Chapter 1
Introduction

1.1Introduction of Solar Cell Development

1.1.1 Introduction

After the industrial revolution in the T8century, the energy consumption
increased rapidly. The petroleum has played as jarrsaurce of energy since the
mid-20" century.From the first oil crisis in 1973, the oil supplyasn't stable due to
the war, and the rapid changes of economic. Thes,demands of second source
increase and become more and more’ important. Bestle energy saving and
renewable energy were also valued gradually [1€8].the other hand, the world
wide trend of environmental protection has beerscimusness and rose. As shown in
Fig. 1, the emissions of greenhouse gas, suchrbsrcaioxide and methane, which
may come from the use of petroleum, will be selipusstricted. After the Financial
Tsunami in 2008, many countries developed the gteehnology to revive the
economic recession. It is also the most importasiicy of countries to solve the
global warming and the petroleum price jumps. liwka, the government focuses on
seven items of green technology: solar cell, LEhdapower generation, bio-fuel,
hydrogen energy, and fuel cell, most investmentrasdurce are focused on solar cell
in recent years[4].

In general, the green technology is the energyngawand carbon reduction
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technique using renewable energy, such as sunlighd, rain, tides, and geothermal

heat, as shown in Fig. 2 (a) . Nowadays, the smls industry grow rapidly among

these renewable energy, which may be due to iterbebnversion efficiency, lower

cost with technology progress, and easy to setgatar cell power station. The solar

cells applications are shown in Fig. 2 (b) [5].

Currently, the amount of solar cell energy is 08l937% of the total energy

consumption on earth and the cost is around 0.&88matt. But based on EPIA’s

estimation (as shown in Fig. 3), the cost will lmmtuously reduced and the price

may approach around 0.24€.in 2015, which-may caustrong demands at that

moment. The solar cell will play a major role ineegy’s usage, its amount may

further achieve as high as 50%.for world wide eneaurce before 2100[6].

1.1.2 Solar Cell Origins

The solar cell (also called “photovoltaic” or “pbetectric’ cell) is a solid

state electrical device that converts the energligbf directly into electricity by

the photovoltaic effect. The term "photovoltaic"noes from the Greek meaning

"light”, and "voltaic". The photovoltaic effect wéisst recognized in 1839 by French

physicist A. E. Becquerel [7]. However, the firshgbovoltaic cell was built,

by Charles Fritts, who coated the semiconduct@ms@m with an extremely thin



layer of gold to form the junctions until 1883. Thievice was only around 1%

efficient at that time. In 1888, a Russian physjddeksandr Stoletov built the first

photoelectric cell based on the outer photoeledtfiect and discovered by Heinrich

Hertz in earlier 1887. Albert Einstein explainéa fphotoelectric effect in 1905 for

which he received the Nobel Prize in Physics in1I8R Russell Ohl patented the

modern junction semiconductor solar cell in 194f {@8hich was discovered while

working on the series of advances that would leadhe transistor. The modern

photovoltaic cell was developed in 1954 at Bell duatories [10]. The highly

efficient solar cell was first™ developed by Daryl hapin, Calvin Souther

Fuller and Gerald Pearsonin 1954 using a diffuskzbn p-n junction [11].

1.1.3 Mass Applications and Commercial Operation o&olar Industry

Most of the solar cell are used for power plant aodhbined with buildings,

which called Building-Integrated PhotoVoltaics (B1). The solar cell power plant

goes on the road toward “Feed-in Tariff” and grodnastically in the past several

years. The BIPV are the use of photovoltaic mdteria replace the conventional

building materials in parts of the building envedppuch as the roof, skylights, or the

facades [12]. They are being incorporated intodestruction of new buildings as a

principal or ancillary source of electrical powes well. The merit of integrated



photovoltaics on buildings is that the initial casin be offset by reducing the amount

spent on building materials and labor that wouldnmadly be used to construct the

part of the building that the BIPV modules replatieese advantages make BIPV one

of the fastest growing segments of the photovoltadastry [13].

The Europe's first commercial concentrating solawegr tower is PS10 Solar

Power Plant$panish: Planta Solar }0which is near Seville, in Andalucia, Spain.

The 11 megawatt (MW) solar power tower producestetaty with 624 large

movable mirrors called heliostats. It took four gge@o build and so far cost €35

million [14].

In Taiwan, besides the raw material of solar gr&lewe have constructed a

complete supply chain for solar industry. Mostlaf factory concentrated on the cell

manufactory, where we have several types of agth &s crystal, polycrystalline, and

thin-film type solar cell. The cell materials argatse and contain with Si, SiGe, and

CIS-like materials. The system-integration, the emers, and the power plant

installation are also highly concentrated in Taiwahe module and the Si ingot

suppliers are the minority in Taiwan'’s solar inay$1L5].

1.1.4 Solar Cell Fundamentals

A basic structure of solar cell is a combinationsefniconductor p-n junction.



When a p-type semiconductor contacts with a n-sgmiconductor, electron and hole

will be recombined with each other near the p-ntacinregion. The depletion region

is then formed. When sunshine irradiates the pantjan, electron and hole pairs are

generated in the depletion region. Due to the engst of the built-in electric field,

electrons are swept into the n-region and the hatesswept to the p-region. If the

electrodes are connected, the movement of camwiéri;nduce the photocurrent.

That is the simplest solar cell, as shown in FifiL&].

From the view of process, the silicon (Si) solaltscare formed by a thin and

heavily doped n-type layer, which contacted witthek and lightly doped p-type

substrate, as shown in Fig. 5. An anti reflectidnR() coating layer will also be

capped on top, which is the_side of light incidand this layer will serve to guide

light into the PV Cell. Without this A.R. layer, msitoof the light would bounce off the

surface of the cell. On the top of A.R. layer, ansparent and protective adhesive

layer is also needed. The layer used for solarecelapsulation, may be made of glass

or other clear material such clear plastic, sd@scell from the external environment.

Back contact, made out of a metal, covers the eeriack surface and acts as a

conductor, as shown in Fig. 6[17].

Different solar cell materials display differenfiefiencies and have different costs.

Materials for efficient solar cells must have cludeastics matched to the spectrum of



available light. Some cells are designed to effitie convert wavelengths of solar

light that reach the earth surface. However, soolar <ells are optimized for light

absorption beyond earth's atmosphere as well. lagbbrbing materials can often be

used in multiple physical configurations to takevattage of different light

absorption and charge separation mechanisms. Mistepresently used for

photovoltaic solar cells include monocrystalline licen, polycrystalline

silicon, amorphous silicon, cadmium telluride, aagper indium selenide/sulfide , as

shown in Fig. 7 [18].

Many currently available solar cells are-made froutk materials that are cut

into wafers between 180 to 240 micrometers thi@k Hre then processed like other

semiconductors. Other materials -are made . as this-fayers, organic dyes, and

organic polymers that are deposited on supportitigtsates. A third group are made

from nanocrystals and used as quantum dots (etectofined nanopatrticles). Silicon

remains the only material that is well-researchedboth bulk and thin-film forms

[19].

As summarized in Fig. 8, the high efficiency singtgstal (S.C.) solar cell startup

from 1980s. The S.C. solar cells are developed bpant diffusion in high

temperature driven-in process. (Complicated diffosi oxidation passivation,

photomasking, up to 10aD) The S.C. solar cell showed a break-through efficy



about 20% by Stanford University in 1987, and fartboosted by University New

South Wealth toward efficiency around 22%~24% fro@90 to 1995. In addition,

from Table Y, the muti-crystalline Si solar celagtp from 1984s. The M. C. solar

cell are developed by ....process. The M. C. solirstewed efficiency about 15%

by Solarex in 1985, and further boosted by Univgrdlew South Wealth toward

efficiency around 19% in 1998s. Also, from Table tife amorphous Si solar cell

startup from 1976s. The a-Si solar cells are dgezldoy CVD process. (Complicated

diffusion, oxidation passivation, photomasking) TheSi. solar cell showed an

efficiency about 7% by Solarex in 1986, and furtheosted by United Solar toward

efficiency around 9%-~11.5% from 1992 to 1999. Nowe, discuss about HIT solar

cell. From the literature [20], the HIT solar cellee developed by CVD. (Formation

of pn junction, BSF are all completed by PECVD,sldhan 20@ ) The main

company to research and develop HIT solar celbisy8 which started R&D in 1990.

It has been reached high-efficiency around 23%0DO21].

1.2 Comparisons of Solar Cells

Now, we compared all kinds of Si based solar casshown in Table 1, and Fig.

9. The c-Si solar cells, poly Si solar cells, antT KHolar cells used Si wafer as

substrate, except a-Si (thin film) solar cells whised glass. Generally, we used



chemical vapor deposition (CVD) as process toolcokding to the Table, low

pressure chemical vapor deposition (LPCVD) was lhswsed to deposit c-Si and

poly-Si solar cells, and plasma enhanced chemiapbwr deposition (PECVD) was

used to deposit a-Si (thin film) and HIT solar sellhen, the maximum process

temperatures are different depend on types of smdis. The maximum process

temperature of c-Si and poly-Si was the same a&6%Md a-Si (thin film) solar cell

is 200C. In addition, the maximum process temperature Gf sblar cell was the

range from 150~20Q . Further, the report efficiency and absorption @lamgth were

shown. The report efficiencies of c-Si, poly-SiSafthin film), and HIT solar cells

were >16%, >14%, >8%, and >18%, respectively. Tisogtion wavelengths of c-Si,

poly-Si, and HIT solar cells‘were from 300 nm tadQ@Inm, expect a-Si (thin film)

solar cell was from 300 nm to 900 nm. According Tiable, we can observe there are

lowest maximum process temperature and highesttreffciency in HIT solar cell

fabrication. Therefore, the HIT solar cell processsensumed lower energy and reach

higher efficiency [22].

1.3 HIT Solar Cell fundamental technologies and toard high efficiency

Efficiency increase and cost down are the key teeldp solar cell. According to

the literature, the maximum efficiency of heteration with intrinsic thin-layer solar



cells (HIT solar cell) which deposited on speciahdnd of Si wafer can reach around

23%, and it is potentially and become the mainastref Si-based solar cell in the

future. Therefore, according to the literature, thied to deposit single-side and

double-side (with back side contact) HIT solar $ethen, do the post-anneah H

treatment in order to increase the efficiency. tidiaon, in this case, we used

40.68MHz very high frequency plasma enhanced chami@por deposition

(VHF-PECVD) to deposit Si solar cell in order tovegrocess gas and reduce cost

[23].

In the page, the c-Si solar.cell and the HIT sckll are compared, as shown in

Fig. 10. In the conventional solar cell, the emidepth is deep, which limited the

incident photon flux to the pn junction and wafdence, the solar cell photo current

will be limited. On the other side, the diffusiamstruments to precede the diffusion

process will cost a lot of money, and it also reegiia higher process temperature.

However, in the HIT structure, it has a shallow tenj which is made by the CVD

deposition in a very low process temperature arld a/ivery thin emitter layer on the

surface (about 10nm order) Besides, the back cobwofabase region may also be

passivated to lower the density of surface defétth the passivation in the back

contact, the carrier transport may be enhancedrandxtraction of photo current will

also be increased. These features can make theabstirb more light and extract



more photo-electric current, respectively. TherefétIT solar cell is promising in the
future [24].

The first part of paper review is the fundamentadsHIT solar cell and its
simulation. Before discussing the HIT fundamentalshow two types of HIT solar
cell. First, is the single-side HIT solar cell, &gsown in Fig. 11 (a), the a-Si emitter
and a-Si intrinsic layer was continuously deposibedwafer and the metal on the
backside is directly without depositing any Si film addition, if the single-side HIT
with a intrinsic and doping a-Si layers on backsmkich contacts to the metal, is
called double-side HIT solar cell, as shown in_ Hig. (b). Sometimes, the ITO is
deposited between a-Si layer and metal to enhdreceqitical back reflection. If the
metal is suitable, ITO can be neglected and tHgeelormance is still well [25].
There are two type of HIT solar cell as shown ig. B2 (a) (b). The difference is the
use of substrate dopant, one is n-type and the a@hztype. In the view of energy
bandgap, we may understand the HIT solar cell ml@arly. The principle of HIT is
to use a wide bandgap material as doping layernatieg, which contact to c-Si
substrate. The wide bandgap material can increeséght transmission. Therefore,
the c-Si substrate absorbs more light and the péletdric current is increased.
Furthermore, with the doping layer, only one typecarriers (electron or hole) can

flow into the doping layer in the only one directidBut one drawback needs to be
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overcome is a larger barrier in the interface dige doping layer and the c-Si
substrate[26].

Furthermore, we can understand the fundamentalblldf solar cell through
simulation, as shown in Fig. 13. Before discusdimg device properties, we must
know the material parameters in simulation. Theapeters of c-Si is well-known
and easy to be obtained, however, the parametexsSgafic-Si and poly Si should be
observed from the experiments. In the page, wedadkiagle-side HIT solar cell as an
example. We may observe that by inserting a veiryititrinsic a-Si between doped
emitter layer and c-Si wafer_can increase.the @eVioc and efficiency. But if the
intrinsic a-Si is too thick, the Voc and FF willaease and the efficiency will also
decrease. Therefore, inserting. intrinsic a-Si_betwedoping layer and substrate is
needed. But the thickness must be optimized [27].

