|

) <

The University of Osaka
Institutional Knowledge Archive

Ultra-Llow Reflectivity Nanocrystalline Si Solar
Title Cells Fabricated by Surface Structure Chemical
Transfer Method

Author(s) |Francisco, C. Franco Jr.

Citation | KPrKZ, 2013, {Etm

Version Type|VoR

URL https://doi.org/10.18910/26249

rights

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Ultra-low Reflectivity Nanocrystalline
S Solar Célls Fabricated by
Surface Structure Chemical Transfer M ethod
(LZFHERE 1% W TR L 72 WK S 5

F 72V RENLTY ar KEER)

A Thesis Submitted to the

Department of Chemistry
Graduate School of Science
Osaka University

In Partial Fulfillment of the
Requirementsfor the Degree of
Doctor of Philosophy (Ph.D.)

Francisco C. Franco Jr.
September 2013



Table of Contents

1 General Introduction 1

1-1 General Motivation

1-1-1 The energy problem 2
1-1-2 Global warming 2
1-1-3 Solar energy as an alternative source afggne 4

1-2 Solar Cells
1-2-1 Si solar cells 6
1-2-2 Losses in solar cells 8

1-2-3 High efficiency single crystalline Si sotall - The PERL

solar cell 22
1-3  Purpose of the study 23
References 25
2 Experimental Methods 27

2-1  Chemical Methods
2-1-1 The RCA method 28
2-1-2 Alkaline etching of Si 30
2-2  Instrumentation and analysis

2-2-1 Lifetime measurements — Microwave Photocotide®ecay
spectroscopy 34

2-2-2 Electron Spectroscopy for Chemical Analysks-ray
Photoelectron Spectroscopy 37



2-2-3 Workfunction measurements — Kelvin probe ysial 41
2-2-4 Reflectivity measurements 43
2-2-5 Photoluminescence spectroscopy 45

2-2-6 Electron Microscopy — Scanning Electron Msmropy and

Transmission Electron Microscopy 46
2-2-7 Solar simulator and current — voltage measards 50
2-2-8 Calculation of the solar cell efficiency 53
References 58

Ultra-low Reflectivity Si Surfaces Formed by Surface Structure Chemical

Transfer Method 60
3-1 Introduction 61
3-2  Experiments 63

3-3 Results and Discussion
3-3-1 Surface structure chemical transfer on varidusurfaces 65

3-3-2 Ultra-low reflectivity Si(100) and polycrydiae Si surfaces
produced by the SSCT method 67

3-3-3 Si nanostructures formed after the SSCT nmiktho 69

3-3-4 Formation mechanism of the ultra-low refleityi
nanocrystalline Si surface 71

3-3-5 Photoluminescence of nanocrystalline Si 76

3-3-6 Minority carrier lifetime of Si surface afttre
formation of nanocrystalline Si 77

3-3-7 Band gap widening of the nanocrystalline Si 79

3-4  Summary 81



References 82

Ultra-low Reflectivity Nanocrystalline S Solar Cells Fabricated by Surface

Structure Chemical Transfer Method 84
4-1 Introduction 85
4-2  Experiments 87

4-2-1 Solar cell production process sequence f selastructure 87

4-2-2 Nanocrystalline Si doping process 89
4-3  Results and discussion

4-3-1 Nanocrystalline Si reflectivity after the foation of pn-junction

90

4-3-2 Nanocrystalline Si structure after formatadrpn-junction 91

4-3-3 Nanocrystalline Si pn-junction formation 93

4-3-4 High photocurrent density nanocrystallines&ar cells 96
4-4  Summary 101
References 102

Changesin Minority Carrier Lifetime of Hydrogen-Terminated Si Surfaces

in Dry- and Wet-Air 104
5-1 Introduction 105
5-2  Experiments 108
5-3  Results and Discussion

5-3-1 Changes in minority carrier lifetime in watd dry-air 109



5-3-2 Changes in minority carrier lifetime in watd dry-air
switched at 12 h 109

5-3-3 XPS measurements in wet- and dry-air switctel? h 112
5-3-4 Discussion of minority carrier lifetime andP® results 115

5-3-5 Workfunction changes in wet- and dry-air sivéd at 12 h 118

5-4  Summary 121

References 122
6 General Conclusions 124
List of Publications 127

Acknowledgements 129



Chapter |

General Introduction



1-1  General Motivation

1-1-1 The Energy Problem

The human basic needs of the modern society retherase of various forms of
energy for: food, transportation, communicatior, eTherefore, in order maintain the
current modern society; all our energy needs massupplied. Fig. 1-1 shows the
shares of energy sources in total global energplgup 2008 [1], with the renewable
energy sources expanded on the right. It is olesetliat a very large share of the
energy consumed, i.e., coal, oil, and gas, ardalived from fossil fuels. Fossil fuels
are non-renewable energy sources, which meanhbi,twill come a time when all the

remaining energy reserves will be totally consuraed depleted.

1-1-2 Global Warming

In addition, in order to have a healthy and liveadhvironment for the future, it
is imperative that the energy is supplied with lewironmental impacts. Carbon
dioxide, from the burning of fossil fuels has lobgen identified as the main cause of
global warming [2]. Fig. 1-2 shows the carbon di@xemissions from 1965 to 2011
[3]. It is observed that from 1965, the world acarbdioxide emission is steadily
increasing and almost tripled after five decad&bkerefore, we can safely assume that
the carbon dioxide emissions will continuously rasea result of the increase in fossil

fuel burning, i.e., increasing global energy demand
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1-1-3 Solar Energy as an Alternative Source of gpner

Renewable energy sources can provide sustainablgyewhile mitigating the
effects of climate change. As shown in Fig. 1He tenewable energy sources only
account for the 12.9% of the total global energgstonption of 2008. The particular
renewable energy source of interest for this thiedise solar energy source, which only
account for 0.1% of the total global energy constimmp On the average, an area on
the earth’s surface receives about 1000 f\gfrsolar energy for about 8 hours in a day
for a year, which is equivalent to about 3000 hadrsunlight. In 2008, the total global
energy consumption was around 143,000 TWh [4]wdfcalculate for the total surface
area needed to produce the same amount of ene20B with a 15% efficient solar
cell, then we'll get an area of about 317,00 krm comparison, this area is a little less
than the total land area of Japan, i.e., 377,000 dmjust about 3.5% the land area of
Sahara desert, i.e., 9,000,000%knThis rough estimate shows that it is very pdesib
supply the global energy needs using only solarrggne However, the current
commercial solar cell efficiencies (Fig. 1-3), j.25~21% [5], and the high production
costs limit the full potential of using solar cefisr household and commercial use.
Therefore, great efforts must be given to the stofdgolar cells in order to maximize
the use of the free and clean solar energy. Iméxe section, the details on how solar

cells convert solar energy into electrical energylve discussed.
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1-2 Solar Cdls

1-2-1 Si solar cells

There are various types of solar cells, such asglei crystalline Si,
polycrystalline Si, amorphous Si, thin films (CdT&aAs, etc.). However, in order to
produce solar cells with high conversion efficiescat a relatively low cost, the solar
cell material must be of high quality, abundant ravaterials and low cost of
production. Since crystalline, i.e., mono- andyppjstalline, Si-based solar cells fit

these criteria, we will only focus on the studycofstalline Si for this thesis.
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Voh, generated by incident light (b).



A solar cell is a semiconductor device that corsvéght energy into electrical
energy [6,7,8]. When a semiconductor absorbs dophgreater than its band-gap
energy, an electron is excited from its valencedb@anthe conduction band. In order to
separate the generated electron-hole pairs, aibuakymmetry must be present in the
solar cell. Fig. 1-4a shows the band diagram fgngunction in the dark. When
different regions of a semiconductor are dopededsffitly, i.e., p- and n-type, an
interface will be created in the semiconductor mailte Since the work function of the
p-type region is larger than the n-type regionnttiee electrostatic potential of the p-
type will be larger than the n-type, thus, an electield is established at the p-n
junction of the semiconductor material. Fig. 1gHpws the band diagram of a pn-
junction with photovoltageyy, generated by an incident light. After absorptain
light, electron-hole pairs are generated in theendt Due to the electric field in the
space charge region, electrons (holes) flow tortliegion (p-region). The electrons
and holes are then enhanced above their equilibvialoes, and the electron and hole
quasi-Fermi levels are split. Therefore, the pholiage,Vpn,, is the difference between

the quasi-Fermi energies of electrons and holes.

Frontmetal
contact

Anti-reflection
layer

+
p-Si

Backmetal
A AL LA S AL LA LA LSS AL LA LA S A A A S LA LSS S, €0 nta C t

Fig. 1-5. Basic structure of a Si solar cell.

7



Fig. 1-5 shows the basic structure of a solar c&lbasic Si solar cell is made of
a pn-junction Si material, an anti-reflection cogtito reduce surface reflections, and
front and back metal contacts to collect the gardraurrent. When an incident light,
as shown in Fig. 1-6, hits the solar cell, electnote pairs are generated. The electrons
move to the n-side while the holes move to thedp-siue to the electric field created at
the pn-junction. The carriers are then collectetha front and back metal contacts and

transported to the external circuit.

<~ Iph

\_[ n-S1 : : p-S1

< I | Ry Vv

n g > | !
NN B
<8

I | —>

Fig. 1-6. Basic mechanism of a Si solar cell.

1-2-2 Losses in solar cells

1-2-2-1 Reflection losses in Si solar cells

The maximum theoretical conversion efficiency afiagle crystalline Si solar
cell under non-concentrated light illumination B2 [9]. However, due to various loss
mechanisms, as mentioned in section 1-1-3, the ersion efficiencies of current
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commercial solar cells are only in the range betwEe and 21%. The two main losses
in Si solar cells are the: reflection losses amdm&ination losses.

When light hits the Si solar cell, most of the tigh reflected, i.e., above 40%,
thus, not absorbed. The band-gap energy of Sili®X [10], therefore, Si can absorb
light whose wavelength is below 1100 nm. Howe®irhas a high refractive index,
l.e., 3.9~4.5, in the range between 300 and 1100[Xi} thus resulting in a high
reflectivity. The conventional methods to prodlme-reflectivity Si surfaces are: (1)
formation of a textured surface [12], and (2) degws of an anti-reflection coating
[13]. The formation of a textured surface is ndigndone by the alkaline etching of Si
(to be discussed in the next chapter) forming aamydal-textured Si surface. The
pyramid structure allows multiple reflections oretlsi surface resulting in more
absorption. On the other hand, an anti-reflectioating is deposited on the Si surface
in order to reduce the difference between the céfra index of air and the Si surface.
The conventional anti-reflection coating used IE®n nitride, with a refractive index
of ~2.

The intensity of the reflected light when passihgotigh between media of
different refractive indices was first observedrrgsnel (1827). The Fresnel equations
describe the fraction of the reflected and refrttansmitted light. Fig. 1-7 shows the

reflection and transmission of light on an integac



Fig. 1-7. Reflection and Transmission of light.
whered;, 6, andé; are the incident, reflected, and transmitted angbspectively, and
the refractive indices of the two media are lalubien; andn,.

At the interface between the two media, the indidigint can both be reflected

and refracted. The angle of the reflected ligigiven by the law of reflection,

g, =0, (1-1)

while the transmitted light is given by the Snelésv.

sind _n,
siné. n,

(1-2)

In order to determine the fraction of light refled{R, the polarization of light must be

considered. The electric field component perpardido the plane of incidence is said

10



to bes-polarized (crossed circle in Fig. 1-6), while @iectric field component parallel

to the plane of incidence is said togpolarized (arrow in Fig. 1-6).

R = n, cos@ —n, cosé, i 13)
n, cos@ + n, coss,

2
R = (nl cost, —n, cosd j )
n, cos6, + n, cosé,

For the unpolarized light, i.e., having equal fraxws ofs- andp-polarized light,R can

be represented by:

R: RII ;RD (1_5)

Reflections on a Si surface can be greatly redumgdapplying an anti-reflection

coating, i.e., <10%. Fig. 1-8 shows the anti-i@ften coating mechanism for a Si
surface. Anti-reflection coating consists of antthayer of dielectric material, whose
thickness is chosen so that the interference effectthe anti-reflection coating can
cause the wave reflected from the anti-reflectioating surface to be out of phase with
the wave reflected from the Si surface resultingdm net reflection as shown in Fig. 1-

8.

11
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Fig. 1-8. Anti-reflection coating (ARC) mechanism.

Therefore, thicknessl, of the anti-reflection coating is chosen sudt this equal to

one-quarter wavelength, of the incoming light.

d=— (1-6)

Reflectivity can be further reduced if the refraetindex of the anti-reflection coating is

the geometric mean of air, i.e., 1, and Si, i.8,-34.5, as expressed by eq. 1-7.

N, = /NN, (1-7)

where ng, n;, andn, are the refractive indices of air, anti-reflectiooating, and Si

respectively.
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1-2-2-1 Recombination losses in Si solar cells

After absorption of light, it is possible that diens at the conduction band may
recombine with holes in the valence band beforetelas and holes are separated by
the electric field in the space charge region. dRdmnations in a solar cell normally
occur through defect states such as surface ddfetkse.g., surface dangling bonds.
Fig. 1-11a shows a dangling bond for Si and theteda-hole recombination through
surface defect states (Fig. 1-11b). The surfadectistates possess energy levels that
can act as an efficient recombination center fectebns and holes. In order to reduce
surface recombination centers, the surface danglomgls must be removed by forming
a passivation layer on the surface. The conveatisarface passivation is normally
done by the deposition of a silicon nitride layehieitr contains high concentration
hydrogen [15].

