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Abstract

In this work, the electrical and luminescence properties of a series of silicon based materials used
for photovoltaics, microelectronics and nanoelectronics have been investigated by means of
electron beam induced current (EBIC), cathodoluminescence (CL), photoluminescence (PL) and
electroluminescence (EL) methods. The goal of the work is to use different/combined methods to
characterize the properties of Si material, in order to answer specific questions concerning

photovoltaics, microelectronics and optoelectronics in the future.

Photovoltaic materials produced by block casting have been investigated by EBIC on wafers sliced
from different parts of the ingot. Various solar cell processings have been compared in parallel
wafers by means of EBIC collection efficiency measurements and contrast-temperature C(T)
behaviors of the extended defects, i. e. dislocations and grain boundaries (GBs).

It was found that the solar cell processing with phosphorus diffusion gettering (PDG) followed with
a SiN firing greatly reduces the recombination activity of extended defects at room temperature,
and improves the bulk property simultaneously. The improvement is attributed to the PDG of metal
impurities and the passivation effect by SiN firing. A remaining activity of the dislocations
indicates the limitation of the PDG at extended defects, this may possibly related to impurity
precipitates incorporated at extended defects.

Abnormal behavior of the dislocation activity after certain solar cell processes was also observed in
the region with high dislocation density, the dislocations are activated after certain solar cell

processings. The reason is not clear so far.

In order to evaluate the properties of a thin polycrystalline silicon layer prepared by Al-induced
layer exchange (Alile) technique, epitaxially layer grown on silicon substrate with different
orientations was used as a model system to investigate the impact by the process temperature and
the substrates. EBIC energy dependent collection efficiency measurements reveal an improvement
of the epilayer quality with increasing substrate temperature during the growth from 450 °C to 650
°C, and a decrease of epilayer quality at 700 °C. This is attributed to the formation of high density
dislocations at low substrate temperatures and formation of precipitates during the process. The
formation of precipitates at 700 °C is limited because the metal impurities are very mobile at high

process temperature.



PL measurements on the epitaxially grown Si layer on silicon substrates revealed no characteristic
dislocation-related luminescence (DRL) lines at room temperature and 77 K, while in the samples
prepared by Alile process, intense characteristic DRL lines D1 to D4 has been detected, indicating
the dislocations in the Alile sample are relatively clean. The possible reason for the purification of
the Alile samples was attributed to Al induced gettering during the polycrystalline silicon layer
growth. Moreover, the interference at BB region in the PL spectrum can be used to determine the

thickness of the epilayer. The results agree quite well with the etch pit investigations at HMI Berlin.

Test p-n junction diodes with dislocation networks (DNs) produced by silicon wafer direct bonding
have been investigated by EBIC technique. Charge carriers collection and electrical conduction
phenomena by the DNs were observed. Inhomogeneities in the charge collection were detected in
n- and p-type samples under appropriate beam energy. The contrast behavior can be understood
under the consideration of the positively charged oxide precipitates (OPs) along with dislocations
charged with majority carriers, where the appearance of the contrast in dark or bright depends
strongly on the ratio of the collection and the recombination loss of the carriers.

The diffusion lengths in the thin top layer of silicon-on-insulator (SOI) have been measured by
EBIC with full suppression of the surface recombination at the buried oxide (BOX) layer and at
surface of the top layer by biasing method. The measured diffusion length is several times larger

than the layer thickness.

Silicon nanostructures are another important subject of this work. Electrical and optical properties
of various silicon based materials like silicon nanowires, silicon nano rods, porous silicon, and
S1/S10, multi quantum wells (MQWs) samples were investigated in this work.

Silicon sub-bandgap infrared (IR) luminescence around 1570 nm was found in silicon nanowires,
nano rods and porous silicon. PL. measurements with samples immersed in different liquid media,
for example, in aqueous HF (50%), concentrated H,SO4 (98%) and H,O; established that the sub-
bandgap IR luminescence originated from the Si/SiOy interface. EL in the sub-bandgap IR range
has been observed in simple devices prepared on porous silicon and MQWs at room temperature. A
simple recombination model through the radiative interface states was developed to explain the
sub-bandgap IR luminescence band.

Based on the knowledge about radiative transitions via the interface states, a new understanding of
the dislocation-related luminescence was proposed. The controversy in the explanation of the origin
of the DRL lines from previous works, especially in the D1 region, may well relate to the presence

of oxygen precipitates and the luminescence at Si/Si oxide interface at DRL region. The role of the



radiative recombination through Si/Si oxide interface states was underestimated so far. The results
also show the possibility to fabricate an efficient light emitter at 1570 nm based on the radiative

recombination at the interface of Si/Si oxide.



Chapter 1. Advanced silicon technology and materials
research

Silicon is a semiconductor material that is widely used in electronics and photovoltaics, more than
90% of the electronics and photovoltaic devices are fabricated on silicon materials at present.
Silicon technology is a very mature one, current level of sophistication expands enormously, such
as, nano structuring, epitaxial wafer, semiconductor on insulator (SOI) wafer, bonded wafer, Smart
Cut technique, strained silicon, high degree of integration, high-k dielectric.

Other areas like photovoltaics (PV) benefit greatly from the mature silicon technology, making
silicon also dominant in PV applications.

Materials research plays a fundamental role not only in the controlling of the process, but also in
the development of devices with new requirements like high frequency switching, power reduction,
high degree integration and so on. Due to intensive materials research, new understanding of crystal
defects was gained. One example can be found in the discovery of the role of metal impurities.
Different to early viewpoint, researchers found [Boun2005] that not all the metal impurities are
electrically active, but spatial distribution, the size of the precipitates and chemical binding within
the precipitates has significant influence of the recombination properties.

Though silicon has been considered to be a well-known semiconductor, many features have been
not fully understood yet, such as the origin of the dislocation-related luminescence, the formation
of porous silicon and the mechanism of the luminescence bands in porous silicon. Again and again
new interesting properties of Si material were discovered which may be of great potential
technological interest [Kitt2007], such as sub-bandgap infrared light emission from the Si/SiOy
interface [Jia2008], transport of carriers by DN [Yu2006].

Great challenge of the material research can be found in the concept of silicon based opto-
electronics or photonics in the future. Hybrid integration of III-IV compound semiconductors can
not meet the reproducibility, compatibility and reliability requirements of the device. It is stressed
out that silicon monolithic on-chip integration is needed for silicon-based opto-electronics. For such
a purpose, silicon-based optical components are needed. During the past years, all the other silicon-
based optical components used for silicon photonics including waveguides, modulators and
detectors have already invented, whereas an efficient applicable silicon-based light emitter is still

missing. The search for an efficient silicon based light emitter is a subject of the research at present.



Great activities can be also found in the development of PV materials for three generations solar
cell [Gree2001a] applications to increase the conversion efficiency and reduce the cost. High
efficient gettering process, thin film deposition methods, characterization of the material are needed
in the development. The results can directly benefit the searching of light emitter because
photovoltaic effect and light emission process are inverse phenomena of the material-light
interaction, a good solar cell should be in principle also a good light emitter [Zhao2002].

In the following text, a brief introduction of the silicon technology in photovoltaics,
microelectronics and opto-electronics in the future will be presented. Moreover, the perspectives

for an all-silicon based opto-electronics will be introduced.

1.1 Photovoltaics

A solar cell is a device that converts solar light energy into electricity using the photovoltaic effect.
It is the inverse process to light emission. Fig.1-1 illustrates the construction of a typical solar cell.
The essential elements are an absorber layer and a p-n junction on the front panel for charge carrier
separation. An anti reflection layer on the front panel reduces back scattering of light at the surface.

A front side metallization grid and a rear side ohmic contact provide the electrical connection.

Metal grid

] Load

\\ Ohmic

contact

Fig. 1-1: Schematic view of the construction of a solar cell.

Conversion efficiency and cost are the key issues in the development of solar cells. Solar cells can
be classified into three generations [Gree2001a] according to the technologies used. Cost reduction

and improvement of conversion efficiency are the main clue in the development of all three



generations of solar cells, from first generation crystalline silicon wafer based solar cells through
second generation thin film cells to third generation ultra-high efficiency thin film cells.

Fig. 1-2 shows the efficiency and cost projections for the first- second- and third-generation
photovoltaic technology. The first generation cells have conversion efficiencies in the range around
15% (or equivalent 150 Wp/mz, W, stands for Watt peak, it is the output power under standard test
conditions, which were defined as a solar irradiance of 1 kW/mz, a solar reference spectrum AM
(airmass) of 1.5 and a cell temperature at 25 °C.), one square meter solar cells costs from 170 up to
500 USS$, this makes the module cost per unit area more than 1 US$/W. The second generation thin
film solar cells have smaller conversion efficiency in comparison to the first generation, but the
cost was significantly reduced to less than 150 US$/m?, also the module cost per square meter can
be as low as 0.5 US$/W. The predicted conversion efficiencies of the third generation solar cells is
well above those of the first and second generation solar cells, in the range between 20% and 80%,
while the cost for one square meter is comparable to the second generation solar cells, so the
module cost per square meter is around 0.2 US$/W.

Crystalline silicon as starting material for solar cells is dominant in PV applications because of the
relatively high conversion efficiency and compatibility to standard silicon technology. Over 90% of
the present solar cells are made of crystalline silicon [Rein2005]. Crystalline silicon wafers include

mono- and multi-crystalline silicon. In the early years, monocrystalline wafers from Czochralski
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Fig. 1-2: Efficiency and cost projections for first-, second- and third-generation
photovoltaics technology [Gree2001a].



(Cz) or floating zone silicon were used for solar cell production. However, the monocrystalline
substrates take a high portion of the total cost of finished solar cells. To reduce the cost,
multicrystalline substrates have been used. Multicrystalline silicon is mostly produced by block
casting methods, where a multicrystalline block is fabricated by directional solidification growth
techniques. The crystallization begins from the bottom of the crucible and reaches a columnar
growth with the growth direction perpendicular to the bottom by carefully controlling the
temperature field, yielding grain sizes from several micrometers up to several hundred micrometers.
The blocks are cut into bricks and subsequently sliced into wafers with the wafers parallel to the
crucible bottom. The advantage of the columnar growth is that the grain boundaries are almost
perpendicular to the wafer surface, therefore perpendicular to the p-n junction after cell process.
This greatly reduces the recombination of the generated carriers at grain boundaries. The maximal
reached conversion efficiency for multicrystalline cells is slightly smaller than that for
monocrystalline cells [Zhao1998].

However, the slicing of the mono- and multi-crystalline wafers causes high material losses and also
the slicing process contributes to 10% of the total cost of the solar modules.

Edge-defined film-fed growth (EFG) is a sawing-free technique [Bals1995] to produce
multicrystalline solar silicon wafers. It takes advantage of the capillary force of the molten liquid
silicon in a graphite crucible, and the silicon seed sheet is brought in contact with the melting, the
molten silicon will grow from the seed due to capillary force if the seed is pulled slowly upward. So
a very thin multicrystalline silicon sheet is formed. Another sawing-free technique for fabrication
of multicrystalline solar silicon wafers is the Ribbon Growth on Substrate (RGS) [Sere2007]
technique, where the silicon melt is filled into a mold, and then it will be crystallized there by
carefully controlling the temperature field. The height of the mold defines the thickness of the
wafers. These two techniques do not need the expensive sawing process and therefore reduce the
cutting cost and save a lot of material.

In all crystalline silicon, defects are unavoidably presented in the material. The crystal defects
enhance the recombination loss of the carriers and are the major limitation factor of the conversion
efficiency. However, the detrimental effect of the defects can be minimized by appropriate solar
cell processing. Intensive materials research is needed in the development of PV devices to
characterize the material and the behavior of crystal defects in order to optimize the growth of the
crystal and the solar cell process. For example, spectroscopic and microscopic methods like deep
level transient spectroscopy (DLTS) is used to identify metal impurities, PL, CL and EBIC are used

to characterize the dislocation behavior.



Due to the rapid development of photovoltaics, the shortage of available silicon material becomes a
bottleneck for further cost reduction. Thin film solar cells need little amount of materials and are
therefore believed to solve the problem. The absorber of the thin film solar cells are made of thin
layer(s) deposited on a cheap substrate. The layers can be either amorphous or crystalline silicon.
Crystalline silicon layers of thin film solar cells are produced by a recrystallization process to
improve the material quality.

By choosing the deposition methods, designing the cells and cell processing method, thin film solar
cells achieved conversion efficiencies in laboratory as high as those of solar cells made of silicon
bulk material [Mori1998], but further increasing of the conversion efficiency seems difficult and
needs some novel approaches.

In order to further increase the conversion efficiency, one must understand the limitations to the
conversion efficiency of the solar cells. For simplicity, let us take a p-n junction solar cell as an
example. The estimation of the upper limit of the p-n junction solar cells is based on the detailed
balance limit theory [Shoc1961], where one of the assumptions of the calculation is that one photon
with energy higher than the band gap of the semiconductor material produces just one electron-hole
pair, while photons with energy lower than the band gap of the semiconductor are transmitted
through the material and generate no carriers. The upper limit of the conversion efficiency for
silicon was calculated to be 31%. However, the sun spectrum contains photons with energies
ranging from 0.5 to 4 eV. Photons with energies higher than the band gap of the silicon will be
absorbed and create hot electrons and holes, i. e. electrons above the conduction band edge and
holes below the valence band edge. The hot electrons and holes will then return to the conduction
band edge and valence band edge by cooling process, i. e. by releasing phonons. In bulk silicon it is
very difficult to separate directly the hot electrons and holes because the cooling process is very
fast through carrier-phonon scattering. Accordingly, the kinetic energy of the hot carriers converts
to heat and is useless for the photovoltaic effect.

New concepts of thin film solar cells with ultra-high conversion efficiencies were proposed, which
are termed as third generation solar cells by M. A. Green [Gree2001a] [Gree2002] [Gree2003]. All
the concepts try to make as much use of the sun spectrum as possible. Among the many concepts,
tandem cells, spectral splitting technique, intermediate bands [Keev1996] absorption, multi exciton
generation by higher energetic photons [Luqu2007] and spectral up- & down- conversion
[Trup2002][Strii2007] are particularly worth mentioning. Tandem cells are one of the most
promising concepts of the third generation solar cells, in which several cells with different band
gaps are combined together, with the higher band gaps on the upper layers. The band gaps are

selected for different spectral sensitivity, so that higher energetic photons are absorbed in the upper



layers and lower energetic photons go through the upper layers and are absorbed in the
corresponding layers with appropriate band gap.

In an all silicon based solar cell, different band gaps can be realized by using the quantum
confinement effect of different nano-sized crystallites [Dell1995]. Fig. 1-3 exhibits the dependence

of the energy gap on the size of the silicon nanocrystallites. The band gap increases with decreasing
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Fig. 1-3: The dependence of the energy gap on the size of the silicon nano crystals. (after

[Dell1995]).
size of the nanocrystallites, higher band gap can be realized by smaller sized nanocrystallites.
Moreover, in silicon nanocrystals a series of discrete quantized levels are formed due to quantum
confinement effect. The generated carriers at higher levels are called excitons. The cooling process
of the generated excitons [Rose1993] is much slower than in bulk materials. It is possible to use the
excess energy of the exciton to generate additional carriers by impact ionization. This process is
called multiple exciton generation [Luqu2007] and leads to an enhanced current and therefore
higher conversion efficiency. The most encouraging news in the development of third generation
solar cells reported recently is a solar cell utilizing the spectral splitting technique with a conversion

efficiency of 42.8% [Scie2007].

1.2 Microelectronics

Materials research plays also a very important role in the most mature form of silicon technologys, i.

e. in modern microelectronics and in the development of optoelectronic devices for future



applications. For an example, the interstitial oxygen concentration can be determined by FTIR,
which is an important parameter adjusting the formation of oxide precipitates under the denuded
zone, which serve as gettering sites for metal impurities.

The development of modern microelectronics obeys Moore’s law. Moore [Moor1965] made his
prediction on the integrated circuit in 1965 based on his observation of the development trends on
the integrated circuits between 1959 and 1964. This prediction has many formulations with respect
to the cost, the size and the density of the transistor on the chip. One of the formulations is that the
number of the transistor incorporated in a single chip will approximately double every two years.
Moore’s law was proved to be true for about a half century and seems to hold in the near future. Fig.
1-4 demonstrates an example of Moor’s law, where the number of transistors in memories and
microprocessors as a function of time up to year 2005 is displayed. The curves show an exponential
increase in both cases. Moore’s law reflects the requirements of the consumers for high
performance devices with cheap price and the competition between different suppliers, and became
the driving force of the technological development in modern microelectronics.

The complexity of the chips increases dramatically as the number of the transistor keep on
increasing. More and more sophisticated techniques must be applied in order to keep Moore’s law.
Materials research is one of the focus points to ensure the development trend. In the following,

more evidences on how the material research greatly influence the development of the technology

Moore’s Law - 2005
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Fig. 1-4: Moore’s law of the integrated circuits up to 2005. The diagram shows the
number of the transistors per die in memory and microprocessor at different years.
http://www.ieee.org/portal/cms_docs_sscs/sscs/06Sept/halthillChrt.jpg (30.04.2008).
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will be pointed out.

As the dimension of the devices continuously shrinks, more and more disadvantages of using
standard wafers were revealed in the conventional silicon complementary metal oxide
semiconductor (CMOS) technology. One of the limitations of standard silicon wafers is that bulk
micro defects or crystal originated particles [Cho1999] are unavoidably formed during the crystal
growth. When the dimension of the bulk micro defects becomes comparable to the dimension of the
transistors, an increased leakage current will be the consequence in most cases and in some cases
even failure of the device. A solution to this problem is using epiwafers as a substrate, where the
active region is made of a high quality epitaxial grown silicon layer.

Another limitation appears for high speed switching and low power applications, where the
parasitic device capacitance becomes the fatal issue on the signal delay. The leakage current
through the substrate is responsible for the power consumption of the devices leading to heating of
the device, and consequently low performance of the device. The solution of such problems is to
use a buried insulation layer under the active region, so the parasitic capacitance as well as leakage
current through the substrate can be significantly reduced, allowing a low-power and low-voltage
operation. Such kind of wafers is called silicon-on-insulator (SOI) wafers.

Two kinds of techniques for manufacturing SOI wafers are worth mentioning. One is the separation
by implantation of oxygen (SIMOX) technique [Zhen2005], the other is wafer bonding combined
with Smart Cut technique. In the SIMOX technique, a high dose oxygen implantation is carried out
to form an oxygen-rich region, followed by a high temperature annealing process in order to induce
a phase separation of the SiO; and Si. A complete SiO; layer is formed under the topmost silicon
layer after the annealing process. The Smart Cut technique [Chao2005] is carried out in 5 steps. Fig.
1-5 illustrates the flow chart of the Smart Cut technique. In the first step, Si oxide layers are grown
on the two initial wafers, the thickness of the Si oxide layer can be easily adjusted by the oxidation
process. One sacrifice wafer is hydrogen-implanted with a dose >1-10'® atom/cm? [Kitt2007] to
form a hydrogen-rich region. In the following step the two wafers are bonded together with the
hydrogen-implanted layer close to the bonding interface. The third step is a high temperature
annealing procedure resulting in the formation of bubbles. The ripening of the bubbles causes
microcracks and finally leads to the ablation of the sacrifice wafer, this is what the name “Smart
Cut” stands for. The rough surface after the smart cut process can be easily flatened by chemical
mechanical polishing.

Another interesting technique for advanced substrates is the so-called silicon wafer direct bonding
[Reic2006]. This technique allows producing a DN with defined properties [Yu2006] at the

bonding interface by tuning the twist and tilt angles of the two initial wafers. DNs produced this
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way are considered to have many novel properties [Kitt2007]. Their potential applications can be
found in optoelectronics, electrical conduction by dislocations, biochips [Kitt2007] and so on.

In utilizing modern silicon substrates like SOI and bonded wafers, the properties within the thin

_ 1. Hydrogen implantation

1. Si oxide P i
A Y >
2. Bonding 3. Bubble formation
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Fig. 1-5: Illustration of the Smart Cut wafer bonding technique. 1. Si oxide formation and
hydrogen implantation into one of the wafers. 2. Bonding. 3. Bubble formation by high
temperature annealing. 4. Smart Cut. 5. Chemical mechanical polishing.

film such as diffusion length of minority carriers are of great importance for device performance. It
is difficult to extract the real minority carrier diffusion length by usual methods because of the

surface recombination at the bonding interface and at sample surface.

1.3 Development in opto-electronics

In modern 65 nm silicon technology eight copper interconnect layers [Intel] are integrated (see Fig.
1-6), and it seems that the number of the interconnect layers will even increase in the future. The
total length of the copper wires will increase from several kilometers to several ten kilometers in
the next ten years, leading to significant heating of the device, signal delays and crosstalk between
the neighboring wires. At a certain time, the performance of the chips can not be improved further
by adding more layers and the conventional Cu interconnects will be no longer suitable.

Optical on-chip interconnects are believed to be able to solve this problem. Signal transmission

within the chip will be done via optical interconnects instead of copper interconnects. Optical
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components including light emitter are needed for this purpose. While all the other silicon based
optical components like waveguides [Liu2007], modulators [Jian2005] and detectors [Cola2007]
have been demonstrated for a long time, an applicable efficient silicon based light emitting diode or
laser is still missing.

Two candidates are believed to be suitable for light emitters. One is the hybrid integration of III-V
semiconductors with direct band gap, which allow light emission with high efficiency. The other
solution is monolithic integration of silicon based light emitters.

Hybrid integration [Tewk1994] of III-V materials causes serious lattice mismatch with the silicon

host substrate, leading to low performance of the devices. Moreover, the different material

Fig. 1-6: Cross section view of a chip with eight copper interconnect layers.
http://www.intel.com/technology/architecture-silicon/65nm-technology/index.htm
(29.04.2008).

properties like thermal expansion decrease the reliability of the devices. So the modern silicon
based optoelectronic device can just be realized by using external light sources (Luxtera). The final
solution turns back to silicon based light emitters, which are compatible with standard silicon

planar technology.

Some perspectives on the silicon based light emitters

Silicon has been considered a poor light emitter for a long time because of its indirect band gap.
After a long time research works this statement was proved to be not true any more. Significant
enhancement of the electroluminescence (EL) signal in the bulk p-n diodes has been already

reported [Gree2001]. The basic concept of the enhancement of band-to-band (BB) light emission in
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Green’s experiments was to suppress the nonradiative recombination channels caused by deep
energy states in the band gap by using high quality floating zone (FZ) silicon. Simultaneously, a
surface texturing with effective passivation treatment was performed to reduce the surface
recombination caused by surface states. So the excess carriers did not have other channels to
recombine than recombining radiatively [Gree2001]. Ng et al. [Ng2001] used a high dose boron
implantation into n-type substrate to prepare a p-n junction. In the subsequent annealing process
dislocation loops were formed, a highly efficient BB EL was also observed despite that the
mechanisms for the enhancement of the emission is still controversial [Kitt2006]. Moreover, p-n
diodes prepared by boron implantation into n-type silicon [Ng2001] [Sun2003] or phosphorous
implantation into p-type silicon [Kitt2006] show anomalous EL temperature behaviors, i. e.
enhanced BB light emission with increasing temperatures. This effect is very promising for
fabrication of efficient light emitting diodes (LEDs) working at room temperature (RT). It should
be pointed out that the experimentally observed efficiencies for the BB emission lie still far below
the theoretical prediction [Kitt2006] of 20% under optimal conditions. More work should be done
to improve the light emission of the LEDs.

Although the BB emission might be made very efficient, the fundamental difficulty in using BB
emission is the absorption in silicon, signal decreases dramatically for long distance transmission,
and leading to generation of free carriers responsible for the noise in the circuit. Additionally, it is
difficult to realize fast signal modulation due to the long BB recombination lifetime [Basu2003].
Another revolutionary progress in the development of silicon light emitters is the invention of an
all-silicon Raman laser [Rong2005a] and a continuous-wave Raman silicon laser [Rong2005b]
from the same group. This was the milestone of silicon based laser device, opening a new era of
silicon photonics. The limitations of such kind of silicon laser for the Very Large Scale Integrated
Circuits (VLSIs) are that the device is optical pumped and a large area is needed for the laser. In
addition, the Raman laser wavelength around 1.68 um causes also some difficulties in the detection
for a monolithic integration.

Sub-bandgap infrared light was considered to be the most suitable light source on this purpose
because of its low absorption in silicon host materials. Especially at a wavelength around 1550 nm,
this wavelength range corresponds also to the third low-loss transmission window in the optical
fibers, which enables long distance data transmission.

Several light sources at 1550 nm which might be compatible with silicon planar technology have
been demonstrated in recent years, for examples, dislocated silicon materials [Kved1995], erbium
doped silicon [Ennel1983] [Fran1994], B-FeSi, [Bost1985] [Leon1997] and so on. However, the

usual way to produce dislocations in silicon is made by plastic deformation, it does not allow a
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reproducible formation of the dislocations density and morphology and are also not compatible
with the silicon planar technology. Therefore it is difficult to control the emission properties of the
light emitter. The others suffer greatly from inefficient light emission at RT, for B-FeSi, based
LEDs is even worse because iron contamination is unacceptable in silicon planar technology.

A more promising solution of an efficient light emitter working at 1.55 um seems to be the DNs
fabricated by silicon wafer direct bonding techniques. As bonded wafers become the mainstream of
high performance microprocessors. Silicon wafer direct bonding is a unique technique that allows a
reproducible fabrication of a DN with defined dislocation density and morphology. The DNs show
pronounced dislocation-related luminescence (DRL) lines. The D1 (1.5um) line of the DRL can be
made dominant in the PL spectrum by tuning the twist and tilt angles of the two initial wafers
[Yu2006]. DNs also show enhanced electrical conductivity [ Yu2006] which can be used as a buried
conductive channels. Moreover, the electrical barrier around the DN caused by the charged
dislocations may find a potential application for attracting charged biomolecules if it locates close
to the surface [Kitt2008]. Recently, stark effect of the DRL [Mche2007] was reported which is of
considerable interest of combining light emitter and modulator.

Great activities in pursuit of an efficient silicon based light emitter can also be found in the silicon
based nanostructures since Canham has reported efficient visible light emission from porous silicon
at RT [Canh1990]. The possible mechanism was believed to be mostly due to a quantum
confinement effect [Lehm1991] and a direct band gap [Budal992] [Koval998] in the
nanocrystallites, although the precise mechanisms are under strong debate [Prok1992] [Frie1992]
[Prok1994] [Kanel994] till now. Soon the exploration expanded to other silicon based
nanocrystalline structures like Si/SiO, superlattice or MQWs [Tsyb1998], silicon nanowires (Si
NWs) [Ono1997] and quantum dots [Risb1993].

Many of the research efforts on the silicon based nanostructures are to realize a high quantum
efficiency light emitting diode or laser. Since the first report on optical gain from silicon
nanocrystal material [Pave2000], great improvements were immediately achieved by incorporating
rare earth elements into silicon nanocrystals [Pave2005]. A research group from ST
Microelectronics developed high efficient laser with an external quantum efficiency of 10% based
on Er-doped Si nanocrystal. The results were very encouraging and show the perspective that
efficient light emitter could also be made from silicon based materials. Silicon photonics will not be

just an illusion and will be realized in the near future.