In Fig. 14, | show the HIT solar cell performancadar long-term light
illumination. Although the a-Si film is used as i#er or back contact passivation
layer in HIT device, however, after a long time espre, there is no significant
photo-induced degradation. Its long-term stabiktynuch better than the a-Si based
thin-film solar cell, which usually has a degradatratio about 20%. In addition, the
table 2 was about several kinds of solar cell mactofies and research institutes and

the information of the wafer types they used foiT Hlolar cell. Sanyo company
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research HIT solar cell several years and fabric#te highest efficiency HIT solar

cell. The CZ and FZ wafer showed a similar HIT sakll performance, but the price

of FZ wafer is higher than the CZ wafer. Besidhs, use of wafer types (n-doped and

p-doped) will not show any significant differenceHIT solar cell performance [28].

1.4 Issues of HIT Film Growth and Cell Process

1.4.1 Interface issue

As for the role of a-Si layer between emitter a#fsi gvafer, we may explain in the

page. In the real case, the truncated c-Si wafdasaiis defective and with a lot of

dangling that may require addition hydrogen to pass the surface defects. In the

view of material, a-Si is a natural passivatiorelayfhe high hydrogen content in the

a-Si film may changed with its crystallinity. As wan see in Fig. 15, when the a-Si

film (with low crystallinity) transferred into uctS (with high crystallinity) the

hydrogen concentration will significantly reducedlVe may adjust the film

crystallinity by controlling the hydrogen dilutioratio, is the Sid and H ration,

when we deposited the Si thin film. Therefore, waynuse the proper Si thin film

with optimized hydrogen concentration to passivhésurface defect on the interface

between emitter and c-Si wafer.. But, it will alse a critical challenge to deposite a

ultra thin film on c-Si surface [29].
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1.4.2 Surface texture issue

Here, we discuss the effects of c-Si surface mdggyoand texture on cell

performance. In table 3, the author use planartsatbsas baseline to optimize the

process to obtain a high-performance HIT solar. delis found that with a planar

wafer as the substrate, it will more easier to nlesssome tiny changes in HIT cell

between different process. Besides, in the autlexperiment, they also indicate that

after depositing emitter and back contact, theieatifetime is over 700us and the

Voc is over 0.68. The high Voc is attributed to gep wafer surface clean and fast

transition before depositing. When the author elgtdia high performance planr HIT

cell, they textured the c-Si substrate to achieviigher efficiency device. It is

difficult to clean a texture wafer surface-well atfict texture substrate HIT has a

lower Voc. As a result, it is necessary to adjusfase clean process well. Take an

example from NREL, they used RCA1 and RCA2 as cfmacess after texturing the

substrate. It can enhance Voc up to as high as@6&v volt in texture HIT device

and increase the Jsc, too. The SEM image, as shoviAlg. 16 (a), showed the

pyramidal texture surface from NREL. The size ssl¢han 10um is proper for HIT

solar cell. The TEM image, as shown in Fig. 16 (®n confirm high-quality

conformal coating for a-Si and ITO. NREL concludedt with a well cleaned texture

surface and a high a-Si film coverage on c-Si waferthe key of high Voc texture
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device [30].

1.4.3 Contact optimization issue

Here, we discuss the effect of doping layer andtaminon HIT solar cell

performance. In Fig. 17, it is usually to deposiSiaintrinsic layer at a lower

temperature. (less than I80. In NREL's research, by increasing n-layer deposi

temperature. can increase the Voc in HIT device. lliecause that a higher deposition

temperature in doping layer can provide a morecéffe activation for dopant irons

and a good quality film in a optimized -temperatuBait at a higher deposition

temperature, it may degrade the-film:quality. angada interdiffusion between the

emitter and c-Si. In table 4, by using the deposiparameter of emitter a-Si in the

single-side HIT solar cell on the backside of deukide HIT solar cell, we may

fabricate as a-Si passivation layer in back contBlserefore, the simple double-side

HIT solar cell can be made. As we can observeHiiedevice with a back-contact

passivation will have a higher deice Voc [31].

1.4.4 1TO film deposition issues

Fig.18 shows the effect of doping concentratio,j éayer, and ITO on HIT. ITO

can increase the current extracting area and aBgisb decrease the contact barrier

with electrode.
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Therefore, ITO layer is necessary. When the ITCelag present, large doping

concentration and thickness of a-Si doping layereguired to maintain reasonable

diode behavior. On the other hand, if the ITO laigerexcluded, the device is a

classical p-n diode, the a-Si:H doping and thicknéswve a significantly less

pronounced effect on Voc

Now, | explain the effect of ITO electron densitydasurface recombination on

HIT. Fig. 19 (a) shows the dependence of a p-widf@rcell open-circuit voltage Voc

on the electron density in the doped a-Si:H laBeccause of the strong n-type doping

in the ITO, the electron density in the adjacei:#&t has a small effect on the device

performance.

Fig. 19 (b) shows the dependence of Voc on surfacembination. When the

p-HIT back with a-Si, the Voc dropped slowly. Whasethe front with/without a-Si,

the Voc also dropped significantly. In practickere is a large lattice mismatch

between c¢-Si and ITO, which can create interfackeaie By inserting a-Si:H

between the c-Si and ITO layers, the a-Si:H lagemt a buffer that is important for

surface passivation but otherwise has little inflcte2on device performance.

1.5 Motivations

In this study, we tried to deposit a high efficigndIT solar cell and find a
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treatment method to improve HIT cell efficiency.eTmethod may be with a high

feasibility and easy to integrate into the deposifrocess[32].

In the initial stage of our experiment, we will dsg the Si film for solar cell

fabrication. The intrinsic, n-type, and p-type Bng will be deposited. We will find

out the optimized process and try to control thestalline of the Si films under a high

deposition rate. The transition of amorphous anlg poystalline Si films, which are

intrinsic and un-doped, will be studied and comélin the sequence of our

experiments. As for n-type and p-type Si films, ethiare used as contact layer in

solar cell, will be deposited under different daptoncentration. The film resistance

and its crystalline will also be studied[33].

After we well-controlled the Si films for solar teleposition, we will try to find

out the key to high efficiency HIT solar cell. Wéllwise computer-assisted designed

(CAD) software, which is AMPS 1D, to simulate théTHsolar cell properties. We

will try the study the correlation of Si film chataristics to HIT solar cell efficiency.

The Si film characteristics, such as defect distrdn, film thickness, and doping

properties, will be studied for optimizing the HEblar cells. We may find out an

optimized structure and film properties for HIT aotells[34].

From the experiments of Si film deposition and salall simulation, we may

understand the key to high efficiency HIT solarl.c&e may propose a new
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methodology to improve HIT solar cell efficiency. e\propose the usage of the
hydrogen (H) plasma to treat the HIT solar cell, which treatinis preceded in very
high frequency chemical vapor deposition (VHF-CV&)stem. With the usage of
VHF plasma source (41.56MHz), a high efficiency adogv ion bombardment
treatment may be achieved [35].

In order to further increase the HIT solar celli@éincy, the post-deposition
process is also studied. A low temperature anddrtig@rmal anneal may be required
to high efficiency HIT solar cell. The impact of RTemperature will be studied and
the optimized process will also be found to enhaheeHIT solar cell efficiency.

Then, before we deposited HIT solar cell, we usedAMPS to simulate the device
performance. From 1D-AMPS simulation, we can obtaia relationship of i-layer
thickness, doping concentration, defect density liidsolar cell efficiency. Finally,

we can find the optimized condition to deposit Klar cell [36].

According the literature [37], now, we induced @atment- post FHplasma treatment
- to improve solar cell performance.

Paper review two: Influence of hydrogen plasma di Burface passivation and
performance. The Fig. 20 shows the dependencefedtie®e surface recombination
velocity on the deposition temperature with diffdgrec-Si surface passivation

treatment. When using ;Hplasma treatment, the effective surface recomioinat
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velocity is lowest. The Fig. 21 is the measuredetielence of effective lifetime on the

excess carrier density and the simulation resalt$wo samples with deposition temp.

is 300C And two treatments of the c-Si surface: HF dige~&nd hydrogen plasma.

Excellent fitting is achieved in this fig. and ugiRl2 plasma treatment can make the

effective lifetime higher than HF dip. Therefore? idlasma is the best c-Si surface

passivition method [38].

As mentioned above, we know post plasma treatment can improve HIT solar cell

performance. Therefore, we assumed another anneapid thermal annealing

(RTA) — also improve HIT solar cell performance dam tried. We will show the

experiment result in the chapter 5.
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Chapter 2

Optimization of Si Thin-film Deposition for HIT sol ar cell

2.1 Introduction

In this chapter, we tried to optimization of SirtHilm deposition for HIT solar
cell. First, we use 40.68MHz PECVD (VHF-PECVD) , sisown in Fig. 22, to
deposit intrinsic Si thin films (i-Si) and doped-tffpe or n-type) Si thin films by
well-control its crystalline (Xc) under_high depisin rate. Raman analysis can help
to estimate all kinds of crystalline (Xc) of Sinhilms, and XRD analysis can also
estimate it. In addition, SEM images of plan-viemdaross section show us the Si
thin films morphology directly. P-10 was used tdiraate film thickness of Si thin
films, and four-point probe was also used to edenshieet resistance of these Si thin

films.[39]

2.1.1 VHF-PECVD
In order to enhance deposition rate of Si film, wged the very high frequency
plasma enhances chemical vapor deposition (40.68MHE-PECVD), which was

set in ITRI (Fig.22). The plasma frequency was eéased from 13.56 MHz to
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40.68MHz so that the deposition rate can be inegés 8A / sec) and the quality of
Si films was still well. In addition, the higher miesition rate resulted in lower gas

consumption [40].

2.1.2 Raman intro. & Xc definition

The Raman spectrum was relative to molecular vimagnergy. When incident
photon interacted with molecular, the electronsgathfrom basic state to the virtual
state. The molecular released the energy by seajtevithout absorb it. If the
released energy was equal to one of incident phabkenscattering light was called
Rayleigh scattering, as shown in Fig.23. If theaskd energy was not equal to one of
incident photon, the scattering light was calledn@a scattering. And the loss energy
of photon scattering was called Stokes scattering,increase energy was called
anti-Stokes scattering. Generally, Raman spectrugtected the difference of
scattering photon and incident photon, and it waléed Raman shift, which was
molecular vibration energy. One of a million inarigphoton scattered by sample
molecular, most of scattering light was Rayleiglatsring, and Raman scattering
intensity was only around one of a thousand Rallaigattering. Raman spectrum
was the vibration spectrum of measuring moleculegctly, and it can qualify the

matter qualitatively. The tiny change of matteusture reflected in Raman spectrum
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sensitively. Therefore, it can be used to rese#nehchange of matter structure in

physical, chemical, or all aspect.

The Raman spectrum we showed in this report was Horiba HR800system,

which system had two Laser sources: He/Ne Laserdl@agth: 632.8 nm) and Ar

Laser (wavelength: 514.5 nm). We used the longeelgagth He/Ne Laser to reduce

the possibility of Si films crystalline caused bgder anneal. In addition, the

absorption coefficient of longer wavelength Laseswmaller than shorter one.

Therefore, the He/Ne Laser penetrated more dekply Ar Laser, and got more Si

film information. Further, we used 2400 gratingriorease resolution, and open filter

to reduce Laser intensity, preventing Laser anfieal crystallizing Si film. The Fig.

24 shows the process of angular dispersion [41].

2.1.3 XRD intro. & Xc orientation

Bragg’s Law and Diffraction

The atomic planes of a crystal cause an incideambef X-rays to interfere with

one another as they leave the crystal. In somealentiangle, the crystal face will

diffract the x-ray beams with same phase. Whendifference is as the integer of

incident x-ray wavelength, a construction diffraatipattern will be appeared, as
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shown in Fig. 25. When the condition is achievéd} s the Bragg's Law [42]:
2dsirb=n A Eq. 1
The different crystal structure will result in agifent composition of {2 hkl}
Hence, we can use the x-ray diffraction pattern, mey determine the materials
crystalline and its crystal structure. The diffarerystals show its characteristic6{2
hkl}. In real application, the single crystal anolyrrystalline are used for distinguish

the material x-ray diffraction pattern.

XRD analysis

The x-ray diffraction data was measured by Bede \Wtich is high resolution
x-ray characteristic instrument. from NDL. The x-rengtrument is both with high
current (50mA) and low current (2mA) beams withederation voltage about 40KV.
The operation power is from 80W to 2000W. The swysis also contained with
graphite monochromator, dual channel analyzer akyand double crystal channel.

The resolution is 5, 12, 25 arc sec on differemtnctel detector.

P-10 intro.

The P-10 Surface Profiler is a high-sensitivity face profiler that measure

micro-roughness, waviness, and step height in iatyaof applications. It features the
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ability to measure micro-roughness with 1A resolutover short distances as well as
waviness over a full, 60-mm scan.

The P-10 provides the following features: Measumdmef vertical features
ranging from under 100A to approximately 0.3 mmthva vertical resolution of 1 or
25A. In addition, the profiling performance suchsasn length, scan speed, sample

rate....etc., as shown in Table X.

4-probes intro.

The four-probes (Type: 280p) is manufactured byrHdimensions Inc. It is
none- gas requirement, and the sample substrgidyige or n-type Si wafer. The
substrate size is larger 5ghtm.