Recombination is the process by which electron-Ipales are lost due to the
spontaneous transition of an excited electron endbnduction band to an unoccupied
state (hole) in the valence band. The time-dep@ndecay of the excess carrier

density An(t), can be expressed by the equation:

0An(t) _

P —U (An(t),ny, py) (1-8)

whereU is the recombination ratey andpy are the electron and hole concentrations,
and An is the carrier injection density. The time constaf the decay is called the

recombination lifetimes:

13



An
r(An,n,, = B}
( 0 po) U (An,no, po) (1-9)

As will be shown, there are various recombinatioachanisms that may occur in a
given sample. Therefore, the total recombinatiate,rUy, is expressed as the
summation of the individual recombination rateseath recombination mechanism.

This allows us to determine the total carrier iifed, z:

U :ZV:UV (110)
1 w1
D wi

There are three main types of recombination mesham semiconductors [16].
Fig. 1-9 shows the first two types of recombinasiomadiative (a) and Auger (b)
recombinations. Radiative recombination (Fig. Y-8ecurs when an electron in the
conduction band directly recombines with a hole thee valence band. The
recombination process also releases energy inottme 6f photon whose energy is the
same as the band-gap energy. However in Si, raglisécombination rarely occurs,
due to indirect band-gap as band-to-band recombmat Si must be accompanied by
phonon emission or absorption to conserve bothggnand momentum. Auger
recombination (Fig. 1-9b) occurs when two similarriers collide with each other
resulting to the excitation of one carrier and teeombination of another carrier with
the opposite carrier across the band-gap. Theggnmeteased from the recombination

14



of the carrier is then used up as the kinetic gnefgthe other carrier. The gained

kinetic energy of the carrier is then lost as lamathe excited carrier relaxes to the band

edge.

(a) (b) L &

Fig. 1-9. Recombination mechanisms for electronsl dmles: radiative

recombination (a), Auger recombination (b).

The third and most important type of recombinatiorechanism is the
recombination via defect or interface states, alatbed as the Shockley-Read-Hall
(SRH) recombination [18]. Fig. 1-10 shows the eliint interactions of carriers in the
presence of bulk defect states: 1) electron emms&pelectron capture, 3) hole capture,

and 4) hole emission.

15



Defect ‘ Q
states v
O

Fig. 1-10. Recombination through bulk defect statelectron emission (1),

electron capture (2), hole capture (3), and holession (4).

In order to determine the rates at which the sdactlensityn in conduction
band and hole densityin the valence band change, the total emissioncapture due
to the presence of defect states have to be baldocdoth electrons and holes. The
capture rates for electrons® and holes,* may be expressed as:

C

n

=c,n=(o.Vv,)n (1-12)

C, =C,P=(0,V,)P (1-13)

If we set the electrons (holes) as having their dsame of reference, then the defect
centers move randomly with a thermal velociky while the electrons (holes) are
immobile. Having a capture cross-sectiaf) the defect center then sweeps out a
volume per unit time of, X Vih.

Let N; be the density of defect centers dithe probability of occupation by an

electron. Since the total electron emission (tbiale capture) is proportional to the

16



density of occupied defect centds x f; and the total electron capture (total hole
emission) to the number of unoccupied defect ceriterx (1), the time rates of

change oh andp due to generation and recombination can be wraten

dn

o )" D@ =exNif —cnxN 1~ 1) (1-14)
dp ) _ _
4" @@=, XN (A=) -c,pxNf, (1-15)

At equilibrium, the rates of concentration changeloth electronsdf/dt) and
holes @p/dt) must be zero. Therefore, if we introduce the regpions for the
equilibrium concentrationsy, and pg, and the occupation probabilitf, is identified
with the Fermi-Dirac distribution function, thenettemission rates, and e, can be

expressed as functions of the defect en&gnd the capture coefficients andcy:

en = C'nn:l-_ ft = CnNc eXP _i] = C'nnl (1'16)
t kBT
fi E -E
e =cC =c,N,exp - =C -
p ppl_ ft p v F kBT j ppl (1 17)

whereN; andN, are the effective density of states in the coridacand valence bands
respectively,E. and E, are the energies of the conduction and valencel lealyes

respectively. The; andp; terms are statistical factors used in the SRHrtheo

17



n =N exp{ ] (1-18)
=N exp{ J (1-19)

In order to find an expression for the SRH recorabon rate, a non-equilibrium

case must be considered. If the expressiomf@ande, are inserted in equations 1-14
and 1-15, equatingn/dt=dp/dt yields the occupation probabilifyof the defect centers
as a function of the defeaty( p1, ¢, andcy) and excitationr{ andp) parameters. The

net recombination rate for SRH recombination thiodgfects then takes the form:

Usi =| 5 |= - -1 -1
dt ) \dt) [Nowv.]"(p+p)+[Nov, ] (n+n)

(1-20)
The recombination lifetime is defined as:
An
Tqn (AN, Ny, Py) = (1-21)
U (An,ny, py)

Therefore, if the non-equilibrium densities arelaepd byn=ng+n and p=pot+p, the

SRH lifetime can be expressed as:

18



_ Too(Po + Py +AN) +7,4(N, + 1, +AN)
= (1-22)
Py +Ng+AN

TSRH

wherer, andzy are the capture time constants of electrons ates lvehich are related
to the thermal velocity, the defect concentratids, and the capture cross-sectiens

andag, of the specific defect center.

Too = (NGO V)™ (1-23)

T = (NOV,) ™ (1-24)

() (b)

m

T
L

Surtace

g . A
S \sl state:

| / E

Si

v

Fig. 1-11. Dangling bond in Si (a), and recombioratihnrough surface states (b).

Surface recombination is a special case of the 8bBmbination. The surface
is a discontinuity in the crystalline structureafmaterial. Dangling bonds, shown in
Fig. 1-11a, are produced when Si atoms are partmhded. Dangling bonds produce

defect energy states in the band-gap energy. &ihk bulk SRH defect states, the

19



surface defect states are continuously distribwtkeshg the band-gap (Fig. 1-11b).
Therefore, the interface trap densidy(E;) and the capture cross-sectiongE;) and
op(Er) are energy dependent quantities. While the reauatibn rate of any single
surface state can be expressed by eq. 1-20, thlestaface recombination raté can

be determined by integrating the expression oveetitire band-gap:

E,
Us — (ns p, - niz) % J‘ _1VthDit(Et)dEt -
5[+ (E)o, (B) +[p + pu(BE)lo, (K)
(1-25)
The surface recombination velocity S (SRV) is dedias:
U
S=—-2 1-26
An (1-26)
Scan then be expressed as a functions,afy andpo.
U (Ang, Ny, Py)
S An N, = S s1° 0 0
( s 0 po) Ans
Ij‘c (ny + Py +Ans)vth Dy dE
gl +n +AnJo, " +[p, + p, +4n]o,”

V

(1-27)
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All the recombination mechanisms may occur simdtarsly in a given sample.
Therefore, the overall recombination rate is jus¢ summation of the individual

recombination rates. The effective lifetimg;, of a sample is then given by:

1 1 1 1 1 1 1
+ + + = + (1-28)
z-eff TSRH z-Auger z-rad z-surface z-bul k Tsurface
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1-2-3 High efficiency single crystalline Si solagelic- The PERL

solar cell

The highest efficiency single crystalline Si solzll ever produced is the
passivated emitter, rear locally-diffused (PERL) s&ructure having an efficiency of
24.7% [17]. Fig. 1-12 shows the structure of tiERP solar cell. The PERL solar cell
has an inverted pyramid structure with double-lagleanti-reflection coating, well-
passivated front and rear cell regions, and heapind at the front and rear metal
contacts. The PERL structure was able to obtaiarg high open circuit voltage, i.e.,

0.706 V, photocurrent density, i.e., 42.2 mAfand fill factor of 0.828.

double layer finger “inverted” pyramids
antireflection i\ - 4 :
coating

thin oxide

(~2004)

p-silicon

rear contact oxide

Fig. 1-12. The passivated emitter, rear localfudied (PERL) solar cell

structure.
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1-3  Purpose of this Study

In the previous sections, solar cells were intredu@s alternative energy
sources to reduce carbon dioxide emissions fromibgrof fossil fuels. However, the
current solar cell technology and high productiosts are still far from being the ideal
alternative energy sources for supplying the werldrgy demand. Therefore, the main
purpose of this work is to provide a new methoel, ithe “surface structure chemical
transfer method” (SSCT), on how to improve the @ascell characteristics, i.e., high
photocurrent density, for more efficient Si solal devices while providing a fast, i.e.,
~30 s, and simple, i.e., room temperature, soltipececessing for more cost-effective
device production.

This work on solar cells will greatly benefit thewetlopment of better solar cell
technology and for the reduction of production sosin the following chapters, a fast
and simple method to produce ultra-low reflectivy surfaces will be introduced.
Solar cells were then fabricated from the ultra-loeflectivity surfaces, and results
showed great improvement in the solar cell charasties. The HF-treatment for Si
wafers will also be discussed and some proposalsdtier Si wafer processing will be
provided.

However, this work will not only benefit the ap@icons point of view, but also,
for the enrichment of science. NanocrystallineisSa very promising material with
many exciting properties, some of which will be adissed in this work, i.e.,
photoluminescence, structure, etc. Some chemieahanisms will also be discussed,

I.e., chemical-electrochemical reaction of a Ptaheatith Si in HF:BO, phosphorus

23



dopant diffusion in a nanocrystalline Si/Si struetuand the initial oxidation of a H-
terminated Si surface.

An outline of the following chapters is providedde.

Chapter 2 introduces the chemical methods performed in tthesis, i.e., RCA
clean method and saw damage removal by KOH. Alsojnstruments and analytical
tools used were all introduced, i.e., microwavetpbonductive decay method, X-ray
photoelectron spectroscopy, Kelvin probe methodflectance spectroscopy,
photoluminescence spectroscopy, scanning electiorosgopy, transmission electron
microscopy, and solar simulation.

Chapter 3 introduces the surface structure chemical tramafthod (SSCT) for
the production ultra-low reflectivity Si surface§he morphology and structure of the
nanocrystalline Si surface were studied and meshanifor the nanocrystalline
formation and ultra-low reflectivity were proposedhe photoluminescence of the Si
nanocrystals were measured and was used to exihairobserved increase in the
minority carrier lifetime.

Chapter 4 introduces the solar cell production and pn-jwnrctiformation
processes. The conditions for the nanocrystalBil§i structured pn-junction were
studied, and changes in some properties beforafé@dthe pn-junction formation were
observed. Finally, the solar cell with the besasoell characteristics was discussed.

Chapter 5 shows changes of surface properties of HF-tre8tegdafers caused
by air exposure. The changes in minority carriéetime based on the humidity
conditions of air were shown. The chemical speieslved during the oxidation in air
were determined by XPS and work function measurésnen

Chapter 6 summarizes all the results and general discussiens presented.
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2-1 Chemical Methods

2-1-1 The RCA clean method

Metal and organic contaminants accumulated atuhface of Si wafers during /
or after processing have to be removed prior t@asgibent high temperature processing
steps, i.e., oxidation, diffusion, etc., in orderproduce semiconductor devices of high
performance and reliability. The RCA clean metheas developed by Werner Kern
during 1965 [1] while working for the Radio Corptioa of America, hence the name
RCA.

Fig. 2-1 shows the summary of the RCA clean praocd@s$se RCA clean process
is divided into two steps, with ultrapure watersimg between each steps: (1) APM
(Ammonium hydroxide — hydrogen Peroxide Mixture)hieh is the removal of
insoluble organic contaminants and particle comtamis in 1:1:5 NEDOH:H,0,:H,0
solution at temperatures between 70 antC80r 10 min; (2) HPM (Hydrochloric acid
— hydrogen Peroxide Mixture), which is the remowdl ionic and heavy metal
contaminants in 1:1:5 HCI3,:H,O solution at temperatures between 80 arf€C 30r
10 min. These two steps are followed by HF-etclurmle strip, which is the removal
of the thin oxide layer that contains the metaltaoninants as a result of APM and
HPM using a diluted HF (0.5%) solution at room temgure for 2 min.

The first step was designed to remove organic serfdms by oxidative
breakdown and dissolution to expose the silicoroxide surface for concurrent or
subsequent decontamination reactions. Hydrogeoxjuer solutions at high pH are
effective for organic contaminant removal by oxidat Also, the hydroxide ions attack

28



the native oxide layer consequently etching thel@Xayer. The bare Si surface is then
oxidized by hydrogen peroxide. Due to this, a tosgrface is then formed after the
cleaning step. Metal contaminants may also remdwgdorming an ammonium
hydroxide complex, e.g., Cu(N}4"? amino-complex for Cu contaminants. However,
metal contaminants may also form MPH-insoluble hydroxides in basic solutions [2].
The second step is then designed to remove theingEmametal contaminants by
forming water soluble complexes at Igud values. At lowpH, protonation of the

surface is favoured, forcing the removal of theahigins adsorbed on the surface.

