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Preface

Photovoltaics utilizing solar cells are much effective to reduce green-house gases such as CO, as
well as to improve energy self-sufficiency. Soar cell is a key device in solar photovoltaics and its
conversion efficiency from sun light to electricity is the most important factor. There have been
extensive studies to achieve higher efficiency utilizing a variety of materials and device structures. At
present, crystalline silicon solar cells account for the most of market. Recently, the record conversion
efficiency of 25.6% has been realized for heterojunction Si solar cells. Its value is close to theoretical
limit of about 29%. To overcome this limit, multi-junction solar cells are needed with a combination of
different band gap materials. However, high efficiency multi-junction solar cells over 30% mostly
employ precious and rare elements such as Ga, Ge and In to result in 100 times more expensive cost as
compared to silicon solar cells. Alternative ideas such as intermediate band solar cells using quantum
dots have been proposed. For application to the IBSCs, it is desirable to prepare dense and uniform
QDs with short inter-dot spacing in direction to photo-current. So far, many studies have been
conducted for realization of the QD-IBSCs based on self-assembled quantum dots using -V
compound semiconductors, however there are not enough evidences to prove the concept of
QD-IBSCs. Therefore, fundamental approach to understand mechanism of QDSCs is needed by means
of comprehensive study upon fabrication of the QD structure, characterization of material, and its solar
cell applications.

There have been a few reports on the QDSCs employing 1V group semiconductors. Self-assembled
Ge/Si QDs have interesting features for application to solar cells as follows. Both Ge and Si are
indirect gap semiconductors, which leads to charge carrier separation in reciprocal space, i.e. k space.
Furthermore, Ge/Si heterointerface shows type-Il band lineup, which results in charge carrier

separation in real space. Hence, Ge/Si QDSCs are expected to improve carrier collection efficiency.



With these backgrounds in mind, our purpose is growth of multi-stacked Ge QDs with high
uniformity and density as well as short inter-dot spacing, and application of the Ge QD structure to
solar cells.

This thesis consists of 8 chapters: (i) chapter 1 “General Introduction”, (ii) chapter 2
“Experimental”, (iii) chapter 3 “Single Layer Ge QDs on Si”, (iv) chapter 4 “Multi-stacked Ge QDs in
Si Matrix”, (v) chapter 5 “Ge QDs in Si;,Cy Matrix for Strain Compensation”, (vi) chapter 6
“Application of Multi-stacked Ge QDs to Solar Cells”, (vii) chapter 7 “General Discussion”, (viii)
chapter 8 “General Conclusion”.

In chapter 1 “General Introduction”, backgrounds and purposes of this study are described.

In chapter 2 “Experimental”, brief explanation of equipment for growth and characterization are
provided. Furthermore, growth procedures for Ge QDs and fabrication procedures for Ge QDSCs are
given.

In chapter 3 “Single Layer Ge QDs on Si”, study on growth of Ge/Si QDs is described to achieve
dense and uniform QDs. By employing both low temperature of 500 °C and high deposition rate of
0.28 nm/s, Ge QDs with high density of ~5 x 10' cm? and better uniformity of 11% were grown due
to suppressed surface migration of Ge adatoms.

In chapter 4 “Multi-stacked Ge QDs in Si Matrix”, Fabrication of multi-stacked Ge/Si QDs is
described. By employing pulse growth technique consisted of high deposition rate of 0.28 nm/s and
growth interruption of 5 seconds, highly-stacked Ge/Si QDs with 30 nm-thick spacer layer were
fabricated up to 100-layer-stacked thank to weak strain fields induced by QDs.

In chapter 5 “Ge QDs in Si; ,C Matrix for Strain Compensation”, study on fabrication of Ge/Si;,Cy
QDs is shown to realize short inter-dot spacing. 20-layer-stacked Ge/Si;Cyx QDs with spacer layer
thickness of 6 nm were fabricated without generation of aggregated Ge islands.

In chapter 6 “Application of multi-stacked Ge QDs to solar cells”, the Ge QDs are applied to solar

cells. Extended external quantum efficiency up to 1300 nm were observed for 100-layer-stacked Ge/Si
i



QDSCs, however properties of the QDSCs became worse due to increased recombination, because
both stronger PL emission and worse transport properties were observed with increase in number of
stacks. Better transport property was obtained in 50-layer-stacked Ge/Sig.g995Co.000s QDS possibly due
to improvement of suppressed recombination in Ge QDs. Furthermore, effect of spacer layer thickness
on the properties of 20-layer-stacked Ge/Sig.g995Co.000s QDSCs was investigated. The properties were
not strongly affected by inter-dot spacing probably due to weak absorption process using energy levels
of Ge QDs and dominant recombination process in Ge QDs.

In chapter 7 “General Discussion”, results in this thesis are summarized and discussion of this thesis
is described. Employing low growth temperature and high deposition rate help to grown dense and
uniform Ge QDs due to suppressed migration of Ge adatoms. Furthermore, utilization of Siggg95Co.0005
spacer layer suppresses aggregation of Ge QDs in spacer layer thickness of 6 nm, however QD size
become larger. Further effort is necessary to prevent strain filed created by each QDs from overlapping.
Inserting Ge QD layers in p-n junction of solar cells makes recombination of photo-generated carriers
dominant and thus solar cells properties become worse.

In chapter 8 “General Conclusion”, conclusion of this thesis is described. Employing low growth
temperature and high deposition rate help to grow dense and uniform Ge QDs due to suppressed
surface migration of adatoms. Furthermore, utilization of Siggg9sCo.0005 Spacer layer prevents Ge QDs
from generation of aggregated Ge islands in spacer layer thickness of 6 nm due to weaker strain fields
induced by smaller QDs and slightly compensated strain fields. The performance of the solar cells
inserting Ge QD layers becomes worse due to increase in recombination in Ge QDs. So, utilizing

down or up convertor has possibility to improve conversion efficiency significantly.
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Chapter 1. General Introduction

In this chapter, backgrounds, significance and purpose of this study are given. Physics of
conventional solar cells are briefly explained first and next new concept solar cells using quantum dots

are concisely described. Then, purpose of this work is described.

1.1. Solar Photovoltaics

Solar photovoltaics have been much attractive for sustainable development and prevention of global
warming because solar photovoltaics are able to convert solar energy to electricity without consuming
fossil fuels in operation. Carbon dioxide (CO,) is a representative green-house gas originated from
fossil fuels. Table 1.1 summarizes the CO, emission amount of power generation methods in Japan.
The photovoltaics are possible to reduce CO, emission efficiently. Furthermore, the photovoltaics are
capable of improving energy self-sufficiency since the solar energy is provided whole countries
although it depends on latitude, which is different from fossil fuels. Moreover, solar energy is
enormous and inexhaustible. Total solar energy coming to the earth is equivalent to electric power of
about 1 x 10™ kW, while human beings consume the total electric power of order of 10™ kW per year.
For this striking feature, research and development of solar photovoltaics are very important for

humanity and the countries which possess few energy resources.

Table 1.1: CO, emission amount for power generation methods in Japan [1].

Power generation methods CO, emission amount
Total electric power 360 g/kWh

Thermal power generation (fossil fuels) 690 g/kWh
Photovoltaics 17-48 g/kWh




Basic component of solar photovoltaics is solar cells which convert solar energy to electric energy.
This energy conversion in solar cells is mainly composed of three successive processes: charge carrier
generation, charge carrier separation and charge carrier transport. For realization of these processes in
a device, structure of the conventional single junction solar cells illustrated in Fig.1.1 is developed.
Solar cells generally consist of light absorbing materials and metal electrodes. In general, p-n junction
of same semiconductor is widely used as light absorbing materials for collection of photo-generated

charge carriers.

Front electrode

Sunlight Front electroD

G%D Transport

a
n-type semiconductor
Separatlon
) Generatlon @
p-type semiconductor
JTranspon
Rear electrode Nt

Rear electrode /

Fig. 1.1: Structure of typical single junction solar cells and successive processes in the solar cells.




1.2 Solar Cells

Semiconductors have their own energy gap and the energy gap dominates absorption of the light
and electron-hole pairs are generated by photons with energy larger than the energy gap. The electrons
and holes are spatially separated by electric fields established by p-n junction. In this section, physics
of solar cells are provided. In particular, silicon is focused on as a semiconductor material because

silicon is a mainly used material in solar cells.

1.2.1 Semiconductors

Semiconductors have inherent band gap between valance band (VB) and conduction band (CB) as a
results of interaction of electron wave function. Figure 1.2 shows a schematic band diagram of
semiconductors. The VB is the lower energy states occupied by electrons, while the CB is the higher
energy states unoccupied by electrons. For this energy structure, electrons are excited from VB to CB
and holes are generated in VB when a semiconductor is irradiated by light with energy higher than the
band gap energy (E;) between CB minimum (CBM) and VB maximum (VBM). The E, of
semiconductors are about 1-3 eV, which is appropriate to absorb visible photons from the sun since the
photons reaching the earth is mainly composed of visible photons. The E, of representative
semicondustors are summarized in Table 1.2. Figure 1.3 shows the solar spectrum under Air Mass 1.5
(AM 1.5) condition. The AM is a factor considering attenuation of sun light by the atmosphere and it
depends on attitude. The AM 1.5 corresponds to the sun being at an angle of elevation of 42°. The

solar spectrum refers to the data provided by National Renewable Energy Laboratory (NREL) in USA

(3].
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Fig. 1.2: Band diagram of semiconductors.

Table 1.2: Band gap energy of representative semiconductors [2].

Semiconductors Si Ge GaAs InP InAs CdTe GaN
Eq [eV] 1.12 0.66 1.42 1.35 0.36 1.56 3.44
Energy [eV]
4 3 2 1
1.6
e 44l —AM15
E
=
8
3
g
T
2
a

. . ) )
500 1000 1500 2000 2500
Wavelength [nm]

Fig. 1.3: Solar spectrum under Air Mass 1.5 [3].



1.2.2. Intrinsic and impurity doped semiconductors

An n-type semiconductor and a p-type semiconductor are prepared by doping impurities into the
intrinsic semiconductor which is high purity semiconductor. Figure 1.4 schematically shows three
basic bond representations of intrinsic, n-type and p-type. In intrinsic silicon, four valence electrons
are shared with the four neighboring silicon atoms by each silicon atom, which leads to formation of
four covalent bonds. The Fermi energy indicating the probability of electron is 1/2 lies close to middle
of bandgap for intrinsic semiconductors. For n-type semiconductors, majority carrier is the electron
due to donor impurities and thus the Fermi energy lies close to conduction band. For p-type
semiconductor, major carrier is the hole and hence the Fermi energy level lies close to valence band.

The position of fermi energy is summarized in Fig. 1.5.

(a) intrinsic (b) n-type (b) p-type
electron hole
©10:0 @10k OOk
oo

O1O10 O10:0 O1OB
OHONO), @ @ @ OHOHO)

Fig. 1.4: Bond representations of (a) intrinsic, (b) n-type and (c) p-type semiconductors.
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Fig. 1.5: Position of Fermi energy (Eg) and impurity levels in (a) intrinsic, (b) n-type and (c)
p-type semiconductors. The CBM and VBM is illustrated as E¢ and Ey,, respectively.

1.2.3. P-N junction

The p-n junction is formed by doping different regions of the same semiconductor, which means
that an interface between p-type and n-type layers is created in the same semiconductor. Electric field
is established at the p/n interface, so called built-in potential, since Fermi energy level must be
identical in the semiconductor under equilibrium. The built-in potential Vy,; is determined by the
differences in work functions of the n-type @, and p-type semicondutors @y, i.e. Vi = (D, - @,)/q. In
general, the Vy; depends on doping concentration of each layer. Figure 1.6 shows the band profile of
(a) before and (b) p-n junction in equilibrium. The V,; established at p-n junction drives the
photo-generated electrons and holes towards n-type and p-type semiconductor, respectively.

Figure 1.7 shows the operation principal of the basic solar cells using p-n junction. Electrons and
holes are created by absorbing photons with larger energy than E4. Then, the electrons and holes are
separated and head for n-layer and p-layer, respectively. As a consequence of higher population of
photo-generated electrons and holes in n-layer and p-layer, respectively, the quasi Fermi energy is

introduced in each layer. Therefore, voltage is created in solar cells between n-layer and p-layer the



solar cells under light illumination and it principally depends on the difference in quasi Fermi energy

of n-layer and p-layer, i.e. bandgap energy and doping concentration.

(a) Before junction

Evac Evac
@b, @,
Ec Ec
———————————————————————— Er
------------------------ Er
E\/ EV
(b) After junction
EVAC
d>P
Ec
@,
____________________________________________________ Er
Ey

Fig. 1.6: Band profile of (a) before and (b) after p-n junction in equilibrium.
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Fig. 1.7: Operation principal of basic solar cells using p-n junction.

1.2.4. Parameters of solar cells

As mentioned above, p-n junction of semiconductors is most widely used in solar cells since it is
able to achieve charge carrier generation, charge carrier separation and charge carrier transport. The
key parameters of a solar cell are short-circuit current density (Jsc), open circuit voltage (Voc), fill
factor (FF) and conversion efficiency (i). The Jsc is the photo-current density generated by a solar cell
under illumination under short-circuit condition. The schematic energy band diagram of solar cells in

short-circuit is shown in Fig. 1.8 (a). The Jsc is given by following equation.

Jie = 4 | b(EYQECE)AE
The g, bs(E) and QE(E) are the electronic charge, the incident spectral photon flux density of and the
quantum efficiency, respectively. The quantum efficiency QE(E) is given by product of the absorption
and collection efficiencies. The Voc is the voltage of a solar cell generated by a solar cell under

illumination under open circuit condition and described as follows

-8-



KT (]sc
Voc = —In (— + 1)
o q Jo

, where k is Boltzmann’s constant, T is temperature and J, is a constant, respectively. The schematic
energy band diagram of solar cells in open circuit is given in Fig. 1.8 (b). In operation, the power
density P is given by

P=Jv
, where J is current density and V is voltage of a solar cell. P becomes maximum at operating point

(current density of J,, and voltage of V,,,). The FF is defined as ratio

]SCI/OC

and indicates quality of p-n junction. The conversion efficiency of solar cells 7 is defined as

_ JinVin _ Jsc * Voo FF
Fy Fs

FF

, Where Py is the incident light power density. The typical current-voltage (J-V) curves of a solar cell

under illumination are given in Fig. 1.9.



(b) Open circuit

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




The equivalent circuit of a solar cell is illustrated in Fig.1.10. The solar cell is equivalent to a
current generator with a diode, series resistance and parallel resistance. The power generator produces
photocurrent depending on light intensity (Isc). The diode generate dark current (I and related to
minority carriers recombination in the solar cell. The series resistance (R;) is caused from the
resistance of the cell material and the electrode contacts, which affect carrier transport. The parallel
resistance termed as shunt resistance (Rg,) arises from leakage of current in the solar cells at surface or

p-n junction. The output current of the equivalent circuit is described as following equation

q(V + RJI) V+ R
I[=1Ie—1 —_— -1 —
sc 0{8Xp< nkT Rsh

, Where V is the output voltage, q is elementary charge, n is the diode factor, k is Boltzmann constant
and T is temperature. The effect of resistivity of Rs and Ry, are shown in Fig. 1.11. The Isc and FF
decrease with increasing the resistivity of Ry while the Voc and FF decrease with increasing the
resistivity of Rq,. For higher conversion efficiency, the value of 1y and R should be small, and that of

Rsh should be larger.

Fig. 1.10: Equivalent circuit of a solar cell

-11 -



(a) (b)
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}
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Bias Bias

Fig. 1.11: Effect of (a) increasing series and (b) decreasing shunt resistances [4].

1.2.5. Heterojunction solar cells

In typical heterojunction Si solar cells, p-n junction is formed by deposition of hydrogenated
amorphous Si (a-Si:H) on crystalline Si (c-Si) and thin i-type a-Si:H is inserted between doped a-Si:H
and c-Si. Figure 1.12 shows schematic structure of double heterojunction solar cells. In general, n-type
c-Si substrates are used. For front side, i-type a-Si:H and p-type a-Si:H are formed on the Si substrates.
Similarly, i-type and n*-type a-Si:H are deposited on rear side of the Si substrates. The i-type a-Si:H
reduce surface recombination due to effective passivation of surface states and therefore higher V. is
obtained [5-7]. The n*-type a-Si:H create potential barrier for holes and suppress carrier recombination
at back surface of c-Si, so called back surface fields (BSF). Transparent conductive oxide (TCO) layer
and metal contact are fabricated on the a-Si:H deposited on c-Si substrate.

Figure 1.13 shows energy band diagram of heterointerface at a-Si:H/c-Si. Band discontinuity
accrues at heterointerface because bandgap energy of a-Si:H is larger than that of c-Si. Hence, the
conduction band offset AE: and valence band offset AEy, are created in conduction band and valence

band edges, respectively. The value of band offset is determined by electron affinity and bandgap

-12 -



energy of each semiconductor. The band offsets reflect minority carriers away from the surface and

hence recombination at surface is suppressed.

Front electrode

P72 7774

TCO

a-Si:H {

a-Si:H <|:
TCO /

Rear electrode

Fig. 1.12: Schematic structure of heterojunction Si solar cells.

Ec
"""""""""""""""""""""""""""" EF
»
AE,
Ev
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p-type  i-type }
Y 1
a-Si:H n-type c-Si

Fig. 1.13: Energy band diagram of heterointerface at a-Si:H/c-Si.
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1.2.6. Limiting efficiency

The conversion efficiency is principally dependent on bandgap energy of semiconductors (Eg).
Figure 1.14 shows the dependence of theoretical conversion efficiency # and intrinsic loss on bandgap
energy E;. W. Shockley and H. J. Queisser calculated the theoretical conversion efficiency of solar
cells by using the principal of detailed balance considering generation and radiative recombination of
carriers between VB and CB [8]. Generally, small band gap energy leads to large Js. and small V.,
while large band gap energy results in small J,. and large V,. due to transmission of lower energy
photons and thermalization of photo-generated carriers by higher energy photons than E,.
Semiconductors are not able to absorb lower energy photons than Eg, which limits current density
owing to decrease in photo-generated carriers. Furthermore, charge carriers generated by higher
energy photons than Eq relax to the band edges quickly by losing excess energy as heat, which limits
voltage. Therefore, the # become maximum at E4 of around 1.4 eV. In 2015, the conversion efficiency
of Si hetero junction solar cells is 25.6 %, which is close to theoretical conversion efficiency of ~30%.