Material research is the focus point in the development of the silicon technology throughout the

three areas, in the development of high efficient solar cells, high efficient gettering of impurities, in
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the process control of microelectronics device production, and in the development of the silicon
based optical component for opto-electronics. Semiconductor microscopy and spectroscopy belong
to the most important tools to visualize the defects and to characterize the material, and therefore

are widely used to investigate the properties of material and behavior of the defects.
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Chapter 2. Characterization by semiconductor spectroscopy

and microscopy

2.1 Defects in silicon

The mechanical, electrical and optical properties of Si are mostly defined by crystal defects. These
crystal defects are imperfections which deviate from an ideal crystal lattice. Crystal defects are
formed during the growth or subsequent processes [Hart1994], and can be classified into four
groups [Schul991] from the point of view of their dimensions: (i) zero-dimensional defects, also
called point defects like vacancies, interstitials atoms and substitutional atoms; (ii) one-dimensional
defects like dislocations; (iii) Two-dimensional defects like grain boundaries (GBs) and stacking
faults; (iv) three-dimensional defects like precipitates and voids. One-, two-, and three-dimensional
defects are extended defects in silicon crystal. In addition, the crystal surface breaks the symmetry
of the crystal lattice and can be considered as defect as well. Such kind of defects causes the well-
known surface states (or interface states if a Si oxide/Si interface is considered).

In the following, the four groups of crystal defects will be briefly introduced.

Zero-dimensional defects: point defects

Point defects can be classified into intrinsic and extrinsic point defects. Intrinsic point defects in
silicon material are vacancies and self-interstitials. Extrinsic point defects are impurity atoms either
at lattice (substitutional atoms) or at interstitial sites of the lattice. Examples of extrinsic point
defects in silicon are doping atoms, transition metals, interstitial oxygen atoms and carbon
substitutional atoms.

Intrinsic point defects have a strong influence on the diffusion kinetics of foreign atoms, because
the diffusion constant of the foreign atoms is dependent on the existent vacancies and self-
interstitials. Extrinsic point defects like transition metals form energy levels in the band gap and

greatly enhance the Shockley-Read-Hall (SRH) recombination rate.

One-dimensional defects: dislocations

Dislocations are formed due to mechanical stress, lattice mismatch at the interface of two

semiconductor materials (misfit dislocations) [Rajal991] and also by point defects agglomeration
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[Liu1995]. Mechanical stress originates mostly from different local thermal expansion because of
temperature gradients during high temperature processes, leading to the formation or multiplication
of dislocations [Schul991]. A dislocation is characterized by the direction of the dislocation line
and the Burgers vector. Fig. 2-1 describes the determination of the Burgers vector by drawing a
circuit clockwise around the dislocation line in the step of a lattice constant. If there is no
dislocation in this circuit, the circuit should be closed. When a dislocation is present, a break occurs.
The vector from the end to the beginning of the circuit defines the direction and length of the
Burgers vector. The Burgers vector of edge dislocations is perpendicular to the dislocation line. On
the contrary, the Burgers vector is parallel to the dislocation line for screw dislocations.

A long-range strain field [Chri1971] exists around dislocations due to lattice distortion. The strain
field interacts significantly with intrinsic and extrinsic point defects, giving rise to a Cottrell
atmosphere [Bull1970] around and in the core of the dislocations. The formation of the Cottrell
atmosphere reduces the strain and therefore the system energy.

The understanding of dislocations is mainly obtained through plastic deformation [Kulk1976]
induced ones. A cantilever [Fekl1999] or three point bending [Gian2002] geometries are usually

used to deform silicon at temperatures ranging between 500 °C and 900 °C [Seit1952], this is the

NN

Fig. 2-1: Determination of the Burgers vector through Burgers circuit. The right image
illustrates the determination for an edge dislocation, the left one for that of a screw
dislocation. The dashed lines in both images are the dislocation lines, and the red arrows
define the direction and the length of the Burgers vector.
temperature range at which the brittle silicon bulk material shows plasticity. Silicon belongs to the
diamond structure in the lattice system. The generated dislocations are mainly 60° dislocations
lying at {111} glide planes and in [110] directions [Leip2001]. The 60° dislocations can

subsequently dissociate into partials in favor of lowering the system energy, resulting in 90° and

30° partials bounding a stacking fault ribbon [Benn1997] [Nune1998] between them.
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During the deformation, the generated dislocations are under stress and can migrate through climb
and slip. The migration of the dislocations depends significantly on the available point defects. For
example, climb can take place through a vacancy as well as an interstitial mechanism, and the slip
of the dislocations can be greatly influenced by the Cottrell atmosphere [Leip2001]. The migration
of dislocations has a gettering effect on the impurities due to a long range strain field of the
dislocations, and the impurities gettered at dislocations can form clusters and strongly influence the
movement of the dislocations [Maro1991]. The movement of the dislocations also produces kinks
and jogs at the dislocation lines, making the real dislocations deviate from ideal ones.

Dislocations can also be generated at the interface of two materials with different lattice constants,
for example, at the interface of Si/SiGe. The so generated dislocations are called misfit dislocations.
Another way to produce dislocations (loops) in a well controlled manner is by means of ion
implantation of Si atoms [Mche2008], doping atoms [Ng2001] [Kitt2006] or oxygen atoms
[Sobo2007] into the Si host material and subsequent annealing. Dislocation loops with defined
density and desired depth under the Si surface can be produced by adjusting the implantation
energy, the ion dose and the annealing parameters.

A more brilliant method that allows a reproducible fabrication of a well controlled DN with defined
morphology of the dislocations is silicon wafer direct bonding [Yu2006]. The left image in Fig. 2-2

illustrates the principle of formation of DN using the silicon wafer direct bonding technique. By

twist

tilt

Fig. 2-2: The principle of DN formation by using silicon wafer direct bonding (left). A TEM
image shows an example of the resulting DN (right).

tuning the twist and tilt angles of the two initial wafers, a two-dimensional network with screw and

edge dislocations will be formed. The right image in Fig. 2-2 shows an example of the resulting
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network with screw and edge dislocations. Pure screw or edge dislocation can be produced by

choosing an appropriate set of twist and tilt angle.

Two-dimensional defects: Grain boundaries and stacking faults

GBs and stacking faults are two-dimensional crystal defects in silicon material. A GB reprensents
the interface between two neighbouring grains. It is formed during crystal growth, when two
neighbouring crystallites with different orientations touch each other. GBs can be classified into
twin boundaries, large angle and small angle GBs. Twin boundaries are planes between two
crystals that share the same crystal lattice sites in a symmetrical manner. They are usually
electrically inactive, provided no dislocations or irregularities are present at the boundaries
[Seif1993] [Caval995]. Large angle GBs are GBs with large misorientations (twist or tilt angles
>11°). Boundaries with a very small misorientation of the neighbouring crystallites are termed
small angle GBs. GBs provide places for segregation of impurity atoms [Buon2006a]. Often
dislocations are found at GBs. In particular, small angle GBs can be considered as an array of
dislocations. Under such circumstance the bonding interface of a bonded wafer can be regarded as a
GB, too.

A stacking fault (SF) is another two-dimensional crystal defect. In the diamond structure of the
silicon lattice, three neighbouring (111) planes are stacked in the sequence of ... ABCABCABC....
When the stacking sequence is disturbed by inserting an additional plane or excerting an existing
plane, a defect called SF is formed. In silicon, the formation of SFs usually occurs by
agglomeration of point defects. Agglomeration of vacancies leads to the formation of intrinsic SFs
and that of interstitials to extrinsic SFs [Schul991]. Extrinsic SFs are formed usually by the
injection of silicon self-interstitials during the oxidation. Such oxidation-induced stacking faults are

of great technological interest for the Internal Gettering of integrated circuits [Tan1976] [Tan1977].

Three-dimensional defects: precipitates

Three-dimensional crystal defects like precipitates form by agglomeration of intrinsic and extrinsic
point defects. Such agglomeration occurs when the concentration of point defects is above the
solubility limit at a certain temperature. The point defects begin to form nuclei either at an existing
defect (heterogeneous nucleation) or through clusters formed due to local fluctuation of the point

defect concentration (homogeneous nucleation) [Schul991].
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The growth kinetics of the nuclei obeys the Ostwald-Ripening principle [Schr1997] [Seib1999]
[Kiss2005]. Only nuclei with diameter larger than a critical value can survive and grow further,

while nuclei smaller than that will shrink and disappear after a certain time.

Surface and interface states

The silicon surface is a place where the crystal lattice ceases [Yu2001]. Although the first silicon
layer may undergo a reconstruction process [Marj1984] [Howal994] [Gies1995] to reduce the
surface energy, the silicon surface may still contain many unsaturated bonds. These bonds are
named dangling bonds. The silicon surface is usually covered by a thin Si oxide layer known as
intrinsic oxide. Due to the mismatch of the Si crystal and the Si oxide, the interface between Si and
Si oxide contains also many dangling bonds. These dangling bonds are responsible for a series of
phenomena, such as surface states, surface charging.

Surface or interface states are responsible for the recombination process in silicon known as surface
recombination. This is a very important factor for high performance solar cell and MOS devices.
The surface recombination can be evaluated by surface recombination velocity vs or surface

recombination rate Ry (see also chapter 4).

Defect engineering in silicon technology

Defects exist inherently in silicon materials. The formation of crystal defects is unavoidable from
the thermodynamic point of view [Varo1988]. The point defects, one-, two- and three-dimensional
defects can interact with each other under certain conditions. Crystal defects have great influence
on the mechanical, electrical and optical properties of the materials. For example, all kinds of
crystal defects may have energy levels in the band gap. Such energy level can trap minority or
majority carrier (that is why they are also called traps), and influence the carrier recombination.

In order to avoid the detrimental effect of the defects or even bring some specific functional defects
onto the devices, a field called defect engineering was developed. Defect engineering deals with
crystal defects and give a better control over the properties of the material. Several strategies are
used:

1. Controlling the formation of defects from harmful to less harmful ones or even eliminate
completely the detrimental effects. Examples can be found: (a). in the annealing of thermal donors
[Neim1999]; (b). hydrogen passivation of metal impurities, dislocations, GBs [Kriig2000]
[Kitt2001] [Rini2006] and interface states [Hu2003] on the surface of the silicon devices.
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2. Controlling the distribution of the defects, so that no or less detrimental defects exist within the
active device region. Examples are: (a). gettering of the metal impurities [Myer2000] in silicon PV
materials; (b). controlling the spatial distribution and sizes of the metal precipitates in
multicrystallline silicon, to avoid the very detrimental homogenous distribution of point defects for
PV applications [Buon2006]; (c) formation of a denuded zone [Kiss2000] [Fu2007] in the active
region of integrated circuits, to improve the performance and reliability of the circuits.

3. Introducing specific functional defects into the materials for special applications. Good
examples are: (a). reproducible formation of the DN with defined electrical and optical properties
by silicon wafer direct bonding technique. The DN formed this way may find its applications in the
electronics, optoelectronics and biology in the future [Kitt2007]; (b). introduce deep level
impurities like Au, Pt to reduce the lifetime of the minority carriers for fast switching power
devices [Haub1986]; (c). controllable formation of oxygen precipitates under the active device
region for Internal Gettering (IG) in integrated circuit processing [Myer2000].

Defect engineering provides another point of view in dealing with the crystal defects in silicon
materials. The objective of defect engineering is not trying to eliminate the defects, but use the
defects in a controllable manner at desired places, so that the detrimental effect of the crystal
defects minimizes and even new function devices can be realized. Defect engineering needs a better
understanding of the behavior of the crystal defects. Whiles the behavior (diffusion kinetics, energy
levels, optical properties and so on) of point defects in silicon is already rather well understood,
many features of the extended defects and interface states are still under strong debate. More works
should be done to clarify the properties of the defects.

Semiconductor spectroscopy and microscopy methods provide powerful tool for defect

characterization.

2.2 Semiconductor spectroscopy and microscopy

The semiconductor spectroscopy methods deal mainly with the electrical, optical properties of the
materials by using spectroscopic methods like Deep Level Transient Spectroscopy (DLTS), Photo-
(PL), Cathodo- (CL) and Electro-luminescence (EL), Raman spectroscopy, Fourier Transform
Infrared Spectroscopy (FTIR) and so on. Moreover, X-ray Diffraction Spectroscopy can be used in
the determination of crystal structure, compositional analysis and surface analysis,

DLTS plays a very important role in the characterization of electrical properties of crystal defects,

which have energy levels within the band gap [Lang1974]. In DLTS measurements, during a filling
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pulse applied in forward bias direction of a Schottky or p-n junction diode, the space charge region
(SCR) will get narrower. Majority carriers will be injected into the place between the SCR without
applying filling pulse and that with the filling pulse, and trapped at deep levels there. After
switching off the filling pulse, the trapped carriers will be emitted from the deep levels with the
time. The emission of the majority carrier leads to a change of the capacitance called transient. By
analyzing the capacitance changes in a certain time window during a temperature scan, a DLTS
spectrum will be recorded. By recording DLTS spectra with different time window, one can get
information about the energy level, the capture cross section of the traps and the concentration of
the traps. DLTS is a nondestructive method and has many advantages, especially in the
determination of the trap concentration. DLTS is very sensitive and can detect electrically active
impurity at a concentration as low as 10" cm™.

Luminescence characterization can be used to determine impurities and specific crystal defects in
silicon by characteristic emission lines [Kara2001] [Davi2006], mapping of spatial distribution of
specific defects [Argu2007], characterize solar material [Tara2000]. Their applications can be
found in the development of light emitting diodes and determination of energy levels of defect in Si.
Raman spectroscopy studies the inelastic scattering (or Raman scattering) for the photons by
vibration of chemical bonds in the material. The photons generated by a monochromatic light
source, i. e. laser, interact with phonons or other excitation in the materials, leading to energy shift
of the photons. The shift gives out the information about the vibrational modes in the material. The
Raman shift is very sensitive to the states of the chemical bonds, and can be used to measure the
strain [Naka2006] in the silicon materials, to determine the amorphous and crystalline phases
[Zwic1993] in the thin film solar devices, to measure the nanocrystal size [Ossal999].

FTIR measures absorption of infrared light by chemical bonding or molecules in the material, it
provides complementary information with the Raman scattering. They both based on the
phenomena of the photon-phonon interaction, but depend on different select rule. An infrared active
mode needs the dipole of the chemical bonding to be changed during the vibration. FTIR finds its
application in the silicon technology in the determination of interstitial oxygen concentration,
nitrogen species with other defects in silicon and so on.

X-ray Diffraction Spectroscopy is based on the elastic scattering of an x-ray beam by crystalline
structure. The scattered angles of the incident x-ray beam provide information of the
crystallographic structure, lattice constants, strains and chemical composition. Small angle x-ray
diffraction can be used for surface analysis.

Semiconductor microscopy methods play an important role in the detection of extended defects due

to high spatial resolution. The most important microscopic methods used in semiconductor
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technology are Electron Beam Induced Current (EBIC), Transmission Electron Microscopy (TEM),
Atom Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM).

EBIC provides a direct way to map the recombination active defects due to its high spatial
resolution in micrometer range. EBIC contrast contains information about the recombination
properties of the extended defects, diffusion length of the substrate and so, and is capable to
investigate the electrical properties of the defects. EBIC became a powerful technique to determine
the diffusion length via energy dependent collection efficiency, to evaluate the metal contamination
at dislocations by careful modeling of the contrast temperature behaviors.

TEM takes the advantage of the short de Broglie wavelength of the electron beam, which
significantly improves the spatial resolution in comparison with light microscopy. The spatial
resolution of modern HRTEM (high resolution TEM) equipment is in the sub-angstrom range. The
contrast of the TEM image yields information about the diffraction of the electrons in the material,
varying of composition. Therefore, by using TEM in the appropriate modes, information about the
compositions of the material, crystal orientation and electronic structure of the defects can be
obtained. TEM is a most powerful tool in the research in nanometer scale, and its application can be
found in the modern silicon technology, in the nano science.

AFM is a high resolution microscopy to analyze the sample surface by using the atomic force
between a fine tip fixed on a cantilever in the AFM and the sample surface. Such force leads to the
deflection of the cantilever according to Hooke’s law. This deflection can be measured by laser
technique and convert into force between the tip and the sample surface. AFM allow mapping of
the sample surface in atomic scale, determination of surface atom species [Sugi2007], and
manipulation of surface atoms.

STM is similar to AFM. It uses also a fine tip close to the sample surface. When a bias is applied
between the tip and the sample, a current will be generated by the tunneling of electrons through
the vacuum between them as the tip is brought close to the sample surface. The tunneling current
decreases exponentially with increasing distance. The movement of the tip is controlled via
piezoelectric transducers, which allow the tip to move in the sub-angstrom range. STM also allow
mapping the sample surface in atomic scale, manipulation of surface atoms.

By using semiconductor spectroscopy and microscopy methods, a deep insight into the properties
of the material and defects is gained. Such understanding enable a better control over the properties
of the material by optimizing the processing, and even new function or device will be realized. This
work focuses on the electrical and optical properties of Si materials characterized by means of

EBIC, PL, CL and EL.
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Chapter 3. Experimental methods

In this work, the electrical and optical properties of various silicon based materials have been
investigated by means of semiconductor microscopy and spectroscopy characterization methods. In
particular, Electron Beam Induced Current (EBIC), Cathodoluminescence (CL),
Photoluminescence (PL) and Electroluminescence (EL) were used to characterize the samples.
EBIC and CL were performed by using the Scanning Electron Microscopy (SEM) in corresponding
modes. PL and EL were also carried out to investigate the optical properties of the materials.

In order to understand the EBIC and CL methods, the interaction between the primary electron
beam and the investigated materials should be understood. A brief introduction of the EBIC and CL
methods is given below. Other characterization techniques like PL and EL used in this work will be

also discussed in the following text.

3.1 Interaction between electron beam and semiconductor materials

When a high energetic electron beam is focused on the semiconductor, a series of phenomena will
happen due to the interaction between electron beam and semiconductor materials. First of all, part
of the incident primary electrons is backscattered by elastic scattering processes. This portion is
almost constant for silicon of 10% in the energy range below 60 keV [Wul978]. The rest of the
primary electrons give their energy to the semiconductor lattice by inelastic scattering processes,
like generation of secondary electrons, generation of excess electron-hole pairs, generation of x-ray

and so on. The dissipation of the incident electron energy can then be described with the expression:
E,=E, +Eg +Ey +E; +... 3.1

where Ej is the total energy of the incident electron beam, E¢,, Esg, Ex and Egg are the energies
used for generation of excess electron-hole pairs, secondary electrons, x-ray and backscattered
electrons, respectively. In silicon, the energy loss due to Egg and Ex is very small and can be

ignored, so the energy used for the generation of excess electron-hole pairs is approximately:

E, =~ E,-E, =~ (1-pE, =0.9E, (3.2)
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where 7 =10 % is the backscatter coefficient of the incident electron beam.

In silicon, the generation of electron-hole pairs takes place by impact ionization of the valence band
electrons into the conduction band, leaving holes at the valence band. The excitation may take place
at different sub-valence band, with their energies lower than the valence band edge. The electrons
can also be brought to different levels of the conduction band, resulting in kinetic energy of the
generated electron-hole pairs. That is why the average energy e; required for the generation of one
electron-hole pair is higher than the band gap energy E,. The kinetic energy of the generated
carriers can then be absorbed by the silicon lattice due to lattice vibration, i. e. generation of
phonons or multi-phonons, making electrons return to the minimum of conduction band and holes
to maximum of the valence band. In silicon, e; is about 3.6 eV [Schd1986], therefore the number N

of generated electron-hole pairs per primary electron can be estimated as:

N=La 208 _os0E,

where Ej is in keV.
The generation of carriers occurs in a region called generation volume. Everhardt and Hoff
[Ever1971] gave the following empirical depth-dose function for the distribution of the generated

electron-hole pairs by:

N(z)= ﬁﬂ(ij
d \d (3.4)
with

3 2
569 2| —124/ 2| +621| 2 |+06: 0<Z<11
d d d d

ﬂ(ij -
d (3.5)

where z is the depth below the sample surface and d the penetration depth of the electron beam

defined as:
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_ 1,75
d =0.0171x(E,) (3.6)

Figures 3-1 A and B depict the depth-dose function for the energy range between 10 keV and 40

keV, and the dependence of the penetration depth on the beam energy, respectively.
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Fig. 3-1: A) Depth-dose function of the primary electron beam for energy between 10 keV
and 40 keV. B) The penetration depth dependence on the beam energy.

In the generation volume, the excess carriers are under nonequilibrium condition, if no extra
electrical barrier exists in the region, the motion of the electron-hole pairs can be considered purely
diffusive in respect of the electrical neutrality of the pairs. The excess carriers undergo a diffusion
process in all directions and recombine simultaneously through three mechanisms, namely,
Shockley-Read-Hall (SRH), radiative and Auger recombination.

If an electrical barrier like a p-n junction or Schottky junction exists near the generation volume,
when the carriers reach the barrier, the electrons and holes will be separated by the electrical field,
electrons drift to positive and holes to negative pole. The separated carriers contribute to an

electrical current if the circuit is closed. This is the principle of EBIC.

3.1.1 Electron beam induced current

EBIC experiments are performed in a S360 SEM equipped with a cooling stage working down to
helium temperature. A Faraday cup is used to measure the beam current. Fig. 3-2 illustrates the

experimental setup of the EBIC technique. When the electron beam scans over the sample, EBIC
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current will be generated. The EBIC signal is led to a current pre-amplifier, and then amplified by a
Matelect analog current multiplier. The amplified signal is subsequently digitalized and monitored

by a computer. An EBIC image with different grey levels will be obtained. To calibrate the EBIC
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Fig. 3-2: Experimental setup of EBIC measurement.

signal, a Keithley 261 picoampere current source is used. The signal input is given by the current
source instead of the sample, by changing the source current during the image recording in EBIC
mode, an image of multi grey levels will be generated, the grey level is proportional to the current
given by the current source, and so can the EBIC image be calibrated by EBIC current.

EBIC is a powerful method to visualize recombination-active crystal defects (precipitates,
dislocations and grain boundaries), lifetime inhomogeneities (oxygen striation in Cz silicon)
[Kitt1984] and doping variation [Kock1977]). More information about the defect depth distribution,
surface recombination rate and diffusion length [Wu1978] can be drawn conveniently by changing
the beam energy, i. e., the penetration depth. Moreover, due to the high spatial resolution ranging
from several hundreds nanometer to several micrometers dependent on the beam energy, EBIC
became a suitable method to investigate the recombination properties of individual crystal defects.
The principle of EBIC is similar to the generation of electrical current in a solar cell. The difference
to solar cell is that the carriers are generated by a high energetic electron beam instead of sun light.

Fig. 3-3 illustrates the of EBIC contrast formation at extended defects in case of Schottky diode
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made on p-type substrate. When the electron beam incident to the sample, electron-hole paris will
be generated in the generation volume. The excess carriers generated within the SCR will be
separated quickly by the electrical field, and electrons drift to Schottky contact and hole to bulk.
This process is very fast, and the probability of the electron-hole pairs to recombine at the SCR is
very low. Therefore, crystal defects within the SCR can usually not be detected by EBIC. The
excess carriers generated outside the SCR undergo a diffusion process, when some of them reach
the SCR, they will be separated by the electrical field as well and contribute to the EBIC current.
The diffusion of the carriers is strongly dependent on the properties of the material. If some
recombination-active extended defects exist close to/in the generation volume, they will result in

loss of the excess carriers by recombination, leading to a reduced EBIC signal around them. As the
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Fig. 3-3: Illustration of the principle of the EBIC method of the formation of EBIC contrast at
extended defects.

electron beam scans over the Schottky diode, a two dimensional map of the collected current will
be obtained.

The defects recombination activity can be characterized by the EBIC contrast C defined as follows:
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(3.7)

where [y and 1; denote the EBIC current at a defect-free region in the vicinity of the defect and the
current at the defect site, respectively. The contrast of a defect is a function of the geometry of the
extended defect (form and depth below the sample surface), beam conditions (energy, injection
conditions), substrate properties (diffusion length, surface recombination rate) [Kitt1984] and so on.
In order to understand the EBIC contrast, the diffusion equation of the excess carriers in the
presence of a small perturbation (defect) should be solved. Donolato [Dono1978] has solved such
diffusion equation of the excess carriers and explained the formation of EBIC contrast. He found
out that the contrast can be defined as a product of recombination strength I" and a correction factor

f:

C=I'xf (3.8)
with
pod[L 1] 1L .9
Dz, ©| L, L

D is the diffusion coefficient of the minority carriers, 7, and Tt are the minority carrier lifetimes at
the defect and in the bulk, and Lp and L the corresponding diffusion lengths at the defect and in the
bulk, respectively.

Normally, Lp << L, so I' can be approximately expressed by:

| (3.10)

The recombination strength I" is a measure of the recombination property of the extended defect, it
is independent of beam conditions, geometry of the defect and properties of the sample. The
correction factor f depends on the geometry of the defect, beam conditions and substrate properties,
and can be calculated by Donaloto’s model.

Measurements of EBIC collection efficiency can be used to characterize the properties of the
material. Collection efficiency is defined as the EBIC current Igg;c divided by the maximal possible

EBIC current, which is equal to the 250E/p according to equation (3.3):
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The energy dependent collection efficiencies is a function of the thickness of the metal Schottky
contact, of the SCR width, of the surface recombination velocity and of the minority diffusion
length [Wul978]. Fig. 3-4 shows the theoretical energy dependence of the collection efficiency in
an Au-Si Schottky diode for different diffusion length in the substrates. The slope of the collection

efficiency curve at the high energy side reflects the diffusion length of the minority carriers.

10 20 30 40 50 60 70
Beam energy (keV)

Fig. 3-4: Theoretical EBIC collection efficiency 1 for an Au-Si Schottky diode as a function of
the beam energy. The curves are calculated with the diffusion lengths of L = 1, 5, 10, 20, 50
and 500 um [Wul978].

Another very attractive phenomenon is the EBIC temperature behaviour of contrast C(T). C(T) has
been shown to be a fingerprint of the metal contamination level [Kitt1995] at dislocations (see also

Chapter 4).

3.1.2 Cathodoluminescence

Our CL measurements were carried out in a Zeiss EVO 40 SEM equipped with a Helium cold stage
working down to liquid Helium temperature, a Gatan MonoCL system and a Hamamatsu InGaAs
photomultiplier detector with sensitivity ranging from 250 nm to 1700 nm. Fig. 3-5 sketches the

experimental setup of the CL system. The electron beam is focused on the sample through a small
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hole on the parabolic mirror. The generated CL light is picked up and led to the grating
monochromator by the parabolic mirror, and the signal to be analyzed is then recorded by the

photomultiplier detector.

SEM Monochromator

Detector
irror
= a
\

Sample

Fig. 3-5: Experimental setup of the CL system.

