si is the primary requirement for Cu metallization

in Si solar cells. Thus, a di�usion barrier is essential to be formed between Si bulk

and Cu contacts. But fabricating the di�usion barrier requires other techniques,

such as plating [22, 23, 24] and depositing [25], along with photolithography based
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wet chemical etching and laser ablation to open the ARC. Although the fabricated

di�usion barrier enables the device work properly, the whole metallization process step

is expensive and far from commercialization. Since FTDC is the most cost-e�ective

process for front metallization in Si solar cells, using FTDC process to fabricate the

Ag-Cu or Cu front contacts will be the best choice. However, the major uphill in this

process is to formulate a Ag-Cu or Cu paste with appropriate conductive glass that

will prevent the Cu from di�using into the Si under high temperature and lower the

contact resistance.

1.5 Research Objectives

This thesis work investigates the current transport mechanism at the Si/gridline

interface of the screen-printed commercial silicon (Si) solar cell with lightly doped

emitter. The use of lightly doped emitter is one way to improve the e�ciency of

the Si solar cell without any additional cost. Another way to decrease the cost of

solar electricity is to replace the Ag used for the front gridline with a screen-printable

Ag-Cu or Cu pastes. Thus, the objective of this work is to characterize the Ag/Si

interface to elucidate the current transport and then extend to Ag-Cu/Si interface,

which are formed with screen-printable pastes consisting Ag powder (and or Cu at

some wt%), glass frits and organic binders. For screen-printable contacts formed on

heavily doped emitter, the contact resistance at the Ag/Si is always low but because

of the shadowing and surface recombination losses, the cell e�ciency is low. In this

work, the Ag/Si interface on lightly doped emitter was �rst studied to elucidate the

understanding of the transport mechanisms at the interface and then the Ag-Cu/Si

interface.

This dissertation is composed of �ve chapters including; introduction in chapter 1,

three articles in chapters 2 to 4, and chapter 5, the conclusion:
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1.6 Dissertation Outline

Chapter 1: Introduction

Chapter 2: The Role of Nano-crystallites on Conduction Mechanisms of Current

Through Ag Gridlines of Si Solar Cells (published in MRS Advances, 2018)

Chapter 3: The impact of Semimetal Nanoparticles in the Thick Glass Layer at

the Ag/Si Interface of the Fire through Dielectric Contact on Si Solar Cells (under

review - Journal of Colloid and Interface Science)

Chapter 4: Investigation of the Screen-printable Ag-Cu Contact for Si Solar Cells

Using Microstructural, Optical and Electrical Analyses (published in MRS Advances,

2019)

Chapter 5: Conclusions



CHAPTER 2: The Role of Nano-crystallites on Conduction Mechanisms of Current
Through Ag Gridlines of Si Solar Cells

2.1 Abstract

In order to understand the impact of nano-crystallites on current transport mech-

anisms in screen-printed c-Si solar cells with lowly-doped emitter, Te-glass based

Ag pastes with di�erent transition temperatures (Tg) were used. The Te-glass with

lower Tg showed lower Rc than the one with higher Tg due to the formation of nano-

crystallites in the glass layer. These nano-crystallites enhance the conductivity of

the glass and lead to higher �ll factor (FF). The nature of these nano-crystallites

was �rst identi�ed by the Raman spectrometry and the peaks at 76 cm−1, 119 cm−1

and 145 cm−1 were corresponding to Ag2Te and PbTe. The conductive-AFM fur-

ther con�rmed the high conductivity of these nano-crystallites without pyramidal Ag

crystallites, which means the current transporting from Si emitter to Ag gridlines is

mainly through the nano-crystallites in the glass.

2.2 Introduction

For solar electricity to reach $0.03 kW/h in 2030 as predicted by the Department of

Energy (DOE) [26], the e�ciency of solar cells must approach the material limit. For

instance, Si which holds the largest market share in solar industries, its theoretical

e�ciency can be ∼ 30% [27]. However, since the e�ciency is a product of the open

circuit voltage (Voc), short circuit current density (Jsc) and FF, these parameters must

be increased simultaneously. In a study by ITRPV [28], the lowly-doped emitter with

sheet resistance ∼ 140 Ω/sq is the target to achieve high e�ciency by enhancing both

Voc and Jsc, because the lowly-doped emitter is more transparent to photons. But it is
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hard to contact such emitter with high FF > 82% and it requires a new understanding

of the screen-printed contacts on the lowly-doped emitter (∼ 140 Ω/sq).

To achieve high FF, the total series resistance (Rs) encompassing emitter, gridline,

busbar, bulk, back and contact (Si/Ag-gridline) should be very low. Technically, the

emitter resistance is addressed by decreasing the �nger spacing; gridline resistance is

reduced by improving the paste rheology to fabricate continuous and thick gridlines

plus increasing the number of busbars; busbar resistance is decreased by increasing

the weight percent (wt.%) of Ag solids in the paste and avoiding line breakage; bulk

resistance is �xed and the resistivity normally is ∼ 2 Ω − cm to reduce the light;

back resistance is lowered by having uniform Al alloying in the ∼ 10% back contact

area and for the aluminium back surface �eld (Al-BSF) solar cells, uniform BSF is

important. This leaves the front contact resistance (Si/Ag-gridline), which is said to

depend on the emitter peak surface concentration. The highest FF reported today

on screen-printed solar cells, for example, Al-BSF cell is 80.92% [29] and that of the

passivated emitter and rear cell (PERC) is 81.49% [30]. In this work, the role of

nano-crystallites formed in the glass on current conduction between Si and gridlines

is assessed. The formation of such nano-crystallites in the glass is seen to reduce the

contact resistance and lead to high FF.

2.3 Theory

2.3.1 Contact Resistance and Current Transport Mechanisms at the

Si/Ag-gridline Contacts

According to Goetzberger [31], contact resistance (Rc) is given as

Rc =
ρc

l × L
(2.1)

where l is the length and L is the width of the gridline and ρc is speci�c contact

resistance given by [32]

ρc =
k

qTA∗
· exp(4π

√
εSim∗

h
· ΦBn√

Ns

) (2.2)
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where k is the Boltzmann constant, q is the elementary charge, T is the temperature

in K, A∗ is the e�ective Richardson constant, εSi is the permittivity of Si, m∗ is the

e�ective mass of the charge carriers, h is the Planck constant, ΦBn is the metal-

semiconductor barrier height and Ns is the surface doping concentration.

From equation 2.1, the geometry (l and L) of the gridline has an impact on Rc and

could be optimized by changing the number of busbars (BB) [33] and narrowing the

gridline separation [34]. Eventually, Rc is dependent on ρc. According to equation 2.2,

lowly-doped emitter has higher ρc due to low Ns and hence higher Rc. In addition, for

the screen-printed technology, the Ag gridlines are contacting not right on the top of Si

surface, but several nanometers underneath it. It was found that the concentration of

phosphorus decreased dramatically as the depth and it showed from the top surface to

below 33nm, the Ns decreased from 5×1020 cm−3 to 1×1020 cm−3 [35]. Moreover, the

contact between Ag gridlines and Si emitter is not pure metal-semiconductor contact.