The Si thin film with void free and crystalline amed 50-70% is achieved. Finally,
high quality Si thin films with low sheet resistan¢~order of 10 K2/[ ]) and
crystalline around 70% are achieved. The p-typiiSifilm with low sheet resistance
(9.7 kQ/[]) and 66% Xc can be deposited under depositionafa0A/s, and the
n-type Si thin film with low sheet resistance (1XM/ ) and 69% Xc can be

deposited under deposition rate of 5.6 A/s.
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2.2 Intrinsic Si Film Deposition

First, we tried to deposit intrinsic Si (i-Si) thfihims. It is important part of HIT
solar cell. For mass production of HIT solar célle requirements of i-Si film are
high deposition rate, high quality, and well-cotid crystalline (Xc), as shown in
the Table 5. The Xc of i-Si films by Raman spectramthe Fig. 26 shown. Therefore,

depends on the position of Raman peak, we canlatdcdc by Eq. 2. [43]

Xc(%)=(ls1ot1520)/(la0+ 1510+ I520) Eq 2.

In our experiment, the deposition rates of thesapdas are as high as 9.5~11.4
A/s. We changed the Hlow from 1800 to 150 sccm and fixed the $itdw rate at
30 sccm, the crystalline (Xc) changes as the/Bikratio, which changes from 85 to
0 %. It indicates that we can control the Xc welldnange the of SiiH, ratio. In Fig.
27, the plan-view and cross section SEM imagedrs fwere shown, which Si film

were void free and the Xc were around 50% to 70%.

2.3 P-type/N-type Si Film Deposition
2.3.1 Optimization of [P] concentration for Si thinfilm for HIT solar cell

In these experiments, we based on experiment obsign i-Si film. We
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optimized the n-type Si thin film, and adjusting @oping concentration by changing
PH; flow rate. We deposited n-type Si films under bsitate temperature and the
plasma power were set to 200 and 300W. The deposition pressure was around
4Torr, and the deposition time was 200 sec. Inelesious, the [Sill / [H2] was
fixed at 15/800 sccm, and the [RHwvas changed as 1, 3, 5, 8, 10 sccm. The
deposition rates of these n-type Si thin films wareund 6 A/s. As the Table 6
respectively, we found that the Xc changed with ¢hanges of [Pk. The higher
[PHg] flow rate will result in a Si film with lower XcFrom Raman spectrum, as
shown in Fig. 28, the [P#flow rate increased from 3 sccm to 5sccm, and@ns
(A02/A03/A04), the Xc were decreased from 72.4%7t8%, and 66.6%The
reducedof Xc may also be found.in XRD spectrum, which XRIgnals were also
decreased with the increase of PPHow rate, as shown in Fig. 29. Besides, the
relationship of sheet resistan€@/) and [PH] flow rate was also shown in Fig. 30.
The sheet resistance decreases when theg] [fRiwv rate increased. A drastically
reduce of sheet resistance was found, when thg] [[Riw rate was over 8 sccm. A
lowest reduce sheet resistance may be as low a£2:3, when a [SiH]/[PH3] ration
was around 15/8 sccm.

In addition, we can observe the relationship of cd#jpn rate and [P]

concentration. As shown in the Fig. 31, the depwmsitate (D.R.) increased with
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increases of [P§] flow rate. The relationship of Xc and [P] conaatibn is the same

as Fig. 30 shown. However, when the fPfibw rate is higher than 8 sccm, as high

as 10 sccm. The sheet resistance will not be furddiced, but increased to 3®J.

That implied the higher [P4i flow rate may induce a doping poisoning in thilmf

growth. That will impacts film quality and introdeicefects in Si film.

Consequently, we choose three deposition condit{@@2/A03/A04) for solar

cell n-type contact layer. We measured dark IV earof these three devices, as

shown in Table 7. The dark IV analysis was showRigm 32, and Fig. 33. As shown

in these two figures, when the [ElHlow rate increased, the on-curreng,(lalso

increased. We may also found that the device atesturrent k) can also be kept

the same in higher [PHflow rate.

From the summary of Fig. 34, a better on-currem)(imay be achieved when the

[PHs] flow rate increase. In addition, Fig. 35 showhd /R, which extra plot from

the slope of lon current vs. voltage, may be ineeda when the [P# flow rate

increases.

2.3.2 Optimization H, flow for growth Si thin-film of HIT solar cell

In this section, we optimized the n-type Si thimfby adjusting the KHflow. The

[SiH4] / [PH3] flow rate was fixed as 15/8 sccm, and the][fbw rates were changed
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from 300 to 2000 sccm. The deposition rates ofaheith a n-type Si thin films are
around 4.5~6 A/s. As shown in the Table 8, the Kanged as a function of jHflow
rate. Higher [H] flow rate, the Si film showed a higher Xc. FronarRan spectrum
(Fig. 36), when the [B flow rates increased from 800/1000/1200 sccm
(BO3/B04/B05), the Xc were increased from 68.7%784% and 79.1%In XRD
spectrum (Fig. 37), all Si films show a significghfil) and (220) orientation signals.
According to these results, we can observe théioakhip of sheet resistance ang H
flow. As shown in Fig. 38, sheet resistance dee®aghen the Kflow increased
from 300 sccm to 800 sccm; under_a fixed [SiH4]/BPHatio around 15/8 sccm.
However, when the [H flow rate is higher than 800 sccm, the sheetstasce will
not increase with high [Hi flow rates; which were as high as 1000 sccm @02&ccm.
In other words, sheet resistance had a inflectiointpat [H,] flow rate around 800
sccm. It may reveal that the higher,JHHow rate was not good for doping incorporate
or activation in Si film.

Besides, the deposition rate (D.R.) decreased wheehb flow increased, and the
Xc will monotonically increased with the increadeHs flow rate, as shown in Fig. 39.
In order to improve the doping efficiency in thefin, a higher [SiH] flow rate may

be also required in higher §Hlow rate.
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2.3.3 Optimization of [B] concentration Si thin-film for HIT solar cell

Finally, we tried to optimize of the p-type Si thiitm by adjusting the [BHg]
flow rate. The deposit condition were under a substrate temtyrer and a plasma
power about 200, 330W. The deposition pressure was setted to 4, Bod the
deposition time was 200 sec. The [giH[H,] flow rate was fixed as 15/1200 sccm,
and [BHg] is changed from 1 sccm to 10 sccm. The depositbes of these p-type
Si thin films were around 7.2~7.8 A/s. As showrttia Table 9, the Xc changed as a
function of [BHe]. With a higher [BHg¢], the Si films show a lower Xc. From
Raman spectrum (as shown .in Fig. 40), when thel{Bincreased from 3 sccm to 5
sccm and 8 sccm (C02/C03/C04), the Xc decrease$%B4<50%/ amorphous).
According to these results, we can observe thaioakhip of sheet resistance and
[B2oHg] flow rate, as shown in Fig. 41, the sheet res=ta(S.R.) increased when the
[B2Hg] flow rate increased in low [Big] flow rate. Under a fixed [Sik} and [H]
flow rate, when we increased the,Hg] flow rate as high as 5sccm or more, the Xc
will significant degraded and even disappeared. filimewill lose its crystalline when
the [B;H¢] flow rate is high, as shown in Fig. 41 and Fig@. &he amorphous type
p-type Si film may be observed, as shown in the &arspectrum and the sheet
resistance will drastically jump to the order of Itio. Besides, the Xc will be

reduced when the PBl¢] flow rate increased.
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2.3.4 Optimization H, flow for Si thin-film growth of HIT solar cell (p- type
doped Si film),

In order to optimize the p-type Si thin film, wéett to adjust the [k flow rates
to improve its crystalline. The deposition condisowere the same as previous
section. The [Sil] / [B.H¢] flow rate was fixed as 15/5 sccm, and the][fibw rate
was changed from 300 sccm to 2000 sccm. The deposdtes of these p-type Si
thin films are around 8~9.3 A/s. As shown in thél€al0, the Xc may be changed
the [H,] flow rate. The Si film with higher [B flow rate will show a higher Xc. At
the same condition, the sheet resistance may beefunduced from 200/ o to less
than 10 K/o. From Raman spectrum (Fig. 43), J]Hlow rate increased from
1200/1600/2000 sccm (D05/D06/D07), the Xc increageaD% /66.1% /73.2%).
From the XRD spectrum (Fig. 44), the XRD signalSoffilm will also be enhanced
with higher [H] flow rate. According to these results, we canenbs the relationship
of sheet resistance and, low, as shown in Fig. 45. The sheet resistanc®.§S
decreased when the flow rate increased, the deposition rate alsoetesed with the

increase of [H2] flow rate, as shown in Fig. 46.

2.3.5 Optimization of growth Si thin-film for HIT s olar cell (p-type / n-type Si)

-29-



In summary, we can optimize the doped (p-type ype}t Si thin film with high
deposition rate (>5 A/s) and low sheet resistard® /o), under well-controlled
crystalline (Xc) around 60~70%, as shown in thel@dd. From Raman spectrum
(Fig. 47 (a) and Fig. 47 (b)), we can observe tlteoKn-type Si thin film as about
69%, and p-type Si thin film was about 66%. Therefaoped (p-type / n-type) Si
film with low sheet resistance (~order of 10K ]) and crystalline around 70% is
achieved. The SEM images showed that the dopelirSfilms were with grains and

clear column shape and void free, as shown inddda)-~ (b).
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Chapter 3
HIT Solar Cell Simulation & Deposition Optimization

3.A HIT Solar Cell Simulation
3.A.1 Introduction

In this context, we used AMPS-1D to simulate HITasaell performance for
deposition optimization. First, we can know theati@inship of i-a-Si film thickness
and efficiency of HIT solar cell by AMPS-1D. Theoptimization of i-a-Si film
thickness. The relationship of doping concentratiad efficiency of HIT solar cell ,
and the cap layer doping concentration in HIT sckll. Finally, the relationship of
defect density and efficiency of HIT solar cell dae verified. As the result, we can
find optimization parameter to deposit HIT solall by AMPA-1D simulation. Then,

we introduced the HIT solar cell fabrication in @8vHz VHF-PECVD.

3.A.2 HIT Solar Cell Structure Simulation (AMPS-1D)
3.2.A.2.1 i-a-Si Film Thickness vs. Efficiency

In this study, we used AMPS-1D to simulate HIT satall performance by
adjusting its i-a-Si film thickness, as shown ig.F49. When the i-a-Si film thickness
was increased from 1 nm to 5 nm, the solar ceitieficy was increased from 13.91

% to 14.05 %. We can see this result in photo bU¥e, as shown in Fig. 50. Further,
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when the i-a-Si film thickness was increased frommd to 20 nm, the solar cell
efficiency was degraded from 14.05 % to 12.17 %. &&e also see this result in
photo |-V curve, as shown in Table 12. As the resmhen the i-a-Si film thickness
was 5 nm, the maximum HIT solar cell efficiency veahieved, as shown in Fig. 51
(a). However, when the i-a-Si film thickness wasr@ased from 5 nm to 20 nm, the
fill factor (F.F.) was decreased from 0.851 to @,7dnd the efficiency also dropped.
The Fig. 51 (b) also showed this trend. The shioztiit current density (Jsc) and open
circuit voltage (Voc) didn’'t change significantlyhen the i-a-Si film thickness was

increased[44].

3.2.A.2 Doping concentration vs. Efficiency

Now, we used AMPS-1D to simulate HIT solar cellfpenance by adjusting the
doping layer's concentration, as shown in Fig. Bthen the doping concentration
was increased from 10cm® to 16! cm®, the solar cell efficiency was increased from
10.86 % to 13.14 %. We can see this result in phdtaurve, as shown in Fig. 53. In
addition, when i-a-Si film thickness was increase, fill factor (F.F.) and the open
circuit voltage (Voc) were also increased. The W&s increased from 0.787 to 0.846,
and the open circuit voltage (Voc) was increasethf).638 V to 0.728 V, as shown

in Table 13. The Fig. 54 also showed this trendpeEmlly, when the doping
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concentration was over cm®, the HIT solar cell efficiency, F.F. and Voc were

increased significantly, as Fig. 54 (bjc). shown.

3.2.A.3 Defect density vs. Efficiency

Now, we used AMPS-1D to simulate HIT solar cellfpenance by adjusting its
defect density (localized bonded states), as showg. 55. When the defect density
was increased from 1§ cm® to 4x10* cm®, the solar cell efficiency was decreased
from 11.587 % to 3.426 %. We can see this resyhto I-V curve, as shown in Fig.
56. In addition, when defect density was increasieel fill factor (F.F.) and the open
circuit voltage (Voc) were-both decreased. The fks decreased from 0.807 to
0.458, and the open circuit voltage (Voc) was oesed from 0.664 V to 0.374 V, as
shown in Table 14. The Fig. 57 also showed thisdrd&specially, when the defect
density was less then f@&ni®, the HIT solar cell efficiency, F.F. and Voc wéetter,

as Fig. 57. shown.

3.B HIT Solar Cell Layer Growth
The structure of p-type wafer HIT solar cell ance tborresponding energy
bandgap are shown in Fig. 58. According to theditere [X], intrinsic amorphous Si

(i-a-Si) film was firstly deposited on both sidek mtype c-Si substrate. Then, the
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n-type a-Si films were deposited on i-a-Si. In otleords, n-type amorphous Si

(n-a-Si) film was deposited on the front side, artype amorphous Si (p-a-Si) film

was deposited on the back side. It is symmetriccaire with different contact layer.

Finally, the ITO was on the top of HIT solar cell.

