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ABSTRACT: Multi-Stacked lateral quantum dot molecules are grown by a modified molecular beam epitaxial growth 
technique using thin-capping and regrowth of quantum dots on n-GaAs (001) substrate. Quantum dot molecules in a 
single layer has a dot density of 2 x l0 10 cm'2 which can be increased by growing a stacked structure in order that higher 
photon absorption in photovoltaic cells can be achieved. Closely-spaced quantum dots in lateral quantum dot molecules 
improve in-plane earner conduction which can be beneficial to the overall solar cell performance. Multi-Stacked lateral 
quantum dot molecule solar cells having Schottky structure are fabricated and tested for their I-V characteristics at dark 
and illuminated conditions. The experimental results are reported and discussed.
Keywords: Quantum dot molecules, Quantum dot solar cells.

1 INTRODUCTION
Self-assembled quantum dots (QDs) have been 

proved useful for many photonic devices. For examples, 
QD lasers are found to have low threshold cunent 
density, while QD infrared detectors can be designed to 
respond to long wavelengths [1, 2] and QD transistors 
cart function as high speed nano-electronic devices [3]. 
Efficient emitting device structures such as 
heterostructure, and multi-quantum 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 
functionality. In QD solar cells, low lateral dot density is 
a limiting factor in developing high efficiency device. 
The contribution of QDs in solar cell output in still 
doubtful inspite of their ability to emit strong 
photoluminescence at room temperature [4]. The low QD 
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 density 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, good dot uniformity and quality [6]. เท addition, 
the QDMs grown using the modified MBE 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 absorb more light, particularly at the long 
wavelength region of the solar spectrum.

In this paper, we report a MBE growth of multi- 
stacked lateral QDMs for photovoltaic applications. 
Preliminary electrical characteristics of Schottky-type 
solar cell structure with embedded QDMs as compared to 
the control sample without QDM layer indicate that 
increased efficiency can be achieved.

The growth of self-assembled QDs in a standard 
MBE process, results in dot density in the range of 109- 
1010 cm 2, depending on growth temperature and growth 
rate, and other parameters [8, 9]. We have developed a 
modified MBE technique using thin-capping-and- 
regrowth of QDs to create lateral QDMs having one order

of magnitude higher in dot density (10lo-10" cm'2) as 
shown in the atomic force microscope (AFM) images in 
figure 1 where the densities of QDs grown by a typical 
MBE technique and by our modified growth technique 
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 
process, the dots are vertically ฟigned as seen in the 
transmission electron microscope (TEM) image of figure 
2. This is due to the strain fields induced by the 
underlying QDs.

Figure 1 AFM images of (a) self-assembled QDs grown 
by standard MBE technique, and (b) QDMs 
grown by a modified MBE technique. The 
arrow indicates the [llo] crystallographic 
direction. The scan field is lx l 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 
process starts from a standard InAs QD formation on a 
buffer 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] 
crystallographic direction [10]. The regrowth of QDs 
0.6 ML of InAs QDs at 450-470°C (on the nano holes) 
leads to the fonnation 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 3 x l0 10 cm'2. 
Multiple stacks of lateral QDMs are grown by repeating 
the same process after capping the previous stack of 
QDMs. The schematic structure of the sample is shown 
in figure 3.

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

In order to measure the electrical contribution of the 
QDMs in a bulk layer, Schottky structure is fabricated. 
Samples with Au-Schottky contact having an area of 0.25 
cm'2 with a grid pattern are shown in figure 4.

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

3 EXPERIMENTAL RESULTS AND DISCUSSION
In photovoltaics applications, efficient electronic and 

optical properties of QDMs are required. In our previous 
investigation [11], electron mobility in a stacked quantum 
dots structure is lower than the bulk material as shown in 
figure 5. Closely spaced quantum dots in lateral QDMs 
would improve electronic transport and may lead to better 
lateral current conduction in the solar cell structure.

QDM solar cells with 1 and 5 stacks of embedded 
QDM layer are tested under AM 1, 100 ทาพ/cm2 solar

Impurity concentration (cm-3)

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 epitaxial GaAs 
layer having 0, 1, 2, 4 and 9 embedded QD 
stacks.

simulator and their I-V characteristics under dark and 
illuminated conditions are shown in Fig.6. For the 1-stack 
sample, the results in Fig.6 (a) indicate that the open- 
circuit voltage is Voc -  0.25V, and the short-circuit 
current is Isc = 0.75mA. The fill factor for the sample 
is 0.34. For the 5-stack sample, the results in Fig.6 (b) 
indicate that the open-circuit voltage is Voc=0.3V, 
Isc=0.7mA, and the F.F.= 0.37. We attribute the slightly 
increased F.F. to the lower sheet resistance of the 5-stacic 
QDM solar cell device. However, we cannot observe any 
clear improvement of PV output by increasing the 
number of QDM stacks. This proposed multi-stacked 
QDM solar cell structure still does not reach the critical 
QD volume for better solar absorption.