Further approaches are important to improve conversion efficiency significantly.

Carnot emission

0.9 Boltzmann

038 B
thermalisation

o
Q

o
o

below Eg

fraction of incident solar radiation
o o o
w ES W

=
o

S
=

----- numerical power out
0.0
0.5 1 155 2 25 3 355
Eg (eV)

Fig. 1.14: Intrinsic power loss and power out of solar cells [9]. The power out corresponds to the
conversion efficiency depending of E,.
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1.2.7. Multi-junction solar cells

To overcome the limiting efficiency, multi-junction solar cells have been developed. Multi-junction
solar cells are multiply stacked solar cells possessing different bandgap energy [10]. In the
multi-junction solar cells, solar cells with larger bandgap energy installed on solar cells with smaller
bandgap energy by tunnel junction, and hence spectral mismatch loss is reduced. Figure 1.15 shows
schematic illustration of triple junction solar cells. For example, triple junction solar cells are
fabricated and it shows higher conversion efficiency of 41.1% under sun light concentration condition
[11]. Although multi-junction solar cells are possible to improve conversion efficiency, a weak point of
the multi-junction solar cells is connecting solar cells in series. If one in multi-junction solar cells is
not able to generate charge carriers, for example, by weak sun light in cloudy sky, its resistivity
increases and thus the conversion efficiency of multi-junction solar cells significantly decrease.
Additionally, high efficiency multi-junction solar cells over 30 % mostly employ precious and rare
elements such as Ga, Ge and In, which results in more expensive cost as compared to silicon solar
cells.

Front electrode

E1>E2>E3

Middle cells (E,)

Rear electrode

Fig. 1.15: Schematic of triple junction solar cells (bandgap energy E; > E, > Ej;).
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1.3. Intermediate Band Solar Cells
For overcoming the limiting efficiency of conventional single junction solar cells, solar cells
utilizing intermediate state have been proposed, so called intermediate band solar cells (IBSCs) [12].

In this section, the IBSCs are briefly explained.

1.3.1. Concept of intermediate band solar cells

Intermediate band solar cells (IBSCs) were proposed to achieve significant improvement of
conversion efficiency. Figure 1.16 shows the simplified energy band profile in IBSCs. In ideal IBSCs,
two-step optical transition from VB to IB and IB to CB are utilized in addition to conventional
transition from VB to CB, which leads to increase in Jg. thanks to enhancement of matching to solar
spectrum. Furthermore, the V,. is determined by incremental differences of quasi Fermi energy
between CB and VB, i.e. Erc minus Er,. That means the IBSCs are expected to increase Js. without
significant decrease in V.. in theory. The simplified equivalent circuit model of IBSCs is shown in Fig.
1.17. The circuit includes three current generators and three diodes. The diodes represent reverse
current associated with photo-generated carrier recombination. The current generators and diodes
represent the photocurrent generated by absorption and recombination in each transition, respectively.
The transition from VB to CB and transition via IB are carried out in parallel, which results in parallel
connection of CV cell with VI and IC cells. Thus, it is possible for the IBSCs to improve the problem

of multi junction solar cells caused by series connection.

-16 -
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Fig. 1.16: Simplified energy band diagram of IBSCs.
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Fig. 1.17: Concise equivalent circuit model of IBSCs.

1.3.2. Limiting efficiency

Limiting efficiency of IBSCs is firstly calculated by A. Luque and A. Matin. Figure 1.18 shows the
efficiency limit for solar cells with intermediate band. The calculation employed seven conditions: (1)
nonradiative transitions between any two of three bands are prohibited, (1) carrier mobility is infinite,
(1) no carriers can be extracted from 1B, (IV) the solar cells is thick enough to absorb the photons

with enough energy to induce any one of the transition, (V) a perfect mirror is assumed at back of the
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solar cells, (V1) only one of the three absorption length is important for every range of energies, and
(V1) the solar cell illumination is isotropic. By assuming so, total current of IBSCs (lto) is adding
the current generated by transition between VB and CB (lyc) and the current generated by transition
between IB and CB (l,c), that is le = Ive + lic. The Iic is equal to the electron generated by transition
between VB and IB (l,c) due to preservation of number of electron in 1B, which means lc = Iy,
Furthermore, the value of voltage in IBSCs is as same as that of the conventional single junction solar
cells. It is determined the difference between chemical potential between CB and VB, i.e. the split

between electron and hole quasi-Fermi energy levels.
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Fig. 1.18: Limiting efficiency of IBSCs [12]. “This work” indicates the efficiency limit of IBSCs.
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1.4. Quantum Dot Intermediate Band Solar Cells
Quantum dot is a one of candidates to realize the IB state within the bandgap [13]. Concise features
of the quantum dots and quantum dots solar cells (QDSCs) are presented in this section. The details of

QDs are elaborated on in [14].

1.4.1. Quantum dots

Quantum dots (QDs) are the nanostructures of semiconductor materials exhibiting quantization
effect as a result of confinement of charge carriers in small regions of three dimensional spaces by
potential barriers. The term of nanostructure semiconductors depends on the dimensions of
confinement. If the confinement is in one dimension, two dimensions and three dimensions, the
nanostructure is termed as quantum wells, quantum wire and quantum dots, respectively. Figure 1.19
shows schematic images of quantum wells, quantum wire, quantum dot and each density of state in
CB. The electrons and holes are able to move freely in respective bands in all three dimensions. The
electrons in conduction band of bulk semiconductors are allowed to possess any energy above the
band gap energy Egand the density of states is proportional to (E - Eg)”z. In quantum well, electrons
and holes are confined in one direction, which results in free movement in two directions. The density
of state for quantum wells becomes step like function due to energy levels as a consequence of
dimensional confinement. Similarly, it is possible for electrons and holes to move to one direction in
guantum wire and zero direction in quantum dots. In quantum wire, the density of state depends on
E™2, which leads to peaks at each new quantized state. In case of quantum dots, the density of state
indicates delta like function arisen from quantized motion in three dimensions, which means isolated
energy levels are generated. For the features, quantum dots are regarded as “artificial atoms’.

The confinement of carriers is achieved by heterostructure of semiconductor materials. Figure 1.20
shows the heterostructure which semiconductor material 2 is sandwiched by semiconductor material 1

and the band lineup. Carriers are confined owing to band offset between material 1 and material 2.
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When layer thickness of material 2 (dy) is reduced to less than few tens of nm, quantized energy levels
are created. The position of energy levels depends on valence band offset as well as width of well. For
example of Si/Sig;Gegg quantum well, the quantum size effect become prominent when well width
becomes less than about 10 nm [15]. Similarly, quantum dots are fabricated by heterostructure of
semiconductors in three dimensions. The structure consists of quantum dots and matrix as show in Fig.
1.21 (a) and hence isolated energy levels from CB and VB are created within the bandgap in matrix

semiconductor. The isolated energy levels are utilized as intermediate levels in IBSCs so quantum dots

are promising candidates to realize IBSCs.
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Fig. 1.19: Schematic images of bulk, guantum well, quantum wire, quantum dot and their
density of state in CB.
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Fig. 1.20: Simplified images for hetero junction of semiconductor 1 (band gap energy: E;) and
semiconductor material 2 (band gap energy: E,).

1.4.2. Quantum dot superlattice

Quantum dot superlattices (QDSLs) are the regularly arrayed QDs in there dimension. As
mentioned above, the QDs resembles to atoms. Energy bands such as CB and VB in bulk are formed
as a consequence of interaction between wave functions of valence electrons. Similarly, minibands are
formed within the band gap due to interaction between wave function of QDs as shown in Fig. 1.21 (b).
Inter-dot spacing is critical parameters for electrically coupled QDs, i.e. formation of the minibands.
The formation of minibands is expected to be occurred when the inter-dot spacing is less than ~5 nm
for In(Ga)As QDs in GaAs matrix [16,17], ~4 nm for InGaP QDs in InP matrix [18], and ~4 nm for Ge

QDs in Si matrix [19-21]. Therefore, short inter-dot spacing is necessary to realize the minibands.
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(a) Isolated QD (b) QD superlattice
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Fig. 1.21: Schematic images of (a) isolated QD and (b) QD superlattices and each band profile.

1.4.3. Quantum dot intermediate band solar cells

The minibands are utilized as 1B states in quantum dot intermediate band solar cells (QD-IBSCs).
The QDSLs are sandwiched by p and n-type semiconductors in QD-IBSC [22]. The schematic
structure of QD-IBSCs is illustrated in Fig. 1.22 (a). Figure 1.22 (b) shows concise band profile of the
QD-IBSCs using Ge QDs in Si matrix.

So far, self-assembled QDs using I11-V semiconductor materials, mostly In(Ga)As/GaAs QDs, have
been intensively studied for QD-IBSCs by several groups [23-29]. The short-circuit current density
increase with increase in density of QD in matrix whereas the open circuit voltage decreased.
Furthermore, some of them detected the two-step optical transition while the efficiency of QDSCs has

not exceeded that of GaAs reference solar cells.
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(a) Schematic structure of QD-IBSCs  (b) Concise band profile of QD-IBSCs
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Fig. 1.22: (a) Schematic images of QD-IBSCs and (b) concise band profile of Ge/Si QD-IBSCs.

1.4.4. Ge/Si heterstructure

The Ge/Si QDs have some advantages for use in solar cells in comparison with In(Ga)As/GaAs
QDs. Both Ge and Si are indirect gap semiconductors so the phonons are necessary for optical
transition from VBM to CBM, which results in small absorption coefficient and longer radiative
lifetime [30]. The simplified energy band structures of a direct gap semiconductor and indirect
semiconductor are depicted in Fig. 1.23. In direct semiconductor, only photons involve the band to
band optical transition. So, conservation of energy is demanded as follows

Er= Ei+ hw

, where E; and E; are the energy of electron in VB and CB, respectively.
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(a) Direct band gap (b) Indirect band gap

k k

Fig. 1.23: Interband transitions in (a) indirect band gap and (b) indirect band gap
semiconductors

In indirect gap semiconductor, energy and momentum must be conserved in the optical transition
from VB to CB. The transition from VB in state (E;, k;) to CB in state (E;, k¢) is given by following
equations:

Ef= E + how + hQ
hk; = hk;+ hq
, Where %iw, 7Q, g are photon energy, phonon energy and wave vector, respectively. Photons have very
small wave vector so it is negligible. The absorption coefficient of indirect gap semiconductors is
relatively weak in comparison with that of direct semiconductors, since the indirect transition needs
both photon and phonon for the optical intrerband transitions. Conversely, electrons and holes are
harder to recombine in indirect gap semiconductor than direct semiconductor. Thus, the radiative life
time for indirect gap semiconductors is much longer than that for direct semiconductors [31].

Furthermore, Ge/Si hetero-structure exhibits type-11 band lineup [32-34]. Figure 1.24 shows (a)

type-1 and (b) type-Il band profile in hetero-structures. Electrons and holes are confined in same

spatial region in type-1, while type-11 is able to separate electron and holes in real space. The VB offset
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leads to localization of holes in Ge region and the CB offset works as potential barrier for electron.
Therefore, the type-Il hetero-interface is expected to suppress the recombination of carriers, which
leads to higher collection efficiency in solar cells. The effective valence band offset is thought to be

about 400 meV for Ge/Si heterostructure [15].

(a) Type-I (b) Type-lI
CB
CB
£ _‘ =
A
= _O e
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e.g.) In,,Ga,As/GaAs e.g.) Ge/Si

Fig. 1.24: Concise band lineups of (a) type-1 and (b) type-1I hetero-structure.
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1.5. Purpose of this study

The QD-IBSCs are expected to achieve significant improvement of conversion efficiency so study
on quantum dots and its application to solar cells is much attractive for higher conversion efficiency
than conventional single junction solar cells. So far, In(Ga)As/GaAs QDs is widely studied for
QD-IBSCs and interesting evidences such as two-step optical transition are reported, however
significant increase in conversion efficiency is still not observed. The one of the reasons is thought to
be high luminescence efficiency accrued from the energy band profile enhancing recombination. Both
In(Ga)As and GaAs are direct bandgap semiconductors, which leads to short radiative life time.
Furthermore, In(Ga)As/GaAs heterointerface shows the type-1 band lineup resulting in confinement of
electrons and holes in same space and thus enhancement of carriers recombination. Therefore, carriers
in energy levels of QDs, electrons in case of In(Ga)As/GaAs QDs, are not able to stay enough long
time to be pumped up in CB by second photons. On the other hand, Ge/Si QDs are expected to
suppress the recombination thanks to indirect bandgap semiconductors and type-Il band lineup. It is
thought that the Ge/Si QDs could contribute to high carrier collection efficiency. Furthermore, In and
Ga are precious metals while Si is relatively abundant so Ge QDs in Si matrix is relatively favorable in
perspective of material consumption and cost.

Dense QDs are preferred for application to QD-IBSCs [35] to absorb sufficient photons. Although,
the solar cells using Ge QDs in Si matrix have been reported by a few groups [36-41], previous studies
on Ge/Si QDSCs have mainly concentrated on characterization of Ge/Si QD solar cells. There are few
studies focusing on fabrication of dense and uniform Ge QDs for application to solar cells. So, we
concentrated on fabricating multi-stacked Ge QDs with high density and high uniformity as well as
short inter-dot spacing in direction to p-n junctions for studying concept of QD-IBSCs. Dense and
uniform Ge/Si QDs are grown by using low growth temperature and surfactants such as antimony (Sb),
however low growth temperature generally degrade crystal quality and Sb works as donor in IV group

materials. The Sb doping in Si would cause difficulty to control doping profile in solar cells, since the
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solar cells are devices using p-n junction. To overcome this issue, we employed high deposition rate of
Ge. The details of fabrication of single layer Ge QDs on Si substrates and multi-stacked Ge/Si QDs are
given in chapter 3 and chapter 4, respectively.

Furthermore, short inter-dot spacing in direction to p-n junction is achieved by thin spacer layer
thickness in multi-stacked QD structures. The thinner spacer layer thickness results in accumulation of
compressive stress induced by Ge QDs due to larger lattice constant of Ge than Si and eventually
generation of dislocations. To achieve thinner spacer layer thickness, we focused on strain
compensation technique. The compressive stress established by QDs is compensated by tensile stress
in the spacer layers. Alternating tensile and compressive regions prevent the multi-stacked QDs from
generation of dislocation. In case of Ge QDs on Si substrates, spacer layer material is carbon
incorporated Si since Si;4Cy possess smaller lattice constant than Si. The details of fabrication of
Ge/SiyCy are described in chapter 5.

The purpose of this study is fabricating better crystal quality of multi-stacked Ge QDs with high
density and uniformity as well as short inter-dot spacing for application to QD solar cells. Furthermore,
the Ge QD structures are applied to solar cells to study the effect of Ge QDs on solar cells properties.
In this thesis, we invesitaged following topics: (I) the growth of dense and uniform Ge QDs on Si(001)
substrates, (1) the fabrication of multi-stacked Ge/Si QDs, (lll) the preparation of multi-stacked

Ge/Siy,Cy QDs, and (IV) the fabrication of Ge QD solar cells.
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Chapter 2. Experimental

This chapter gives brief explanation about equipment for growth and characterization of Ge QDs.
Furthermore, growth procedures of Ge QDs are described as well as fabrication procedures of solar

cells.

2.1. Equipment for sample preparation
2.1.1. Solid-source molecular beam epitaxy

All self-assembled Ge quantum dots were grown on Si(001) by solid-source molecular beam
epitaxy (SS-MBE) equipment. In general, the MBE is epitaxial crystal growth in ultra-high vacuum
around 10™ Torr by using one or few atomic or molecular species [1]. The MBE is advantageous to
achieve high crystal quality because the MBE are able to control contents of mixed crystal and layer
thickness minutely. For these striking features, it is widely used for growth of thin monocrystalline
layer on substrate as well as multi-stacked QDs structure [2,3]. Figure 2.1 shows a schematic image of
our SS-MBE. The MBE equipment is composed of growth chamber and loading chamber. A
turbo-molecular pomp connecting a oil rotary pomp and a ion pomp are used for decompression in
growth chamber. The base pressure of growth chamber is on the order of 10 Torr. Silicon and
germanium ingots were heated by each electron beam gun. A Kunudsen cell (K-cell) and carbon
filament cell was used for heating gallium and carbon, respectively. A cryoshroud for liquid nitrogen is
equipped with the SS-MBE growth chamber to prevent layers from incorporation of contamination.
Reflection high energy electron diffraction (RHEED) is installed to monitor surface conditions of
samples in-situ.

The RHEED is capable of monitoring sample surfaces during growth [4]. The RHEED generally

consists of a electron beam source and a screen. Electrons emitted by the filament are accelerated up to
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about few tens of keV by applied voltage. The electrons irradiate on samples and are reflected to a
monitor. Diffracted electrons by sample show the some patterns in monitor which provides surface
condition of samples. Figure 2.2 shows RHEED images for Si(001) substrate (a) before thermal
cleaning, (b) after thermal cleaning at 750 °C and (c) single Ge self-assembled QDs on Si(001)
substrate as examples. The weak 1x1 RHEED patterns were observed before thermal cleaning, which
indicates ultra-thin oxide layer was formed on Si(001) substrate. The 2x1 reconstructed Si(001)
surface was observed in (b), which means clean and atomically flat surface is obtained. Arrow head
patterns, so called ‘Chevron pattern’, was observed in (c). The Chevron pattern indicates island growth.

In this way, surface condition is monitored by RHEED.
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Figure 2.1: Schematic illustration of our SS-MBE.
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Figure 2.2: RHEED images for Si(001) surface (a) before and (b) after thermal cleaning and (c)

island growth.

2.1.2. Plasma enhanced chemical vapor deposition

To form p-n junction for fabrication of solar cells, hydrogenated amorphous Si (a-Si:H) were
deposited on Si covered multi-stacked Ge QDs by plasma enhanced chemical vapor deposition
(PECVD). CVD is a technique to form thin films on substrates by utilizing chemical reaction of source
gases [5]. PECVD employs plasma to cause the chemical reaction. In this work, vacuum chamber is
pumped by dry pumps, mechanical booster pumps and turbo molecular pumps. The base pressure was
on the order of 10" Pa. Samples were heated during deposition. For source gases, hydrogen diluted
SiH, and PH; were used and they were decomposed by plasma induced by radio frequency (RF). Only
SiH, was provided into reaction chamber to deposit intrinsic type a-Si:H. Both SiH,; and PH; were

simultaneously supplied for deposition of n-type a-Si:H.