Now, we tried to deposit HIT solar cell by using F##ECVD (40.68MHz) in

ITRI. The VHF-PECVD, as shown in Fig. 59, was mené&d in chapter 2. First, we

deposited single side HIT solar cell, then, theldeside HIT solar cell was made, as

shown in Fig. 60.

For HIT solar cell deposition, we used a p-typei caafer with double-side

polished. The wafer is also'<100> oriented, 250a@bthick, and 0.5-% cm. Before

deposition, we used standard RCA clean to remoed#iticles and the native oxide

on c-Si wafer surface. Before deposition, a dilwdrofluoric acid (DHF) (1% in DI

water, 1min) was used to remove the surface oXiiein-situ deposited an intrinsic

a-Si layer, and a n-type doped a-Si layer. ThelT,Galayer was fully deposited on

c-Si substratel'he electrodes (Ti/Ag) were also evaporated on bimtés: n-a-Si layer

and c-Si substrate. In front of the wafer, we us@adask to pattern the top electrodes.

In this experiment, we deposited two types of HEfucgure for electrical

measurement. First, it is the single side devidaickvwas used for deposition a-Si

films and optimized its structure. The single ditl@ solar cell fabrication was shown
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in Fig. 61. The other is a double side HIT soldt, a¢hich was with a highly doped
p-type a-Si film for back side contact. The doudilie HIT solar cell is a full structure
of HIT solar cell, we may also measure the devindeu light illumination. The

double side HIT solar cell fabrication was showirig. 62 [45,46]
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Chapter 4
Part A: Post H, Plasma Treatment Process on HIT solar cell
4.1 Introduction
In this chapter, we proposed a process to imprdiesdlar cell performance. We
used a post FHplasma treatment on HIT solar cell[47]. The deypegformance, both
dark IV curves and photo IV curves were verifiedthis chapter. Finally, we also
used the external quantum efficiency (E.Q.E.) memmsant on HIT solar cell to

observe the changes of HIT solar cell after treatme

4.2 Solar Cell Deposition and Paost HPlasma Treatment Process

The single side HIT solar cell deposition and istoH: plasma treatment process
was shown in Fig. 63, first, the c-Si wafer (0.%25cm, 250+25 nm thick, <100>
oriented) was treated by standard RCA clean. Instamdard process, before the a-Si
deposition, the wafers were etched in diluted hffdooic acid (DHF) (1% in DI
water, 1min). The doped and un-doped intrinsic gous (a-Si) thin films were
deposited on c-Si wafers by VHF-PECVD system uradegmperature about 200
The plasma power during the thin film depositionsvet to around 90~300W, and
the deposition pressure was 0.7~6 Torr. In additioa SiH flux was varied from 0 to

50 sccm and the Hlux is also varied from 0 to 2000 sccm for thedoped Si thin
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film. For the doped Si films, the,Bs or PH flux is adjusted around 2~10 sccm

during the film deposition. After the thin film degition, post hydrogen @) plasma

treatment was used. The anneal temperature wasch200C , and the adjustable,H

flux was around 50~2000 sccm. In addition, usafepost-anneal plasma power and

pressure were around 0.7~6 torr and 90~400W, rasplc Then, the ITO layer was

deposited at the same temperature as Si thin #position. The solar cell is finished

by evaporating metal electrode Ti/Ag. The front dadkside contacts are formed by

E-gun deposition system[48].

The double side HIT solar cell deposition-and gstg+ plasma treatment process

was shown in Fig. 64. The process was mentionedhapter 3, and the process

parameters were the same as single side HIT selarTte difference of single side

HIT solar cell and double side HIT solar cell wasni i-a-Si film on the

backside[49].

For the analysis of the layer, the thin-film thieles and sheet resistance in this

device are measured by surface profile (Dektak HAJl four-point probe (NAPSON

RT-7), respectively. The dark I-V of HIT solar cedlmeasured by HP4156. The photo

I-V of HIT solar cell is measured by full spectrusolar simulator (Oriel class A,

91160A, Newport Corporation). And, the externalmjuan efficiency (E.Q.E.) curves

are measured by IPCE (Incident photon conversifiniezicy, ENLI, EQE-D-3011,
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ENLI Technology Co, Ltd).

4.3 Dark IV Curves on HIT Solar Cell

4.3.1 Post H plasma treatment under different ambient condition(Optimization

of H; flux)

In order to optimize the post-anneal plasma treatment, several parameters were

fine-tuned in this article, such as iux, plasma power, ambient pressure, and H

treatment time. First, we adjusted the #ux of post-anneal K treatment under

different H flux (600sccm, 1200sccm). The dependence of desheeacteristics and

performance (dark I-V curves) under different tix were shown in Table 15 and

Fig. 65 (a): (b). In Table 15, the ¥ can beimproved when using the tleatment,

simultaneously the,} and Lx did not be changed. The,Ms 0.440V when Kkiflux is

600sccm. Besides, when the ftux is increased to a double value (1200 scchs, t

Von is decreased to 0.309V. According to the litemtinydrogen atom can passivate

the Si surface and repair Si-Si dangling bonds§B0,But a large amount of

hydrogen will damage (or etch) the surface. Theegfosing moderate Hlux of

post-anneal Htreatment can change the device performance.

4.3.2 Post H plasma treatment under different plasma condition(Optimization

of Plasma Power)
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Then, the H plasma treatment under different plasma poweraanblient pressure
were proceeded on HIT devices. First, we showed dependence of HIT
characteristics (dark I-V curves) under variousspia power and post,Hlasma
treatment. The dark I-V curves were shown in Fig.(8)- (b). As summarized in
Table 16 and Fig. 67, thepsyand Lg can be well controlled, when the power was
controlled in the range from 100W to 200W undeo#. {The \4, was increased from
0.477V to 0.514V and thegwas decreased from 3.27x18 to 7.49x10'°A when
the power was lowered from 200W to 150W and 100&¥hfde D~F). In comparison
with the baseline sample A, without post-annealpkhsma treatment, sample F has
better performance (loweggl and higher \y) in this power-depdendent;Hplasma
treatment. According to sample"F, we further cdlgdopressure of post-annea} H

treatment (under 100W).

4.3.3 Post H plasma treatment under different pressure conditio (Optimization
of Process Pressure)

In Table 17, the dark I-V performancey(llo, and \bn ) can be also well
controlled when the pressure in the range from 2a26to 0.75 torr. The ¥, was
increased from 0.492V to 0.547V, thg Was decreased from 6.88 Xf to 5.59

x10™°A, and the J, was increased from 2.44 X3 to 8.48 x1V when the pressure
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of H, treatment was decreased from 2.25 torr to 0.76 ®ample | has better
performance (highery] ~ Voo and lower §x ), which was treated with low plasma
power and low ambient pressure. We also know froendark I-V curve in Fig.68
(@)~ (b). In addition, according to Fig. 68, when thagpha power of Htreatment was
decreased to 100W, the,Mwas as high as ~0.515 V(0.514 V) agg were low to
~10° A (7.49x10"). Fig. 69 shows the ){ and s were dependent on various
pressures. When the pressure was decreased ttofr,Ahe \,, and b, were as high
as ~0.55 V (0.547 V) and ~8.5x1@ (8.48x10°, respectively. Therefore, we can
know low-power and low-pressure of post-anneatrdatment on HIT solar cell can

obtain better dark I-V performance.

4.3.4 Post H plasma treatment under different treatment time (Qptimization of
Treat Time)

Additionally, the H treatment time was also be to controlled for atitey a better
post-anneal result. First, we showed the depenafedirk I-V curves of HIT device
as a function of KHtreatment time. As summarized in Table 18 and Fig.when the
H, plasma treatment time is more than 20sec, thecah be increased, at the same
time, the §, and Lg will not be changed significantly. As,Hreatment time increased

from 40 to 60 second, the,ycan be increased as high as 0.6V, ard vas still as
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low as 6x10 A. Furthermore, we prolonged the Heatment time t0100 sec, the,V
will be dropped, theyh and L were decreased. So, the moderat@ldsma treatment
time is around 40 to 60sec. In this time, the @wsteal H treatment effect reaches
saturation. In addition, according to Fig. 71, ager K plasma treatment time
(100sec) degrading the HIT solar cell performandg,)(had been proven again.
Therefore, moderate time, low-power, and moderat#ux of post-anneal FHplasma

treatment can improve device performance.

4.4 Photo IV Curves on HIT Solar Cell

In this part, we used the solar simulator to measiie HIT solar cell efficiency.
The solar simulator was in ‘NTHU (Center for Nanbtemlogy, Materials Science,
and Microsystems), as shown in Fig. 72. The syspeovided full spectrum solar
simulator with beam size around 2 x 2 in. (51 x&h). The solar simulator was used

300 W Xenon (Short Arc) as light source, and thémation was less then +£10°.

4.4.1 Post H plasma treatment on HIT solar cell (Photo-IV Curve Single Side)
From the photo IV curve (Fig. 74), we summarizesl BT solar cell performance,
in Table 19. When we used the post plasma treatment on single side HIT solar

cell,as shown in Fig. 73, the efficiency and mre increased. The efficiency was
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increased from 2.42 % to 3.67 %, and the F. F. waseased from 25.3 to 39.5.
Therefore, post Hplasma treatment improved single side HIT soldr efficiency

1~2%, and F. F. was increased significantly.

4.4.2 Post H plasma treatment on HIT solar cell (Photo-IV Curve Double Side)
Further, we compared the post plasma treatment on double side HIT solar cell,
as shown in the Fig. 75. From the photo IV curvig.(F6), we summarized the HIT
solar cell performance, in Table 20. When we usest pt plasma treatment on
double side HIT solar cell, the solar cell perfonoa (Voc, Jsc, F.F. ang ) was
increased. The efficiencyz() was increased from 5.17 % to 8.05 %, Voc was
increased from 0.75 V to 0:90 V, Jsc was incredsenh 13.92 mA/crf to 14.68

mA/cn?, and F. F. was increased from 49.5 to 61.0.
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4.5 HIT Solar Cell n-a-Si / i-a-Si Layer Thicknesptimization & Post H,
Plasma Treatment and Their External Quantum Efficiency (E.Q.E.)
measurements

4.5.1 Post H plasma treatment on reduced i-a-Si layer HIT solacell (Photo-IV
Curve: Double Side)

Further, we measured double side HIT solar celwifferent i-layer (i-a-Si film)
thickness, as shown in Fig. 77. From the photo Uwe (Fig. 78), we obtained the
HIT solar cell performance, as the Table 21. shdwhen we reduced i-layer (i-a-Si
film) thickness of double side HIT solar cell, thalar cell performance (Voc, Jsc, F.F.
and 7 ) was increased. The efficiency | was increased from 5.74 % to 8.05 %, Voc
was increased from 0.74 V 10 0.90 V, Jsc was isereédrom 13.62 mA/chto 14.68

mA/cn?, and F. F. was increased from 57.0 to 61.0.

4.5.2 Post H plasma treatment on reduced n-a-Si layer HIT solacell (Photo-IV
Curve: Double Side)

We verified double side HIT solar cell performangéh different n-layer (n-a-Si film)
thickness, as the Fig. 79 shown. From the photouie (Fig. 80), we obtained the
HIT solar cell performance, as shown in Table 22eWwe reduced i-layer (i-a-Si

film) thickness of double side HIT solar cell, thalar cell performance (Voc, Jsc, F.F.
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and 7 ) was increased. The efficiency | was increased from 8.99 % to 9.56 %, Voc
was increased from 0.90 V to 0.91 V, Jsc was irser@édrom 14.11 mA/cfto 14.32
mA/cn?, and F. F. was increased from 70.8 to 73.3.

From previous study, we may found the postpldsma treatment can improve
HIT solar cell significantly. By combining i-layemd n-layer thin-down in HIT solar
cell, we may obtain a higher HIT solar cell effioay around 9.6 % with post.H
plasma treatment. The optimized HIT solar cell wateo used for following
experiments and discussing.

In this part, we introduced the external quantuficiehcy (E.Q.E.) spectrum to
measure the HIT solar cell efficiency. The extergaantum efficiency was also in
NTHU (Center for Nanotechnology, Materials Scieragg Microsystems), as shown
in Fig. 81. The operation wavelength range was fi@s0 nm to 1100 nm with
adjustable wavelength interval from 1 nm to 50 ribefault 5 nm). For current
measurement, an amplifier with chopping frequermoynf 4 kHz to 5 kHz (MCU
controlled) was used. The S/N ratio was larger th@d, and its precision (error bar)
was less then 2% with repeatability > 95%. In addijtthe auto Jsc calculation with
reference solar spectrum or consumer input.
4.5.3External Quantum Efficiency (E.Q.E.) measurements

Further, we measured the E.Q.E. (%) on double Hidesolar cell, which were
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with and without post kHplasma treatment, as shown in Fig. 82. From tleghVv
curve (Fig. 83), we obtained the HIT solar cellfpenance, as shown in Table 23.
When we introduce the postk lplasma treatment on double side HIT solar ceéd, th
solar cell performance (Voc, Jsc, F.F. amdl was increased. The efficiency | was
increased from 8.78 % to 9.56 %, Voc was incredsed 0.90 V to 0.91 V, Jsc was
increased from 13.82 mA/dno 14.32 mA/crfy, and F. F. was increased from 71.0 to
73.3.