SEM in CL mode provides a contactless and nondestructive method to characterize the
luminescence properties of semiconductor materials. CL has many advantages in comparison with
photoluminescence (PL). First of all, the higher spatial resolution in the micrometer range due to
the generation volume of the electron beam renders it a powerful tool to characterize individual
extended defects. The possibility to excite luminescence in wide gap material is another advantage.
PL instead, the energies of the generated photons are limited by the wavelength of the excitation
laser. Furthermore, CL gives information about the defect depth distribution conveniently by
changing the beam energy.

The excess carriers are generated in a generation volume by impact ionization of electrons by the
electron beam like the process in EBIC. Then the excess carriers will diffuse out of the generation
volume and recombine simultaneously. Radiative recombination processes lead to the emission of
luminescence signal. The spatial resolution of CL is defined by the generation volume and the
properties of the material (diffusion length). By using CL in different modes, spectrally or spatially,

i.e. spectrum recording or mapping in monochromatic or panchromatic mode, one can get not only
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the optical properties of the material, but also the spectral and spatial distribution of luminescence
centres [Seki1996].

The generation of luminescence in silicon is due to radiative recombination processes [Holt1989],
which are valid for all the three luminescence techniques (CL, PL and EL) used in this work.
Radiative recombination is a recombination process, through which a light quantum is generated.
The process can be either intrinsic or extrinsic [Vars1967]. Intrinsic radiative recombination
denotes the recombination process between the electrons at the conduction band and holes at the
valence band. Extrinsic radiative recombination denotes the radiative transition through impurity,
either starts or/and ends at impurity level in the band gap.

The intrinsic recombination process is a direct one in direct band gap semiconductors and indirect
one in indirect band gap semiconductors. Here ‘“direct” means the transition without the
participation of third particle, i. e. phonon or multiphonon, while the indirect transition is the
process accompanied with emission or absorption of a phonon or multiphonon to keep the
momentum conservation law, which is the case in silicon. Equation 3.13 and 3.14 express the

momentum and energy conservation during the process.

k, =k, *k,, (3.13)

E,=E,tE, (3.14)

where k and kp;, are the wave vector of the emitted photon and the phonon, k, is the wave vector for
a direct transition between the conduction and valence band edge, E., E, and E,; are the emitted
photon, band gap and phonon energies, respectively. The symbol “+” stands for absorption (+) or
emission (-) of a phonon.

The phonon has very low energy and large momentum, that is why the emitted photon energy is
approximately equal to the band gap energy of silicon.

A comprehensive overview of all the possible luminescence mechanisms in semiconductors can be
found in the book edited by Holt and Joy [Yacol1986], these mechanisms are valid also for
photoluminescence and electroluminescence. The diverse processes are illustrated in Fig. 3-6.
Process 1 is an intraband transition, where the hot electrons (electrons with high kinetic energy) fall
down to the conduction band edge or hot holes (holes with high kinetic energy) to the valence band
edge. This can occur via (i) phonon-assisted photon emission, which is a process not likely in most
semiconductors, or (ii) emission of phonons only. Process 2 is the band to band (BB) transition.

The electrons at the conduction band recombine with holes at the valence band. This is the intrinsic
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transition in semiconductors. The process is occurs indirectly by phonon-assisted process in silicon.
Process 3 is the exciton (at energy level Eg) transition, both free excitons and excitons bound to an
impurity atom may undergo such transition. Because the binding energy of the excitons is only
several meV, this transition can be only observed at low temperatures. Processes 4, 5 and 6 are the

transitions via impurities (donors Ep, acceptors E5 or other shallow levels). They can either occur

EE ED T ED T Excited
state

ExLl E,L

Fig. 3-6: Luminescence processes in a semiconductor. (after [Yaco1986]).

via one impurity levels (4, 5) or the transition can happen between the two impurity levels (6). In
silicon, due to the indirect band gap, the processes may occur through the participation of phonon
or multiphonon as well. Transition 7 corresponds to the transition in a rare earth ion, where the
excited state returns to the low energy state by emitting a photon.

CL can be used to determine the band gap energy, and characteristic luminescence signals can be

used as fingerprints of some impurities and certain extended defects.

3.2 Photoluminescence

Photoluminescence (PL) denotes the luminescence generated by light, usually by a laser beam.
While the underlying mechanisms of signal generation are the same, PL. and CL may substantially
differ regarding information volume. This is mainly due to the Beer’s law of absorption of the
excitation light. Moreover, light can only generate luminescence signals with wavelengths longer
than the excitation wavelength (energy lower than the photon energy of the light).

Fig. 3-7 illustrates the setup of our PL system [Argu2008], which uses an Argon ion laser working

at 514.5 nm wavelength. The laser power can be varied in a wide range from several to several
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thousands miliwatts. The laser light passes through an 800 nm wavelength short pass filter F1,
which prevents laser light longer than 800 nm from entering the detection system. The polarizers
P1 and P2 are used to adjust the laser power. The laser light is modulated by a chopper for lock-in

signal detection. The spot size of the laser beam on the sample is typically 100 um in diameter. The

... Monochromator

......................

Sample

Fig. 3-7: Experimental setup of the PL. measurement, P1 and P2 are polarizers, F1 and F2 are
optical filters. After [Argu2008].

emitted light is collected by a parabolic mirror and analyzed by a spectrometer equipped with a
liquid-nitrogen-cooled Ge detector. An 830 nm long-pass filter F2 before the entrance slit of the
detector is used to block the light from the excitation laser. Sometimes the samples emit quite
strong infrared luminescence signal in the range from 830 nm to the BB range, which may give rise
to artifacts in the wavelength range of interest due to second order diffraction [Demt2007]. In such
case, an 1000 nm long-pass filter is used instead of the 830 nm one to suppress this radiation.

A detailed description of the PL. method can be found in the thesis of Arguirov [Argu2008].

3.3 Electroluminescence

Electroluminescence (EL) is a very important method for the development and characterization of

electro-optical devices. The difference to the other luminescence techniques like CL and PL lies
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again in the carrier generation process. In EL, the excess carriers are generated through injection of
carriers by a p-n junction.
For low injection conditions and an ideal p-n junction with an abrupt depletion layer assumption,

the injection of excess minority carriers can be described by the following equations [Sze1981]:

on D n
waqa;%:qzwww”A) (3.15)
D
Jp:qu82|%:‘Ipr(eW”T—D (3.16)

p

where J,, J, denote the electron and hole current densities, q the elementary charge, D,, D, the
diffusion constants of electrons and holes, 1,9, pno the equilibrium concentration of electrons in the
p-type region and that of holes in the n-type region, respectively, L,, L, the diffusion length of the
electrons and holes, V the applied voltage, k the Boltzmann constant and T the temperature.

The total current density is given by the sum of the expressions (3.15) and (3.16),

J=J,+J,=J (""" -1 (3.17)
D D n

where J =30l A7 (3.18)
‘ L, L

equation (3.17) is called the ideal p-n junction diode law.

From the current density and a known detector sensitivity, EL can be used to calculate the light
emitting efficiency of the device under study.

For all three luminescence techniques, special care should be taken to avoid artifacts due to second
order diffraction in the grating monochromator as described in PL technique (see p. 36). An
example of second order diffraction at the grating monochromator can be seen in Fig. 3-8 in PL
spectra taken on porous silicon samples. By using the 830 nm long-pass filter, an emission band at
wavelength shorter than 1000 nm, a broad emission band between 1000 and 1700 nm and a band at
around 1700 nm are observed. By using the 1000 nm filter, the band below 1000 nm and the band
around 1700 nm disappear, and the broad band between 1000 nm and 1700 nm remains. The band
around 1700 nm is obvious an artifact due to second order diffraction of the band at wavelength

shorter than 1000 nm. This avoids the misinterpretation of the measured spectrum.
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Fig. 3-8: PL spectra of a porous silicon sample obtained by using an 830 nm (upper) and a
1000 nm long-pass filter (lower).
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Chapter 4. Recombination processes in silicon

Recombination of excess carriers in silicon describes the processes, in which an electron and hole
meet together and delete each other. The energy of the recombination will be transferred to another
particle, leading to emitting of light, lattice vibration (phonon or multiphonon) or bringing another
electron or hole to a higher energy level. Recombination of excess carriers belongs to the most
important properties of semiconductors, determines the diffusion length and lifetime of the excess
carriers, and has great influence on the conversion efficiency of a solar cell, the switching time of a
power device and so on.

In silicon, the product of electron n and hole concentration p is a constant under thermal
equilibrium conditions, i. e. np = n,-Z, with n; 1s the intrinsic carrier concentration. This means that
the recombination and generation of carriers are in equal rate. When np > n, i. e. the product of
electron n and hole concentration p is larger than that under the thermal equilibrium condition, the
excess carriers tends to recombine in order to restore the equilibrium condition, the recombination
rate exceeds the generation rate in this case.

The recombination processes of excess carriers in silicon materials can be classified by bulk
recombination and recombination at the surface. In silicon bulk, the recombination occurs via three
main mechanisms, i. e. (i) radiative band-to-band (BB) recombination, where the excess electrons
at the conduction band recombine with the holes at the valence band by emission of a photon with
the energy approximately equal to the band gap (hy = E,); (ii) nonradiative, it refers here to the
recombination process through energy levels in the band gap, and it can be described by the
Shockley-Read-Hall (SRH) statistics [Shoc1952] [Hall1952]; (ii1) Auger recombination, where the
recombination of conduction band electron and valence band hole does not occur through the
emission of photon, but the energy is transferred to another electron or hole and bring it to a higher
energy state. Surface recombination happens when the recombination occurs through the surface or
interface states on the sample surface. Because surface or interface states have quasi-continuum of
energy levels in the band gap of silicon, the surface recombination can be considered as a special
case of SRH recombination.

The recombination rate R is defined by:

R=— “4.1)
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where 4n and 7 denote excess carrier concentration and lifetime, respectively.

The total recombination rate is generally the sum of all the four recombination rates,

An An An An +ﬂ

P R ——

4.2)

z.T TBB z.SRH z.Auger TS

Therefore, the total lifetime of the excess carriers depends on all the four recombination processes

and holds the following relation:

L=L+L+ ! +i 4.3)

TT TBB TSRH Z-Auger TS

where 77, Tr, Tsrm, Tauger and ts denote the total, radiative BB recombination, SRH, Auger and
surface lifetimes, respectively, 4n the excess carrier concentration.

The various recombination processes will be discussed in detail below.

4.1 Radiative BB recombination

Radiative BB recombination occurs with the participation of one phonon or multiple phonons to
conserve the momentum because of the indirect band gap. The probability of BB transition in
indirect semiconductor is lower than that in direct ones, so the lifetime of excess carriers is much
longer than that in direct semiconductors.

The BB transition occurs under the participation of the electrons in the conduction band and holes
in the valence band. The radiative BB recombination rate R is proportional to the product of the
concentration of electron and hole, assuming that other recombination channels are not very
effective. The radiative BB recombination rate Ry is equal to the generation rate Gy at thermal

equilibrium conditions.

R, =Bn,p, =G, (4.4)

where B is a constant and denotes the radiative recombination coefficient [Schl1974] of the BB

transition.
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If excess carriers are generated by absorption of light or by electron beam, the excess carrier
concentration is usually 4n = 4p, and the excess carrier are under non-equilibrium conditions and
begin to recombine with each other, the net radiative recombination rate Rpp is the difference of the
total recombination rate R and that at thermal equilibrium condition Ry (suppose the generation rate

Gy does not change):

R;z=R—R, = Bnp—Bn,p, = B(n, + An)(p, +Ap)—Bn,p,

4.5)
= B(n, + p,)An+ BAn’
At low injection condition, i. e. at An << ng + py, the term B An® can be neglected, and so
R = B(n, + p,)An (4.6)

Under high injection condition, 4n >> ng + po holds. The term B An® becomes dominant, leading to
R, = BAn’® 4.7

AtRT a value B = 0.95 x 10" cm™/s was determined by Schlangenotto et al. [Schl1974].

4.2 Shockley-Read-Hall recombination

SRH recombination denotes the recombination process through energy levels in the band gap. This
is the main recombination channel in indirect semiconductor materials because of the long radiative
lifetime of the excess carriers. The energy levels are formed due to crystal defects, especially
transition metals and extended defects.

Under low injection conditions, the excess carrier concentration is much lower than the majority

carrier concentration and the SRH recombination rate Rggy can be written as:

— np _”iz
(n+n)7,,+(p+p)T,

(4.8)

RSRH
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where n and p denote the electron and hole concentrations, 7,0 and 7,9 the lifetime of the excess
electrons and holes. n; and p; are the concentrations of trap states occupied by electrons and holes

and are defined by the following equations:

E.—E-)/ kT E,—-E;)/ kT
n =N, e Jand p =N, e 4.9)

T/’O = [NTo-pvth,P :Iil ,and Tuo = []VTG”V”""Jil (4.10)

where N¢c and Ny are the effective densities of states in the conduction and valence bands, E¢c and
Ey the conduction and valence band energy, Er the energy level of the trap, k and T the Boltzmann
constant and temperature, Ny the trap concentration, o,, g, the capture cross sections of the trap for
electrons and holes, and vy, », va, , the thermal velocities of the electrons and holes, respectively.

Because,
ni — NC e_(EC_Ei)/kT — NV e—(E,-—EV)/kT (4.1 1)
one obtains for the SRH recombination rate Rggy due to one single level Er,

2
— Nto-no-pvth,nvth,p (np_ni ) (4 12)
- (E;—E;)/ kT (E,—E;)/kT :
o, (n+ne” )+0'pv,h’p(p+nie T

RSRH

where E; is the intrinsic Fermi level given by:

g =BvtEe KT [Ny (4.13)
2 2 .

It is clearly seen in equation 4.12 that Rsgy = O for np = n;* (thermal equilibrium condition). This
does not mean that the SRH recombination does not occur at the moment, but rather that the rate of
the trapping of the carrier process is equal to the rate of recombination process.

If we take an n-type sample as an example, 1. e. ny >> py, equation 4.12 can be simplified to:

2
np—n,

S e S 4.14
(n+n, )TPO ( )

SRH
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Under low injection condition of An = Ap << ng, n = ng + An, p = pp + Ap, and np.po = niz, equation

4.14 can be rewritten by the follows:

_(ny+p)An+An’  nAn  No, nAn An

= = — = 4.15)
(n+n,)2'p0 (n+nl)1'pO (n+nl.e(ET E')”‘T) Tornl

RSRH -

4.3 Auger recombination

Auger recombination is an important recombination process under high injection conditions or in
highly doped silicon. The dominant Auger recombination processes are through the band-to-band
mechanisms, where the energy produced by the recombination of the conduction band electron and
valence band hole is transferred to another electron (eeh process) or to another hole (ehh process)
[Dzie1977]. Auger recombination occurs through a participation of three particles, the
recombination rate is therefore proportional to the product of the concentrations of the three

particles. The recombination rate Ry, 1s defined by the two processes:

R

Auger

= Cnnzp+Cpnp2 (4.16)

where C, and C, are the Auger coefficients for the eeh and ehh process.
Under low (z,) and high (z;;) injection conditions, equation 4.16 can be simplified. For n-type
silicon:

R,=C,N,’Ap and R, =C,Ap’ (4.17)

therefore the Auger lifetimes for low and high injections can be expressed by:

1 1
0 2

= 4.18
CN, (C, + Cp )Ap2 CaAp2 ( )

1
T, = and 7, =

For p-type silicon:
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R,=C,N,An and R, =C,An’ (4.19)

and so the Auger lifetimes for low and high injections can be written as:

1 1
T,. B = =
° CN, "(C,+C A" CAR

(4.20)

where Np and N, are the densities of donor and acceptor, and C,= C, + Cis the ambipolar Auger

coefficient [Kerr2002].

4.4 Surface recombination

On the surface of silicon, a quasi-continuum of energy levels is present at the surface or the
interface of Si/Si oxide [John1983]. The recombination at surface occurs through the energy levels
in the band gap, the mechanism is similar to SRH recombination. From this point of view, the
surface recombination can be treated in terms of the SRH statistics too, where instead of a single
energy level quasi-continuous energy levels with a distribution function of D;(E7y )are used

[Eade1985]. So the trap density at E7 can be defined as:

dN, = D,(E,)dE, (4.21)

Substituting the level density of equation 4.21 into equation 4.12 and integrating over the whole

band gap, one obtains:

2
R _ Ec (nspx _ni )O-no-pvth,nvth,pDit (ET)
s~ .[E (E;—E;)/ kT

v o0, (n +ne )to

n"th,n

dE 422
Pvm,p (ps +n, e(E;—ET)/kT)) T ( )

where ny, p, are the electron and hole concentrations at the surface, and o, and ¢, may both be
energy dependent [Aber1992].
The equation is valid under the assumption that the trap states at the interface do not interact with

each other.
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According to equation 4.22, the surface recombination rate can be reduced by (i) reducing the
interface state density by a carefully grown SiO; layer or by hydrogenation, and (ii) reducing the
carrier concentrations n, and n, at the surface by means of an electric field.

Under low injection conditions, equation 4.22 for an n-type sample can be simplified as follows:

dE

(E; —E[)/kT) T

(4.23)

R _ J'EC (nsps _niz)o-pvth,pDit(ET)
5 Ey (l’ls +I’li €

Another parameter to evaluate the surface recombination is surface recombination velocity v;. It is a
measure of the recombination through the surface states. For example, at p-type Si/Si oxide
interface, the recombination occurs by the participation of holes trapped at interface and electrons

at the surface. The surface recombination velocity vs can be expressed as:

v,=&=0'-n v, 4.24)

where n,1s the density of electron at the surface, o., n; and v, s, are the capture cross section of
the electron, the density of surface states occupied by holes and the thermal velocity of the
electrons, respectively.

With the expressions above, one can estimate the efficiency of the radiative BB recombination,
such estimation provides information about what efficiency can be reached in silicon and the

optimal conditions for this.

4.5 Estimation of the BB recombination efficiency in the bulk

Being an indirect semiconductor, silicon has a low quantum efficiency of the BB radiative
recombination in general. The highest quantum efficiency for silicon light emitter realized is about
1% in practice [Zhao2002]. However, how much efficiency can we reach and under what kind of
conditions is of fundamental interest for design of silicon based light emitter.

In a well surface-passivated silicon sample, the surface recombination velocity is very low and can
be ignored. Then recombination is mainly defined by the silicon bulk recombination processes. The
efficiency of BB recombination is defined as ratio of the radiative BB recombination rate to the

total recombination rate.
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RBB

= (4.25)
Ry + Ry +R

Msp

Auger

Kittler et al. calculated the internal quantum efficiency of BB recombination [Kitt2006] as a

function of the excess carrier concentration with SRH lifetimes gy as parameters. In the
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Fig. 4-1: Internal radiative recombination efficiency as a function of the injection level with
various SRH lifetimes as parameter. After [Kitt2006].

calculation, equation 4.7 is used for the BB recombination, and equation 4.18 at high injection

condition is used for the Auger recombination. The calculation was done by using a radiative BB

recombination coefficient B = 10"* cm’s™ [Schl1974] and C, = 10™' em®s™ [Dzie1977] at 300 K. It

was found that the internal efficiency in silicon may exceed 20% under optimal conditions (Fig. 4-1)
at RT, which is sufficient for a light emitter. This gives also the perspective for an efficient silicon

based light emitter.

The other area is the carrier recombination processes at extended defects, especially at dislocations.

Recombination processes at dislocations are responsible for the EBIC contrast and characteristic

dislocation related luminescence lines, and of great technological interest.
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4.6 Recombination at dislocations

The recombination at dislocations is a special case for carrier recombination, which is of great
technical interest. Firstly, the EBIC contrast-temperature (C(T)) dependences of dislocations reflect
the contamination level at dislocation and being an indicator of the contamination in the bulk;
secondly, radiative recombination at dislocations gives four main characteristic luminescence lines
D1, D2, D3 and D4, D1 and D3 are of interest for silicon based light emitter for on-chip optical
interconnects. Recombination activity of dislocations in silicon due to its complex nature has been
the subject of investigations for a long time. Some features of the recombination activity have not

been fully understood yet.

4.6.1 EBIC C(T) dependences of dislocations

Dislocation EBIC C(T) dependences is the dependence of the EBIC contrast with temperatures,
different C(T) dependences [Kime1977] [Ourm1979] [Kitt1993a] have been observed for extended
defects in silicon. Four categories of dislocation C(T) dependence were observed by Kittler et al.
[Kitt1995a]. As shown in Fig. 4-2, type 1 and I are found mainly in strongly contaminated samples,
where the EBIC contrast increases with increasing temperature. Type 2 and II were found in clean

samples, the EBIC contrast shows a maximum in the temperature range between 50 K and 90 K,
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Fig. 4-2: Different types of dislocation by C (T) dependences. After [Kitt1995a].
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and then decreases with increasing temperature. There is also a mixed type that seems to be a
superposition of types 1 and type 2.

Initially, researchers tried to explain the C(T) dependences under the consideration of dislocation
charging [Wils1990], but not all type of C(T) dependences shown in Fig. 4-2 can be explained
properly using this theory.

Later on, researchers tried to explain the C(T) dependences of dislocations in terms of SRH theory
[Kitt1993]. My calculation according to SRH theory presented below can explain the trends of the
C(T) dependences fairly well. An n-type sample at low injection condition was assumed in the
calculation. Because L* = Dr, the EBIC contrast C is proportional to the inverse SRH lifetime
according to equation 3.8 and 3.10. So we can take the inverse lifetime as a measure for the contrast.

At low injection condition, An = Ap < n,, and n = ny. From equation 4.11 and 4.15 we obtain:

I NTO'pl),,Lpn0 5 NTapv,h’pno 3 NTO'pl)th’pn0

" (ny+ N, e ErEITy (420
0 C

(E,—E,-)/kT) (E»,‘—E,-)/kT)

Torn _(n+n,.e ~(n0+n,.e
with the density of state of conduction band N¢ and the thermal velocity vy, , of the holes given by

the following expressions:

3
N, =5,44x10°T2(cm™) (4.27)

1

v, =0,91x10°T? (cm/sec) (4.28)

Inserting 4.27 and 4.28 into 4.26, yields the following expression of the inverse lifetime for the
defects:

1

1 0,91x10°T>N,0,n,
= (4.29)

3
Fot n, +5,44x10°T? exp(E’kTEC j

Fig. 4-3 shows plots of the inverse lifetime vs temperature at various trap energies E¢ - E; equal to
0.06, 0.1, 0.2, 0.3 and 0.4 eV for N, = 10" cm™, 6, = 2 X 10" cm® and 1y = 10'° cm™. Shallow

energy levels at dislocation result in type II and 2 dependence, and deep levels cause C(T)

dependence of type I and 1.
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Fig. 4-3: 1/ © sgy as a function of temperature for energy level of E; — Ey = 0.06, 0.1, 0.2, 0.3
and 0.4 eV. The calculation was done with a trap density of N, = 10" cm™, a capture cross
section of the trap of 2 x 10" cm” and a doping density of 1x10'® cm™.

SRH theory can explain the trends of different C(T) dependences quite well, but in the theory they
depend only on the trap energy, this is not in consistence with experimental findings that C(T)
dependence changes in the sequence II—2—mixed—1—1 with increasing contamination levels.
Also the mixed type of the dislocation C(T) dependence can not be explained in terms of SRH
theory.

An improved model to explain the C(T) dependences was given by Kveder, Kittler and Schréter
[Kved2001], see Fig. 4-4. This model takes into account the contribution of shallow one-
dimensional dislocation bands Ep, and Ep, to the recombination process. These bands split from the
band edge of silicon due to the strain field of the dislocations. Since the bands are located about 80
meV below (Ep,) the conduction or above (Ep;) the valence band, they can exchange carriers with
the conduction and valence band easily. These transitions (R¢.p. and Ry.pp) lead to charging of the
dislocations and therefore to band bending around dislocations. Electrical barrier due to charging is
denoted by eUc in Fig. 4-4. Moreover, the segregated metal impurities at dislocations give rise to
deep energy levels at E). These levels can also exchange electrons with the conduction band
(process Rc.v) and the shallow one-dimensional band at Ep, (process Rpem ).

Under very clean conditions, when states at Ej are absent, recombination occurs through a
transition from Ep, to Ep; (transition Rpepp). The recombination rate is very small and therefore
results in a very small EBIC contrast. However, in contaminated samples, the presence of deep

levels at Ejy may lead to an overlap of the electronic wave functions of the states at £y and Ey or
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Fig. 4-4: Schematic demonstration of recombination processes at dislocation in n-type silicon.
Taking into account the impact of shallow dislocation bands Epe, Epy, and deep energy level
Enm induced by transition metals. After [Kved2001].

the states at Ejy and Ep,. The recombination processes Ry.m and Rppy will be greatly enhanced,
dominating the total rate.

In Kveder’s model, three free parameters were used to simulate C(T) curve: the energy level E¢ -
Ey, the concentration of the deep impurity Ny along the dislocation and a dimensionless fit
parameter a. « is regarded as a factor depending on the overlap of the electronic wave functions of
deep levels at E) with those of shallow levels at Ep, and Ep,. This model allows an estimation of
the metal impurities segregated at dislocations by fitting the experimental C(T) data.

Two examples are given in Fig 4-5. Fig. 4-5-A shows the calculated EBIC contrast of a dislocation
for different impurity concentration from 0 to 3%10” cm™! at Ec-Ey=05¢eV and a = 1. The
calculated results are consistent with the experimentally observed changes of the dislocation C(T)
dependence with the impurity concentration [Kitt1995a]. The variation of dislocation types due to
the change of « is shown in Fig. 4-5-B for E¢ - Ey = 0.5 eV and Ny = 3x10” cm™'. This can explain

the mixed type of dislocation very well.

4.6.2 Radiative recombination at dislocations

Radiative recombination at dislocations is characterized by four main DRL lines D1, D2, D3 and
D4 with their peak energies at 0.812, 0.875, 0.934, and 1.000 eV, respectively [Droz1976]
[Droz1977]. As an example, Fig.4-6 shows the PL spectrum taken in dislocated silicon made by
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Fig. 4-5: A. EBIC contrast C(T) calculated for different line concentration of Ny from 0 to
3x10’ cm™! for Ec-Ey=0.5¢eV and a = 1. B. EBIC contrast C(T) calculated for various a for
Ec-Ey=0.5¢eV and Ny = 3x10" cm™. After [Kved2001].

plastic deformation [Kitt2007]. DRL has attracted great attention due to its potential use as a light

source for a silicon based light emitter, light emitter of D1 emission has already obtained with an
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Fig. 4-6: PL spectrum at 80 K of a dislocated silicon made by plastic deformation, showing
the four characteristic dislocation-related luminescence lines D1, D2, D3, D4 and the BB
lines. After [Kitt2007].
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external efficiency of 0.1% [Kvde2005], close to commercial application.

In the past 30 years, many research works have been done to clarify the origin of the DRL. Most of
the work focused on the optical properties of deformation-induced dislocations. Due to the
complexity of the deformation-induced dislocations, i. e. generation of point defects, formation of
kinks and jogs and/or specific types of dislocation/stacking faults (SFs), gettering of impurities by
migration of dislocations and clustering of point defects during high temperature processes, a
variety of explanations of the DRL was developed. The origin of the DRL luminescence can be
attributed to kinks [Suez1983] and jogs [Sekil996], to straight segments of the 60° dislocations
[Shev1995] [Steil999], to 90° partial Shockley dislocations [Leli1992], to stacking faults
[Wija1990] [Wero1992] [Evan1992] [Higgl992a] and to the presence of vacancies and self-
interstitials or their complexes [Jone2000], correspondingly. Moreover, the role of metal impurities
[Higg1992] and segregated oxygen [Droz1981] [Bine2002] atoms at dislocation have been also
confirmed to relate to some features of the DRL.

