1 A Marti, L. Cuadra and A. Luque, c. Stanley, N. lopez and L. Cuadra, D. Zhou and J. L.
Pearson and A. Mckee. “General Equivalent Circuit for Intermediate Band Devices:
Potentials, Currents and Electroluminescence”, Journal of applied physics, 96, 1,

(Uuly 2004).

2. Ben G Streerman and Sanjay Banerjee, “Solid State Electronic Devices”, International
Edition, Prentice Hall, 2000.

3. L. Cuadra, A. Marti, A. Luque. “Present status of Intermediate Band Solar Cell Research” Thin
Solid Film 451-452, pp. 593-595, 2004,

4, S.suraprapapich, . Thainoi, Kanjanachuchai and . Panyakeow “Quantum Dot Molecules
for Photovoltaic cell Application” Proceeding of 314 IEEE-PSVC, Orlando, Florida,
2005.

5. S.suraprapapich, . Ruangdet, T.Pantawanichkul, ~ .Thainoi,  Kanjanachuchai and
Panyakeow. “Multi-stacked Lateral Quantum Dot Molecules for Photovoltaic
Application” Proceeding of 200EU-PVSC, Barcelona, Spain, 6-10 June 2005.

6. S.suraprapapich, . Ruangdet, . Thainoi, Kanjanachuchai and . Panyakeow. “Multi-Stacked
High Density Quantum Dot Molecules as PV Active Layer” Proceeding of 15h
PVSEC, Shanghai, China, 10-15 October, 2005.

1. : | :

InAs l "



AWIRINTAUNIINY 1Y
CHuLALONGKORN UNIVERSITY



“Multi-Stacked Lateral Quantum Dot Molecules for Photovoltaic Application”,
Suraprapapich, . Ruangdet. T. Panyawanichkul, . Thainoi, . Kanjanachuchai,
Panyakeow, Proceeding of 20t European Photovoltaic solar Energy Conference and
Exhibition, Barcelona, Spain, 6-10 June, 2005.

“Multi-Stacked High Density Quantum Dot Molecules as PV Active Layer”,
Suraprapapich, . Ruangdet. . Thainoi, . Kanjanachuchai, . Panyakeow, Proceeding of
15t International Photovoltaic Science and Engineering Conference, Shanghai, China, 10-
15 October, 2005.

“Improvement of PV Performance by Using Multi-Stacked High Density InAs Quantum
Dot Molecules”, . Ruangdet. . Thainoi, . Kanjanachuchai and . Panyakeow,
Proceeding of 4th IEEE World Conference on Photovoltaic Electric Conversion, Hilton
Waikoloa Village, Waikoloa, Hawaii, 7-12 May, 2006.

“Spectral Response and Performance at Concentrated Sunlight of Multi-Stacked High
Density InAs Quantum Dot Molecule Solar Cells”, . Ruangdet. . Thainoi,
Kanjanachuchai and . Panyakeow, Proceeding of 214 European Photovoltaic solar
Energy Conference and Exhibition, Messe Dresden, Germany, 4-8 September, 2006.

“Long Chains of Self-Assembled InAs Quantum Dot Molecules by Modified MBE Growth
Technique”, . Ruangdet. N. Budsayaplakom, . Thainoi, . Kanjanachuchai and .

Panyakeow, Submitted to 14th International Conference on Molecular Beam Epitaxy
(MBE2006).



8

MULTI-STACKED LATERAL QUANTUM DOT MOLECULES FORPHOTOVOLTAIC APPLICATIONS
. Suraprapapich, . Ruangdet, T. Panyawanichkul, . Thainoi, . Kanjanachuchai, and . Panyakeow

Semiconductor Device Research Laborato

Department of Electrical Engineering,

FacultyofEn%lneerm Chulalongkom University, Bangkok 10330, Thailand
Phone 66-2218-6524, Fax. 66-228-6523, E-mail: _panyakeow@yahoo.com

ABSTRACT:; Multi-Stacked lateral quantum dot molecules are grown by a modified molecular beam epitaxial growth

single layer has a dot density of 2x|

techniciue using thin-capping and re8rowth of quantum dots on n-GaAs (001) substrate. Quantum dot molecules in a
Dem'2which can be increased by growing a stacked structure in order that higher

photon a_sor[)tion in photovoltaic cells can be achieved. Closely-spaced quantum dots in lateral quantum dot molecules

Improve m-E
quantum do

ane earner conduction which can be beneficial to the overall solar cell performance. Multi-Stacked lateral
molecule solar cells having Schottky structure are fabricated and tested tor their |-V characteristics at dark

and illuminated conditions. The experimental results are reported and discussed.

