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ABSTRACT

KEMING REN. Understanding the Path to Contact Silicon Solar Cells with
140 Ω/sq High Resistance Emitters.

(Under the direction of DR. ABASIFREKE EBONG)

Solar cell electricity can only be attractive if it is cost e�ective. In order for it to be

a�ordable, the cost of manufacturing the solar cell must be decreased. Both material

use and improved e�ciency should be addressed in order to realize this goal. One of

the paths to improve e�ciency is to fabricate the cells on lowly doped emitters, which

is di�cult to contact with the present screen-printing technology. In this thesis work,

the study of the microstructure of the Ag gridline/Si interface was carried out to

elucidate the elemental composition of the glass layer underneath this contact. SEM,

EDS and Raman Spectrometer were used to analyze two cells (one each) made with

two di�erent paste samples. The SEM showed that the worse cell had very thick

glass layer underneath the metal contact. This cell also showed very high contact

resistance and low �ll factor (FF ). Upon the removal of the metal contact and the

glass layer, the Ag crystallites in the Si emitter were less compared to the better cell

with low contact resistance and high FF . The EDS con�rmed that the existence of

Al, Pb, Te, Ag and Bi in the glass but not in the Si emitter. This was con�rmed

by the Raman spectra with the peaks that aligned with some compounds of Pb and

Te. This showed that the glass layer contains some alloys of Pb and Te and these

alloys tend to increase its conductivity and decrease the contact resistance. It can

therefore be inferred that, the glass layer increased conductivity in conjunction with

the Ag crystallites embedded in Si emitter will lead to an optimized contact on the

lowly doped emitter.
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CHAPTER 1: INTRODUCTION

Global warming is the climate change in the earth's climate system due to the

emission of greenhouse gases, such as as CO2, CH4, and N2O. Figure 1.1, shows

that, since in the 1900s, the global mean surface temperature has been raised by

1.4 oC. The side e�ects of the global warming have shown: (1) increase in extreme

weather with greater warming and change in precipitation over land areas; (2) rising

sea level around 2.7 mm per year since 1993 and from 1995 to 2015, with accelerating

raising speed [1]; and (3) e�ect on ecological systems and extinction of some species.

To reduce the global warming and stabilize the global average, the emission of CO2

must be reduced as well as other greenhouse gases.

Figure 1.1: Global surface temperatuer anomalies relative to 1951-1980 mean for
annual and 5 years running means through 2017 [2].

However, according to the international energy outlook 2017 published by U.S.

Energy Information Administration [3], the CO2 emissions caused by coal increased



2

at an average rate of 2.3%/year from 1990 to 2015, and after 2015, it still increased at

rate of 0.1% (Figure 1.2). The liquids-related CO2 emissions increased by an average

of 1.2%/year from 1990 to 2015 and will continue to increase by average of 0.7%/year

from 2015 to 2040. The CO2 emissions from natural gas grow by an average of

2.2%/year from 1990 to 2015 and will be reduced to 1.4%/year by 2015 and 2040.

However, even though after 2015, the average speed of CO2 emissions is reduced, the

total tons of CO2 will still be at a high level.

Figure 1.2: Energy related carbon dioxide emissions.

Figure 1.3 shows the International Energy Outlook for 2016 [4], the worldwide

energy demand from 2012 to 2040 with signi�cant growth from 549 quadrillion British

thermal units (Btu) in 2012 to 815 quadrillion Btu in 2040 at an average rate of

1.4%/year. A total of 48% energy consumption increase in 2040 will require extra

half energy source to be exploited. In order to achieve both world energy demand

and global environment protection, we must develop clean energy, such as solar, wind,

and geothermal, without further delay.
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Figure 1.3: World energy consumption from 2012 to 2040.

Due to unlimited energy source from the sun, solar energy can be the promise of

clean and decentralized energy for the whole world. Developing new energy converting

technologies and at the same time retiring low e�cient and high-pollution energy

generation units are the important contents during energy revolution. According to

the Annual Energy Outlook 2017 by U.S. Energy Information Administration [5], the

retired older and less e�cient fossil fuel units, including coal, oil, and gas, have been

replaced by wind and solar plants since 2005 as shown in Figure 1.4.
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Figure 1.4: Annual electricity generating capacity additions and retirements.

Throughout the projection period, the older, less e�cient fossil fuel units will con-

tinue to be retired and replaced by new generating capacity. After 2030, solar capacity

will be around 50% of the new generation capacity and it will be close to the amount

of natural gas. In Figure 1.5, after 2016, the wind and solar electricity generation have

been the two main growing parts among the whole renewable electricity generation.