Figure 6 I-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 grow high density QDMs by 
repeating our modified MBE process with 5 cycles of 
thin-capping-and-regrowth. The AFM image of high dot 
density QDMs is 6 x l0 10 cm'2 as shown in figure 7. 
Further investigation of multi-stacked high dot density 
QDMs for PV application is on-going experimented. Our 
preliminary result from single stack high dot density 
QDM solar cell having Schottky structure was reported in 
31st IEEE-PVSC [5] confirming that sheet conductivity of 
high dot density QDMs is improved and provide much 
better F.F. value of 0.5 comparing to those of normal 
QDM solar cells.
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Figure 7 (a) AFM image of high dot density QDMs 
grown by 5 cycles of thin-capping-and-regrowth process 
(0.6 ML in the first 4 cycles and 1.5 ML in the last fifth 
cycle), (b) I-V curves at dark and illuminated conditions 
of high dot density quantum dot molecule solar cell 
(reported in 31st IEEE-PVSC).

4 SUMMARY
QDMs are grown by a novel thin-capping-and- 

regrowth MBE process. Multi-Stacked QDMs are 
subsequently inserted in a solar cell structure having 
Schottky grid-contact. Electrical measurements of the 1- 
stack and 5-stack QDM solar cells under AMI 
illumination show no significant change in their 
performance. We cannot prove the increased absorption 
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- 
regrowth process where further improvement in terns of 
efficiency of quantum dot solar cells are expected.
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Abstract: Quantum dot molecules (QDMs), are prepared by thin-capping-and-regrowth MBE process. The unique features of 
QDMs are their high dot density (10,0-10n cm'2), 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. 
High density QDMs are obtained by repeating cycles of thin-capping-and-regrowth MBE process. In spite of higher dot density, 
dot uniformity relaxes giving a broader spectral response which is desirable for photovoltaic applications. In order to increase 
the active volume of QDMs in solar cell structures, we propose to embed the multi-stacked, high-density QDMs 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 principle a shallow junction device having a 

high aperture area for the collection of a wider solar spectrum. 
GaAs-based solar cells needs very thin active layer to absorb a 
portion of photon energies due to GaAs’s direct bandgap 
property and its limited bandgap value of 1.43 eV which 
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 
efficiency of more than 20% in solar cell performance/lJ,) 
Narrow bandgap material like Ge (Eg = 0.66 eV) is also used 
in a tandem cell structure due to its lower cost as an alternation 
substrate to GaAs.*5'61

InAs is another semiconducting material with a narrow 
bandgap (Eg = 0.34 eV) and a direct bandgap but with a lattice 
mismatch of 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 by 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 high rate of transitions among energy 
levels. Quantum-dot integration to solar cell structure is 
proposed by Luque et a l/l0) With an idea that quantum dots 
give rise to intermediate bands which result in increased solar 
energy absorption. However, from the basic understanding of 
luminescence 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/1'1 Variation in dot size can broaden the 
spectrum response characteristics of quantum dot solar cells/121

Self-assembled InAs QDs grown by a standard MBE 
process give a low dot density in the order of 109-1010 cm-2.(131 
These values of dot density are not significant and the quantum 
dot contribution to solar cell performance is small/141 We, 
therefore, proposed to develop a MBE growth technique by 
using a thin-capping-and-regrowth process/151 With this 
unique growth technique, self-assembled lateral InAs quantum 
dot molecules are realized with high dot density ( 1010- 1 o'1

cm'2) and ordered pattern of dot sets along the [l Fo ] 
crystallographic direction/161 In order to obtain a higher 
aggregate dot volume to be used as an active layer of solar 
cells of we propose to grow multiple stacks of quantum dot 
molecules by multiple series of thin-capping-and regrowth 
MBE process/171

In this paper, we further extend our growth technique by 
the modification of MBE process to prepare high-density 
quantum dot molecules (10n-1012 cm'2). With multiple series 
of this modified MBE growth, multi-stacked, high-density 
quantum dot molecules are obtained. We then fabricate 
Schottky solar cells with this high density QDM layer as the 
active layer. Electrical (I-V) characteristics of this Schottky 
(multi-stacked) quantum dot molecule solar cell under solar 
simulator is reported and discussed in this paper.