Keywords: Quantum dot molecules, Quantum dot solar cell

1 INTRODUCTION

Self-assembled quantum dots _(QDS?: have been
roved useful for many phatonic devices. For examples,
§D lasers are found” to have low threshold cunent
ensity, while QD infrared detectors can be designed to
Egipond to long wavelengths [L, 2’ and QD transistors
. function a$ high speed nano-electronic devices [3].
Efficient emlttln% device  structures such as
heterostructure, and multi-guantum well structure can
also be the basis for high performance solar cells.
Therefore, using QDs as an active layer of solar cells has
a potential to” provide devices with greater energy
conversion efficiency. In practice, multi-stacked quantum
dots are_normally ‘inserted in the active part of QD
devices in order to increase the effectiveness of QD
fun_ctl_onallt}/. In QD solar cells, low lateral dot density is
a limiting tactor ‘in developing high efficiency device.
The contribution of QDs in Solar cell output in still
doubtful inspite of “their ability to emit stron
photoluminescence at room temperaure [4]. The low Q
density probably is a limiting factor.
. To achieve high lateral dot density and the resultant
increased efficiency, quantum dot molecules (QDMs)
were proposed as an active part of solar cell structures
[5]. In order to grow a high dot densﬂg sample, the
conventional molecular bearn epitaxy (MBE) process was
modified to _include _thin-capping. and regrowth
procedures. This results in QDMs which have high dot
density, h;?ood dot uniformity and_quallhtXéE]. addition,
the QDMs grown using the"modified technique are
aligned along the [llo] crystallographic direction [7], The
anisotropy may prove useful for active photonic devices
such as modulators, switches and filters. _
The quantum nature of QDMs makes them a potential
candidate for novel solar cell structures which can be
engineered to absorh more light, particularly at the long
wavelenﬁ_th region of the solar spectrum. _
In this paper, we report @ MBE growth of multi-
stacked lateral QDMs for Photqvoltalc aﬁpllcatmns.
PrehmmarY electrical characteristics of Schottky-type
solar cell structure with embedded ODMs as compared to
the control sample without QDM layer indicate that
increased efﬁuenc;; can be achigved. _
The growth of self-assembled QDs in a standard
MBE pracess, results in dot density in the range of 109
00cm? depending on growth temperature and growth
rate, and other parameterS [8, 9]. - We have developed a
modified MB technlqlue usmg thin-capping-angd-
regrowth of QDs to create lateral QDMs having oné order

of magnitude higher in dot density (10l0-10" cm'd as
shown'in the atomic force microscope (AFM) images in
figure 1 where the densities of QDs grown by a typical

BE techmgue and by our modified” growth’ techinique
are compared. . In practical device design, multi-stacked
QDMs can be introduced in the device Structure in order
to increase the absorptive dot volume. In the stacking
Frocess_, the dots are vertically igned as Seen in the
ransmission electron microscope (TEM). image of figure

2. This s due to the strain fields ‘induced by the
underlying QDs.

Figure 1 AFM images of(é) self-assembled QDs grown
by standard MBE technique, and (b) QDMs
grown by a modified MBE technique. - The
arrow indicates the [llo] crystallo rthic
direction. The scan field is Ix| ‘pm2 for both
images.

Figure 2 The TEM image of a double-stacked QDs
showing vertical alignment

2 SAMPLE PREPARATION

MBE growth of multi-stacked lateral QDMs is
conducted Using RIBER 32P machine, The MBE growth
Brocess starts from a standard InAs QD formation on a
uffer layer grown on n-GaAs (001) substrate at 500°c at
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a growth rate of 0.01 ML/sec. The InAs QDs are then
capped with a thin layer of GaAs. The lattice mismatch
results in anisotropic_strain fields and the subsequent
formation of a camel-like nanostructure with nanohole in

the middle and an elongation along the [llo]
crgstallograijmc direction gloj. The re%rowth of QDS
0.6 ML of InAs QDs at 450-470°C (on the nano holes)
leads to the forination of nano-propellers. As the
regrowth process continues, at 1.2 ML of InAs, lateral
QDMs are formed. The strain fields are shifted from the
centered dots to the satellite dots, along the perimeter of
the nano-propeller’s blades on both “sides. The dot
density of a single-stack layer of QDMs is 3x1010 cm'2
Multiple stacks of lateral QDMs are grown by repeatin
the same_process after capping the previous stack o
_QDf_IVIs. g e schematic structure of the sample is shown
in figure 3.

GaAs buffer layer

n-GaAs substrate

Figure 3 Schematic diagram of a multi-stacked quantum
dot molecules.

In order to measure the electrical contribution of the
DMs in a bulk Ia)r]er, Schottky structure is fabricateg.
amples with Au-Schottky contact having an area 0f 0.25

cm'2with a grid pattern are shown in figure 4.

Figure 4 Photograph of the front side of the Schottky
devicé for I-V characterization.

3 EXPERIMENTAL RESULTS AND DISCUSSION

In photovoltaics a [g)hcanons, efficient electronic and
optical properties 01‘0D Ms are required. In our previous
investigation [11], electron mobility in a stacked quantum
dots structure is fower than the bulk material as shown in
figure 5. Closely spaced quantum dots in lateral QDMSs
would improve électronic transport and mazl lead to better
lateral current conduction in the solar cell structure.

DM solar cells with 1 and 5 stacks of embedded
QDM layer are tested under AM 1, 100 /em2solar
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Figure 5 Electron mobility in InAs/GaAs quantum dot
samples are shown to be lower than bulk GaAs.
Samples “A” have 100 nm thick epitaxial GaAs
layer with 0. 1 or 2 embedded QD stacks.
Samples “B” have 500 nm thick epitaial GaAs
I? glzshavmg 0, 12 4 and 9 embedded QD
stacks.

simulator and their 1-V characteristics under dark and
illuminated conditions are shown in Fig.6. For the 1-stack
sample, the results in Fig.6 ga indicate that the open-
circuit voltage is Voc -~ 0.25V, and the short-circuit
current is Isc = 0.75mA. The fill factor for the samBIe
is 0.34. For the 5-stack samplg, the results in Fig.6 g\)/
Isc=0.7mA, and the F.F.= 0.37. We atiribute the slightly
increased F.F. to the lower sheet resistance of the 5-tacic
DM solar cell device. However, we cannot observe any
clear improvement of PV_output by increasing the
number of QDM stacks. This proposed multi-stacked
DM solar cell structure still does not reach the critical
D volume for better solar absorption.

indicate that the open-circuit voltage 1s Vo¢=0.