Figure 1.5: Renewable electricity generation.
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After 2025, solar electricity generation will still be growing and could double in

2040. The most growth of solar photovoltaic systems will be in the building sector,

the on-site electric generation as predicted in Figure 1.6. According to the prediction

by the energy outlook, the total solar generation capacity growth, which started in

2010 at less than 2 gigawatts will reach 125 gigawatts in 2040. All other technologies

in the commercial sector, including combined heat and power, will slowly reach 13

gigawatts by 2040.

Figure 1.6: Buildings sector on-site electric generating capacity.

In order to achieve the goal of 2040, the cost of solar cells must be reduced with

increasing e�ciency. However, to fabricate cost e�ective solar cells with high e�-

ciency, understanding every layer of the solar cell structure is needed. For instance,

the e�ciency of a solar cell is dependent on the peak surface doping concentration

(Ns) of the emitter because the emitter with lower Ns makes the cell more transpar-

ent to photons with less surface charge recombination. But, such emitter is di�cult

to contact with the commercial screen-printing technology. Thus, the microstructure

analyses of the contact is needed to fully evaluate the Ag/Si interface to identify

the elements and alloys (if any) present in the glass layer and their interaction with
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the Ag crystallites embedded in silicon after the contact formation step. Based on

this understanding that the lowly doped emitter (140Ω/sq) can be contacted with

low contact resistance to achieve high FF and hence e�ciency in excess of 26% [6]

without any added cost. This lines up well with report by International Technology

Roadmap for Photovoltaic (ITRPV) in 2018 [7]. This thesis work therefore, serves as

a case study to understand the path to contact lowly doped emitter with low contact

and gridline resistances.



CHAPTER 2: SOLAR CELL WORKING PRINCIPLES

2.1 Silicon Solar Cell Structure

The working principle of a solar cell, which was discovered by a French physicist

Alexadre Edmond Becquerel in 1839, is based on photovoltaic e�ect, where light can

be converted into electricity. In 1954 [8], the �rst solar cell was created on a di�used

p − n junction by Bell Labs. After more than 60 years, photovoltaic technology has

been developed rapidly, but currently most commercial solar cells are still based on

the p− n junction structure.

The p − n junction is a junction between an n − type semiconductor and a p −

type semiconductor. An n − type semiconductor is a semiconductor material doped

with donor impurities, to increase electrons in the conduction band and a p − type

semiconductor is doped with acceptors to create holes in valence band, as shown

in Figure 2.1. As a result, there are many electrons and less holes in the n − type

material and the majority carriers in the p− type material are holes and the minority

are electrons. When n− dopants are di�used into a p− type substrate, an n− type

region (up to 0.2 − 0.5um thick) is created. Once there are both n− and p − type

regions created on one substrate, electrons will di�use from the n− type material to

the p− type material and at the same time, holes will di�use from the p− side to the

n− side. When negative electrons di�use from the n− side across toward the p− side,

positive charges will be left behind. Similarly, positive holes di�use from the p− side

across toward the n− side, negative charges will be left behind. These �xed charges

form an electric �eld exactly at the junction between the n− and p− materials, called

built-in electric �eld in Figure 2.2 [9]. This built-in electric �eld will force charges to
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move in the opposite direction of the di�usion and �nally reach a stable equilibrium,

where the net �ow of electrons and holes through the junction is zero.

Figure 2.1: n− type and p− type regions are both created on one substrate [9].

Figure 2.2: Build-in electric �eld [9].

The simplest p − n junction solar cell is shown in Figure 2.3, where silicon wafer

is doped to have an n− and p− regions. On the front surface of the n−region, there

are front metal contacts and meanwhile the rear side at the p− type region is covered

by a rear metal contact. When the light shines on the front side of the solar cell, the
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light with higher energy than the band gap of Si is absorbed by the solar cell and

then electron-hole pairs are generated. It is possible that the generated electron-hole

pairs will recombine with each other and no current will be produced. But due to

the existence of a built-in electric �eld in the p − n junction, the electron-hole pair

generated near the p − n junction will be forced to separate and under the electric

�eld, the electrons move to the n− side and holes reach the p− side. As a result,

because of the separation of electrons and holes, the collection e�ciency of charge

carriers is highly increased. Once di�used to the edge of the cell, the electrons and

holes can be collected and provide electricity to the load.

Figure 2.3: Conventional c-Si solar cell operation [10].

2.2 The Output Parameters of a Solar Cell

The equivalent circuit of a solar cell under ideal condition is shown in Figure 2.4.
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Figure 2.4: Equivalent circuit of a one-diode model of a slar cell under ideal condition
(with illumination).

where JL is the photocurrent density, Jdiode is the ideal diode current density, Rsh

is the shunt resistance, Jsh is the shunt current density through Rsh, Rs is the series

resistance, Rload is the load resistance and J is the output current density. Under

ideal conditions, Rsh is assumed to be very large to ensure that Jsh is zero and Rs is

assumed to very small (< 0.1 Ω.cm2). The output current density J and ideal diode

current density Jdiode were shown in Equations 2.1 and 2.2.