It has a thin glass layer and metal crystallites at the interface [11]. The e�ect of the

thin glass layer and the Ag crystallites on the current transport mechanisms is unclear.

One well-accepted hypothesis is that the major current �ow into the Ag gridlines is

through the pyramidal Ag crystallites which directly contact with bulk Ag. This

hypothesis was supported by conductive-AFM [36], microscopic I-V measurement

[37] and theoretically calculation [38]. However, some researchers found that the

pyramidal Ag crystallites were not necessary for a low Rc and high e�ciency was

achieved without pyramidal Ag crystallites [39]. In addition, the electron tunnelling

assisted by nano-Ag colloids in the interface glass played a more important role in

current transport mechanisms than the Ag crystallites. The more Ag colloids in the

glass layer, the lower the Rc [40].

To understand the current transport mechanisms in the solar cell front contacts and

reduce Rc, one main method is to modify the Ag paste constituents, which contain

metal powder (∼ 85%), glass frits (∼ 5%), organic binder (∼ 10%) and additives
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such as phosphorus dopant (PV168), Al, Cu etc. The addition of phosphorus dopant

[41] did not yield any useful results because of the longer time it required for the

phosphorus doping to the contact region, the higher �ring temperature (≥ 835 oC)

and forming gas annealing [42]. In addition, the Al additives needed to be �red under

optimized temperature to avoid forming Al-Si alloy and shunting the p-n junction

[43]. Furthermore, the Cu additive led to the formation of CuOx during the �ring

and requires forming gas annealing [44].

The alternative way to modify paste is using the glass frits with di�erent transition

temperatures (Tg) and crystallization behaviours [11, 45]. By changing the ratio of

TeO2/ZnO [46], TeO2/PbO [47, 48], and TeO2/Bi2O3 [49], the Tg of glass frits were

changed. It was found that during the contact formation process, the glass frits with

too low Tg started to �ow earlier during the �ring. There were two results: (1) the

glass frits had earlier �uidization to etch the anti-re�ection coating (ARC) and an

earlier dissolution of Ag particles [11]. As a result, large Ag-crystallite precipitates

were formed to penetrate the junction. (2) The glass frits would soften and �ow

more easily to form a thicker glass layer, which prevented photoelectrons from being

collected. For high Tg glass frits, they needed higher sintering temperature and had

insu�cient time to wet the Si surface, which caused an incomplete etching of ARC

and had gaps between gridlines and emitter. Thus, the FF was low [48]. However,

the function of TeO2 in glass frits is not completely understood and the formation

of Ag2Te and PbTe after contact formation process have not been studied. In this

paper, (1) Raman Spectrometer, (2) conductive-AFM, (3) SEM, and (4) EDS analyses

have been used to elucidate the formation of Ag2Te and PbTe, which are believed to

decrease the Rc for lowly-doped emitter.

2.4 Experiment

The p-type Czocralski wafers with bulk resistivity of ∼ 2.5 Ω− cm were textured

and followed by phosphorus di�usion at 890 oC to form 95 Ω/sq emitter. After
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that, the wafer edges were isolated and the phosphorus glass was removed followed

by PECVD SiNx (73 nm) deposition. The wafers were divided into four groups for

four Ag pastes (A, B, C, D) based on TeO2 glass with di�erent Tg. Three-busbar

structure for full Al-BSF was used in this experiment. The four front Ag pastes

were screen-printed in turn onto the wafers with back Al contact already printed and

dried. After drying the front Ag paste, the cells were co-�red in the rapid thermal

processing (RTP) infrared belt furnace at 230 inch per minute (ipm) at 815 oC peak

temperature. The fabricated cells were �rst characterized by light I-V measurements,

then one cell from each group was cut into 2 mm strip and the contact resistance was

measured.

To investigate the contact interface between the underlying Si and gridline, the cut

samples were generated into three sets, (a) as �red (AF); (b) Ag metal removed by

HNO3 but the glass remained (HNO3); and (c) the remained glass removed by HF

(HF ). However, from the contact resistance measurements, the contact resistance

for pastes B to D were similar, therefore, other analyses were carried out on samples

only with pastes A and D, with highest and lowest Rc and Rs. The microstructure,

elemental composition and conductive properties of these samples were evaluated

with �eld-emission scanning electron microscope (FESEM) with EDS (FEI Verios

460L), Raman spectrometer (HORIBA, XploRaTMPLUS) excited at 532 nm and

conductive-AFM (Asylum MFP-3D).

2.5 Results and Discussion

2.5.1 Chemical Reactions During Contact Co-�ring Step

The front Ag contacts are formed by sintering Ag paste under IR belt with tem-

peratures ranging from 400− 815 oC for a short time. As the temperature increases

from low to high, (a) the organic binder burns out; (b) glass frits start to melt and

di�use towards the wafer surface; (c) the melted glass etches away the ARC layer on

the wafer surface through the reduction reactions 2.3 and 2.4; after ARC removal,
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the glass starts to react with the Si substrate through reactions 2.5 [50] and 2.6 [51];

meanwhile, the formed Pb and Te could further react with Ag and form PbTe and

Ag2Te from reactions 2.7 and 2.8.

6PbO(in glass) + Si3N4 −→ 6Pb+ 3SiO2(in glass) + 2N2 (2.3)

3TeO2(in glass) + Si3N4 −→ 3Te+ 3SiO2(in glass) + 2N2 (2.4)

2PbO(in glass) + Si(wafer) −→ 2Pb+ SiO2(in glass) (2.5)

TeO2(in glass) + Si(wafer) −→ Te+ SiO2(in glass) (2.6)

Pb(s) + Te(s) −→ PbTe(s) (2.7)

2Ag(s) + Te(s) −→ Ag2Te(s) (2.8)

Based on Gibbs free energy, the thermodynamic potential for each possible reaction

is shown in Figure 2.1(a) where the potential of reactions 2.7 and 2.8 at 850 oC is

respectively −69.54 kJ/mol and −59.36 kJ/mol. It is obvious that for the reactions

2.3 ∼ 2.8, the Gibbs free energy is always negative from 300 oC to 850 oC, which

means each reaction can happen spontaneously.

2.5.2 Rc , Rs and FF of Samples with Four Pastes

Figure 2.1b and 2.1c depict Rc, Rs and the corresponding FF for the four pastes.

Paste A shows the highest Rc and Rs with lowest FF. The high Rc for contacts with

paste A can be attributed to the thicker glass layer (∼ 3 µm) in Figure 2.2a at the

interface of Si/Ag-gridline, while the lower Rc for paste D contacts is evident in the

thinner glass layer of ∼ 0.7 µm in Figure 2.2b.
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Figure 2.1: (a) Gibbs free energy for possible reactions (1)∼(6) under temperature
from 300 oC to 850 oC. (b) Rc and Rs of pastes A-D with (c) FF.