Figure 6 1-V curves of multi-stacked QDM solar cell
under dark and illuminated conditions.
(a) 1 stack and (b) 5 stacks.

In order to extend the QDM contribution to PV
application, we try to &row high density QDMs by
repeating our modified MBE process with 5 cKpIes of
thin-cappin -and_-re%rowth. The AFM image of high dot
density QDMs is 6x101 cm'2 as shown in figure 7.
Furthér investigation of multi-stacked high dot density
QDM:s for PV application is on-going experimented. Qur

reliminary result from single “stack high dot density
@DM solar cell having Schottky structure as reported in
314 IEEE-PVSC [5] confirming that sheet conductivity of
high dot density QDMs is improved and provide miuch
better FF. value of 0.5 comparing to those of normal
QDM solar cells.
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(b)

Figure 7 (a) AFM image of high dot density QDMSs
rown by 5 cycles of thm -capping-and-regrowt process
?06 ML in thi first 4 c¥cles and 15 ML in the last fifth
cycle) (b) |-V curves at dark and illuminated conditions
of high' dot densrg uantum dot molecule solar cell
reported in 31¢ IEEE-PVSC).

4 SUMMARY

QDMs are_grown by a novel thin-ca Igmg -and-
regrowth  MBE ™ process.  Multi-Stacked Qp Ms are
subsequently mserted in a solar cell structure havin
Schott rrd contact. Electrical measurements of the -
stack an bstack QDM solar cells under AMI
illumination show no significant change in their
performance, We cannot prove the increaséd ahsorption
volume of the stacked quantum dot molecules. Further
investigations are needed in order to achieve a higher dot
density by using multiple cycles of thin-capping-and-
re?rowth process where furthér improvement In terns of
efficiency of quantum dot solar cells are expected.
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Abstract: Quantum dot molecules (QDMs),
QDMs are their high dot density
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uniformity relaxes giving a broader spectral
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are prepared by thin-capping-and-regrowth MBE process. The unique features of
eir_high (10,0:10n cm', specific pattern of dot sets, dot set alignment along the [l To ]
crystallographic direction, and dot uniformity. These features result in strong photoluminescence (PL) at room temperature.

?h density QDMs are obtained by repeatin? c?/cles of thin-capping-and-regrowth MBE Process. In spite of higher dot density,
dot uni response which is desirable for photovo
the active volume of QDMSs In solar cell structures, we propose to embed. the multi-stacked

tam_agplica jons. In Orcer to increase
high-density QDMSs in the device’s

active layer. The device is.subsequently characterized and tested for their photovoltaic behaviors. The results show improved

solar energy conversion efficiency.
Key Words: Quantum dot molecules, Quantum dot solar cells.

1 Introduction

~ Solar cell is in Prmmple a shallow #unctllon device having a
high aBerture area for the collection T a wider solar spectrum.
GaAs-based solar cells needs very thin active layer to-ahsorh a
portion of photon energies dué to GaAs’s direct bandgaﬁ
property and its limited” bandgap value of 1.43 eV whic
corresponds to 0.87 pm of wavelength. However, the
GaAlAs/GaAs lattice-matched heterostructure using GaAlAs
as_an optical window can provide very high conversion
effluencg of more than 20% in solar céll performance/IJg
Narrow bandgap material like Ge (Eg = 0.66 €V) is also use
in a tandem cell structure due to its lower cost as an alternation
substrate to GaAs*56 _ o
InAs is angther semiconducting material with a narrow
bandgap (Eg? = (.34 eV) and a direct bandgap but with a lattice
misniatch 0T 7% to GaAs. Epitaxial (2D) growth of InAs on a
GaAs substrate, therefore, result in strain in the growing layer.
When the growth exceeds a critical _thickness, the 3D
formation of quantum dots (QDs) results. These self-assembled
InAs QDs b¥ the MBE technique is well known as the
Stranski-Krastanov growth mode/ "9 Due to the zero degree of
freedom of carriers in the QDs, each carrier has its Unique
energy level. Multiple carriers then result in quantized discrete
energy states, which hl(%h rate of transitions among energy
levels. Quantum-dot in e?ratlo_n to solar cell structure ‘is
proposed by Luque et al/l) With an idea that quantum dots
give rise tointermediate bands which result in increased solar
energy ahsorption. However, from the basic understanding of
lumiriescence spectrum of InAs quantum dots, we could expect
long wavelength response will result when these zero-
dimensional quantum_ structures are inserted in the active
region of solar cells/2'1 Variation in dot size can broaden the
spectrum response characteristics of quantum dot solar cells/2L
Self-assembled InAs QDs. grown by a standard MBE
rocess qwe a low dot density in'the order of 103-1010cm-2.(1&
hese values of dot density are not significant and the ()uantum
dot contribution to solar” cell performance is small/Z4 We,
therefore, Pr_oposed_to develop a MBE growth technique by
using a thin-capping-and-regrowth process/8 With this
unioe Frowth technique, self-assembled lateral InAs guantum
dot molecules are realized with high dot density  (1010-10'1

cm'2) and ordered pattern of dot sets along the [I Fo ]
crystallogr%phlc direction/BL In order to obtain a higher
agﬂregate ot volume to be used as an active layer of solar
célls of we propose to grow multiple stacks of quantum dot
molecules by multiple series of thin-capping-and regrowth
MBE process/T1 _