2.1.3. Sputtering
We employed a sputtering equipment to deposit indium tin oxide (ITO) for fabrication of contact
for solar cells. The sputtering is the phenomenon which is emission of particles on surface of solids
by collision of ionized inert gases [5]. Sputter deposition is performed by attachment of the emitted
particles, so called sputtering particle, on substrates. In our experiments, a ITO ingot was sputtered

by ionized Ar and O, by RF of 100 W at pressure of about 1 x 10 Torr and 75 nm-thick ITO were
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deposited on p-n junction formed samples. The vacuum was created by a cryopump and a dry pomp.

The flow rate of Ar and O, were 200 ccm and 1.5 ccm, respectively.
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2.2. Equipment for sample characterization
2.2.1. Atomic force microscope

A atomic force microscope (AFM) equipment were employed to investigate surface morphology.
The AFM scans a cantilever on sample surface and obtain surface morphology by detecting the
displacement of cantilever induced by atomic force between the tip of cantilever and surface [6]. A
schematic illustration is depicted in Fig. 2.3. Our AFM is mainly composed of cantilever, laser,
displacement sensor, vibration removal board, and microscope to adjust optical axis for the cantilever
and sensor. In general, the tip and sample surface are constantly touched each other during
measurements. In our AFM measurements, we used the tapping mode which the tip contacts with

sample surface periodically and it prevent sample surface from some damage arisen form contact with

tip.
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Figure 2.3: Principal illustration of AFM.

2.2.2. Scanning transmission electron microscope
Scanning transmission electron microscope (STEM) was used to study cross-section of

multi-stacked Ge QDs. The STEM is combination of the TEM and the scanning electron microscope
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(SEM) [7]. The TEM are able to obtain information in minute region of samples by irradiating
accelerated electrons to samples and imaging transmitted electrons. The SEM gives surface
morphology of sample by scanning electron beams on samples surface.

When high energy electrons are irradiated to thin samples, almost all electrons transmit the samples,
so called transmitted electrons, and part of electrons are scattered, so called scattered electrons. The
some scattered electrons keep energy, and others lose energy in collisions with atoms of samples. In
general, the TEM creates images to utilize transmitted electrons and elastically scattered electrons.

If a sample is crystalline, some electron beams are scattered to definite directions due to Bragg
diffraction, which separate transmitted electron beams into transmitted waves and diffracted waves.
TEM images are obtained by those electron beams selected by objective aperture. When only the
transmitted waves are allowed to pass objective aperture, the bright field (BF) TEM image is obtained.
On the other hand, dark field (DF) TEM image are acquired by imaging the diffracted waves. The BF
images become brighter in images out part of a sample due to attenuation of transmitted waves,
whereas the DF images become darker due to absence of diffracted waves. In particular, TEM images
using diffracted waves to high angle are called high angle annular dark field (HAADF) images. The

HAADF images are advantages to recognize an element.

2.2.3. High resolution X-ray diffraction

The X-ray diffraction is widely used to study structural information of epitaxial layers [8-10]. We
investigated content of carbon in epitaxially grown Si;,C, layer on Si substrates by w-26
measurements in high resolution X-ray diffraction (HR-XRD). The feature of HR-XRD is
monochromatic and parallel X-ray beam. The w-26 measurement gives information about change of
plane distance. If epitaxial layers have smaller lattice constant than substrates in growth direction, the
epitaxial layer is deformed by tensile stress and thus X-ray peak of the epitaxial layers appeared in

high angle region. On the other hand, the epitaxial layer is deformed by compressive stress if the
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lattice constant of epitaxial layer is larger than that of substrates in growth direction, which leads to
appearance of x-ray peaks in lower angle region. The schematic of w-26 measurement is illustrated in
Fig. 2.4. From the displacement of X-ray peak (004) for Siy«Cy layer from Si substrate peak, we
estimated the content for epitaxially grown Si,Cy layers

Furthermore, reciprocal space mapping (RSM) around (224) was used to study stain condition of
multi-stacked Ge QDs. The RSM is two dimensional scans in reciprocal space. The RSM utilizing
asymmetric X-ray reflection around (224) gives information about in-plane as well as out-plane. If the
X-ray peaks from epitaxial layers were away from that form substrates in in-plane direction, it means
that epitaxial layers partially or fully relax. The X-ray peaks from epitaxial layers were same value of
that from substrates in in-plane direction, which indicates the epitaxial layer is fully strain. The

detailed principal of both measurements are given in [11,12].
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Figure 2.4: Schematic of w-26 measurement in case of (a) a;, < ag and (b) a;, > as.

2.2.4. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy were employed to investigate optical properties of
multi-stacked Ge QDs in this thesis. The PL is re-emisssion of light after elecrons and holes in a
semiconductor are excited by illumination of light with higher energy than bandgap as shown in
Figure 2.5. The details about PL is given in [13]. PL measuremets are gnerally used for
characterization of energy levels in near band edge and impurity levels with in the band gap [14,15].
Thus, The PL measurement is a powerful method to investigate crystal quality of self-assembled QDs

since quantized levels of the QDs is located with in band gap of matrix.
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Excitation light

Photoluminescence

Excitation light

Photoluminescence

Figure 2.5: (a) PL configuration and (b) general scheme of PL in materials.

Simplified experimental setup of our PL spectroscopy is depicted in Fig. 2.6. A 532 nm Nd:YAG
laser was used as excitation light source. It posseses enogh energy to excite electrons in Ge QDs in Si
matrix. Liquid nitrogen cooled Ge photodetector was used thus photolumnescense with energy higher
than fundamental bandgap energy about 0.67 eV are detectable. Standard lock-in configuration was
utilized to improve ratio of signal to noise. A IR-80 filter was inserted in front of a spectrometer to
prevent 532 nm light from entering a spectrometer. Excitation power of light source was chaned by
using ND filters and measeared by a power meter. Samples are able to be cooled at 12 K by a cryostat

during measurements.
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Figure 2.6: Simplified experimental setup of our PL measurements.
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2.3. Sample preparation
2.3.1. Substrates cleaning

Before growth of self-assembled Ge QDs on Si(001) substrates, Si(001) substrate were cleaned by
using chemical solution based on RCA cleaning method [16]. Figure 2.7 shows our cleaning
procedures for Si(001) substrates. The RCA cleaning method generally utilizes two chemical
solutions: (i) SC1 and (ii) SC2. The SC1 consists of ammonium hydroxide (NH,OH) and hydrogen
peroxide (H,O,) and it loosely etch Si surface, which is able to lift fine particles off. Furthermore,
surface potential, so called zeta potential, of fine particles such as SiO, and SisN, shows same polarity
with Si surface in SC1, which leads to prevention of re-attachment of the fine particles on Si surface
thanks to electrostatic repulsion. The SC2 is composed of hydrochloric acid (HCI) and hydrogen
peroxide (H,O,) and melts metal particles, which results in removal of metal contaminations. In
addition to SC1 and SC2, we used aceton and SPM consisting of sulfuric acid (H,SO,) and hydrogen
peroxide (H,O,) before RCA cleaning. In general, oil is easy to dissolve in aceton so it is used to
remove oil contamination from Si surface. The SPM decomposes organic contaminations to CO,, H,O

and so on [17]. Therefore, organic contaminations are purged before RCA cleaning.

@ Blow by N,

(2 Ultrasonic waves cleaning in Aceton [RT for 5 min]

@ Rinse in pure water

@ H,S0,/H,0, (SPM) [4:1, 120 °C for 10 min]

® Rinse in pure water

® NH,0OH,/H,0,/H,0 (SC1) [1:1:5, 70-80 °C for 10 min]
@ Rinse in pure water

NH,OH,/H,0,/H,0 (SC1) [1:1:5, 70-80 °C for 10 min]
© Rinse in pure water

Blow by N,

Figure 2.7: Our cleaning procedure for Si substrates.
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After cleaning in chemical solutions, Si(001) substrates were immediately loaded into the vacuum
chamber. Then, initial thermal cleaning at 300 °C for 10 min was performed to remove water from Si
substrates in loading chamber of the base pressure on the order of 10 Torr. Following transfer of Si
substrates into growth chamber, second thermal cleaning at 750 °C for 10 min was carried out to
remove ultrathin oxide layers on Si surface. We confirmed removal of the oxide layer by appearance

of 2x1 reconstructed Si(001) surface in a RHEED monitor.

2.3.2. Growth procedure of Ge QDs

Following thermal cleaning, self-assembled Ge/Si QDs and Ge/Si;Cx QDs were grown by
molecular beam epitaxy. We grew single Ge/Si QDs and Ge/Si,..C QDs. To grow Ge QDs on Si, after
growth of Si buffer layers on Si(001) substrates at 700 °C, additional Si layers were grown and then
Ge were deposited. For growth of Ge QDs on Si1..C layers, Si buffer layers and additional Si layers
were similarly grown. Following growth of Si;,Cy layers at 500 °C, Ge was deposited. The each
growth procedure and its schematic image of samples are summarized in Fig. 2.8.

For multi-stacked Ge QDs, Ge and Si or Si;,C, were alternately deposited after Si buffer layer. We
fabricated three types of multi-stacked Ge QDs: (i) multi-stacked Ge/Si QDs, (ii) multi-stacked
Ge/Siy«Cy QDs, and (iii) Ge/Si;«Cx QDs with 2-nm-thick Si interlayers. Those schematic images are
shown in Fig. 2.9. The 2 nm-thick Si interlayers were used to improve structural and optical properties.

The details are described in Chapter 5.
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(a) Ge/Si QDs

@ Growth of Si buffer layer

[700 °C, 160 nm]
@ Growth of Si layer
[500 °C, 40 nm]

@ Growth of single Ge QDs

[500 °C]

(b) Ge/Si,,C, QDs

@ Growth of Si buffer layer
[700 °C, 160 nm]

@ Growth of Si layer
[500 °C, 20 nm]

® Growth of Si,,C, layer
[500 °C, 20 nm]

@ Growth of single Ge QDs
(500 °C]

Siy,C, layer (20 nm)
Si layer (180 nm)

Si layer (200 nm)

Si(001) substrate Si(001) substrate

Figure 2.8: Growth procedure for single layer Ge QDs on (a) Si and (b) on Siy«Cy layers

(a) Ge/Si QDs (b) Ge/Si, ,C, QDs (c) Ge/Si,,C, QDs W/ Si ILs

Multi-stacked 4.6 ML-Ge QDs /
Si;.C, spacer layer

Multi-stacked 4.6 ML-Ge QDs /
Si.C, spacer layer

Multi-stacked 5.0 ML-Ge QDs /
Si spacer layer

Si layer (180 nm)

Si layer (200 nm) Si layer (180 nm)

Si substrate Si substrate Si substrate

Figure 2.9: Schematic structure of grown multi-stacked (a) Ge/Si, (b) Ge/Si;..Cy , (c) Ge/Siy.Cy
QDs with Si ILs.
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Chapter 3. Single Layer Ge QDs on Si

In this chapter, fabrication of single layer Ge QDs on Si substrates are described to obtain dense and
uniform Ge QDs. Dense and uniform Ge/Si QDs are needed for QDSC application to absorb sufficient
photons in Ge QDs and formation of minibands. Though such QDs are obtained by using Sb surfactant
[1,2] or lower growth temperature less than 400 °C [3,4], Sb surfactant leads to unintentional doping
to Ge/Si QDs, which arises difficulty to control doping profile for application to solar cells. Lower
growth temperature results in low crystal quality. Therefore, new growth technique should be crucial
for dense and uniform Ge/Si QDs. For this reasons, growth condition were systematically investigated

to obtain Ge QDs with high density and highly uniform Ge QDs.

3.1. Introduction

Self-assembled QDs are widely used for application to QD solar cells and they are formed as results
of S-K growth mode in the hetero epitaxial growth. Theory of crystal growth and self-assembled QDs
is elaborated on in [5]. Epitaxial growth is growth of layer with high perfection and composition on
crystalline substrate. The epitaxial growth is classified into homo-epitaxial growth and hetero-epitaxial
growth. In homo-epitaxial growth, layer material is identical with substrate material. On the other
hand, layer material is different with substrate materials in hetero-epitaxial growth.

Strain is induced by hetero-epitaxial growth of thin epitaxial layer on much thicker substrate, since
the lattice constant of layer material (a,) is different with that of substrate materials (as). Figure 3.1
shows a schematic image of hetero-interface between epitaxial layer and substrates. When the a, is
larger than the ag, lateral constant of as is same even in epitaxially grown layer and vertical lattice

constant is changed to a;; due to deformation resulting in strain.
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Fig. 3.1: Schematic image of interface between layer 1 and 2 in hetero-epitaxial growth. The q,
a,,,and a,, are common lateral lattice constant, vertical lattice constant of strained layer 1
and 2, respectively.

The fundamental growth mode in hetero-epitaxial growth is classified with three modes: (i)
Frank-Van der Merve (F-M) mode, (ii) Volmer-Weber (V-M) mode, and (iii) Stranski-Krastanov (S-K)
mode. The schematic images of three growth modes are depicted in Fig. 3.2. The F-M mode
corresponds to the layer-by-layer growth mode which atomically flat and smooth epitaxial layer is
grown on substrates. The V-M growth mode is the island growth which three-dimensional islands are
grown on substrate. The S-K growth mode is intermediate case between the F-M growth mode and
V-M mode. It initially grows two-dimensional layer and subsequently transforms to three-dimensional
islands growth. The growth mode is determined by the total energy composed of substrate surface
energy, epilayer surface energy, interface energy and strain energy. Here, only S-K growth mode is
explained, since we employed the self-assembled Ge/Si QDs using the S-K mode. As mentioned above,
strain is induced in epilayer in hetero epitaxy. For system with small interface energy but large strain
mismatch, initial growth is layer-by-layer growth accompanying stain energy and large strain energy

in thicker epilayer can be reduced by forming islands, which means layer-by-layer growth is
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energetically favored in thin layer thickness and islands growth become energetically favored after

exceeding some critical layer thickness [6].

(a) Frank - Van der Merve (b) Volmer - Weber (c) Stranski - Krastanoy

i

Fig. 3.2: Schematic image of three growth modes: (a) Frank-Van der Merve mode, (b)
Volmer-Weber mode, and (c) Stranski-Krastanov mode.

Self-assembled QDs using S-K growth mode are a promising approach to fabricate dislocation-free
semiconductor QDs in semiconductor matrix. Fine structure with high material quality fabricated by
S-K growth mode is termed as self-assembled quantum dots (QDs). InAs self-assembled QDs in GaAs
matrix show the ultra-narrow luminescence which is a feature of QDs by employing cathode
luminescence (CL) with high resolution in space [7].

Self-organized QDs is array of self-assembled QDs in-plane and/or out-plane. Surface morphology
and optical properties of self-assembled QDs are controllable to some extent by growth condition and
substrate orientation. The self-organized QD array in-plane is achieved in InGaAs QDs on
GaAs(311)B substrate [8,9], InGaAs QDs on InP(311)B substrate [10], Ge QDs on vicinal Si(001)
surface [11], Ge QDs on pit-patterned Si(001) substrate [12,13]. Furthermore, vertically aligned QDs
were obtained by propagation of strain caused by buried QDs by matrix [10,12,14,15]. Self-organized
QDs is a powerful candidate to fabricate QDSLSs.

Dense QDs are favored to absorb sufficient photons in QDs. In general, self-assembled Ge/Si QDs
on Si(001) substrates shows areal density on the order of 10° cm™ and bimodal size distribution due to

coexistence of small pyramid-shaped and large dome-shaped QDs [16-19]. The self-assembled QDs
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are grown by employing different substrate such as Si(111) [20], Si(113) [21] and pit-patterned Si(001)
[22,23]. The Ge islands on Si(111) shows flat islands with height of about 10 nm lateral size of about
180 nm. And deposition of Ge on Si(113) forms wire-shaped islands. Furthermore, Ge QDs on
pit-patterned Si(001) substrates by reactive ion etching (RIE) show well aligned in direction to
in-plane and homogeneous in size, however the RIE process for each layer is not reasonable for
fabrication multi-stacked QD structures. Therefore, the author focused on Si(001) substrates. High
areal density is realized by using low growth temperature at about 400 °C [3,4] and anti-surfactants
such as antimony (Sb) [1,2] due to suppression of surface migration of Ge adatoms.

In epitaxial growth, generally, atoms in vapor reduce their kinetic energy on surface of substrate and
bond with surface atoms weakly. Then, adatoms randomly work by hopping potential energy E,
created by surface atoms. The behavior is termed as “migration”. The hopping rate to neighbor

adsorption position 1/t is given by following equation [24]

1 Em (3.1)
T ZUEXp( kT)

, Where k, T, z and v are Boltzmann constant, temperature of substrate, available hopping sites and
frequency of bonding, respectively. The value of v is estimated at about 10** s* from frequency of
phonons. From Eg. (3.1), lower substrate temperature results in smaller hopping rate and hence
suppression of the migration. It is thought that the Sb anti-surfactant similarly suppresses the surface
migration. The suppressed migration leads to generation of many nuclei in smaller region and
depressed evolution of QDs. Therefore, decreased QD size and increase in areal density are observed
with decrease in temperature.

Although the suppression of migration helps to form dense QDs, lower growth temperature leads to
degradation of crystal quality. The Sb is a donor in Si and Ge, which results in unexpected impurities
doping. Other methods are necessary to grow dense Ge QDs for solar cell application. Recently,

highly-stacked InGaAs/GaAs QDs are successfully grown by using high deposition rate of 1
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monolayer (ML) per second and growth interruption [25]. Furthermore, Ge QDs with high density and
uniformity were observed by using high deposition rate of 2 ML/s and growth temperature at 500 °C
due to high surface concentration of Ge adatoms [26]. The higher surface concentration of adatoms
reduces available hopping sites z in Eq. (3.1), which results in suppression of migration and thus high
density could be obtained. So we concentrated on the high deposition rate to grow dense and uniform

Ge QDs since it allows us to employ relatively high growth temperature without surfactant.
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3.2. Self-assembled Ge nano dots on Si surface

At first, it was found that hetero epitaxial growth of Ge on Si shows the S-K growth mode. All
samples were fabricated on Si(001) substrate by SS-MBE. Before loading into chamber, Si(001)
substrates were cleaned by RCA cleaning procedures. Following thermal cleaning at 750 °C for
removing ultra-thin oxide layer, Si layer were grown on Si substrate. Then, Ge was deposited at
growth temperature of 560 °C and deposition rate of 0.2 A/s as employed in [16]. Figure 3.3 shows 1 x
1 um? AFM images and RHEED images for single Ge/Si QDs with layer thickness of (a) and (b) 0
monolayer (ML), i.e. Si(001) substrate, (c) and (d) 3.9 ML, and (e) and (f) 4.6 ML, respectively. The 2
x 1 pattern of reconstructed Si(001) surface was observed in Fig. 3.3 (b) and there were no Ge islands
in Fig. 3.2 (a). Although (c) shows the flat surface, two different RHEED patterns were observed in (d),
one comes from the Si substrate and the other from thin Ge layer, which indicates layer by layer
epitaxial growth until 3.9 ML.