The measured external quantum efficiency (EQE) esuirgan also explain the
characteristic of the photo current after plasma treatment. As shown in Fig. 84, the
HIT solar cell with post Kl plasma treatment showed a higher E.Q.E., espgdrmall
the wavelength in 600nm to 900nm. It can be sedalole 24A and 24B. However, in
the short wavelength region, the plasma treated HIT solar cells showed a lower
E.Q.E. It has been reported the short waveleng@EE. present the front contact
characteristics, and the longer wavelength E.Qresgnt the solar cell bulk or
interface characteristics[52]. The result implib& {photo current enhancement was
mainly come from the intrinsic layer and bulk-spieoton absorption or photo-current
generation, but not from the top-side layer improeat, which side is close to photon

incident[53].
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Chapter 4B
Process Improvement (II): Rapid Thermal Annealing RTA) on HIT
solar cell

4.6 Introduction

In this chapter, we continue to improve the HITasalell process by using Rapid
Thermal Annealing (RTA) on HIT device. First, weroduce post RTA process. And
we compared the effects of RTA on diode structgieg{e side HIT solar cell) and
HIT solar cell(double side HIT solar cell)[54]. Rity, the summary about

performance enhancement of-solar cell characiemstre be shown.

4.7 HIT Solar Cell Deposition, Post H Plasma Treatment Process and RTA

The single side HIT solar cell with post idlasma treatment were used for RTA
treatment shown in Fig. 85. The process of demsiind post KHplasma treatment
was as mentioned in chapter 4. In addition, thebtkoside HIT solar cell were also
deposited for RTA treatment, and the process pamamwere the same as single side
HIT solar cell, as shown in Fig. 86.

Then, we used rapid thermal annealing (RTA) to omprthe HIT solar cell
performance. The RTA temperature was 2Q250C, 300C, and 35C under 3

sccm N gas. The RTA time was 30sec.
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4.8 RTA on HIT solar cell

4.8.1 Test on Single Side Device

In order to find out the suitable annealing tempeeafor HIT solar cell, the RTA

temperature was split as 200 250C, 300C, and 35QC. The annealing ambient was

under 3 sccm Pgas, and the RTA time was 30sec. After annealiggmeasured the

dark IV curves of single side HIT solar cells amalgze the performance of the HIT

solar cells under various RTA temperature. Fromdak IV curves (Fig. 87), the

HIT solar cell under 250 RTA temperature has better dark IV performanceth&s

result, the RTA temperature was over 250and the p/n junction abruptness may be

damaged.

4.8.2 RTA process on double side HIT solar cell

From previous study, the low temperature RTA (<€90may be suitable

annealing temperature for HIT solar cell. Thus, R¥6A temperature was set to from

150C to 250C for improving HIT solar cell performance.

After annealing, we compared five HIT solar celie as-deposited cell, and annealed

cells under 15Q, 180C, 200C, and 25C. We measured these double side HIT

solar cells. From the photo IV curve (Fig. 88), wktained the HIT solar cell

performance, as summarized in Table 25 shown., Mmstcompared the double side
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HIT solar cell with or without RTA treatment. Wheve used the RTA treatment
(from 150C to 200C RTA temperature) on the double side HIT solar,¢bé solar
cell performance (Jsc angl) was increased. The efficiency | was increased from
8.78 % to 9.59 %, and Jsc was increased from 18&2n7 to 15.34 mA/crA Voc
was the same as 0.90 V, both the F. F. wasn't ardhagnificantly.

Further, when we increased the RTA temperature 208IC to 250C on the
double side HIT solar cell. The solar cell perfonoa (Voc, Jsc and;) was
decreased. The efficiencyn() was decreased from 9.59 % to 8.88 %. Voc was
decreased from 0.90 V to 0.88V, and Jsc was alstedsed from 15.34 mA/dno
14.32 mA/cr.

It may imply the higher RTA temperature may resulhigher thermal budget on
HIT solar cell. Thus, the p-n junction abruptnessyrbe damaged and lowered the
photo current generation[55]. Hence, a lower phmtoent was found in HIT solar
cell with RTA 250C annealing than in 200.

Then, we also used rapid thermal annealing (RTAjrove the HIT solar cell
with post B plasma treatment. The RTA temperature was(C15080C, 200C, and
250C under 3 sccm Ngas. The RTA time was 30sec.

We measured these double side HIT solar cells. Fhenphoto IV curve (Fig. 89),

we obtained the HIT solar cell performance, as Tlable 26. shown. First, we
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compared the double side HIT solar cell with orheiit RTA treatment. When we

used RTA treatment (from 1%0 to 200C RTA temperature) on the double side
HIT solar cell, the solar cell performance (Jsc andwas increased. The efficiency
() was increased from 10.00 % to 11.07 %, and Jx in@eased from 14.96

mA/cn to 17.36 mA/crfi Voc was increased from 0.90 V to 0.91V.

Further, we increased the RTA temperature on thubldcside HIT solar cell from
200C to 250C. The solar cell performance (Jsc and) was decreased. The
efficiency (n ) was decreased from 11.07 % to 10.23 % , and ascalgo decreased
from 17.36 mA/cm to 15.09 mA/cm The higher thermal budget resulted in lower

HIT solar cell efficiency were also found.

5.3.4 Summary of Performance Enhancement (Solar QeCharacteristic)

Finally, we also summarized these results of doskde HIT solar cells with or
without post H plasma treatment or RTA treatment, as the Tableh®wn. When we
used post kiplasma treatment on HIT solar cell, the efficiemegs increased from
5.17 % to 8.05 %. Voc was increased from 0.75 \0.89 V, and Jsc was increased
from 13.92 mA/crfi to 14.68 mA/crh In addition, F. F. was increased from 49.5 to
61.0. Therefore, post4lasma treatment can improve HIT solar cell penfmce

significantly.
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Then, we reduced the i-a-Si/n-a-Si (i/n-layer) fithickness of double side HIT
solar cells under post JHplasma treatment. When we reduced the i-a-Si/n-a-S
(iln-layer) film thickness, the solar cell perfomta was increased. The efficiency
was increased from 8.05 % to 9.56 %. Voc was irsgédrom 0.90 V to 0.91 V, and
F. F. was increased from 61.0 to 73.3. Therefa@@yced the i-a-Si/n-a-Si (i/n-layer)
film thickness of HIT solar cells can improve Hldlar cell performance.

Further, we used RTA treatment on HIT solar cethwhinner i-a-Si/n-a-Si (i/n-layer)
film thickness under post 4Hlasma treatment. When we used RTA treatment, the
solar cell performance was increased. The effigiamas increased from 9.56 % to
11.07 %, and Jsc was increased from 14.32 mAfoni7.36 mA/crh Voc was the
same as 0.91 V. Thus, we concluded that a highopeance HIT solar cell may
achieve by using (1) post H plasma treatment (2) HIT solar cell structure

optimization, and (3) post RTA annealing in low ferature.
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Chapter 5
Conclusion

In this work, we optimized HIT solar cell structuier epi layer thickness and
layer doping concentration. Then we proposed th& peocess method for post
hydrogen (H) plasma treatment to improve HIT solar cell parfance, and further
enhanced HIT solar cell efficiency by RTA treatmdfihally, the solar efficiency can
achieve to 11.1%.

First, we deposited the intrinsic Si (i-Si) thitms and doped Si thin films by
using 40.68MHz VHF-PECVD. In order to enhance déjmrs rate of Si film, we
used the very high frequency plasma enhances chewaipor deposition (40.68MHz
VHF-PECVD), which located in. ITRI Lab. The plasmaduency was increased from
13.56 MHz to 40.68MHz so that the deposition rate e increased ( > 8A / sec) and
the quality of Si epi layer was still well. In atidn, the higher deposition rate
resulted in lower gas consumption.

In these series of i-Si thin film experiment, wedsited high quality Si epi layer
with void free and well controlled the crystallime@ound 50-70%. The Raman
spectrum we showed in this report was from Horil8BI0 system, which system had
two Laser sources: He/Ne Laser (wavelength: 638 and Ar Laser (wavelength:

514.5 nm). We used the longer wavelength He/Nertaseduce the possibility of Si
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films crystalline caused by Laser anneal. In additithe absorption coefficient of

longer wavelength Laser was smaller than shorter @herefore, the He/Ne Laser

penetrated more deeply than Ar Laser, and got r8ofiém information. Further, we

used 2400 grating to increase resolution, and diten to reduce Laser intensity,

preventing Laser anneal from crystallizing Si film.

In addition, the doped Si epi layer (n-uc-Si fBH;z]=8 sccm and p-uc-Si for

[B2He]=5 sccm) with low sheet resistance (~order of ID ko) and crystalline

around 70% were also achieved. The depositions dfits layer for HIT solar cells

were also optimized. The SEM images showed thatitiped Si thin films were with

grains and clear column shape and void free.

Before depositing the HIT solar cell, we used tidRS-1D to simulate the HIT

solar cell performance. We can obtain the HIT sotdl characteristics by adjusting

the HIT structure for (a) i-a-Si (i-layer) thickregesthe (b) doping concentration in

contact layer. Based on simulation result, therojz@tion thickness for i-a-Si (i-layer)

in HIT solar cell was 3~5 nm artie required doping concentration in contact layer

for HIT solar cell was must over fcm?.

The simulation results were matched with experimgatia, as shown later.

Furthermore, an optimized HIT solar cell process stnucture was then achieved.

We proposed the new method for process improvemetitod, according to (a)
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“post H, plasma treatment”, and (b) rapid thermal annealRgA). The proposed
“post H, plasma treatment” was optimized by adjusting tnegit condition, such as
H, flux, plasma power, ambient pressure and pgsplelsma treatment time during
the “post H plasma treatment’[56]. In these series of darkr®asurement, the result
indicated that a low plasma power (100W), a low emibpressure (0.75 torr), and
long post H plasma treatment time (50 sec) was a preferalditton to enhance the
single side HIT solar cell performance. A suitallendition of post H plasma
treatment can increase Von (from 0.20 V to 0.5&M) decreaseqd (from ~107A to
~10" A) , and b, (from ~10"A to ~10*° A)./In addition, long post b plasma
treatment time (from 10 sec to 50sec) can incr¥ase(from 0.36 V to 0.59V).

In the photo IV measurement on HIT solar cell® used post Hplasma
treatment on double side HIT solar cell. We comgad€l solar cell with or without
post H plasma treatment. The solar cell performance (Msc, F.F. andy) was
increased. The solar cell performance was alsoawgal. The efficiency {) was
increased from 5.17 % to 8.05 %scWvas increased from 0.75 V to 0.90 V, Jsc was
increased from 13.92 mA/dno 14.68 mA/crfy, and F. F. was increased from 49.5 to
61.0.

According the literature, there are many Si-SiHSdeak-bonding in a-Si layer

film. In other words, there are many break-bondilgjects in this layer and many
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mid-states between valence band and conduction®&n&hen sun shine a-Si layer,
the electron and hole recombine in these defduts, tecombination decrease the cell
performance. That is photodegradation effect (dieda‘'Steabler-Wronski Effect,
SWE” ). Therefore, we used post Hlasma treatment in order to improve Si solar
cell efficiency performance, because the hydrogemaan repair Si-Si break bond,
and fill the vacancy between them[57]. In additittre hydrogen atom can smooth the
a-Si surface or interface, and, furthermore, redbeghotodegradation effect[57].
According the AMPS-1D simulation results, optation of i-layer thickness in
HIT solar cell is 3~5 nm. Therefore, we reducedStdi-layer) of double side HIT
solar cell, and then applied post lasma treatment on them. The solar cell
performance (Voc, Jsc, F.F.-and) was increased. The efficiency | was increased
from 5.74 % to 8.05 %, Voc was increased from 0/4 0.90 V, Jsc was increased
from 13.62 mA/crito 14.68 mA/cri and F. F. was increased from 57.0 to 61.0.
Furthermore, according to the literature [36§ thinner cap layer (n-a-Si layer)
can enhance the incident photons. Therefore, waceetin-a-Si (n-layer) and also
used post b plasma treatment on them. The solar cell perfooagivoc, Jsc, F.F.
and 7 ) was increased. The efficiency | was increased from 8.99 % to 9.56 %, Voc
was increased from 0.90 V to 0.91 V, Jsc was irserédrom 14.11 mA/cfto 14.32

mA/cn?, and F. F. was increased from 70.8 to 73.3.
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We further tried to enhance HIT solar cell effiatgnby using rapid thermal
annealing (RTA) treatment after all the processetayer deposition and post,H
plasma treatment has been done. First, in orddintbout the suitable annealing
temperature for HIT solar cell, the RTA temperatwes split as 200, 250C, 300C,
and 350C. The annealing ambient was under 3 sccngab, and the RTA time was
30sec. After annealing, we measured the dark IVesiof single side HIT solar cells
and analyze the performance of the HIT solar agtider various RTA temperature.
From the dark IV curves, the HIT solar cell und602 RTA temperature has better
dark IV performance. As the result, the RTA tempeewas over 250, and the p/n
junction abruptness may be damaged because the dapesition temperature was
only 200C.