2.5.3 SEM and EDS Analyses

To understand the metal-semiconductor contact interface for the samples with

pastes A and D, the microstructure analyse was carried out as shown in Figures

2.2a and 2.2b, respectively. The contact with paste A exhibits a thick non-uniform

interface glass layer of ∼ 3 µm thickness as opposed to those of D with a uniform

glass layer of ∼ 0.7 µm and some Ag nano-particles (∼ 50 nm) inside. Figures 2.2c

and 2.2d, respectively, show the corresponding EDS for the glass frits in pastes A and

D along with the Pb : Te ratio of 3.1 and 1.6 respectively. The Pb : Te ratio is known

to impact the Tg of the glass [11, 45]. Since the glass frit in paste A had higher Tg
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than that of D, it is possible that higher �ring temperature is needed for the glass

frits to melt, wet the Si surface, uniformly etch the SiNx, and then form a thin glass

layer with nano-particles inside as in D.

Figure 2.2: (a) SEM images of samples with pastes (a)A and (b)D with Pb : Te ratio
of the glass frits in pastes (c) A and (d) D.
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Figure 2.3a and 2.3b show the EDS and SEM of the sample with paste A after the

Ag gridline was removed with HNO3. This is an attempt to investigate the location

of the nano-particles in the glass, as HNO3 only removes the Ag gridline without

attacking the glass. As seen in Figure 2.3b, there are only few nano-crystallites and

the elemental analysis shows no Te in the analysed region. On the contrary, Figure

2.3d for paste D, shows micro-sized bright areas which are large nano-crystallites and

such nano-crystallites contain Pb, Ag and Te.

In order to further ascertain the location of these large nano-crystallites, the glass

layer was etched o� with HF . Because the sample with paste A did not show any

crystallites, EDS was carried out only on paste D after HF treatment. As shown in

Figure 2.3f, there was few Ag crystallites in the Si for D which indicates the large

nano-crystallites were formed right in the glass layer.
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Figure 2.3: EDS elemental analyses of pastes (a) A, (c)D after HNO3 treatment and
(e) D after HF , where the analysed areas are marked by boxes as shown in SEM
images: (b) A, (d) D after HNO3 and (f) D after HF . And Raman spectroscopy (g)
of pastes A and D after HNO3 and HF treatment.
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2.5.4 Raman Spectrometer

In order to fully understand the nature of the nano-crystallites formed in the glass

layer, the Raman spectroscopy was used. As shown in Figure 2.3 g, after the HNO3, D

exhibits peaks at 76 cm−1, 119 cm−1 and 145 cm−1 which match the Ag2Te and PbTe

[52, 53, 54]. The peaks around 360-400 cm−1 and 660 cm−1 are binding vibrations

of TeO2 [55]. For A, it only has TeO2 peaks and no Ag2Te and PbTe. After the

HF treatment, both pastes A and D only show Si peaks at 303 cm−1 and 520 cm−1.

The Raman spectroscopy con�rms that the nano-crystallites formed in the glass for

D contains Ag2Te and PbTe.

2.5.5 Conductive-AFM

In order to understand the distribution of nano-crystallites in the current trans-

port, the glass conductivity was studied by conductive-AFM, where the samples had

Ag gridlines removed by HNO3. The current was measured on the front side after

applying a 10V bias on the backside of the sample. In Figure 2.4d, the sample with

paste D has micro-sized areas which is very conductive with current over 10 nA,

while most area of sample A is non-conducting. The conductive area in D matches

the size and shape of the large nano-crystallites in Figure 2.3(d). This suggests that

the nano-crystallites in the glass layer enhance the glass conductivity and without

these nano-crystallites, the glass is insulator. Thus, the current transports from Si

emitter to Ag gridlines mainly through these nano-crystallites of Ag2Te and PbTe.
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Figure 2.4: Conductive-AFM measurements on samples with pastes A (a∼c) and
D (d∼f) according to current (a & d), height (b & e) and 3D geometry (c & f)
measurement.

2.5.6 Conclusion

In this study, it is found that the Pb to Te ratio as well as the Tg of the glass frits can

impact the reformed glass at interface of Si/Ag-gridline after contact sintering step.

The glass with lower Tg enhances the uniform wetting of the Si surface and SiNx

etching as well as the formation of thinner glass layer with large nano-crystallites.

These large nano-crystallites embedded in the glass contain Ag2Te and PbTe and
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increase the glass conductivity. Thus, the current transport from the Si material to

Ag gridline is mainly through these nano-crystallites in the glass. In addition, since

the pyramidal Ag crystallites were not found in the emitter after the glass layers

removal, it suggests that the interface glass plays a more important role in current

transport mechanisms than the Ag crystallites.



CHAPTER 3: The Impact of Semimetal Nanoparticles in the Thick Glass Layer at
the Ag/Si Interface of the Fire Through Dielectric Contact on Si Solar Cells

3.1 Abstract

This paper reports on the ohmic contact formed on lowly doped emitter through

the formation of a conductive bridge which was made up of semimetal nanoparticles

embedded in the interface glass layer (IGL) at the Ag/Si interface. The SEM and

STEM analyses revealed that the IGL had thickness of greater than 380nm and was

enriched with micro-sized alloys which were composed of semimetal nanoparticles.

This IGL was conductive as con�rmed by conductive AFM (c-AFM). The presence of

these semimetal nanoparticles, as Ag2Te and PbTe, endowed with low bandgap was

con�rmed by Raman Spectroscopy and EDS. These semimetal nanoparticles were

found only in the IGL and formed a "bridge" to connect the Ag gridline and Si

emitter for carrier transport. Based on the modi�ed Fowler-Nordheim tunneling

process, the modeled c-AFM I-V characteristic curve showed a barrier height of 0.1eV

corresponding to IGL thickness of only 18nm. Thus, the carriers transport through

the thick IGL as a bridge formed by the semimetal nanoparticles and the speci�c

contact resistance is independent of the emitter doping concentration.

3.2 Introduction

The high-throughput and low-cost attributes of the screen-printing technology have

constrained the front gridlines of the commercial Si solar cells to be formed with

the Ag paste. The Ag paste is applied through the screens with narrow openings

constituting the gridlines and busbars onto the Si wafer coated with SiNx antire�ective

coating (ARC) and then followed by rapid thermal process annealing under high peak
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temperature for a short time. During the annealing processes, (i) the glass frits in the

Ag paste melt and etch the ARC through redox reaction; (ii) then the molten glass

dissolves the Ag metal and further reacts with Si; (iii) after cooling, an interface glass

layer (IGL) is formed between the Ag gridline and the Si emitter with Ag particles

[56, 39] embedded in the IGL and the Ag crystallites [57] are precipitated in the

Si emitter underneath the IGL. The thickness of the IGL depends on the (1) solid

Ag particle size [11], (2) the composition of the glass frits [58, 59], (3) the additives

[40, 44] in the paste to control the sintering of the Ag particles, and (4) the �ring

conditions [32, 60].

The IGL thickness has a direct impact on the carrier transport path at the Ag/Si

interface. Based on the microstructure of the Ag/Si contact, the carrier transport

path from Si emitter to Ag gridline can be characterized into two groups: (1) direct

contact with Ag crystallites [32, 36, 37, 38]; and (2) tunneling through an ultrathin

glass layer [61] or through Ag nanoparticles assisted tunneling [39, 62]. Thus, thin

IGL is preferable for good carrier transport at this interface because it exhibits low

contact resistance.