2 High Density Quantum Dot 
Molecules
Quantum dot molecules (QDMs) are grown by a self- 

assembly technique, specifically the thin-capping-and- 
regrowth MBE process. All samples are grown on (001) n- 
GaAs substrates.

200 nm
(a) (b) (c)

Figure 1 Processing steps for QDMs.
The first step is to start with a standard MBE process for 

self-assembled quantum dots (QDs) at 500°c as shown in 
figure 1(a). Then, QDs are capped by 6 ML of GaAs at the 
temperature of 470°c. The QDs’ shape is transformed into a
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camel-like structure having a nanohole 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 [ 1 Fo ] crystallographic direction are obtained as 
shown in figure 1(b). 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 
dots.

For the high dot density structure, we repeat the thin- 
capping-and-regrowth process for 5 cycles with regrown 
thickness of 0.6 ML in the first 4 cycles and 1.5 ML in the last 
cycle to obtain one layer of high density QDMs as shown in 
figure 2. Then we repeat the same 5 cycles several times to 
obtain multiple layer of QDMs or, in other words, to obtain 
multi-stacked, high-density QDMs. These multi-stacked, high- 
density QDMs give strong 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 sample reflects the high dot density which will 
be useful for QD solar cell structure.

1000 nm
Figure 2 AFM image of high density QDMs

Figure 3 Strong PL spectrum from multi-stacked high density 
QDMs comparing to that of single stacked sample.

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 
density QDMs into a solar cell structure is done step by step, 
by forming the following layer in sequence QDs, 
nanopropeller QDs, QDMs, to multi-stacked, high-density 
QDMs. The multi-stacked high-density QDMs give high dot 
density and layer dot volume (aggregate). When inserted and 
used in a solar cell structure, significant contribution of the 
QDs towards the solar cell output IS expected.

Schottky solar cells with 1 stack and 5 stacks of high- 
density QDMs are fabricated. The schematics of the cross- 
section of the structures is shown in figure 4. Subsequent 
electrical (I-V) characterization are carried out under AM 1 100 
mW/cm2 solar simulator.

ÉAAAAAAAÉAAft

A
4 ฒ เฒ Ê Ê Ê H Ê Ê Ê È Ê iGaAs buffer layer

ท-GaAs substrate

Au
QDMs

'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 
10% 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 types of QD solar cell previously studied. We 
achieve Isc = 2 mA/cm2 from our 0.5 cm2 solar cells. The high 
Isc achieved in our multi-stacked QDMs structure is 
promising, and, with proper designs of PN heterojunction, 
optical window and AR coating, is likely to develop into high- 
efficiency QDM solar cells. Further investigation of QDM 
solar cell is on-going.
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(a)

(b)

F igure 5 I-V  curves at dark and illum inated conditions o f  
multi-stacked high density Q D M  solar cell 
comparing w ith  those o f  single stacked sample, 
(a) single stacked and (b) 5-stacked

4 Summary
QDMs as an active layer o f  solar cells is prepared by the 

thin-capping-and-regrowth M BE  process. B y repeating the 
processing steps fo r several cycles, we can obtain m u lti- 
stacked, high-density QDMs structure and utilize the high  
aggregate dot volume fo r solar cell structure. The fabricated 
Schottky solar cells w ith an embedded layer o f  multi-stacked, 
high-density QDMs undergo electrical characterization at a 
standard condition controlled by a solar simulator: A M I 100 
mW/cm2. It is found that, when compared w ith  other 
structures, the multi-stacked Q D M  solar cells exh ib it a 
significant increase in short-circuit current which w ill lead to 
high efficiency solar cells.
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ABSTRACT
InAs quantum dot molecules (QDMs) are 

prepared by thin-capping-and-regrowth M BE  process. 
The dot density can be varied betv/een 1010 c m ,  fo r as- 
grown quantum dots (QDs), to 1012 cm '2, fo r multi-stack 
QDMs. Photocurrent measurements on 1- and 5-stack 
high-density QDM  layers show that these InAs QDMs  
when embedded inside a GaAs bu lk  structure extend 
photon absorption beyond the 850-nm bandedge lim ited  
by GaAs. The results also indicate that the higher the 
number o f  stacks the higher the resulting current. The 
presence o f  high-density QDM s in solar cells thus 
extends the absorption region and at the same time 
increase the output current. E lectrical characterisations on 
homojunction (p-n) solar cells w ith  1- and 5-stack high- 
density QDMs embedded between the junction show that 
the 5-stack sample provides a higher short-circuit current 
density o f  JK =  14.4 mA/cm2 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 fo r by the difference in the number o f  stacks o f  
high-density InAs QDMs. The efficiency o f  
homostructure QDMs solar cell is 5.1%.