In'this paper, we further extend our growth techmgue by
the modification of MBE process to prepare high-density
quantum dot molecules (10n-102 cm'd). With muI_URIe Seris
of this modified MBE growth, multi-stacked, high-density
guantum dot molecules "are obtained. We then™ fabricate
chottky solar cells. with this high density QDM layer as the
active [ayer. Electrical (I-Vz characteristics of this’ Schottky
(multi-stacked) quantum dot molecule solar cell under solar
simulator is reported and discussed in this paper.

h Density Quantum Dot

2 Hi
Molecules

Quantum dot molecules _;QDMS) tﬁre gtrhqwn by a selé-
g |n-capp|n8-an -
0

assembly technique,  Speci
regrowth MBE process.
GaAs substrates.

(@ (b)

Figure 1 Processing steps for QDMS.

ica Y
Il samples are grown on (001) n-

The first step is to start with a standard MBE process for
slf-assembled quantum dots (QDs) at 500°c as shown in
figure 1(a). Then, QDs are cagped y 6. ML of GaAs at the
temperature of 470°. The QDS shape is transformed into
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camel-like structure having a nanghole in the middle of the
dot. Afterwards, 0.6-ML" InAs is regrown at the same
temperature. As a result, nanopropeller-Shaped QDs aligning
along the [1Fo crystallognraphm direction are obtained as
shown in figure (). When the deposited thickness of regrown
InAs QDs increases to 1.2 ML, QDMs are formed as shown in
figure 1(c). The number of QDs per each molecule is 10-12

ots.

For the high dot density structure, we repeat the thin-
capping-and-regrowth procéss for 5 cycles with. reﬁrown
thickness of 0.6 ML in the first 4 cycles and L5 ML in the last
cycle to obtain one layer of high density QDMSs as shown in
figure 2. Then we repeat the same 5 cycles several times to
obtain multiple Jayer of QDMS or, in other words, to obtain
multj-stacked, high-density QDMs, These multi-stacked, high-
density QDMs give stron? photoluminescence (PL) at room
temperature comparing to those of QDMs and QDs as shown

in figure 3, The strong emission from the multi-stacked, high-
density QDMs samPIe reflects the high dot density which will
ar cell structure.

be usetul for QD so

e = =]
Figure 2 AFM image of high density QDMs
71,0473 }

L 1-stacked
; 0.8} 5-stacked
£
8 06
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Figure 3 Strong PL spectrum from multi-stacked high density
QDMs comparing to that of single stacked Sample.
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3 Multi-Stacked High Density QDM
Solar Cells

A Schottky structure is used in this experiment in order to
observe the intrinsic performance of solar cells having zero

junction_depth.. The ‘integration of the multi-stacked, high
5

density QDMs into a solar cell structure is done step by stgp
by forming the following layer in sequence ~QC
nano ropreller Ds, (?(DMSL to multi-stacked, high-density
SD Js. The multi-stacked high-density QDMs give high dot
ensity and layer dot volume (aggr_efqate). When inserted and
used in a solar cell structure, significant contribution of the
QDs towards the solar cell qutput s expected. _

Schottky solar cells with 1 stack and 5 stacks of high-
density QDMs are fabricated. The schematics of the crass-
section of the structures is shown in_ figure 4. Subsequent
electrical (I-V) characterization are carried out under AM1 100
mWi/cm2solar simulator.

Au
EAAMAAAAEAARE OOV
o A
Y GakbieEsEE
-GaAs substrate
'Au:Ge/Ni

Figure 4 Multi-Stacked high density QDM solar cell having
Schottky structure.

The cell area of each sample is either 0.5 or 0.25 cm2 with
109% coverage of the front grid contact by Au evaporation, The
results show that Voc = 0.3 V, Isc = 1 mA and the fill factor
(F.F.) = 0.5. The_experimental results indicate that Isc of 5
stacks high density QDM solar cell gives highest current
among other gypes of QD solar cell previously Studied. We
achieve Isc= 2 mA/em2from our 0.5 cm2solar cells. The high
Isc achieved in our multi-stacked QDMs structure “is
promising, and, with Rprope_r de_sq_ns of PN hetergjunction,
optical window and AR coating, is likely to develop into hB;h-
eficiency. QDM solar cells. Further investigation of QDM
solar cell'is on-going.