4 N\
APM - 10min 70 - 80°C
(1:1:5NH,OH:H,0,:H,0)
|

J

n

4 N

DI rinse

"

HPM - 10min 80— 90°C
(1:1:5 HC1:H,0,:H,0)

\ J
) > 2 .
DI rinse
\_ J
' l ~\
0.5% HF dip
\ J
) S 2 .
DI rinse
J

Fig. 2-1. The RCA clean process
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However, considering the conditions and mechanignthe RCA cleaning
method, the disadvantages of this method are: dl) boncentration of solutions, i.e.,
2~3%, 2) re-adsorption of metal impurities, 3) elexd temperature, i.e., 50~80%, and
4) Si etching which results in roughening of sueface., formation of defects.

In this thesis, Si wafers were treated with the R&&an process prior to any

subsequent chemical processes.

2-1-2 Alkaline etching of Si

Alkaline etching of Si by KOH is normally used iolar cell processing for the
fast removal of saw damage from as-sliced Si ingat¥or formation of a mat-textured
surface for low reflectivity surfaces [3].

The saw damage removal is done in a 21% (w/w) KOHt®n at 80°C for
about 10 min. The etch rate for this conditiorai®i(100) wafer was determined to be
about 1pm/min. This condition will approximately etch akhdl0 um of Si which is
well above the typical saw damage layer heightbaiud a few microns for as-sliced Si
wafers [4].

Fig. 2-2 shows the SEM micrograph of a polycrystallSi surface before and
after saw damage removal by KOH etching. In Figa2the rough surface caused by
the wire saw damage can be observed. However, k@&l etching, the saw damage

was removed, revealing the polycrystalline surface.
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Fig. 2-2. SEM micrograph of a polycrystalline 8rfaice before (a) and after (b)

saw damage removal by KOH etching.

The chemical reaction involved in KOH etching ofisshown in (2-1) [3].

S +2(0OH)” +4H,0 - S(OH),* +2H, (2-1)

Si is attacked by hydroxide ions in the presenceakr and results in a water
soluble Si-hydroxide complex. It was previouslytetmined that the reaction also
yields hydrogen gas as a by-product in a stoichtometio of 2 H/Si [3].

Due to the high etching rate at high temperatuneshagh KOH concentrations,
non-isotropic etching occurs, therefore, saw damigeoval is possible even for
polycrystalline Si wafers. However, at low tempgeras and low KOH concentrations,
the reaction slows down resulting in a more promednetch anisotropy which is highly

dependent upon the surface orientation.
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(a) loose (b) dense

(L0

Fig. 2-3. Si crystal structure showing the (1G9)dnd (111) (b) surfaces.

Fig. 2-3 shows the Si crystal structure along Witk (100) and (111) surfaces.
It can be observed that the (100) surface is mmwedly packed and has two dangling
bonds per atom as compared to a (111) surface vidittle most closely packed and has
only one dangling bond per atom. For this reafuametching rate of a (100) surface is
faster as compared to a (111) surface which haetest etching rate.

For Si(100), the anisotropy for low KOH concentas can be taken advantage
to produce a pyramidal-textured (Fig. 2-4a) surfaaeing a pyramidal structure with
(111) surface. However, for a polycrystalline Safer, having random surface
orientations with only a part of (100) orientedicetp, alkaline etching cannot be form
uniform pyramidal structure. For this case, a polgtalline (Fig. 2-4b) textured
surface is formed by acid etching [5] as shown-& t» 2-5. The HF:HN@solution
attacks Si isotropically, therefore, a texturedfae can be formed regardless of the

surface crystal orientation. The general mechamsas follows:
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HNO, + HNO, — 2NO, +H,0

(2-2)
2NO, +S - S +2NO,” 23
S% +2(0H)" - SO, +H, 24
SO, +6HF - H,SF, +2H,0 25)

Fig. 2-4. A pyramidal-textured Si surface produtgdalkaline etching from a

Si(100) wafer (a) and a textured polycrystallimev&fer produced by acid etching (b).

In this thesis, the reflectivities of the texturedrfaces by alkaline etching and
acid etching were compared with a nanocrystallineusface and their corresponding

light absorption mechanisms (Chapter 3).
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2-2 Instrumentation and analysis

2-2-1 Minority carrier lifetime measurements - Miaave

Photoconductive Decay (MW-PCD) spectroscopy

The minority carrier lifetime is a very importaraameter for the production of
high efficiency solar cells, especially the opercait photovoltage, i.e.Vo.. The
minority carrier lifetime determines the rate oteebination of excess carriers in a
solar cell. Therefore, it can determine the quadit a solar cell and its impact in the

solar cell performance.

Laser Diode
A=904nm

Microwave Oscillator

(10GHz) Attenuator Circulator
7 : Pump Beam
Waveguide
iz — (Pulse)
— — /D — ~
-——— \l
Silicon | Y&\
Wafer " S 1

Pump Beam

Reflected
Microwave

Incident
Microwave

Fig. 2-5. Schematic of the Microwave Photocondumadecay (MW-PCD)

system used for minority carrier lifetime measuratae
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The minority carrier lifetime measurement technigised in this thesis is the
microwave photoconductive decay (MW-PCD) spectrpgci®]. A schematic of the
MW-PCD minority carrier lifetime measurement is gmoin Fig. 2-5. The MW-PCD
technique is a transient technique, wherein, tmaecdifetime is determined from the
asymptotic decay of the average excess carrielitgeafter the pulse excitation by the
laser diode. The excess carrier decay is monitmiadchanges in the sample’s

photoconductance, measured by the sample’s micweadlectance.

Microwave Reflectivity: High Microwave Reflectivity: Low
. Disappearance of electrons/holes
Pulsed laser light %\‘ by recombination
. o i /“-.\\
Microwave ;l’ r - o

Wafer

Electron

Pulsed laser light illumination

\ 4

o N
5 1/e lifetime
L >
=25 1 L
= 1/e? lifetime
) ® ‘effective lifetime”
@
B2 1ler--
X3
o =
2 S 1erf--
s 2
o2 0
== to t, t, time

Fig. 2-6. Principle of minority carrier lifetime rasurement by Microwave
Photoconductance Decay (MW-PCD) spectroscopy
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Laser Diode Irradiation
(2=904nm)

30¢m

Fig. 2-7. The carrier generation, diffusion ane #ifective lifetime in MW-

PCD.

In Fig. 2-6, the principle of MW-PCD is shown. A& excess carriers are
produced immediately after the laser pulse, whasults in an increase in microwave
reflectivity due to the very high photoconductarafethe sample. The microwave
reflectivity is normalized according to the photodactance after the laser pulsd at
0. After which, the excess carriers start recomniginvhich results in the decay curve
shown in Fig. 2-6. The 1/e lifetime, i.e., timerfr ty to t;, corresponds to the initial

portion of the decay curve, i.e., the time carrdiftise in the sample (Fig. 2-7), and is
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mainly dominated by surface recombinations. The lifetime, time fromt; to ty,
corresponds to the exponential portion of the decaye in Fig. 2-6. The 17difetime

is the time when the excess carriers are homogshedistributed in the sample (Fig.
2-7), also called the effective lifetime [7] whicha function of both surface and bulk
recombinations. The minority carrier lifetime vefuused in this thesis are the’lie.,
effective lifetime.

In this thesis, minority carrier lifetime measurense were done for the
nanocrystalline Si surface (Chapter 3), and HR#¢@&i wafers (Chapter 5). Minority
carrier lifetime of the Si wafers were determinedni measurements of microwave
reflectivity decay caused by 904 nm wavelengthdeant light with a carrier injection

density of 1x1&/cm® using a KOBELCO Wafer LTA-1510 system.

2-2-2 Electron Spectroscopy for Chemical Analy&SCA) — X-ray
Photoelectron Spectroscopy (XPS)

When the surface of a material is irradiated witletpns of energiv, electrons
were observed to be emitted from the surface ofrthterial provided the photon energy
is greater than the work-function of the materidlhis phenomenon, later called the
“photoelectric effect” (Fig. 2-8) was first obsedvby H. Hertz in 1887 [8] and was later
explained by A. Einstein in 1905, wherein, he wha Noble Prize in Physics (1921)
[9]. XPS was later developed by K. Siegbahn, anas walled the Electron
Spectroscopy for Chemical Analysis (ESCA) [10]. (ESis one of the most versatile

techniques for the chemical and electronic analyssirfaces.
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Fig. 2-8. The photoelectric effect.

Fig. 2-9 shows the energetics of XPS [10]. A nadmomatic beam of X-rays is
incident upon the sample which causes the phot@gmisf electrons from both the
core and valence levels of surface atoms into #eewm. The core level electrons do
not participate in chemical bonding and are locatethe inner quantum shells, while
the valence electrons are the electrons that paatecin chemical bonding which are
weakly bound and located in the outer quantum shellhe core electrons are mostly
insensitive to the outer surroundings, therefoas lbe used to determine the signature
binding energiess, for elemental indentification. The binding energ defined as the
energy of the core level with respect to the higloesupied level Er) of the sample.
The vacuum level is the energy at which an electviinhave zero kinetic energy at an
infinite distance from the surface. A plot of thember of electrond\(E), having a

certain kinetic energ¥y, is also shown in Fig. 2-9.
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Fig. 2-9. The energetics of X-ray Photoelectroe@mscopy (XPS).

The kinetic energy of emitted electroig, is given by the equation (2-6):

E.=hv-E, - @, (2-6)

wherehv is the energy of the incident photds, is the binding energy of the electron
emitted from the sample, anpk, is the spectrometer work-function. The binding
energy,Ey, can be calculated once the kinetic eneEgyjs measured. Since the binding
energy,Ep, is highly dependent on the chemical state ofatioen, it can be used for the

determination of important chemical information aedjng the sample, i.e., elemental
identification, chemical composition, etc [9]. this thesis, the chemical states were

obtained by determining the binding energy shifthaf peaks. A higher binding energy
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shift means a more positively charged state, wailewer binding energy shift means a
less positively charged state.
XPS was also used to approximate the thickriggsof the SiQ layer on Si by

using the equation [11]:
_ loe s
dox - on In|:|ﬂ | @ +1 (2-7)
S OX

wherel andlg are the intensities of the Si@nd Si core level peaks, respectively. And

lg = Dg0gAg (2-8)
Ig< = Doxa-oonx (2'9)

where/ is the mean free path of the photoelectrdhss the atomic density is the
photoionization cross section and the subscigtandS correspond to the value for
the SiQ and Si, respectively.

In this thesis, XPS was used to determine the dat@nspecies present in the
HF-treated Si wafers and the thickness of the,3&yer formed (Chapter 5). XPS
measurements were carried out using a VG ScieBCALAB 220i-XL spectrometer
with a monochromatic Al K radiation source. Photoelectrons were detecteithen

surface-normal direction.
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2-2-3 Workfunction measurements — Kelvin Probe (KRalysis

The Kelvin method is a technique used to measuaegds in work-function of
metals, semiconductors, etc., by the use of a wigaapacitor. W.A. Zisman used an
idea by Professor Knoble in 1932 [12], to utilizeanstantly vibrating reference probe
for work-function measurements.

The KP method is a non-contact, non-destructive sonemnent for the
determination of work-function changes. The KP duder the work-function
measurements as shown in Fig. 2-10 consists ofdstmple and a vibrating reference
electrode in a parallel-plate configuration. Thehe tip is normally connected to the
preamplifier, while the sample is connected todheund. The sample and KP tip are

then electrically connected via an external “bagkipotential (Vb).

VeackinG
KP Out
T
———
Sample

Fig. 2-10. Kelvin Probe (KP) configuration used ihe work function

measurements.

As shown in Fig. 2-11a, when the KP tip and sanapéein close proximity but
not electrically connected, the Fermi levels:)( align at the vacuum levelE()

depending on their respective work-functiops (When the KP tip and the sample are
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then made electrically connected as shown in Ffjll® the electrons flow from the

material with a smaller work-function to the maaémvith a larger work function. The

material with the lower work-function then becomgssitively charged while the

material with a higher work-function becomes negdyi charged. Surface charges

completely disappear when the electric field idblcompensate for the work-function

difference. In Fig. 2-11c, a backing potentid})(is applied until the charges becomes

zero, at this time, the backing potential is exadtle same value as the contact

potential difference\(cpp) but of opposite sign, i.eVy = -Vcpp.

(a) (b) (<)
Eyae
¢‘“p d)nmplt d:"tip fb.;u (biil'l'lplt
EF ET

Fg — Eg Er by

*ld j L ._T

_,,.-""

Vo =-Verp

Fig. 2-11. Determination of the contact potentiffierence of the samplé&/{pp)
by a backing potential\f). When the KP tip and sample are not electrically

connected (a), electrically connected (b), andvihequals theVcpp (C).

To determine the work function changes of sampsesl dor this thesis, the work

function of the probe tip was assumed to be cohstaring the whole measurement

period. The probe tip was a 304 stain steel tyfh w robust and chemically stable
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native oxide layer. The work-function changas)(in a sample can be calculated by

equations 2-10 to 2-12:

Verow = %ip ~ Feampleq) (2-10)
Veroz) = tip ~ Fsample(2) (2-11)
A¢ =Veppay ~Vern) = Canple) ~ Fsampleq) (2-12)

In this thesis, work function measurements wererafor the HF-treated Si
wafers (Chapter 5). Measurements of workfunctibmnges were performed by a

contact potential difference method using a McAdlikK P6500 Digital Kelvin Probe.