Therefore, we tried to modify RTA temperature whieas from 15@ to 250C
was used on optimized double side HIT solar ceheWRTA temperature was 200
a short circuit current density (Jsc) was improaezlind 15.4 % (from 14.68 mA/ém
to 17.36 mA/cr) and an 13 % increased fill-factor (F. F.) wersafed. Voc was
increased about 1.1 % (from 0.90 V to 0.91 V). Besj the overall efficiency
increased around 27.3 % (from 8.1 % to 11.1%) waaied. A HIT solar cell with
efficiency was over around 11% was achieved witthljmost H plasma treatment

and low temperature RTA anneal.
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Table List

Solar Cell Type c-Si poly-Si a-Si HIT
(thin-film)

Substrate Wafer Wafer Glass Wafer

Process Tool LPCVD LPCVD PECVD PECVD

Max. Process 650 650 200 150~200

temperature ( C)

Report Efficiency >16% >14% >8% >18%

(%)

Absorption 300-1100 300-1100 300-900 300-1100

Wavelength (nm)

Table 1 Comparisons of Si solar cells, including Siased and Si thin film solar

cells. (Data source: “&Bﬂ?ﬂ*ﬁ Solar:Cells”)

FZ / CZ Area 1. V. FF Eff
(mA/cm2) | (mV) (%) (%)

Sanyo| nCZ |100cm? 38,9 725 79 22,3
AIST n CZ 1 cm? 33,2 628 77 16,0
HMI n FZ 1 cm? 39,3 639 79 19,8
p FZ 1 cm? 36,8 634 79 18,5

IMT n FZ 0,3 cmz2 682 82 19,1
p FZ 0,3 cm? 690 74 16,3

IMEC p FZ 1 cm? 32,2 644 80 16,5
NREL p FZ 1cm? 35,4 667 77 18,2

Table 2 Several companies and institutions are listl in HIT solar cell research.

(Sanyo is still far ahead of laboratories.)

(Data source: © Copyright Renewable Energy Corporaon. All Rights Reserved)
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Vﬂl: Jsc FF n

(V) (mA/em?) (%) (%)
p-type** 0.688 316 81.3 17.7
(planar)
n-type 0.691 33.6 721 16.7
(planar)™*
p-type 0.678 359 78.6 19.1
(textured)™”
n-type 0.664 353 74.5 17.2
(textured)”

" independently confirmed by NREL PV Performance

Characterization Team
* measured by using calibrated NREL XT-10 solar

simulator.

Table 3 Summary of the best double-side HIT solaredl (1cnf) by HWCVD,

fabricated at NREL.

ID Ve (V) Structore

3.5 0.63 diffused n+/planar p-FZ/Al-BSFE
16C 0.65 a-Si{n/i)/planar p-FZ/AL-BSF
1540 0.65 a-Sin/i)/textured p-FZ/AL-BSE
2033 0.66 a-Siin/i)/textured p-FZ/a-51{1/p)
2930 0.69 a-Si{p/i)/planar n-FZ/a-51(1/n)

Table 4. Effects of a-Si:H as emitter and back coatt on Voc. (Data source:

Conference Paper NREL/CP-520-38942 November 2005 )
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Sample A B C D
SiH,/H, ratio 30/1800 30/600 30/200 30/150
Deposition rate (A/sec) 11.4 11.2 9.5 11.3
Crystallinity (%) 85 72 50 N.A. (a-Si)
Table 5 The deposition parameters and results of sgple A, B, C, and D.
Sample  SiH,/PH4/H, Deposition Rate  Film Thickness  Sheet Resistance Xc
ID (sccm) (Als) A) /0) (%)
A0l 15/1/800 54 1080 89.0k 75.7
A02 15/3/800 5.6 1120 71.8k 72.4
AO3 15/5/800 6.1 1220 38.6k 71.8
AO4 15/8/800 6.3 1260 13.3k 66.6
AO05 15/10/800 6.4 1280 35.7k 64.8

Table 6 The deposition parameters and results of sgple AO1~A05. ( n-type Si

film under deposition temperature is 200C, deposition plasma power is 300W,

deposition pressure is 4Torr, and deposition timesi 200sec).

Sample ID SiH ,/PH4/H, lon 1R n-layer D.R. n-layer S.R.
(sccm) (A (Ass) (kQ/00)
A02 15/3/800 3.45E-06 4.21E-06 5.56 71.75
A03 15/5/800 3.17E-05  3.89E-05 6.73 38.61
A04 15/8/800 6.05E-05  8.08E-05 6.33 13.30

Table 7 The deposition parameters and results of sgple A02~A04. ( n-type Si

film under deposition temperature is 20CC, deposition plasma power is 300W,

deposition pressure is 4Torr, and deposition timesi15 sec).
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Sample ID  SiH,/PH4/H, Deposition Rate Film Thickness Sheet Resistance Xc

(sccm) (Als) A) (¢]m)] (%0)
BO1  15/8/300 5.9 1180 40.6k 50.1
BO2  15/8/500 5.8 1160 28.3k 52.3
BO3  15/8/800 5.6 1120 13.0k 68.7
BO4  15/8/1000 5.7 1140 20.6k 72.4
BO5  15/8/1200 5.0 1000 25.9k 79.1
BO6  15/8/1500 4.8 960 34.5k 80.9
BO7  15/8/1800 4.7 940 40.2k 82.5
BO8  15/8/2000 4.5 900 45.4k 85.0

Table 8 The deposition parameters and results of sgple BO1~B08. ( n-type Si

film under deposition temperature is 20CC, deposition plasma power is 300W,

deposition pressure is 4Torr, and deposition timesi 200 sec).

Sample ID SiH ,/ B,Hy/H, Deposition Rate  Film Thickness Sheet Resistance Xc
(sccm) (Als) A Q/O) (%)
co1 15/1/1200 7.2 1440 100.6k 65
Co02 15/3/1200 7.4 1480 20.2k 54.6
co3 15/5/1200 7.5 1500 300.2k <50
Cco4 15/8/1200 7.7 1540 1.0G Amorphous
CO05 15/10/1200 7.8 1560 1.0G Amorphous

Table 9 The deposition parameters and results of sample C8CO05. ( p-type Si

film under deposition temperature is 20CC, deposition plasma power is 330W,

deposition pressure is 4Torr, and deposition timesi 200 sec).
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Sample ID SiH 4/B;He/H; Deposition Rate Film Thickness  Sheet Resistance Xc
(sccm) (AJs) A [(¢)[m) (%)
D01 15/5/300 9.3 1860 200.5k Amorphous
D02 15/5/500 9.2 1840 150.2k Amorphous
D03 15/5/800 9.0 1800 81.2k <50
D04 15/5/1000 8.9 1780 79.4k <50
D05 15/5/1200 8.8 1760 73.3k <50
D06 15/5/1600 8.0 1600 9.7k 66.1
D07 15/5/2000 6.8 1360 11.1k 73.2

Tablel0 The deposition parameters and results of sgple D01~DO07. ( p-type Si

film under deposition temperature is 20CC, deposition plasma power is 330 W,

deposition pressure is 4 Torr, and deposition times 200 sec).

Sample SiH,/PH;, B,Hg/H, Deposition rate (A/s)  Sheet resistance (k Q/[]) Xc (%)
n-uc-Si 15/8/800 5.6 13.0 ~69
p-uc-Si 15/5/1600 8.0 9.7 ~66

Table 11 Optimization of Sithin-filmfor HIT solar cell (p-type / n-type Si films).

The deposition parameters andresults-were shown e
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i-layer thickness  Jsc Eff FF Voc (V)
(nm) (mA/ cm?) (%)

1 21.659 13.90€ 0.851 0.75
3 21.654 14.02€ 0.851 0.761
5 21.651 14.04€ 0.849 0.76
9 21.647 13.96%£ 0.843 0.76
20 21.634 12.16€ 0.745 0.75

Table 12 The AMPS-1D simulation results by adjustig i-a-Si (i-layer) films of

HIT solar cells.

Doping Jsc Eff (%) FF  Voc (V)
concentration (mA/ cm?)

(cm™)

1E+15 21.615 10.855 0.787 0.638
5E+16 21.614 10.860 0.787 0.639
1E+17 21.614 10.865 0.787 0.639
1E+18 21.613 10.953 0.791 0.641
1E+19 21.599 11.561 0.814 0.657
1E+20 21.468 12.584 0.838 0.699
1E+21 21.337 13.141 0.846 0.728

Table 13 The AMPS-1D simulation results by adjustig n-a-Si (n-layer) doping

concentrations of HIT solar cells.
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DNG Jsc Eff FF Voc (V)
(cm™)  (mA/cm?) (%)

1E+15 21.613 11.5870.807 0.664
AE+15 21.612 11.5560.806 0.663
AE+16 21.607 11.2760.804 0.649
AE+17 21.558  10.2960.801 0.596
AE+18 21.178 8.469 0.774 0.516
4e+19 20.025 3.426 0.458 0.374

Table 14 The AMPS-1D simulation results by adjustig defect densities of n-a-Si

[ 1-a-Si films in HIT solar cells.

Sample Parameter lon (A) loff (A) 1/R Von (V)
ID
EO1 Without H; treatment  3.27E-05-8.29E-09 4.20E-05 0.227

EO2 H, Treatment H,=600
3.58E-06-5.20E-09 6.32E-06 0.440

SCccm

EO3 H, Treatment H,=1200
scem 1.73E-05-8.03E-09 2.46E-05 0.309

Table 15 The HIT solar cell deposition parameterstad results of sample

EO01~EO3 under various H flow of post H, plasma treatment. Sample EO1 is

baseline without post H plasma treatment. Sample EO2 is treated by Hlux

600sccm, and Sample EO03 is treated by,Hux 1200sccm. (The Si film deposition

temperature is 200C, deposition plasma power is 300W, and depositiorrgssure

is 4Torr).
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Sample Parameter lon (A) loff (A) 1/R Von (V)
ID

FO1 Without H , treatment 3.31E-05-1.57E-07 3.78E-05 0.204

Fo2 H, Treatment @ 200
4 .83E-06-3.27E-09 9.59E-06 0.477

W
F03 H, Treatment @ 150

W 5.64E-06-3.09E-10 1.01E-05 0.487
FO4 H> Treatment @ 100

W 9.12E-07-7.49E-10 1.75E-06 0.514

Table 16 The HIT solar cell deposition parameterstad results of sample

FO1~F04 under various H plasma power of post H plasma treatment. Sample

FO1 is baseline without post Hplasma treatment. Sample FO02, FO3, and F04 are

under post H, plasma power.200W, 150W, and 100W, individually. (fie Si film

deposition temperature is 20, deposition plasma power is 300W, and

deposition pressure is 4Torr).
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Sample ID Parameter lon (A) loff (A) 1/R Von (V)

G01 H, Treatment @2.2E

- 2.44E-06 -6.88E-10 5.34E-06 0.492
G02 H, Treatment @ 1.t

- 4 56E-06 -5.06E-10 8.48E-06 0.430
GO03 H, Treatment @ 0.7

- 8.48E-06 -5.59E-10 1.87E-05 0.547

Table 17 The HIT solar cell deposition parametersd results of sample
G01~GO03 under various H plasma pressure of post kiplasma treatment.
Sample G01, G02, and G03 are under postiglasma pressure 2.25 Torr, 1.5
Torr, and 0.75 Torr, individually. (The Si film deposition temperature is 20QC,
deposition plasma power is 300\, and deposition pssure is 4Torr. The post H

plasma treatment power is*100 W.)

-64 -



Sample Parameter lon (A) loff (A) 1/R Von (V)
ID

HO1 Baseline (without K
1.83E-05-5.99E-09 2.93E-05 0.376
treatment)
HO2 H, Treatment @ 10
2.34E-05-1.66E-07 3.56E-05 0.357
sec
HO3 H, Treatment @ 30
sec 1.28E-05-5.25E-09 2.58E-05 0.559

HO4 H> Treatment @ 50 se1.86E-05-6.13E-09 4.65E-05 0.594

Table 18 The HIT solar cell deposition parameterstad results of sample

HO1~HO04 under various post H plasma treatment time. Sample HO1 is baseline

without post H, plasma treatment. Sample H02, HO3, and HO4 are ued post H,

plasma time 10 sec, 30 sec, and 50 sec, individya(The Si film deposition

temperature is 200C, deposition plasma power is 300W, and depositiorrgssure

is 4Torr.)

Sample ID  Parameter Voc (V) Jsc (mA/ cnf) F.F. Eff (%)
101 No H, Treatment 0.42 22.82 25.3 2.42
102 H, Treatment 0.41 22.67 39.5 3.67

Table 19 The results of HIT solar cells. Sample 10is deposited by VHF-PECVD

without post H, plasma treatment, and sample 102 is deposited withost H,

plasma treatment.
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Sample ID Parameter Voc (V) Jsc (mA/ cnf) F.F. Eff (%)

JO1 No H2 Treatmer0.75 13.92 49.5 5.17

J02 H2 Treatment 0.90 14.68 61.0 8.05

Table 20 The results of HIT solar cells. Sample JO% deposited by VHF-PECVD

without post H;, plasma treatment, and sample JO2 is deposited withost H,

plasma treatment.

Sample No. Parameter Ve (V) J,. (MAlcm?2) F.F.  Eq (%)
Jo2 15/30/100/30 sec 0.90 14.68 61.0  8.05
Jo3 20/30/100/30 sec 0.74 13.62 57.0  5.74

Table 21 The results of HIT solar cells. Sample J02 deposited by VHF-PECVD

with 15sec i-a-Si (i-layer) filmdeposition time, ad sample JO3 is deposited with

20 sec i-a-Si (i-layer) film deposition time.