When layer thickness reaches 4.6 ML, three-dimensional islands were observed in Fig. 3.3 (€). The
islands consisted of smaller in lateral size of ~40 nm and larger islands in size of ~60 nm. The angle of
smaller pyramid-shaped and larger dome-shaped island was about 10° and 21° to surface, respectively,
which is good agreement with previous works [27-29]. The different shapes results from minimization
of total energy of islands [30,31]. Furthermore, arrowhead-shape RHEED patterns, called as ‘chevron
patterns’, were observed in Fig. 3.3 (f). In general, the chevron patterns arise from diffraction of
electrons passing through facets of three-dimensional islands, so the chevron patterns with smaller
(indicator A in Fig.3.3 (f)) and larger angle (indicator B in Fig.3.3 (f)) correspond to pyramid and
dome islands, respectively [31]. From these results, hetero epitaxial growth in Ge/Si system shows
S-K growth and critical layer thickness of transition to islands growth is around 4 ML, which is good
agreement with [16]. From this results, the layer thickness than 4 ML is necessary for growth of Ge

QDs on Si(001) substrates.
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substrates. AFM images and RHEED patterns are shown for layer thickness of 0 ML in (a) and (b),
of 3.9 ML in (c) and (d), and of 4.6 ML in (e) and (f), respectively. The A and B in (f) indicate
chevron patterns due to smaller pyramid-shaped QDs and larger dome-shaped QDs, respectively.

The inset shows schematic illustration of pyramid-shaped QDs and dome-shaped QDs with their
angle to surface.

To investigate appropriate layer thickness of Ge QDs, the effect of layer thickness was investigated.
Figure 3.4 shows AFM images of single Ge QDs on Si(001) substrate with layer thickness of (a) 3.9
ML, (b) 4.6 ML, (c) 5.3 ML (d) 6.0 ML, (e) 7.0 ML and (f) 7.8 ML. Both pyramid-shaped and
dome-shaped Ge QDs were observed in (b)-(d). Furthermore, larger coalesced QDs at size of ~100 nm
were generated in (e) and (f). Figure 3.5 shows dependence of lateral size and height on layer

thickness for (a) dome-shaped QDs and (b) pyramid-shaped QDs. Both lateral size and height
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increased with increasing layer thickness in (a), whereas those are independent on layer thickness in
(b). The dispersion in lateral size and height for dome-shaped QDs were smaller than pyramid-shaped
QDs. Figure 3.6 shows the areal density of Ge QDs with different shape as a function of layer
thickness. The areal density of pyramid-shaped Ge QDs gradually decrease and dome-shaped Ge QDs
became dominant with layer thickness. Larger coalesced Ge QDs accompanying lattice relaxation [32]
were observed in layer thickness over 7.0 ML. These results indicates that layer thickness from 4 to 6

ML is appropriate to grow Ge QDs on Si(001) substrates.

€
.( € ‘ Je
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Fig. 3.4: 1 x 1 um? AFM images of single Ge QDs on Si(001) substrates with layer thickness of (a)
3.9 ML, (b) 4.6 ML, (c) 5.3 ML (d) 6.0 ML, (e) 7.0 ML, and (f) 7.8 ML.
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Fig. 3.6: Dependence of areal density for different shape Ge QDs on layer thickness.

The transition from pyramid-shaped QDs to dome-shaped QDs is explained in total energy of
faceted islands [29]. The shape of pyramid is energetically favored in initial stage, since energy of
pyramid-shaped QDs (Ep) is smaller than that of dome-shape QDs (Ep). Once volume exceeds some
critical volume, the Ep become smaller than E; so dome-shaped QDs is favored in ticker layer

thickness. The energy of QDs with different shape (E) is described by [33]:
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E = V?Ba*3 —Va (3.2)

, where V is the volume in scaled units, and « is the ratio of the facet angle to an arbitrary reference
angle. The first term relates to surface energy of QDs, whereas the second term associates with volume
energy of QDs. For QDs with less volume, the energy E can be reduced by QDs with few facet and
smaller facet angle to surface. On the other hand, generation of QDs with many facet and larger facet
angle is allowed for much volume. Therefore, pyramid-shaped disappears and dome-shaped Ge QDs

become dominant with increase in layer thickness.
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3.3. Pulse growth method

Next, we investigated the effect of growth temperature on structural properties of Ge QDs on
Si(100) substrates. Figure 3.7 shows AFM images of single Ge QDs on Si(001) substrate grown at (a)
560 °C, (b) 530 °C, (c) 500 °C and (d) 470 °C. The layer thickness of Ge is 5.0 ML. Average height,
average lateral size, dispersion in lateral size and areal density were 6.1 nm, 51.4 nm, 14.3% and 1.8 x
10° cm™ for (a), 5.8 nm, 50.3 nm, 27.9% and 5.8 x 10° cm™ for (b), 2.4 nm, 35.2 nm, 24.9% and 2.5 x
10" cm™ for (c), and 1.1 nm, 21.6 nm, 16.3% and 5.9 x 10" cm™ for (d), respectively. The height and
lateral size decreased with decreasing temperature. Fluctuation in lateral size is around 20% and
maximum at 530 °C. Areal density increased with decrease in growth temperature. Small and dense
QDs are ascribed to suppressed surface migration of Ge adatoms. In epitaxial growth, adatoms
randomly migrate by hopping potential energy E., created by surface atoms. The hopping rate to
neighbor adsorption position 1/t is given by Eg. (3.1). Lower substrate temperature results in
suppression of the migration. The suppressed migration leads to generation of many nuclei in smaller
region. Therefore, decrease in QD size and increase in areal density were observed with decrease in

temperature.

L3
[110] °
L
[110]

Fig. 3.7: 1 x 1 um? AFM images of single Ge QDs on Si(001) substrate grown at (a) 560 °C, (b) 530
°C, (c) 500 °C and 470 °C.

The Ge QDs grown at 500 °C showed higher areal density but lower uniformity in lateral size. To

improve the size uniformity, we then focused on deposition rate of Ge. Figure 3.8 shows AFM images
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of 5.0 ML-thick single layer Ge QDs on Si substrate grown at 500 °C and rate of (a) 1.1 A/s, (b) 1.4
Als, (c) 2.2 Als, and (d) 2.8 A/s. The growth interruption for 30 seconds was employed for all samples
by referring [25]. Figure 3.9 shows the lateral size distribution of the Ge/Si QDs. The structural
parameters as a function of deposition rate are illustrated in Fig. 3.10. Both pyramid-shaped and
dome-shaped Ge/Si QDs were observed in Fig 3.7 (a)-(c), which results in bimodal size distribution as
shown in Fig 3.8 (a)-(c). There were no dome-shaped Ge/Si QDs in Fig. 3.7 (d) and thus monomodal
size distribution was observed in Fig. 3.8 (d). Height and lateral size decreased with deposition rate,
while areal density increased. Fluctuation in lateral size was about 20% from 1.1 to 2.2 A/s due to
bimodal size distribution and 11.1% for Ge/Si QDs grown at rate of 2.8 A/s. High density of ~5 x 10"
cm? and smaller size fluctuation of 11% were obtained by using deposition rate of 2.8 A/s. The
smaller and denser Ge/Si QDs with better uniformity in lateral size would be caused by shorten
migration length of adatoms. In general, the growth conditions such as growth temperature and
deposition rate strongly affect the surface migration of Ge adatoms on the Si surface. It was reported
that the deposition of Ge at high rates promotes nucleation owing to high concentration of Ge adatoms,
viz. short migration length of Ge adatoms [26]. Therefore, the surface migration of Ge adatoms was
effectively suppressed for the sample shown in Fig. 3.8 (d), leading to the formation of metastable

pyramid-shaped QDs.
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Fig. 3.8: 1 x 1 um? AFM images of single Ge QDs on Si(001) substrate grown at 500 °C and rate of
(@) 1.1 A/s, (b) 1.4 Als , (c) 2.2 A/s and (d) 2.8 Ass.
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Fig. 3.9: Lateral size distribution of Ge/Si QDs grown at rate of (a) 1.1 A/s, (b) 1.4 A/s, (c) 2.2 A/s
and (d) 2.8 A/s.
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Fig. 3.10: Dependence of deposition rate on structural parameters.

Then, the effect of growth interruption was investigated to check stability of the dense and uniform
Ge QDs. Figure 3.11 shows AFM images of single Ge QDs layer grown on Si(001) substrates at 500 °C
and rate of 2.8 A/s with growth interruption for (a) 5, (b) 15 and (c) 30 seconds. The height, lateral
size, and fluctuation in size and areal density are summarized in Fig. 3.12. For all samples, significant
change was not observed in Fig. 3.11. The average height, average lateral size, fluctuation in lateral
size and areal density were almost identical values of about 2 nm, 28 nm, 11% and 6 x10%° cm?,
respectively. This indicates that the surface morphology is not affected by the growth interruption until
30 seconds possibly due to both suppression of Ge migration at relatively low growth temperature of
500 °C. Thus, evolution of Ge QDs was suppressed owing to energetically stable facet.

We roughly estimated confinement energy of self-assembled Ge QDs grown by pulse growth. The
average height and lateral size were about 2 and 30 nm, respectively. According to [34], quantum
confinement of carriers in the rather flat shape of Ge/Si nanostructures is comparable to the case of

guantum well films, which means strong quantization occurred in growth direction, i.e. height, and
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weaker carrier confinement in lateral direction. So it is reasonable to calculate confinement energy in
growth and lateral direction separately. The quantized energy level of heavy-hole (hh) locates above
100 meV lower than valence band maximum of Ge, viz. confinement energy is about 600 meV, in case
of height of 2 nm. Assuming a parabolic lateral potential, the confinement energy in lateral direction is

roughly given by the harmonic oscillator frequency %o [34],

2™\

1, (d)z v, (3.3)

, where m', d and V, are effective hole mass in the lateral direction, lateral size and effective band
offset of valence band. The m', d and V, are 5.18 x 10 kg for heavy-hole, 30 nm and 300 meV for Ge
QDs of 2 nm height, thus the lateral confinement energy was about 13 meV using an effective mass of
bulk Ge. Holes are confined in Ge in lateral direction, however the confinement energy in lateral

direction is exceedingly small so the fabricated self-assembled QDs seems to behave quantum well

like dots.

Fig. 3.11: 1 x 1 um? AFM images of single Ge QDs on Si substrates grown at 500 °C and rate of 2.8
AJs with growth interruption for (a) 5, (b) 15 and (c) 30 seconds.
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3.4. Capping self-assembled Ge quantum dots by Si

Multiple stacking of self-assembled Ge QDs is essential to enhance absorption of photons in QD
layers. To stack the Ge QD layers, the Ge QDs should be covered by Si before growth of next QD
layer. So we investigated how Si layer thickness is necessary to cap Ge QDs. After formation of Ge
QDs grown at 500 °C and rate of 2.8 A/s, growth interruption was employed for 5 seconds and then Si
layer was grown at 500 °C and rate of 2.5 A/s, i.e. small Ge QDs with high density and better
uniformity are formed as previously shown. Figure 3.13 shows AFM images of surface for samples
grown at Si layer thickness of (a) 2, (b) 6 and (c) 10 nm in addition to RHEED images for respective
samples for Si layer thickness of (e) 2, (f) 6 and (g) 10 nm. Furthermore, (d) and (h) show AFM image
of a Si(001) substrate and RHEED image of sample before growth of Ge QDs as references,
respectively. The root mean square (RMS) of surface roughness was (a) 0.105, (b) 0.103, (c) 0.096 and
(d) 0.206 nm, respectively. The values of RMS are plotted as a function of Si cap layer thickness in
Fig 3.14 as well as that of Ge QDs without Si capping. The RMS values were about 0.1 nm for (a)-(c)
while that of as-grown Ge QD sample was about 0.6 nm, which indicates atomically smooth surface
was obtained by burying Ge QDs. With increasing layer thickness of Si, the RSM slightly decreased.
The surface became smoother with increase in layer thickness of Si probably due to approach to lattice
constant of Si by thicker Si cap layer. Furthermore, RHEED images showed 2 x 1 reconstructed
surface was observed from Si cap layer thickness of 2 nm, since the height of Ge QDs was about 2 nm.
These results indicate that exceeding 2 nm-thick Si layer is enough to bury Ge QDs grown at 500 °C

and rate of 2.8 A/s with growth interruption for 5 seconds.
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Fig. 3.13: AFM images and RHEED images of surface for Ge QDs buried by Si at layer thickness
of 2 nm for (a) and (e), 6 nm for (b) and (f), and 10 nm for (c) and (g), respectively. (d) and (h)
shows AFM images of surface for Si(001) substrates and RHEED images for samples before
growth of Ge QDs, respectively. The scan size of AFM images was 1 x 1 pm®.

.

07F
= +
£ 06}
[2]
& 05}
c
X
D o4l
e |
8 o3l
g o
3 02}
‘S L
2} L [
2 o
m 1 1
0 2
(No Sicap)

Layer thickness of Si cap [nm]

4

6
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3.5. Summary

Dense QDs leads to increase in absorption sites of sufficient photons and it is important for solar
cells application, so we investigated growth conditions of single layer Ge QDs on Si for high density
and high uniformity Ge/Si QDs. By investigating growth conditions, small size uniformity of about
10% and high density of order of 10' are obtained at growth temperature of 500 °C and high
deposition rate of 2.8 A/s. The dense and highly uniform Ge QDs are arisen from suppressed
migration of Ge adatoms. The structural parameters were well remained until growth interruption for
30 s, which suggests energetically stable QDs are obtained. The average height of Ge QDs and lateral
size were about 2 nm and 30 nm, respectively. The confinement energy in growth and lateral direction
are roughly 600 meV and 13 meV, respectively. It is seems that the fabricated Ge QDs behave
quantum well like dots. Furthermore, atomically smooth surface and 2 x 1 reconstructed Si surface are
observed for 2 nm-thick Si capped Ge QDs, so Si cap layer exceeding layer thick of 2 nm is essential

to fabricate multi-stacked Ge QDs.
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Chapter 4. Multi-stacked Ge QDs in Si Matrix

In this chapter, fabrication of multi-stacked Ge QDs in Si matrix is described. The multi-stacked
QDs are essential to absorb sufficient photons in each QD layer. The effect of number of stacks was
studied for the multi-stacked Ge/Si QDs fabricated by employing pulse growth technique consisted of
high deposition rate of 2.8 A/s and growth interruption of 5 seconds. Additionally, influence of spacer

layer thickness on structural and optical properties of multi-stacked Ge/Si QDs was investigated.

4.1. Fabrication of multi-stacked Ge/Si QDs

For solar cells application, multi-stacked QDs are necessary to absorb photons in each QD layer so
we tried to fabricate multi-stacked QD structure. To investigate the effect of new growth conditions
using high deposition rate of 2.8 A/s, we fabricated multi-stacked Ge/Si QDs with spacer layer
thickness of 40 nm by comparing two growth conditions: conventional growth and new growth
methods. Although the fabrication procedure is same with previously described in Chapter 2, different
growth conditions were employed during growth of multi-stacked Ge QDs. The conventional growth
condition employed growth temperature of 560 °C, low deposition rate of 0.2 A/s and layer thickness
of 6.0 ML, named as ‘continuous growth’, while new growth condition used growth temperature at
500 °C, high deposition rate of 2.8 A/s and layer thickness of 5.0 ML, and growth interruption for 5

seconds on the basis of our newly developed method, named as ‘pulse growth’.
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Fig. 4.1: 1 x 1 um® AFM images of (a, b) single Ge QDs and (c, d) 20-layer-stacked on Si
substrate grown by continuous and pulse growth method, respectively.

Figure 4.1 shows 1 x 1 pm? AFM images of single layer Ge/Si QDs grown using (a) continuous
growth and (b) pulse growth methods. The average lateral size, average height, dispersion in lateral
size and areal density were 60.4 nm, 9.9 nm, 6.7% and 7.2 x 10° cm’ for (a), and 29.9 nm, 1.8 nm,
11.1% and 5.6 x 10" cm? for (b), respectively. In general, both a high deposition rate and a low
growth temperature significantly depressed the surface migration length of Ge adatoms, leading to the
generation of high-density nuclei to form QDs. However, it seems to be almost no difference in size
dispersions of 10% for each QD sample, which suggests that QDs were self-assembled under the
influence of a different simple dominant facet in each condition. Fig. 4.1(c) and (d) shows 1 x 1 pm?
AFM images of topmost surface for 20-layer-stacked Ge QDs grown using continuous and pulse
methods, respectively. Further, the dependence of average QD lateral size, height, size dispersion and
areal density of the topmost QDs on the stack number for the sample grown by each growth method
are summarized in Fig. 4.2. Both QD size and lateral size dispersion increased with the increase in the

number of stacks for QDs grown using the continuous growth technique. On the other hand, these
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parameters remained constant for QDs grown using the pulse growth technique even after 20 layers of
stacking. Additionally, high-density pit-structures associated with threading dislocations propagating
to the surface were clearly observed near the QDs in Fig. 4.1 (c). As a result, highly uniform
20-layer-stacked Ge/Si QDs with a high areal density were fabricated using the pulse growth method.
Figure 4.3 shows HAADF-STEM images of 20-layer-stacked Ge/Si QDs grown by (a) continuous
growth and (b) pulse growth method. The inset in Fig. 4.3 (b) shows magnified view of top portion of
20-layer stacked Ge/Si QDs. Vertically aligned QD structure was clearly observed in Fig. 4.3 (a). The
QD size became larger with increasing the number of stacks for (a). Furthermore, it was notable that
dislocations were generated around the QDs after 8 layers of stacking in (a), because a larger QD
generates a stronger strain field around it resulting in the critical thickness being exceeded locally [1].
However, we did not observe simultaneously the generation of dislocations and a vertical correlation
between the regions above and below the QDs as shown in Fig. 4.3 (b). In comparison with QDs
grown using the conventional growth method, QDs grown using the pulse growth method generate
spatially averaged strain fields due to the formation of small, high density QDs [1]. These results

strongly supported AFM observations mentioned above.
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Fig. 4.2: Dependence of structural parameters on number of stacks for multi-stacked Ge/Si QDs
grown by continuous growth and pulse growth.