2-2-4 Reflectivity measurements

One of the most important techniques for the amalgé solar cells is the
reflectivity measurements. Reflection occurs whght moves from a medium with
one index of refraction into a second one with #edeént index of refraction. The
reflection of light at the surface of solar celisai key parameter affecting the conversion
efficiency, wherein, the higher incident light inggty results in higher generated
photocurrent. When a textured surface and/or dnrefifection coating are used to
enhance the performance of the solar cells, tHectefity of the solar cell can be used
to measure the quality of the textured surface amdreflection coating used. A Si
sample is normally scanned in the wavelength réoegereen 300 and 1100 nm, i.e, the

wavelength range absorbed by silicon [13].
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Fig. 2-12 shows the two types of surface refledion a specular reflection (2-
12a), caused by a smooth surface, i.e., mirrorjrttident angle of light is equal to the
angle of reflection. In the diffuse reflection 12b), caused by a rough surface, the
incident light is reflected at various angles. fEfere, in this thesis, an integrating
sphere was used during the reflectivity measuresnemtaccurately measure all the

reflections occurring in the Si surface.

’ \/
|
|

Fig. 2-12. Types of reflections: specular reflecti— polished surface (a);

diffuse reflection — rough surface (b).

Fig. 2-13 shows the set-up used for the reflegtiviteasurements. The
integrating sphere rotates around the sample, uadhle to record both reflection and
transmission.

In this thesis, reflectivity measurements wereiedrout for the nanocrystalline

Si surfaces (Chapter 3 and 4). Reflectivity sgeatere recorded using a JASCO V-670



UV-Vis spectrometer attached to a JASCO automdbedlate reflectance measurement

ARMN-735 accessory.

. incident (b) nchdont

Sample
Transmission

integrating W P o
sphere s 1

Reflection R 4

IR S|

Fig. 2-13. Reflectivity measurement set-up apperéh) schematic (b)

2-2-5 Photoluminescence spectroscopy

Photoluminescence spectroscopy is a techniquedmabe used to determine the
band-gap of a semiconductor [14]. Fig. 2-14 shows summary of the
photoluminescence process in semiconductors. Tdmicenductor material is
irradiated with a photon of enerdyw, which is greater than the band-gap of the
semiconductor material. This result to an elecewraited to the conduction band from
the valence band. The excited electron relaxeleddowest unoccupied orbital in the
conduction band before recombining with a holehe valence band. The electron-
hole pair recombination emits a photon which hasrargy corresponding to the band-
gap of the semiconductor material [14]. Therefqreotoluminescence spectroscopy

can be used to determine the band-gap of a semictordnaterial. Photoluminescence
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spectroscopy can also be used for the determinatiorefect states and other
recombination mechanisms [15] present in the semdigctor sample since the defect

state transitions may also involve radiative traoss.

Conduction

9\)0 band

Emutted
photon

In

Valence
band

Fig. 2-14. A summary of the photoluminescence @ssean semiconductors.

In this thesis, photoluminescence spectroscopyusad to determine the band-
gap widening of Si after the production of nanotafme Si (Chapter 3).
Photoluminescence (PL) spectra were measured @wwsidgSCO CT100GD grating
spectrometer and a photomultiplier tube at roompemature. The excitation light

source was a 325 nm He-Cd laser.

2-2-6 Electron Microscopy (EM) — Scanning Electrgiicroscopy
(SEM) and Transmission Electron Microscopy (TEM)

In 1930’s, the limit in optical microscopes, whicbuld magnify specimens only
up to x500 or x1000 and a resolution of Qul, had been reached. However, higher
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magnifications of around x10K was needed to seefitter details in organic cell
structures, i.e., mitochondria, nucleus, etc. Than3mission Electron Microscope
(TEM), the first type of Electron Microscope (EM)aw developed in 1931 by Max
Knoll and Ernst Ruska, which was modeled exacttg that of a optical microscope
except that instead of using light, a focused bedinelectrons was used. The first
Scanning Electron Microscope (SEM) was introduced 1942, while the first

commercial SEMs were released in 1965.

incident electron beam

backscatterad characterstic
alactrons X-rays
sacondary
alectrons bremsstrahlung
visible light
Auger
alectrons

heat

L |
Thin Specimen

absorbed
current

diffractad

transmitted clectrons

elactrons

Fig. 2-15. Different effects produced by bombardimef a material with

electrons.

Electron microscopes work very much like opticalcroscopes, however
instead of light, electron beams are irradiatedhen sample to gain information, i.e.,
structure, composition, etc. Electrons microscopesk as follows: (1) electrons are

produced in an electron gun at high vacuum, (2%ehelectrons are then accelerated
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towards the sample having a positive electricalepal, (3) the electrons hit the
sample, and depending on the interaction with émepde, (4) electrons are detected and
images are formed.

Fig. 2-15 shows the different possible interactiofhsncident electrons with a
thin specimen. In SEM [17], the secondary and fsaektered electrons emitted from
the surface by excitation of the primary beam atected and converted to an image.
Fig. 2-16 shows the schematic of a typical SEMuget-Electrons are produced from an
electron source, and these electrons are guidédtetesample by the objective lens and
scan coils. Once the primary electrons hit the@dajrelectrons in the specimen are
excited and may undergo elastic and inelastic stolis until the electrons escape the
surface, i.e., if the electrons still have suffiti@nergy. These electrons are called the
secondary electrons and are collected in a photgshet which is then converted to
images. However, electrons originating from thiengry electrons can also be reflected
back from the surface. These high-energy electiams called the back-scattered
electrons. Secondary and back-scattered elecamnglistinguished from each other
according to their energies. Secondary electroastygically electrons emitted from
the surface having energies less than 50 eV, viaibi-scattered electrons are electrons
typically having energies greater than 50 eV. EMS electrons can penetrate a small
depth on the surface, making it suitable for swefmpography determination [18].

In this thesis, the surface structure of the naystalline Si was determined by
SEM (Chapter 3 and 4). SEM micrographs were taksing a HITACHI S-2150
microscope with the incident electron energy ok2¥, while, field emission scanning
electron micrographs (FE-SEM) were measured usid§M-6335F with the incident

electron energy of 20 keV.
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Fig. 2-16. Schematic of a typical Scanning Eletiicroscope (SEM).

In TEM [16], unscattered and elastically scattezkttrons are detected to form
an image. Fig. 2-17 shows the schematic of a & diEM set-up. As with the SEM,
primary electrons are produced in an electron guad,these electrons are guided to the
thin specimen by the scan coils and objective ledswever, once the electrons hit the
thin specimen, the electrons can pass through thowt any interactions and these
electrons are called the transmitted or unscatteledtrons. The transmission of
unscattered electrons is inversely proportionath® specimen thickness. Therefore,
thicker areas in a specimen will appear to be daskele thin areas will appear lighter.
Primary electrons hitting the sample may also Heeded by the atoms present in the
thin specimen without any energy loss (elastic) térade electrons are called scattered
electrons. After scattering, the electrons wikrihust be transmitted through the thin

specimen. The primary electrons scattered by #meesatomic spacing will also be
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scattered at the same angle. Therefore, TEM cam ddtermine information such as
crystal orientation, atomic arrangements in additmstructural determination.

In this thesis, cross-sectional TEM was employeddétermine the cross-
sectional structure of the nanocrystalline Si stef@Chapter 3 and 4) and the crystal
sizes (Chapter 3). TEM micrographs were takenguaidEOL EM-3000F microscope

with the incident electron energy of 300 keV.

-+——E|ectron Source

-4— First Condenser Lens
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Intermediate Lenses
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~ Photographic Media

Fig. 2-17. Schematic of a typical TransmissiorncEtm Microscope (TEM).

2-2-7 Solar simulator and current-voltage (I-V) s@@ments

After the production of solar cell devices, theg @ested for its efficiency and

other key solar cell parameters. A solar simulgi@vides an artificial solar energy
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source to determine the efficiency and other kdgrscell parameters of a solar cell.

However, the solar spectrum varies by locationgtohthe day, season, etc. Therefore,
a standard reference spectrum is needed in ordeorntpare the performances of

different solar cell devices.

The solar power density of the sun just outsideeidweh’s atmosphere, referred
to as air mass 0, AMO, has an integrated powerityeas 1353.1 W/mi. However,
when the sun light passes through the earth’s gthews, the light is absorbed and
scattered by the gases present in the atmosphbrethe infrared region, light is
absorbed mainly by atmospheric water vapaQ(Hand carbon dioxide (G while in
the ultraviolet region, light is mainly absorbeditrogen (N), ozone (@) and oxygen
(O2) [20]. Therefore, the solar power density is @tlin the earth’s surface. The air

mass in the earth’s surface is defined as (2-13):

AM = —— (2-13)
CO¢

N

whered is the angle from the surface normal. When theisuirectly overhead the
earth’s surfacef(= 0), air mass = 1 (AM1). However, solar panelsnidt operate at
AML1 due to the curvature of the earth’s atmosphdi@.approximate the earth’s yearly
average sunlight, and to provide a standard farsmll measurement8,= 48.2 is used
corresponding to AM1.5, and has an integrated paleasity of 1000 W/

Fig. 2-18 shows the standard solar spectrum vs.stlar simulator power
density used for this thesis. The lamp used wX® ahort-arc lamp, due to its high

intensity and having a spectral distribution clésesunlight. However, some emission
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lines can be observed in the infrared regionsetoee, filters were also used to reduce

the effects of the emission lines during the ssiarulation measurements.
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Fig. 2-18. Standard solar spectrum vs. the safaulator power density used.

The schematic of the solar simulation measuremaséxl for this thesis is
shown in Fig. 2-19. The solar cell sample is irmgetl with the light coming from the
Xe short-arc lamp, while the applied voltage andent measurements were provided
by the DC voltage/current source (ADVANTEST R624%he intensity of the light was
calibrated against a standard (1000 W/mt the start of every measurement. The

current-voltage measurements employed the fourtpmiobe method, in which, the
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voltage was applied between two probes while theeati was measured by the other

two probes.

= PC
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Figure 2-19. Schematic of the solar simulation sneaments.

2-2-8 Calculation of the solar cell efficiency

A solar cell device behaves like a diode in thekdae., a high density current
flows only under forward biasv(> 0). For an ideal diode, the dark current dgnsit

(Jaark) Varies according to (2-14):
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‘Jdark - Jo(qu/kBT) _1) (2_14)

whereJ, is the reverse saturation currenis the electronic elementary charggjs the
boltzmann’s constant aridis the temperature in K.
Under illumination, the total current density cam dpproximated as the sum of

the dark current density and the photocurrgpt(2-15).

J=J ph ‘Jdark (2-15)

This convention means that the photocurrent willehpositive values as shown in Fig.

2-19a. Substituting (2-14) to (2-15) results to
— V /kgT
J =3, =3 (e ~1) (2-16)

When the contacts are isolated, the potential rdiffee reaches its maximum value,

called the open circuit voltag¥ ).

Jon
V,.=—1In ER +1 (2-17)
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Fig. 2-20. Solar cell current-voltage curves shmgnthe light and dark currents

(a) and the maximum power density (b).

The solar cell operates at forward bias, in thegeabetween 0 andyy where

the solar cell can deliver power. The incidenttphgower density? is represented by

P=JV (2-18)

At a certain operating point, the solar cell hasniaximum power density, which occurs
at some voltageVf,) and current densitydg) as shown in Fig. 2-20b. The fill factor

(FF) can then be calculated by (2-19)

TR, (2-19)
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The FF is the ratio of the maximum power density of tbiascell to the product afsc
andVoc. TheFF determines the “squareness” of th¥ curve as shown in Fig. 2-20Db,
i.e., the higher the area of the rectangle indidgd4V curve, the higher theF.

The efficiency,; of the solar cell is the ratio of the maximum powensity to

the incident power density;,.

= P (2-20)

Relating J., Voc and FF to; from (2-21).

— JSCVOC FF
== p (2-21)

in

Jx, Voo, FF andy are the key solar cell parameters. In this thélsese parameters will
be defined together with the solar cell currentagé curves.

However, in practical solar cells, the dark cutr@oes not obey the ideal diode
equation (2-22). The non-ideal behavior is appr@ted by introducing an ideality
factor, n, in the ideal diode equation. The ideality factan be used to measure the

recombinations in a solar cell. A high valuenahainly lowersFF.
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Jaar = I, (€M'™7 =1) (2-22)

The ideality factor,n, can be 1, corresponding to diffusion current 2r,
corresponding to recombination current. Fig. 2sBaws the voltage dependence of the
dark current. At lower voltages, the dark currentiominated by the recombination
current,n = 2, while at higher voltages, the dark currendasninated by the diffusion
current,n = 1. In Fig. 2-21, the recombination current @nihant at the voltage of the

maximum power point. A¥,, the diffusion current is the dominant current poment.

dark current, J

-
.-

....
-‘.-

log (J)

FF Ve
Voltage (V)

Fig. 2-21. \oltage dependence of the dark curi@npn-junction.
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Chapter 111

Ultra-low Reflectivity Si Surfaces Fabricated by
Surface Structure Chemical Transfer M ethod

60



3-1 Introduction

For achievement of high efficiencies by crystallBiesolar cells, the formation
of low reflectivity Si surfaces is indispensabl&he conventional method to decrease
the reflectivity of Si surfaces employs fabricatiafi mat-textured surfaces using
anisotropic alkaline etching [1]. Strong alkaliselutions such as sodium hydroxide
(NaOH) and potassium hydroxide (KOH) plus e.g.,pispanol causes anisotropic
etching based on the lowest etching rate of Si(¥iidjaces [2] because of the most-
closely packed structure, leading to the formatbpyramidal structure which consists
of (111) surfaces. However, the pyramidal struetiarnot so sharp, and hence incident
light reflected twice at the Si surfaces goes aekulting in insufficiently low
reflectivity in the range between 10 and 20 % [Jherefore, anti-reflection coating is
necessary to obtain lower reflectivity, but itsrf@tion is time- and cost-consuming, and
reflectivity only in the limited wavelength and ident angle regions becomes low. In
the case of poly-crystalline Si (poly-Si) solarlsghnisotropic alkaline etching cannot
form uniform textured surfaces because of the piesef various surface orientations,
and acid etching using nitric acid (HNOplus hydrofluoric acid (HF) is usually
employed to form rough surfaces [4]. However, risigectivity is higher (i.e., ~20 %)
than that of mat-textured surfaces on single chystaSi.