The origin of the D4 and D3 lines is understood fairly well at present, D4 is considered to be due to
the transition between the one-dimensional dislocation bands, and D3 line is a phonon replica of D4
[Wero1992] [Argu2008]. The origin of D1 and D2 as well as the broad background [Suez1983]
[Saue1985] [Bine2002] [Stei2005] [Stei2005a] in the PL spectrum are not clear so far.
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Chapter 5. Electrical and optical properties of crystalline Si

materials for PV applications

5.1 Overview of crystalline silicon solar cell materials

Crystalline silicon (c-Si) used as solar cell material benefits directly from the mature silicon
technology. The relatively high conversion efficiency and well-controlled technology make them
dominant in the PV applications.

The common way to produce c-Si is the Czochralski method to grow monocrystalline silicon,
where a single c-Si seed is used to induce a monocrystalline growth.

This method allows a growth of the crystal without extended defects and therefore solar cells made
of Cz silicon yield a higher conversion efficiency. The disadvantages of the Cz method are that the
growth rate is very low and the weight of the crystal is limited by the strength of the seed.

The block cast methods allow a fast growth rate. However, the result is a multicrystalline growth,
with grain boundaries and dislocations in the material, the concentration of metal impurities is
relatively high. These defects are recombination sites for minority carriers and very detrimental.
Therefore they are considered carrier lifetime killers in multicrystalline materials.

Enormous improvements have been made in the development of the block cast methods recently.
Through a better controlling of the temperature field, the strain is drastically reduced during the
growth, resulting in low dislocation densities and large grain size (small number of GBs).
Furthermore, by controlling the temperature gradient in the melt, a directional columnar growth can
be reached. After slicing the ingot into wafers parallel to the crucible bottom, most of the grain
boundaries are perpendicular to the wafer surface. The recombination of the minority carriers at the
GBs will be minimized, significantly reducing their detrimental effect.

One important phenomenon in the cast method is the distribution of the metallic impurities in the
ingot. Most metallic impurities have segregation coefficients (a coefficient defined as the impurity
concentration in the solid phase divided by that of in the melt during the crystal growth at thermal
equilibrium condition) smaller than 1, meaning that their solubility is smaller in the solid phase
than in the liquid phase. During directional solidification, as the silicon melt solidifies from the
bottom, the metallic impurities segregate in the liquid. They are transported from the bottom of the
crucible to the top part of the ingot [Macd2005] consequently. In the bottom region, metallic

impurities from the crucible can also diffuse into the bottom of the ingot. Hence, the typical silicon
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ingot produced by block cast methods contains higher concentration of metal impurities in the top
part and in the bottom region, and less impurities in the middle of the ingot.

Through careful solar cell processing like impurity gettering, passivation of the defects,
multicrystalline silicon cells can reach conversion efficiency comparable to those made of
monocrystalline silicon.

One big problem encountered in the use of monocrystalline and block cast silicon is the shortage of
solar grade silicon feedstocks, because almost 50% of the material is lost during the slicing and
etching for the production of mono- and multicrystalline wafers. Another factor is the cost caused
by slicing. It takes about 10% of the module cost.

Thin film solar material is another subject of this work. Thin film solar cells belong to the second
generation of low cost solar cell technology, which reduces significantly the material needed. It is
believed to solve the bottleneck of material shortage and further reduce the cost. Most of the thin
film solar cells are made from amorphous silicon (a-Si) deposited on a cheap foreign substrates,
mostly glass. Then the a-Si layer is crystallized by an annealing process, resulting in a thin
polycrystalline layer that contains many crystal defects. Usually a hydrogenation of the thin layer is
needed to passivate the defects in order to improve the performance of the solar cells.

Different approaches are used to fabricate the thin film c-Si, differing in the a-Si deposition as well
as in the crystallization process. The a-Si layer can be made by sputtering, chemical vapor
deposition (CVD) [Rau2004] or ion assisted deposition [Stra2005], and the annealing can be made
in furnace, by laser annealing or by laser crystallization developed [Mche2008b] recently.

Another approach was developed based on the concept of Al-induced layer exchange (Alile). This
technique allows the growth of a seed polycrystalline silicon layer in a non-ultra-high vacuum
environment at low substrate temperature (< 600 °C) within a short time (< 2h) [Fuhs2003]. This
technique greatly reduces the thermal budget, rendering the temperature compatible with the glass
substrate. Alile belongs to the categories of metal-induced crystallization and is believed to be
suitable for fabrication of silicon thin films of high quality. While most other metals introduce deep
energy levels in the band gap and degrade carrier lifetime, Al in silicon induces just shallow
acceptor states at E; - Ey = 0.057 eV [Chen1980] and does not influence carrier recombination very
much.

The Alile process flow is illustrated in Fig. 5-2. First, a thin Al layer is evaporated on a glass
substrate. In order to make the rear side electrical contact, sometimes a thin ZnO layer is deposited
prior to the Al evaporation. After that, a thin a-Si of 100-200 nm thickness is deposited on top of
the Al layer by means of e-beam evaporation under non-ultra high vacuum conditions. The third

step is a furnace annealing of the sample at a temperature around 450 °C. In this process, the a-Si
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layer is crystallized into polycrystalline silicon on the glass substrate, and the Al layer (Al-Si alloy)
is transferred to the surface. Due to high concentration of Al, the resulted polycrystalline layer is
highly p-type. In the fourth step, the Al layer is removed by a standard cleaning procedure
[Doga2007], and the polycrystalline silicon layer serves as a seed layer for a further epitaxial
growth of a high quality polycrystalline layer for the absorber of the solar cells. Finally, a high
quality Si layer is grown epitaxially to the desired film thickness by electron beam evaporation of
float zone Si material. The p-type doping in the epitaxy layer is realized by co-evaporation of boron

from an effusion cell.

1. Al evaporation 2. a-Si deposition
a-Si ~N.

Al ~

Glass

3. Furnace annealing

4. Removal of the Al by RCA

SIEaNvE

5. Epitaxial growth

AL

Fig. 5-2: Process flow of the Alile technique for the fabrication of a polycrystalline silicon
layer.

The polycrystalline epilayer produced by Alile was found to have a highly preferential crystal
orientation of (100) [Gall2006] with a small mount of (110) and (111) crystal orientations. The
grain size was found to be as large as 20 pm.

In comparison with monocrystalline silicon, multicrystalline silicon contains many metal impurities
and extended defects like dislocations and GBs. To evaluate different solar cell processing, the
activity of the crystal defects should be examined.

In this chapter, the electrical and luminescence properties of the block cast silicon and the thin films

samples were characterized by means of EBIC and PL.
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5.2 Electrical and optical properties of block cast Si

In this section, the electrical and luminescence properties of block cast material were investigated

by EBIC and PL.

5.2.1 Sample preparation

Samples cut from the top, middle and bottom part of an ingot of block cast material were provided
by a commercial supplier of solar silicon. In order to compare the properties of the as-grown wafers
and that of the solar cell, some of the samples were chosen to be the neighboring wafers from
different parts of the ingot. The EBIC samples were then cut from the wafer in 1 x1 cm” pieces.

Several um were etched away from the sample surface of the as-grown silicon wafer to remove the
damaged layer caused by the sawing process. The solution is a standard polish etching solution of
HNO; : HF : CH3;COOH =2 : 1 : 1 (in volume). For the solar cell samples, the SiN anti reflection
layer on the sample surface was also removed by the same etching solution. The samples were
taken out of the etching solution as soon as the anti reflection layer is removed. Then all samples
underwent a Piranha cleaning (H,SO4 : HyO, = 1 : 1 in volume) procedure at 80 °C in 15 minutes.
After rinsing the samples with deionized water, the samples from the as-grown wafer were
evaporated with a thin Al layer for the Schottky contacts. For the solar cell samples, a rinsing
procedure with diluted HF is necessary to remove the Si oxide originated from the Piranha cleaning.
Then the solar cell samples were also evaporated with Al to prepare the ohmic contact on the n-type

Si emitter layer. The p-n junction of solar cell samples is used for charge carrier collection.

5.2.2 Electrical properties of dislocations

Comparison of electrical activity of dislocations from different parts of the ingot

Dislocations in block cast materials are generated during the high temperature growth process due
to mechanical stress, originating from local thermal expansion caused by temperature gradients.
Due to the long range strain field around dislocations, dislocations provide places for the
segregation of impurities, 1. €. the well-known formation of a Cottrell atmosphere [Bull1970], and
the segregated impurities at dislocations can form precipitates subsequently [Dash1956]
[Gott1993][Seib2008].

According to Kveder et al. [Kved2001], the dislocation EBIC C(T) dependence is a fingerprint of
the contamination level of the dislocation. Fig. 5-3 shows the EBIC images at 80 and 300 K for
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Fig. 5-3: EBIC images at 80 and 300 K for samples from the bottom, the middle and the top

part of a block cast ingot.
samples from the bottom, the middle and the top part of a block cast ingot. The dislocations are
recombination-active at 80 K for all samples. At 300 K, differences were observed in the samples.
Most dislocations in the sample from the bottom region are no longer active at 300 K, the
recombination activity is shown just in several places where the dislocations exhibit strong contrast
at 80 K. The recombination activity of the dislocations from the middle part of the ingot disappears
at 300 K. Most of the dislocations in the samples from the top part of the ingot keep their

recombination activity up to RT with reduced contrast. Fig. 5-4 show the dislocation EBIC C(T)
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Fig. 5-4: EBIC C(T) dependences of dislocations for the samples from the bottom, the middle
and the top part of a block cast ingot (left), and the normalized C(T) dependences of typical
dislocations (the lines with larger symbols in the left image) from each part of the ingot.
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dependence for the samples from the bottom, the middle and the top part of a block cast ingot. Each
line with symbols in the left image corresponds to an individual dislocation in the samples from top
(blue), middle (red) and bottom (black) part of the ingot, and the right image exhibits the
normalized contrast vs temperature for typical dislocations from different parts of the ingot. From
the slopes of the normalized contrast temperature dependences, one can get information about the
contamination levels in the samples according to Kveder’s theory (see section 4.6.1). The
contamination level changes with the sequence: top > bottom > middle. This is consistent with the
fact that almost all the metallic impurities have segregation coefficients much smaller than 1, that
means, the concentration of the metal impurities is much higher in the top part of the ingot, where
the crystal solidifies at last. At the bottom of the ingot, metallic impurities can diffuse into the ingot
from the crucible during the high temperature process. So that typical block cast ingot has high
contamination level in the top and bottom part (which part is higher depends on the position from

where the sample is cut), the material in the middle part of the ingot is very clean.

Comparison of dislocation activity of as-grown and after solar cell processing

Conventional solar cell processing includes a phosphorus diffusion gettering (PDG), deposition of
SiN layer and subsequent firing of the hydrogen containing SiN layer on the front side of the solar
cell.

PDG is usually done by indiffusion of phosphorus into the front side of the solar cell at a
temperature around 900 °C [Rini2004]. The role of PDG is twofold, (1) formation of a highly doped
n-type region, which serves as a emitter for the solar cells, and (ii) gettering of impurities. Because
most of the metallic impurities have a higher solubility in the highly doped n-type silicon layer than
in the substrate, during PDG, impurities can be gettered from the substrate into the highly doped n-
type region [Habe2007], leaving a very clean substrate behind. This process works for impurities
distributed in the lattice in the form of point defects or small clusters as well as those segregated at
extended defects. If the size of the impurity clusters exceeds a critical value, they are energetically
preferred to grow according to Ostwald ripening principle, in such case, the gettering ability of
PDG may be limited.

The SiN firing is usually done by dissociation of hydrogen-containing gases SiH4 and NHj by
PECVD (plasma enhanced chemical vapor deposition) technique. The function of SiN firing is also
twofold. SiN on the surface serves as anti reflection layer, which minimizes the reflection of
incident light, thus increasing the conversion efficiency of the solar cells. Another effect of the SiN

is that a considerable amount of hydrogen atoms will diffuse into the substrate during the
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Fig. 5-5: EBIC images taken at 30 keV for as-grown and solar cell samples from bottom
region of an ingot at 78 K and 300 K. The numbered arrows on the images indicate the
positions where the dislocation C(T) dependence was measured.

deposition, and passivate the defects, so the recombination loss of carriers by the defects is greatly
reduced.

In this section, the influence of the solar cell processing to the dislocation activity is studied. The
samples used are parallel samples with almost identical grain structures cut from neighboring
wafers. One sample is in as-grown state, and the parallel solar cell samples underwent a PDG and
firing of SiN process (usual process for solar cell production) on the front side. Sample sets are
chosen to have different contamination levels, i. e. from bottom and middle parts of the ingot.

Fig. 5-5 shows the EBIC images taken at 30 keV for as-grown and solar cell samples from bottom
region of an ingot at 78 K and 300 K. The dislocation C(T) dependence was measured at the
positions marked with numbered arrows. Despite some interference on the images at RT, the
contrast of the dislocation can be clearly seen.

Fig. 5-6 shows the EBIC C(T) dependences of dislocations for the as-grown (black lines) and solar
cell samples (red lines) from bottom region of the ingot. Almost all dislocations in the as-grown

sample keep their recombination activity up to RT with their contrast reduced. While in the solar
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cell sample, the individual dislocations show comparable contrast with the as-grown sample at low
temperature, the contrast decreases rapidly with increasing temperature, and no measurable contrast
can be detected for temperature higher than 125 K. But at some positions, where they show strong
contrast at low temperature, the contrast decreases only slightly with increasing temperature, and

remains visible up to RT (the red line with symbol in Fig. 5-6).
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Fig. 5-6: C(T) dependence of the dislocations in the as-grown (black lines) and solar cell
samples (red lines) from the bottom of the ingot, each line corresponds to an individual
dislocation, the line with symbol corresponds to number 4 in the solar cell sample in Fig. 5-5.

The C(T) dependences of as-grown sample in Fig. 5-6 indicate a high level of contamination at
dislocations, while after solar cell processing, the recombination-active impurities at dislocations
have been reduced significantly. One point worth mentioning is that the dislocations in the sample
after solar cell processing show relative high contrast at 125 K, and the contrast disappears (for 1, 2
and 3) upon an increasing of temperature of about 25 K. Such rapid change of contrast with
temperature is not found in as-grown samples, the reason is unclear so far. The impact of the PDG
on the influence of dislocation C(T) dependence has been already observed [Kved2001]. Before
PDQG, the dislocations were found to be type 1 of the C(T) dependence (see chapter 4.6.1), a value
of impurity concentration at dislocations of 2 x 10° cm™ was obtained from fitting of the
experimental data with Kveder’s model. After PDG, the dislocation activity is reduced and the C(T)
1

dependence belongs to type 2, and a value of impurity concentration at dislocations of 5 x 10°cm’

was obtained with the same model. The red line with symbol in Fig. 5-6 correlates to dislocation 4
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in solar cell sample in Fig. 5-5. Possibly a large precipitate particle is formed at the dislocation
during the crystal growth, where the dislocation serves as nucleation site of the precipitation. PDG
for such particles is not effective because large particles tend to grow instead of being dissolved in
the bulk due to Ostwald ripening mechanism. Moreover, the dislocations still exhibit some residual
recombination activity after solar cell processing. Such behavior indicates that the recombination-
active centers can not be fully gettered by PDG and passivated by hydrogen.

In the sample from the middle part of the ingot, where the concentration of metal impurity is very
low, the dislocations show recombination activity only at low temperature. Fig. 5-7 exhibits the
C(T) dependences of dislocations in as-grown and solar cell samples from the middle part of the
ingot. They both have comparable contrast at low temperature, and decrease very fast with
increasing temperature. Most of the dislocations in the as-grown sample lose their activity for
temperature higher than 150 K. For dislocations in solar cell sample, no measurable contrast is

shown for temperature higher than 125 K.
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Fig. 5-7: C(T) dependences of the dislocations in the as-grown (black lines) and solar cell

samples (red lines) from the middle part of the ingot. Each line corresponds to an individual
dislocation.

The dislocations in both samples belong to type 2 [Kitt1995a] by their C(T) dependences, indicate
that they both have low contamination level. Similar to highly contaminated sample described
above, i.e. sample from the bottom of the ingot, the contrast in the solar cell sample disappears very

fast upon increasing temperature. Such behavior is unclear so far. The residual activity of the

60



dislocations after the solar cell processing indicates again the limitation of PDG at dislocations: not
all impurities at dislocation can be gettered by PDG and passivated by hydrogen.

The limitation of PDG at extended defects has been explained by Kittler and Seifert [Kitt2004] in
terms of different sites of the impurities at dislocations. Impurities segregated in the core of
dislocations can not be gettered by PDG while those distributed around the dislocation core as an
impurity cloud can be easily gettered by PDG. At higher contamination level, i. e. samples from the
top or bottom part of the ingot, metallic impurities are segregated not only in the core of the
dislocations, but also around the dislocations. After PDG, the impurities around the dislocations are
gettered while those in the core of the dislocations persist, and give rise to the EBIC contrast at low
temperature. In the region with lower contamination level, the metallic impurities are mainly
segregated in the core of the dislocations. PDG is not so effective for these impurities, thus the
observed C(T) dependence will not change much in such case. Another consistent explanation was
given by Seibt et al., where PDG limitations were attributed to the high binding energies of
impurities at extended defects, and they play an important role in release of these impurities from
extended defects at process temperature [Seib2006], limiting the getter efficiency. A complete
understanding of the role of the PDG at dislocations needs knowledge about the kinetics of
impurity precipitation and dissolution at dislocations, the size of the particles and binding energy of

the impurities at extended defects.

5.2.3 Impact of solar cell processing on electrical properties of GBs and bulk

material

Recombination at GBs is another very important issue in limiting the conversion efficiency of solar
cells. The recombination activity of GBs is closely related to the orientation of the two neighboring
grains [Kuts2007], to impurities [Masul991] [Chen2004] segregated at the GBs during the growth
of the crystal and to dislocations at GBs. Along with the negative influence of the GBs, some GBs
are able to getter impurities from the bulk, leaving regions around GBs with less impurities, and
therefore, a longer lifetime of minority carriers.

Fig. 5-8 shows EBIC images recorded at 77 K and 300 K for parallel samples (as-grown and solar
cell) from the bottom of the ingot. In the as-grown sample, bright contrast around the GB is clearly
seen at 77 K. The contrast is getting weaker at 300 K. Such bright contrast is not clearly shown in

the solar cell sample. The C(T) dependence of the vertical GB in the as-grown and solar cell
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samples is shown in Fig. 5-9. The contrast of the GB in the as-grown sample increases with

temperature, while that of the solar cell sample is much lower and stays almost constant.

As-grown

Solar cell

O O 500

Fig. 5-8: Comparison of EBIC images recorded at 77 K and 300 K for parallel samples (as-

grown and solar cell) from the bottom of the ingot. The rectangles mark the places, where the
collection efficiencies were measured.
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Fig. 5-9: C(T) dependences of the vertical GB in Fig. 5-8 for the as-grown and solar cell
samples.
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Bulk properties of the samples are characterized by EBIC collection efficiency at 300 K at beam
energy of 30 keV, values of 93.6% and 95.3% were measured in the bulk of the as-grown sample
and in the getter zone of the GB indicated by rectangles in Fig. 5-8. In the solar cell sample,
improvements in both regions were observed. Collection efficiencies of 96.6% and 98.7% were
measured at the corresponding regions, respectively.

The bright contrast around the GBs is a result of enhanced lifetime in the getter zone around the
GBs [Kitt1991]. The getter zone originates from the getter effect of the GBs during the block cast
process, when the GBs serve as sink of the distributed point defects in the bulk, leaving a region
around the GBs with enhanced lifetime of minority carriers. The phenomenon of the bright EBIC
contrast around GBs is typical for samples from parts with higher contamination levels, i. e. in the
top and bottom parts of the ingot. Bright contrast around GBs also implies that there is active
recombination centers distributed in the bulk. The EBIC C(T) dependence of the GB shows reduced
electrical activity after the solar cell processing in the temperature range measured, due to the
complex nature of GBs, a modeling of the C(T) dependence of the GBs is not available at present.
The impact of the solar cell processing on the activity of GB is complex. Some GBs lose their
recombination activity at RT completely, while others maintain their activity after the solar cell
processing.

Fig. 5-10 shows the comparison of EBIC images recorded at 77 K and 300 K (RT) for parallel

300 K

- T — ™ »

As- A e +
grown [~ it
Solar '
cell ~— |:|

Fig. 5-10: Comparison of EBIC images recorded at 77 K and 300 K for parallel samples (as-
grown and solar cell) from the upper part of the ingot. The arrows and rectangles mark the

positions, where C(T) dependence of the GBs and collection efficiencies were measured,
respectively.
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samples (as-grown and solar cell) from the top part of the ingot. In the as-grown sample, the GB A
and B show electrical activity both at 77 K and RT. After the solar cell processing, the electrical
activity of GB A is reduced at 77 K, and no activity is shown at RT. Other GBs keep their activity
after the solar cell processing (GB B). In the C(T) dependence of the GBs shown in Fig. 5-11, the
recombination activity of the GB A is significantly reduced in the temperature range between 77 K
and 200 K after the solar cell processing. For temperature higher than 200 K, no measurable
contrast is detected in the solar cell sample. GB B in both samples exhibits strong contrast in the
entire temperature range measured, and shows a complex C(T) dependence. In the bulk, the EBIC
collection efficiency measured at RT at beam energy of 30 keV exhibits an improvement from
98.9% t0 99.2% after the solar cell processing in the regions marked with rectangles in Fig. 5-10.

The complexity of the influence of the solar cell processing on the electrical properties of the GBs
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Fig. 5-11: Comparison of EBIC C(T) dependences of the GBs in Fig. 5-10. The left image
shows the C(T) dependence of the GB A in as-grown (square) and in solar cell (circle), the
right one shows the C(T) dependence of the GB B in as-grown (square) and in solar cell
(circle).
reflects a complex nature of the GBs. Metal impurities play an important role on the electrical
activity of the GB. They are usually segregated at GBs during crystal growth, and can form small
clusters subsequently. The growth kinetics of the clusters obeys the Ostwald ripening principle, i. e.
large clusters can grow further to form precipitates at high temperature process (during PDG and
SiN firing), while small clusters (size smaller than the critical value) will shrink. The shrinkage of
small clusters will facilitate the growth of large particles of precipitates, which have strong
electrical activity and therefore enhance the EBIC contrast. The disappearance of EBIC contrast

after solar processing at GB (black arrows) indicates that metal impurities at GB are gettered by

PDG and passivated by hydrogenation. The persistence of the contrast at a GB (red arrow) may

64



have various origins. Firstly, there may exist large precipitates, which can not be dissolved and
gettered by PDG. Secondly, dislocations may be incorporated at the GB and limit the role of the
PDG. Thirdly, the orientation of two neighboring crystallites may also play an important role in
limiting the PDG gettering efficiency, responsible for the persistence of the EBIC contrast after the

solar cell processing.

5.2.4 The impact of different solar cell processing

Solar cell processing plays an important role on the performance of the solar cell. High efficiency
impurity gettering and passivation of defects are used to improve the performance of the solar cells.
The key treatments used in the solar cell production are PDG and hydrogen passivation of the
defects through firing of hydrogen-containing SiN layer (SiN + firing).

The impact of different processing steps has been compared to as-grown samples by means of
EBIC in the following. First of all, solar cells prepared by PDG, SiN +firing, PDG/SiN + firing and
the samples prepared by SiN + firing/PDG were measured by EBIC. The samples were cut from
neighboring wafers having approximately the same grain structure. The samples were prepared in
the Department of Physics at University of Konstanz. The EBIC samples have been prepared by the
same procedure used above for the as-grown and the solar cell samples respectively.

The EBIC images shown in Fig. 5-12 were recorded at identical conditions in terms to the current
amplifier settings, beam energy (30 keV) and beam current (100 pA) both at 77 and 300 K.

In the EBIC images recorded at 77 K, the samples show similar grain structure. In some of the
grains, dislocations are visible in all samples, and they are no more active for a temperature higher
than 125 K (not shown here). No active extended defects (just a low density defects detected for the
as-grown sample at 77 K) were detected in the grain marked with rectangle at 77 K as well as at RT,
so that the role of the different processing on the properties of the bulk material can be compared in
terms of the EBIC current in these regions, Fig. 5-13 shows the EBIC current (at 77 K) in the grains
in samples with different processing, all the three solar cell processes show improvements with the
effects: PDG/SiN + firing > SiN + firing/PDG > PDG > as-grown.

Improvement can be also seen in the EBIC images recorded at RT, where all the three solar cell
samples show enhanced EBIC current with the same trend of improvement as measured in the grain
marked with rectangle at low temperature. However, great differences have been observed in the
dislocations and GBs activity at RT. All dislocations and most GBs are not active any more at RT

in all the samples. The active GBs in the as-grown, PDG and SiN firing/PDG samples are quite
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Fig. 5-12: EBIC images at 77 and 300 K for as-grown and solar cell samples after different
process, all the measurement conditions (current multiplier, beam energy and beam current)
are the same.
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similar, but for the solar cell samples fabricated with the process of PDG/SiIN + firing, the number

of active GBs has been drastically reduced.
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Fig. 5-13: EBIC current for the samples in the grain marked with black rectangle (at 77 K).
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Fig. 5-14: EBIC image on an as-grown sample taken at RT for beam energy of 30 keV, three
GBs (GB1, GB2 and GB3) are chosen to evaluate the C(T) behavior.
The activities of the GBs have been compared in terms of the C(T) dependences of the GBs shown
in the EBIC image of an as-grown sample in Fig. 5-14. Three GBs having low (GB1), medium
(GB2) and high (GB3) contrast at 77 K have been chosen for this purpose, and the C(T)
dependence of the GBs is shown in Fig. 5-15. For GBI, the contrast of them reduces for all the

three solar cell processing in the temperature range 77 - 300 K in the similar trend with that of the
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Fig. 5-15: C(T) behaviors of the GBs in the as-grown (black line), PDG (red line), PDG/SiN +
firing (green line) and SiN + firing/PDG (blue line). The same color denotes the same GB in
the corresponding samples.

grain marked with black rectangle in Fig. 5-12, the contrast of the GB1 disappears completely for
temperature higher than 150 K. For the GB2 and GB3, no significant changes have been observed
in the samples fabricated by PDG and SiN firing/PDG processing. However, both of the GBs
reduce drastically their recombination activity at high temperature for solar cell made by PDG/SiN
firing process.