J = JL − Jdiode (2.1)

J = JL − Jo(exp
qV

nkT
− 1) (2.2)

where Jo is the reverse-biased saturation current density, q is the electron charge,

k is the Boltzmann constant, T is the temperature and n is the ideality factor (where

n = 1 for an ideal diode and n > 1 for a non-ideal diode).

However, the diode is mostly working under a non-ideal situation because of charge

recombination.
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Figure 2.5: Equivalent circuit of a two-diode model solar cell under non-ideal condition
(with illumination).

Figure 2.5 shows the two diode model of a solar cell taking account of the junction

recombination, where J1 is the diode current and J2 is the recombination current

density. In this case, the total current density J is given by Equation 2.3 and 2.4.

J = JL − (J1 + J2 + Jsh) (2.3)

J = JL −

{
Jo1
(
exp

q(V + JRs)

n1kT
− 1
)

+ Jo2
(
exp

q(V + JRs)

n2kT
− 1
)

+
V + JRs

Rsh

}
(2.4)

where Jo1 is a reverse-biased saturation current density and Jo2 is the recombination

current density. n1 and n2 are the ideality factors. To have a good performance solar

cell, Rs should be minimized, Rsh should be maximized and Jo2 should be minimized.

In the analysis of the performance of a solar cell, the circuit is considered under two

situations, short circuit and open circuit. At short circuit, the photocurrent generated

by a solar cell under illumination is short-circuit current(Isc) where Rs and Rload are

both zero. The short-current density(Jsc) is given by the Equation 2.5.

Jsc = JL −

{
Jo1
(
exp

qV

n1kT
− 1
)

+ Jo2
(
exp

qV

n2kT
− 1
)}

(2.5)

At open circuit, when the Rload and Rs are in�nitely large, the potential di�er-

ence between the terminals of the cell is called open-circuit voltage (Voc), shown in

Equation 2.6, where Joe is the emitter saturation current density and Job is the base
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saturation current density.

Voc =
nkT

q
ln

(
JL
Jo

+ 1

)
=
nkT

q
ln

(
JL

Joe + Job
+ 1

)
(2.6)

when assuming JL = Jsc,

Voc =
nkT

q
ln

(
Jsc

Joe + Job
+ 1

)
(2.7)

then [11]

Joe = FmJoem + (1− Fm)JoeSiN (2.8)

Job =
qn2

i

NA

D

Leff

(2.9)

Jo1 = Joe + Job (2.10)

where Fm is the solar gridline coverage fraction, Joem is the emitter saturation

current density under metal gridline, JoeSiN is the saturation current of the passivated

layer, ni is the intrinsic carrier density of the material, NA is the acceptor carrier

density, D is the di�usivity of minority carrier, Leff is the e�ective minority carrier

di�usion length [12].

Based on J. Nelson [13], the Jsc can also be expressed by quantum e�ciency (QE)

which is the probability that an incident photon of energy (E) will generate one

electron to the external circuit. It depends on the the absorption coe�cient of the

material, the e�ciency of charge separation, the e�ciency of charge collection, and

the incident light energy. The photocurrent density(Jsc) can be expressed by the

following equation:

Jsc = q

∫
bs(E)QE(E)dE (2.11)

where bs(E) is the incident spectral photon �ux density, the number of photons of

energy in the range from E to E + dE which are the incident on unit area in unit

time and q is the electronic charge. QE is an important factor to describe solar cell

performance under di�erent conditions. There are two types of quantum e�ciency

of solar cells: External Quantum E�ciency (EQE) and Internal quantum e�ciency
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(IQE). The EQE is the ratio of the number of charge carriers collected by the solar

cell to the number of photons of a give energy shining on the solar cell. The IQE is

the ratio of the number of charge carriers collected by the solar cell to the number of

photons of a given energy that is absorbed by the cell [14].

When a voltage or bias V is applied between terminals of the cell in the dark,

there will be a current �ow across the device, which is usually called the dark current

Idark(V ), and much larger current �ows across the device under forward bias (V > 0)

than under reverse bias (V < 0), as shown in Figure 2.6 [15]. For an ideal diode, the

dark current density Jdark(V ) is

Jdark(V ) = Jo(e
qV/kBT − 1) (2.12)

Where Jo is a constant, kB is Boltzmann's constant and T is temperature in degrees

Kelvin. The net current density in the cell is:

J(V ) = Jsc − Jdark(V ) (2.13)

which becomes, for an ideal diode

J = Jsc − Jo(eqV/kBT − 1) (2.14)

Figure 2.6: The Graph of the I-V characteristics of an ideal diode solar cell in the
dark and under illumination [15].
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The solar cell power density(P ) is given by:

P = JV (2.15)

And P reaches a maximum power point Pm at Vm and Jm, where Pm = JmVm. The

�ll factor (FF ) is the ratio of maximum obtainable power (Pm) to the product of Jsc

and Voc:

FF =
JmVm
JscVoc

(2.16)

The e�ciency (η) of the solar cell is the power density delivered at the operating

points as a fraction of the incident light power density (Ps):

η =
JmVm
Ps

(2.17)

related to Jsc, Voc and FF ,

η =
JscVocFF

Ps

(2.18)

2.3 Types of Commercial Solar Cells

The crystalline silicon solar cell, including the polycrystalline and monocrystalline,

has had about 90% global photovoltaic market share and the highest e�cient Si

solar cell has reached 26.6 % e�ciency according to Kaneka [16]. The screen-printed

aluminum back surface �eld (Al-BSF) p − type solar cell has an e�ciency raised

to 20.29%[17]. The structure of Al-BSF is shown in Figure 2.7, where from top to

bottom, the textured front surface and the SiNx layer are both aimed to reduce light

re�ection. Below SiNx, the wafer is doped with phosphorus to be n − type and the

bulk is p− type doped with boron. The front and rear metal contacts are silver and

aluminum, respectively, formed by screen-printing metal pastes onto the wafer and

�red under high temperature. Based on the structure of Al-BSF, passivated emitter

and rear cell (PERC) has been developed, Figure 2.8. Compared to Al-BSF cell,

the main di�erence is that the back contact of the PERC cell is only a fraction of

the back side with the rest area being passivated with Al2O3/SiNx. As a result, the

back surface recombination is highly reduced to achieve higher Voc and the highest
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e�ciency for PERC cell is 22.61% [18]. Both Al-BSF and PERC cells are the two

major types of commercial solar cells and the front contacts of both cells are fabricated

by screen-printing technology.

Figure 2.7: Scheme of Al-BSF cell.

Figure 2.8: Scheme of PERC cell.

2.4 Fabrication of a Solar Cell

The commercial solar cell is fabricated on Si wafers, which are made from polysil-

icon. The polysilicon is manufactured by �ring sand (silica) with coke in an arc

furnace at 1800oC followed by chemical re�nement ( HCl, H2). After that, Czochral-

ski process is used to grown mono crystalline Si where the polysilicon is melted in a

crucible at 1424oC �rst. Dopant impurity atoms such as boron or phosphorus can

be added into the melted silicon to make p− or n − type silicon. Then a precisely

oriented rod-mounted seed crystal is dipped into the molten silicon. By controlling
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the temperature gradients and the rate of pulling and rotating the seed crystal, it can

grow a large, single-crystal ingot. Finally, the wafers are made by using diamond saw

to slice the Si crystal ingot.

Figure2.9 outlines the fabrication process for a p−based crystalline Si solar cell

which includes: (1) saw damage removal by alkaline or acidic solutions as well as

plasma etching and at the same time forming a surface texture to reduce the surface

re�ection, followed by wafer cleaning in deionized water; (2) phosphorous di�usion to

form n−type region by using POCl3 at 800 ∼ 900oC; (3) phosphorus glass removal in

HF solution and rear side texture in acid solution to isolate the front and rear sides;

(4) antire�ection coating by plasma-enhanced chemical vapor deposition (PECVD);

(5) screen printing the front silver contacts and back aluminum contacts by squeegee

moving with a de�ned pressure to push the Ag and Al pastes through the screen and

print onto the wafer; (6) co�ring the Ag and Al contacts around 800oC for a short

time; (7) the light-current-voltage (LIV) measurement.
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Figure 2.9: Manufacture of screen-printed Al-BSF solar cell from Si wafer.



CHAPTER 3: DESIGN AND MODELING OF A HIGH EFFICIENT
COMMERCIAL SOLAR CELL

Since a solar cell is an opto-electronic device, both optical and electrical losses must

be minimized in order to fabricate a highly e�cient solar cell. The objective of this

thesis work is to identify both sources, the optical and electrical losses, related to

the layers of a solar cell through modeling. The design of the solar cell is using a

one-dimensional computer program (PC1D) [19], which numerically solves the fully

coupled nonlinear equations for the quasi-one-dimensional transport of electrons and

holes in crystalline semiconductor devices. Pertinent to the losses are: (i) the surface

re�ectance encompassing the antire�ective coating, gridlines and busbar shadowing

which pertains to optical losses; (ii) surface passivation, which controls the surface

recombination (electrical losses); and (iii) series resistance, which impacts the maxi-

mum power output of any solar cell. The best solar cell should have very low total

front surface re�ectance to allow high photon absorption; low surface and bulk re-

combination to allow the created electron-hole pairs to be separated and collected

for high short circuit current; high open circuit voltage; and the contacts should not

exhibit I2 ·R power loss. The typical PC1D device schematic is shown in Figure 3.1,

which is just a one-diode model with shunt resistance across the p-n (diode) junction

and the series resistance at the base contact.
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Figure 3.1: PC1D modeling device schematic.