Figure 5 I-V curves at dark and illuminated conditions of
multi-stacked high density QDM solar cell
comparing with those of single stacked sample,
(a) single stacked and (b) 5-stacked

4 Summary

QDMs as an active layer of solar cells is prepared by the
thin-capping-and-regrowth MBE process. By repeating the
processing steps for several cycles, we can obtain multi-
stacked, high-density QDMs structure and utilize the high
aggregate dot volume for solar cell structure. The fabricated
Schottky solar cells with an embedded layer of multi-stacked,
high-density QDMs undergo electrical characterization at a
standard condition controlled by a solar simulator: AM1 100
mW/cm2. It is found that, when compared with other
structures, the multi-stacked QDM solar cells exhibit a
significant increase in short-circuit current which will lead to
high efficiency solar cells.
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ABSTRACT

InAs quantum dot molecules (QDMs) are
prepared by thin-capping-and-regrowth MBE process.
The dot density can be varied betvieen 1000cm , for as-
grown quantum dots (QDs), to 102c¢m'2 for multi-stack
QDMs. Photocurrent measurements on 1- and 5-stack
high-density QDM layers show that these InAs QDMs
when embedded inside a GaAs bulk structure extend
Ehoton absorption beyond the 850-nm bandedge limited
y GaAs. The results also indicate that the higher the
number of stacks the higher the resulting current. The
presence of high-density QDMs in solar cells thus
extends the absorption region and at the same time
increase the output current. Electrical characterisations on
homojunction (p-n) solar cells with 1- and 5-stack high-
density QDMs embedded hetween the junction show that
the 5-stack sample provides a higher short-circuit current
density of JK = 14.4 mA/ecm2 compared to 9.6 mA/cm2
provided by the 1-stack sample. The increase is due
entirely to the difference in absorptive dot volume
accounted for by the difference in the number of stacks of
high-density InAs  QDMs. The efficiency of
homostructure QDMs solar cell is 5.1%.

INTRODUCTION

Solar cells made from semiconductor materials
can absorb a limited portion of the solar spectrum
determined by the energy gaps of the materials. - This
leads to the limitation of conversion efficiency when
solar cells are made from single bandgap semiconductors.
In order to utilize multiple bandgaps of different
semiconductors, tandem solar cells can be useful because
they can absorb different photon energies from a wider
solar spectrum compared to their single bandgap
counterparts.*lJ) However, tandem solar cells face many
technical difficulties. For example, lattice-matched
semiconductors are needed in order to obtain defects-free
crystals, essential for tunnel junctions which are required
to connect the upper and lower cells of the tandem
structure. Therefore, only two- or three-junction cells are
used in most tandem structures because having more
junctions would make it considerably more difficult to
have defects-free structure throughout. In addition, a
wide bandgap semiconductor usually forms the
uppermost layer in order to avoid short wavelength
absorption near the surface. But Ohmic contacts to wide
bandgap semiconductors generally have high contact
resistivities. Although high efficiency can be achieved, it
comes with the expense of complicated design and
fabrication.

GaAs, a direct semiconductor with a bandgap
of 1.42 eV, is a promising high-efficiency material. It
has an absorption edge at 850 nm. We propose that by
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introducing InAs quantum dots (QDs) into the GaAs bulk
structure, it is possible to extend the absorption edge and,
hence, to improve the efficiency of GaAs-based solar
cells.

Self-assembled InAs QDs could be formed on
GaAs substrates by Stranski-Krastanov growth mode due
to the 7% lattice-mismatch between InAs and GaAs. The
growth of self-assembled InAs QDs on a GaAs substrate
In a standard molecular beam epitaxial (MBE) process
results in dot density in the range of 10910" cm'2 as
shown in the atomic force microscopy (AFM) image in
Fig. 1 The density depends mainly on the growth
temperature which controls the growth rates.*4 These as-
grown QDs have low dot density and the expected
benefits of photon absorption at long wavelengths are
minimal. Consequently, our previous QD solar cells did
not show noticeable improvements (extended spectrum
response and increased conversion efficiency) comparing
to typical bulk GaAs solar cells.*5

It has been proposed that having a high density
of ordered, uniform QDs could provide an intermediate
energy band in the bandgap of host semiconductor which
leads to improved conversion efficiency.*6* In order to
increase the density of the InAs QDs, we have developed
a modified MBE technique using a thin-capping-and-
regrowth process in order to create lateral quantum dot
molecykds (QDMs). A typical dot density ofthe QDMS is
1010:1U1 cm'2as shown in Fig. 2. The QDMs exhibit a
specific pattern: the dots are aligned along the [1 10]
crystallographic  direction and they have good
uniformity.*2¢ Even higher density QDMs are then
obtained by repeating the thin-capping-and-regrowth
process for several cycles.*8 An AFM image of a sample
which underwent five cycles of thin-capping-and-
regrowth process with regrowth InAs thickness of 0.6
ML in the first four cycles and 1.5 ML in the last cycle is
shown in Fig. 3. The dot density is estimated at 101 10'2
cm'2

Fig. 1 AFM image of as-grown InAs QDs on GaAs
substrate.
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Fig. 2 AFM image of InAs QDMs grown by thin-
capping-and-regrowth MBE process.

| .
Boo-i X
i A (
r ot *
[ ] *
& HVC * i((*'l',
«.1 Yim }7* * ¥ ;
-1y
:l.l *
fo .
b M e f

Fig. 3 AFM image of high-density QDMs grown by
repeating the thin-capping-and-regrowth MBE process
for five cycles.