Threading

dislocation

Fig. 4.3: Cross-sectional HAADF-STEM images for 20-layer-stacked Ge/Si QDs grown by (a)
continuous growth and (b) pulse growth. The inset in (b) is an enlarged image of top portion.

Figure 4.4 shows PL spectra for 20-layer-stacked QDs grown by continuous growth and pulse
growth methods. PL emissions at around 1.08 eV come from Si substrate or Si spacer layers. The PL

linewidth of Si in continuous growth was larger than that in pulse growth probably due to
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interdiffusion of Ge caused by higher growth temperature or degradation of crystal quality induced by
dislocations. PL emission peak from 0.9-1.0 eV would be dislocation related PL emissions [2]. PL
emissions of 0.8 eV arise from Ge QDs. These PL emission peaks are consistent with previous work
[3-6]. The PL peak energy and PL linewidth were 0.806 eV and 98.7 meV for continuous growth, and
0.833 eV and 71.2 meV for pulse growth, respectively. PL intensity of Ge/Si QDs grown by pulse
growth is twenty times stronger than that of continuous growth. The blue-shifted PL peak energy was
observed for Ge/Si QDs grown by pulse growth probably due to quantum size effect caused by smaller
size Ge/Si QDs. Narrower PL linewidth was obtained for 20-layer-stacked Ge/Si QDs grown by pulse

growth. These results indicate that better crystal quality was obtained by using pulse growth technique.

Wavelength [nm]
1600.0 1400.0 1200.0

T T T
——20 QD (Pulse growth) 12K
|- == 20 QD (Continuous growth)

Ge QDs

PL intensity [arb. units]

Energy [eV]

Fig. 4.4: PL spectra measured at 12 K for 20-layer-stacked Ge/Si QDs grown by continuous
growth (dotted line) and pulse growth (solid line). The representatives of Si, Ge QDs, indicates
Si and Ge QDs related PL emission peak. PL emission peaks of the D; and D, associate with
dislocations.
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4.2. Dependence on number of stacks

Next, we tried to fabricate highly-stacked QD structure because highly stacked QD structure is
important to absorb photons in QD layers. Figure 4.5 shows AFM images of topmost surface for (a) 25,
(b) 50, (c) 75 and (d) 100-layer-stacked Ge/Si QDs with spacer layer thickness of 30 nm on Si(001)
substrates. Pyramid-shaped Ge/Si QDs were successfully maintained up to 100-layer-stack. Figure 4.6
shows structural parameters as a function of number of stacks. Height and lateral size were around 2.0
nm and 32.5 nm, respectively. Fluctuation in lateral size was less than 10%. Sheet density was on the
order of 10" cm™. Structural parameters were almost identical for all samples. Furthermore, reciprocal
space mapping around (224) are given in Fig. 4.7. The axes are reciprocal space vector coordinates
and those are related to hkl units. The X-ray peak of Si and satellite peaks (L) of 100-layer-stacked
QDs were vertically aligned, which indicates the relaxation of strain is entirely zero [7,8]. Figure 4.8
shows (a) cross-sectional HAADF-STEM images for 100-layer-stacked Ge/Si QDs in addition to
enlarged HAADF-STEM images of (a) top, (b) middle and (c) bottom portion of the 100-layer-stacked
Ge/Si QDs. The difference of the contrast intensity in Fig. 4.8 (b)-(d) would be caused by different
sample thickness in the direction to transmitting electrons. Ge QDs can be seen with a lateral size of
~25 nm and a height of ~2 nm. Dislocations were not observed after 100-stacks. These results indicate

that no strain relaxation happened, which is good agreement with results of X-ray diffraction.

.,
.
*%

.
c‘.a

Fig. 45: 1 x 1 pm® AFM images of topmost surface for (a) 25, (b) 50, (c) 75 and (d)
100-layer-stacked Ge/Si QDs grown by new growth technique.
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[110]5 —_
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Fig. 4.8: (a) Cross-sectional HAADF-STEM images for 100-layer-stacked Ge/Si QDs. Enlarged
STEM images of (b) top, (c) middle and (c) bottom portion of 100-layer-stacked Ge/Si QDs.

Figure 4.9 shows PL spectra for 25, 50, 75 and 100-layer-stacked Ge/Si QDs with spacer layer
thickness of 30 nm. PL emission peak from Ge/Si QDs was clearly observed for all samples. The PL
peak intensity, peak energy and line width are summarized in Fig. 4.10. The PL intensity became
stronger in proportion to number of stacks, while the PL peak energy of 0.8 eV and the PL linewidth
of 90 meV were almost constant for all the samples. Therefore, crystal quality of Ge/Si QDs was not

deteriorated even in 100-layer-stacked QD structure.
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Fig. 4.9: PL spectra for 25, 50, 75 and 100-layer-stacked Ge/Si QDs with spacer layer thickness
of 30 nm excited by 532 nm green laser with power of 193.5 mW and at temperature of 12 K.
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Fig. 4.10: PL peak intensity, peak energy and line width for 25, 50, 75 and 100-layer-stacked
Ge/Si QDs with spacer layer thickness of 30 nm.
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4.3. Dependence on spacer layer thickness

To create minibands in direction to p-n junction, short inter-dot spacing, i.e. thinner spacer layer
thickness in growth direction, is necessary. Thereupon, the effect of spacer layer thickness was
investigated. Figure 4.11 shows 5 x 5 um? and 1 x 1 pm* AFM images of topmost surface for
20-layer-stacked Ge/Si QDs. The Si spacer layer thickness (ds.) was 40 nm for (a) and (e), 20 nm for
(b) and (f), 10 nm for (c) and (g), and 6 nm for (d) and (h). Pyramid-shaped Ge/Si QDs were
maintained from ds. = 10 to 40 nm. In Fig. 4.11 (d) and (h), aggregation of Ge QDs were observed
due to stronger stain fields established by Ge QDs. Multi-stacked Ge QDs were successfully grown
without larger and aggregated Ge islands by using spacer layer thickness until 20 nm. Figure 4.12
shows structural parameters as a function of ds . Height, lateral size and dispersion in lateral size
increased with decrease in ds;, whereas areal density decreased. The lager QD size accompanying with
lower density is caused by local strain induced by buried Ge QDs in Si matrix. That is supported by
cross-sectional HAADF-STEM images as shown in Fig. 4.13. Misfit dislocations and significant
interdiffusion between Si and Ge were not observed in all the samples. We confirmed that the inter-dot
spacing fabricated in this study was 38 nm for (a), 18 nm for (b), and 8 nm for (c), since the height of the
buried QDs were almost identical value of 2 nm. The QD pairing ratio was used as a parameter to
compare the stacking configuration for each sample, with the QDs considered paired if the center of a
QD is above the surface occupied by a QD underneath, which equals to number of the paired QDs
divided by total number of QD. The pairing ratios of stacked Ge QDs were determined to be 7.1% for
(a), 36.0% for (b), and 82.7% for (c). A nucleation site of QDs is generally affected by the strain field
caused by underlying QDs [9,10] as well as the step structure of the surface, because the stress on the
crystal surface is a natural driving force for nanostructure formation in lattice mismatch growth. The
buried Ge QD under Si layer thickness of L at position x = 0 causes the strain fields on surface ¢ and

the relationship of the ¢ with lateral position x is given in following equation [1]:

-74 -



(4.1)

ex)=C [1 - 317 ]

(x2 + L2)3/2 (x%2+ L?)

, Where C is proportional to the volume of the buried QDs, the misfit and the elastic constants. For
single buried QD in Si, favored nucleation site is x = 0, which means directly above. Furthermore,
thinner Si layer thickness results in stronger strain fields. For many buried QDs in Si, the ¢ strongly
overlap when the average spacing in initial QD layer is smaller than the spacer layer thickness [1] and
thus energetically favored nucleation sites decrease. These results suggest that the thicker dg. = 40 nm
homogenizes the strain field of the surface before the deposition of Ge, while the local strain field is
strong enough to generate a nucleation site just above a QD array in the thinner ds; = 10 nm, resulting in

a decrease in areal density.

Fig. 4.11: 5x 5 pm?and 1 x 1 um? AFM images of topmost surface for 20-layer-stacked Ge/Si QDs
with dg. = (a) and (e) 40, (b) and (f) 20, (c) and (g) 10, and (d) and (h) 6 nm, respectively.
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Fig. 4.13: Cross-sectional HAADF-STEM images for the top portion of 20-layer-stacked Ge QDs
with ds;. = (a) 40 nm, (b) 20 nmand (c) 10 nm.
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Figure 4.14 shows the PL spectra for sample with different ds. measured at 12 K. The wavelength
and power of excitation source were 532 nm and 97.0 mW, respectively. PL emission peaks at around
0.8 eV and 1.08 eV were observed from Ge QDs and bulk Si, respectively, as mentioned above. The PL
emission for sample (d) was extremely weak probably due to defect formation in aggregated QDs. The
PL peak energy and full width at half maximum (FWHM) are 0.831 eV and 70.5 meV for (a), 0.829 eV
and 68.1 meV for (b), and 0.816 eV and 91.1 meV for (c). The relationship of PL parameters with
spacer layer thickness is summarized in Fig. 4.15. Significant decrease in PL intensity was observed in
ds. =10 nm. As ds decreased, the PL peak energy reduced. The PL peak energy of QDs are generally
affected by various factors such as Si-Ge alloying due to interdiffusion [11-13], quantum confinement
[8,14], and electronic coupling of QDs [14-16]. If the interdiffusion between Si and Ge is a dominant
factor in determining the PL peak energy, it should shift to higher energy according to the change in
effective QD size. In structural characterization, strong interdiffusion was not observed in our stacked
QD configurations. Thus, the reduction of PL peak energy and broadening of PL emission possibly
arises from quantum size effect of larger Ge QDs or electronic coupling of quantum states in vertically

stacked Ge/Si QDs.
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Fig. 4.14: PL spectra for 20-layer stacked Ge QDs with ds_ = (a) 40 nm, (b) 20 nm, (c) 10 nm and
(d) 6 nm measured at 12 K.
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1/3

Figure 4.16 shows PL peak energy as a function of third root of excitation intensity ((Pex.) ") for each

3 for all the samples. In

QD sample. It can be seen that the PL peak energy is proportional to (Peyc)
general, type-1l heterostructures in Ge/Si QDs form a dipole layer at the interface because of spatial
separation of holes confined in the Ge QDs and electrons in the Si spacer layer accumulated around the
Ge QDs. The accumulated electrons generate quantized energy state of electrons and the energy levels
are proportional to the third root of the excitation power [17-20]. On the other hand, PL peak energy of

InGaAs/GaAs QDs showing band lineup type-1 are independent of excitation power [21]. The

relationship between the quantized energy level of the electron and the excitation power are explained
by:
Ee = b(Pexe)/? (4.2)

, Where b is a factor defined by the following equation [21]:

b o (9_71_)2/3( hZ )1/3 <2nez>2/3 <a(dSL + dQD)2>1/3 (43)
8 2m, €o V4

, Where mg, e, €, o, ds;, dop, and y are effective electron mass, elementary charge, dielectric constant,
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absorption coefficient, thickness of the spacer layer, thickness of the QD layer, and radiative
recombination coefficient, respectively. In our calculation results, b values were almost the same for (a)
and (b) at 2.03(meV)?® and 2.31(meV)??, respectively, while larger for (c) at 5.62 (meV)??. Most
parameters are identical for all samples, except for ds,and y, though thinner ds; should be responsible for
smaller b. Therefore, larger b for ds. = 10 nm is due to smaller y, which suggests the radiative
recombination coefficient for ds. = 10 nm was reduced. Figure 4.17 shows normalized integrated PL
intensity and integrated QD density as a function of ds.. The increasing rate of integrated PL intensity
with ds. seems to correspond that of QD density. Thus, the reduction of PL emission intensity as shown
in Figures 4.14 is due to the suppression of radiative recombination caused by decreased QD density,
which leads to smaller y and thus larger b. Though, theoretical calculation based on six-band k4 model
mentioned that splitting of hole energy state caused by residual strain around Ge QDs may result in
appearance of electrically coupled QD states even if the dot separation exceeds 3-4 nm [22], the
interconnection of envelope function in Ge/Si system ideally appears from inter-dot spacing of less

than 3-4 nm [23-25].

]
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Fig. 4.16: PL peak energy as a function of third root of excitation power for 20-layer-stacked Ge
QDs with ds_ = 40, 20 and 10 nm at 12 K. The fitted lines are shown as dotted line.
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4.4, Summary

Multi-stacked Ge/Si QDs with spacer layer thickness of 30 nm were successfully grown up to
100-layer without deterioration of crystal quality by employing the new growth method consisted of
high deposition rate of 2.8 A/s and growth interruption of 5 seconds. Furthermore, larger Ge/Si QDs
and aggregated Ge/Si islands were generated for 20-layer-stacked QDs with spacer layer thickness of
10 nm and 6 nm, respectively. Thus, growth of 20-layer-stacked Ge/Si with thicker spacer layer
thickness than 20 nm was possible due to both weak strain fields induced by small QDs and diluted
strain fields by thicker spacer layer. Vertically aligned QD structure was clearly observed in spacer
layer thickness of 10 nm, since the stronger strain field by thin spacer layer thickness. PL excitation

power dependence indicated that fabricated Ge/Si QDs were type-1l band lineup.
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Chapter 5. Ge QDs in Si,,C, Matrix for Strain Compensation

This chapter presents results of fabrication of Ge/Si;,C, QDs. To form minibands in direction to p-n
junction, growth of multi-stacked QDs with thinner spacer layer thickness thinner than ~4 nm is
necessary. QDs are able to couple electrically due to short inter-dot spacing and thus minibands is
formed. In chapter 4, 20-layer-stacked Ge/Si QDs with spacer layer thickness of 20 nm were grown,
however increase in QD size and aggregation of QDs were observed in the thickness thinner than 10
nm due to stronger strain fields induced by Ge QDs. To improve this problem, we focused on the
strain compensation technique which is possible to compensate the QD induced compressive strain by
tensile stress in spacer layer. For Ge QDs on Si substrates, Si;4Cy spacer layer are able to be strain
compensating spacer layer. By employing Si;C, spacer layer, it is possible to fabricate electrically
coupled, multi-stacked QDs without aggregation of QDs. For this reason, we grew Si;Cy layer on
Si(001) substrates firstly. Next, Ge QDs were grown on Siy,C, layers. Then, multi-stacked Ge/Si;Cy
QDs were fabricated. The effect of spacer layer thickness on multi-stacked Ge/Si;Cx QDs was

studied.

5.1. Introduction

As described in Chapter 1, thinner spacer layer thickness is critical to form minibands in growth
direction, however it is difficult to fabricate multi-stacked QD structure with thin spacer layer
thickness since self-assembled QDs accompany the strain arisen from difference of lattice constant in
hetero epitaxial growth. Both crystalline Si and Ge are diamond lattice structure and the lattice
constant of Ge and Si are 5.431 A and 5.657 A, respectively. In hetero epitaxial growth of Ge on Si,
in-plane lattice constant of Ge corresponds to lattice constant of Si, meanwhile out-plane lattice

constant become larger due to elastic deformation induced by compressive strain. The schematics of
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hetero epitaxial growth of Ge on Si are illustrated in Fig. 5.1. The lattice mismatch f is quantitative
measure of structural difference between the epitaxial films and substrates, which is defined as the
relative differences of the lattice constants of the film (a;) and the substrate (a.)

f= % (5.1)

in case of hetero epitaxial growth of Ge on Si, f = 4.2 %.

Ge layer

=— II II II II II II II ee—|
compressive
strain

Si substrate

o—0 0
o—0 0
o—0 0
o—90 0
o—0 ¢
o—0©
7

&

o

Fig. 5.1: Schematic image of interface in hetero-epitaxial growth of Ge on Si. The ag and c
are common lateral lattice constant of Si, elastically deformed vertical lattice constant of Ge,
respectively.

The lattice mismatch limits stacking QD layers up to some critical layer thickness. Once exceeding
the critical thickness, bond breaking and dislocation is preferred due to relaxation of accumulated
stress. Self-assembled QDs create the inhomogeneous strain fields which affects growth of QDs on
above layer [1]. In particular, it is notable when spacer layer thickness between QD layers becomes
thinner. Consequently, QD size becomes larger until generation of dislocation.

To prevent increase in QD size and generation of dislocations, strain compensated technique is

developed. In the strain compensated multi-stacked QD structure, tensile stress in spacer layer
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compensates the compressive stress established by the QDs [2,3]. The schematic concept of strain
compensated QD structure is shown in Fig. 5.2. For generating tensile stress in spacer layer, the spacer
layer should possess smaller lattice constant than substrate. So far, the strain compensation is
demonstrated in InAs/InAlGaAs QDs on InP(311) substrates [4], INAs/GaNAs QDs on GaAs(001)
[5,6]. By employing strain compensation technique, highly-stacked QDs with better crystal quality are
achieved without increase in QD size and generation of dislocation. Hence, the technique improved

properties of solar cells [7-9].

Compressive stress QD layer

Tensile stress Strain compensated layer

Si substrate

Average strain: Compensated

Fig. 5.2: Schematic concept of strain compensation technique.

From these achievements, we concentrated on applying the strain compensation technique to Ge/Si
QDs for thinner spacer layer thickness. In case of Ge QDs on Si substrate, a candidate of the spacer
layer is carbon (C) incorporated Si, viz. Si,..C, layer. The lattice constant of C is 3.567 A. According
to Vegard’s law, the lattice constant principally could be changed from 3.567 A to 5.6575 A in Si;,Cy
alloy, however substitutional carbon incorporation exceeding few percent is difficult owing to
significant small thermal equilibrium solubility of C into Si of the order of 10"” atoms/cm®. So MBE is

appropriate to grow Si;Cy layer on Si and actually few percent of C is successfully incorporated into
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Si because the growth mode of MBE is not governed by thermodynamics but by kinetics [10]. The
content is estimated by equaling average strain of QD layer with that of spacer layer,

dqp " €p = —dsi, " &1, (5.2)
, Where dqp is layer thickness of QD layer, eqp is lattice mismatch of QD layer, ds, is layer thickness
of spacer layer, es. is lattice mismatch of QD layer, respectively. The eqp and es. are described as

follows by using lattice constant of substrate (a,,), QD layer (aqp), and spacer layer (agy,),

£qp = agp — Asub (53)
Asub

- Qsy, — Agyp (54)
St Asub

, for example, C content is 1.73% when dqp and dg;, are 5 ML corresponding to 1.3145 nm and 10

nm, respectively.
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5.2. Growth of Si;,C, layers on Si

For growth of Si;Cy layers on Si(001) substrates, effect of C cell temperature, i.e. C flux, was
investigated. The Si;Cy layer was grown at 500 °C by simultaneous deposition of Si and C. The Si is
heated by a electron beam gun. For C source, a C filament cell is used. The deposition rate of Si was
2.8 A/s. Figure 5.3 and 5.4 shows RHEED images and 20 x 20 um? AFM images for 500 nm-thick
Si;«Cy layers grown on Si(001) substrates at C-cell temperature of (a) 1000 °C, (b) 1100 °C, (c) 1200
°C, (d) 1300 °C, (e) 1400 °C and (f) 1500 °C, respectively. The maximum temperature of C-cell is

1500 °C in our equipment.