Sample No. ~ Parameter V. (V) J,. (MA/cm2?) F.F.  Ef (%)
Ko1 10/30/100/30 sec 0.90 14.11 708  8.99
K02 10/10/100/30 sec 0.91 14.32 733 956

Table 22 The results of HIT solar cells. Sample KOis deposited by

VHF-PECVD with 30 sec n-a-Si (n-layer) film deposibn time, and sample K02

is deposited with 10 sec n-a-Si (n-layer) film dedion time.
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Sample No. Parameter Voo (V) Jg. (MA) F.F. E; (%)

K02 H, Treatment 0.91 14.32 73.3 9.56

K03 No H, Treatment 0.90 13.82 71.0 8.78

Table 23 The results of HIT solar cells. Sample KOB& baseline without post H

plasma treatment. Sample K02 is deposited by VHF-REVD with post H;

plasma treatment.

Sample No. Parameter AM 1.5 J_, (mA/cm 2)
K02 H, Treatment 22.23
KO3 No H, Treatment 21.27

Table 24(A) The E.Q.E. measurement results (AM 1.3sc) of HIT solar cells.

Sample K03 is baseline without post Hplasma treatment. Sample K02 is

deposited by VHF-PECVD with post H plasma treatment.

Sample No. Wavelength (nm) 400~500 500~700 700~900 900~1100
K02 H, Treatment 14.6 57.8 74.1 38.7
K03 No H, Treatment 28.3 55.1 61.9 40.8

Table 24(B) The E.Q.E. measurement results (wavelgth range from 400 nm to

1100 nm) of HIT solar cells. Sample K03 is baselingithout post H, plasma

treatment. Sample K02 is deposited by VHF-PECVD wit post H, plasma

treatment.
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Sample No. RTA temp. ("C) Voc (V) 356 (MA/ end) F.F. Eff (%)
LO1 No RTA 0.90 13.82 70.6 8.78
LO2 150 0.91 13.88 71.5 9.03
LO3 180 0.90 14.11 71.9 9.13
LO4 200 0.90 15.34 69.4 9.59
LO5S 250 0.88 14.32 70.5 8.88

Table 25 The results of the double-side HIT solaradls. Sample LO1 is baseline

without RTA treatment. Sample L02, L03, L0O4, and L® were treated under

various RTA temperatures.

Sample No. RTA temp. ('C) Voc (V) Jsc F.F. Eff (%)
(mA/cm2)

MO1 No RTA 0.90 14.96 74.3 10.00

M02 150 0.90 15.27 73.8 10.13

MO03 200 0.91 17.36 70.1 11.07

MO04 250 0.91 15.09 74.5 10.23

Table 26 The results of the double-side HIT solaredls with post H, plasma

treatment. Sample MOL1 is baseline without RTA treanent. Sample M02, M03,

and M04 were treated under various RTA temperatures

-68 -



i/n-layer, RTA

Voc (V) |isc IF.F. [t (%)
(mA/cm2)
No H, treatment 0.75 13.92 49.5 I5.17
[H treatment 0.90 14.68 61.0 8.05
|H2 treatment, thinner 0.91 14.32 73.3 90.56
i/n-layer
[H> treatment, thinner 0.91 17.36 70.1 11.07

Table 27 The summary of HIT solar cell with or without post H, plasma

treatment and RTA treatment.
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Figure List

GREENHOUSE EFFECT
A prerequisite for life on earth, the greenhouse effect occurs when infrared radiation (heat] is retained within the atmosphere.

lunuyiuﬂaremar“ . n
n:}a:k:hng;m ::arthl: 3 Lilos & blanket, 4 Human activity has
absarbed atthe surface atmaospheric green increasedthe amount

house pases absorh of preenhouse gas in the
andreradiate the X o atmoaphera and thus
heat inall directions, the amount of heat
including back to - ' returned tothe surface.
el In consequence, plobal
temperatures have risen

Fig. 1 The figure shows how the greenhouse effeat earth.

(Data source www.acoolerclimate.com/the-greenhouse-effects-imp@g

B HYDRO

() (b)
Fig. 2 (a) The figure shows all kinds of renewablenergy, including solar, wind,

biomass, hydro, and waste. (b) The solar cell apphtion : The solar planets are

on the roof. (Data sourcehttp://www.solarpowerwindenergy.org)
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European PV LCOE range projection 2010 - 2020
D. 3 6 Including multiple size segments (residential ~ MWs scale)
0.35 Including VAT for residential segment
Reflecting differences in national irradiation, operation cost, etc.

0.30
=
= 0.25
-l
—
020
£
2
&9_' 0.15
L
Shay 0.10
] e
0.05 Data Source: 0‘ 08
Solar Photovoltaics Competing in the Energy Sector,
W. Hoffmann(EPIA), PVSEC Hamburg, September 2011
0.00 1 | | | | 1 1 1 | ?
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Year

Fig. 3 European PV LCOE range projection 2010~2020

(Data source: Solar Photovoltali h&nergy Sector, W. Hoffmann

(EPIA), PVSEC Hamburg,
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PHOTONS

back contact

PN junction E> Depletion region back contact

E> Built-in electric field

Light shines on to generate

electron & hole pairs.

<L

Photocurrent

Fig. 4 The figure shows structure of the simplestatar cell (pn junction), and the
process of photocurrent generation:. (Data source: IEECTRONICS
EVERYDAY)

g"

|

h )
™
p-type — usable photo-
_%‘ _____ o nHtype - — voltage (gV)
-
heat loss

Fig. 5 The energy bandgap and physical mechanismr{pciples) of pn junction.

(Data source: AUO company website)
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Transparent adhesive anti reflection coating

Encapsulate _l

made of glass or other clear

material such clear plastic,
seals the cell from the external
environment.

-

GA\— electron
b

g

—

hole

semiconductor pack contact

made out of a metal,
covers the entire back surface and acts
as a conductor.

Fig. 6 The structure of conventional solar cell, inoluding pn junction, back
contact, anti reflection coating (ARC),. transparent adhesive layer, and

encapsulate. (Data source: ORACLE ThinkQuest, projets by students for

students)
Crystalline Single Crystalline
-I Inorganic I- Amorphous Si I -I Polycrystalline Si
Solar
p— m-v
Cells :
Compound
Semiconductor
o-vi
Polymer I
Organic
Photoelectrochemical Cell I 5

Fig. 7 The figure shows all kinds of solar cellsData source: Springerimages)
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@ Thin Si
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Fig. 8 The figure show some kinds of solar cells delopment (efficiency) during
1975~2005, and their main.  research institutions. @a source: National

Renewable Energy Laboratary (USA))
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Module Price (US $/Wp)
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\7%\7%@{9
A

Fig. 9 The module price and system- price of HIT sal cells during

2011/3/1~2012/3/1. (Data sourcéttp://solarcellcentral.com/cost _page.htm)
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Basic Structure of HIT Solar Cell SAMYD

HIT (Heterojunction with Intrinsic Thin Layer) Solar Cell is composed of
thin single crystalline Si wafer sandwiched by ultra-thin a-Si layers

Anti-reflection layer _p-type amorphous Si
intrinsic amorphous Si

Top electrode

Bottom Crystalline(Si (n-type)

: : elecitode intrinsic amorphous Si
Crystalline Si (p-type) n-type amorphous Si

Conventional c-Si solar cell HIT solar cell

(%]

right@ SANYC Eleciric Co.. Lid. All Rights Reserved 2008

Fig. 10 The figure shows the comparison of conveomal c-Si solar cell and HIT

solar cell. (Data source: Copyright-©-SANYO Electrt Co. Ltd. All Rights

Reserved 2008)
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Single-side HJ c-Si Solar Cell

ITO
n-pe -Si
i-a-5i
i-a-Si
P -pc-Si
Imo
Al
B (Al Back Surface Field)
(a)
Double-side HJ c-Si Solar Cell
Grid Grid
a-Si (p+ or n+) a-Si (p+ or n+)
a-Si (i) a-Si (i)
c-Si (n or p) c-Si (n or p)
a-Si (i) a-Si (i)
a-Si (n+ or p+) a-Si (n+ or p+)

Metal

ITO
Metal

(b)

Fig. 11 (a) The structures of single side HIT solacell. (Data source:Prog.

Photovolt: Res. Appl. 2009; 17:489-501(b) The structures of double side HIT

solar cell. (Data sourceConference Paper NREL/CP-520-42554 May 2008)
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(p) a-Si:H (i) a-Si:H
(n) c-S1

(1) a-S1:H (n) a-S1:H

+ o+ + 4+

n-type HIT solar cell

(a)
(1) a-St:H (p) a-S1:H
(p) c-S1 :
(n) a-S1:H (1) a-Si:H : + back
S+
: +

emitter

p-type HIT solar cell

(b)

Fig. 12 (a) The energy bandgap of n-type HIT solacell. (b) The energy bandgap

of p-type HIT solar cell. (Data source: UNIVERSITAT POLITECNICA DE

CATALUNYA)

-78 -



0.62
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Fig. 13 Simulated dependence of the Voc, Jsc, FFdn data on the n-layer and

i-layer thicknesses for HIT solar cell. samples.

(Data source:Prog. Photovolt: Res. Appl. 2009; 17:489-501
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0 400

Fig. 14 Efficiency of a p-type CZ wafer HIT solar ell as a function of light

exposure time. (Data sourceConference Paper NREL/CP-520-42554 May 2008)

a-Si
L_L Defect passivation
a-Si ©% CLD 000009'9'9
bbb b b O bbb
c-Si i
poly-Si

Fig. 15 Schematic representation shows the effedig hydrogen passivation.

(Data source:Prog. Photovolt: Res. Appl. 2009; 17:489-501)
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Fig.16 SEM (a) and TEM (b) picture of 19% HIT solarcell.
(Data source: Q. Wang, Conference Paper NREL/CP-5242554, May 2008)
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Fig. 17 The figure shows the effect of n-layer depdion temperature on Voc.

(Data source:Conference Paper NREL/CP-520-38942 November 2005)
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LB __- " “without ITO
>, 0.4-
3 _
& with ITO
0.2 -
i a
0'0 _l T I I T T T T ) T
3 4 56789, 2 3
10
a-Si:H hole density [cm™]
(a)
' i 4 P P
0.6 - without ITO
S 0.5 with ITO
-50.4 -
0.3
0.2 b)
1§ & F i
10

a-Si:H thickness [nm]
(b)

Fig. 18 (Color online) Impact of the (a)a-Si:H emitter doping and (b)

emitter thickness on

not. The entirea-Si:H layer is doped, and the simulations are doneith an
illumination of 5 mW/cm? Thea-Si:H layer thickness in (a) is 10 nm, and

the a-Si:H carrier density in (b) is 3_13° cm . (Data source: JOURNAL OF

APPLIED PHYSICS

theVoc when ITO is included in analysis and when it is

105, 094507 (2009))
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Fig. 19 (Color online) Dependence of th&oc for a p-wafer solar cell on the (a)

electron density in then-doped a-Si:H emitter and (b) surface recombination

velocity at the front c-Si/a-Si:H interface (circles), back contact (triangles)and

c-SI/ITO interface when a-Si:H is omitted (squares).(Data source: JOURNAL

OF APPLIED PHYSICS 105, 094507 (2009))
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10*, . " r . . :
~ T~ With HF (5%)
4l
g
)
v? ) Results in Ref. 3, a-SiC H
5 0% - 3
ia :
2 :
g -
-]
5 X
g 107 ;
£} =
E .
S "No treatment
(With H, plasma—=———
lol 1 1 L 1 1 1
100 200 300 400

Deposition temperature, Tg,, (°C)

Fig. 20Se values obtained in this study with wet cleaning ([@monds), H

plasma (squares), and no previous treatment (circJess deposition temperature.

(Data source: APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 9 1

MARCH 2004)
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Excess carrier demsity, An (em™)

Fig. 21 Simulations (lines) and measured data (symols) for two samples
deposited at 300 °C with different cleaning procedes: H, plasma treatment and
HF 5% dip. (Data source: Universitat-Polite cnica & Catalunya, and

Laboratoire de Physique des Interfaces et des Coueb Minces, Appl. Phys. Lett.,

Vol. 84, No. 9, 1 March 2004)
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Fig. 22 The figure shows the deposition equipmen#0.68MHz VHF-PECVD.

(Data source: Industrial Technology Research Instiite, ITRI)

T 3L RCAE & Je 50 ot RO A65 st
(Raleigh) (Stokes) (anti-Stokes)

anti -Stokes

—#xStokes3k &% &9 7% B ok,
BKR L HTT REER
FHEMLE RFEVYERR
Bk R&, B b4t 4 Stokes 8948
K.

Fig. 23 The figure explains the process of Ramanaitering.

(Data source: Center for Condensed Matter Sciencesg fi f1 £ 7~ 3 ¢ ~

http://www.ntu-ccms.ntu.edu.tw/lab/homepage/ultrafst/paper/PDF/1-5-2-4.

pdf )
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Fig. 24 The figure shows the process of angular gisrsion.

(Data source: Center for Condensed Matter Sciencesg fi f2 £~ 1 ¥

http://www.ntu-ccms.ntu.edu.tw/lab/homepage/ultrafat/paper/PDF/1-5-2-4.pdf)

Diffraction
 pattern
~ recorded

|Diﬁracted hearm

% |Transr."nit-ted beam |

|Cr3,rstalline rmaterial |

B

Fig. 25 The figure shows the formation of diffractd beam and diffraction

pattern recorded during XRD measurement.