We have previously proposed a QD solar cell
design, which takes advantage of QD absorption of the
solar spectrum outside the normal bulk range, using a
Schottky structure. This is followed by similar designs
with single stack and multi-stack QDMs as the absorption
layer.(9) However, little improvements are found. This is
due to an insignificant presence of the QDs as compared
to the total absorptive volume. But when the high-
density QDM layer, as shown in Fig. 3, is inserted into
the Schottky solar cell structure, a significant
improvement can be observed, particularly when the
QDM layers are stacked on top of one another.(10)

In this paper, we show the first electrical results
of QDM solar cell p-n structure, as opposed to the
Schottky structure in our previous work. The results are
compared between having one- and five stacks of QDM
layers. Previous results from Schottky solar cells are also
given for comparison purposes. The organisation of the
paper is as follows. Next, the properties of the material—
multi-stack high-density QDMs—will be explained.
Then, the electrical properties of the devices—QDM
solar cells—will be given in Section 3, followed by the
conclusion in Section 4.

MULTI-STACK HIGH-DENSITY QDMs

The AFM images shown in figures 1 and 2
clearly show that the density of QDMs IS at least one
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order of magnitude higher than those of as-grown QDs.
Therefore, one layer of QDMs is equivalent to multiple
layers of QDs, in terms of effective dot volume. By the
same argument, one layer of high-density QDMs (Fig. 3)
is equivalent to multiple layers of QDMs (Fig. 2).
Therefore, multi-stack high-density QDMs provide the
highest dot volume among other QD and QDM
structures, i.e. higher than 1083cm'3.

In addition to the density and morphological
information of the QDMs above, we have also
characterized the QDMs’ optical property by room
temperature photoluminescence (PL) measurements using
Ar-laser excitation. The PL results of the 1-stack and 5-
stack InAs QDM (embedded in GaAs) samples are shown
in Fig. 4. The 5-stack QDM sample provides a higher PL
intensity with a broader FWHM comparing to that of the
I-stack sample (80 meV vs. 75 meV). A small blue shift
of PL peak (1.053 eV from 1.075 eV) was also observed.
These results are due to the higher dot density and a
greater degree of size distribution ofthe 5-stack sample.
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Fig. 4 Room temperature PL spectra ofthe |- and 5-stack
high-density QDM samples.

MULTI-STACK HIGH-DENSITY ODM
HOMOJUNCTION SOLAR CELLS

In our previous work, Schottky junction solar
cells with embedded layers of multi-stack QDMs and
multi-stack high-density QDMs were fabricated and their
|-V characteristics reported, as summarized in Table 1. It
is typical for a multi-stack high-density QDM solar cell
with a Schottky structure to give a higher short-circuit
current (Jx) than multi-stack QD and QDM solar cells,
see Table 1

In this work, liomo-junction high-density QDM
solar cells are fabricated and their |-V characteristics
measured. The structure of the 1-stack and 5-stack high-
density QDM homojunction solar cells are shown in Figs.
5(a) and 5(b), respectively. P-GaAs substrates are used as
the starting matenal. After the growth of GaAs buffer
layer, InAs QDMs are grown by the thin-capping-and-
regrowth MBE process. This process is repeated for five
cycles in the sample shown in Fi?. 5(b). Then, the
structures are capped with -GaAs to form a p-n junction.
Au:Ge/Ni and AuZn are used as Ohmic contacts to the
front -GaAs surface and the back p-GaAs substrate,
respectively. The current-voltage (I-V) measurements of
the solar cells are then carried out in the dark and under
illumination.
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Fig. 5 The schematic of multi-stacked high-density QDM
homo-junction solar cells having (a) single-stacked
QDMs (b) and 5-stacked QDMs.

Table 1. Summary of electrical performances of QD and
QDM solar cells under 100 mW/cm2 AMI solar
simulator.

Embedded

structures' Device type nugger\z Os{a?:szor
QDs Schottky 3
QDMs Schottky 1
QDMs Schottky 5
High density QDMs Schottky 1
High density QDMs Schottky 5
High density QDMs ~ Homojunction 1
High density QDMs  Homojunction 5

In all of the following |-V measurements, the
input light is generated from a solar simulator with AM |
solar spectrum and 100 mW/cm2 input power. The PV
output from the 1-stacked QDM solar cell sample
exhibits an open-circuit voltage of Voc = 0.5 V and a
short-circuit current density of Jr = 9.6 mA/cm2 as
shown in Fig. 6(a). The fill factor of the 1-stacked QDM
solar cell is F.F. - 0.52. For the 5-stacked sample, Vo
remains constant at 05 V but Jx increases to 14.4
mA/cm?2 and the F.F. improves to 0.55 as shown in Fig.
6(b). We attribute the increase in short-circuit current
density solely to the higher absorptive dot volume
associated with the extra four layers of high-density
stacked QDMs. The high-density QDMs also provide a
low sheet resistance layer which is a factor in the
improvement of the fill factor ofthe solar cells.
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From the same batch of homostructure solar
cells having 5 stacks of QDMs as active layers, we
carefully select better cell with F.F. = 0.67 and JK = 15.2
mA/cm2as shown in Fig.7. The cell efficiency is 5.1%.

0.5 mA/div.
0.2 V/div.

@) dark
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“iidark e
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Fiﬂ. 6 I-V characteristics of QDM homojunction solar
cells measured the dark and under illumination.
Embedded between the junction is a (a) 1-stack or (b) 5-
stack QDM layer.