Almost identical RHEED patterns of 2x1 reconstructed Si(001) surface were obtained for samples
(a)-(e) as shown in Fig. 5.3, while it became obscure for sample (f) in Fig. 5.3. The RHEED pattern for
sample (f) suggests formation of micro-roughness on the surface or degradation of crystal quality.
From AFM images, islands growth was not observed for all samples. The root mean square (RMS) of
the surface roughness was 5.11, 4.21, 3.32, 2.90, 5.17 and 4.44 A for (a), (b), (c), (d), (e) and (f),
respectively. The relationship of the RMS with C-cell temperature is shown in Fig. 5.5. The RMS
seems to be no relationship with C-cell temperature. Thus, observed obscure RHEED in (f) probably

arises from deterioration of crystal quality.

-88 -



Fig. 5.3: RHEED images for Si;.,C layer grown on Si(001) substrates at C-cell temperature of
(a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C and (f) 1500 °C.

[110] 4 g
I—v [110]

Fig. 5.4: 20 x 20 pm* AFM images for Si;..Cy layer grown on Si(001) substrates at C-cell
temperature of (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C and (f) 1500 °C.
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Fig. 5.5: RMS of surface roughness for Si;,C, layer grown on Si(001) substrates at C-cell
temperature (T.) of (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C and (f) 1500
°C.

Figure 5.6 shows w-26 scans for Si;,C, layers grown on Si(001) substrates at C-cell temperature of
() 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C and (f) 1500 °C. The X-ray peak
appeared in higher angle region after temperature exceeded 1300 °C. In w-26 scan around (004), X-ray
peak arise from (004) reflection of epitaxial layers and substrates. If C is substitutionally incorporated
into Si, the Siy,C, epitaxial layer is deformed and the out-plane lattice constant shrink due to tensile
strain induced by lattice mismatch between Si,.Cy layer and Si substrate. The smaller lattice constant
results in appearance of X-ray (004) reflection in higher angle. Therefore, the appeared X-ray peaks
were related to the Si; «Cy layers. The estimated C content in the Si;.«Cy layers (x) were depicted in Fig.
5.7. The x was roughly 0.0004-0.0005 from 1300 to1500 °C. This indicates that C incorporated into Si
but C content is not dependent on C-cell temperature in range of 1300-1500 °C. The increased C-cell
temperature leads to increase in C flux. If carbon substitutionally incorporates into Si, C content in
Si14Cy increases with increasing C-cell temperature. The C content was independent of the C-cell
temperature. Additionally, dim RHEED pattern was observed for sample grown at C-cell temperature

of 1500 °C. These results suggest that C atoms interstitially incorporated into Si and therefore C
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content was not changed. Hence, C-cell temperature of 1400 °C is better for growth of Siy,C, layers

on Si(001) substrates, since the Si;Cy related X-ray peak were observed in Fig. 5.6 without darker

RHEED pattern.
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Fig. 5.6: w-26 scan for Si;Cy layers grown on Si(001) substrates at C-cell temperature (T.) of
(a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1300 °C, (e) 1400 °C and (f) 1500 °C.
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Fig. 5.7: C concentration of Siy,C layers grown on Si(001) substrates at C-cell temperature (T).
Solid line is visual guide.
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For strain compensation of compressive stress induced by QDs, few percent of C content is
necessary. To increase C content in Si;.Cy layer, ratio of Si to C was modified by changing deposition
rate from 1.0 A/s and 2.8 A/s. Figure 5.8 shows (a) The w-26 scans for Si;.,C layers grown on Si(001)
substrates at C-cell temperature of 1400 °C and (b) C concentration plotted as a function of deposition
rate. The w-26 scans were almost identical peak. The content of carbon was around 0.0005 and it was

hardly changed by deposition rate, possibly due to very low thermal equilibrium solubility of about

17 3
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Fig. 5.8: (a) w-26 scans for Si;,C, layers grown on Si(001) substrates at C-cell temperature of
1400 °C and (b) its C concentration.
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5.3. Growth of single layer Ge QDs on Sig.g995Co.0005 layer

At the beginning, we grew Ge QDs 0on Sig gg95Co.0005 BY Using growth temperature at 500 °C and high
deposition rate of 2.8 A/s, since dense and uniform Ge QDs on Si were obtained at 500 °C by using
high deposition rate of 2.8 A/s. Figure 5.9 shows AFM images of topmost surface for single layer
Ge/Sio.e005Co.000s QDS on Si(001) substrates at 500 °C and rate of (a) 2.8 A/s and (b) 2.6 A/s. The mean
height, mean lateral size, dispersion in lateral size and areal density were 2.5 nm, 33.9 nm, 14.1% and
1.1 x 10* cm™ for (a), and 1.5 nm, 27.5 nm, 9.7% and 1.2 x 10" cm™ for (b), respectively. Larger
dome-shaped QDs were observed in (a), which means bimodal size distribution was realized for (a).
The dome-shaped Ge QDs on SiggeesCog00s Was generated owing to advanced nucleation process
induced by suppression of migration by C atoms. C atoms repel Ge adatoms and thus migration of Ge
adatoms are suppressed [11-13] because bonding between Ge and C is not energetically favored [14],
which leads to advanced nucleation process in comparison with pure Si surface. As previously shown
in section 4.1, larger size dome-shaped QDs can be origin of dislocation in multi-stacked QD structure
so we decreased growth rate from 2.8 A/s to 2.6 A/s to prevent generations of larger QDs. Accordingly,
Ge/Sig.9995Co.0005s QDS were obtained without larger dome-shaped QDs in (b). So, deposition rate of 2.6

AJs is appropriate to fabricate multi-stacked Ge/Sig gee5Co.0005 QDS.

Fig. 5.9: 1 x 1 pmz AFM images of topmost surface for Ge/Sig.go95Co.000s QDS on Si(001)
substrates at 500 °C and rate of (a) 2.8 A/s and (b) 2.6 A/s.
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Next, we fixed deposition rate of 2.6 A/s and changed layer thickness of Ge to confirm appropriate
layer thickness for growth of Ge QDs on SiggeesCoa00s layers. Figure 5.10 shows AFM images of
Ge/Sig.9905Co.0005 QDs with layer thickness of (a) 2.8 ML, (b) 3.7 ML, (c) 4.6 ML and (d) 5.5 ML. No
Ge QDs were observed in (a). Smaller Ge QDs were generated in (b) and it became denser in (c).
Lager dome-shaped Ge QDs were observed in (d). The average height, average lateral size, fluctuation
in lateral size and areal density were 1.4 nm, 25.6 nm, 13.4% and 1.54 x 10*° cm™ for (b), 1.8 nm, 26.9
nm, 11.4% and 1.38 x 10" cm™ for (c), and 2.0 nm, 28.5 nm 14.5% and 1.45 x 10'° cm™ for (d),
respectively. The relation between these structural parameters and layer thickness are depicted in Fig.
5.11. The Height and lateral size increased with increasing Ge layer thickness. Both small size

dispersion and high density were obtained at 4.6 ML-thick Ge layer.

From optimization of growth condition of Ge QDs on SiggeesConoos layers, dense and better
uniformity were obtained by employing growth temperature of 500 °C, deposition rate of 2.6 A/s and
layer thickness of 4.6 ML. Compared with Ge QDs on Si, slightly low deposition rate and few layer
thickness was preferred for growth of Ge QDs 0on Sig.e995Co.000s OWiNg to advanced nucleation process

induced by repulsion of Ge atoms by C atoms.

Fig. 5.10: 1 x 1 um2 AFM images of topmost surface for Ge/SipgeesCo000s QDS on Si(001)
substrates grown at 500 °C and deposition rate of 2.6 A/s with layer thickness of (a) 2.8 ML, (b)
3.7 ML, (c) 4.6 ML and (d) 5.5 ML.
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Fig. 5.11: Structural parameters of Ge/Sig gg05Co.0005 QDS as a function of Ge layer thickness.
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5.4. Fabrication of multi-stacked Ge/Sig.gg95Co 0005 QDS on Si

Figure 5.12 (a) and (b) shows AFM images of topmost surface for 5-layer and 10-layer-stacked
Ge/Sig.0995Co.0005 QDs with spacer layer thickness of 40 nm, respectively. Their average height, average
lateral size, fluctuation in lateral size and areal density are plotted as a function of number of stacks in
Fig. 5.13 (open circle). With increasing number of stacks, the height, lateral size and fluctuation in
lateral size increased whereas the areal density decreased. This is due to interface roughness shown in
Fig 5.14 (a) BF-STEM images and (b) HAADF-STEM images for 10-layer-stacked Ge/Sig.9995C0.0005
QDs. An unexpected undulation at the heterointerface between the Ge QDs and the underlying spacer
layer was observed for (a) and (b). To overcome the non-uniform size and decreasing density,
Si.0005Co.0005 Spacer layer was sandwiched by 2 nm-thick Si interlayers (ILs). The schematic structure
of multi-stacked Ge/Sig.g995Co.0005s @Ds with Si ILs is illustrated in Fig. 5.15. Composite structures of
36 nm-thick Sipe905Co.0005 layers sandwiched by 2 nm-thick Si were used for spacer layers. Closed
circle in Fig. 5.13 shows structural parameters of multi-stacked Ge/Siggg95Co.000s QDS with Si ILs. In
contrast to those of Ge/Sig.g995Co.000s QDS Without Si ILs, the height, lateral size and areal density were
successfully maintained up to 20-layer-stacks. The size uniformity was improved to around 12% by
introducing Si ILs owing to smoother heterointerface between the Ge QDs and the underlying spacer

layer in Fig 5.14 (c) and (d).

Furthermore, PL measurements were performed at 13 K for 10-layer-stacked (a) 5.0 ML-thick Ge/Si
QDs, (b) 4.6 ML-thick Ge/Siggge5Co.000s QDs without 2 nm-thick Si ILs, and (c) 4.6 ML-thick
Ge/Sip.9995Co.000s QDS with 2 nm-thick Si ILs. The PL spectra are shown in Fig 5.16. Si related PL
emission peak of 1.08 eV for Ge/Si QDs were shifted towards lower energy region for Ge/Sig.g9995Co.0005
QDs due to bandgap energy reduction arisen from C incorporation into Si [15-17]. The reduction of
band gap is caused by the local strain around the substitutional C atoms and it appears in a low

concentration of carbon in Si;,C, alloy, which means the bowing of bandgap energy [18]. The broad
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PL emission from 0.90 to 1.0 eV would come from no-phonon transition and TO phonon replica of Ge
wetting layers [19,20]. PL intensity and linewidth of Ge/Sig.g995Co.0005s QDS With Si interlayers became
stronger and narrower than that of Ge/Sig gg95Co.000s QDS without Si ILs, respectively. The intensity and
linewidth was not comparable with that of Ge/Si QDs. This means crystal quality of Siggg95Co.0005
layers was not as well as that of Si layer. The PL peak energy and PL line width were 0.818 eV and
85.2 meV for (a), 0.845 V and 198.2 meV for (b) and 0.828 V and 96.7 meV for (c), respectively. The
PL peak energy for (c) was shifted toward the blue region of approximately 10 meV compared with
that for (a). This was caused by an increase in the local strain fields around the QDs, due to the tensile
strains caused by the Sige905Co.0005 Spacer layers and/or by the strong confinement effects occurring as
a result of the formation of smaller Ge QDs on the combined set of Sig.g995Co.0005 Spacer layers and Si
ILs compared with the Ge QDs formed on the plain Si spacer layers. Therefore, the Si ILs helps to
improve both the uniformity of QD and the heterointerfaces formed at the surface of the Ge QDs, and

thus it improved the optical properties.
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Fig. 5.12: 1 x 1 pm? AFM images of topmost surface for (a) 5-layer and (b) 10-layer-stacked

Ge/Sig.9995Co.000s QDs and for (a) 5-layer and (b) 10-layer-stacked Ge/Sig.g995Co.0005 QDS With 2
nm-thick Si interlayers, respectively.
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Fig. 5.13: Structural parameters as a function of number of stacks for Ge/Sig g995Co.0005 QDS
(open circle) and Ge/Sig.9995Co.000s QDS with 2 nm-thick Si interlayers (closed circle).
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without Si interlayers (a,b) and with 2 nm-thick Si interlayers (c,d), respectively.
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Fig. 5.15: Schematic structure of multi-stacked Ge/ Sig.g995Co.000s QDS With Si interlayers.
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5.5. Dependence on spacer layer thickness

For electrically coupled QDs, short inter-dot spacing less than 4 nm is required so the spacer layer
thickness was reduced and effect of spacer layer thickness was studied. Figure 5.17 shows 5 x 5 pm?
and 1 x 1 pm? AFM images of topmost surface for 20-layer-stacked Ge/Sioeee5C0.0005s QDS with 2
nm-thick Si ILs and Sig.g995Co.0005 SPacer layer thickness (ds.) of (a) and (e) 2, (b) and (f) 6, (c) and (g)
16, and (d) and (h) 36 nm, respectively. The generation of larger coalesced Ge QDs was suppressed
even in ds. = 6 nm in contrast to Ge/Si QDs in section 4.3. Figure 5.18 shows the dependence of
structural parameters for (a) 20-layer-stacked Ge/Siggg995Co.000s QDS with 2 nm-thick Si ILs (open
circle) on spacer layer thickness and (b) that for 20-layer-stacked Ge/Si QDs is added in Fig. 5.18
(closed circle). The QD size increased for both samples. The fluctuation in lateral size for (a) tended to
decrease with decrease in spacer layer thickness, while that for (b) monotonically increased with
decreasing the spacer layer thickness. Decrease in the areal density, accompanied by increase in QD
size, was observed from ds. = 10 nm to 6 nm for both the structures, though the decreasing rate of the
areal density for (a) was much smaller than that for (b). In general, the second sheet of QDs grows in
the strain field created by the buried first sheet of QDs in a multi-stacked configuration. This type of
vertical correlation is observed in various material systems, including Ge/Si [1,21,22]. In the
Ge/Sig.a995Co.0005s QD system, the tensile-strained Sigge95Co.000s Spacer layers seem to compensate a
certain fraction of strain field induced by the Ge QDs, though 1.7% of C content in strain
compensating Si;Cy layers would be still necessary to completely compensate the compressive strain
for ds. = 10 nm. Furthermore, the strain fields become stronger with increase in QD size. So the author
thinks that the suppression of appearance of aggregated Ge QDs achieved by both compensation of

certain fraction of strain field and weaker strain fields induced by smaller QDs.
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Fig. 5.17: 5 x 5 um® and 1 x 1 pm? AFM images of topmost surface for 20-layer-stacked
Ge/Sig9995Co.0005s QDs with 2 nm-thick Si interlayers and Sigg995Co.0005 Spacer layer thickness of (a)
2, (b) 6, (c) 16 and (d) 36 nm, respectively.
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Fig. 5.18: Dependence of structural parameters on spacer layer thickness for (a) 20-layer-stacked
Ge/Sig.9995Co.000s QDs with 2 nm-thick Si interlayer (open circle) in addition to (b) that for
20-layer-stacked Ge/Si QDs (closed circle).
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Figure 5.19 shows PL spectra for 20-layer-stacked Ge/Sig.ge95Co.000s QDS with ds_ including Si ILs =
(a) 40 nm, (b) 20 nm, (c) 10 nm and (d) 6 nm. The Sig5Co.0005 related PL emission peak were
observed around 1.05-1.06 eV for (a), (b) and (c), and it shifted to 1.1 eV for (d) probably due to
relatively few amount of Sigge95Co 0005 layers. The PL emission peak from 0.9 eV to 1.0 eV probably
arose from no-phonon transition and TO phonon replica of Ge wetting layers. The PL emission peak of
about 0.8 eV related to Ge QDs and it was observed even in ds. = 6 nm. The PL peak energy and PL
linewidth were 0.839 eV and 81.0 meV for (a), 0.823 V and 81.5 meV for (b), 0.806 V and 105.7 meV
and (d) 0.797 V and 148.6 meV, respectively. The PL parameters are summarized in Fig. 5.20. The PL
peak energy decreased with decrease in ds., while the PL linewidth increased. The redshifted PL peak
energy is due to quantum size effect [20] or electric coupling between Ge QDs [23-25]. The
incremental difference of peak shift was about 40 meV from ds. = 6 to 40 nm. The change of
guantized energy level should be roughly 20 meV by regarding the self-assembled QDs as quantum
well [26], which is not consistent with experimental results. The broaden PL emissions with decreasing
ds. were inconsistent with fluctuation in lateral size as show in Fig. 4.40. Furthermore, PL intensity
increased at spacer layer thickness of 6 nm possibly due to enhanced spatially direct transition accrued
from electrically coupled QDs. These results suggests electric coupling between Ge QDs, i.e. creation
of minibands, since inter-dot spacing is 4 nm in growth direction for samples with the spacer layer
thickness of 6 nm, which is enough thin to occur the electric coupling as previously mentioned in

section 1.4.
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Fig. 5.20: PL peak energy, PL line width and PL intensity of 20-layer-stacked Ge/Sig.g995Co.0005
QDs with 2 nm-thick Si interlayers as a function of spacer layer thickness.