INTRODUCTION
Solar cells made from  semiconductor materials 

can absorb a lim ited portion o f  the solar spectrum  
determined by the energy gaps o f  the materials. This 
leads to the lim ita tion o f conversion efficiency when 
solar cells are made from  single bandgap semiconductors. 
In order to u tilize multip le bandgaps o f  different 
semiconductors, tandem solar cells can be useful because 
they can absorb different photon energies from  a w ider 
solar spectrum compared to their single bandgap 
counterparts.*IJ) However, tandem solar cells face many 
technical d ifficu lties. For example, lattice-matched 
semiconductors are needed in order to obtain defects-free 
crystals, essential fo r tunnel junctions which are required 
to connect the upper and lower cells o f  the tandem  
structure. Therefore, on ly two- or three-junction cells are 
used in most tandem structures because having more 
junctions would make it considerably more d ifficu lt 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. A lthough high e ffic iency can be achieved, it 
comes w ith the expense o f  complicated design and 
fabrication.

GaAs, a direct semiconductor w ith  a bandgap 
o f 1.42 eV, is a promising h igh-effic iency material. It 
has an absorption edge at 850 nm. We propose that by

introducing InAs quantum dots (QDs) into the GaAs bulk 
structure, it is possible to extend the absorption edge and, 
hence, to improve the e ffic iency o f  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 o f self-assembled InAs QDs on a GaAs substrate 
in a standard molecular beam epitaxial (M BE ) process 
results in dot density in  the range o f  109-10 '“ cm '2 as 
shown in the atomic force m icroscopy (AFM ) image in  
Fig. 1. The density depends m ain ly on the growth 
temperature which controls the growth rates.*4* These as- 
grown QDs have low  dot density and the expected 
benefits o f  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 bu lk  GaAs solar cells.*5*

It has been proposed that having a high density 
o f ordered, un ifo rm  QDs could provide an intermediate 
energy band in the bandgap o f  host semiconductor which 
leads to improved conversion efficiency.*6* In order to 
increase the density o f  the InAs QDs, we have developed 
a modified M BE  technique using a thin-capping-and- 
regrowth process in order to create lateral quantum dot 
molecules (QDMs). A  typica l dot density o f the QDMs is 
10 10- 1 o’1 cm'2 as shown in Fig. 2. The QDMs exhibit a 
specific pattern: the dots are aligned along the [1 1 0 ]  
crystallographic direction and they have good 
uniform ity.*2* Even higher density QDMs are then 
obtained by repeating the thin-capping-and-regrowth 
process fo r several cycles.*8* An AFM  image o f a sample 
which underwent five cycles o f  thin-capping-and- 
regrowth process w ith  regrowth InAs thickness o f 0.6 
M L  in the first four cycles and 1.5 M L  in the last cycle is 
shown in Fig. 3. The dot density is estimated at 1 o1 1 o ’2 
cm '2.

Fig. 1 AFM  image o f  as-grown InAs QDs on GaAs 
substrate.

mailto:Danvakeow@vahoo.com
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Fig. 2 AFM image of InAs QDMs grown by thin- 
capping-and-regrowth MBE process.
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Fig. 3 AFM  image o f  high-density QDMs grown by 
repeating the thin-capping-and-regrowth M BE  process 
for five cycles.

We have previously proposed a QD solar cell 
design, which takes advantage o f  QD absorption o f  the 
solar spectrum outside the normal bu lk  range, using a 
Schottky structure. This is fo llowed by s im ilar designs 
w ith  single stack and multi-stack QDMs as the absorption 
layer.(9) However, little  improvements are found. This is 
due to an insignificant presence o f  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, particu larly vvhen the 
QDM layers are stacked on top o f  one another.(10)

In this paper, we show the firs t electrical results 
o f 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 o f  QDM  
layers. Previous results from  Schottky solar cells are also 
given for comparison purposes. The organisation o f  the 
paper is as follows. Next, the properties o f the material—  
multi-stack high-density QDMs— w ill be explained. 
Then, the electrical properties o f  the devices— QDM  
solar cells— w ill be given in Section 3, fo llowed 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 o f  QDM s IS at least one

order o f  magnitude higher than those o f  as-grown QDs. 
Therefore, one layer o f  QDMs is equivalent to multip le  
layers o f  QDs, in terms o f  effective dot volume. By the 
same argument, one layer o f  high-density QDMs (Fig. 3) 
is equivalent to m ultip le layers o f  QDMs (Fig. 2). 
Therefore, multi-stack high-density QDMs provide the 
highest dot volume among other QD and QDM  
structures, i.e. higher than 1013 cm'3.