As predicted by ITRPV [28], the lowly doped emitter (140 Ω/sq) is the sure path-

way to increase the e�ciency of a solar cell due to the decrease in the surface re-

combination and higher transparency to photons. To achieve ohmic contact on such

lowly doped emitter, it requires the understanding of these low contact resistance

current transport paths at Ag/Si contact. Among the two groups of carrier paths,

through Ag crystallites has been well studied by experimental measurement [32, 37]

and theoretical calculations [7, 17]. Under this carrier transport path, the speci�c

contact resistance ( ρc ) of the Ag crystallite contact depends on the emitter surface

doping concentration (ND). Low ρc was demonstrated through �eld emission on heav-

ily doped emitter of ND ≥ 1 × 2020 cm−3 [8] and as the peak doping concentration

decreased, the ρc increased rapidly [17]. In this case, contact on the lowly doped
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emitter through Ag crystallites will result in much higher ρc.

The other carrier transport path is through ultrathin IGL of 1 ∼ 3.6 nm [63],

and thicker IGL of 5 ∼ 20 nm with discontinuous Ag nanoparticles [17]. However,

realizing uniform IGL of < 20 nm thick is challenging. Hence, in order to achieve

ohmic contact on lowly doped emitter, the IGL must be conductive. In addition, this

is the preferred carrier transport path that would be independent of the emitter peak

surface doping concentration. Thus, it is important to further develop understanding

of the formation of the appropriate carrier transport path at the Ag/Si interface for

screen printed Ag paste. This work therefore, focuses on developing an understanding

of the carrier transport path for lowly doped emitter through microstructure (SEM

and STEM and EDS), optical (Raman Spectroscopy) and electrical (c-AFM) analyses.

More so, to validate the carrier transport path suggested by these analyses, a modi�ed

Fowler-Nordheim tunneling model was applied to model the c-AFM I-V characteristic

curves.

3.3 Experimental Methods

The boron-doped p-type 2.5 Ω-cm CZ single-crystalline Si wafers were �rst cleaned

and then texturized followed by POCl3 di�usion to form 95 Ω/sq emitter. After

phosphorus glass removal, the ARC SiNx layer (73 nm) was deposited by PECVD.

Then the back Al paste and the front Ag paste were in turn screen printed and dried.

After that the Ag and Al contacts were co�red in the rapid thermal processing (RTP)

infrared belt furnace at 230 IPM at 815 oC peak temperature.

To investigate the microstructure of the Ag gridline/Si contact, the fabricated cell

was cut into 2-mm strips and then generated into three sets: (1) with Ag gridline

(AG); (2) Ag metal removed by HNO3 with IGL layer remained (HNO3); (3) the IGL

layer removed by HF (HF).

The microstructure, elemental composition, electrical property of the sample were

evaluated with Field-Emission Scanning Electron Microscope (FESEM) with EDS
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(FEI Verios 460L), Scanning Transmission Electron Microscope (STEM) with EDS

(FEI Talos F200X), Raman spectrometer (HORIBA, XploRaTMPLUS) excited at 532

nm and conductive-AFM (Asylum MFP-3D).

3.4 Results and Discussion

3.4.1 SEM/EDS and Raman Spectrometer Analyses

Fig.3.1a is the Ag/Si contact interface showing the IGL thickness of > 380 nm.

The bright part of the IGL indicates the embedded metal alloys. Fig.3.1b reveals high

density of the micro-sized alloys on the emitter that after Ag gridline removal with

HNO3. Fig.3.1c is the EDS elemental analysis, showing the constituent of these alloys,

which are mainly Ag, Pb and Te elements. The Raman spectroscopy in Fig.3.1e re-

veals the formation of Ag2Te and PbTe semimetal compounds according to the peaks

at 76 cm−1, 119 cm−1, 145 cm−1 and 183 cm−1 [52, 53, 54]. The other peaks at around

390 cm−1 and 660 cm−1 belong to TeO glass [54]. The redox reactions involved in the

formation of both semimetal compounds with thermodynamic potential calculated

were reported in our previous work [64]. After HF dip, the SEM image in Fig.3.1d

shows the alloys were removed by removing the IGL and it left clean Si pyramids

without Ag crystallites. This indicates that semimetal compounds are located in the

glass and not in Si. This matches the change in Raman spectroscopy that, after HF

treatment, Ag2Te, PbTe and TeO peaks disappeared. Thus, Ag2Te and PbTe alloys

are encapsulated in the thick IGL and behave as a bridge for carrier transport from

Si to Ag gridline.
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Figure 3.1: SEM images of emitter surface (a) with Ag gridlines, (b) after HNO3

treatment with (c) EDS analysis of the selected area (marked in red box in (b)) and
(d) after HF treatment; (e) Raman spectroscopy of the sample after HNO3 and HF
treatment.
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3.4.2 STEM/EDS Analyses

Further investigating the distribution of the semimetal nanoparticles in the thick

IGL was carried out by STEM after the Ag gridlines were removed in HNO3. Fig.3.2a

shows the IGL with a thickness of ∼1.3 um, which agrees with the SEM micrograph

analysis of Fig.3.1a. Thus, the IGL with thickness of this magnitude will suppress the

transportation of carriers to the Ag gridlines. Also, in the IGL, semimetal nanopar-

ticles were embedded, of which the thickness was ∼0.9 um with larger percentage of

the glass. Figs.3.2b to 3.2e con�rm that Ag, Pb, Te are the elements contain in the

IGL. Because of the presence of these elements and the peaks shown in the Raman

Spectroscopy, these semimetal nanoparticles can be said to be semimetal compounds

of Ag2Te and PbTe. Thus, these semimetal nanoparticles contact the Si emitter and

the Ag gridlines and form a conductive bridge, providing a carrier pathway.
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Figure 3.2: (a) STEM image of the glass cross-section and the elemental analysis
of selected area (marked in red box) based on (b) Te (green), (c) Ag (blue), (d) Pb
(yellow) and (e) Si (red).

3.4.3 Conductive-AFM Analyses

The conductivity of the IGL was mapped by conductive-AFM as shown in Fig.3.3a.

The white micro-sized feature represents the highly conductive area on the IGL with
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current larger than 10 nA under ± 10 V bias. This conductive feature was located

on the top of the Si pyramid according to Fig.3.3c. Based on the shape, size and the

location, this conductive area matches the alloys found in Fig.3.1b. Through the I-V

characteristic curves measured by c-AFM in Fig.3.3d, the ohmic contact was achieved

on the alloy region while the rest glass area was nonconductive. The speci�c contact

resistance of the alloy was estimated to be 4.93 × 10−4 ∼ 26.94 × 10−4 Ω · cm2 [65],

which is comparable to that of Ag crystallites (2 × 10−4 Ω · cm2) [37]. In this case,

the formation of the semimetal nanoparticles in the IGL dramatically increases its

conductivity, which forms a conductive path to transport carriers from Si to the Ag

gridline. Thus, a new carrier transport path - "through enhanced conductive thick

IGL by semimetal nanoparticles" was found.
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Figure 3.3: Conductive-AFM images of the sample after HNO3 treatment based on
the (a) current, (b) height and (c) 3-D and (d) I-V curves of the conductive areas and
the nearby nonconductive area.