Porous Si layer can be formed by use of metal @estito drastically decrease
the Si surface reflectivity [5,6]. When Si subsgsawith metal particles such as Ag [5]
and Pt [6] are immersed in HF plus hydrogen pe®XtdO,) solutions, etching of Si
occurs at the contact points of metal particleh\@8it, and consequently, metal particles
move into the Si substrates, resulting in the gormation. Due to the production of
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the porous Si layer, the surface reflectivity gseatecreases. However, there are
following disadvantages in application of this nethio Si solar cells: i) metal particles,

which seriously degrade solar cell performance beeaf formation of energy states in
the Si band-gap, and thus act as electron-holenmeic@ation centers, cannot be
collected and removed completely, ii) the methotine-consuming, iii) the method is

difficult to apply to large size (cf. 15 x 15 énsolar cells, iv) properties of the porous
Si layer such as depth and direction of pores daomaevell controlled.

Recently, a method has been developed to fabricateeflectivity Si surfaces,
in which a mold with a catalytic Pt layer is corte@twith Si immersed in ¥, plus HF
solutions [7]. When the mold possesses a pyransttaicture, inverted pyramidal
structure is formed on Si surfaces, resulting neféectivity slightly lower than that of
the mat-textured surfaces. Using this method, ewehe reflectivity of large Si areas
cannot be made low because the solutions are sdppliSi surfaces only from the edge
regions of the contacted specimens.

In this chapter, a method was developed for then&tion of ultra-low
reflectivity Si surfaces. When a Pt mesh is caethevith Si wafers immersed in,8,
plus HF solutions, the mesh structure is instardasly transferred to the Si surfaces
and simultaneously, a nanocrystalline Si layeorsnied on the surface, resulting in an

ultra-low reflectivity.
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3-2 Experiments

The procedure of the developed surface structusmatal transfer (SSCT)
method is schematically shown in Figure 3-1. Bedoped polished p-type Si(100),
Si(111) and poly-Si wafers were immersed in 15 W%, plus 25 wt% HF solutions
at room temperature, and the wafers were contaeidda Pt mesh (Figure 3-1 inset)
attached to a roller at the rate of ~3 cm/s, aedeflore, 6 inch wafers could be treated
in less than 10 s. Figures 3-2a and 3-2b shovbldek Si(100) and polycrystalline Si
specimens after the SSCT method, respectively. Natesome areas in the Si wafers
didn’t turn black due to the non-contact with tienfesh during the rolling procedure.

Scanning electron micrographs (SEM) were measwgtawa HITACHI S-2150
microscope with the incident electron energy of BfV. Transmission electron
micrograph (TEM) measurements were carried out gussn JEOL EM-3000F
microscope with the incident electron energy of 3@¥. Photoluminescence (PL)
spectra were measured using a JASCO CT100GD grapertrometer and a
photomultiplier tube at room temperature. The ®@tin light source was a 325 nm
He-Cd laser. Reflectance spectra were recordetyusiJASCO V-570 spectrometer
with an integrating sphere. Minority carrier lifee was determined by microwave
photoconductance decay (LPCD) method using a KOBELTA-1512 wafer lifetime

measuring system.
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HF+H,0, solutions

Si wafer Platinum mesh

Fig. 3-1. Procedure of the SSCT method.

(a) (b)

Fig. 3-2. Si(100) (a) and polycrystalline Si (byfeices after the SSCT method.
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3-3 Resultsand Discussion

3-3-1 Surface structure chemical transfer on vari®usurfaces

Fig. 3-3a — 3-3c show the Si(100), Si(111), andyquistalline Si surfaces,
respectively, after the SSCT method. It was olesbtiaat the structure of the mesh was
transferred onto the surface of the Si wafers. aR#igss of the surface orientation, the
chemical transfer reaction of the mesh structure lba carried out. The surface
structure chemical transfer reaction was previoosiserved to occur by the following

chemical reactions [8]:

H.,O, - H,0+0 (3-1)
S+20 - SO, (3-2)
SO, +6HF - H,SF, +2H,0 (3-3)

First, HO, decomposes at the Pt surface producing O atoniy. (3The
generated O atoms easily react with Si due todheakctivation energy for Si oxidation
(3-2). Finally, the formed SiKs immediately etched by HF (3-3). Oxidation ofb$
H.O, was previously determined to be the rate-detenygirstep [8]. However, the
activation energy of the Si oxidation is low, resg to the Si oxidation occurring at a
high rate. As a result, the transfer of the meslctire onto the surface can be carried
out at room temperature unlike the reaction for fibrenation of pyramidal textured

surfaces, i.e., 8C.
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Fig. 3-3. Micrographs of the Si(100) (a), Si(11ft) and polycrystalline Si (c)

surfaces after the SSCT method.
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3-3-2 Ultra-low reflectivity Si(100) and poly-Si daces produced
by the SSCT method

Fig. 3-4 shows the reflectivity of the Si(100) sagé before and after the SSCT
method. The reflectivity of the mirror Si(100) fage was observed to be in the range
of 40 and 80% in the 300 — 800 nm wavelength redanve a). After the SSCT
method, the reflectivity was greatly reduced tcaage of 2 and 4% (curve b), which
was much lower than that of single crystalline pyidal-textured Si surfaces formed by

anisotropic alkali etching (curve c).
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Fig. 3-4. Reflectance spectra of the Si(100) swdebefore (a) and after (b) the
SSCT method. Reflectance spectrum of the pyrantéddlred Si surfaces

formed on Si(100) surfaces by anisotropic alkaétehing is shown by curve (c)

for reference.
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Fig. 3-5, on the other hand, shows the reflectioityhe poly-Si before and after
the SSCT method. The reflectivity of the as-slipetly-Si surface was observed to be
in the range 35 — 70% in the 300 — 800 nm wavelenggion (curve a). After the
SSCT method, the reflectivity was greatly reduaead range of 2.5 — 4.5% which was

much lower than that of isotropic acid-etched poJgtalline Si surfaces (curve c).

100
80 —
L
= "8
T 60 | N, -
) -
*] .
% ! (C} ““w
z 40 _"lu.-ﬁ\ T T TSR —
= Y -‘----'-""----r-----
N S
20 L -.__-.—-,________
(b)
0 1 I $ }
300 400 500 600 700 800

Wavelength (nm)

Fig. 3-5. Reflectance spectra of the polycrystallSi surfaces before (a) and
after (b) the SSCT method. Reflectance spectem@icid etched polycrystalline

Si surface formed is shown by curve (c) for refesen

In the reflectivity measurements, an integratingpesp was used to collect
scattered light. Therefore, the ultra-low refleityi is not due to surface roughness but
to prevention of reflection both at the air/nanatajline Si and nanocrystalline Si/Si

interfaces.
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3-3-3 Si nanostructures formed after the SSCT naktho

The ultra-low reflectivity for the SSCT treated stirfaces as shown in Figs. 3b
and 3-5b cannot be attributed to the transfer efmtiesh structure. The structure formed
by the mesh pattern is not a steep structure afiélo~¢§ the total Si surface remains flat
after the chemical transfer reaction [18]. Therefdhe ultra-low reflectivity surfaces
(i.e., between 2 and 4%) is attributed not to thesimstructure on the Si surface after the
chemical transferring reactions, but to that of owmstalline Si produced by the
electrochemical reaction caused by hole diffusaangdescribed below.

After the SSCT method, the Si(100) surface andggbtalline Si surfaces were
found to possess nanometer scale roughness (B@add 3-6b) due to the formation of
nanocrystalline Si. AFM measurements show the-moedn-square micro-roughness on
the fabricated nanocrystalline Si surface was ~20 rFigs. 3-6¢ and 3-6d show the
cross-sectional TEM micrograph of the nanocrystalliSi layer for Si(100) and
polycrystalline Si surfaces, respectively. Thekhiess of the nanocrystalline Si layer
was in the range between 100 and 150 nm. The denoéta single Si nanocrystal
shown in Fig. 3-6e is ~2.5 nm. Unlike metal-aggisporous Si formation [5,6], no
micropores and no metal particles are visible anrthnocrystalline Si layer, in contrast
to porous Si formed by metal particles [5]. Wedawnfirmed that the concentration of
Pt on the Si surfaces was less than the deteciioit bf total reflection X-ray
fluorescence spectroscopy using synchrotron radiatif SPRING 8 (i.e., 1 x f0

atoms/crf).
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Fig. 3-6. SEM micrograph of the Si(100) (a) andyprystalline Si (b)

nanocrystalline Si surface after the SSCT metho@ross-sectional TEM
micrograph of the nanocrystalline Si layer/Si(1@6) and nanocrystalline Si
layer/polycrystalline Si (d) structures after th8C3 method. Cross-sectional

TEM micrograph of a single nanocrystalline Si (e).
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3-3-4 Formation mechanism of the ultra-low refleity

nanocrystalline Si surface

Figs. 3-7a and 3-7b show the proposed mechanighredbrmation of ultra-low
reflectivity nanocrystalline Si surfaces by the §S@ethod. The early-stage reaction
and the subsequent reaction are shown in Figsnd&l, respectively. In each case,

decomposition of KD, proceeds at the surface of the Pt mesh (3-4):

H,O,+H" -~ H,O+OH  +2h' (3-4)

The acid dissociation constant fog®3 of 11.8 is much higher than that for HF of 3.6,
indicating that H ions included in the reaction come from HF. Dmidhie high catalytic
activity of Pt, this reaction occurs rapidly, rasg in formation of holesh®, in Pt.
The generated holes are injected to Si and difflasehe Si surface, causing the

following reaction of Si dissolution (3-5):

S +6HF +2h" - H,SF, +H,+2H" (3-5)

Si dissolution is likely to proceed from places whéoles are trapped, e.g.,
surface states, resulting in the formation of naystalline Si in the surface region (Fig.
3-7a). The distance between the Pt wires of thehnoé~60um is shorter than the hole
diffusion length in Si, i.e., 100 - 30@n. Therefore, nanocrystalline Si is formed not

only on the contacted regions of the Si surfacdn whe Pt mesh but also on the non-
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contacted regions.

(b)

Fig. 3-7. Mechanism of the SSCT method: (a) esthge reaction; (b)

subsequent reaction after formation of a surfac®ogstalline Si layer.

After the formation of the nanocrystalline Si layerthe surface region, the HF
solution can penetrate through the spaces, anddhecrystalline Si layer becomes
thicker (Fig. 3-7b). With this formation mechanigne., reaction starting from the Si
surface), the porosity of the nanocrystalline Sjelais high near the surface and
decreases with the depth. Consequently, the tefeamdex is low near the surface,
and continuously increases with the depth. Fi§a3hows a graded porosity structure

model, wherein the refractive index continuouslgré@ases from the surface) to near
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the bulk Si n). The ultra-low reflectivity indicates that thefractive index of the
nanocrystalline Si layer near the surfacg (s close to the air (i.e., 1) and that near the
crystalline Si Q) is close to that of Si (i.e., 3.8 — 4.5), whiateyents light reflection
both at the air/nanocrystalline Si and nanocryis&lEi/crystalline Si interfaces.

The dimensions of the nanocrystalline Si is muchlenthan the wavelength of
light, therefore, the relationship between theewflity of the surface and refractive
index for normal incident light can be describedly simplified Fresnel equation (3-6)

[19]:

2

n, —n,
WR=|———| x100% (3-6)
n, +n,

where %R is the reflectivity of the surfacey and nc are two adjacent layers with
different refractive indices. Figs. 3-8b and 39ww the refractive index vs. depth
model plots for a crystalline Si surface and a wcaysialline Si/Si structure,

respectively. For a crystalline Si surface, thieative index drastically changes from
air (i.e., 1) to Si (i.e., 3.8 — 4.5), thus resatin high reflectivities (i.e., above 40%) as
shown in Figs. 3-4a and 3-5a. On the other hawwdhe nanocrystalline Si/Si structure,
it is shown that the surfaces possess ultra-lolege¥ities (i.e. between 2 and 4%). If
we assume that most of the reflections occur aatfieanocrystalline Si interface, and
that the refractive index continuously increasem@lthe nanocrystalline structure, the
refractive index of the nanocrystalline Si at thenanocrystalline Si interface is

estimated to be in the range between 1.3 and h&e8ponding the reflectivities

between 2 and 4%) as shown in Fig. 3-8c.
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Fig. 3-8. Graded porosity structure (a) modelot lef the refractive index vs.
depth for: a crystalline Si surface (b); and a maystalline Si/Si structure (c)
assuming that most of the reflections occur at #wnanocrystalline Si

interface, leading to the reflectivity in the rartggtween 2 and 4%.
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Fig. 3-9. Mechanism of light reflection by pyramidtextured (a), and

nanocrystalline Si (b) surfaces.