In addition to the density and morphological 
information o f  the QDMs above, we have also 
characterized the Q DM s’ optical property by room  
temperature photoluminescence (PL) measurements using 
A r- la se r excitation. The PL results o f  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 w ith  a broader FW HM  comparing to that o f the 
1-stack sample (80 meV vs. 75 meV). A  small blue shift 
o f  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 o f  size distribution o f the 5-stack sample.

0.6 0.8 1.0 1.2 1.4 1.6
E nergy (eV)

F ig. 4 Room temperature PL spectra o f the l -  and 5-stack 
high-density Q DM  samples.

MULTI-STACK HIGH-DENSITY QDM
HOMOJUNCTION SOLAR CELLS
In our previous work, Schottky junction solar 

cells w ith  embedded layers o f  multi-stack QDMs and 
multi-stack high-density QDMs were fabricated and their 
I-V  characteristics reported, as summarized in Table 1. It 
is typical fo r a multi-stack h igh -dens ity  QDM  solar cell 
w ith  a Schottky structure to give a higher short-circuit 
current (Jsc) than multi-stack QD and QDM  solar cells, 
see Table 1.

In this work, Iiomo-junction h igh-density QDM  
solar cells are fabricated and their I-V  characteristics 
measured. The structure o f the 1-stack and 5-stack high- 
density Q DM  homojunction solar cells are shown in Figs. 
5(a) and 5(b), respectively. P-GaAs substrates are used as 
the starting matenal. A fter the growth o f  GaAs buffer 
layer, InAs QDMs are grown by the thin-capping-and- 
regrowth M BE  process. This process is repeated for five 
cycles in the sample shown in Fig. 5(b). Then, the 
structures are capped w ith  ท-GaAs to form a p-n junction. 
Au:Ge/N i and AuZn are used as Ohmic contacts to the 
front ท-GaAs surface and the back p-GaAs substrate, 
respectively. The current-voltage (I-V ) measurements o f  
the solar cells are then carried out in the dark and under 
illum ination.
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Fig. 5 The schematic o f  multi-stacked high-density QDM  
homo-junction solar cells having (a) single-stacked 
QDMs (b) and 5-stacked QDMs.

From the same batch o f  homostructure solar 
cells having 5 stacks o f  QDMs as active layers, we 
carefully select better cell w ith  F.F. = 0.67 and JK = 15.2 
mA/cm2 as shown in  Fig.7. The cell effic iency is 5.1%.

Fig. 6 I-V  characteristics o f  Q D M  homojunction solar 
Table 1. Summary o f  electrical performances o f  QD and cells measured ๒  the dark and under illum ination.
QDM  solar cells under 100 mW /cm2 A M I solar Embedded between the junc tion  is a (a) 1-stack or (b) 5-
simulator. stack QDM  layer.

Embedded
structures' Device type num ber o f  Q D  or 

Q D M  stacks
J.C

(m A /cm 2) V 0C(V ) F.F. Ref.

QDs Schottky 3 0.60 0.24 0.59 [5]
QDM s Schottky 1 0.68 0.25 0.34 [8 ]
QDM s Schottky 5 0.64 0.30 0.37 [8]

H igh  density Q DM s Schottky 1 1.50 0.30 0.50 [10]
H igh  density QDM s Schottky 5 2.10 0.30 0.50 [10]
H igh  density Q DM s H om o junc tion 1 9.60 0.50 0.52 This w o rk
H igh  density QDM s H om o junc tion 5 14.40 0.50 0.55 This wo rk

In all o f  the fo llow ing  I-V  measurements, the 
input light is generated from  a solar simulator w ith  A M I  
solar spectrum and 100 mW /cm2 input power. The PV  
output from the 1-stacked Q DM  solar cell sample 
exhibits an open-circuit voltage o f  Voc = 0.5 V  and a 
short-circuit current density o f  Jsc = 9.6 mA/cm2 as 
shown in Fig. 6(a). The f i l l  factor o f the 1-stacked QDM  
solar cell is F.F. -  0.52. For the 5-stacked sample, V oc 
remains constant at 0.5 V  but Jsc increases to 14.4 
mA/cm2, 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 w ith the extra four layers o f  high-density 
stacked QDMs. The high-density QDMs also provide a 
low sheet resistance layer which is a factor in the 
improvement o f the f i l l  factor o f  the solar cells.