3.4.4 Mathematical Model of Semimetal Nanoparticle Assisted Contact

Based on the microstructure observed by SEM and STEM in Fig.3.1b and Fig.3.2a

respectively, the schematic view of the semimetal nanoparticles assisted contact is
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shown in Fig.3.4a. Instead of carriers tunneling through the IGL, the carriers are

conducted through the bridge formed by the embedded semimetal nanoparticles in

the IGL.

In order to con�rm the carrier transport path by semimetal nanoparticles assisted

contact, c-AFM I-V characteristics were modeled according to the modi�ed Fowler-

Nordheim tunneling (FNT) [66, 67, 68] given in Equation (3.1).

I(V ) =
Aeffq

3V 2m

8πhΦBd2m0

· exp
(−8π

√
2m0Φ

1.5
B d

3hV
· v(V )

)
(3.1)

where

v(V ) =
0.96V

ΦB

(3.2)

v(V ) in Equation (3.1) is the correction factor when V > ΦB/q, Aeff is the e�ective

contact area, q is the electron charge, V is the applied voltage, m is the free electron

mass, h is the Planck's constant, ΦB is the barrier height, d is the glass thickness,

and m0 is the e�ective electron mass.

According to [17]
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( ∂J
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)−1
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Thus, the
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(−2.56πd

√
2m0ΦB

h

))−1
(3.4)

Fig.3.4b shows the modeled and measured I-V curves, which are in good agreement.

The glass thickness of 17.2∼21.5 nm was used in modeling the measured I-V curve,

which is much less than the measured glass thickness shown by SEM (>380 nm), in

Fig.3.1a. The fact that only ∼18 nm thick glass �ts the curve, con�rms that the

semimetal nanoparticles increased the conductivity of the thick IGL, which in turn

provided a bridge that the carriers transport through. Moreover, the higher transport

current around the center of the conductive area than around the edge suggests that

the center of the conductive area had higher density of semimetal nanoparticles.
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Figure 3.4: (a) Schematic of the Si pyramids (p-Si substrate in blue, emitter layer
in red, interface glass layer in white, nanoparticles in green). (b) Measured and
calculated I-V curves for the top and edge of the colloid. The modeled barrier height
and the glass thickness are indicated.

In addition, in Fig.3.4b, the calculated barrier height for the contact is 0.1 eV,

which is much lower than the measured 0.65 eV of the pure Ag/n-type Si (100 Ω/sq)
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contact [69]. The low barrier height is attributed to the presence of the PbTe and

Ag2Te semimetal nanoparticles. The band gap of PbTe is ∼0.30 eV [70, 71], while

that of Ag2Te is ∼0.014 eV at 300K [72, 73]. Both PbTe and Ag2Te are n-type [74, 75]

because of the excess Pb in PbTe and excess Ag in Ag2Te. The work function of PbTe

is ∼4.30 eV [76], but the work function of Ag2Te has not been fully studied. Based on

the photoemission spectrum of Ag2Te [77] and the energy band diagram of Si/PbTe

contact [78], and PbTe/Ag2Te contact [79], the energy band diagram of Ag/semimetal

nanoparticles (in IGL)/Si contact can be modeled as shown in Fig.3.5. The energy

band diagram shows the conduction band alignment between semimetal nanoparticles

and Si, and low barrier height between Ag and semimetal nanoparticles. Here, the

overall low barrier height (0.1 eV) results from the semimetal nanoparticle "bridge"

at the Ag/Si interface. Although the actual contact between semimetal nanoparticles

can be more complicated, the barrier height is lowered through semimetal nanopar-

ticles. As a result, the speci�c contact resistance is independent of the Si doping

concentration as shown in Equation (3.4).
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Figure 3.5: Energy band diagram of Ag/ semimetal nanoparticles (in glass)/ Si
contact: (a) Ag/Ag2Te/PbTe/Si contact; (b) Ag/PbTe/Ag2Te/Si contact.

Equation (3.1) is used to generate Fig.3.6, which shows the impact of barrier height

and IGL thickness on the transport current. When (a) the IGL thickness (d =18 nm)

and (b) the barrier height (ΦB = 0.1 eV) are constant, slight increase in the barrier

height and IGL thickness can signi�cantly decrease the transport current. Thus, the

presence of Ag2Te and PbTe semimetal nanoparticles in the IGL at high density is

very crucial to generate higher transport current.
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Figure 3.6: Calculated I-V curves of resonant tunneling based on (a) barrier height
and (b) glass thickness.

3.5 Conclusion

In this work, the ohmic contact through the thick IGL layer at the Ag/Si interface

was studied and established as a new carrier transport path for a lightly doped emitter.
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According to the SEM and STEM, an IGL with thickness ≥ 380 nm was measured

and found to contain a large amount of micro-sized alloys which were composed of

semimetal nanoparticles. These semimetal nanoparticles were identi�ed as Ag2Te and

PbTe, which possess low-band gaps. The presence of these low-band-gap compounds,

according to the c-AFM measured I-V characteristic curves, led to the high bridge

current. Through modeling, based on modi�ed Fowler-Nordheim tunneling process

in conjunction with the measured c-AFM I-V characteristic curves, a barrier height

of 0.1 eV and IGL thickness of ∼18 nm were obtained. This is contrary to the

measured IGL thickness, which would result in very high contact resistance under

barrier height of 0.65 eV. However, the modeled glass thickness suggests that the

presence of high-density semimetal nanoparticles with low bandgap lowered the overall

contact barrier height and increased the IGL conductivity, so that the IGL thickness

is inconsequential. These semimetal nanoparticles acted as a bridge to transport

carriers from Si to Ag. This new carrier transport path is independent of the IGL

thickness and the emitter doping concentration, which is critical to achieving ohmic

contact on the lowly doped emitter.



CHAPTER 4: Investigation of the Screen-printable Ag-Cu Contact for Si Solar Cells
Using Microstructural, Optical and Electrical Analyses

4.1 Abstract

In a bid to further reduce the cost of the front Ag contact metallization in Si solar

cells, Cu is the potential alternative to replace the Ag in the Ag paste. However, this

requires understanding of the contact mechanism of screen-printable Ag-Cu paste in

Si solar cell through rapid thermal process. The pastes with di�erent weight percent

of Cu (0 wt%, 25 wt% and 50 wt%) were used and the Voc of the cells was reduced with

increasing the weight percent of Cu. This is because the presence of Cu in the paste

changed the microstructure of the Ag-Cu/Si contact through Cu doping the glass

frits and hence increasing the Tg of the glass. The increased Tg of the glass impeded

the uniform spreading of the molten glass and resulted in poor wetting and etching

of the SiNx, which lowered ideality factor to less than unity. This also led to the

formation of agglomerated Ag crystallites with features of 700 nm in length and 200

nm in depth, which is close to the p-n junction, of which depth is ∼300 nm. However,

the interface glass layer acted as an e�ective di�usion barrier layer to prevent Cu

atoms from di�using into the Si emitter, which is quite remarkable. Furthermore, the

conductive AFM revealed the contact mechanism of the Ag-Cu paste was through

the Ag crystallites grown in the Si emitter.