(Data source:www.micro.magnet.fsu.edu/primer/javal/interference/ndex.html)
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Fig. 26 The figures show Raman spectrum of Si filmwith various crystalline
(Xc). (a) Raman spectrum of sample A (poly-Si filmvith Xc~85%). (b) Raman
spectrum of sample B (poly-Si film with Xc~72%). (¥ Raman spectrum of
sample C (poly-Si film with Xc~50%). (d) Raman spdacum of sample D ( a-Si

film with Xc~0%).
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Fig. 27 The figures show the SEM images of Si filmscluding the plan-view and
cross section. (a) The cross section SEM image aly-Si film. (X10,000). (b) The
cross section SEM image of poly-Si film. (X20,000§c) The cross section SEM
image of poly-Si film. (X50,000). (d) The cross sean SEM image of poly-Si film.
(X70,000). (e) The plan-view SEM image of poly-Siilin. (10,000X). (f) The

plan-view SEM image of poly-Si film. (10,000X).
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— A02, PH3=3 sccm
1400 — A03, PH3=5 sccm
1350 A04, PH3=8 sccm
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Raman shift (cm '1)

Fig. 28 The Raman spectrum of Si films when the [P#iflow rate increased from

3/5/8 sccm.
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Fig. 29 The XRD spectrum of Si film when the [PH]| flow rate increased from

3/5/8 sccm.
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Fig. 30 The sheet resistance (S.RYo) of Si films under different [P]

concentration ([PHg] flow rates) and the corresponding Xc. We can se¢c

decreases when the [P] concentration increases.
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Fig. 31 The deposition rate (D.R., A/s) of Si filmsnder different [P]
concentration ([PHg] flow rates) and the corresponding Xc. We can se¢c

decreases when the [P] concentration:increases.
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Fig. 32 The figure shows dark:[\V/ curves of sample @2, A03, and A04. We can
see on-current (b,) increases when the [P] concentration ([P flow rates)

increases from 3/5/8 sccm (A02/AD3/A04).
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Fig. 33 The log scale of dark-1V curve show the sam |, increases when the [P]

concentration ([PHg] flow rates).increases.
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Fig. 34 The on-current (lon) of Si films under difierent [P] concentration ([PHs]
flow rates) and the corresponding.sheet resistan¢8.R.). From this figure, b,
increases but sheet resistance (S.R.) decreases mwiiee [P] concentration

increases.
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Fig. 35 The resistance (1/R) of Si films under diffrent [P] concentration ([PHs]

flow rates) and the corresponding.sheet resistan¢8.R.). From this figure, 1/R

increases but sheet resistance (S.R.) decreases mwiiee [P] concentration

increases.
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Fig. 36 The Raman spectrum of Si films when the Hlow increased from 800

sccm to 1000 sccm and 1200 sccm: (B03/B04/B05).
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Fig. 37 The XRD spectrum of Si films when the kflow increased from 800 sccm

to 1000 sccm and 1200 sccm (B03/B04/B05).
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Fig. 38 The sheet resistance and Xc of Si film unddifferent H , flow. We can see

Xc increases when the kiflow increases.
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Fig. 39 The deposition rate and Xc of Si film undedifferent H, flow. We can see

deposition rate decreases, but Xc increases wherethi, flow increases.
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Fig. 40 Raman spectrum shows the Xc variations: [Bjoncentration ( [B:H¢] flow

rates ) increases from 3/5/8 sccm (C02/C04/C05) etidecreases of Xc.
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Fig. 41 The sheet resistance (S.R.) and Xc of Snfiunder different [B]

concentration ( [B;Hg| flow rates )..Sheet resistance (S.R.) increasésit Xc

decreases when the [B] concentratiomcreases.
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Fig. 42 The deposition rates (D.R.) and Xc of Silfn under different [B]

concentration ( [B;Hg| flow rates ). Deposition rate (D.R.) increases,ut Xc

decreases when the [B] concentratioimcreases.
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Fig. 43 Raman spectrum showsthe Xc variations: +flow increases from
1200/1600/2000 sccm (D05/D06/D07), the increaseXof
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Fig. 44 XRD spectrum also shows the Xc variations$i, flow increases from
1200/1600/2000 sccm (D05/D06/DQ7), the increaseXof
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Fig. 45 The sheet resistance (S.R.) and Xc of Snfiunder different H, flow. We
can see sheet resistance decreases, but Xc increashen the H flow increases.
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Fig. 46 The deposition rate (D.R.) and Xc of Si fih under different H, flow. We
can see deposition rate decreases, but Xc increas@sen the H flow increases.
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Fig. 47 Raman spectrum of optimized Si thin-film fo HIT solar cell. (a) Raman
spectrum of optimized n-type Si films. (b) Raman spctrum of optimized p-type
Si films.
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Fig. 49 The single side HIT solar cell structure. W used AMPS-1D to simulate

HIT solar cell performance under different i-a-Si film thickness (marked by

dotted line).
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Fig. 50 The photo IV curves of AMPS-1D simulation ¥ adjusting i-a-Si (i-layer)

films of HIT solar cells.
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Fig. 51 The summary of AMPS-1D simulation resultsfoHIT solar cells. (a) The
HIT solar cell efficiency (Eff.) under various i-a-Si (i-layer) film thicknesses. (b)
The HIT solar cell fill factor (F. F.) under various i-a-Si (i-layer) film thicknesses.
From these two figures, the optimization of i-a-Sfi-layer) film thickness in HIT

solar cell is 3~5 nm.
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Fig. 52 The single side HIT solar cell structure. W used AMPS-1D to simulate

HIT solar cell performance under different n-a-Si ilm doping concentrations

(Marked by dotted line).
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Fig. 53 The photo IV curves of AMPS-1D simulation # adjusting n-a-Si (n-layer)

doping concentrations of HIT solar cells.
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Fig. 54 The summary of AMPS-1D simulation.results foHIT solar cells. (a) The

HIT solar cell efficiency (Eff.) under various n-aSi (n-layer) doping

concentrations of HIT solar cells. (b)-The-HIT solacell fill factor (F. F.) under

various n-a-Si (n-layer) doping concentrations of HI' solar cells. (c) The HIT

solar cell open-circuit voltage (Voc) under various-a-Si (n-layer) doping

concentrations of HIT solar cells. From these threéigures, the optimization of

n-a-Si (n-layer) doping concentrations in HIT solarcell is > 1E+19 crif.
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Fig. 55 The single side HIT solar cell structure. W used AMPS-1D to simulate
HIT solar cell performance under different defect censities of n-a-Si / i-a-Si films

(marked by dotted line).
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Fig. 56 The photo 1V curves of AMPS-1D simulation ¥ adjusting defect

densities of n-a-Si / i-a-Si films in HIT solar céds.
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Fig. 57 The summary of AMPS-1D simulation results oHIT solar cells. (a) The

HIT solar cell efficiency (Eff.) under various defet densities of n-a-Si / i-a-Si

films in HIT solar cells. (b) The HIT solar cell fill factor (F. F.) under various

defect densities of n-a-Si / i-a-Si films in HIT dar cells. (c) The HIT solar cell

open-circuit voltage (Voc) under various defect desities of n-a-Si / i-a-Si films in

HIT solar cells. From these three figures, the det¢ densities of n-a-Si / i-a-Si

films in HIT solar cells is < 1E+16 cnf.
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Fig. 58 (a) The structure of HIT solar cell-with.ptype c-Si substrate. (b) The

energy bandgap diagram of HIT solar-cell with p-tyge c-Si substrate.
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Fig. 60 The structures of single side HIT solar cebnd double side HIT solar cell

with back side contact (p-doped a-Si).
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Fig. 61 The single-side HIT solar cell fabrication.
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Fig. 62 The double-side HIT solar cell fabrication.

-115-



p-type c-Si <100>

‘.

p-type c-Si <100>

a

p-type c-Si <100>

SSEEEE EEE N E—— E—— e w—

H, Plasma Treatment

N

1318111148

e

p-type c-Si <100>

- 116 -

Standard RCA clean
Dilute hydrofluoric acid
(DHF) clean

I-a-Si film deposition by
VHF-PECVD

n-a-Si film deposition by
VHF-PECVD

Post-anneal H , treatment
en'HIT solar cell



ITO layer by E-gun
Evaporation

p-type c-Si <100>

a

Ti/Ag Ti/Ag

Electrode (Ti/Ag) by E-gun
Evaporation

Single Side

p-type c-Si <100>

Ti/Ag

Fig. 63 The single-side HIT solar cell depositionnder post H, plasma treatment
process
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Fig. 64 The double-side HIT s uler post H, plasma

treatment process
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Fig. 65 Dark I-V curves of HIT solar cell depositedby 40.68MHz VHF-PECVD

under various H, flow of post H, plasma treatment. Sample EO1 is baseline.
Sample EO02 is treated by Hflux 600sccm, and Sample EO3 is treated by, Hlux

1200sccm. (a) Dark I-V curves. (b) Log scales of dal-V curves from (a).
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Fig. 66 Dark I-V curves of HIT solar cell depositedby 40.68MHz VHF-PECVD
under various H, plasma power of post H plasma treatment. Sample FO1 is
baseline. Sample FO02, FO3, and F04 are under post plasma power 200W,

150W, and 100W, individually. (a) Dark I-V curves.(b) Log scales of dark |-V
curves from (a).

-121 -



0.550 . 1.0E-05
1 1.0E-06
0.525 | ]
P 1 1.0E-07
S ] 5
< 0.500 | { 1.0B-08 =
5 A ] Z
> A 1 1.0E-09
0.475 | A
—eVon 1 1.0B-10
--A--IToff
0.450 1.0B-11
50 100 150 200 250

Plasma Power (W)

Fig. 67 The summary of HIT solar cell \4,, lon, and lo of HIT solar cell under

various plasma power and pressure of postdplasma treatment. The \4, and Iy

were varied under different plasma power.
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Fig. 68 Dark I-V curves of HIT solar cell depositedby 40.68MHz VHF-PECVD

under various H, plasma pressure of post kiplasma treatment. Sample GO01,
GO02, and GO03 are under post blplasma pressure 2.25 Torr, 1.5 Torr, and 0.75
Torr, individually. (a) Dark I-V curves. (b) Log scales of dark I-V curves from

(a).
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Fig. 69 The summary of HIT solar:cell \4s,-lon, and lo of HIT solar cell under
various pressure of post Hplasma treatment.. The \4, and l,n, were changed

under various pressure.
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Fig. 70 Dark I-V curves of HIT solar cell depositedby 40.68 MHz VHF-PECVD

under various post H plasma treatment time. Sample HO1 is baseline wittut
post H, plasma treatment. Sample H02, HO3, and HO4 are ued post H, plasma

time 10 sec, 30 sec, and 50 sec, individually. (2ark I-V curves. (b) Log scales of

dark I-V curves from (a).
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Fig. 71 The V,, of HIT solar cell depaosited by VHF-PECVD under varous post

H, treatment time.

Fig. 72 The solar simulator is for HIT solar cell neasurement.

(Center for Nanotechnology, Materials Science, imtosystemsg 3 1)
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Fig. 73 The single-side HIT solar cell structure.
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Fig. 74 The photo 1V curves of the single-side HIBolar cells. Sample 101 is

deposited by VHF-PECVD without post H plasma treatment, and sample 102 is

deposited with post H plasma treatment.
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Fig. 75 The double-side HIT solar cell structure.
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Fig. 76 The photo IV curves of the single-side HIBolar cells. Sample JO1 is
deposited by VHF-PECVD without post H plasma treatment, and sample JO2 is

deposited with post H plasma treatment.
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Fig. 77 The double-side HIT solar cell structure.  this experiment, we tried to

reduce the i-a-Si (i-layer) film thickness. (Markedby the dotted line)
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Fig. 78 The photo IV curves of the double-side HIBolar cells. Sample JO2 is
deposited by VHF-PECVD with 15sec i-a-Si (i-layerjilm deposition time, and

sample JO3 is deposited with 20 sec i-a-Si (i-laydilm deposition time.
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Fig. 79 The double-side HIT solar cell structure.  this experiment, we tried to

reduce the n-a-Si (n-layer) film thickness. (Markedoy the dotted line)
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Fig. 80 The photo IV curves of the double-side HIBolar cells. Sample K01 is
deposited by VHF-PECVD with 30 sec n-a-Si (n-layerfjlm deposition time, and

sample K02 is deposited with 10 sec i-a-Si (i-layfilm deposition time.
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Fig. 82 The double-side HIT solar cell structure.
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Fig. 83 The photo IV curves of the double-side HIBolar cells. Sample K03 is

baseline without post H plasma treatment. Sample K02 is deposited by

VHF-PECVD with post H, plasma treatment.
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Fig. 84 The E.Q.E. curves of HIT solar cells. SamplK03 is baseline without post

H, plasma treatment. Sample K02 is deposited by VHFECVD with post H,

plasma treatment.
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Fig. 85 The single-side HIT solar cell depositionnder post H, plasma treatment

and RTA treatment.
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Fig. 86 The double-side HIT solar cell depositionnder post H, plasma

treatment and RTA treatment.
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Fig. 87 The HIT solar cell under various RTA tempeature. (a) Dark I-V curves.

(b) Log scales of dark I-V curves from (a).
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Fig. 88 The photo IV curves of the double-side HITsolar cells. Sample LO1 is

baseline without RTA treatment. Sample L02, LO3, L@, and LO5 were treated

under various RTA temperatures.
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plasma treatment. Sample MOL1 is baseline without RA treatment. Sample M02,

MO03, and M04 were treated under various RTA tempertures.
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