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 w ith  a resulting sensitivity in the range 
o f 330-1000 nm. The photocurrents generated as a 
function o f incident ligh t w ith  varying wavelengths are 
recorded. The results fo r the 1 - and 5-stack high-density 
QDM solar cells are plotted in Fig. 8. The spectral 
response o f GaAlAs/GaAs solar cell w ithout QD  
integration is also given fo r comparison. W hile the wide 
bandgap o f 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 o f GaAs, 850 nm.
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Fig. 7 I-V  curves o f  5 stack Q D M  solar cell having better 
F.F. and leading to an effic iency o f  5.1%.

Fig. 8 Photocurrent (PC) spectral responses o f  1- and 5- 
stack high-density InAs Q DM  solar cells comparing to 
GaAlAs/GaAs heterostructure solar cell w ithout QD  
integration.

W ith  the above encouraging results, we are 
designing multi-stack high-density Q D M  /letero-structure 
solar cells. Band offsets resulting from  heterostructures 
can provide higher bu ilt- in  electric fields. We expect to 
achieve even higher V K and Jsc as compared to 
homojunction devices.

CONCLUSION
M ulti-stack high-density QDMs have been 

grown by the thin-capping-and-regrowth M BE  process. 
1- and 5-stack layers o f QDMs have been incorporated 
into homojunction (p-n) solar cells. Spectral response o f  
the QDM  solar cells exhib it absorption beyond the GaAs 
band edge (850 nm). The increased absorption a llow  
high-density multi-stack QDM  solar cells to outperform  
their multi-stack QD and QDM  equivalents, both in terms 
o f increased f i l l  factor and short-circuit current. The 
efficiency o f homostructure QDM  solar cell is 5.1%.
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Abstract
M ulti-stacked h igh  d en sity  InA s quantum dot m olecu le (Q D M ) solar ce lls  w ere fabricated by  

m u lti-cycles o f  thin-capping-and-regrow th m olecular beam  epitaxy. O ne stack o f  Q D M s provides dot 
density g ives as h igh  as 1 0 12 cm '2. T he h igh  dot density is  desirable for e ffec tiv e  photon  absorption, 
particularly at lon g  w avelen g th s o f  the solar spectrum  due to the extended  band o f  quantized energies  
o f  InA s quantum dots and g o o d  dot s ize  uniform ity (better than 70  %). F ive  stacks o f  h igh density  
Q D M s w ere a lso grow n b y  a series o f  G aA s cappings and InA s Q D M  regrow th utiliz ing induced  
strain fie ld s o f  the underlying layers. P h otolum inescence m easurem ent o f  5 -stacked Q D M  sam ple  
indicates that quantum d ot s ize  is larger and dot uniform ity w orsen  as sh ow n  resp ectively  b y  the PL  
blue shift (from  1.075 e V  to 1.053 eV ) and a broader FW H M  o f  PL  spectrum  (from  75 m eV  to 80  
m eV ) com paring to a 1-stacked  Q D M  sam ple.

F ive-stacked  h igh  den sity  InA s Q D M  solar ce lls  w ith hom ojunction  o f  G aA s w ere fabricated  
and tested. It is  found that th is m ulti-stacked structure o f  h igh density InA s Q D M s responds to long  
w avelengths spectral reg ion  beyon d  850  nm  w hich  is the absorption band ed ge o f  G aA s. W e 
observed the exten sion  o f  the absorption up to 1000 nm w h ich  is  the sen sitiv ity  lim it o f  our 
instruments. H eterostructure o f  G aA lA s/G aA s solar ce ll w ithout Q D  integration w as a lso m easured  
as a reference.

I-V  characteristics o f  five  stacked high density InAs Q D M  solar ce lls  w ere m easured under 
A M I 100 m W /cm 2 solar sim ulator. T he open-circuit voltage o f  this hom ojunction  solar ce ll is 0.5 V  
w h ile  the short-circuit current den sity  is as h igh  as 15.2 m A /cm 2. W ith  a relatively  lo w  fill factor o f  
0 .668 , the effic ien cy  o f  this prelim inary InAs Q D M  solar cell is  about 5.076% . D ue to the low  
dim ensionality o f  quantum  dot structure w hich  is usefu l for h igh perform ance d ev ice , this m ulti- 
stacked Q D M  solar ce lls  are a lso  characterized at concentrated sunlight using a focused  solar 
sim ulator having different ligh t in tensities (1~ 4  suns). The perform ance o f  InA s Q D M  solar ce lls at 
high รนท num bers is com pared to those o f  G aA lA s/G aA s heterojunction w ithout Q D  integration.

mailto:_panyakeow@yahoo.com
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Extended Abstract
H igh density InAs quantum  dot m olecu les (Q D M s) are grow n b y m u lti-cycles o f  thin- 

capping-and-regrowth M B E  p r o c e s s /0 Com paring to the initial Q D  density o f  1010 cm '2, Q D M s  
provide higher dot density o f  1 0 12 cm '2 as show n in A FM  im ages o f  figures 1(a) and 1(b) respectively.