4.2 Introduction

The front contact metallization of commercial Si solar cells is dominated by Ag

metal due to its high conductivity and chemical stability. However, because of the

high cost of Ag metal, metallization is the second most expensive part of solar cell
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fabrication after silicon. In order to reduce the cost of the solar cell, the amount of

Ag in the screen-printable paste should be replaced with low-cost metal materials.

Among all metals, Cu is considered as an alternative because its conductivity of 1.7

uΩ-cm is close to that of Ag , which is 1.6 uΩ-cm, but Cu is about 100 times less

costly [80, 81, 82].

The major challenge of using Cu for Si solar cell is the fast di�usion of Cu into

the bulk Si at high temperature. The di�usion coe�cient of Cu in Si at 500 oC can

be 2.0 × 10−5cm2/s, which is 15 orders of magnitude higher than that of Al. The

di�used Cu atoms in the Si form a defect band close to the middle of the Si bandgap,

providing extremely e�cient minority carrier recombination sites [83] and resulting

in signi�cant Cu-related light-induced degradation (Cu-LID) [84]. Moreover, Cu can

react with Si and form Cu3Si compound with micron-order depth, which can shunt the

p-n junction [85]. To avoid Cu di�usion into Si, a di�usion barrier layer of Ni [86, 87],

Ti [88], Ti/TiN [89], W [90] has been incorporated into the fabrication of the solar

cell. Alternatively, a two-step printing process can be used by separately printing the

di�usion barrier layer [91, 92, 93] followed by Cu paste printing or Cu electroplating.

The process to fabricate these barriers, especially in the plating, requires extra steps,

including photolithography process to mask against plasma etching of the double

dielectric layer [86, 87] to open the gridline contacts [89]. More so, extra printing step

[91] in two-step printing is needed to print the di�usion barrier before fabricating

Cu contacts. Although the devices fabricated through these processes, exhibited

acceptable performance, these metallization schemes are expensive and still far away

from commercialization. Since screen-printing technology is high-throughput and

simple to manufacture solar cells, the most cost-e�ective method is using the same

fabrication process and equipment, but replacing the Ag or part of the Ag in the paste

by Cu. In order to implement Ag-Cu or Cu contact, the constituents of the paste

must prevent the Cu from di�using into Si during the high temperature sintering of
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the contacts.

In this paper, Cu was added into Ag pastes with di�erent ratios to form Ag-Cu

front contacts at one-step atmospherically �ring process. The contact mechanism of

the Ag-Cu paste was investigated through the microstructural, optical and electrical

characterization of the Ag-Cu/Si interface.

4.3 Experiment

Textured p-type Cz Si wafers with bulk resistivity of ∼2.5 Ω-cm were doped by

phosphorus at 890 oC to have the emitter sheet resistance of 95 Ω/sq, followed by the

isolation of wafer edges and the removal of phosphorus glass. After that, SiNx (73

nm) layer was deposited by PECVD. The wafers were divided into three groups for

three Ag-Cu pastes (S1, S2, S3) based on the weight percent (wt%) of Cu in the paste,

(0 wt%, 25 wt%, 50 wt%, respectively). The full Al-BSF with three-busbar structure

was used in this experiment. The three front Ag-Cu pastes were in turn screen-printed

onto the wafers with back Al contact already printed and dried. The printed cells

were dried under 200 oC followed by co-�ring in the rapid thermal processing (RTP)

infrared belt furnace at 230 IPM under 780 oC peak temperature. The fabricated

cells were �rst characterized by Suns-Voc measurements and then one cell from each

group was cut into 3 mm strips.

To investigate the contact interface of Ag-Cu/Si contact, the cut samples were

generated into four sets, (a) with Ag-Cu metal (Ag-Cu); (b) Ag-Cu metal removed

by HNO3 but the glass remained (HNO3); (c) the remained glass removed by HF

but the Ag crystallites left (HF); (d) The remained Ag crystallites removed by extra

HNO3 treatment (2nd-HNO3). The microstructure and elemental composition of these

samples were evaluated with �eld-emission scanning electron microscope (FESEM)

with EDS (FEI Verios 460L). However, from the saturation current density in the

space charge region (J02), S3 didn't have e�ective contact. Therefore, only S2 was

further investigated by conductive-AFM (Asylum MFP-3D) and Scanning Transmis-
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sion Electron Microscope (STEM) (FEI Talos F200C) where the STEM sample was

prepared by Focused Ion Beam (FIB) (FEI Quanta 3D FEG).

4.4 Results and Discussion

4.4.1 Electrical Output Parameters of the Solar Cells

Table 4.1 lists the electrical characteristics of the solar cells. S1 used the standard

commercial Ag paste and exhibited an open circuit voltage (Voc) of 656 mV, ideality-

factor (n-factor) of 1.05, J02 of 3.0×10−9 A/cm2 and the �tted shunt resistance (Rsh)

of 77246 Ω-cm2. This indicates the �ring condition (peak temperature of 780 oC) is

ideal for the commercial Ag pastes. Sample S2, which has 25% Cu, exhibited similar

J02, but lower Rsh, Voc and n-factor. The ideality factor of less than unity suggests

that the peak �ring temperature is not appropriate for this Ag-Cu contact, which

could either be in the "under �ring" or "over �ring" state. More work is needed to

optimize the peak �ring temperature. The fact that the S2 has similar J02 as S1

is quite encouraging and suggests that there is no di�usion of Cu into the junction

to cause shunting. Sample S3, which used 50% Cu, did not make any contact as

suggested by the J02 value and Rsh with n-factor much less than unity. Therefore,

further investigation through optical characterization of the Ag-Cu/Si contact with

SEM and EDS was carried out.

Table 4.1: Electrical output parameters of the solar cell with Ag and Ag-Cu �re
through dielectric contacts

Voc (mV ) n-factor J02 (A/cm2) Fitted Rsh (Ω-cm
2)

S1 656 1.05 3.0×10−9 77246
S2 604 0.94 2.9×10−9 63734
S3 602 0.56 1.0×10−11 150000

4.4.2 SEM and EDS Analyses

Figure 4.1a shows the interface of Ag gridline/Si contact in Sample S1, where the Ag

particles were completely melted and mixed during the �ring, making the Ag gridline
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very uniform. In addition, the thick glass layer, with thickness of 300∼500 nm, was

formed right on top of the Si emitter. From the EDS analysis in Figure 4.1b, the glass

layer contains Te and Pb elements. After the Ag metal removal in HNO3, in Figure

4.1c, the glass layer completely covered the Si pyramids and according to the EDS,

there was no N element left on the surface, which reveals that the thick glass layer

ensures complete wetting and etching of the SiNx during the high temperature �ring

step. In Figure 4.1e, after the interface glass removal, there are some Ag crystallites

formed right on the top of the Si pyramids. The microstructures of the Ag gridline/Si

contact in sample S1 matched with the characteristics of the Te-glass based Ag paste

[64], while the lower Pb:Te ratio of the glass frits in sample S1 lowered the transition

temperature (Tg) of the glass frits and caused more Ag crystallites formation at lower

sintering temperature in sample S1.
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Figure 4.1: SEM images (a, c, e) and EDS analysis results (b, d, f) of the selected
areas (in red boxes) of standard sample S1 (a, b) with Ag gridlines; (c, d) after Ag
metal removal; (e, f) after glass removal.