The disappearance of the dislocation contrast at high temperature indicates that the dislocations
have low contamination level. The improvement of the EBIC signal in the grains without extended
defects shows the role of the PDG and hydrogenation of the bulk material. The PDG is able to
getter point defects from the bulk, because the solubility of most of the metal impurities is higher in
the n* layer, they diffuse to the n* layer at process temperature. Under thermal equilibrium
conditions, the highly doped n* layer has a higher concentration of metal impurities and that of the
bulk is lower, not all the impurities can be gettered into the n* layer. The recombination activity of
point defects in the bulk can be passivated by hydrogenation made by SiN firing. The improvement
of the EBIC signal in the process of SiN + firing/PDG in comparison with that of the process of
PDG is quite unusual, because PDG is usually done at ~900°C, leading to significant loss of
hydrogen [Prok1992], no passivation effect is expected. This result indicates that a trace of
hydrogen is still remaining in the bulk, and passivates the defects.

The C(T) dependence of GBI shows decrease of the electrical activity after different solar cell
processing with the sequence just like the improvement in the bulk measured in the grain in Fig. 5-
12, indicating that no large precipitates are formed at the GB, and the impurities or small clusters
can be gettered by PDG and the rest activity of the GB can be passivated by hydrogenation. While
for the GB2 and GB3, large clusters (larger than the critical size) may form at the GB, they can not

be dissolved at the process temperature of PDG. An indication of the growth of the clusters can be
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seen in the enhancement of the contrast in GB2 for the processes of PDG and SiN + firing/ PDG.
Instead, because the improvement in the bulk, rather a decrease of the contrast is expected
according to equation 3.7 if the clusters at the GB remain the same. Such inverse effect of the
improvement in the bulk and enhancement of the electrical activity at GBs contribute to the contrast,
and is responsible for the observed complex contrast behavior in GB2 and GB3 after the processing
of PDG and SiN + firing/ PDG. The function of the SiN + firing after PDG in the passivation of the
defects can be verified in all the C(T) dependence of the three GBs, where significant reduction of
the electrical activity of the GBs is shown at high temperatures for solar cell fabricated with
PDG/SiN + firing.

Abnormal behavior is also observed for various solar cell processing, instead of improvement of the
material after the processing, enhanced electrical activity of dislocations at high concentration of
dislocation regions is observed after certain solar cell processing. Fig. 5-16 presents the EBIC

images taken on parallel samples of as-grown (left side is brocken), SiN + firing, PDG, SiN +

L - : s, TS
SiN + firing/PDG

Fig. 5-16: Comparison of EBIC images taken at 30 keV at RT for as-grown sample
(unfortunately the left side is brocken) and samples underwent different solar cell processing,
the images show regions of high dislocation concentration, which are activated by the
processing of SiN + firing, PDG, SiN + firing/ PDG and PDG/SiN + firing, and the
dislocation activity in these regions is reduced after PDG/SiN + firing.
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firing/ PDG and PDG/SIN + firing at beam energy of 30 keV at RT. In the as-grown sample, no
significant dislocation activity is observed in the grains marked with arrows, the dislocations are
activated for the solar cell processes of SiN + firing, PDG, SiN + firing/ PDG, while for the process
of PDG/SiN + firing, the dislocation activity is significantly reduced.

The reason for the activation of the dislocations is unclear. It might well be related to the thermal
processes of SiN + firing and PDG. Dislocations provide also sites for gettering of metal impurities
[Shab2008], and are competitive with the gettering by the PDG. During the thermal process of SiN
+ firing or PDG, the distributed metal impurities may be trapped at the dislocations and can not be
gettered by PDG. The deactivation of the dislocations in the sample after the process of PDG/SiN +
firing is obvious due to the passivation of the defects by hydrogenation in comparison with that of
the process of PDG. However, the reason why the passivation effect in the process of SiN + firing

did not work is still unclear.

5.2.5 Luminescence of block cast Si

The crystal defects in block cast material provide sites for recombination of minority carriers, either
by nonradiative recombination or in the form of defect related luminescence. Luminescence
properties can be used to evaluate the properties of the material and detect specific defects by their
characteristic emission lines. For example, the BB emission map reflects the distribution of
minority carrier lifetime [Taral999], and DRL can be used to detect dislocations [Argu2007]. EBIC
and luminescence are complementary methods which can be used to determine the recombination
activity of specific defects.

PL and EBIC were performed on solar cell samples cut from the middle of a block cast ingot.

Fig. 5-17 shows PL maps recorded at BB region and 0.76 eV at 80 K. The black horizontal lines are
caused by the metal grid on the surface of the solar cell. The BB map reveals a decrease of
luminescence at certain GBs. At the same time these GBs exhibit increased defects related
luminescence at 0.76 eV (see right image in Fig. 5-17). The PL spectra taken at positions marked in
the left image of Fig. 5-17 are presented in Fig. 5.18. Three main bands are detected in the spectra
recorded at positions A, B and D, with the photon energy of 0.76, 0.94 and 1.10 eV (BB emission).
While the spectrum recorded at position C shows features resembling DRL lines, with all four
components D1 to D4, indicating disocations are inhabited at the GB.

The low energy peak 1 at around 0.76 eV is considered as a fingerprint of oxygen precipitates and

presence of thermal donor [Pizz2000] [Pizz2000a]. Peak 2 at 0.94 eV is very close to D3 of DRL
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Fig. 5-17: PL maps at 80 K at BB and 0.76 eV. The marked positions A, B, C and D in the
left image show the places where PL spectra were taken.
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Fig. 5-18: Spectra taken at 80 K at the positions marked in the left image in Fig. 5-17. Spectra

recorded at positions A, B and D show three main bands labeled 1, 2 and BB. The spectrum at
position C exhibit feautures of DRL lines.

lines. Since D3 is a phonon replica of D4 [Wero1992] [Argu2008], they should appear in pairs,

therefore peak 2 is not likely to be related to dislocations. It was reported that sulfur doped silicon

emits light at this range [Brow1986] [Lour2005], where an isoelectronic complex was found to be

responsible for the luminescence. However, a contamination with sulfur in this material is not

known so far.
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The PL maps at RT depicted in Fig. 5-19 shows similar behavior at GBs in the BB and D1 regions
as at 80 K. The spectra recorded at the same positions A, B, C and D as that at 80 K are presented
in Fig. 5-20. Emission lines at around 0.79, 0.91 and 1.09 eV (BB emission) are characteristic of
positions A and B at the vertical GB, while positions C and D at the lower part of the sample

exhibit only emission lines at 0.79 eV and BB.

-

Map at 0.8 eV

Fig. 5-19: PL maps recorded at BB and D1 regions at RT. The marked positions A, B, C and
D are the same position as marked in the left image in Fig. 5-17. PL spectra were taken at
these positions.
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Fig. 5-20: Spectra taken at RT at the marked positions in the left image in Fig. 5-17.

EBIC measurements were performed after removal of the SiN anti-reflection layer and the metal
grid on the surface. Two parts of contacts were made by using a shadow mask by evaporation of Al

on the front side, and ohmic contact was done by rubbing InGa alloy at the rear side of the sample.
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Fig. 5-21 presents the EBIC images measured at RT (left image) and at 77 K (right image)
(unfortunately there are electrical noise on both images). The EBIC image at RT show that the
recombination activty at GBs is not homogenous, some parts of GBs have strong contrast while at

some other parts of GBs the contrast is completely missing.

Fig. 5-21: EBIC images taken at RT (left image) and 80 K (right image). EBIC images with
higher magnification were recorded at the places marked with rectangles. The positions A, B,
C and D correspond to the positions in the PL. measurements. The arrows show the GB having
activity only at low temperature.
The EBIC image at RT looks quite similar with the PL. mapping (despite of some electrical noise in
the images) at BB region at RT on the GB activity (see the left image in Fig. 5-19), and is almost
contra correlated with the PL mapping at 0.8 eV, indicating that the contrast at certain GBs is
caused mainly by radiative recombinations.
In the EBIC image recorded at 77 K, dislocations within the grains are found to be active, more
GBs (for example the GBs marked with arrows in the right image in Fig. 5-21) are detected to show
recombination activity. Some parts of the GBs exhibit point-like contrast as shown in the magnified

images in Fig. 5-22 in the corresponding regions marked in Fig. 5-21. In comparison with the BB

-V L Sag ¥ SO 3 T - « e i
Fig. 5-22: EBIC images with high magnification at the places marked with rectangles in Fig.
5-21, showing inhomogeneous contrast along the GBs.
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mapping at 80 K, more defects are detected by EBIC.

The inhomogeneous distribution of recombination active defects along the GBs is in accordance
with the PL investigations, where PL spectra with different emission lines and intensities were
recorded.

EBIC images reflect total recombination at crystal defects, while PL mapping at a certain emission
energy provides information about radiative defects at this energy. By using the combination of
EBIC and PL, one can obtain detailed information about the distribution of certain radiative defects,

optical transitions at crystal defects, therefore also the states of the defects.
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5.3 Thin films

5.3.1 Sample description

The thin film samples studied in this section were grown at the Hahn-Meitner-Institut (HMI) Berlin.
Films grown on glass substrate by the so-called Alile process as well as films grown on
monocrystalline Si substrate were investigated.

Thin films grown on monocrystalline substrate provided as model system for the epitaxial growth
of Alile process. Because the crystallites produced by Alile process have a highly preferential
orientation of (100) [Gall2006] and with a small mount of (110) and (111) crystal orientations. In
order to investigate the impact of the crystal orientation and substrate temperature on the quality of
the polycrystalline silicon layer, monocrystalline highly doped p-type (10" cm™) silicon wafers
with different orientations were used as ideal seed layers for the epitaxial growth. The growth was
done by evaporating float zone Si on monocrystalline wafer with an e-gun to the desired film
thickness. In this work, thin epitaxial films grown on (100) and (111) monocrystalline wafers were
investigated by EBIC and PL. The thin films were grown under various substrate temperature from
450 to 700 °C.

Table 1 describes all the samples used in this work. Samples A and B were fabricated at 600 °C on
glass and on a highly doped p-type (doping ~ 10" cm™) (100) silicon wafer, respectively. The
purpose of the 107 series was to evaluate the impact of different substrate and process temperatures
on the epilayer properties. Samples 107-008a and 008c were fabricated at the same conditions on
(111) and (100) wafers to investigate the impact of different substrates on the epilayer properties.

The growth time was about 10-15 min dependending on the layer thickness. The doping of the

Table 1: Description of the investigated samples.

Substrate .

Sample Structure Temperature Thickness
CO) (o
A Epi on Alile+(Glass 600 2230
B Epi on Si (100) 600 2230
107-005a EpionSi (111) 450 1680
107-006a EpionSi (111) 500 1450
107-007a EpionSi (111) 330 1950
107-008a EpionSi (111) 600 1520
107-008c Epi on Si (100) 600 1520
107-009a EpionSi(111) 630 1830
107-010a EpionSi (111) 700 1700
107-129%¢ Epi on Alile+Zn0+Glass 600 ~2000
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epilayers is about 3x10'® cm™ p-type for sample A and B. The sample series 107 has an identical
boron doping level of 4%x10" cm™,

Fig. 5-23 shows the EBIC measurement setup for both types of samples. The EBIC samples were
prepared by evaporation of a thin Al Schottky contact on top of the polycrystalline silicon layer for
both type of samples deposited on Si and glass substrate. The ohmic contact for silicon substrate
samples was made by scratching InGa alloy on the rear side of the wafer. For the polycrystalline

silicon on the glass substrate, the ohmic contact was made on the front side of the sample near the

Al Schottky contact.

Electron
beam

Al
\

Epi Si film

InGa —™

Fig. 5-23: EBIC measurement setup for the samples prepared on monocrystalline silicon

substrate (left) and glass substrate (right).
Fig. 5-24 shows EBIC images recorded at RT with the same current amplifier settings at 12 keV for
the samples of 107 series and the Alile sample 129e. The energy of 12 keV was chosen to keep the
generation volume inside the layer. The EBIC images from sample 005a to 008a exhibit granulated
structure with dark and bright contrast, and the size of the bright regions increase with the substrate
temperature. One unusual feature was found in sample 008a on the formation of some dark points
with strong contrast. Sample 009a and 010a show very homogenous EBIC signal with some dark
points, the dark points in 010a are diffusive and the contrast are weaker than that in sample 009a.
No electrical active defects were found in the EBIC images recorded at low temperature (77 K) as
well as at RT for the samples prepared on the (100) silicon substrate (B and 107-008c) at 600 °C.
The EBIC collection efficiency at 15 keV for (100) orientation exceeds 90% at RT, while it is
below 80% for (111) orientation.
These results on the samples prepared on (111) and (100) silicon wafer are in accordance with the
etch pit studies [Doga2007] on the same systems. For (111) wafer orientation, the dislocation

densities are as high as 10® cm™ for a substrate temperatures Ty < 550 °C and decrease with
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Fig. 5-24: EBIC images recorded with an accelerating voltage of 12 keV at the same settings
of the current multiplier at RT.
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increasing temperature to 10° cm™ for T, > 600 °C. For samples prepared on (100) silicon wafers,
no etch pits were found in such samples after Secco etching.

Unfortunately, dislocations in a density of 10% cm™ (average distance between dislocations ~ 1 pm)
can not be resolved by EBIC because of the diameter of the generation volume at 12 keV is about
1.4 um, larger than the average distance between the dislocations. For a dislocation density of 10°
cm™ (average distance between dislocations ~ 10um), there is a chance to resolve them. The
contrast observed in the EBIC images of samples 005a to 008a might be a result of inhomogenous
distribution of high density of dislocations within the layer. The dislocations can serve as
precursors for impurity precipitates during the deposition, and the precipitates will grow larger at
high process temperature, giving rise to stronger contrast. The dark spots observed in the EBIC
images of sample 009a and 010a correlate well with the dislcoation density determined by etch pit
measurement [Doga2007] with samples prepared under same conditions. The strong contrast of the
dark spots indicates that precipitates are possibly involved at dislocations.

EBIC measurements performed on samples A and 129e prepared by the Alile process exhibit
features resembling grain boundaries, with sizes ranging from several up to 20 um. EBIC images
recorded at RT show that the signal is rather homogenous within the grains. The contrast changes
significantly for images recorded at low temperatures, as shown in Fig. 5-25, some regions (marked
with circles) in the EBIC image appear dark at 78 K, and the dark contrast disappears at 300 K.
Another intersting feature is that some dark points were detected (marked with arrows) at low
temperature, and they remain visible at RT. The dark points relate to defects within the epilayer and
are not shown in the SE image in Fig. 5-25, where some holes on the polycrystalline silicon layer
are clearly seen.

The dark regions observed at low temperture are caused possibly by a high density of dislocations,

Fig. 5-25: EBIC images of sample A recorded at 78 K and at RT (300 K) for the beam energy
of 15 keV, and the corresponding secondary electron (SE) image at the same position. The
positions marked with circles show examples of a strong contrast change from 78 to 300 K,
and the arrows indicate the dark points which remain visible at RT.
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the dislocations should belong to type 2 of the C(T) behavior [Kitt1995a], and this means that the
contamination level at dislocations is not so high [Kved2001]. The dark points which remain visible
at RT belong to type 1 of the C(T) behavior and have a higher contamination level.

Through variation of the beam energy, EBIC can provide information about the depth distribution
of the recombination active defects. Fig. 5-26 shows EBIC images recorded at beam energies of 6.5,
10 and 15 keV. At low energy, all grains exhibit almost the same EBIC signal, while considerable
differences between the grains are seen at higher energies. This indicates different recombination

s

6.5 keV 10 keV 15 keV

Fig. 5-26: EBIC measurements in sample A at beam energy of 6.5, 10 and 15 keV.

properties of the grains in the bulk rather than at the surface, the strong contrast variation upon
increasing beam energy from 6.5 to 15 keV (penetration depth from ~0.5 to ~ 2 um) indicates also

that the diffusion length of the minority carriers is very short.

5.3.2 EBIC energy dependent collection efficiency n(E)

The energy dependence of the EBIC collection efficiency n(E) (see chapter 3) is very sensititive to
the diffusion length of the minority carriers [Wul978]. It is a fingerprint of the properties of the
thin layer.

Average EBIC collection efficiencies have been measured over large areas of about 1 mm in size.
For comparison, good regions which appear bright in the EBIC images have been measured as well.

For a given sample, the results show that the average n(E) deviates from that of regions free of
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Fig. 5-27: Energy dependence of EBIC collection efficiency on sample 007a. The solid line

shows the average collection efficiency over an area in size of 1 mm, and that of the dashed
line is collection efficiency measured at a region free of extended defects.

extended defects by less than 4% at higher energies, and is almost the same at low energies. Fig. 5-
27 shows one example of such measurement on sample 007a. That is why the average EBIC
collection efficiency is used in the following.

Fig. 5-28 depicts n(E) curves for the monocrystalline substrate sample series 107. It is clearly seen
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Fig. 5-28: Energy dependence of the average EBIC collection efficiencies of the samples
prepared on (111) silicon wafers (the black lines with symbols). The black solid line shows
N(E) of sample 107-008c and the dashed one for 107-129e.
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that almost no differences are observed for the samples prepared on (111) silicon at energies lower
than 6 keV. Differences appear at energies higher than 6 keV, where the collection efficiency is
found to depend on the substrate temperature during the growth. Starting with 450 °C, first the
collection efficiency increases with temperature, reaches a maximum at 650 °C, and then decreases
again at 700 °C.

At low energy side of the energy dependent EBIC collection efficiency, 1.e. energy lower than 17
keV (penetration depth of the electron beam below 2 um), the main contribution to the carrier
collection efficiency is given by carrier diffusion within the epilayers. By fitting the energy
dependent EBIC collection efficiency curves for energy lower than 17 keV, minority carrier
diffusion lengths of the epilayers can be extracted. Fig. 5-29 shows the obtained diffusion length
within the epilayers for sample serie I07 upon process temperature, the fitting was done by using an
excess carrier distribution function given by Everhart and Hoff [Ever1971]. For the samples
prepared on (111) monocrystalline silicon substrates, the diffusion length shows an increase from

0.4 at 450 °C to 4.5 pm at 650 °C, and then it decreases again to 3.3 um at 700 °C.
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Fig. 5-29: Minority carrier diffusion length in the epilayer prepared on (111) silicon substrate
under different process temperature, obtained from fitting the energy dependent collection
efficiency curves.

A big difference in n(E) was observed between the epilayers grown on (100) and (111) substrates
prepared at the same time at 600 °C. The n(E) curves are shown additionally in Fig. 5-30: on the
(100) oriented sample 107-008c, n(E) is higher over all the energy range. The diffusion length of
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the epilayer in sample 008c is about 5.2 um as obtained from the fitting of the collection efficiency
curve, much higher than that of sample 008a of 1.3 um. Because no dislocations were found in
sample 008c by etch pit study [Doga2007], it is therefore concluded that the collection efficiency
degradation or decrease of minority carrier diffusion length in sample 008a is mainly caused by
dislocations within the epilayer. In the sample 129e the collection efficiencies are lower than those
of the monocrystalline silicon substrates at energy < 8 keV, and become higher than those in
sample 005a and 006a in the energy range 8 to 20 keV, but lower than those of other samples. A
diffusion length of 0.9 um in the epilayer is determined by fitting the n(E) of sample 129e.
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Fig. 5-30: n(E) for epilayers grown on (100) and (111) substrates at the same conditions.

The results of energy dependence of EBIC collection efficiency agree again quite well with the
Secco-etching studies [Doga2007] of the samples (see above), where the dislocation density was
found to decrease with increasing substrate temperature in the samples prepared on the (111) Si
wafers. The main source of the etch pits was found to be extended defects like dislocations and SFs.
The results indicate that extended defects in the epilayer may be the main limiting factor of the
collection efficiency. The dark points in sample 008a, 009a and 010a shown in the EBIC images
recorded at RT in Fig. 5-24 may correlate to some impurity cluster formation because of the high
contrast [Kitt1995a].

Another point that should be discussed here is the degradation of the layer quality at high T, as
seen for sample 009a and 010a in Fig. 5-28, the collection efficiency of sample 010a is lower than

that of the sample 009a at high energy (>8 keV) side. This is mainly due to a high mobility of metal
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impurities at high process temperature, so that the formation of the precipitates is limited, and the
impurities are distributed in the layer in form of point defects or small clusters. Such kind of
distribution of metal impurities is more harmful than that in the form of precipitates [Buon2005a],
leading to the observed decrease of the EBIC collection efficiency. The EBIC images in Fig. 5-24
give evidence for this explanation. The point-like defects in the EBIC image for sample 009a have
strong contrast at RT, while those of sample 010a have weak and diffuse contrast, indicating the

formation of precipitates is limited at high temperature.

5.3.3 PL measurements

Because of the high density of dislocations at substrate temperature lower than 550 °C, it is not
possible to resolve the dislocations at such high density by EBIC. Thus PL was used to detect
dislocations by the charcteristic DRL lines.

PL measurements were performed on the epilayer as well as on the Si substrate. Such
measurements can be used to evaluate the layer quality. PL spectra taken on the epilayers and on
the Si substrates in the BB region show that the BB signal decreases strongly on the epilayer for all

samples prepared on silicon wafers, irrespective of the orientations of the substrates. Fig. 5-31

on the substrate
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Fig. 5-31: PL spectra recorded on the Si substrate (black line) and on the epilayer (red line) of
the sample 008c at RT. A spectrum (blue line) taken on an n-type Cz Si is shown for
comparison (the spectum is brought to the same height as the spectrum taken on the substrate
for simplicity).
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shows one example of the spectra recorded on the substrate and on the epilayer of sample 008c at
RT, an additional spectrum taken on an n-type Cz Si is also shown for comparison of the shape in
the BB region. The PL signal in the BB region on the substrate is much higher than that on the
epilayer, and the BB emission is broadened and red shifted in both spectra.

The PL spectra recorded in epilayers on Si substrates with (111) and (100) oriented samples reveal
no characteristic DRL at 78 K, but an asymetric structureless broad luminescence band in the sub-
bandgap region (Fig. 5-32). The broad luminescence band in the sub-bandgap region decreases with
increasing substrate temperature during the epilayer growth. The PL spectra also show that the BB
signal of sample 107-007a broadened at the short wavelength side, a shoulder is to see at
wavelength shorter than that of the BB emission, i. e., at energies higher than the band gap of Si.
The PL spectra of samples 107-008a and 107-008c have almost identical intensity in the sub-
bandgap region, but the BB signal in sample 107-008c is higher than that in I07-008a, and exhibits
broadening and a remarkable shift to longer wavelength.

In the samples produced by the Alile process, PL reveals the characteristic D1-D4 DRL lines,
luminescence in the BB region and multipeaks at wavelength shorter than BB (energy higher than
the band gap energy). The integrated luminescence signal is much higher than that in epilayers
prepared on top of the silicon substrates. Moreover, a broad background over the whole spectrum
can be seen.

The strong degradation of the BB signal measured on the epilayer prepared on the (100) silicon

wafer in comparison with that measured on the Si substrate is surprising. Because the epilayer is
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Fig. 5-32: PL spectra recorded on the epilayers at 78 K for an excitation power of 200 mW.
The black straight lines indicate the zero lines for each spectrum.
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free of dislocations and has a doping level of only 4 x 10'® cm™, instead, the substrate is highly
doped of a doping level 10" em™. It is therefore expected that the BB emission in the highly doped
substrate should be lower (see chapter 4) due to increased Auger recombination [Kitt2006]. The
unexpected degradation of the BB signal measured on the epilayer indicates an increased SRH
recombination within the epilayer, originating from a high density of deep level impurities. The
impurities may be introduced into the epilayer during the preparation. For the other samples
prepared on (111) silicon substrates, deep level impurities as well as dislocations within the
epilayer contribute to recombination loss of the carriers.

Though the dislocation density is of 8 x 10° cm™ [Gork2007] for the samples produced at 600 °C,
and even much higher for the samples prepared at temperatures lower than 600 °C, no DRL lines
have been detected in the layers on the (111) oriented substrates. Such unusual behavior can be
explained when the dislocations are highly contaminated, which will introduce a high density of
deep levels in the band gap, enhancing the nonradiative recombination at dislocations [Kved2001].
Such strong degradation of the DRL signal for highly contaminated extended defects was observed
by Higgs et al. [Higg1992] in his experiments with intentionally contaminated extended defects. He
found an enhancement of the DRL signal with increasing contamination levels, upon a
contamination level of 4 x 10" cm'z, a strong decrease of the DRL signal was observed, the DRL
signal is even quenched for a certain contamination level. In case of the samples investigated here,
a high contamination level is expected due to contamination in the vacuum chamber during the
preparation. This argument is also supported by EBIC measurements at RT, which high contrast
[Kved2001] at RT (Fig. 5-24) is shown for most of the extended defects. Also the decrease of the
BB signal on the epilayers in comparison to that on the substrates indicates an enhanced
nonradiative recombination in the epilayers, originating from impurities with deep levels. The high
contamination level in the epilayer will lead to substantial segregation of impurities at dislocations,
supporting that the dislocations are highly contaminated. This should be the main reason that DRL
lines were not detected in the epilayer prepared on (111) monocrystalline silicon wafers.

In case of the samples prepared by the Alile process, the PL signal in the BB and DRL regions is
higher than that of the epilayers. One possible reason for the enhancement of the luminescence
signal may be due to the scattering of the excitation laser as well as the generated BB luminescence
at the glass/polycrystalline silicon interface, which effectively enhances the luminescence signal in
the BB region. The other reason for the enhancement is that the polycrystalline film may contain
less deep level defects than that in the epilayers on silicon substrates and the dislocations are
relatively clean, this point is supported by the detection of a strong characteristic DRL signal,

which means that the contamination level at dislocations is not too high [Higg1992]. A consistent
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result is also given by EBIC in Fig. 5-24, where the EBIC image for sample 129¢ is very
homogenous within the grains at RT, considering the high density dislocation detected in such kind
of samples [Doga2007], the dislocations should belong to type 2 of the C(T) dependence, i.e. most
of the dislcoations are clean dislocations and therefore the polycrystalline epilayer. It is however
not clear what is the reason of the luminescence at wavelength shorter than that of the BB, possibly
originated from the glass substrate.

The origin for the purification of the polycrystalline epilayer may be the gettering effect by the
highly Al-doped polycrystalline seed layer. There are two factors in limiting the gettering
efficiency, one is the diffusion of the metal impurities into the Al-doped seed layer and another is
the solubility of the layer. From the transition metals diffusivity data provided by Weber
[Webe1983], diffusion distances of most transition metals can be as high as 100 um (for example
Fe) under the growth conditions of the epilayers, much higher that the layer thickness. Moreover,
the solubility of the transition metals is several orders higher [Myer2000] in the highly Al-doped
polycrystalline silicon layer than in normal crystalline silicon. These two factors enable a
segregation-induced [Myer2000] gettering of transition metals in the highly Al-doped seed layer.
Furthermore, the GBs in the seed layer as well as in the epilayer may also serve as gettering sites of
the transition metals [Lu2003].

In all the spectra recorded on the epilayers prepared on monocrystalline silicon wafers, the shape of
the luminescence band in the BB region ( include the broadening and the blue shift of the BB signal
and the light emission shoulder between 900 nm and BB in sample 007a as well as the red shift of
the BB signal in sample 008c) is very similar to those recorded on the corresponding substrates,
indicating substantial contribution of the signal from substrate rather than from the epilayers. This
results show that the quality (concerning BB emission) of the epilayer is not so high, this is because
of a high density of metal impurities originated from the e-gun system as well as extended defects
developed during the layer growth. The reason of the luminescence behavior in the substates is not

clear so far.