(a) (b)
F ig . 1 A FM  im ages o f  (a) as-grow n Q D s and (b) Q D M s.

M ulti-stacked h igh  den sity  InA s Q D M s are inserted into a p-n jun ction  o f  G aA s as an active  
part o f  solar ce ll structure/0  S chem atic diagram  o f  ce ll structure is sh ow n  in  figure 2(a). P-type  
G aA s substrate is used  as the starting material in our experim ent. A fter a G aA s buffer layer, intrinsic 
high density InAs Q D M s are grow n and repeated for 5 stacks o f  Q D M s, fo llo w ed  by the capping o f  ท- 
G aA s for p-n junction . AuZn and A u :G e/N i are used as O hm ic contacts to for p-type and n-type 
G aA s respectively. The actual solar ce lls  h aving front grid contacts w ith  c e ll areas o f  5x5 and 5x 10 
m m 2 are show n in figure 2(b).

Au:Ge/Ni

□  □ _____ □ _____ m r
ท-GaAs buffer layer 1 vf ๕Ï IfViSJ_ . - J | |0

•••
^  GaAs
^  High density ■ Jjfp

GaAs buffer layer QDMs
••รพ» «all » ร̂ '?̂ '̂

p-GaAs substrate
V . hr.

\ AuZn

(a) (b)
F ig . 2 (a) Schem atic structure o f  m ulti-stacked high density Q D M  solar cells, 

(b) Fabricated Q D M  solar ce lls.
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G ood optical properties o f  m ulti-stacked high density InAs Q D M s are confirm ed by PL  
m easurem ent at room  tem perature b y an excitation o f  Ar+ laser.(3) Strong PL em issio n  from  5 stacks 
o f  Q D M s appears at 1.053 eV  and broad FW H M  o f  80 m eV . T he blue sh ift o f  PL peak from  those o f  
1 stacked Q D M s and as-grow n  Q D s indicates that the m ulti-stacked Q D M s are com p osed  o f  larger 
dots w hich  are not as uniform  as the 1 -stacked or the as-grow n Q D s. T he latter is attributed to the 
statistical nature o f  strain fie ld  relaxation during stacking form ation. C onventional Q D s norm ally  
provide PL peak at 1.1 eV  and FW H M  o f  47  m eV .(4) (see  figure 3)

(Fig- 3) (F ig. 4)

Fig. 3 N orm alized  PL spectra o f  5-stacked Q D M s com paring to those o f  1 stacked Q D M s and  
as-grow n Q D s.

Fig. 4 Spectral response at longer w avelength s is found in InAs Q D M  solar ce lls  com paring to 
G aA lA s/G aA s heterojunction w ithout Q D s.

It is found that both 1-stacked and 5-stacked Q D M  solar ce lls  g ive  broader spectral response  
at longer w avelength s b eyon d  850  nm  w h ich  is the absorption band ed ge o f  G aA s. Figure 4 show s 
the com parison betw een  InA s Q D M  solar ce lls  and G aA lA s/G aA s heterojunction solar ce ll w ithout 
Q D  integration in term o f  spectral response. W hile the w ide bandgap o f  G aA lA s results in good  
response at short w avelength s response the response drops sharply above 850  nm. H ow ever, Q D M  
solar ce lls  have an extended response up to nearly 1000 nm w hich  is the lim it o f  our m easuring  
instruments.

The m ulti-stacked Q D M  solar ce lls  are tested for their I-V curves under A M I 100 m W /cm 2 
solar sim ulator (see  figure 5). T he hom ojunction solar ce ll g ives a relatively  lo w  open-circuit voltage  
(V oc) o f  0 .5V . The short circuited current density (Jsc) o f  this Q D M  solar ce ll is 15.2 m A /cm 2 w ith a 
fill factor (F.F.) o f  0 .668 . T h ese  results lead to an effic ien cy  o f  5.076% .
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Fig. 5 I-V curves at dark and illum inated conditions o f  5-stacked high density InA s Q D M  solar ce lls

The Q D M  solar ce lls  are a lso  tested under concentrated sunlight ranging from  1 รนท to 4  suns 
b y using focused  beam  o f  solar sim ulator. A t concentrated illum ination, Voc im proves from  0 .5V  to 
0 .5 5 V  w h ile  the Jsc increases w ith  light in tensity  (see  figure 6(a)). T he results are p lotted  in Jsc-X  as 
show n in figure 6(b) and com pared to those o f  G aA lA s/G aA s heterojunction solar ce ll w ithout Q D  
integration.