For a start, Table 3.1 shows the input parameters for modeling a four-streets and

�ve-busbar (4S-5BB) Al-BSF solar cell fabricated in our lab [20]. The parameters

shown in Table 3.1 led to Jsc of 38.6 mA/cm2, Voc of 643.7 mV , FF of 78.9% and

e�ciency of 19.6%. This cell was more e�cient than average Al-BSF commercial

cell of 19.1% e�ciency [21]. The 4S-5BB cell had 89 gridlines with narrow width of

< 50um plus uneven busbars to cut back on total front shading. This led to the

metal coverage of only 3.97% and series resistance of 0.739 Ω · cm2 . To account

for the antire�ective coating of 4% with silicon nitride atop a textured surface [22],

a total front re�ectance of 7.5% was used. A minority carrier lifetime of 500 us

was used [23], with front surface recombination velocity of 2000 cm/s based on the

emitter doping concentration and surface passivation layer [24]. The rear surface

recombination velocity of 250 cm/s matched the base resistivity of 2 Ω · cm and

polished wafer with metal coverage [25].

Another object of this thesis work is to explore the possibility of contacting lowly

doped emitter (140 Ω/sq) with low total series resistance, the design then would

require a combination of low metal coverage as in the 4S-5BB structure, high minority
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Table 3.1: PC1D modeling: device initial parameters

DEVICE

Device modi�ed from pvcell.dev
Device area: 1 cm2

Front surface texture depth: 3 um
No surface charge
Exterior Front Re�ectance: 7.5 %
Internal optical re�ectance enabled
Rear surface optically rough
Emitter contact enabled
Base contact: 0.739Ω
Internal conductor: 1.47× 10−5S
Internal diode: 1× 10−9A
REGION 1

Thickness: 180 um
Material modi�ed from si.mat
Carrier mobilities from internal model
Dielectric constant:11.9
Band gap:1.124eV
Intrinsic conc. at 300K: 1× 1010cm−3

Refractive index from: Si.inr
Absorption coe�.from Si300.abs
Free carrier absorption enabled
P-type background doping:5.48× 1015cm−3

1st front di�.: N-type, 6.9× 1019cm−3 peak
Bulk recombination:τn = τp = 500us
Front-surface recombination: S model, Sn = Sp = 2000 cm/s
Rear-surface recombination: S model, Sn = Sp = 250cm/s
EXCITATION

Excitation modi�ed from on-sun.exc
Excitation mode: Transient, 50timesteps
Temperature:25oC
Base circuit: Sweep from −0.8to0.8V
Collector circuit:Zero
Primary light source enabled
Constant intensity:0.1Wcm−2

Spectrum from am15g.spc
Secondary light source disabled
RESULTS

Short-circuit Ib:−0.0386amps
Max base power out:0.0196watts
Open-circuit Vb:0.6437volts
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carrier lifetime of the bulk material, and low surface recombination velocity on the

front since the back side depends on bulk resistivity. Putting these excellent input

parameters led to Jsc of 42.3 mA/cm2, Voc of 704.3 mV , FF of 82.6% and e�ciency

of 24.6%. This is quite close to the theoretical limit of Si solar cell e�ciency of 29%.

More so, since the total re�ectance plays a great role in the optical loss and series

resistance in the electrical loss, the model was design to study the impact of these

two major parameters on Jsc, Voc, FF and e�ciency as shown in Figures 3.2a to 3.2d.

In Figure 3.2a and 3.2b, while the total front re�ectance (FR) (antire�ectance and

gridline shadowing) is kept constant for each curve, the series resistivity was varied

from 0 to 0.8 Ω− cm2. It is obvious from Figure 3.2b that the series resistance does

not have any impact on Voc but the total re�ectance showed a very weak relation with

a loss of only 2 mV from 0% to 8%. The short circuit current density on the hand has

about 3.5 mA/cm2 loss when the re�ectance was changed from 0% to 8%. However,

the series resistance of up to 0.8 Ω−cm2 did not impact the current density, while the

FF is more impacted by the series resistance as seen in Figure 3.2c and has up to 4%

loss (absolute) as the resistance increases from 0 to 0.8 Ω− cm2. Thus, the e�ciency

is strongly dependent on the series resistance, since e�ciency is a multiplication of

three parameters including the FF . That is why this work is very important, in

particular, to reduce the total series resistance to improve the e�ciency of the solar

cell.
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Figure 3.2: Impact of Rs on the (a) Voc, (b) Jsc, (c) FF and (d) E�ciency under
di�erent FR.