Fig. 3-9. shows the mechanism of light reflection gyramidal textured and
nanocrystalline Si surfaces. In a textured surfdight can hit the surface twice;
however, theéR of light at each reflection is still above 40%n d nanocrystalline Si
surface, there is no large difference between thfeactive index or air and
nanocrystalline Si interface. The refractive inadxhe nanocrystalline layer gradually

increases with depth resulting to the ultra-lowestvity, i.e.,%R = 2%.
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3-3-5 Photoluminescence of nanocrystalline Si

Fig. 3-10 shows the PL spectrum of the nanocrysei layer. A strong visible
PL peak was observed at ~670 nm (1.85 eV) withfaHewidth at half maximum of
~150 nm, which was similar to previous studiesrfanocrystalline §8-12] and porous

Si[13,14].
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Fig. 3-10. Photoluminescence spectrum for theooiystalline Si layer formed

on the Si surface after the SSCT method.

In particular, the relationship between the PL peslergy and the size of
nanocrystalline Si (Fig. 3-6e) is in good agreenwitlh those reported in the previous
studies on nanocrystalline Si embedded in ,Sj00,11] and hydrogen-terminated

nanocrystalline Si [12]. Therefore, it is highlyopable that the PL peak arises from
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band-to-band transition for nanocrystalline Si wehdmnd-gap is widened due to the
quantum-size effect [15]. On the other hand, tieegepossibility that the layer consists
of nanocrystalline and amorphous phases, in analogprevious literature [16,17].
Therefore, it cannot be excluded that the PL emmsgesults from an efficient band-gap,
i.e., an average between the band-gap of the eliffephases, or frorthe amorphous

phase within the layer.

3-3-6 Minority carrier lifetime of Si surface afténe formation of

nanocrystalline Si

Fig. 3-11 shows the minority carrier lifetime ofettsi wafers. Only on the
square region shown by the dotted lines in theréigthe nanocrystalline Si layer was
formed by the SSCT method. It is clearly seen thatminority carrier lifetime of the
non-contacted region was ~1 us and it increased5tqus after the SSCT method.
Optimizing the surface passivation method of thes@8faces, i.e.,zlpassivation, the
minority carrier lifetime of ~3@s was achieved. The effective minority carriegtlihe

can be represented by (3-7) [20]:

1 1 1
= +

Teffective Tbul k Tsurface (3_7)

where, zefeciive 1S the effective minority carrier lifetimeyyk is the bulk lifetime and

Taurface IS the surface lifetime.
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Fig. 3-11. Minority carrier lifetime for the Si gace on which a nanocrystalline

Si layer is formed by the SSCT method in the ams®oted by the dotted lines.

Assuming that the Si bulk lifetime is 36, the surface and interface lifetime
after the SSCT method is estimated to beus@rom the observed effective lifetime.
On the other hand, the observed effective minardyier lifetime of the Si wafer after
the HF treatment is only ~1,% and the surface lifetime is estimated to be +%.6
These results clearly show that the minority carliietime of the surface and the

interface for the nanocrystalline Si layer/Si staue is higher than that of the Si surface.
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3-3-7 Band-gap widening of the nanocrystalline Si

Fig. 3-12a shows the band-gap energy for the dhysaSi and the
nanocrystalline Si after the SSCT method. The lgaml energy of 1.8 eV was
approximated from the PL peak of 670 nm. Fig. 3-4Bbws a band energy diagram for

the crystalline Si/nanocrystalline Si interface.

() c-Si nanocrystalline-Si
EC‘ Lasnenerett I""-.h

II 1.1eV » |
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nanocrystalline-Si

© _

®

Fig. 3-12. Band-gap energy of: crystalline Si; arahocrystalline Si after the
SSCT method (a). Minority carriers being repelletd the crystalline

Si/nanocrystalline Si interface.
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When the nanocrystalline Si is produced from atetlse Si, the band-gap
energy widens forming an energy barrier at the tatyse Si/nanocrystalline Si
interface. Due to the band-gap widening, it issdade that minority carriers are
repelled at the crystalline Si/nanocrystalline Steiface, leading to suppression of
electron-hole recombination. The suppressed elediole recombination at the
crystalline Si/nanocrystalline Si interface leads the increase in minority carrier

lifetime as shown in Fig. 3-11.
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3-4 Summary

A simple method for the fabrication of ultra-lowe(i, 2~4%) reflectivity Si(100)
and polycrystalline Si surfaces has been develamedg the SSCT method which
simply involves contact of a Pt mesh with a Si wafeamersed in HO, plus HF
solutions. The ultra-low reflectivity results frofmrmation of a nanocrystalline Si layer
of 100~150 nm thickness. The nanocrystalline y@iaives a PL peak at ~670 nm, and
recombination of electron-hole pairs at the nansteliine Si/Si interface and the
air/nanocrystalline Si interface is suppressed migrgement of the nanocrystalline Si

band-gap, leading to the increase in the minoatyier lifetime.
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Chapter 1V

Ultra-low Reflectivity Nanocrystalline Si Solar
Ceélls Fabricated by Surface Structure Chemical
Transfer Method
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4-1 Introduction

In chapter 3, a simple method to produce ultradlefiectivity Si surfaces by the
surface structure chemical transfer method wasduoired. In this chapter, solar cells
were produced from the ultra-low reflectivity Sr&aces produced by SSCT.

The PERL structure solar cell, greatly reducing hboteflection and
recombination losses and having a conversion effy of 25% [1] is the highest ever
recorded for a single crystal Si solar cell. Theemed pyramid structure together with
the double layer anti-reflection coating producedeay high photocurrent density of
42.2 mAlcnf under AM1.5 1000 W/irradiation. However, due the very complicated
structure, commercial production is not feasibleaagsult of the very high cost. The
high reflectivity of Si arises from its high refta@ index in the 300 nm — 1100 nm
wavelength regions [2]. Due to this, less photoegated electron-hole pairs are
produced leading to low conversion efficiencies.

Low reflectivity nano-porous Si surfaces can bedpaed by the metal-assisted
chemical etching of Si [3-4]. Noble metals suchP&sAu, or Ag [6-7] are deposited on
the Si surface and subsequently etched in soluttongaining oxidants such as®,
HNOsetc. plus HF solutions. However, the nano-porousciire produced after the
metal assisted etching cannot form a pn-junctiomtduthe uncontrolled direction of the
pores [8-9], and as a result, there is a needrf@dalitional KOH / TMAH etch after the
metal assisted etching which increases the refigctio above 10% [10]. Other
disadvantages for the metal-assisted etching afeSil) metal particles which seriously
degrade solar cell characteristics reside in j.(#1) [7], 2) difficulty in application to
large size (i.e., 6 inches) Si wafers, and 3) taorsuming.
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In this chapter, solar cells were produced fromuh-low reflectivity Si(100)
and polycrystalline Si surface after the SSCT methlh was observed that the

photocurrent density greatly increased after th€ S8ethod.

Fig. 4-1. The metal-assisted etching of Si. Theamgarticles residing at the

bottom of the pores are encircled.
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4-2 Experiments

Single crystalline Si and polycrystalline p-type Bafers were used for the
production of solar cells. For the single crystalSi solar cells, polished boron-doped
Si(100) czochralski (CZz) wafersvith resistivities of 7-1X2-cm wafers were used; while
for the polycrystalline Si solar cells, saw-damagmoved (as described in Chapter 2)
as-sliced boron-doped polycrystalline Si wafershwigsistivities of 1-202-cm were
prepared.

Field emission scanning electron micrographs (FBAp&ere measured using a
JSM-6335F with the incident electron energy of 28V.k Transmission electron
micrograph (TEM) measurements were carried out gussn JEOL EM-3000F
microscope with the incident electron energy of @Y. Reflection spectra were
recorded using a JASCO V-670 UV-Vis spectrometeachaed to a JASCO automated
absolute reflectance measurement ARMN-735 accessdByieet resistances were
measured using a four-point probe after the formmabf the pn-junction. Solar cell

characteristics were measured using a solar sioTd&AM1.5 1000 W/rh

4-2-1 Solar cell production process sequence

Fig. 4-2a summarizes the solar cell production @ssc First, the Si wafers were
cut into 5cm x 5cm squares. The Si wafers wera tleaned by the standard RCA
cleaning method as described in chapter 2. Ubtnarkeflectivity Si surfaces were then
fabricated by the SSCT method as described in ehd&t The 5cm x 5cm square
wafers were then further cut into 2.5cm x 2.5cmasguvafers. pn-junction was then
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formed from the 2.5cm x 2.5cm square wafers byude of a commercial phosphorus
dopant solution, and will be described in the rsedtion. The pregion was formed by

co-diffusing a boron source together with phospbhdil-12]. Diffused phosphorus
around the edges was then removed by mechanicalgaw electrically isolate the cell

front region from the rear cell region. Finally, pm Ag and Al electrodes were formed
using the thermal evaporation method as the frodt r@ar contacts. The solar cells
produced, had an area of 2.5cm x 2.5cm. Fig. 4Rbws the structure of the
nanocrystalline Si solar cell. It must be notedt ttihe solar cells didn’t have any anti-

reflection coating and passivation methods weresngiloyed.

() (b)
' ™
Sem x Sem p-Si wafers
\ J
—

RCA cleaning method

\. J
) E 2 .
SSCT method
| J
— &

Pand B co-diffusion

"

Edge isolation

4

Agand Al electrode
thermal evaporation

Fig. 4-2. The solar cell production process seqgedn) and the final structure

of the solar cell (b)
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4-2-3 Nanocrystalline Si doping process

The doping process for the nanocrystalline Si iswsh in Fig. 4-3. The
phosphorus dopant source, commercial phosphorutopda (ROs) in silica and
organic solution (5 wt% J®s, TOK, EPLUS-SC913) [13] was spread directly orite t
nanocrystalline Si surface and was immediately sgu8000 rpm for 30s. The dopant
source was then oxidized at 800 forming a phosphosilicate glass (PSG) layerhan t
nanocrystalline Si. Phosphorus was then diffusedugh the nanocrystalline Si layer
by increasing the temperature between 850 and°C00The remaining PSG layer was

then removed thoroughly by immersing the wafer 8%@HF solution for 5 min.

P,05 solution P, solution PSG (P1in S105)
Nanocrytalline St SP{“ Nanocrystalline S1 Thermal Nanoerystalline S1
coating treatment
‘ p-Si - p-Si

3000 1pm O, 600°C

PSG
Diffusion n-Nanocrystalline Si

»

N,, 850 - 1000°C

PSG
removal

=3

Dilute HF acid

n*-Nanocrystalline Si

Fig. 4-3. The nanocrystalline Si doping procesgisace.
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4-3 Results and discussion

4-3-1 Nanocrystalline Si reflectivity after the foation of pn-

junction

Fig. 4-4 shows the reflectivity of the nanocrystedl Si surface from Si(100)
fabricated by SSCT before and after the formatibprejunction. The reflectivity of
the nanocrystalline Si surface before the formabbmpn-junction was between 2 and
4% in the 300 — 800 nm wavelength regions (curveHwever, after the formation of

pn-junction, the reflectivity was slightly increas® a range between 3 and 7% (curve

b).

10

% Reflectivity

| ]

0 | | | |
300 400 500 600 700 800 900

Wavelength (nm)

Fig. 4-4. Reflectance spectra of the nanocryselsi from Si(100) fabricated
by the SSCT method before (a) and after (b) the&bion of pn-junction.
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4-3-2 Nanocrystalline Si structure after formatadrpn-junction

Fig. 4-5a and 4-5b shows the SEM micrograph ofntlreocrystalline Si surface
from Si(100) fabricated by the SSCT method befand after the formation of pn-
junction, respectively. Figs 4-5c and 4-5d show ¢loss-sectional TEM micrograph of
the nanocrystalline layer before and after the &drom of pn-junction, respectfully. It
can be observed from the SEM micrographs that thdace still possesses
nanocrystalline Si layer even after the formatidbpmjunction. However, in the cross-
sectional TEM micrographs, it can be observed ttmathickness of the nanocrystalline
Si layer was reduced by a few tens of nm aftefdhmation of pn-junction.

During the formation of the pn-junction, the dopaource was oxidized to
produce a PSG layer [14]. Therefore, it is possitilat a surface portion of the
nanocrystalline Si was also oxidized during therfation of PSG. During the PSG
etching, the oxidized nanocrystalline Si region vaéso etched off together with the
PSG layer [15]. This explains the decrease imtmeocrystalline Si thickness after the
formation of pn-junction and PSG etching. The ighof the topmost nanocrystalline
Si region may result in the removal of the low aetive index layer, as shown in

chapter 3, thus the increase in the reflectivitgrathe formation of pn-junction.
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‘Nanocrystalline Si
&

Bulk Si Bulk Si

Fig. 4-5. SEM micrograph of the nanocrystalline sbirface from Si(100)
fabricated by the SSCT method before (a) and dleithe formation of pn-
junction. Cross-sectional TEM micrograph of the eagstalline Si/Si structure
from Si(100) fabricated by the SSCT method befarke gnd after (d) the

formation of pn-junction.
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4-3-3 Nanocrystalline Si pn-junction formation

Fig. 4-6 shows the sheet resistance of the nanadlige Si surface at varying
diffusion temperatures with a fixed diffusion tine¢ 10 min. The sheet resistance
decreased from ~1200/square to ~6X)/square as the diffusion temperature was
increased from 83C to 950C. When the temperature is increased, the diffusio
coefficient of the P-dopant atoms is also increaddi]. Therefore, more P-dopant
atoms can diffuse through the nanocrystalline lsggrthe temperature is increased

resulting in lower sheet resistance.