Fig 6 (a) I-V curves o f  InA s Q D M  solar ce ll at 1-4 suns.
(b) Jsc o f  5-stacked Q D M s and G aA lA s/G aA s heterojunction w ithout Q D s as a function o f  X  

(num ber o f  suns).

Further im provem ent o f  Q D M  solar ce lls  utiliz ing G aA lA s/G aA s heterostructure and their 
perform ance at high concentrated sunlight are under investigation.
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Abstract
Long chains o f self-assembled lateral InAs quantum dot molecules (QDMs) are grown by thin-capping- 

and-regrowth MBE process.(l) By capping as-grown InAs quantum dots (QDs) with a thin layer (9 MLs) o f GaAs at 
470°c, we obtain elongated nanostructure which can be used as a template for subsequent growth. When 1.2 ML o f  
InAs is grown on the template, QDMs having 24-30 dots in each molecule (see Fig. 1) are formed. By repeating the 
above thin-capping-and-regrowth process for 5 cycles, long chains o f InAs QDMs can be obtained. The longest 
chain o f QDMs is found to be longer than 5 microns. An average length o f the QDMs is 0.7±0.1 microns (see Fig. 
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 closely-spaced dots give rise to 
an approximate area o f  150x5 nm2 (B1-B4). These long chains o f  InAs QDMs have central dots linking adjacent 
QDMs and may perform useful waveguide and electronic switching fimctions in nano-devices.

Photoluminescence (PL) measurements on QDMs and long chains o f  QDMs are conducted at room 
temperature. The PL spectra show that there is a FWHM broadening (45 to 71 meV) due to less dot uniformity o f  
QDMs comparing to the as-grown QDs (see Fig. 3). Further characterisations are being carried out and PL emission 
and electron transport properties o f  the long chain QDMs will be reported.

Fig. 1 AFM image o f  self-assembled QDMs having 24-30 dots in each molecule.

(a) (b)
Fig. 2a AFM images and line scans (a) along and (b) perpendicular to the length o f a QDM chain.

mailto:_panyakeow@yahoo.com
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Fig.3 PL spectra o f InAs QDMs and as-grown InAs QDs.
[1] ร. Suraprapapich, ร. Kanjanachuchai and ร. Panyakeow, J. Vac. Sci. Technol. B 23, 1217, 2005.
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นายสิริ'ชัย เร ืองเดช เก ิดเม ื่อว ันท ี่ 5 พฤษภาคม พ.ศ. 2522 ท ี่โรงพยาบาลส ุพรรณบ ุร ี อำเภอ 
เมือง จังหวัดส ุพรรณบุรี ศ ึกษาช ั้นประถมท ี่โรงเร ียนว ิทยาศ ึกษา, ช ั้นม ัธยมต ้นท ี่โรงเร ียนบางปลาม ้า 
ส ูงส ุมารผด ุงว ิทย ์,ช ั้นประกาศน ียบ ัตรว ิชาช ีพท ี่ว ิทยาล ัยเทคน ิคส ุพรรณ บ ุร ี และช ันประกาศน ียบ ัตร 
ว ิชาช ีพช ั้นส ูงท ี่สถาบ ันเทคโนโลยีราชมงคล"วิทยาเขตส ุพรรณบุร ี"จ ังหวัดส ุพรรณบุร ี ไต ้ร ับปริญญา 
ว ิศ ว ก ร ร ม ศ าส ต ร ์บ ัณ ฑ ิต  ส าข าว ิศ ว ก ร ร ม อ ิเล ็ก ท ร อ น ิก ส ์ จ าก ค ณ ะ ว ิศ ว ก ร ร ม ศ าส ต ร ์ ส ถาบ ัน  
เท คโน โลย ีพ ระจอม เก ล ้า เจ ้าค ุณ ท ห ารล าด ก ระบ ัง  เม ื่อป ี พ .ศ. 2547 ต ่อจากน ั้น เข ้าศ ึกษ าต ่อใน  
ห ล ัก ส ูต รว ิศวก รรม ศาส ต ร ์ม ห าบ ัณ ฑ ิต  ท ี่ห ้องป ฏ ิบ ัต ิการว ิจ ัยส ิ่งป ระด ิษ ฐ ์ส ารก ึ่งต ัวน ำ ภาคว ิชา 
ว ิศวกรรมไฟฟ้า คณ ะว ิศวกรรมศาสตร์ จ ุฬาลงกรณ ์มหาวิทยาลัย เมื่อ พ.ศ. 2547
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