Figure 5.21 shows PL peak energy as a function of third root of excitation intensity ((Pex.)") for (a),
(b), (c) and (d) in Fig 5.19. The PL peak energy was proportional to (Pe)" for all samples. This

indicates type-I1 heterointerface was realized even in Ge/Sig995Co.000s QDS as explained in section 4.3.
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This is the good demonstration of previously suggested type-1l band lineup for Ge/Si;Cyx QDs
[18,27,28]. The slope b values were for 3.45, 1.38, 2.52, and 5.84 (meV)?* for dg. = 40, 20, 10 and 6
nm, respectively. Furthermore, the larger slope b values were obtained for ds. = 6 nm in comparison
with dg. from 10 to 40 nm. Although the QD density decreased for ds. = 6 nm, PL intensity increased
in Fig. 5.19. The larger slope seems to be not related to decrease in density. In ds. = 6 nm, inter-dot
spacing is less than 4 nm in growth direction. It is possible to start overlapping of wave function in
Ge/Si material system as previously mentioned [29-32]. The pronounced buleshift of PL peak energy
caused by high excitation power were observed for InGaAs/GaAs QDs employing enough short
inter-dot spacing to form minibands [33]. Therefore, the author believe the miniband was established

in Ge/Siy 9995Co 0005 QDS with dg. = 6 nm.
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Fig. 5.21: PL peak energy for 20-layer-stacked Ge/Sigg995Co.000s QDS With ds; including Si ILs =

(a) 40 nm, (b) 20 nm, (c) 10 nm and (d) 6 nm as a function of third root of excitation power. The
fitted lines are shown as solid line.
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5.6. Summary

Structural and optical properties of multi-stacked Ge/Si;Cyx QDs were studied. Firstly, growth of
Si;«Cy layers on Si substrates was investigated. The Si;,C layer with better crystal quality were
grown by C-cell temperature at 1400 °C and C content was 0.0005. The incorporation of C atoms in Si
seems to be governed by low thermal equilibrium solubility. Secondly, single layer Ge QDs on
Si.9095Co.0005 layers were grown. Appearance of larger dome-shaped QDs was suppressed by reducing
deposition rate from 2.8 A/s to 2.6 A/s. The nucleation process of Ge QDS 0n Sio.geesCo.000s Was
influenced by C atoms since C atoms repel Ge due to not energetically favored C-Ge bonding so slight
low deposition rate of 2.6 A/s was better to obtain uniform Ge QDs on Sig.ge95Co.0005 layers. Thirdly,
the Ge/Sig.g995Co.0005s QD layers were stacked. The multi-stacked Ge/Sig g995Co.000s QDS Were grown well
by introducing 2 nm-thick Si interlayers between Sigg995Co.0005 layers owing to prevention of rough
heterointerface between Ge QDs and Sig ¢995Co.0005 layers. It is thought that the Si interlayers terminate
C atoms on Sig gge5Co.0005s and suppress the Ge-C bonding. Finally, effect of spacer layer thickness was
investigated. In comparison with multi-stacked Ge/Si QDs, generation of aggregated Ge islands were
not observed for multi-stacked Ge/Sigg995Co.000s QDS even for spacer layer thickness of 6 nm due to
slightly compensated strain induced by Ge QDs and weaker strain fields established by smaller Ge
QDs. PL emission peak from Ge QDs were observed from spacer layer thickness from 6 to 40 nm and
it showed characteristics of type-11 band lineup. By decreasing spacer layer thickness from 40 to 6 nm,
PL peak energy redshifted from 0.839 to 0.797 V, viz. the incremental difference of peak shift was
about 40 meV, owing to quantum size effect and/or electric coupled QDs. The change of quantized
energy level should be 20 meV by regarding the self-assembled QDs as quantum well, which is not
consistent with the experimental results of 40 meV. Furthermore, PL intensity increased at spacer layer
thickness of 6 nm possibly due to enhanced spatially direct transition accrued from electrically

coupled QDs. The author believes that these results suggests electric coupling between QDs.
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Chapter 6. Application of Multi-stacked Ge QDs to Solar Cells

In this chapter, multi-stacked Ge/Si QDs and Ge/Sig.g995Co.000s QDS Were applied to solar cells. In the
beginning, trial fabrication of Ge/Si QD solar cells was carried out. Next, the author examined effect
of number of stacks on solar cells properties. Then, effect of infrared irradiation on Ge/Si QD solar
cells was investigated. Furthermore, Ge/Si QD solar cells and Ge/Sigo995Co.000s QD solar cells were

compared. Finally, dependence of solar cells properties on spacer layer thickness was studied.

6.1. Fabrication procedures of solar cells

For solar cells structure, the author fabricated Si heterojunction solar cells using hydrogenated
amorphous Si (a-Si:H). Generally, the Si heterojunction solar cells are fabricated by low temperature
process of around 180 °C in comparison with conventional Si solar cells using the p-n junction formed
by thermal diffusion of dopants at around 900 °C, which has advantage of fabrication of Ge/Si QD
solar cells. Ge-Si intermixing occurs easily so low temperature process enable to maintain as-grown
Ge/Si QD structure. To fabricate solar cells, Si capped multi-stacked Ge QDs were cleaned by
chemical solutions. Although the cleaning procedure was almost same with the procedure in Fig. 2.6,
after the process-10, samples were dipped into diluted hydrofluoric acid (2% dHF) for 2 min and then
they were rinsed in pure water. The samples were loaded into PECVD chamber as soon as possible
after the cleaning procedures. Subsequently, intrinsic type a-Si:H was deposited on Si capped
multi-stacked QDs at 150 °C and then n-type a-Si:H was deposited at 180 °C. The intrinsic a-Si:H is
widely used to reduce surface recombination effectively [1-3]. The flow rate of SiH,, pressure, RF
power were 20 sccm, 7 Pa and 30 W for i-layer, respectively. For n-layer, SiH, and PH; were
simultaneously provided at the rate of 10 and 100 sccm, respectively at the pressure of 10 Pa and RF

power of 40 W. Following deposition of indium tin oxide (ITO) on p-n junction formed samples by
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magnetron sputtering, silver (Ag) was deposited by vacuum evaporation for front electrode. Finally,

aluminum (Al) was deposited by vacuum evaporation for rear electrode.
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6.2. Trial of Ge/Si QDSCs fabrication

First, we tried to fabricate 100-layer-stacked Ge/Si QD solar cells and the schematic cell structure is
shown in Fig. 6.1. Ga doped 2 um-thick p-type/1 um-thick p*-layer were grown on Si(001) substrate
with resistivity of 0.01 Qcm and then 100-layer-stacked Ge/Si QDs with spacer layer thickness of 30
nm were fabricated by using the pulse growth technique. After cleaning samples by using some
chemical solutions as described in section 6.1, 10 nm-thick i-type and 20 nm-thick n-type
hydrogenated amorphous Si (a-Si:H) were deposited on samples. Following deposition of 75 nm-thick
indium tin oxide (ITO) and ~500 nm-thick silver (Ag) for front electrode, ~500 nm-thick aluminum
(Al) was deposited for rear electrode. Figure 6.2 shows current-voltage (J-V) curves for the ()
100-layer-stacked QDSCs and (b) 5 um-thick epitaxially grown Si SCs as a reference. The short
circuit current density (Js;), open circuit voltage (Vo), fill factor (FF) and conversion efficiency (#)
were 13.93 mA/cm?, 0.2314 V, 0.3977 and 1.282% for (a), and 15.23 mA/cm?, 0.4776 V, 0.7315 and
5.321% for (b), respectively. The Jsc, Voc and FF decreased and thus efficiency decreased by
introducing 100-layer-stacked QDs. In general, increased Jsc and decreased Voc and FF are commonly
observed in QDSCs using I11-V compound semiconductors [4-9]. Figure 6.3 shows external quantum
efficiency (EQE) for each sample. Slightly increased EQE response up to 1300 nm was observed due
to contribution from Ge QD layers, whereas EQE response from 300 nm to 800 nm decreased
probably due to recombination of photo-generate carriers in Ge/Si QD region. The increase in
recombination process is thought to result from difficulty of carrier extraction from Ge QDs owing to

carrier confinement [10].
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Fig. 6.1: Schematic solar cell structure of 100-layer-stacked Ge/Si QDSCs.
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Fig. 6.2: J-V curves for 100-layer-stacked Ge/Si QDSCs and epitaxially grown Si SCs (ref.).
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Fig. 6.3: EQE spectra for 100-layer-stacked Ge/Si QDSCs and epitaxially grown Si SCs (ref.).
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6.3. Dependence on number of stacks

To investigate effect of Ge/Si QDs on the property of solar cells, number of stacked layer was
changed. Figure 6.4 shows the schematic sample structure of multi-stacked Ge/Si QDSCs with Si
spacer layer thickness of 30 nm. The number of stacks (x) was changed from 25 to 100 layers. Total
layer thickness of multi-stacked Ge/Si QDs was fixed to 3.4 um to obtain identical built-in potential.
The multi-stacked QDs were inserted in middle part of 3.4 um-thick Si layers. Figure 6.5 (a) shows
J-V curves for the multi-stacked Ge/Si QDSCs and the solar cell parameters are summarized in Fig.
6.5 (b). The Jsc and FF decreased with increasing number of stacks, and hence # decreased. The Voc
reduced from 0.48 to 0.37 V by introduction of Ge QDs and it was not strongly affected by number of
stacks, which suggests that quasi-Fermi energy between CB of Si and VB of Ge QDs determined the
Voc in Ge/Si QDSCs. Figure 6.6 shows EQE spectra for the QDSCs. EQE decreased with increase in
number of stacks due to recombination of photo-generated carriers in Si, which is responsible for the

decreased Jsc in Fig 6.5 (a).

[ ]
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Xx-layer-stacked Ge QDs/
30 nm-thick Si spacer layer
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p-Si(100) sub.
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Fig. 6.4: Schematic structure of multi-stacked Ge/Si QDSCs. The resistivity of p-Si substrate is 2
Qcm. The number of stacks is 25, 50, 75 and 100 layers. Total layer thickness of intrinsic layer
including multi-stacked Ge/Si QDs was fixed to 3.4 um to obtain identical built-in potential.
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Fig. 6.6: EQE spectra for multi-stacked Ge/Si QDSCs measured at bias voltage of 0 V without bias
light.

To make sure the recombination process, PL measurements were performed. PL spectra for the
multi-stacked Ge/Si QDSCs are given in Fig. 6.7 (a) at 12 K and (b) at room temperature (RT).

Unexpected shoulder peak from 0.9-1.0 eV were observed in (b). Origin of the shoulder peak is
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ambiguity since PL emission peaks appear and become stronger at lower temperature generally owing
to prevention of thermal escape of carriers trapped in some energy levels. One of the conceivable
reasons of the generation shoulder peak might be phonon related PL emissions. Somehow, PL
emission form Ge QDs were still observed even in solar cells and the PL intensity increased with
increase in number of stacks for at both 12 K and RT. This suggests that photo-generated carriers could
be not properly transported by built-in potential in Ge/Si QDSCs. Next, we investigated transport
property of the QDSCs by EQE measurements under different bias voltage. Figure 6.8 shows the Jsc
of the QDSCs calculated by EQE as a function of bias voltage. In general, extraction of
photo-generated carriers to external circuit is enhanced by reverse bias. However, the Jsc were not
significantly recovered by reverse bias voltage for all samples, which suggests that photo-generate

carriers recombine on the way to doped layers.
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Fig. 6.7: PL spectra for the multi-stacked Ge/Si QDSCs measured at (a) 12 K and (b) room
temperature (RT).
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Fig. 6.8: Dependence of Jsc calculated by EQE for the multi-stacked QDSCs on bias voltage.
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6.4. Effect of infrared irradiation

Next, the author investigated effect of infrared (IR) on QDSCs to enhance escape process of holes
from energy levels in Ge QDs as given in Fig. 6.9 (a). Figure 6.9 (b) shows our experimental setup to
measure IR effect. In our experiments, solar cells were irradiated on the continuous IR light in addition
to chopped monochromatic light. The IR light was created by inserting IR pass filter in from of white
bias light and longer wavelength than 980 nm were able to irradiate solar cells. Figure 6.10 shows
AEQE spectra obtained by subtracting EQE spectra without IR from with IR for 100-layer-stacked
QDs and reference Si solar cells. Slightly larger AEQE for Ge/Si QDSCs were observed than that for
Si reference SCs possibly due to enhancement escape process of holes trapped in Ge QDs. The
increased AEQE for reference Si SCs came from contribution of Si owing to absorption of IR from
980 to 1110 nm. The increased AEQE for shorter wavelength than 980 nm could arise from lack of

perfect cut filter for shorter wavelength.

(a) (b)

Chopper Controler

White bias light

IR pass
ooc)> fiter ] Chopped
monochromatic

2
\

e |

Enhancement of
escape process

|
Lock-in amp. [

Fig. 6.9: (a) Concept of enhancement of escape process of holes induced by additional IR
irradiation and (b) experimental setup for EQE measurements accompanying IR irradiation.
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Fig. 6.10: AEQE spectra for 100-layer-stacked Ge/Si QDSCs and epi-Si SCs as reference.
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6.5. Fabrication of 50-layer-stacked Ge/Sig g995Co.000s QDS

To investigate effect of strain compensating Sio.g005Co.0005 layer on properties of solar cells, we
fabricated 50-layer-stacked Ge/Sigo995Co000s QDSCs and compared with 50-layer-stacked Ge/Si
QDSCs. Figure 6.11 shows sample structure for 50-layer-stacked Ge/Sig.g995Co.000s QDSCs and 50
Ge/Si QDs. The spacer layer thickness was composed of 4 nm-thick Si interlayers (ILs) and 6
nm-thick strain compensating Sig.g995Co.0005 layers for Ge/Sig g995Co.000s QDSCs and of 10 nm-thick Si
for 50 Ge/Si QDs. Figure 6.12 shows J-V curves for (a) 50-layer-stacked Ge/Sig g995Co.000s QDSCs and
(b) 50 Ge/Si QDs. The Js¢, Voc, FF and 7 were 6.23 mA/cm?, 0.42 V, 0.73 and 1.91% for (@) and 6.20
mA/cm?, 0.38 V, 0.70 and 1.62% for (b), respectively. The solar cells parameters were slightly
improved by introducing Sig.ge95Co.0005 Spacer layers. Figure 6.13 shows EQE spectra for each sample.
Subtle increase in EQE was observed for Ge/Sigg995Co.000s QDSCs, which suggests that collection

efficiency of carriers was slightly improved.

Ad ITO Ad ITO
L1 L1
n/i a-Si:H n/i a-Si:H
i-Si i-Si

50-|ayer-stacked GelS io_gggsCo'ooos

QDs w/ Si ILs 50-layer-stacked Ge/Si QDs

p-Si p-Si

p**-Si substrate p**-Si substrate

Al Al

Fig. 6.11: Schematic images of multi-stacked Ge/Si QDSCs. The resistivity of p-Si substrate is
0.01 Qcm.
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Fig. 6.12: J-V curves for 50-layer-stacked Ge/Sig g995Co.000s QDSCs and Ge/Si QDSCs.
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Fig. 6.13: EQE spectra for 50-layer-stacked Ge/Sig.gg95Co.000s QDSCs Ge/Si QDSCs.

EQE measurements under bias voltage were performed to confirm transport properties for each
sample. The bias voltage was changed from -0.5 to 0.35 V. Figure 6.14 shows EQE spectra for (a)
50-layer-stacked Ge/Sig g995Co.000s QDSCs and (b) 50-layer-stacked Ge/Si QDSCs under different bias
voltage. Generally, reverse bias voltage enhance carrier extraction, while forwards bias voltage
suppresses carrier extraction [11]. The EQE response monotonically decreased with increasing bias
voltage. Figure 6.15 shows EQE values at 550 nm normalized by the value at -0.5 V for the
Ge/Sig.9995Co.000s QDSCs and Ge/Si QDSCs as a function of bias voltage. Smaller decreasing rate of

normalized EQE was observed for Ge/Siggg95Co.000s @QDSCs, which means carrier collection became

-120 -



better in comparison with Ge/Si QDSCs. Furthermore, the decreasing rates at several wavelengths are
plotted in Fig. 6.16. The decreasing rates for Ge/Sig.gg95Co.000s Were smaller than that for Ge/Si QDSCs
from 550 to 850 nm. Additionally, the decreasing rates at shorter wavelength were larger value than
longer wavelength. The penetration lengths of light in Si are about 1 xm and 10 «m for wavelength at
550 nm and 850 nm [12], respectively, which indicates light at wavelength of 550 nm mainly generate
carriers in Ge QDs region, while 850 nm light are able to generate electrons and holes in deeper region.
By taking into account this, photo-generated holes chiefly recombine on the way to p-layer by trap in
Ge QDs. These results indicate that the transport of holes was improved by introducing Sig.g995Co.0005

layers and thus the solar cells properties became better.
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Fig. 6.15: Dependence of EQE values at 550nm on bias voltage. The EQE values are normalized
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Fig. 6.16: Decreasing rate of EQE at several wavelength.
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6.6. Dependence on spacer layer thickness

Finally, the author investigated the dependence of Ge/Siggee5Co.000s QDSCs properties on spacer
layer thickness. Figure 6.17 shows schematic structure of 20-layer-stackied Ge/Sip.g905Co.000s QDSCs
with different spacer layer thickness. The spacer layer thickness (ds;) including 2 nm-thick Si ILs was
changed from 6 to 20 nm so the layer thickness of Sigg995Co.0005 SPacers was equal to (ds. - 4) nm. The
total layer thickness of intrinsic epitaxial layers was fixed to 1 um to obtain same value of built-in
potential. The 20-layer-stacked Ge QDs were inserted in middle part of the intrinsic epitaxial layers.
Figure 6.18 (a) shows J-V curves of the 20-layer-stackied Ge/Si g995Co.000s QDSCs with ds; = 6, 10 and
20 nm as well as that of 1 um-thick epi-Si SCs as a reference. The Js¢, Voc, FF and # were plotted as a
function of spacer layer thickness in Fig 6.18 (b). Figure 6.19 shows EQE responses of the
20-layer-stacked Ge/Sig.g995Co.000s QDSCs with different spacer layer thickness. The parameters of
solar cells and EQE responses were slightly improved by employing thinner ds , however they were

not significantly dependent on dg,.

n/i a-Si:H
i-Si

20-layer-stacked
Ge/Sig 9995C0 000s @Ds W/ Si ILs RS

i-Si

p-Si substrate

Al

Fig. 6.17: Schematic structure of 20-layer-stacked Ge/Sip.g905Co.000s QDSCs. The resistivity of p-Si
substrate is 2 Qcm.
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Fig. 6.18: (a) J-V curves for multi-stacked Ge/Sig g995Co.000s QDSCs with ds; = 6, 10, 20 nm, and
epitaxially grown 1 um-thick Si solar cells as a reference. (b) Dependence of solar cell
parameters of the QDSCs on spacer layer thickness.
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Fig. 6.19: EQE responses of 20-layer-stacked Ge/Sig g995Co.000s QDSCs with ds; = 6, 10 and 20
nm.