With the Cu (with 25 wt%) added to the Ag paste, the microstructure of the Ag-

Cu/Si contact is shown in Figure 2a, where the Cu and Ag metals were not uniformly

mixed and the gaps at the boundary of the two materials reduced the adhesion of the

gridlines. This is because Cu has higher melting point than Ag. For Ag-Cu alloy, the

melting point is dependent on the Ag:Cu ratio and the lowest melting point of 778.7

oC can be achieved when the weight percent of Cu is 28.1 wt% [94] which is close
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to the weight percent of Cu (25 wt%) in sample S2. In addition, the recrystallized

interface glass was mainly found at the bottom edge of the Si pyramids with less

found on the pyramids which indicates poor glass wetting during the �ring.

From Figure 4.2c, after removing the metals, large amount of agglomerated Ag

crystallites were found underneath the glass layer on the Si emitter and the glass was

much thinner than that in the standard sample S1 as revealed in Figure 4.1c. The

reduced amount of glass at the interface in S2 results from the Cu ion di�using into

the melted glass during the �ring. As a result, the increased concentration of Cu ion

in the glass will increase the Tg of the glass [95, 96]. What's more, from the EDS

analysis in Figure 4.2d, both Pb and Te elements were not found in the recrystallized

glass which is located at the top surface of Si pyramids (the red box). The reduced

amount of Pb and Te was caused by two reasons: (i) less glass was completely melted

and left on the emitter surface due to the increased Tg of the glass frits caused by

Cu doping. (ii) the Cu-Pb and Cu-Te ion exchange reactions in the glass reduces the

concentration of Pb and Te where Pb and Te elements were also related to lowering

Tg of the glass [46, 47, 48, 97]. Even the Cu-Pb and Cu-Te ion exchange reactions

have not been studied yet, but the mechanism should be similar to the Cu-alkali ion

exchange reactions in the glass, resulting in reduced concentration of alkali ions [98].

In this case, the increased Tg of glass frits accounts for the poor glass wetting and

etching of SiNx which explains the high percent of N element in Figure 4.2h. From

Figures 4.2e and 4.2g, the Ag crystallites in the Si emitter were over 700 nm in length

with about 200 nm in depth, which is very close to penetrating the p-n junction [14]

of which depth is about 300 nm. That is why sample S2 is exhibiting lower Voc and

�tted Rsh than S1. More so, the lower n-factor than unity shown by S2 is caused

by the non-uniform wetting and etching of SiNx by the glass in the Ag-Cu paste.

Because of this non-uniform etching, the series resistance is very high and probably

to the regime of impacting the Voc.
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Figure 4.2: SEM images (a, c, e, g) and EDS analysis results (b, d, f, h) of the
selected areas (in red boxes) of sample S2 (a, b) with Ag gridlines; (c, d) after Ag
metal removal; (e, f) after glass removal; (g, h) after extra HNO3 treatment.

By increasing the amount of Cu from 25 wt% to 50 wt% in the Ag paste, the

melting point of the Ag-Cu alloy increases [94], which causes poor mixture of Cu

and Ag metals with large voids as shown in Figure 4.3a for sample S3. Compared
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with sample S1 and S2 in Figure 4.1a and 4.2a respectively, sample S3 still has Cu

particles incompletely melted and also has the melted Ag which has not aggregated.

In addition, like sample S2, S3 has not enough glass on the body of the Si pyramids

but some at the bottom edge. After removing the Ag-Cu gridlines, S3 had no Ag

crystallites, but some �u�y glass left on the emitter which reveals that the glass was

not completely melted during the �ring and didn't wet the emitter surface. According

to the EDS in Figure 4.3b and 4.3d where the Te element was not found in the glass

and the N element is very high, the �u�y glass results from the increased Tg of glass

frits due to Cu-Te ion exchange reaction, leading to reducing Te element in the glass.

Thus, the glass did not completely wet and etch the SiNx layer and there was no

e�ective contact formed in S3, causing the lowest Voc, J02 and the highest �tted Rsh

in Table 4.1. Since S2 sample seems to be closer to S1, further investigation was

carried out on only sample S2 to foster understanding of the contact mechanism of

the Ag-Cu paste.
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Figure 4.3: SEM images (a, c) and EDS analysis results (b, d) of the selected areas
(in red boxes) of sample S3 (a, b) with Ag gridlines; (c, d) after Ag metal removal.

4.4.3 STEM and EDS Analyses

The STEM image of sample S2 is shown in Figure 4.4a with EDS analyses. After the

Ag-Cu metal removal, the interface glass was thicker than 500 nm which is comparable

to the standard sample S1 in Figure 4.1a. However, due to the high Tg of the glass

frits because of reducing Te, Pb elements in the glass and Cu doping, the melted

glass lacked enough time to wet and etch the SiNx layer. The thickness of SiNx layer

in Figure 4.4a was around 80 nm same as the deposited thickness, which suggests

that there was no etching of SiNx. This contributes to the low Voc of S2 and further

con�rms the SEM/EDS results of Figures 4.2d and 4.2h. In addition, Figure 4.4b

shows that the Cu elements were encapsulated in the glass layer and didn't di�use

into the bulk Si, which matches with the �ndings of Shuichiro et al [99]. Thus, the

glass layer acts as the di�usion barrier layer and prevents the Cu from di�using into



58

the Si during the high temperature rapid thermal processing of Ag-Cu contact.

Figure 4.4: (a) STEM image of sample S2 with EDS analysis of elements: (b) Cu,
(c) N, (d) O, (e) Te, (f) Pb and (g) Si.

4.4.4 Conductive-AFM

Further characterization of sample S2 used the conductive-AFM to map the current

intensity on the emitter surface with and without glass layer. From Figure 4.5a, before

glass removal, it has a micro-sized highly conductive area in the 3um × 3um scanning

area and this conductive area was located on the body instead of the bottom of the Si

pyramids according to Figure 4.5b. After the glass removal in Figure 4.5d, the micro-

sized conductive areas have round or elliptical shape, and all located on the body of

the Si pyramids. Based on the size, shape and the location of the conductive areas,

and the SEM results in Figures 4.2e and 4.2g, these conductive areas are identi�ed

as the Ag crystallites. In addition, because of the lower current intensity of 6 nA

(in Figure 4.5a) than 10 nA (in Figure 4.5d), it can be inferred that the glass layer
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covering the Ag crystallites is very thin, so that the tunnelling current intensity is

not reduced by the glass layer. Thus, the carrier transport mechanism in Ag-Cu/Si

contact is similar to the pure Ag, which is through the Ag crystallites covered by very

thin glass layer.

Figure 4.5: Conductive-AFM measurements on sample S2 after Ag-Cu gridlines
removal (a∼c) and after glass removal (d∼f) according to current (a&d), height (b&e)
and 3D geometry (c&f) measurement.
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4.5 Conclusion

In this study, di�erent amount of Cu (0 wt%, 25 wt%, 50 wt%) was added to the

Ag paste to study the Cu di�usion during the high temperature �ring in the Si solar

cell. The standard sample S1 with 0 wt% Cu has the best performance with the

highest Voc when �red at optimal �ring condition as for the commercial Ag paste.