Sheet resistance (£2/square)

0 | | |
850 900 950

Diffusion temperature (°C)

Fig. 4-6. Sheet resistances of the doped nanadiigst Si/Si structure at

various diffusion temperatures. The diffusion timéixed to 10 min.
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Fig. 4-7 shows the changes in sheet resistandeotbrnanocrystalline Si/Si and
single crystalline Si specimens at a fixed diffassi@mperature of 98Q in varying
diffusion times. It can be observed that for bow@mnaecrystalline Si/Si and single
crystalline Si, the sheet resistance decreasdteadiffusion time was increased from 10
min to 60 min. This is due to the formation of &kier n-layer as the diffusion time is
increased. However, it can also be observed that sheet resistance of the
nanocrystalline Si is lower than that of the singtgstalline Si at any given doping
condition. These results suggest that the diffusimechanism of P-dopant atoms is
different from a nanocrystalline Si surface as cared to a crystalline surface.
Formation of the nanocrystalline Si surface leada significant increase in the surface
area. Therefore, the P-dopant atoms diffuse fraretitire area of the nanocrystalline Si
layer and this surface-enhanced diffusion may teaalhigher concentration and thicker

n-region for a nanocrystalline Si specimen.
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Fig. 4-7. Sheet resistance of the doped singlestaltine Si (a) and
nanocrystalline Si/crystalline Si specimens (byatious diffusion times. The

diffusion temperature was fixed to 980

Fig. 4-8 shows the current-voltage characterigiicthe nanocrystalline Si solar
cells with various the sheet resistances. Curveb, &and ¢ corresponds to sheet
resistances of 112Q/square, 16@/square, and 68/square respectfully. Curves a and
b were observed to possess very low fill factors ttuthe very high series resistances.
The high series resistance is the result of hakiigh sheet resistances in the doped n-
region. However, when the sheet resistance wa®ased further to 6Q/square, the
fill factor was increased due to the reduction o series resistance in the doped n-

region.
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Fig. 4-8. |-V characteristics of the nanocrystaliSi solar cell with sheet

resistances of 120Q/square (a), 16@/square (b) and 68/square (c).

Table 4-1. Solar cell parameters of nanocrys&ll8i/crystalline Si structure at

various sheet resistances.

Solar cell \bc Jsc FF % N
(V) (mA/cm?)

1200Q/square 0.429 18.2 0.234 1.8¢

160Q/square 0.480 30.€ 0.253 3.7¢

65 Q/square 0.542 34.1 0.726 13.€

4-3-4 High photocurrent density nanocrystallines®ar cells

The best nanocrystalline Si solar cells were preduat a diffusion temperature

of 97C¢C for 10min. The sheet resistance was measure@ t00lo)/square. Fig. 4-9
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shows the current-voltage characteristics of th@0®j) with and without the SSCT
method. Table 4-2 summarizes Mg, J, FF, and efficiency of the solar cells as
shown in Fig. 4-9. The 27.3 mA/érphotocurrent density of the solar cell without
SSCT increased by 42% to 38.8 mAfcaiter SSCT. The 0.567 V open-circuit voltage
of the solar cell with SSCT slightly increased frOrb61 V that of the polished Si(100).
However, the fill factor for the solar cell with 8% was observed to slightly decrease to
0.754, as compared to 0.774 of a polished Si(100g 11.9% conversion efficiency of
the solar cell without SSCT was observed to in@¢ad 6.6%, i.e., an absolute increase

of 4.7%.

=,
=

(%
=
I

(a)

Current Density (mA/cm?)
= =
| |

0 | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6

Voltage (V)

Fig. 4-9. |-V characteristics of the single cryat@ Si solar cell with (b) and

without (a) the SSCT method.
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Table 4-2. Characteristics of the single crystallSi solar cells with and without the

SSCT method.
Solar cell sample e Jsc FE % n
(V) (mA/cm?)
Polished Si(100) 0.561 27.5 0.774 11.€
SSCT treated Si(100) 0.567 38.8 0.754 16.6

Due to the ultra-low reflectivity of the nanocryliitee Si surface after the SSCT
method, the nanocrystalline Si solar cell was ablegenerate a high photocurrent
density. The ultra-low reflectivity nanocrystal#inSi surface can absorb more of
incoming light resulting in production of more dl@mn-hole pairs. The production of
more electron-hole pairs resulted in high photanirdensity. The great increase in
surface area [17-19] for the nanocrystalline Si wak observed to decrease the open
circuit voltage, i.e., increase in surface recorabon. In chapter 3, it was observed that
the minority carrier lifetime was increased aftee production of the nanocrystalline Si
surface. The minority carrier lifetime greatly exdffs the open-circuit voltage, i.e., 10
times increase in minority carrier lifetime resuitsa 30 mV increase in open-circuit
voltage (to be discussed in chapter 5). HowevVer,dffect of the band-gap widening
and the great increase in minority carrier lifeti(ne., from chapter 3) for a p-Si surface
after the SSCT didn’t actually translate to a gieatease in open-circuit voltage. The
total dark current is equal to the dark currenttied front area and the back area.
Without BSF, the dark current in the back areareatgr than the dark current in the
front area. Therefore, the open-circuit voltageeasermined by the dark current in the
back area which explains the small increase irogien-circuit voltage after the SSCT.

The slight decrease in fill factor might be duestries resistance arising from poor
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contact between the nanocrystalline Si and thelégirede.
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Fig. 4-10. |-V characteristics of the polycrystadl Si solar cell with (b) and

without (a) the SSCT method.

Fig. 4-10 shows the current-voltage characterisifdhie polycrystalline Si with
and without the SSCT method. Table 4-3 summatize¥,, Js, FF, and efficiency of
the solar cells shown in Fig. 4-10. The shortwgirgohotocurrent density of the
polycrystalline Si solar cells without SSCT incredsfrom 21.5 mAl/chto 30.5
mA/cn? with the SSCT method, an increase of 42%. Howeweth the open-circuit
voltage and fill factor were observed to decreasenf0.550 V and 0.700, respectively,
of the saw damage removed polycrystalline Si t@®.8 and 0.655, respectively, after
SSCT. The solar cell conversion efficiency inceshdrom 8.3% without SSCT to
10.7% with SSCT, an increase of 29% and an abswiatease of 2.4%.
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Table 4-3. Solar cell parameters of the polyctiis&@a Si with and without the SSCT

method.

Solar cell sample e Jsc FE % n
(V) (mA/cm?)

Polycrystalline Si 0.550 21.5 0.700 8.3

SSCT treated

polycrystalline Si 0.535 30.5 0.655 10.7

As with the SSCT treated single crystalline Si sdaalls, the SSCT treated
polycrystalline Si solar cells were also foundriorease in the photocurrent density by
42% as compared to without SSCT. However, the -@penit voltage and fill factor
were observed to have significant decreases. Rbogp diffusion in polycrystalline Si
may also occurs through the grain boundaries [40-A% shown in the earlier section,
diffusion through the nanocrystalline Si/Si struetis surface enhanced as compared to
a flat surface. Therefore, the enhancement in gitarsis diffusion could have also
increased the recombinations occurring at the gobmuandaries resulting to a lower
open-circuit voltage. The decrease in fill faatught be due to series resistance arising

from poor contact between the nanocrystalline 8itae Ag electrode.
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4-4  Summary

Simple structured solar cells without antireflenticoating and BSF were
produced from the ultra-low reflectivity Si surfactabricated by the surface structure
chemical transfer method. The solar cells produsede observed to generate high
photocurrent density, i.e., 38.8 mA/Gna 42% increase as compared to without SSCT
even in the absence of an anti-reflection coatinghe high photocurrent density was
attributed to the production of more electron-hpéers due to the absorption of more
light. The high photocurrent density leads to ghhezonversion efficiency of 16.6%, an

absolute increase of 4.7% compared to without SSCT.
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Chapter V

Changesin Minority Carrier Lifetime of
Hydrogen-Terminated Si Surfacesin Dry- and
Wet-Air
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5-1 Introduction

Chapter 3 introduced a simple method to producea-div reflectivity Si
surfaces by the surface structure chemical tramsé&hod. And in chapter 4, solar cells
were produced from the ultra-low reflectivity sw#s and were observed to generate a
high photocurrent density due to the avoidancestiéction loss. However, in order to
achieve high efficiency solar cells, surface recoation must be greatly reduced.
Therefore, surface passivation methods must be domeder to reduce the surface
recombination and increase the photogenerated ityinoarrier lifetime. In this
chapter, minority carrier lifetime changes of Hrtémated Si surfaces were investigated
and the changes in the chemical species presertheorsi surface due to surface
oxidation in air.

Study on initial oxidation of Si is of importancetnonly from an academic
viewpoint but also for application to semiconducpsoducts such as solar cells and
LSI. Semiconductor devices are usually fabricateithg Si wafers after cleaning with
the RCA method [1] followed by hydrofluoric acid i etching. HF-etching forms
ideal hydrogenterminated Si surfaces (i.e., onlynmbydride, Si-H) in the case of
Si(111), [2] while mono-, di- (Si-F), and tri- (Si-H) hydride species are produced on
technologically more important Si(100) surfaces5B3— HF-etched Si(100) surfaces
with Si-H, and Si-H are less stable in air than Si(111). OxidatiorHé*treated Si
surfaces is enhanced by the presence of metal mordgats, more active species,
defects, fluorineadsorbed sites, etc., [6,7]. idhibxidation of HF-treated Si surfaces
were investigated using Fourier transform infrarggectroscopy (FT-IR), X-ray
photoelectron spectroscopy (XPS), Ultraviolet plegotron spectroscopy (UPS),
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etc.6—-9 Chabal et al., [6] reported that when Hfated Si(100) surfaces were kept in
air, vibrational peaks due to SiH, SIHSIH(O), and SiH(O). were observed,
indicating that O atoms occupied back-bonds withi ®ionds remaining on Si surfaces.
Hirose et al., [7] also concluded that oxygen &gacSi back-bonds and surface Si-H
bonds were still present after the oxygen attatke minority carrier lifetime strongly
affects the electrical characteristics of semicatolu devices [10]. It is greatly
decreased by the presence of defect states suistedace states [11,12]. In the case of
solar cells, photovoltages are markedly influenogdhe minority carrier lifetime [13].

To show how the minority carrier lifetimez«f) affects the open-circuit

photovoltage VYoc), Voc is described as:

k,T

Jph
Voc :Tln J_O+1 (5‘1)

The reverse saturation current densltyis given by:

J, =gn’ —2—+——" ]
° qI(L Np LNAJ (5-2)

wheren; is the intrinsic carrier density), is the hole diffusion coefficienD, is the
electron diffusion coefficientNp is the donor concentratio\a is the acceptor
concentration], is the hole diffusion length, and, is the electron diffusion length.

For p-type Si-based solar celld; >> N, then we have
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(5-3)

Ln = Dn Teff (5-4)

Therefore, as the minority carrier lifetime increagdecreases), the dark current density
decreases (increases), and results in an incredsgease) of the photovoltage.
Combinations of equations (5-3) and (5-4) showys increases by 30 mV with an
increase in minority carrier lifetime by one order.

Recombination of electron-hole pairs generatethénsurface region proceeds at
surface states, resulting in a decrease in thetgomeefficiency of short-wavelength
light, and thus in a decrease in the photocurrensiy [14]. Recombination currents
possess a large ideality factor, e.g., 2, [15]thod, a fill factor is also decreased.

In this chapter, changes of minority carrier life#i for HF-treated Si surfaces
with time kept in dry- and wet-air air have beemestigated. It was found that the

minority carrier lifetime strongly depends on huityd
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5-2 Experiments

Phosphorus-doped n-type Si(100) wafers with 10 Q-cm resistivity were cut
into 2.5 x 2.5 crhpieces and cleaned using the RCA method. Thenwtfers were
immersed in 0.5 wt% HF solutions for 2 min, follavby rinse with ultra-pure water.
The HF-treated Si wafers were kept in air with tioenidity of either 5 or 95% at room
temperature. Hereafter, air with 5 and 95% humidst called dry-air and wet-air,
respectively.

Minority carrier lifetime of the Si wafers was detened from measurements of
microwave reflectivity decay caused by 904 nm weargth incident light with a carrier
injection density of 1x1®%/cm® using a KOBELCO Wafer LTA-1510. XPS
measurements were carried out using a VG ScieBCALAB 220i-XL spectrometer
with a monochromatic Al K radiation source. Photoelectrons were detecteithen
surface-normal direction. Measurements of workfiomcchanges were performed by a

contact potential difference method using a McAdlikK P6500 Digital Kelvin Probe.
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5-3 Resultsand discussion

5-3-1 Changes in minority carrier lifetime in watid dry-air

Figure 5-1 shows changes of the minority carristime for the HF-treated
Si(100) specimens vs. the time kept in wet- (c@vand dry-air (curve b). The lifetime
value of the Si wafers before HF treatment wau82 The initial lifetime measured
after 5 min exposure to wet-ai¥ 78 us) was higher than that to dry-a#§3 us). In the
initial stage, the lifetime decreased rapidly witime, followed by a slow decrease
beyond 12 h. Over 20 h, the lifetime became almosstant. The lifetime for the HF-

treated Si specimens in wet-air decreased mordlyaghian that in dry-air.