To reduce the Rs, better design of the gridlines is one way. In Figure 3.3, the

total series resistance of a solar cell constitutes R1 to R6 as de�ned. Among all the

resistance sources, R1 is the resistance between Al and the bulk Si for an Al-BSF

solar cell. R2 is the bulk resistance based on the Si wafer resistivity. However, R3,

R5 and R6 can be reduced through the gridline design. R4 is the contact resistance

between the gridline and the Si emitter, which has been thought to depend on the

emitter surface doping concentration.
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Figure 3.3: Components of series resistance in soalr cells.

As predicted by ITRPV [7], lowly doped emitter having 140 Ω/sq sheet resistance

has the most potential to improve the solar cell e�ciency close to the theoretical limit.

Figure 3.4 shows the relationship between the sheet resistance and the peak surface

doping concentration of an emitter as modeled by PC1D. It shows the emitter with

sheet resistance of 140 Ω/sq has ∼ 2 times lower peak surface doping concentration

(Ns) than 80 Ω/sq emitter. Based on this, the e�ect of lowly doped emitter in the solar

cell is modeled and shown in Figure 3.5. The lowly doped emitter shows improved Voc

and Jsc. By increasing the Ns from 4.43×1019cm−3 to 9.16×1019cm−3, the e�ciency

is decreased by ∼ 0.8%, while the FF is increased by ∼ 0.4%. The overall bene�ts of

applying the lowly doped emitter is due to its better surface passivation with lower

emitter recombination and easy to be passivated. Thus, the best cell having a lowly

doped emitter with Jsc of 42.3 mA/cm2, Voc of 704.3 mV , FF of 82.6% and e�ciency

of 24.6% can be achieved.
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Figure 3.4: The relationship between surface doping concentration and the emitter
resistivity.

Figure 3.5: Impact of Ns on the (a) V oc and Jsc, (b) FF and E�ciency.

However, this modeling is based on the assumption that the overall Rs is constant

under di�erent doping concentration and is very low. Actually, the Rs will be changed

with doping concentration because the contact resistance, R4, is a function of emitter

doping concentration. R4 =
ρc

lg × wg

, where ρc is the speci�c contact resistivity, which

is proposal to
1√
Ns

, lg is the gridline length and wg is the gridline width. Hence, for

the same gridline structure, the reduced Ns will increase the Rs by causing higher ρc.
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In order to reach higher e�ciency on lowly doped emitter, R4 should be kept low.

To contact the lowly doped emitter with low speci�c contact resistivity in a solar cells,

it is crucial to understand through microstructure analyses of the interface between

the gridline and silicon.



CHAPTER 4: EXPERIMENTAL

To understand the contact mechanism through microstructure analyses, four Ag

pastes with di�erent amounts of TeO2 glass were used to fabricate Al-BSF cells.

These cells were based on p-type Czochralski (CZ) monocrystalline silicon substrates

with resistivity of 2.0 Ω · cm, sheet resistance of 95 Ω/sq, thickness of 180 um and

size of 239 cm2. The fabrication process �ow is given in Figure 2.9 (section 2.4).

Texturing, emitter formation and AR coating were carried out on production line.

The blue wafers were screen-printed with full Al contacts on the rear side and dried

at 200oC for 2 minutes, and then the Ag gridlines were printed with four di�erent

pastes (A, B, C. D) each, on the front side plus dry. This was followed by co-�ring

of the contacts in an infrared (IR) belt furnace at peak temperature of 813 oC with a

belt speed of 230 ipm. The cells were then characterized through I-V measurements

to obtain the Voc, Jsc, FF and e�ciency. Both series and contact resistances were

obtained where the contact resistance were obtained through TLM method [26].

To study the microstructure of the front contact interface, which is critical to

understand contacting lowly doped emitters, two sets of samples were prepared. One

set of samples that were treated in 70% HNO3 at 80oC for 10 minutes to remove the

Ag gridlines and preserve the underlying glass layer that bonds the gridlines to the

silicon surface; and the other set of samples had the Ag gridlines and glass removed by

dipping in 2.5% HF at room temperature for 4 minutes to remove glass layers after

the HNO3 treatment. The morphology and the components of the microstructures

at gridlines/ Si interface were acquired using SEM with EDS ( JEOL w/ EDS, Model

6460LV) and Raman spectrometer (HORIBA, XploRaTMPLUS) excited at 532 nm.
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4.1 Electrical Analyses

The electrical properties of the four best cells from each paste are listed in Table

4.1. Cells with paste B and D have similar e�ciency of ∼ 20%. However, the sample

using paste D had the highest �ll factor (FF ) due to lower contact resistance. The

e�ciency and the FF of sample C are lower than both samples B and D, which could

be due to other factors including high contact resistance. The sample with paste A

has the highest contact and series resistances, which was strong enough to impact the

open-circuit voltage (Voc) and short-circuit current density (Jsc). Hence, the sample

with paste A exhibited the lowest FF and the e�ciency. Since samples with pastes

B, C and D had very close output characteristics, the microstructure analyses was

carried out on A the worst and D the best cells.