The sample S2 with 25 wt% Cu has similar J02 and �tted Rsh as S1 but lower Voc

and n-factor. From the SEM/EDS analyses, the Cu metal in the Ag paste can impact

the Ag-Cu/Si contact through increasing the Tg of the glass frits in the paste. Thus

these glass frits cannot completely melt during the rapid thermal process with poorly

wetting and etching SiNx, causing incomplete removal of SiNx and forming large Ag

crystallites on the Si pyramids. The Tg of the glass was increased by Cu doping and

the reduced concentration of Te, Pb in the glass was through ion exchange reactions.

Thus, the more Cu in the paste, the higher the Tg. Therefore, the sample S3 with 50

wt% Cu has the lowest Voc without forming e�ective contact. Further investigation of

Ag-Cu/Si contact on sample S2 reveals that the Te glass acts as the di�usion barrier

layer and can prevent the Cu atoms from di�using into the Si emitter during rapid

thermal process. This study shows that the carrier transport mechanism in Ag-Cu/Si

contact is though Ag crystallites. To achieve better metallization, the Ag-Cu paste

can be further optimized through modifying the glass frits in the paste.



CHAPTER 5: Future Works

As mentioned in Chapter 4, Cu is the promising alternative metal to replace the

Ag contacts for Si solar cell in order to reduce the cost. The investigation of this

replacement as carried out in Chapter 4 started with the exploration of addition

of Cu to Ag which resulted in the Ag-Cu contacts. This investigation showed that

the reformed interface glass layer acted as a di�usion barrier layer to Cu and only

the Ag crystallites were observed in the Si and con�rmed that the carrier transport

mechanism was through the Ag crystallites. This information was crucial to the Cu

paste formulation, in particular the di�usion barrier attributes of the the interface

glass layer after high temperature sintering. The Cu paste was applied in similar

manner as the Ag counterpart. The Cu gridline width and height were obtained of 88

um and 67 um in Figure 5.2a and the interface characteristics is shown in Figure 5.1b.

Such interface is similar to the Ag-Cu/Si interface which relies on Ag crystallites but

with thicker interface glass layer. The key result here is that there was no penetration

of Cu into Si as suggested by the cell LIV characteristics in Figure 5.1c as well as the

microstructure in Figure 5.1b.
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Figure 5.1: (a) SEM image of the cross section of the Cu gridline; (b) SEM image
of the interface glass layer in the Cu/Si contact; (c) the LIV curve of the fabricated
5-busbars cell.
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The preliminary results suggest that the Cu paste gridlines annealed at 775oC in

the rapid thermal annealing furnace have Cu solids completely melt during the �ring

without voids, which can contribute to low gridline resistance. Comparing with the

SEM image of Ag-Cu-Si contact in Figure 4.2a, this Cu paste does not exhibit the

uneven mixing of Ag and Cu metals, which resulted in non-uniform etching of the SiNx

and hence high contact resistance. In addition, the LIV curve of the fabricated solar

cell with this Cu paste in Figure 5.1c is very promising; an open circuit voltage (VOC)

of 628.00 mV, short circuit current density (JSC) of 36.45 mA/cm
2, �ll factor (FF)

of 68.70% and e�ciency of 15.73%. This is comparable to the FF of the solar cells

with Ag contacts in Figure 2.1c, which is ∼ 80%, but this Cu paste is dominated by

contact resistance due to thick glass at the interface. From Figure 5.1b, the interface

glass thickness ranges from 232 nm to 373 nm. Such thick glass layer would normally

lead to the high contact resistance and hence the overall series resistance. Once the

paste formulation is optimized, a thinner or a conductive interface glass would reach

similar FF.

From this preliminary results, it is obvious that the carrier conduction mechanism

for Cu/Si interface will be through a glass layer that blocks the Cu from di�usion into

Si. Further characterization using conducting AFM, STEM and Raman Spectroscopy

would be needed to con�rm this assertion.



CHAPTER 6: CONCLUSIONS

The objectives of this dissertation are (i) to investigate the current transport mech-

anism through a thick interface glass layer (IGL) after contact co-�ring at Ag/Si

contacts on Si solar cells; (ii) to use the same techniques to investigate the transport

mechanism at the Ag-Cu/Si contacts and �nally (iii) the Cu-Si contacts.

(i) For the Ag/Si contacts by using the commercial pastes with Te-glass frits, the

presence of Te in addition to the Pb in the paste resulted in lowering the viscosity of

the molten glass during contact co-�ring. This manifested in the uniform etching of

the underneath silicon nitride and the formation of large nano-crystallites embedded

in the glass with Ag2Te and PbTe semimetal nanoparticles after cooling. These

compounds, Ag2Te and PbTe, have low bandgaps, and are responsible for increasing

the conductivity of the glass, which enabled current to transport from the Si to the

Ag gridline in spite of the glass thickness. The glass had thickness of >380 nm, which

was measured by SEM and STEM, and was found to contain a large amount of these

semimetal nanoparticles. Through modeling, based on modi�ed Fowler-Nordheim

tunneling process in conjunction with the measured c-AFM I-V characteristic curves,

a barrier height of 0.1 eV and IGL thickness of ∼18 nm were obtained. This is

contrary to the measured IGL thickness, which would result in a very high contact

resistance under barrier height of 0.65 eV. However, the modeled glass thickness

suggests that the presence of semimetal nanoparticles with low bandgap lowered the

overall contact barrier height and increased the IGL conductivity, so that the glass

thickness is inconsequential. These semimetal nanoparticles acted as a bridge to

transport carriers from Si to Ag. This new carrier transport path is independent of

the IGL thickness and the emitter doping concentration, which is critical to achieving
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ohmic contact on the lowly doped emitter.

(ii) The second objective of this dissertation was achieved by �rst con�rming that

Cu did not di�use into the Si during high temperature sintering. This was supported

by the SEM/EDS micrograph analysis which showed that the Cu was sequestered

by the oxide at the interface and Ag crystallites embedded beneath the Ag-Cu/Si

interface. Thus, the carrier transport mechanism in Ag-Cu/Si contact is through

Ag crystallites as with the Ag paste contact. With further optimization of the Ag-

Cu paste formulation including additives, the Cu-doped glass can be conductive and

transport carriers in a similar manner as seen in the Ag only contact.

(iii) The �nal objective of this work was to investigate the current transport mech-

anism at the Cu/Si contact. It is therefore possible to print and sinter Cu paste in

the atmosphere without detrimental e�ect on solar cell. Thus, the screen-printable

Cu paste applied to solar cells showed very promising electrical output parameters:

VOC of 628.00 mV, JSC of 36.45 mA/cm2, FF of 68.70% and e�ciency of 15.73%. The

low FF is caused by the high series resistance which is dominated by the high contact

resistance resulting from the thick interface glass layer at the Cu/Si contact. The IGL

thickness is similar to that of the Ag contact which is known to contain semimetal

nanoparticles that increased the conductivity. However, with the optimization of the

glass frits as in the case of commercial Ag paste, similar conductivity will be achieved

in order to implement Cu-gridlines with excellent FF.
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