For characterization of carriers transport in 20-layer-stacked Ge/Sigg995Co.000s QDSCs with different
ds., dependence of the solar cells on bias voltage was investigated. Figure 6.20 shows EQE response

of 20-layer-stacked Ge/Sig.g995Co.000s QDSCs with ds;. = (a) 6, (b) 10 and (c) 20 nm under different bias
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voltage. The bias voltage was changed from -0.5 to 0.45 V. With increasing bias voltage, the EQE
response hardly changed in range of reverse bias voltage and decreased from forwards bias of 0.4 V,
since weaken built-in potential by forwards bias voltage. Figure 6.21 shows dependence of EQE value
of the solar cells at 750 nm on bias voltage. The EQE values were normalized by the value at -0.5 V.
The pronounced difference was observed at bias voltage of 0.45 V. The EQE responses at 0.45 V are
shown in Fig. 6.22. Decrease in EQE response was suppressed at forward bias voltage of 0.45 V by
employing thinner spacer layer thickness, which indicates improvement of carrier collection. This
might be caused by better transport of holes due to electronic coupling between QDs. The inter-dot
spacing is 4 nm for Ge QDSCs with ds; = 6, which is enough thin to occur electronic coupling
between QDs. Although increase in Jsc is expected for the samples with ds; = 6 nm due to improved
collection of carriers generated in Ge QDs, pronounced increase in Jsc were not observed. The author
thinks that these results arose from few photo-generated carriers by optical transition via energy levels
of Ge QDs and increase in recombination of photo-generated carriers in Ge QDs. PL emission peak
from Ge QDs were observed at ~0.8 eV (~1550 nm) in Fig. 5.19, however there was no EQE response
around 1550 nm, which indicates that absorption is weak and recombination is dominant in Ge QDs.
Therefore, even if holes were pumped from energy levels of Ge QDs to VB of Si, the number of holes

is small owing to weak absorption and eventually they recombine in Ge QDs.
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Fig. 6.22: EQE responses of 20-layer-stacked Ge/Sigg995Co.000s QDSCs with ds; = 20, 10 and 6
nm at bias voltage of 0.45 V.
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6.7. Summary

Fabrication and characterization of multi-stacked Ge/Si QDSCs 100-layer-stacked Ge/Si QDSCs
were fabricated and slightly increased EQE response in longer wavelength up to 1300 nm was
observed for 100-layer-stacked Ge/Si QDSCs. The solar cells performance, however, became worse.
To clarify the degradation of solar cells properties, number of stacks was changed from 25 to 100
layers. The solar cells parameters decreased with increasing number of stacks. PL measurements and
EQE measurements with bias voltage revealed that the degradation of solar cells caused by
recombination in Ge QDs. Furthermore, effect of IR irradiation on the QDSCs was investigated and
larger AEQE were obtained for 100-layer-stacked QDSCs in comparison with Si reference SCs due to
enhancement of escape of carriers from Ge QD layer. Next, solar cells properties for 50-layer-stacked
Ge/Sip.9905Co.000s QDSCs were investigated. Improved transport properties of holes were observed for
50-layer-stacked Ge/Sigg995Co.000s QDSCs by EQE measurements under bias voltage and thus solar
cells properties were improved slightly. Finally, the author studied on the effect of spacer layer
thickness on the properties of 20-layer-stacked Ge/Sig.g995Co.000s QDSCs. Though it is expected that the
properties of solar cells are improved thanks to electric coupling between QDs for the sample with
inter-dot spacing of 4 nm, the SC properties were independent of spacer layer thickness probably due
to few photo-generated carriers using energy levels of Ge QDs and dominant recombination process in

Ge QD layers.
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Chapter 7. General Discussion

In this chapter, experimental results and conclusions obtained in each subject are overviewed and
generally discussed in terms of growth, material properties and device performance. The purpose of
this study is to examine the possibility of intermediate band solar cells utilizing quantum dots. To this
end, there are three important interim target; first formation of dense, uniform and high quality
nano-dots with a target diameter of ~30 nm, second the proof of formation of intermediate band by
nano-dots and lastly the proof of operation of intermediate band solar cells.

For fabrication of Ge/Si QD-IBSCs, it was found that dense and uniform QDs with thinner spacer
layer thickness are favored to absorb sufficient photons in QDs and form minibands. At first, we have
developed a pulse growth method for dense and uniform self-assembled Ge/Si QDs. In general, Ge/Si
QDs show density of 10° cm™ and poor uniformity caused by bimodal size distribution of nano-dots.
The bimodal size distribution arises from energetically favored shape of QDs depending on QD
volume. Denser Ge/Si QDs were grown at lower temperature due to suppression of migration. At 500
°C and deposition rate of 0.2 A/s, however, size distribution was still bimodal. We found that with
increasing deposition rate bimodal size distribution disappeared and unimodal size distribution was
observed at 2.8 A/s. Higher deposition rate leads to higher concentration of adatoms on surface, which
suppresses migration of adatoms. Hence, QDs with height of ~2 nm and lateral size of ~30 nm with
high density of ~5 x 10'® cm? and high uniformity of 11% were obtained. The lateral QD size is much
larger than height so the fabricated Ge QDs work quantm well like dots due to small carrier
confinement energy of 13 meV in the lateral direction.

The author, next, fabricated multi-stacked Ge QDs in Si matrix. High quality Ge QDs with high
density (areal density: ~5 x 10'° cm™) and better uniformity (fluctuation in lateral size: ~12 %) were

fabricated by using pulse growth method composed of high deposition rate of 2.8 A/s and growth
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interruption for 5 seconds. In order to avoid mechanical strain in multi-stacked Ge/Si QDs, relatively
thick (30 nm) Si spacer layer is needed for 100-layer stacked QDs without deterioration of crystal
quality. We conclude that this newly developed growth method helps to fabricate highly-stacked Ge/Si
QD structure when thicker spacer layer thickness is thicker than 30 nm. As far as the author knows,
highly-stacked Ge/Si QDs without significant size change and deterioration of crystal quality is
achieved for the first time.

Next, we grew Si;Cy layer on Si(001) substrates for strain-compensated, multi-stacked QDs with
thin spacer layer thickness. Thinner spacer layer thickness in multi-stacked Ge/Si QD structure
generates stronger strain fields induced by buried Ge QDs, resulting in an increase in QD size and
aggregation of QDs. The compressive stress established by Ge QDs is compensated by tensile stress in
Si;xCy spacer layer. In growth of Si;,Cy layers on Si(001), although we changed C flux by increasing
C sublimation cell temperature and ratio of C to Si flux by decreasing Si deposition rate, C
incorporation was limited to x = 0.0005 possibly due to small thermal equilibrium solubility of C into
Si of the order of 10'" atoms/cm®.

Then, we fabricated Ge QDs on Sigge5Co000s Dy employing the pulse growth technique. The
nucleation process of Ge nano-dots on strained Si;.,Cy layer influence the optimum deposition rate for
uniform QD formation and the deposition rate was reduced from 2.8 A/s to 2.6 A/s. The nucleation
process could be influenced by restricted nucleation site induced by repulsion of Ge adatoms by C
atoms. Furthermore, multi-stacked Ge/Sigg995Co.000s QDS showed deterioration of optical properties.
The cross-sectional STEM images indicates the interface between Ge and SigggesCo.005 Was rough.
Thereupon, we employed Si interlayers (ILs) in between Ge/Sipg905Co.0005 iNnterface to improve the
interface roughness. The interface became smoother by sandwiching Si; «Cx by 2 nm-thick Si ILs and
thus the optical property was improved. It is thought that termination of C atoms by Si helps to grow

multi-stacked Ge/Sip.g905Co.000s QDS by smoothing Ge/Sig995Co.0005 interface. However, crystal quality
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of Ge/Sipo995C0.000s QDS with 2 nm-thick Si ILs was not comparable to that of Ge/Si. The Si related
peak became weak so further improvement is still necessary for better crystal quality.

Additionally, the effect of spacer layer thickness on multi-stacked Ge/Sig g995Co.000s QDS with Si ILs
was studied. The introduction of Sigg995Co.0005 layer prevented Ge QDs from significant increase in QD
size as well as aggregation of QDs even at spacer layer thickness of 6 nm. This is due to both weaker
strain fields induced by smaller Ge QDs and slightly compensated the strain fields, since smaller QDs
create weaker strain fields. However, increase in QD size was still observed from spacer layer
thickness less than 10 nm. PL peak energy of Ge QDs redshifted from 0.839 to 0.797 V with
decreasing spacer layer thickness from 40 to 6 nm, i.e. the incremental difference of the peak shift was
about 40 meV. From numerical calculation, the shift of quantized energy level roughly results in 20
meV by regarding the self-assembled QDs as quantum well, which is not consistent with the
experimental value of 40 meV. Increased PL intensity was observed for the samples with spacer layer
thickness of 6 nm, which is not related to decrease in density of QDs. This suggests increase in
spatially direct transition caused by electric coupling between QDs. The type-Il band lineup was
confirmed for 20-layer-stacked Ge/Sig 9995Co.000s QDS with 2 nm-thick Si ILs QDs. The larger slope of
5.62 (meV)¥* was observed for sample with 6 nm-thick spacer layer. Similar behavior is observed for
electrically coupled InGaAs/GaAs QDs. The 6 nm-thick spacer layer equals to inter-dot spacing of 4
nm, since the height of Ge QDs was 2 nm. It is consistent with onset of minibands formation so the
author believes that these results suggest minibands formation in growth direction. For strain
compensation in Ge/Si;,C, QD structure, C content of about 3% is necessary at spacer layer thickness
of 6 nm and its value is different from C content of 0.0005 in this work. To grow dense and uniform
QDs with thin spacer layer thickness in group IV material system, following effort is required: better
crystal quality, increase in C content of Si;Cy spacer layer, and strain engineering to prevent strain

fields induced by each QD from superposition.
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Finally, the Ge QDs were applied to solar cells. Extended EQE response was observed up to 1300
nm for 100-layer-stacked Ge/Si QDs, while EQE response in shorter wavelength decreased. From
dependence of solar cells properties on number of stacks, EQE monotonically decreased. PL emission
intensity from Ge QDs monotonically increased even in solar cells, which means crystal quality of
multi-stacked Ge/Si QDs in solar cells is maintained. We thought that the Jsc of Ge/Si QDSCs, in
particular highly-stacked Ge/Si QDSCs, were improved at reverse bias voltage due to enhancement of
carrier collection, however it did not changed significantly, which suggests that it is difficult for
photo-generated carriers to contribute to current density once carriers are trapped in Ge QDs. The
built-in potential of the Ge/Si QDSCs were almost identical since doping concentration of n and
p-layer was not changed as well as intrinsic layer thickness. Furthermore, dependence of EQE at
several wavelengths on bias voltage was investigated and larger decreasing EQE observed at short
wavelength than longer wavelength. Light with shorter wavelength generates carriers in around
surface region. Our Ge/Si QD solar cells were n-i-p structures. Therefore, holes are mainly trapped
and recombine in Ge QDs on the way to p-layer due to strong confinement energy of Ge QDs for
holes.

50-layer-stacked Ge/Siggg95sCo.000s QDSCs were fabricated and compared with 50-layer-stacked
Ge/Si QDSCs. Although C content is few, the multi-stacked Ge/Siggg95Co000s QDS were firstly
fabricated as long as | know. The dependence of EQE on bias voltage was examined and the EQE
decreased with increase in bias voltage. The decreasing rate of EQE was improved in Ge/Sig.g995Co.0005
QDSCs. Thus, the transport property was improved due to suppression of generation of aggregated Ge
islands by the strain compensating Sig.0995Co.0005 Spacer layer, however the solar cells properties was
not significantly improved. We think that one of reasons for the degradation of Ge/Si QDSCs
properties arises form obstruction of holes transport. From optical characterization, the multi-stacked

Ge QDs were type-1l band lineup, which leads to localization of holes in Ge QDs. The alternate
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process of trapped holes in Ge QDs and thermal escape process from QDs results in obstruction of
carriers transport like hopping conduction.

Furthermore, the effect of spacer layer thickness on solar cells properties was investigated. The
parameters of solar cells, particularly short-circuit current density, are expected to be improved due to
increase in photo-generated carriers via energy levels of Ge QDs, however the parameters of solar
cells were hardly changed. The spacer layer thickness of 6 nm equals to inter-dot spacing of 4 nm
since height of Ge QDs was 2 nm, which is thin enough to occur electric coupling between QDs. PL
emissions peak of 1500-1600 nm from Ge QDs were observed for as-grown samples, however EQE
response around 1550 nm were not observed, which suggests that few holes generated via energy
levels of Ge QDs in addition to dominant recombination process caused by confinement of holes in Ge
QDs. The author thinks that no pronounced evidence of IB-QDSCs results from weak absorption and
dominant recombination process in Ge QDs owing to indirect bandgap semiconductors and strong

confinement energy for holes.
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Chapter 8. General Conclusion

The fabrication of Ge/Si QDs and Ge/Si,,C, QDs for dense and uniform Ge QDs with thinner
spacer layer thickness in direction to p-n junction is performed by using solid-source molecular beam
epitaxy (SS-MBE), and heterojunction Ge QD solar cells using hydrogenated amorphous Si (a-Si:H)
are examined.

Self-assembled Ge QDs on Si with high density of 5 x 10'° cm™ and better uniformity of 11% are
grown at low growth temperature of 500 °C and high deposition rate of 2.8 A/s due to suppression of
migration. The height and lateral sized of the Ge QDs are about 2 nm and 30 nm. The flat shape Ge
QDs are regarded as quantum well like dots, since the confinement energy in the direction to growth
and lateral are roughly 600 meV and 13 meV, respectively.

The shape and crystal quality of multi-stacked Ge QDs with spacer layer thickness of 30 nm are
successfully maintained up to 100-layer-stacks by the newly developed growth method consisting of
high deposition rate of 2.8 A/s and growth interruption for 5 seconds. 20-layer-stacked QDs until
spacer layer thickness of 10 nm are grown without aggregated Ge islands. The PL peak energy follows
third root of excitation power, which indicates that grown Ge/Si QDs possess type-11 band lineup. The
20-layer-stacked with spacer layer thickness of 6 nm shows relatively weak PL emission from Ge QDs
due to generation of aggregated Ge islands caused by exceeding critical value of the strain
accumulated locally around Ge QDs. Hence, the new growth technique is possible to fabricate
highly-stacked Ge/Si QDs with relatively thicker spacer layer owing to both weak strain fields induced
by each QD and averaged strain fields by thicker spacer layer.

To fabricate multi-stacked Ge QDs with thinner spacer layer thickness for overlapping of wave
functions of Ge QDs, we focused on the Si;,C4 spacer layers which are capable of compensating the

compressive stress arisen from Ge QDs by tensile stress in the spacer layer. 20-layer-stacked
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Ge/Sip.9905Co.0005 QDS possessing spacer layer thickness of 6 nm are fabricated without aggregation of
Ge QDs possibly due to both certain fraction of strain compensation and thinner smaller QD size.
From optical characterization, the 20-layer-stacked Ge/Siggg95Co.000s QDS shows type-11 band lineup.
The redshifted PL peak energy and increased PL intensity are observed for spacer layer thickness of 6
nm. The increase in PL intensity was not related to decrease in areal density so it may results from
increase in spatially direct transition accrued form electrically coupled QDs. Furthermore, larger
increasing rate of PL peak energy for excitation power is observed for spacer layer thickness of 6 nm.
Similar behavior is observed for InGaAs/GaAs QDs employing enough short inter-dot spacing to form
miniband. The QD height is 2 nm for the samples with spacer layer thickness of 6 nm, which means
the inter-dot spacing is 4 nm. It is possible to occur electric coupling between Ge QDs so the author
believes that the wave function overlapping of Ge QDs occur for 20-layer-stacked Ge/Sig.9995Co.0005
QDs with spacer layer thickness of 6 nm.

Finally, we investigated how Ge QDs affect the solar cells properties by fabricating hetero-junction
Ge QDSCs. 100-layer-stacked Ge/Si QDSCs show extended EQE response to 1300 nm owing to
contribution from Ge QD layers. The short-circuit current density Jsc decrease with increase in
number of stacks due to increased recombination of photo-generated carriers, whereas open circuit
voltage Voc was significantly decreased from 0.48 to 0.37 V by inserting Ge QDs and not so strongly
depend on number of stacks. Hence, the V¢ in QDSCs is determined by quasi Fermi energy between
CB of Si and VB of Ge QD probably due to thermal escape of holes in Ge QDs. Additionally, effect of
infrared irradiation on solar cells was investigated. The Ge/Si QDSCs show larger AEQE defined by
subtraction EQE value without IR from with IR possibly due to enhancement of escape process of
holes in Ge QDs. Furthermore, transport properties of 50-layer-stacked Ge/Si and Ge/Sig.9995Co.0005
QDSCs were studied by EQE under bias voltage and it reveals that photo-generated holes are trapped
by Ge QDs and recombine. The 50-layer-stacked Ge/Sig.g995Co.000s QDSCs show better transport

properties and hence solar cells properties are slightly improved. From these results, holes are trapped
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by Ge QDs on the way to p-layer and thus recombination process become dominant in Ge/Si QDSCs.
Furthermore, it was found that suppression of generation of large coalesced QDs can improve the solar
cell property. Furthermore, effect of spacer layer thickness was studied for 20-layer-stacked
Ge/Sig.9995Co.0005s QDSCs. Although inter-dot spacing of 4 nm is enough thin to occur electric coupling
between QDs, the solar cells properties are independent of spacer layer thickness. PL emissions peak
of 1500-1600 nm from Ge QDs are observed for as-grown Ge QD samples, however EQE response
around 1550 nm are not observed, which indicates few holes generated via Ge QDs and recombination
process is dominant. It is thought that no pronounced evidence results from weak absorption accrued
form indirect material system and quantum well like Ge dots.

Further increase in number of stacks is necessary as well as decrease in spacer layer thickness to
enhance absorption in Ge QD layers and stronger built-in potential for solar cells application,
respectively. It, however, is difficult to achieve both increase in number of stacks and decrease in
epitaxial layer thickness. So the author believes that QD materials with strong absorption coefficient
and type-11 band lineup are promising for QD solar cell applications. In a different method, installation
of down and/or up-convertors in outside of solar cells could be better way to increase in Jsc without

decrease in Voc.
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