5.4 Summary

In this chapter, the electrical properties of the block cast material have been investigated by means
of EBIC and PL measurements.
The C(T) dependence of dislocations for as-grown samples from different part of the ingot was

found to be in accordance with the distribution of metal impurities in the block cast ingot.
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The electrical properties in the as-grown and the solar cell samples of block cast material have been
compared in parallel samples by means of EBIC. The samples were cut from different regions of
the ingot. The impact of the solar cell processing of PDG following with SiN + firing was verified
by the C(T) behavior of the dislocations. After the solar cell processing, the electrical activity of
individual dislocations at RT is significantly reduced in the region with high contamination levels,
but some of them having strong contrast remain active up to RT. And also the EBIC collection
efficiency measurements in the bulk show a clear improvement after the solar cell process. Similar
results to dislocations have been also observed for GBs. Most of GBs exhibit lower activity after
the solar cell processing, while some of them preserve their activity after the solar cell process. The
preservation of the activity of the dislocations and GBs at RT after the solar cell processing may
correlate to large impurity clusters accommodated within the crystal defects, which can not be
resolved during the PDG.

The influence of different solar cell processing on the properties of the solar cell, most importantly,
the recombination activity of the extended defects has been compared in parallel samples by EBIC.
The EBIC measurements have been performed in the parallel samples with similar grain structures
in the as-grown samples, solar cells made by the processing of SiN + firing, PDG, SiN +
firing/PDG and PDG/SiN + firing, respectively. Improvements have been observed in all the three
type of processed samples in the bulk region by EBIC collection efficiencies. The effect of
improvement is in the sequence PDG/SiN + firing > SiN + firing/PDG > PDG > as-grown. In GBs
with low contrast at 77 K, reduced electrical activity of the GB with the same sequence with that in
the bulk was observed by EBIC C(T) dependences. In the GBs with medium and high contrast at 77
K, no significant improvements have been observed for the samples fabricated by PDG and SiN +
firing/PDG. However, the PDG followed by SiN + firing treatment reduces drastically the electrical
activity of the GBs at RT.

Abnormal behavior of the dislocation activity after certain solar cell processing was also observed
in the region with high dislocation density: the dislocations are activated after SiN + firing, PDG,
and SiN + firing/PDG processing, while the activity is reduced after the process of PDG/SiN +
firing. The reason of the activation of the dislocation might well relate to the thermal process of the
SiN + firing and PDG. The reason why the passivation effect of the dislocations is not observed in
the process of SiN + firing is still unclear.

The results confirm that the C(T) dependence of dislocations is a fingerprint of the contamination
levels at dislocations. Solar cell processing of PDG following by SiN + firing effectively improves

the bulk properties and reduces the electrical activity of extended defects. The results also show

87



some limitation of PDG in gettering of the impurities at extended defects, not all impurities can be
gettered out of the dislocations and GBs.

Combined PL and EBIC measurements were used to detect defects and the recombination
properties of them in the block cast material. Intense defect related luminescence was found at
certain GBs.

Thin layers grown epitaxially by evaporation of Si on (111) and (100) Si substrate as well as
samples prepared by Alile process were investigated by EBIC and PL. The epilayers on
monocrystalline silicon are model samples for the thin epilayer grown on seed layer prepared by
Alile process. Such epilayers on monocrystalline silicon were grown under different substrate
temperature Ts.

The energy dependence of collection efficiency is found to be very sensitive to the layer properties.
The results show that the quality of the epilayers prepared on (111) silicon wafers depends on the
substrate temperature T during the deposition. First an increase of collection efficiency at high
energy side is observed for T, below 650 °C, and it decreases again at 700 °C. Moreover, the
minority carrier diffusion length within the epilayers obtained by fitting the n(E) curves at beam
energy lower than 17 keV (penetration depth smaller than 2 pm) show also an increase of diffusion
length from 0.4 um at 450 °C to 4.5 um at 650 °C, and then it decreases again to 3.3 um at 700 °C.
This agrees quite well with Secco-etching investigation performed at HMI Berlin, showing that the
dislocation density decreases with increasing T,. No extended defects were found by EBIC in the
samples prepared on (100) wafer. This is also in agreement with results obtained at HMI by etch
pits investigations. The decrease of the EBIC collection efficiency at the high energy side (>8 keV)
in sample 010a in comparison to 009a may relate to the dissolution of the impurity clusters at
higher T, leading to a high concentration of deep level impurities in the epilayer. No DRL was
found in the samples prepared on the (111) and (100) silicon wafer.

In the samples prepared by the Alile process, the grain size measured by EBIC ranges from several
up to 20 um. Higher EBIC contrast regions were found at 78 K and the contrast disappears at RT,
the EBIC image looks homogenous within the grains at RT, indicating that the dislocations are
relatively clean. The presence of the DRL lines in the Alile samples confirmed that the dislocations
are relatively clean, indicating significant gettering of the metal impurities occurs in such kind of
samples.

More work should be done to establish the type and level of metal contamination in the epilayer
prepared on Si substrate, thus control the source of the metal impurities to improve the quality of

the epilayers.
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Chapter 6. Investigations of microelectronics material

6.1 Diffusion length determination in SOI via EBIC method

6.1.1 EBIC technique for diffusion length determination

Diffusion length determination via EBIC is a commonly used tool in silicon materials [Leam1982].
Three main setups are used: energy dependent collection efficiency method, lateral scanning
technique and vertical scanning technique. As sketched in the left image in the left image of Fig. 6-
1, by changing the beam energy, one can calculate the energy dependent collection efficiency n(E),
the diffusion length can be extracted from fitting of n(E) [Wul978] [Kitt1986]. This is a time-
consuming but a very reliable way to determine the diffusion length [Yaki2007]. The second way

to get the diffusion length is the lateral scanning technique sketched in the right image of Fig. 6-1,
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Fig. 6-1: Diffusion length measurements setups according to Wu et al. [Wul978] (left) and
Ioannou et al. [Toan1979] (right). The grey square markes the SCR of the diode.

where the electron beam scans over the area outside the Schottky diode, near the border of the
Schottky diode, substantial EBIC current can be measured due to diffusion of minority carrier. By
fitting the decay of the EBIC current close to the Schottky diode [loan1979], diffusion length can
be determined. However, some critical conditions must be fulfilled in this setup. In particular, the
sample thickness should be several times larger than the diffusion length and the dimension of the

Schottky diode should be larger than the diffusion length of the sample, moreover, the uncertainty
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regarding the surface recombination rate makes the situation more complicated. An empirical

equation 6.1 is used in this method to determine the diffusion length [Ioan1979]:

exp(—x/L)

3/2
X

I(x)=A (6.1

where x is the distance from the electron beam to the border of the Schottky diode, I(x) is the
measured EBIC current decay.

Another approach to get the diffusion length is based on measuring EBIC of the vertical direction
to a Schottky or a p-n junction diode [Leam1982] [Rech2000], i. e. scanning the electron beam on
the cross section of the Schottky or p-n junction diode as illustrated in Fig. 6-2. In case of infinite
surface recombination velocity, the analytical expression of the EBIC current is given by the

following equation:
I(x)=1__e™"" (6.2)

where x is the distance between the electron beam and the SCR of the Schottky or p-n junction
diode, I, the EBIC current measured at the SCR.

These methods have been successfully applied to the bulk semiconductor materials, while
application of these methods to thin layers encounters great challenge due to surface recombination

of the carriers.
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Fig. 6-2: Diffusion length determination via cross section EBIC measurements of a Schottky
diode (left) or p-n junction diode (right) [Leam1982]. The grey square marked the SCR of the
diode.
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6.1.2 Experimental setup for SOI layer

Silicon on insulator (SOI) wafers are widely used in modern microelectronics (see chapter 1), a
high quality thin Si layer on a buried oxide (BOX) layer on top of Si substrate is used for
fabrication of the microelectronic components. Diffusion length within the thin layer is a very
important parameter to determine the quality of the layer. It is however very difficult to extract the
real diffusion length due to high surface recombination at the surface and the interface at Si/Si
oxide.

In this section, diffusion length of the SOI layer was measured via EBIC method, and bias V1 are
applied at the surface and at the interface of the Si/BOX to suppress the surface recombination. The
sample structure and the setup of the measurements is sketched in Fig. 6-3, A and B are ohmic
contacts, contact C is a metal oxide semiconductor (MOS) structure and D is the Schottky contact
used to collect the minority carriers. If the gap is made sufficient narrow, an EBIC current under

contact C can be measured.
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Fig. 6-3: The diffusion length measurements setup for the measurement of the thin layer on
top of the buried oxide in a p-type SOI wafer. Bias V; is applied between ohmic contact A
and B, and bias V, between A and contact C on the MOS structure, d indicates the thickness
of the SOI layer.

The EBIC signal was recorded between the ohmic contact A and the Schottky contact D, the

contact between A and B works as a capacitor in ideal case. When applying a bias, V; is simply
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defined as positive if contact B is positive biased and V; is positive when contact C is positively
biased. In case of a positive biasing of V|, electrons are induced close to the BOX in the top layer.
The electrons serve as reflector to minority carriers (electrons) generated within the thin layer, thus
reduces the recombination of the minority carriers at the interface at Si/BOX. The bias V; between
contact A and C induces an accumulation layer beneath the oxide layer when C is negative biased,
the accumulation layer will suppress the surface recombination under the MOS structure. If these
two factors of surface recombination are effectively suppressed, the transport of carriers under
contact C can be considered purely diffusive, by fitting the EBIC decay curve at this place with the

following equation:

Lpge =1yexp(=x/ L)+ 1 (6.3)

we should get the effective diffusion length L.y in the thin layer, /¢ is a constant.

One critical point in this method is that the gap between C and the Schottky contact D should be
kept as short as possible. This may be usually achieved by lithographic structuring. In this work we
use simple etching to realize the narrow gap. The procedure of the sample preparation is described

in next paragraph.

6.1.3 Sample preparation

Sample preparation is the most critical point for the successful measurement of the diffusion length
in the thin layer. A narrow gap between contact C and Schottky contact D is prepared by etching in
diluted HF solution, and the width of the gap was controlled by the etching time.

Two samples were investigated, one sample with 10 pm and the other with 3 pm top layer
thickness. The thickness of the BOX layer for both samples is at least 10 nm. The surface of the top
layer was covered with a 10 nm Si oxide layer for both samples.

The preparation procedure is sketched in Fig. 6-4 in 8 steps. In the step A, the samples were
cleaned by a standard Piranha cleaning solution H>SO4:H>O, in a ratio of 1:1 at 80 °C. this
procedure cleans metallic as well as organic impurities from the sample surface; in step B, a thin Al
film was evaporated onto a certain area of the surface to prepare the MOS structure; then the Al
was partially covered with picein in step C. It is important that the picein layer has a straight edge
on the side where the Schottky contact would be prepared later. In step D, a short etching in diluted
HF (HF:H;O in ratio 1:5) was performed. The sample was taken out of the solution shortly after all
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Al on the surface disappeared, usually after 10-15 seconds. During this time periode, a certain
underetching of the Al and the Si oxide layer beneath the picein occurs. A second Piranha cleaning
is needed to remove impurities from the surface, and to form a thin Si oxide layer on the bare Si
surface, which is needed for preparation of the Schottky diode on the p-type Si. The cleaning was
performed at RT because of the picein. In the next step F the Schottky diode was realized by Al
evaporation through a metal shadow mask, and the picein works also as a mask in this step,
producing a small gap between the evaporated Al contact and the MOS structure; Finally, the
picein was removed by rinsing in toluene (step G). Ohmic contacts were prepared by scratching

InGa alloy onto the front and the rear side of the samples (step H).
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Fig. 6-4: Sketch of sample preparation: A. Piranha cleaning, B. Al contact evaporation, C.
cover the Al contact with picein, D. HF etching, E. piranha cleaning at low temperature, F.
prepare the Schottky contact, G. remove the picein, H. prepare the ohmic contacts on the front
and rear side.
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6.1.4 Effect of single bias on surface recombination at the BOX

At first, the EBIC current was measured between contact B and D, with a positive bias voltage V,
applied at contact B across the BOX layer. If the BOX layer is an ideal insulator, there should be no
EBIC signal. In reality, EBIC signal was clearly measured for both samples, which means that the
BOX is not perfectly insulating for both samples.

Fig. 6-5 shows the results measured in the sample with 10 um top layer on the BOX. The
accelerating voltage was 30 kV, so that excess carriers were generated only on the top layer. The

marked region in Fig 6-5 is the gap region. The area to the right side is the Schottky diode, and the
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Fig. 6-5: EBIC current profiles measured with single bias across the BOX for the sample with
10 um top layer, the marked region is the gap region, the area to the right of the gap is the
Schottky diode, to the left of the gap is the region used to evaluate the diffusion length under
the MIS structure.

area to the left of the gap is the region used for analysis of the diffusion length. For fitting of the
curves with equation 6.3, the first 10 pm near the gap were neglected because of non-idealities in
the gap region. Fig. 6-6 shows the acquired data in the sample with 3 pm top layer on the BOX.
The accelerating voltage was 18 kV during these measurements.

Both samples exhibit an increase of the diffusion length with applied positive bias. No significant
change for a bias higher than V; = 2 V was observed, indicates that surface recombination at the

interface between BOX and top layer is almost completely suppressed for V; =2 V.
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Fig. 6-6: EBIC current profiles measured with single bias across the BOX for the sample with
3 um top layer, the fitting of the curve is made between the black straight dashed lines in the
region under the MOS structure.

6.1.5 Double bias for full suppression of the surface recombination

For extraction of the diffusion length, a bias should be applied both to V; and V, in order to
minimize the surface recombination at both surfaces. An accumulation layer under the MOS
structure will be induced if V; is negatively biased, so that the surface recombination at these places
will be also suppressed.

Fig 6-7 shows the EBIC image taken for V| =2 V and V;, = 0 V. The width of the gap is about 50
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Fig. 6-7: The EBIC image taken at the bias V; =2 V and V, =0 V at accelerating voltage of
30 kV for the sample with 10 mm top layer. The upper image sketches the sample structure.
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um as indicated. The two white lines mark the region where the EBIC profiles were taken, and the
region between the two white dashed lines is the region used to fit the EBIC curves.

The EBIC profiles for different bias conditions for the sample with 10 um top layer are depicted in
Fig. 6-8 (the measurements for the sample with 3 um top layer were not successful because of high
leakage current). One example of the fitting is shown in Fig. 6-9 for Vi =2 V and Vo, =-1 V, tl is
the resulting diffusion length. The results show that the diffusion length increases clearly from 14.8

um with no biases to 61.6 ymat Vi=2Vand V,=-1.5 V.
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Fig. 6-8: EBIC profiles taken at different bias conditions for the sample with 10 pum top layer.
The profiles were taken at an accelerating voltage of 30 keV at RT. The table on the left of the
image shows the bias conditions and the diffusion length obtained by fitting the profile (see
example in Fig. 6-9) in the region marked by dashed lines.

In comparison to the single bias method in Fig. 6-5, some deviations occur at small V; while the
results agree quite well at high V;. V, has a clear influence to the diffusion length, the diffusion
length increases by negative bias at contact C. The deviations at small V; are believed to be mainly
due to the quality of the BOX layer, as measured by the resistance between the two ohmic contacts
A and B. The resistance changes from 50 KQ up to 1 MQ for different piece of samples cut from
the same wafer. The different resistance of the sample causes different conditions at the BOX layer,
leading to the deviation of the effective diffusion length. The difficulty in the measurement is on
the one hand due to the high leakage current (sometimes much higher than the EBIC current itself)

of the BOX layer, which is superimposed to the EBIC current. On the other hand the leakage
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current through the MOS structure may also contribute to the measured EBIC signal. This makes
the situation more complicated.

One fact which is not understood yet is the effect of the bias, a positive bias of the BOX causes
depletion at the upper side of the BOX, and a negative bias at the MOS structure causes
accumulation under the MOS structure. Both effects reduce the surface recombination the
corresponding surface. It was reported however that both strong depletion and accumulation should
reduce the surface recombination [Drem1998]. In this investigation, only the conditions described

above have the effect to reduce the surface recombination. The reason is not clear yet.

Data: AB1E732V1V_Value
Model: ExpDec1

Equation: y = A1*exp(-x/t1) + y0
Weighting:

y No weighting

Chi*2/DoF =10667.79701
R"2 = 0.99656

y0 7499.66719  +76.32121
Al 78224.08178 +3213.45488
t 57.8905 +1.1986

| (a u.)

1 Gap region

—eee
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Fig. 6-9: An example of the fitting of the curve in the diffusion region for V; =2 V and V, = -
1 V in the sample with 10 um top layer. The gap region is to the left side of the curve. The
dashed line is the fitting curve of measured data (solid line).

6.1.6 Interference of PL signal: determination of the layer thickness

PL measurements were performed at the two samples in order to detect defects within the thin layer.
PL signal were detected just in the BB region of Si. The BB-spectra exhibit a modulation due to the
interference of the BB signal because of a multiple reflection at the boundaries of the thin layer (see
Fig. 6-10 and the inset therein). The interference patterns are caused by the generated coherent BB
luminescence signal, which is reflected by the BOX and Si oxide on the surface. Because the

wavelength of the BB luminescence is distributed in a wide range, the spectra measured are an

97



integration of the interference, so the interference fringes in the spectra appears non-equidistant,

10 um top layer

\\ Si oxide 3 um top layer

7 9
A

PL intensity (a. u.)

900 1000 1100 1200 1300
Wavelength (nm)

Fig 6-10: PL spectra for the two samples with 3 and 10 um top layer, the thin dark line
indicates the zero line of the spectrum of the sample with 10 um top layer. The inset sketches
the interference within the top layer due to the reflection of the generated light.

The following relation holds:

2
Al = A (6.4)
2nd cos @

where 44 is the distance between two fringes in the spectrum, 4 the central wavelength of the light,
n the refractive index, d the layer thickness and @ the incidence angle as indicated in the inset in Fig.
6-10. In our experimental setup the & can be considered to be 8 = 0, the refractive index at BB
region is approximately n = 4.01, 44 is 46 to 55 nm in the central wavelength region of Ao = 1130
nm for the sample with 3 um top layer and 16 to 18 nm for that of the sample with 10 um top layer.
So the calculated layer thickness by means of this method is 2.89 - 3.46 um for the sample with 3
um top layer and 8.85 - 9.95 um for that of the sample with 10 um top layer.
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6.2 Electrical properties of dislocation networks fabricated by silicon
wafer direct bonding

Dislocations as active components have been attracting much attention for about half a century
[Figi2002]. The controllable formation of dislocations has been out of reach for a long time.
Recently, with the invention of the silicon wafer direct bonding technology, fabrication of a regular
dislocation networks (DNs) became possible [Reic2006]. The silicon wafer direct bonding
technique allows a reliable reproduction of the dislocation density and morphology in the network
by tuning the twist and tilt angles of the two initial wafers. The present interest in DN is related to
their pronounced luminescence properties at 1.5 pm wavelength [Kitt2005] and the possibility to
adjust the optical emission bands by tuning the set of the twist and tilt angles [Yu2006], which have
their potential application on silicon based light emitters for on-chip optical interconnects.
Moreover, the electrical conductivity [Yu2006] [Kitt2007] of DNs found recently is another
attractive property of the DNs that may allow novel devices by using DN as active parts [Jia2009].
In this section, the electrical and optical properties of test p-n junction diode samples have been
investigated by EBIC, light beam induced current (LBIC) and PL. The test diode structure
illustrated in Fig. 6-11 contains a DN made by silicon wafer direct bonding. Wafers of the same
type of doping were used for bonding, resulting in either n- or p-type samples containing a DN
plane parallel to the sample surface at a depth of several um. The thickness of the top layer in n-
type samples was about 2 um, and 3 um in p-type samples. For n-type samples, the p-n junction

was made by B* ion implantation at 50 keV with a dose of 1 x 10'* cm™. The implanted samples

Implantated

Metal . .
emitter p-type Si
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n-type Si

Fig. 6-11: Structure of the test diode samples for an n-type substrate samples. The thickness d
of the n-type samples is 2 um and for that of the p-type samples is 3 pm.
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were subsequently annealed in furnace at 1000 °C in N, atmosphere for 30 minutes. A thin SiO,
layer with a thickness of 500 nm was deposited on the surface of the samples by Plasma Enhanced
Chemical Vapor Deposition (PECVD). The metal contact was prepared by deposition of Al in a
lithographically defined area. Finally, the samples were annealed at 420 °C in H, atmosphere for 30
minutes to improve the contact quality. The p-n junction on p-type samples was made by P* ion
implantation at 135 keV with a dose of 1x10'* cm™. The remaining processing steps were the same
as for the n-type substrate samples. The test diodes were prepared by Max Plank Institute (MPI)
Halle.

6.2.1 Electrical inhomogeneity in n-type sample

EBIC measurements were performed using the Al contact on the front side and ohmic contact on
the rear side of the substrate prepared by rubbing InGa alloy. The samples were measured at
various beam energies at RT.

Fig. 6-12 shows EBIC images recorded in an n-type substrate sample at beam energies of 30 and 15
keV. The p-n junction region is clearly seen between the two rectangles formed by the Al contacts.
Surprisingly, EBIC signal was detected not only in the p-n junction region, but also far outside the
p-n junction area. Under certain imaging conditions, inhomogeneity in charge collection was

detected for all samples. Namely, for penetration depths of the electron beam > 2 pum, i.e. beyond

Metal
contacts

p-n
junction

Fig. 6-12: EBIC image of an n-type substrate sample recorded at 30 keV and 15 keV. The
rectangles mark three positions where the energy dependent collection efficiency was
measured.
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the network, (energy > 17 keV) in n-type samples, some circular bright regions were detected. The
bright circular contrast vanished or turned to dark contrast at energies are lower than 17 keV. The
circular feature has typically several circles of different current levels at higher EBIC contrast
settings as depicted in the Fig. 6-13. TEM observations revealed some oxide precipitates (OPs)
along with the DNs at the bonding interface, as shown in the plane and cross section views in Fig.

2

6-14. The density of oxygen precipitates at the interface was approximately 5 x 10® cm™ at the

circular regions and at other places outside the circular regions is 5 x 10" cm™

Fig. 6-13: Typical EBIC image in the circle regions at high contrast settings recorded at 30
keV.
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Fig. 6-14: TEM images of DNs: left - plane view, right - cross section view. The arrows

mark some of the oxide precipitates at the bonding interface.

The fact that EBIC signal is collected over the whole area of the samples indicates substantial
carrier collection and electrical conductivity of the DN. The charge carrier collection is a result of
an electrical barrier at the DN. The transition of the EBIC contrast in the circular areas from bright
at higher energies (penetration depth > 2 pm) to dark at lower energies (penetration depth < 2 um)
clearly suggests that a barrier exists at the bonding interface. This barrier collects the minority
carriers, and they are subsequently transported [Kitt2005] by the DN to the p-n junction region,

giving rise to EBIC signal over the whole sample area. The barrier is a consequence of charging in
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the dislocations, forming a cylindrical SCR around the dislocation lines known as Read cylinder

[Calz1968] (see Fig. 6-15).

Dislocation
core

Read
cylinder

Fig. 6-15: Schematic view of the Read cylinder around a charged dislocation line in n-type
silicon. The dislocation is negatively charged (-), and the SCR is positively charged (+). The SCR
around the dislocation core is called Read cylinder.

Dislocation conductivity has also been observed by EBIC in block cast Si material [Ghit1993].
Such conductivity of dislocations was found to be responsible for the increased dark current in solar
cells [Ghit1993]. However, the dislocations in solar cells usually contain electrically disconnected
segments, making it difficult to evaluate the conductivity of the dislocations [Kved1985]. It is
expected that in an ordered array of dislocations, i. e. DNs, the conduction effect of dislocations is
more pronounced. Indeed, in n-channel MOSFETSs containing an artificial DN, Ishikawa [Ishi2006]
et al. observed electrical conductivity enhancement by more than 2 orders. Yu et al. have also
observed electrical conduction of the DNs in a p-type bonded wafer by cross section EBIC
measurements [Yu2006], where the EBIC signal was detected along the bonding interface several
millimeters away from the Schottky contact.

The carrier transport along the DN may well relate to the one-dimensional dislocation bands
originated from the strain field of the dislocations [Kved2001]. Such bands might be partly-filled
with carriers, showing metallic-like conduction [Kved1985]. The minority carriers are collected by

the electrical barrier originated from the dislocation charge at the bonding interface, and this will
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locally decrease the barrier height of the DN, and the difference of the barrier height between the
irradiating place and other places may be the reason of the carrier transport along the DN. A
schematic band diagram at the p-n junction region is shown in Fig. 6-16 for example of an n-type
sample. The built-in barrier Vj; of the p-n junction is about 500-800 meV, and the barrier of the DN
is around 100 meV [Yu2006] in bonded wafer with same orientation, and 300 meV in hybrid-
orientation bonded wafer [Wage2008]. When the minority carriers (holes) reach the p-n junction
region, they can overcome the barrier of DN, and go to the valence band in order to be collected by
the p-n junction. The barrier height difference between the p-n junction and that of the DN is the
driving force for the collected minority carriers to go to the p-n junction region, and giving rise the

EBIC signal over the whole sample area.
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Fig. 6-16: Band diagram at the p-n junction region of an n-type substrate sample with a DN.

A finding of particular interest is the bright circular feature and the stepwise change of the current
level inside the circular feature. Such kind of feature may be related to HF etching of the intrinsic
oxide layers prior to the wafer bonding. Small droplets of HF remaining on the surface may hinder
further oxidation of the surface. So, these areas would have a lower oxygen precipitate density after
the wafer bonding process. This speculation can elucidate the different oxygen precipitate density
in and outside the circular regions very well, however, nothing was found to explain the stepwise
change of the current level. In addition, the EBIC current outside the circular areas and within each
single circle is very homogeneous, despite that the distances to the p-n junction are quite different.
This phenomenon indicates that the recombination loss of the carriers is very small during the

transport along the DN.
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6.2.2 Barrier at the bonding interface: LBIC measurements

Because of the differences on the oxygen precipitate density in the circular regions and outside the
circular region, one argument arises that an additional charging of the interfacial oxygen
precipitates by the primary electron beam may cause differences in the barrier height of the two

regions, leading to differences of minority carrier collection.