(mAJ-/%mZ) voqv) FF. Ref.
0.60 0.24 0.59 [5]
0.68 0.25 0.34 8]
0.64 0.30 0.37 [8]
150 0.30 0.50 [10]
2.10 0.30 0.50 [10]
9.60 0.50 0.52 This work
14.40 0.50 0.55 This work

The solar cells are also characterized by
spectral response measurements. A tungsten lamp is used
as a light source passing through a monochromator
having a grating with a resulting sensitivity in the range
of 330-1000 nm. The photocurrents generated as a
function of incident Ii?ht with varging wavelengths are
recorded. The results for the 1- and 5-stack high-density
QDM solar cells are plotted in Fig. 8. The spectral
response of GaAlAs/GaAs solar cell without QD
integration is also given for comparison. While the wide
bandgap of GaAlAs has good response at short
wavelength, it is found that the high-density InAs QDM
solar cells respond to long wavelengths beyond the band
edge wavelength of GaAs, 850 nm.
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Fig. 7 1-V curves of5 stack QDM solar cell having better
F.F. and leading to an efficiency of 5.1%.
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Fig. 8 Photocurrent (PC) spectral responses of 1- and 5-
stack high-density InAs QDM solar cells comparing to
GaAlAs/GaAs heterostructure solar cell without QD
integration.

With the above encouraging results, we are
designing multi-stack high-density QDM /letero-structure
solar cells. Band offsets resulting from heterostructures
can provide higher built-in electric fields. We expect to
achieve even higher VK and Jx as compared to
homojunction devices.

CONCLUSION

Multi-stack high-density QDMs have been
grown by the thin-capping-and-regrowth MBE process.
1- and 5-stack layers of QDMs have been incorporated
into homojunction (p-n) solar cells. Spectral re5ﬁonse of
the QDM solar cells exhibit absorption beyond the GaAs
band edge (850 nm). The increased absorption allow
high-density multi-stack QDM solar cells to outperform
their multi-stack QD and QDM equivalents, both In terms
of increased fill factor and short-circuit current. The
efficiency ofhomostructure QDM solar cell is 5.1%.
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Abstract

Multi-stacked high density InAs quantum dot molecule (QDM) solar cells were fabricated by
multi-cycles of thin-capping-and-regrowth molecular beam epitaxy. One stack of QDMs provides dot
density gives as high as 102cm'2. The high dot density is desirable for effective photon absorption,
particularly at long wavelengths of the solar spectrum due to the extended band of quantized energies
of InAs quantum dots and good dot size uniformity (better than 70 %). Five stacks of high density
QDMs were also grown by a series of GaAs cappings and InAs QDM regrowth utilizing induced
strain fields of the underlying layers. Photoluminescence measurement of 5-stacked QDM sample
indicates that quantum dot size is larger and dot uniformity worsen as shown respectively by the PL
blue shift (from 1.075 eV to 1.053 V) and a broader FWHM of PL spectrum (from 75 meV to 80
meV) comparing to a 1-stacked QDM sample.

Five-stacked high density InAs QDM solar cells with homojunction of GaAs were fabricated
and tested. Itis found that this multi-stacked structure of high density InAs QDMs responds to long
wavelengths spectral region beyond 850 nm which is the absorption band edge of GaAs. We
observed the extension of the absorption up to 1000 nm which is the sensitivity limit of our
instruments. Heterostructure of GaAlAs/GaAs solar cell without QD integration was also measured
as a reference.

I-V characteristics of five stacked high density InAs QDM solar cells were measured under
AM1 100 mW/cm2 solar simulator. The open-circuit voltage of this homojunction solar cell is 0.5 V
while the short-circuit current density is as high as 15.2 mA/cm2. With a relatively low fill factor of
0.668, the efficiency of this preliminary InAs QDM solar cell is about 5.076%. Due to the low
dimensionality of quantum dot structure which is useful for high performance device, this multi-
stacked QDM solar cells are also characterized at concentrated sunlight using a focused solar
simulator having different light intensities (1~4 suns). The performance of InAs QDM solar cells at
high  numbers is compared to those of GaAlAs/GaAs heterojunction without QD integration.
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Extended Abstract

High density InAs quantum dot molecules (QDMs) are grown by multi-cycles of thin-
capping-and-regrowth MBE process/0 Comparing to the initial QD density of 1010 cm'2 QDMs
provide higher dot density of 102cm*2as shown in AFM images of figures 1(a) and 1(b) respectively.

Fig. 1 AFM images of (a) as-grown QDs and (b) QDMs.

Multi-stacked high density InAs QDMs are inserted into a p-n junction of GaAs as an active
part of solar cell structure/0 Schematic diagram of cell structure is shown in figure 2(a). P-type
GaAs substrate is used as the starting material in our experiment. After a GaAs buffer layer, intrinsic
high density InAs QDMs are grown and repeated for 5 stacks of QDMs, followed by the capping of -
GaAs for p-n junction. AuZn and Au:Ge/Ni are used as Ohmic contacts to for p-type and n-type
GaAs respectively. The actual solar cells having front grid contacts with cell areas of 5x5 and 5x 10
mmz2are shown in figure 2(b).