Table 4.1: Electrical properties of the four samples made by di�erent pastes [27]

Ag Paste Voc (mV ) Jsc(mA · cm−2) FF (%) E�ciency (%) ρc (mΩcm2) ρs (mΩcm2)

A 634.30 38.68 46.53 11.42 0.83 11.66
B 641.70 39.58 78.96 20.05 0.44 0.73
C 641.82 39.50 78.34 19.85 0.39 0.83
D 642.08 39.40 79.15 20.03 0.31 0.69

4.2 Micro-Structure Analyses

4.2.1 SEM and EDS

Figure 4.1 shows the SEM - backscattered electron composition (BEC) images

of the sample made from paste A. Figures 4.1a and 4.1b show the interface of the

Ag gridline and Si before the removal of the Ag gridline. From this image, a re-

crystallized glass in the Ag gridline with ∼ 1 µm size can be observed. This glass

layer is non-uniform and thick. This could have been due to poor dispersion of the

glass particles in the paste that led to non-uniform wetting and etching of ARC.

Figures 4.1c and 4.1d depict the interface underneath the Ag gridline/Si without the
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Ag gridline. This image shows some glass remains on the surface but no metal alloys

in the glass, which is necessary to conduct the carriers from Si to the Ag gridlines.

This explains why the contact resistance for this cell was so high. Figures 4.1e and

4.1f, show the interface after the HF treatment, which completely removed the glass

and the Ag gridlines. The images exhibit Si surface showing the pyramids from

texturing and few spaced metal crystallites.

Figure 4.1: SEM cross-section images of A, (a-b) before acid treatment, (c-d)after
Ag gridline removal; (e-f) after interface glass removal [27].
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On the other hand, Figures 4.2a and 4.2b show the Ag/Si interface for cell based

on paste D with the Ag gridlines. The images reveal some Ag crystallites regrown in

the bulk Si. The glass dispersion in this paste uniformly wetted, etched the ARC and

formed thinner glass layer, which in turn led to lower contact resistance. This behavior

could be due to glass frits in paste D having a lower transition temperature (Tg) than

that in paste A. This result is supported by the works [28, 29], which showed that

the complete etching of the ARC during high temperature contact �ring is a function

of the glass frits transition temperature. The glass with higher Tg requires, higher

�ring temperature. Thus, paste D had glass frit with low Tg, that is why the interface

showed uniform glass layer after cooling as depicted in the SEM.

Figures 4.2c and 4.2d show the image of the interface underneath the removed grid-

line. It can be seen the textured surface with the pyramids covered by the glass layer.

The BEC image reveals that there are many metal colloids and metal crystallites with

various sizes at the interface. In order to specify the location of the metal colloids

and crystallites, the glass layer was removed, which led to Figures 4.2e and 4.2f. As

depicted in Figures 4.2e and 4.2f, there have some metal crystallites grown into Si

surface, during the contact �ring, while no metal colloids found at the Si surface once

the glass was removed. This leads to the conclusion that the metal colloids are mostly

in the glass which bonds the Ag gridlines to Si. This observation indicates that the

conductivity of the glass underneath the contact is increased due to the presence of

the metal colloids and hence a decrease in contact resistance. Therefore, while the

Ag crystallites conduct carriers out of Si, the metal colloids aid these carriers to be

collected at the Ag gridlines.
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Figure 4.2: SEM cross-section images of sample D, (a-b) before acid treatment, (c-d)
after Ag gridline removal; (e-f) after interface glass removal [27].

From the analyses of the samples with the two pastes, it is evident that the metal

colloids in the interface glass layer play a major role in the value of the ρc. The higher

the amount of metal colloids in the glass layer, the lower ρc, and ρs, and hence the

increase in the FF and the e�ciency. The sample with paste A had thick glass layer

at the interface but with very little amount of metal colloids in addition to fewer Ag

crystallites in Si. The low ρc for the sample with paste D is mainly due to the large
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amount of metal colloids in the glass layer in addition to the more Ag crystallites in

Si. This is quite in agreement with the �ndings of Hoenig et al [30], where the silver

colloids formed in the interface glass layer was said to cause a dramatic increase in

the conductivity of the glass layer leading to low ρs.