Fig. 6-17: LBIC maps for excitation wavelength at 514 nm (left side) and 808 nm (right side)

in an n-type sample.
In order to verify this argument, Light Beam Induced Current (LBIC) measurements were
performed in a fresh sample (not irradiated by the electron beam before). Measurements were done
using an Argon-ion laser with 514 nm wavelength and a semiconductor laser at 808 nm wavelength.
The penetration depth of the laser working at 514 nm is approximately 0.85 pm and that for 808 nm
is 11.5 um. These excitation wavelengths ensure similar measurement conditions as for EBIC at
low (< 17 keV) and high energies (> 17 keV), i. e. the generation volume in the top layer and across
the bonding interface, respectively. The LBIC measurements yield the same results as EBIC as
shown in Fig. 6-17, where the circular structures only observed for the excitation wavelength of
808 nm.
The LBIC measurements at excitation wavelengths of 514 nm and 808 nm confirm the electrical
barrier at the bonding interface. Furthermore, these measurements exclude the argument that the
electrical inhomogeneity at the bonding interface originates from the additional charging of the
interfacial oxide precipitates (OPs) by the electrons injected by the electron beam. Such charging
will lead to different barrier heights in regions with low and high OP density. Therefore, it can be
concluded, there is a local difference in the built-in barrier height rather than one induced by the
electron beam. It is worth to mention that a similar result was obtained by EBIC with the electron
beam incidence from the back side of the sample (not shown here), where the only reason for the

carrier collection is the built-in electrical barrier at the bonding interface.
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6.2.3 Energy dependent collection efficiencies

Energy dependent EBIC collection efficiencies have been measured at the p-n junction region, in
the bright circular area and at a normal place outside the p-n junction at the positions marked in Fig.
6-12. The results are presented in Fig. 6-18. In the p-n junction region, the collection efficiencies

are much higher than that in other places throughout the whole energy range. The collection
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Fig. 6-18: Energy dependent collection efficiency in the three positions marked in Fig. 6-12.

efficiency in the bright circular area and outside the circular area is approximately the same at low
energies (7 to 15 keV). The collection efficiencies are getting higher in the circular area for
energies higher than 17 keV.

It is suggested that there might be a kind of overlapping between the SCR of the p-n junction and
that of the DN. So, the collected minority carriers at the DN just need to overcome a small barrier
to escape from the DN, and be collected by the electrical field of the p-n junction (see Fig. 6-16).
The higher collection efficiency in the p-n junction region in comparison to other places may be a
consequence of a broad SCR in this region, because the electron-hole pairs generated within the
SCR will be almost completely collected by the electrical field of the p-n junction, and the loss of
carriers due to surface recombination decreases with increasing beam energy. In addition, the n(E)
curve in the p-n junction region is very smooth. This might be also an indication that the SCR of

the p-n junction and that of the DN overlap.
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6.2.4 Electrical inhomogeneity in p-type substrate samples

EBIC measurements on p-type samples have also been performed. The differences to n-type
samples observed in p-type samples include the overall low collection efficiency in the whole
sample area. Bright circular regions have been also detected in p-type substrate samples, but with
very weak contrast. An example is shown in Fig. 6-19.

The energy dependent EBIC collection efficiency in the p-n junction region is shown in Fig. 6-20.

Fig. 6-19: Typical EBIC image (left) for p-type samples and the bright circular region (right)

recorded at 30 keV.
Some new features of the p-type substrate samples have been revealed. First of all, the collection
efficiencies are much lower than in n-type samples over the whole energy range. The collection
efficiency increases in the range from 5 to 7 keV, and decreases in the energy range from 7 to 18
keV, and then increases again from 18 to 40 keV.
The overall lower collection efficiency in the p-type substrate samples might imply that the SCRs
of the p-n junction and that of the DN do not overlap. So, the minority carriers collected at the DN
should overcome a relatively (to the case of n-type substrate samples) higher barrier of the DN to
be collected by the electrical field of the p-n junction, this is possible because the thickness of the
top layer in the p-type substrate samples is 3 pm instead of 2 um in n-type substrate samples. The
dip in the energy dependent collection efficiency curve is another evidence for this argument. In the
energy range between 7 and 18 keV, the generation volume lies in the top layer. If there is overlap
between the SCRs, a monotonic increase of the collection efficiency is expected because of an
almost complete collection of the generated carriers in the SCR. The behavior in Fig. 6-20 can be

explained in terms of two separated SCRs, when the generation volume lies between them, part of
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the carriers would be collected by the SCR of the p-n junction, the other part would be collected by

the SCR of the DN, resulting high lose of the carrier during the process.
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Fig. 6-20: Energy dependent collection efficiency in the p-n junction region of a p-type
substrate sample.

6.2.5 Explanation of the EBIC contrast behaviors

For a sample with homogenous surface recombination velocity, the EBIC collection efficiency is
dependent on two factors: on the collection by the electrical field, and on the loss of the carriers due
to recombination during the diffusion.

It is well known that fixed positive charges exist within OPs in silicon [Hwan1986], and that
positively charged OPs induce carrier accumulation around OPs in n-type silicon and depletion in
p-type silicon (see the sketches in Fig. 6-21). Such conditions will also influence the recombination
activity at the Si/OP interface, leading to enhanced recombination in p-type silicon [Hwan1986].
Together with the charged dislocation lines, which are negatively charged in n-type and positively
charged in p-type silicon, OPs will modify the electrical barrier along the dislocation lines. Fig. 6-
22 gives the schematic view of positively charged OPs along the negatively charged dislocation
lines in n-type silicon. Two regions, one of low and the other of high OP density are indicated. The
barrier height correlates with the OP distribution. The mean barrier height in the region of high OP
density is low and in the region of low OP density it is high. The difference in the barrier height
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Fig. 6-21: Schematic view of the accumulation (left) in n-type silicon and depletion (right) in
p-type silicon induced by positively charged oxide precipitates (OP). After [Hwan1986].

between both regions introduces a broad SCR in the region with low OP density and narrow SCR

in the region with high OP density.

@ Low OP density High OP density

Dislocation

Fig. 6-22: Schematic view of the barrier height distribution of the negatively charged
dislocations along with low and high OPs density in n-type silicon.

In n-type substrate samples, the changes of the EBIC contrast in the circular areas at low and high
excitation energies can be understood in terms of both recombination and charge collection at the
interface. At low beam energy (< 17 keV), the generation of excess carriers takes place mainly
above the DN as shown in the left sketch in Fig. 6-23. In the region with broad SCR, 1. e. the region
with low OP density, slightly higher collection efficiency is expected because the carriers have to
diffuse a somewhat shorter distance to reach the SCR of the DN. This would result in a bright
contrast in this region in general. However, in this region there may be an enhanced recombination

due to recombination at the interface of Si/OPs. Indeed, PL mapping at energies 0.79 (D1) and 1.08
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eV (BB) shows clearly a decrease of the signal (see Fig. 6-24) in the circular regions, supporting

Fig. 6-23: Generation volume at low (left) and high (right) energy in n-type silicon in the
regions with high (narrow SCR) and low (broad SCR) OP density.

the assumption of an enhanced non-radiative recombination (However, scattering of light at OPs
has been proposed as another possible explanation of the decreased PL intensity in the circular
areas [Mche2008a]). The charge collection and recombination effects contribute oppositely to the
formation of the EBIC contrast at low beam energy, so the contrast can be either dark or missing
[Jia2009].

At high beam energy (>17 keV), the generation volume reaches beyond the bonding interface (see
the right sketch in Fig. 6-23). A considerable amount of carriers is generated near the bonding
interface according to the depth-dose function of Everhart and Hoff [Ever1971]. Carriers generated

in/near the SCR of the DN will be separated immediately by the electrical field and can be

Fig. 6-24: PL maps at D1 (left) and at BB (right) regions.

considered to be completely collected by the electrical field. More carriers are collected in the
region with broad SCR, therefore the contrast appears bright in the region with low OP density.

Such enhanced collection of minority carriers due to a broad SCR can be also found in the detection
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of doping striation in Cz samples, where the places with lower doping induce a broad SCR of the
Schottky diode, and a bright contrast appears in the regions with lower doping accordingly
[Kitt1984]. This effect is expected to be enhanced in case of the bonded samples, where a higher
portion (in comparison with the excess carrier concentration at the surface) of generated carriers
(see Fig. 3-1-A)) is distributed around the SCR of the DN [Jia2009].

In case of p-type samples, however, the dislocations as well as the OPs are positively charged
[Hwan1986]. Both induce a depletion layer around the DN. This will not cause a big difference of
the barrier height in regions with high and low density of OPs. The bright contrast at high beam
energy is likely caused by an enhanced recombination outside the circular region (with high density
of OPs). Such enhanced recombination was reported [Hwan1986] in p-type silicon containing OPs.
High recombination rate in the region with high OP density is expected, because the Si/OP

interfaces are rich in interface states.

6.3 Summary

The diffusion lengths in a thin layer on top of a buried oxide layer were measured by means of
EBIC. With the help of appropriate biasing, the surface recombination at the BOX and the surface
was suppressed. The diffusion length measured is several times larger than the thickness of the top
layer. Moreover, interference pattern at the BB region in the PL spectrum was found to be able to
use for determination of the layer thickness.

EBIC measurements have been performed in the test diode structure made from bonded wafer by
silicon wafer direct bonding technique. An enhanced electrical conduction of the DN was observed.
An electrical barrier around the DN is found to be responsible for the collection of the minority
carriers, and they will be transported subsequently to the p-n junction region, giving rise to the
EBIC signal. Under certain imaging conditions, inhomogeneities in the charge collection have been
observed in n- and p-type substrate samples. Circular areas were found in EBIC image, the circular
areas appear bright at high beam energies, and such contrast disappears or turns to dark at low
beam energies. The contrast behavior can be understood under the consideration of the positively
charged OPs along with dislocations charged with majority carriers. A modification of the electrical
barrier of the DN due to the charged OPs will induce broad SCR in the region with low OP density
in n-type sample, resulting in an enhanced collection. Recombination at the DN or at the interface
of Si/OPs contributes oppositely to the formation of contrast. At lower energies, the recombination

effect at bonding interface is dominant or equal to the effect caused by enhanced collection, so the
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contrast disappears or appears dark. At high beam energies, the effect caused by enhanced
collection prevails, so the contrast appears bright in the region with low OP density in n-type
sample.

More work should be done to clarify the mechanism of the carrier transport along the DN and the
role of the one-dimensional dislocation bands. Most of all, the optical properties of the DNs should

be understood in order to improve the light emission at the wavelength of 1.550 um.
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Chapter 7. Luminescence properties of silicon nanostructures

One of the important subjects in silicon based material research is silicon based nanostructures.
Such nanostructures include quantum dots, nano particles, porous silicon, silicon nanowires (Si
NWs), nano rods (NRs) and Si/SiOx multi quantum wells (MQWs). Silicon nanostructures exhibit
many novel properties on light emission, and have become the subject of material research at
present.

In bulk silicon, light emission is very difficult to accomplish due to the indirect band gap of silicon.
On the contrary, silicon based nanostructures exhibit very attractive optical properties in
comparison with silicon bulk materials. Since the discovery of a very effective visible light
emission in porous silicon [Canh1990], great attention has been attracted in the exploration of the
optical properties of silicon nanostructures. It was found that silicon nanostructures are able to emit
a wide range of light, in the ultraviolet- (UV) [Jian1993], F- (blue-green) and S-band (blue-red) and
near infrared in the sub-bandgap region of silicon [Cull1997]. The mechanisms of the light
emission are still controversial for some bands. Good agreement has been obtained in the
explanation of the origin of the UV- and F-bands. They are both considered to originate from
defects in the oxide layer [Zamo1998] [Salh2005] [Fitt2005] [Salh2006]. Despite intense research,
there is still little agreement in the explanation of the S-band. Quantum confinement [Lehm1991],
defects in the intrinsic silicon oxide layer [Tsyb1994] and interface states [Tisc1991] have been
proposed to be the origin of the S-band.

Infrared (IR) light emission in the sub-bandgap region from porous silicon was first observed in
porous silicon samples annealed in UHV conditions by Fauchet et al. [Fauc1993]. The sub-bandgap
IR light emission can be made dominant for an annealing temperature as high as 500 °C for 5
minutes. The authors attributed this band to dangling bonds at the interface of Si/SiOx, however, no
direct evidence was provided.

In this chapter, sub-bandgap IR light emission was found in Si NWs, NRs and porous silicon. The
samples were investigated under various ambient conditions. The results show directly that this
luminescence relates to a very thin oxide layer on the surface of the samples. It was proposed that
the sub-bandgap IR light emission originates from interface states of Si/SiOx. Such kind of radiative
recombination should be a basic property of the Si/SiOy system, which was not known before.
Moreover, ELL was measured in devices made from porous silicon and MQWs. I proposed that the

light emission efficiency might be made very high under ideal conditions from my calculation
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[Jia2008]. The results demonstrated the potential application of the radiative recombination from

S1/S10y interface states for the light source of light emitting devices.

7.1 Luminescence properties from Si NWs produced by evaporation of

Sio

7.1.1 Sample description

The Si NW samples were provided by the Department of Physics at Zhejiang University in China.
The Si NWs were fabricated on top of a p-type (111) Si substrate with 0.001 £ cm resistivity by
thermal evaporation of Si monoxide [Niu2004] [Su2006]. Gold was used as catalyst for the
fabrication of Si NWs, and the growth of NWs begins at Au particles on the Si substrate.
Transmission electron microscopy (TEM) revealed that the NWs have a mean diameter of about 20
nm, a length of tens of micrometers and exhibit a crystalline core and oxide layer around the core
[Wang1998]. The core was found to consist of crystalline silicon with a high density of defects
such as stacking faults as well as micro twins. The mean diameter of the crystalline core is
approximately 10 nm and the oxide layer is 5 nm thick. The Si oxide shell was found to be
amorphous. Some Si nanoparticles with chain-like structure coexist with the nanowires

[Wang1998].

7.1.2 CL measurements

Three main bands labeled 1, 2 and 3 have been detected in the spectrum at 78 K as shown in Fig. 7-
1. The bands 1, 2 and 3 appear at about 660 nm, 920 nm and 1280 nm, respectively. Upon
increasing temperature their intensities are found to decrease, but a new band around 1550 nm
labeled as peak 4 appears (see the upper spectrum in Fig. 7-2). However, in the CL spectrum
recorded on the cross-section of the NWs sample, only peak 4 was found.

On the left shoulder of peak 1 a band at 470 nm, denoted here band 0, was found by deconvolution
of the spectrum (see left inset in Fig. 7-1). The spectral region around band 2 exhibits two features,
namely peak 2 at 920 nm and an additional peak 2* at 1080 nm (see the middle inset in Fig. 7-1).
Detailed analysis of the spectral region around band 3 is represented in the right inset of Fig. 7-1. It

shows a sharp peak 3 at 1280 nm and a broad peak 3* with a maximum at about 1320 nm.

113



400 500 600 700 800 900 1000 1100 1200 1200 1300 1400 1500
Wavelength (nm) Wavelength (nm) Wavelength (nm)

78 K

CL intensity (a. u.)

0

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Fig. 7-1: CL spectrum of a Si NW sample recorded at 78 K at an accelerating voltage of 7
keV. The insets show the deconvolution (dashed lines in each image) of peak I1(left), 2
(middle) and 3 (right).
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Fig. 7-2: CL spectra of Si NWs at RT, exhibiting a new intense luminescence peak 4. The
upper spectrum (P) was taken with planar incidence of the beam, and the lower spectrum (X)
was obtained on the cross-section after cleaving the sample. The straight lines are the base
lines for each spectrum. The dashed lines are the deconvolution by D1 and D2 of peak 4.
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The band 0 at 470 nm is well-known from silica-based glass [Kalc1995], but has also been found in
Si oxide/S1 systems [Zamo1998]. Its nature is likely related to oxygen-deficient centers (ODCs) in
Si oxide matrix [Sun2004] [Salh2005]. Detailed investigations indicated that this band may also
have different origins [Nish1999]. The exact peak position of this band depends on the charge
states and the nature of the defects [Kalc1995]. CL measurement on a quartz sample (see Fig. 7-3)
shows similar emission bands in this region, which is a confirmation that the band originates from

the defects in Si oxide.
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Fig. 7-3: CL spectrum recorded on a quartz sample shows the three bands at the region of

peak 0, 1 and 2.
The origin of the red emission (peak 1) in silicon nanostructures is still the subject of intense debate.
Firstly, a Si oxide film is always present as an intrinsic oxide on the surface, this emission may
originate from the nonbridging oxygen-hole centers (NBOHC) in the Si oxide matrix [Suzu2003]
[Salh2005]. A similar luminescence band has been also found in a quartz sample as indicated in Fig.
7-3, supporting this argument. Secondly, if the dimension of the nanostructure decreases down to a
few nanometers, quantum confinement effect plays an important role in the formation of this
emission [Dell1995]. In our case, the diameter of the Si NWs is too large to expect a quantum
confinement in this range. However, some nanoparticles might contribute to this band as well due
to quantum confinement. Another explanation relates the band to defects in the Si oxide/Si interface
[Sun2004] [Ma2005].
Peak 2 is the second-order diffraction of peak 0. This is concluded from the finding that the peak

disappear if an extra 780 nm long-wave—pass edge filter is used, which cuts off peak 0. Band 2*
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reflects the BB recombination of crystalline silicon bulk materials. Both the crystalline core of the
Si NWs and the substrate are capable of giving this emission. Peak 3 at 1270 nm, with its sharp
shape, has been also observed in carbon-rich EFG material [Vern2005]. Since carbon is a common
contamination during the growth, peak 3 might be correlated to G-centers (interstitial carbon C; and
substitutional carbon Cs pairs). The luminescence from G-centers is found to be enhanced near
certain twin boundaries [Vern2005]. Indeed, twins and other extended defects have been observed
by TEM within Si NWs [Wang1998]. Peak 3* at about 1320 nm is the second-order diffraction of
peak 1.

A new peak 4 appears at higher temperatures. Its intensity increases with increasing temperature.
Figure 7-2 shows the spectra taken at RT with normal incidence of the beam to the sample (P) and
with grazing incidence (X) after cleaving of the sample. The difference in the recorded spectra
between the two geometries may be due to the different areas contributing to the emission. Peak 4
can be deconvoluted into two peaks positioned at 1420 and 1550 nm. They agree relatively well
with the DRL D2 and DI in the peak positions, but the full width at half maximum (FWHM) for the
peak at the D1 region is about 58 meV and for that at the D2 region is 162 meV, which are much
larger than the values given in the literature of 17 meV and 6 meV, respectively [Droz1977]

[Bine2002].

7.1.3 PL measurements

PL measurements at 80 K revealed a broad luminescence band [Jia2007] in the sub-bandgap region
from BB to 1800 nm as depicted by the black solid line in Fig. 7-4. The black dashed lines are the
deconvolution of the broad spectrum into seven components, and the red dashed line is the best
combination fit curve by the seven components.

The deconvolution of the spectrum reveals the BB emission, emissions at D1, D2, D3 and D4
regions, and two further components at longer wavelengths.

The BB emission is almost exactly at the same position as in silicon bulk materials, indicating no
quantum confinement effect occurs. The emission lines at the D1, D2, D3 and D4 regions are very
broad in comparison with those reported as separated DRL lines in dislocated silicon [Droz1977] at
this temperature. Furthermore, the peak positions in the D1 and D2 regions are red shifted in
comparison to those reported in literature [Droz1977]. However, the peak positions of the
emissions at D3 and D4 are almost exactly the same as reported in literature [Droz1977]. No further

evidence is shown if the emission lines at these regions can be really correlated to the DRL. The
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origin of the other two components at the longer wavelength side (see question marks) is not clear

so far.

PL intensity (a. u.)

" 41200 1400 1600 1800
Wavelength (nm)

Fig. 7-4: PL spectrum of the Si NW taken at 80 K. The dashed lines are the deconvolution of the
spectrum. The red line is the best combination fit curve of the deconvoluted peaks.

7.2 Luminescence properties of silicon nano rods at sub-bandgap
region

Three NR samples were provided by the State Key Lab of Silicon Materials at Zhejiang University
in China. The NR samples were grown on silicon substrates by CVD methods using gold as
catalyst. The three NR samples have different mean diameter, with silicon NR1~50 nm, silicon

NR2~100 nm, silicon NR3~300 nm. Fig. 7-5 shows the SEM micrographs of the three silicon NR

Fig. 7-5: SEM micrographs of the three NR samples: left - NR1, middle - NR2, right - NR3.
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samples. The NR samples have been already stored in air for a couple of months. The NR samples

have been investigated by means of PL.

7.2.1 PL measurements in vacuum and gas ambients: Emission from the surface

In the PL measurements of the Si NRs, porous silicon and MQWs samples, sometimes a very
intense luminescence band may appear at wavelengths shorter than the BB emission (around 1150
nm at RT). Due to 2" order diffraction in all grating monochromators (see chapter 3), the band may
cause strong artifacts in the recorded spectra at wavelengths twice the original wavelengths. So, a
1000 nm long-wave—pass edge filter is always used to block this luminescence band to reduce the
2" order diffraction effect if not otherwise indicated in the text.

The PL spectra recorded in air or in vacuum at RT show a broad luminescence band in the sub-
bandgap region from BB up to 1700 nm for all three NR samples. No significant differences were
observed for the three silicon NR samples in the PL spectra, except that the PL intensity for silicon
NR2 and NR3 is about 2 orders of magnitude higher than that of silicon NR1. The difference in
intensity is in accordance with the NR densities as observed by scanning electron microscopy
(SEM). Although the integrated PL signal is about two orders of magnitude higher than in
commercial Cz silicon sample (n-type CZ silicon with 1x10" cm™ doping), the spectrum looks

very noisy, as shown in Fig. 7-6. Because of the huge noise of the spectra, sometimes the correction
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Fig.7-6: PL spectrum of Si NR3 (dotted line) measured in vacuum at 100 mW (corrected with
system response function). For comparison an n-type CZ silicon (solid line) of 1x10" cm™
doping concentration was measured at the same conditions.
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of the recorded spectra with the system response function causes very strong fluctuation, especially
in the spectral region where the detector is not sensitive. That is why uncorrected spectra are used
in the following text.

The luminescence signal drops dramatically when the samples are measured in air, in gaseous N, or

in gaseous helium (see examples in Fig. 7-7, 7-8). The relative intensity at each wavelength varied
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Fig. 7-7: Typical PL spectra of NR3 in air (solid line) and vacuum (dotted line) at a laser power
of 100 mW.

1 RT In vacuum

PL intensity (a. u.)
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Fig. 7-8: Typical PL spectra of NR3 in vacuum (dashed line) and in N; (solid line). The
spectrum in vacuum was taken at a laser power of 15 mW, and that in N, at a power of 50
mW. The intensity of the spectrum taken in N, was multiplied by 50.
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also slightly for different positions. A threshold of laser power exists to excite the broad
luminescence band as shown in the schematic view of the laser power dependences in vacuum and
in air in Fig. 7-9. There is no observable PL signal for laser power below the threshold. Above the

threshold, the signal grows rapidly with laser power.

in vacuum

- - -— -
-

, in air

PL intensity (a. u.)

Laser power (mW)

Fig. 7-9: Schematic view of the laser power dependences in vacuum (solid line) and in air
(dashed line) of the PL signal.
The high intensity of the broad sub-bandgap luminescence band is generally a result of the
enhancement of the light extraction due to the large surface provided by the nanostructures. The PL
intensity of the samples correlates very well to the NRs density on the surface.
Because there is no signal detected in the substrates for a laser power lower than 400 mW as
measured from the back side of the substrate, the intense signal measured on the front side in air at
a laser power of 100 mW should come from the NRs. The “noise” in the spectrum is known as
quantum blinking or emission intermittency in II-VI semiconductor nanostructures [Nirm1999] as
well as in silicon nanocrystals [Cich2004], also indicating the luminescence comes from the Si NRs.
The dip around 1370 nm in the spectra results from absorption of the generated light at the light
pathway to detector caused by water vapor [Isbu].
The reason why the PL signal strongly decreases in gaseous media is not quite clear up to now. A
possible reason might be residual water vapor in N, and helium, which would be surely present in
all the gaseous media, responsible for the degradation. A similar degradation behavior caused by N;

was observed by Tischler et al. [Tisc1991]. Such kinds of measurements provide evidence that the
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luminescence band originates from the surface region of the samples rather than from the bulk.
Some species adsorbed on the surface of Si NRs degraded the broad IR luminescence signal.
The threshold of the laser power is a clear indication that there exist nonradiative centers at the

surface, and these nonradiative centers should be saturated in order to observe the luminescence.

7.2.2 PL measurements with the samples immersed in HF and H.SO,

In order to clarify the origin of the IR light emission and to avoid misinterpretation due to possible
black body radiation caused from heating of the NRs by the excitation laser, the sample NR3 was
measured in aqueous HF (50%) and concentrated H,SO4 (98%) bath as well. The motivation was
twofold: allow PL measurements without and with Si oxide layer, respectively, and avoid a
possible heating of the NRs by the laser beam.

The results are presented in Fig. 7-10. When measuring in HF, only the BB emission was observed
with its maximum shifted to shorter wavelengths. The broad sub-bandgap IR emission was
completely missing. When taking out the sample from the HF bath and measuring it in air, the

luminescence restored its initial shape and intensity within 5 minutes as observed prior to HF

800mW
in HZSO4

PL intensity (a. u.)

1 800 mW
1 in HF

1000 1200 1400 1600 1800

Wavelength (nm)

Fig. 7-10: PL spectra of NR3 measured in air, in H,SO4 and HF at RT. In air the sample was
measured at 100 mW laser power, the intensity was multiplied by 0.1, the spectra in H,SOy4
and HF were taken at 800 mW. The straight thin lines indicate the base for each spectrum.

immersion. Several angstroms of oxide layer will be formed within this time period. Longer storage

of the Si NRs in air did not change the shape of the broad IR luminescence band.
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When the silicon NRs are put into HySOy, a thin Si oxide film will be formed due to oxidation by
H,SOy. In the PL spectrum taken with the sample immersed in H,SOy, a similar broad sub-bandgap
luminescence band was observed, but the maximum shifted to shorter wavelength (see Fig. 7-10) in
comparison with the spectrum taken in air. This oxidation of the surface can also be observed when
combining measurements in HF and H,SO,. For that, the sample was immediately put into H,SOy4
after taking it out from the HF solution. The HF remaining on the sample surface will prevent the
formation of an oxide layer at first. After several minutes, the HF solution will disappear from the
sample surface, and H,SO4 will begin to oxidize the silicon surface. The observed decrease of BB
recombination and subsequently the appearance of a broad luminescence band correlate very well
to this process. Fig 7-11 shows such PL measurements in the time sequence of P1-P2—P3—P4 in
a period of about 4 minutes, where BB signal was detected shortly after immersion in H,SO4 (P1),
and it decreases with the time (P2), finally, a broad sub-bandgap luminescence band appears (P3

and P4).

—0-4 minute
—4-8 minute

8-12 minute
— 12-16 minute

PL intensity (a.u.)

1200 1400 1600 1800
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Fig. 7-11: PL spectra measured H,SO4 shortly after taken out the NR sample out of the HF.
The spectra were taken direct after immersion in the H,SOy, in the time sequence P1 — P2 —
— P3 — P4.