Au:Ge/Ni
I | [ m o .
-GaAs uffer layer— 1814 md IfViS
A GaAs .
A High density 1 Jfp
GaAs buffer layer QbMs wraall oy AP
p-GaAs substrate
Vv . hr
\ AuZn
(8) (b)

Fig. 2 (a) Schematic structure of multi-stacked high density QDM solar cells,
(b) Fabricated QDM solar cells.
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Good optical properties of multi-stacked high density InAs QDMs are confirmed by PL
measurement at room temperature by an excitation of Ar+laser.(3) Strong PL emission from 5 stacks
of QDMs appears at 1.053 eV and broad FWHM of 80 meV. The blue shift of PL peak from those of
1 stacked QDMs and as-grown QDs indicates that the multi-stacked QDMs are composed of larger
dots which are not as uniform as the 1-stacked or the as-grown QDs. The latter is attributed to the
statistical nature of strain field relaxation during stacking formation. Conventional QDs normally
provide PL peak at 1.1 eV and FWHM of 47 meV.({) (see figure 3)
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(Fig- 3) (Fig. 4)

Fig. 3 Normalized PL spectra of 5-stacked QDMs comparing to those of 1stacked QDMs and
as-grown QDs.

Fig.4 Spectral response at longer wavelengths is found in InAs QDM solar cells comparing to
GaAlAs/GaAs heterojunction without QDs.

It is found that both 1-stacked and 5-stacked QDM solar cells give broader spectral response
at longer wavelengths beyond 850 nm which is the absorption band edge of GaAs. Figure 4 shows
the comparison between InAs QDM solar cells and GaAlAs/GaAs heterojunction solar cell without
QD integration in term of spectral response. While the wide bandgap of GaAlAs results in good
response at short wavelengths response the response drops sharply above 850 nm. However, QDM
solar cells have an extended response up to nearly 1000 nm which is the limit of our measuring
instruments.

The multi-stacked QDM solar cells are tested for their I-V curves under AMI 100 mW/cm2
solar simulator (see figure 5). The homojunction solar cell gives a relatively low open-circuit voltage
(Voc) 0f 0.5V. The short circuited current density (Jx) of this QDM solar cell is 15.2 mA/cm2with a
fill factor (F.F.) 0f0.668. These results lead to an efficiency of 5.076%.
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Fig. 5 1-V curves at dark and illuminated conditions of 5-stacked high density InAs QDM solar cells

The QDM solar cells are also tested under concentrated sunlight ranging from 1 to 4 suns
by using focused beam of solar simulator. At concentrated illumination, Voc improves from 0.5V to
0.55V while the Jx increases with light intensity (see figure 6(a)). The results are plotted in J-X as
shown in figure 6(b) and compared to those of GaAlAs/GaAs heterojunction solar cell without QD
integration.
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. (a
FIQG (a) 1-V curves o% InAs QDM solar cell at 1-4 suns.
(b) Jxof 5-stacked QDMs and GaAlAs/GaAs heterojunction without QDs as a function of X
(number of suns).

Further improvement of QDM solar cells utilizing GaAlAs/GaAs heterostructure and their

performance at high concentrated sunlight are under investigation.
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Abstract

Long chains of self-assembled lateral InAs quantum dot molecules (QDMs) are grown by thin-capping-
and-regrowth MBE process.(1) By capping as-grown InAs quantum dots (QDs) with a thin layer (9 MLs) of GaAs at
470°c, we obtain elongated nanostructure which can be used as a template for subsequent ?rowth. When 1.2 ML of
InAs |ng]_rown on the template, (%DMS having 24-30 dots in each molecule (see FIR}I ) are Tormed, By repeating the
above thin-capping-and-regrowth process for 5 cycles, long chains of InAs QDMs can be obtained. The longest
chain of QDMs is found to be longer than 5 microns. An average Ienﬂth ofthe QDMs is 0.7+0.1 microns (see |((IJ
2a) while the width is position dependent. Around the central dots, the equivalent cross-sectional InAs waveguide
area is 80X7 nm2 (A1-A4 in Fig. 2b). At other positions dong the QDM chain, two cIoser-sPaced dots give rise to
an approximate area of 150x5 nm2'(B1-B4). These long chains of InAs QDMs have central dots linking adjacent
QDMs and ma)r perform useful waveguide and electronic switching fimctions in nano-devices.

Photoluminescence (PL) measurements on QDMs and long chains of QDMs are conducted at room
temR/elrature. The PL spectra show that there is @ FWHM broadening _?4510 71 meV) due to less dot uniformity of
QDMs comparing to the as-grown QDs (see Fig. 3). Further characterisations are being carried out and PL emission
and electron transport properties of the long chain QDMs will be reported.

a b
Fig. 2a AFM images and(l i)ne scans (a) along and (b) perpendicular to Qh)e length of a QDM chain,
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Fig.3 PL spectra of InAs QDMs and as-grown InAs QDs.

[1] . Suraprapapich, . Kanjanachuchai and . Panyakeow, J. Vac. Sci. Technol. B 23, 1217, 2005.

94



. 2522

.. 2547

.. 2547

95



	รายการอ้างอิง
	ภาคผนวก
	ผลงานวิจัยที่มีการเผยแพร่
	สำเนาบทความวิจัยที่มีการเผยแพร่

	ประวัติผู้เขียนวิทยานิพนธ์