Based on the micro-structure of Ag/Si contact, the current transport paths from

Si emitter to Ag gridlines include [31, 32]:

(a) through Ag crystallites direct contact with Si emitter;

(b) tunneling through an ultrathin glass layer;

(c) through Ag nanoparticle assisted tunneling;

The 4th path could be attributed to the metal colloids or "nano-Ag colloids" [27]

that increase the conductivity of the glass that bonds Ag gridlines to silicon based on

this thesis work. This agrees with the proposed "nano-colloid assisted tunneling" in

reference [33].

Further analysis on sample with paste D was carried out to ascertain the elemen-

tal composition through Energy Dispersive X-ray Spectroscopy (EDS). Figure 4.3a

shows an EDS of the glass layer underneath the metal contact with the associated

elemental composition of the metal colloids. Elements such as Al, Pb, Bi, Ag and

Te, and Bi were revealed. It should be noted that these elements are glass composite

instead of the colloids. However, after the interface glass removal as depicted in Fig-

ure 4.3b, there is no evidence of Pb, Te or Bi. This means that the colloids consist

mainly the alloy of Pb, Ag and Te, while the crystallites is mainly Ag metal.
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Figure 4.3: EDS analyses of selected area on sample D (a) after Ag gridline removal;
(b) after interface glass removal [27].

4.2.2 Raman Study

To con�rm the metal colloids composition, the Raman spectrometer was used and

the spectroscopy of samples with paste A and D is shown in Figure 4.4. According to

the references, Ag2Te has peaks at 80 cm−1 [34], 119 cm−1 and 145 cm−1 [35]. The

peaks around 396 cm−1 and 641 cm−1 are due to the bending vibration in TeO2. The

675 cm−1 peak corresponds to symmetrical stretching of Te− O [35, 36]. But PbTe

has peaks at 119 cm−1, 183 cm−1 and 366 cm−1. The strong peak at 520 cm−1 comes

from Si substrate. Sample with paste A does not have peaks at 76 cm−1, 119 cm−1,

145 cm−1, 183 cm−1, 363−401 cm−1, 520 cm−1 and 660 cm−1, which have to do with
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the Ag2Te and PbTe. Thus, the Raman spectra con�rms the formation of Ag2Te

and PbTe in sample with paste D instead. The fact that after glass removal, the

Ag2Te and PbTe peaks were absent con�rms that Ag2Te and PbTe are the property

of the glass and not the Si emitter. This result further buttresses the EDS results

in Figure 4.4, which shows that after Ag gridline removal, the ratio of the At% of

Te, Pb and Ag was around 1.0: 2.2: 1.2. This strongly suggests the formation of the

alloys of Ag2Te and PbTe in the colloids. In Figure 4.4, after glass layer removal, the

ratio between Te, Pb and Ag was 1.0: 1.3: 10.9 which indicates the metal crystallite

is mainly Ag metal.

Figure 4.4: Raman spectroscopy of sample A, D after HNO3 and HF treatment and
Ag2Te [35], PbTe [37].



CHAPTER 5: CONCLUSIONS

Through the microstructure analysis of the Ag gridline /Si interface with the SEM,

EDS and Raman Spectrometer, it was evident that the glass layer at this interface

is as important as the Ag crystallites embedded in the Si emitter after the contact

formation step. SEM showed a thick or thin glass layer at the interface depending on

the glass transition temperature (Tg) of the glass frit. The thick or thin glass layer

dictates the contact resistance value and hence the total series resistance and FF .

The SEM also revealed that, if the underlying ARC is not uniformly etched, the glass

layer will not be uniform and the Ag crystallites embedded in the Si emitter will be

fewer compared to the uniformly etched counterpart. The EDS revealed Pb, Al, Ag,

Te and Bi elements in the glass, which was con�rmed by the Raman Spectroscopy.

These elements were absent after the glass was etched o�, except Ag was found in

the Si emitter. This con�rmed that the low contact resistance exhibited by the best

sample is due to the formation of alloys of Pb and Te as con�rmed by Raman spectra.

The di�erent peaks at various positions in the Raman Spectra were consistent with

compounds of Te and Pb. Thus, the thesis work has concluded that the presence of

these alloys of Pb and Te increases the conductivity of the glass layer at the Ag/Si

interface and enhance the collection of carriers with less I2 ·R loss.



CHAPTER 6: FUTURE WORK

To understand the current transport mechanism through the Ag2Te and PbTe

colloids in the interface glass layer, the distribution of these metal colloids should be

studied. In addition, it is necessary to use transmission electron microscopy (TEM)

to analyze the thickness of the metal colloids and the conducting AFM (C − AFM)

to study the nature of the colloids conduction through I − V curves. Based on the

I − V measurement and the conductivity of the colloids, the role of these colloids

in the current transport mechanism will be revealed. To further explain the contact

mechanism, the band structure of the Ag/semi-metal colloids/Si emitter contact

should be calculated in addition to resonant tunneling probability
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