1000

The disappearance of the broad sub-bandgap luminescence in HF bath and the reappearance of the
band after taking the sample out of the HF bath in a short time indicates that a very thin oxide film
(several angstroms) on the surface plays an important role in the formation of the broad sub-
bandgap luminescence, i. e. the luminescence band originates from the interface region of the Si/Si

oxide.
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The blue shift of the sub-bandgap IR luminescence in H,SOy4 in comparison with that measured in
air is so far not clear. There is no special feature in the H,SO4 absorption spectrum in this range
[Myhr2003], hence this difference should not be caused by absorption of the emitted light in H,SOy,.
The blue shift may be possibly caused by a Schottky-like contact between electrolyte (in this case
H,S0O,) and silicon [Arut1989]. Hot carriers will be induced due to the enhanced electrical field at
the sharp tip of the NRs, this should be the possible reason of the blue shift of the IR band. The PL
spectrum measured in air and vacuum shortly after the H,SO4 bath give the same luminescence
band as measured in air or vacuum, indicating that the luminescence band in H,SO4 and that in air
have the same origin, namely a thin oxide film.

However, the silicon NRs contain many crystal defects, including stacking faults and dislocations.
Therefore, it is not possible at this stage to exclude that dislocations contribute to the luminescence

band.

7.3 Luminescence properties of porous silicon at sub-bandgap IR
region

The intense sub-bandgap IR luminescence band found in Si NWs and Si NRs falls in the same
spectral range as that of the DRL [Droz1977] lines. Since Si NWs and NRs contain many extended
defects like grain boundaries [Cari2001], stacking faults and dislocations [Wangl1998], an
unambiguous interpretation of the band is difficult. Although the broad IR band could be tentatively
correlated to Si/Si oxide interface states [Jia2008], the DRL as the origin of the sub-bandgap IR
light emission may lead to a misinterpretation of the origin of the luminescence [Jia2006] [Jia2007].
Porous silicon fabricated on monocrystalline silicon by anodic etching may be a key point to

understand the sub-bandgap IR luminescence, because it is free of dislocations.

7.3.1 The fabrication of porous silicon

Usually porous silicon can be fabricated by anodic etching [Canh1990] or stain etching [Stec1993]
methods. Anodic etching can be performed in HF-based solutions in an electrolyte cell under
appropriate current density, with the silicon wafer serving as an anode. Alcohol like ethanol or
methanol is often used to improve the wetting condition on the surface of silicon, thus improving

the uniformity of the porous silicon layer. Stain etching is not an electrochemical process, and it is
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performed easily by immersion of the silicon wafer in a solution containing HF and nitric acid in
appropriate ratios [Fath1992].

An n-type substrate (10" cm™ doping) with a 400 nm epitaxially grown p* (10" cm™) layer was
used to fabricate porous silicon. HF and methanol (1:1 in volume) was used as the etching solution.
A Pt wire served as cathode. The etching current density was about 30 mA/cm®. A lamp was used
to illuminate the p* side of the sample during etching in order to increase the etching rate
[Wang2008]. The duration of the etching was varied from 0.5 h to 2.5 h.

After preparation of the porous silicon, the epilayer cracked and detached in some places from the
surface due to fast drying [Cull1997] of the porous layer. Cracking of the porous silicon layer is
more pronounced for long time etched samples than for short time etched samples. No cracking of
the porous layer was observed for the sample etched for 0.5 hour. The mean diameter of the
crystallites on the epilayer is several nanometers as determined by Raman spectroscopy [Ossal999].
The porous silicon layer on the n-substrate is macroporous. A typical porous silicon structure of the
sample etched for 1 h is shown in Fig. 7-12. A crack of the porous epilayer is shown on the left
SEM image. The macroporous silicon structure on the n-type substrate can be seen in the right

SEM micrograph.

Fig. 7-12: SEM images of porous silicon fabricated by anodic etching. The left image shows
the porous structure with the cracked epilayer, and the right image shows porous silicon on n-
type substrate

7.3.2 PL measurements in different media

All samples exhibit a broad sub-bandgap IR emission similar to that observed in NWs and NRs

samples in the wavelength range above BB, with a maximum around 1570 nm. The strongest
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intensity was observed on the long time etched samples. The intensity of the sub-bandgap IR was as
high as that observed for sample NR3. The spectra are found quite “noisy” despite of the huge
signal. The intensity of the luminescence band is found to decrease dramatically when the sample is
measured in air like that observed in NRs samples. One example is shown in Fig. 7-13 in the

spectra taken in air and in vacuum at the same places at RT, the PL spectrum taken in air shows
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Fig. 7-13: PL spectra on the porous silicon sample measured in air and in vacuum at RT. The
dip at around 1370 nm is caused by the water vapor absorption of the generated light in the
light pathway.

significant reduction of the signal in comparison to that taken in vacuum.

The dip around 1365 nm in the spectra is the same as observed in NR samples, it is caused by water
vapor absorption of the emitted light in the light pathway. Similar laser power threshold like that
observed in the NR samples for the excitation of the sub-bandgap IR was observed, i. e. no signal
was detected for laser power below a certain value. The threshold is higher in air than in vacuum.
Above the threshold, the signal increased very fast with laser power.

PL measurements with the porous silicon samples immersed in HF and H,SO4 bath yield the same
results as for NRs samples. This is illustrated in Fig. 7-14, in which the spectrum recorded with the
sample immersed in HF bath shows only the BB emission, while the spectrum measured in H,SO4

shows identical features as for NRs in H>,SOy.

7.3.3 PL measurements with the samples immersed in H;O,

The immersion of the porous silicon in hydrogen peroxide (H>O;) can as well provide oxidation

conditions during the PL measurements in liquid medium, the advantage of using the H,O, as
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liquid medium is that it can not form Schottky contact with the porous silicon because H,0O, is not

an electrolyte.
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Fig. 7-14: PL spectra on the porous silicon sample measured with the sample immersed in HF
(upper) and in H,SO4 (lower) at RT. The thin straight black line indicates the O line of the
spectrum taken in H,SOy.

The PL results presented in Fig. 7-15 of the porous silicon sample immersed in H,O, bath show

also a broad sub-bandgap IR light emission with a dip at around 1400 nm. The dip is a result of

increase of the intensity at 1540 nm
with decreasing of the H,O,

PL intensity (a.u.)
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Fig. 7-15: PL measurements of the porous silicon sample immersed in H,O, bath. The band
around 1530 nm increases with decreasing amount of H,O, (amount of H,0, is highest for the
black and lowest for the blue curve).
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water (in the H,O,) absorption of the luminescence signal. The “band” at around 1530 nm increases
with decreasing amount of H>O,. This phenomenon confirmed the impact by the optical absorption
band at around 1500 nm, 1600 nm in H,O, [httph202]. It is believed that the real shape of the
spectrum taken with the sample immersed in H,O, should be the same as those measured in air or
vacuum.

From the comparison of the spectra measured in air and liquid media like HF and H,O; in Fig. 7-16,

it can be concluded that the sub-bandgap IR luminescence closely relates to the presence of the
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Fig. 7-16: Comparison of the spectra taken in air, in HF and H,O, bath, the dashed line is the
assumed PL intensity in this range without the absorption of the emitted light in H,O, bath.

oxide layer. Together with the observation that the sub-bandgap IR shortly appears after taken the
porous silicon out of HF, a very thin oxide layer in the range of several angstroms is responsible for
the broad sub-bandgap IR luminescence. The PL results measured on porous silicon samples also
exclude that the broad sub-bandgap IR Iuminescence originates from dislocations, since

dislocations are not present in the porous silicon samples.

7.3.4 EL measurements on diodes made from porous silicon

A simple EL device was fabricated on the porous silicon sample that was etched anodically for 0.5

h. For EL measurements the p* porous layer was contacted by a sputtered Indium-Tin Oxide (ITO)
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layer. In order to improve the electrical conductivity and transparency of the ITO layer, the sample
was heat-treated at 250 °C for 30 minutes in air after sputtering.

EL measurements was performed both at forward and reverse bias conditions of the p-n junction.
Under forward bias, BB emission is dominant in the spectrum (see the black line in Fig. 7-17), and
there is only a small portion of sub-bandgap IR emission. Under reverse bias (red line in Fig. 7-17),
only the sub-bandgap IR band is detected for currents higher than 1.2 mA. The intensity of this

band exhibits linear behavior with increasing current (see the inset in Fig 7-17).
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Fig. 7-17: EL measurements on the porous silicon p-n junction diode under forward (black
line) and reverse bias (red line) conditions at RT. The inset shows the EL intensity
dependence of the IR band on the current under reverse bias condition.

The prototype EL sample is far from optimal from point of view of minority injection of the p-n
junction. An external efficiency of 0.002% of the EL device in reverse bias condition was
determined by using a calibrated diode with known efficiency. Such external efficiency measured is
determined in concern to the total current. However, the total current consists of electron current
and hole current, what is needed for generation of luminescence in the p* porous layer are electrons.
The electron current can be calculated from equation 3.15 and 3.16, and turns out to be several
orders of magnitude smaller than the hole current (~ total current). Therefore, the estimated
efficiency would be much higher if only the electron current is considered. An increase of the

fraction of the electron current in the total current may dramatically increase the IR light output.
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7.4 Recombination mechanism via Si/Si oxide interface states

The three spectra look very similar by comparison of the CL spectrum taken on Si NWs, PL spectra
taken on NRs and porous silicon at RT (see Fig. 7-18), despite that the relative intensity at each

wavelength may differ slightly, indicating that they have the same origin. The PL. measurements of

]l SiNWs NRs Porous silicon
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Fig. 7-18: Comparison of CL spectrum taken on Si NWs, PL spectra taken on NRs and porous
silicon at RT.

NRs in different gaseous media established that the band originates from the sample surface. PL
measurements on NRs samples in HF and H,SO, confirmed the role of the Si oxide on the
formation of the sub-bandgap IR luminescence. Though the reason of the blue shift in H,SO4 in
comparison with the spectra taken in air and in vacuum is still unclear, the spectral changes with
time of the combined PL measurements in H,SO, after HF immersion provide also consistent
information that the sub-bandgap IR luminescence originates from oxidation of the surface. The
reappearance of the broad sub-bandgap luminescence after taken out the NRs sample from HF in a
short time indicates a thin Si oxide layer in the range of several angstroms is responsible for the
luminescence band. Similar behavior of the luminescence band in air, vacuum, H,SO, and HF was
also observed in porous silicon samples, moreover the PL. measurements with the sample immersed
in H,O; bath show unambiguously that the oxide layer on the surface is the origin of the sub-
bandgap IR luminescence.

All the observations presented above show that the broad sub-bandgap IR luminescence originates
from Si/Si oxide interface. However, such kind of IR band has never been reported in polished
silicon wafer, this is because the intensity of this band is orders of magnitude lower than other
bands. On the one hand is due to small surface area contributing to the light emission via interface
states, and on the other hand because of low light extraction. Such broad sub-bandgap IR light
emission can be detected, however, by having a close look at the spectral range. Fig. 7-19 shows an

example of PL spectrum taken from a polished p-type Cz silicon sample. It seems that there is

129



almost flat in the spectral range of the sub-bandgap region, but reveal clear evidence of that band at

high amplification.

BB

PL intensity (a. u.)
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Fig. 7-19: PL spectrum measured in a polished p-type Cz silicon at RT. The red line shows

the intensity between 1360 and 1800 nm multiplied by 50.

On the contrary, in silicon NW, NR and porous silicon samples, the surface contributing to light
emission is much larger. The light extraction is also greatly enhanced for such kinds of sample
structures. Therefore intense sub-bandgap IR luminescence is observed in these experiments.

Johnson et al. [John1983] established the existence of a quasi-continuum of energy states up to in
the middle of the band gap at the Si/SiOy interface in their DLTS measurements. As shown in Fig.
7-20, in p-type silicon, the energy states lie close to the valence band, and there is a maximum at Ey
+ 0.3 eV, while in n-type silicon, such states lie close to the conduction band, and a maximum is
detected to be at Ec - 0.25 eV. The maxima of such states in both samples have been correlated to
the Py, centers, which is designated after the electron spin resonance (ESR) investigations. The P,
center was identified as trivalent silicon bonded to three silicon atoms at the Si/SiOy interface
[Poin1981] (i. e. dangling bonds). Our experimental data are relatively well correlated to the
transitions between conduction band and the energy states for p-type silicon and transitions
between valence band and the energy states for n-type silicon. Moreover, theoretical work
[Dele1993] also shows that dangling bonds at the interface of Si/SiOy can provide recombination
channels for radiative recombination in the sub-bandgap region. The threshold of the laser power

shows that there exist also nonradiative centers at the interface.
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Fig. 7-20: Interface states distribution at Si/SiOy interface measured by DLTS. The samples
are thermally oxidized, unannealed (111) oriented silicon. After [John1983].

Based on the experimental observations, a recombination model via Si/SiOy interface states can be
developed to explain the formation of the sub-bandgap IR luminescence. For example, at the
interface of a p-type Si/SiOy, as shown in Fig. 7-21, the thin lines near the valence band represent
quasi-continuum of energy states filled with holes till the middle of the band gap. The energy states

of Py, centers lie at E, + 0.3 eV. The black line in the middle of the band gap represents all the deep
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Fig.7-21: Recombination model via interface states at p-type Si/Si oxide interface.

energy states at the interface. At low excitation level, most minority carriers generated by the laser

will recombine with majority carriers trapped at deep energy states, this is a nonradiative

131



recombination process. Above a certain excitation level, the nonradiative recombination channels
are saturated, and radiative recombination occurs between conduction band and the quasi-
continuum of energy states. This process results in the observed sub-bandgap IR light emission.

The strong degradation of the luminescence in gaseous media can be explained under this model. It
is suggested that water adsorbed on the surface of the NRs and porous silicon undergo a
dissociation process into H" and OH’, the hydrogen atoms diffuse into the Si/Si oxide interface
subsequently, and passivate the interface states, so the recombination at the interface of Si/Si oxide
occurs mainly nonradiatively.

It should be noted here that sub-bandgap IR light emission with a PL intensity maximum peaked at
other wavelengths was also observed in the porous silicon samples. One example is given in Fig. 7-
22. The PL spectrum shows BB and a broad sub-bandgap IR light emission, with the maximum of
the sub-bandgap luminescence peaked at 1270 nm at RT. The reason for that is unclear so far.
Possibly it may relate to some contaminants at the surface, change of the distribution of the

interface states in the band gap of silicon and so on.
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Fig. 7-22: PL spectrum of an n-type porous silicon sample fabricated by anodic etching,
showing luminescence at BB and sub-bandgap IR regions. The maximum of sub-bandgap
luminescence is peaked at around 1270 nm.
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7.5 Optical properties of MQWs at sub-bandgap IR region

The exploration of MQWSs has been aroused many activities due to their fascinating optical
properties. Si/SiOx MQWs show very pronounced light emission in the visible range [Kane2000].
The emission band position can be tuned by changing the structures of the MQWs due to the
quantum confinement effect. Si/S10x MQWs can find their application in third generation solar
cells. In the so-called tandem cells, various band gap materials are stacked together with higher
band gap on top to select absorption in different spectral range. An all-silicon based tandem cell can
be fabricated by deposition of MQWs on top of a silicon substrate.

Since we have found radiative recombination through the Si/SiOy interface states, and therefore
Si/Si0x MQWs fabricated on top of silicon substrates should be a model system to test the sub-
bandgap IR light emission.

The test Si/SiOx MQWs sample was provided by RWTH Aachen University. The sample was
fabricated by deposition of 10 periods of 4 nm a-Si and 3 nm SiO, on a silicon substrate. On top of
the MQWs a 200 nm silicon layer was deposited, and the sample was subsequently annealed at 900
°C for 30 minutes to crystallize the a-Si layers. The sample was then contacted with Au for a

simple EL device.
PL and EL measurements yield the same emission bands as shown in Fig. 7-23. Both PL and EL
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Fig. 7-23: PL (dashed line) and EL (solid line) spectrum on the MQW sample at RT. The left
inset shows the dependence of EL intensity on the current, and the right inset shows the

dependence of the peak positions on the current.
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spectra reveal BB emission and a broad emission band in the sub-bandgap IR region. They differ
just in the relative intensity of the two bands, which may be a result of different excitation
conditions. Increase of the current in EL measurements leads to enhanced BB and IR light emission
and a red shift in the BB signal (see insets in Fig. 7-23).

The red shift of the BB signal in the EL measurements indicates that the sample is warming up at
high power. Because the total thickness of the oxide layer is 10 x 3 nm = 30 nm, relatively high
bias should be applied to induce the tunnel current through the oxide layer.

The PL and EL show similar band at the sub-bandgap IR region, which is another indication that
the sub-bandgap IR luminescence originates from the Si/Si oxide interface. A comparison of the EL
spectrum from the MQWs sample with the spectra taken from Si NRs yield some difference in the
region of wavelength shorter than 1570 nm as demonstrated in Fig. 7-24. In the spectrum recorded
from Si NRs, the relative intensity of the luminescence in the range from BB to 1570 nm is higher
than that measured in MQW:s sample. Two possible reasons may explain the difference. One reason
may lie in the strain conditions at the Si/SiOy interface of the Si NRs and that of MQWs. While
high strain may be present at the MQWs, no substantial strain is expected at the surface of the NRs
[Luco2004]. Such strain conditions may possibly change the distribution of the interface states in
the band gap of silicon, and influence also the probability of radiative transitions. Another factor is
the possibility of re-absorption of the generated sub-bandgap IR luminescence by the interface

states within the MQWs, known as absorption by intermediate energy levels [Keev1996]. The short
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Fig. 7-24: Spectra taken from Si NRs (black curve) and MQWs (red curve) at RT. The blue
curve is just a normalization of the red curve to the level of the black curve at 1570 nm.
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wavelength (high energy) part is preferential for the re-absorption. It should be noted that such sub-
bandgap absorption has been evidenced by the impurity photovoltaic effect [Gree2001a]
[Beau2002], where the intermediate energy levels induced by impurities show photovoltaic effect
by absorption of sub-bandgap light. Such effect is very attractive that demonstrated the possibility

to fabricate light emitting device with sharp emission band at this region.

7.6 Discussion

Broad sub-bandgap IR light from the Si/SiOy interface was first discovered and verified from the
observations. The sub-bandgap IR light emission is enhanced in Si NWs, Si NRs and porous silicon,
because of large surface provided. Such IR light emission is not only a potential light source for a
light emitter, but also can help to understand some features of the DRL lines in silicon.

A broad sub-bandgap IR luminescence has been found in dislocated samples prepared by plastic
deformation, which was termed “background” [Suezl1983] [Sauel985] of the spectrum
superimposing with the well-known separated DRL lines (see Fig. 7-25). To my opinion, the
background luminescence may well relate to radiative recombination via Si/SiOy interface states,
developed by formation of OPs during the plastic deformation process.

The formation of the OPs during the deformation process was underestimated in the previous

investigations, and gained increasing attention after the establishment of the role of the OPs in the
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Fig. 7-25: A broad background at the range of DRL for the samples prepared by plastic
deformation [Suez1983], the thick dashed line indicates the “background” of the PL spectrum.
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enhancement of the luminescence in the DRL range [Bine2002] [Pizz2004] [Stei2005] [Stei2005a].

Oxygen is a very important impurity in silicon. It appears at interstitial sites in the silicon lattice as
high as 10'® cm™ in FZ and 10" c¢m™ in Cz silicon. During the deformation process, oxygen
impurities can be gettered by dislocations and collected through the migration of the dislocations
[Stein2005]. The collected oxygen atoms can form OPs during the high temperature deformation
and annealing processes subsequently. The formation of OPs is very effective through this
mechanism, and even in FZ silicon (oxygen concentration well below the solubility limit) the
formation of OPs was observed [Stei1998].

Moreover, interfacial Py centers have been observed in Cz silicon samples with OPs generated by a
two-step annealing procedure by ESR measurement [Koiz2000]. It is therefore assumed that a
similar luminescence band should be expected from the interface states of the OPs.

Direct evidences of the broad sub-bandgap IR luminescence from OPs were obtained by Pizzini et
al. [Pizz2004]. In a sample produced by a two step annealing procedure, which was found to be
oxygen precipitated but no dislocations, a similar broad IR luminescence band was observed at
higher excitation [Pizz2004]. The authors correlated the band to certain features of the OPs.
Nevertheless, the radiative recombination in the DRL region through the interface of Si/SiOy has
never been revealed at that time, such band was attributed to the quantum confinement [Wema1990]
of the carriers in the strain field of the OPs.

The finding regarding luminescence properties of MQWs shows that the internal interface of
Si/Si0y, which is similar with the situation as the interface at Si/OPs in bulk silicon material,
exhibit also radiative recombination through the interface states. The observation of a peak
positioned at 1570 nm (0.79 eV) has been attributed to the presence of OPs in bulk silicon by
Pizzini et al. [P1zz2000], this result agree also quite well with the statement that the luminescence
originated from the interface states at OPs.

However, in silicon bulk materials, the formation of OPs is often accompanied with the formation
of secondary defects like stacking faults or dislocation loops [Tan1976] [Nish1982].
Recombination channels via these defects compete with that via the interface states at Si/SiOy,
leading to different intensity of the DRL and that of the interface states in the PL spectrum
[Stei2005b]. Therefore a full understanding of the DRL need complementary information about the
OP size, density and distribution of interface states in the band gap, and the IR light emission from

S1/S10y interface states should be taken into account.
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7.7 Summary

A broad sub-bandgap IR luminescence band was discovered in Si NWs produced by evaporation of
SiO. A similar band was found in Si NRs and porous silicon. Based on PL measurements on Si
NRs and porous silicon in different media, this broad sub-bandgap IR luminescence was attributed
to a very thin oxide layer (in the range of several angstroms) on the silicon surface. A
recombination mechanism through a quasi-continuum of energy states at the Si/SiOy interface is
proposed to explain the emission band. The sub-bandgap IR luminescence can be generated
electrically as measured by the EL. measurements on porous silicon and MQWs deposited on
silicon substrate. The results also show the possibility of fabrication of efficient LEDs with light
emission around 1570 nm at RT based on the radiative properties of the Si/SiOy interface. The IR
light emission through Si/SiOy interface can as well help to understand many controversies in the

DRL lines.

137



Acknowledgements

First of all, I will thank Prof. Jiirgen Reif for giving me the opportunity to make my PhD in the
Brandenburg Technical University (BTU) Cottbus, and also for his support (visa application and so
on) during the time I stay here.

My sincere thanks will give to Prof. Martin Kittler, he has chosen this interesting topic for me. I
gratefully thank him for his encouraging words and comprehensive knowledge over the whole area.
It is not possible to finish this thesis without the leadership and financial support by him.

I will give my deepest thank to Dr. Winfried Seifert, he always stand on my side when I need help.
I have learned a lot from him, not only scientific, but also the attitude to the work. During my
writing of the thesis, a critical reading of the draft and many constructive advises were given by
him. Though he was very busy during this period, he spent a lot of time and even in his vacations
on my thesis.

I’m very appreciated for the corporation of the work with Dr. Tzanimir Arguirov, for the teaching
of how to work with the PL system (some of the PL. measurements were done by him). I would like
to thank Dr. Teimuraz Mtchedlidze for the LBIC measurement in chapter 6 and for a lot of
discussions. I will also thank for the many discussions with Prof. Oleg Vyvenko and Dr. Xuegong
Yu during the period of my thesis.

I’m very thankful for the good cooperation with the Joint Lab colleagues during this work in
Cottbus. I only mention a few of the names here, Jiirgen Bertram, Markus Holla, Rakesh Sohal,
Markus Ratzke, Reiner Schmid, Kouteva-Arguirova, Olga Varlamova, Biwang Yang and so on.

I will thank for the two secretaries of the Joint Lab, Mrs. Marion Borrmann and Kathrin Staar,
without their help, it would be very difficult to manage all the things.

I will thank Prof. Jian Sha and Zixue Su in the Department of Physics at Zhejiang University for
supplying of Si nanowires samples. I’'m also very appreciated for the cooperation with Prof. Deren
Yang and his PhD student Zhihong Liu in the State Key Lab of Silicon Materials at Zhejiang
University, for the supplying of nano rods samples. I benefit a lot from Prof. Deren Yang for the
nice discussion at DRIP2007 in Berlin, not only scientific, but also the strict attitude to the work.
Of cause I got great support from the family. My wife Lin Meng takes care of the children patiently.
My son Luping and daughter Lucy, though they are still young, they understand why I have little
time for them and show great patience. They always gave me a warm hug when I came back at

home, all stress, weariness and anxiety disappear.

138



My parent Wanshou Jia (father) and Min Liu (mother) is the best parent in the world. They gave the
best resources to their children and almost nothing for themselves in difficult time, so my two
brothers Guohong (elder), Guojun (younger) and I could get the best education. I dedicate this work
to my parent for their great and generous love, the trust and encouraging words, they are strength of

my life.

139



List of abbreviation and symbols

BB: band-to-band

C: EBIC contrast

CL: cathodoluminescence

CMOS: complementary metal oxide semiconductor

Cz: Czochralski

D, (Er): the energy dependent distribution of the interface states
d: penetration depth of electron beam

DLTS: deep level transient spectroscopy

D,: the diffusion coefficient of holes

D,: the diffusion coefficient of electrons

DN: dislocation network

DRL: dislocation-related luminescence

ei: the average energy required for the generation of one electron-hole pair by electron beam
EBIC: electron beam induced current

EFG: edge-defined film-fed growth

EL: electroluminescence

Eo: total energy of the incident electron beam

Een: the energy used for the generation of electro-hole pairs
E,: bandgap energy

Esg: the energy used for the secondary electrons

Ex: the energy used for the x-ray

Erg: the energy used for the back scattered electrons

E¢: the conduction band energy

Ey: the valence band energy

E7: the trap energy level

E;: the intrinsic Fermi level

eV: electron volt

FZ: float zone

GB: grain boundary

n: the EBIC collection efficiency

Ig: beam current
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Io: the EBIC current at defect-free region in the vicinity of the defects
14: the EBIC current at the defect

IR: infrared

Jp: the hole current density

Ju: the electron current density

k: the Boltzmann constant

o, Capture cross section of electrons

o,: Capture cross section of holes

MOS: metal oxide semiconductor

MQW: multi quantum well

n: the concentration of electron

n;: the intrinsic carrier concentration

n;: the trap states occupied by electrons

ng. the electron concentration at the surface

N: the number of the generated electron-hole pairs
Na: the acceptor concentration

Np: the donor concentration

NR: nano rod

Nc: the effective density of states in the conduction band
Ny: the effective density of states in the valence band
Nr: the trap concentration

NW: nanowire

OP: oxide precipitate

p: the concentration of hole

p1: the trap states occupied by holes

ps: the hole concentrations at the surface

PL: photoluminescence

PV: photovoltaic

q: elementary charge

RGS: Ribbon Growth on Substrate

R: recombination rate

Rs: the surface recombination rate

Rsru: Shockley-Read-Hall recombination rate

RT: room temperature
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v: the backscatter coefficient of the incident electron beam
SEM: scanning electron microscopy

SF: stacking fault

SIMOX: separation by implantation of oxygen
SOI: silicon on insulator

SCR: space charge region

SRH: Shockley-Read-Hall

t7: total lifetime.

Tr: Radiative lifetime,

7p0: the lifetime of the excess electrons

7q0. the lifetime of the excess holes

tsri: Shockley-Read-Hall lifetime

Tauger: Auger lifetime

s: the lifetime caused by surface recombination
T: the temperature

UV: ultraviolet

V: the voltage

VLSI: Very Large Scale Integrated Circuit

W,: Watt peak

z: the depth from the sample surface
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