5-3-2 Changes in minority carrier lifetime in we#nd dry-air

switched at 12 h

Figure 5-2 also shows the lifetime changes vsitithe. For curve a, the HF-
treated Si(100) specimens were kept in wet-airoup2t h, and then the atmosphere was
switched to dry-air. The lifetime increased imnagdiy after changing the atmosphere
followed by a slow decrease. In cases where tim@sghere was changed from dry-air
to wet-air at 12 h (curve b), on the other hand,liletime decreased more rapidly up to

15 h than that in dry-air up to 12 h.
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Fig. 5-1. Minority carrier lifetime of the HF-tremad Si(100) surfaces vs. the
period of time kept in wet-air (a) and dry-air (b)Surface recombination

velocity (SRV) was roughly estimated from the mityocarrier lifetime.
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Fig. 5-2. Minority carrier lifetime of the HF-tremad Si(100) surfaces vs. the
period of time in the following atmospheres: (a)+ag switched to dry-air at 12
h; (b) dry-air switched to wet-air at 12 h. Sudaecombination velocity (SRV)

was roughly estimated from the minority carrieetiime.
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5-3-3 XPS measurements in wet- and dry-air swit@ted? h

Figures 5-3a and 5-3b show the normalized XPS spattthe O 1s and Si 2p
regions, respectively, for the HF-treated Si(100faces. The XPS peak areas were
normalized to that of the Si substrate in the Sré&&pon for each specimen. Spectra A
to F were observed at points A to F, respectivielyiigure 2. Table 5-1 summarized
the normalized peak areas for the hydroxyl groUpsof) and bridge-backbonded O
atoms Cs.o.g) in the O 1s region and the ratio ©§on/Cg.0.g. For the specimen kept
in dry-air for 12 h (spectrum B), only one peakibtitable to bridge-backbonded O
atoms was observed in the O 1s region while othectsa were deconvoluted into two
peaks at 533.1 eV and 532.1 eV due to O atoms irsfdies and in Si-O-Si bridges,
respectively [16,17]. Itis easily inferred thata@ms in OH species are less negatively
charged than those in Si-O-Si bridges becauselditér@negativity of hydrogen atoms
(2.1) is higher than that of Si atoms (1.8), andrdéfore hydrogen atoms are less
positively charged than Si atomsCgoy and Cq.0.g increased with exposure time.
When the atmosphere was switched from wet- to drgtal2 h and kept in dry-air for 3
and 9 h, theCqon/Cq.0.g ratio decreased from 0.768 (spectrum A) to 0. &d&¢trum
C) and 0.708 (spectrum D), indicating dominant fation of bridge-backbonded O
atoms. When the atmosphere was switched fromtdnyet-air at 12 h and kept in wet-
air for 3 and 9 h, th€g0n/Cg.0.g ratio increased from 0 (spectrum B) to 1.75 (Spect
E) and 2.45 (spectrum F), indicating dominant fdraraof OH species. In the Si 2p
spectra for 1 h exposure to wet-air, no peak wasemt in the higher energy region of

the substrate Si 2p and 2p, peaks. When the exposure time was increased te mo
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than 12 h, a clear peak appeared at 104 eV initBp &gion for the spectra of C to F,
and attributable to Sii.e., an O atom bound to four Si atom [18,19tork the area
intensity ratio between the substrate peaks an®ibe peak, the Si@thickness was

estimated to be 0.07, 0.22, 0.41, and 0.59 nmdontp C, D, E and F, respectively [20].

(a) : — (b)—
Is Si-OH  Si-O-Si Si2p
12h wet (A)
12h dry (B)
z z
W 42}
5 5 h 3h
= = wet dry (€)
3 3
N N
E g
g g 12h 9h (D)
Z. Z. wet dry
12h 3h
dry wet (E)

536 534 532 530 106 104 102 100 98
Binding energy (eV) Binding Energy (eV)

Fig. 5-3. Normalized XPS spectra in the O 1s (a) &i 2p (b) regions for the
H-terminated Si(100) surfaces The top, the sectal third, the fourth, fifth
and the bottom spectra correspond to points A, BD.Cand E, respectively, in

Figs. 2 and 4.
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TABLE 5-1. Normalized XPS peak area and peak raficghe SiOH and Si-O-Si

species after deconvolution of the O 1s spectra.

sampl Cson/ Cq Cs.0s/Cgq Cson/ Cs.0s
(A) 12 h we 1.21 1.5¢ 0.76¢
®) 12hdn 1.3¢ 0.00¢
(C)12hwet» 3hd 1.4¢ 2.04 0.71:
D)12hwet> 9hd 227 317 0.70¢
E)12hdry> 3hw 3.0€ 1.72 1.7t
(F)12hdry> 9hw 768 3.1 2 4E
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5-3-4 Discussion of minority carrier lifetime andP% results

The initial lifetime in wet-air is higher than that dry-air. Water is partially
dissociatively adsorbed on Si, leading to formatbisi-H and Si-OH [23]. Therefore,
it is very likely that adsorption of water on Hit@nated Si surfaces causes replacement
of Si-H to Si-OH (Figure 5-4b) without formation 8f dangling bonds, resulting in the
higher lifetime. On the other hand, oxygen adsomtequires the formation of strained
Si-O-Si bonds on the surface (Figure 5-4a), propabbulting in the formation of
surface Si dangling bonds. From the above argunitecdn be concluded that surface
OH results in higher lifetime than surface O whikeckbonded OH lowers the lifetime
more greatly than bridge-backbonded O. Thesetsemdicate that Si wafers should be

processed immediately after HF etching or HF-trdt&ewafers be kept in dry-air.

(.‘1) O (b) OH
----\S /_--_ Si == _--_\5‘/._-- mp surface
/o V2N
Si Si Si Si
dry wet

Figure 5-4. Surface chemical species present aiemin exposure in dry- (a)

and wet-air (b). The dotted line represents theudace.

115



When the H-terminated Si surfaces are kept in thie, lifetime is greatly
decreased with time. The lifetime decrease is ethusy attack of back-bonds by
oxygen and water. The faster decrease in wesdiecause OH species (Figure 5-5b)
cannot form network structure, resulting in a higimgling bond density as reported for
native oxide growth on HF-treated Si(111) [21,23}ilev O atoms (Figure 5-5a) can

form network structure (i.e., S leading to a lower density of Si dangling bonds.

(a) (b)
___T Si  =——— ___EI\Si -
SN N
/
Si
dry wet

Figure 5-5. Surface chemical species present efjgosure over time in dry- (a)

and wet-air (b). The dotted line represents theudace.

When the atmosphere is switched from wet- to dry4&ie concentration of
bridge-backbonded O (Figure 5-6a) increases (Caiblel' 5-1), accompanied with an
increase in the lifetime (C in Figure 5-2). By ®hing the atmosphere from dry- to
wet-air, on the other hand, the rate of the lifetidecrease is enhanced (E in Figure 5-
2). These results demonstrate that the densitefafct states resulting from OH species
inserted into the Si-Si backbonds (Figure 5-6binigch higher than that from bridge-

backbonded O atoms.
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(21) after
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/" \ 7\

OH 0
Si
wet dry

(b) after

dry wet

Figure 5-6. Surface chemical species present sftgching at 12 h from wet- to

dry-air (a) and dry- to wet-air (b). The dottedelirepresents the Si surface.

The chemical states of the Si surface changed gl@sposure to dry- and wet-
air, as described above. This leads to changélseirsurface recombination velocity
which directly affects the minority carrier lifetanof the Si wafers. The surface

recombination velocity$ can be estimated using the following equatiod;23]

1 1 1 1 1
— == 4+ = +

2
Tt Touk s Toux O +i (5-5)

m°D  2S
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wherez is the effective lifetimesy,k is the bulk lifetimezs is the surface lifetimed is
the thickness of the Si wafdd, is the hole diffusion constant o2 cnf/s, andSis the
surface recombination velocity. The bulk lifetimg,x is estimated to be190 s,
assuming the iodine passivation completely elinesaurface recombination, and using
this value, the surface recombination veloc8yjs calculated as shown in the vertical

axis of Figures 5-1 and 5-2.

5-3-5 Workfunction changes in wet- and dry-airtstved at 12 h

Figure 5-8 shows the workfunction change of thetkdated Si(100) surfaces
vs. the period of time kept in air. For curvele atmosphere was switched from wet-
to dry-air at 12 h, and vice versa for curve b.r Both the curves, the workfunction
initially decreased. If replacement of surfaceHSie surface Si-OH or Si-O was the
dominant reaction, the workfunction would increldseause a net charge on OH and O
is more negative than H on the surface (Figure)5-Taclusion of OH and/or O in the
Si-Si backbonds (i.e., below the surface), on tierohand, decreases the workfunction
(5-7b). The decrease in the workfunction indicaked insertion of OH and O in the Si-
Si backbonds is dominant over replacement of sarfa¢do OH or O. This mechanism
is in good agreement with the FT-IR observatiort byaleaving HF-treated Si surfaces

in air, Si-O-Si bonds are formed with Si-H bondsiagning on the surfaces [5,6].
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Figure 5-7. Workfunction changes in the presencanaélectronegative chemical

specie above (a) and below (b) the surface.

When the atmosphere was switched from dry-air tt-aire the workfunction
increased (E in Figure 5-7). Replacement of brdgekbonded O to backbonded OH
increases the workfunction, while that of surfacetd surface OH decreases it.
Therefore, it can be concluded that replacemenbaokbond sites is the dominant
reaction. By switching the atmosphere from wet4airdry-air, the workfunction
decreased more rapidly (plot a). This result iatlis that replacement of backbonded
OH to bridge-backbonded O is dominant. These nmesites can also well explain the

lifetime change, as explained above.
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Fig. 5-8. Workfunction changes of the HF-treata@®) surfaces in the
following atmospheres: (a) wet-air switched to diy-at 12 h; (b) dry-air

switched to wet-air at 12 h.
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5-4 Summary

The initial minority carrier lifetime of the H-teimated Si(100) was higher for
Si surfaces exposed to wet-air than Si surfacess®@to dry-air. Surface Si-OH is
formed in wet-air, while strained Si-O-Si is formeddry-air. When the H-terminated
Si surfaces are kept in air, the minority carrfatime is decreased with time, due to the
insertion of O and OH in Si-Si backbonds. Bridgekbonded O forms Si-O-Si
network structure while backbonded OH does not, thedefore, the decrease in the
minority carrier lifetime in wet-air is larger thahat in dry-air. On the other hand,
surface O results in a lower lifetime than surf@t¢. When the atmosphere is switched
between dry-air and wet-air, formation of backbahd® (or OH) is the dominant

reaction.

® In wet-air: Si-OH-bonds> no network formation> high dangling bond
density=> low minority carrier lifetime

(i) In dry-air: Si-O-Si=> network formation~> low dangling bond density>
high minority carrier lifetime

(i)  For Si wafer processing: It is highly recommendeat the Si specimens be
kept in No ambient or processed immediately to prevent the

formation of native oxides
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Chapter VI

General Conclusion
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In this thesis, chemical methods for the improvenoérsolar cell processes and
devices were studied. Ultra-low reflectivity Sirisices were fabricated by the process
called the surface structure chemical transfer (§3@ethod. The ultra-low reflectivity
Si surfaces were then used to produce solar célistly, oxidation in air of the HF-
treated Si wafers was evaluated by minority califietime measurements.

Ultra-low reflectivity (i.e., 2~4%) Si surfaces meproduced by the surface
structure chemical transfer method. A Pt catalytesh was contacted with a Si wafer
in HF:H,O, solutions. The ultra-low reflectivity was attriied to the formation of a
nanocrystalline Si surface having a thickness & dnge between 100 and 150 nm.
Photoluminescence at 670 nm was observed due t@rdsence of Si nanocrystals
whose diameter is ~ 2.5 nm. The increase in macarrier lifetime (i.e., from 1us to
5 us) was attributed to the band-gap widening of Serathe formation of the
nanocrystalline Si layer due to the suppressioelettron-hole pair recombination at
the nanocrystalline Si/Si interface.

High photocurrent density (i.e., 38.8 mAAmmanocrystalline Si/Si structured
solar cells were fabricated without an anti-refl@ctcoating. The pn-junction was
formed simply by spin-doping a P-dopant source dmeonanocrystalline Si/Si structure
and diffusion at high temperature (i.e., 9650 The high photocurrent density was
attributed to the ultra-low reflectivity surfaceealto the absorption of more light. The
open-circuit voltage was not decreased, which melat the surface recombination
was not increased after the formation of the naystalline Si layer. The solar cell
efficiency (i.e., 16.6%) obtained was relativelygini considering no anti-reflection

coating and no passivation methods were performed.
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Exposure of HF-treated Si wafers in air resulth® formation of native oxides
within one-day of exposure. However, dependingtlo®m humidity conditions, the
decrease in minority carrier lifetime varies. letveonditions, interstitial Si-OH species
are dominant which cannot form a network structtesulting to a lower minority
carrier lifetime. In dry-conditions, interstiti&li-O-Si species are dominant which can
form a network structure resulting to higher mitypudarrier lifetime.

The surface structure chemical transfer (SSCT)hatktis a fast and simple
method to produce ultra-low reflectivity Si surfaceHigh photocurrent density Si solar
cells can be easily fabricated from the nanocrlys&lSi/Si structured surface. To
further increase the conversion efficiency of thes8ar cells, a stable passivation
method must be performed, along with the optimizeakjunction formation, edge-

isolation and back-surface field processes.
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