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Enhanced quantum efficiency of solar cells with self-assembled Ge dots
stacked in multilayer structure
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We report on the performance of solar cells with stacked self-assembled Ge dots in the intrinsic
region of Si-baseg-i-n diode. These dots were epitaxially grown piype S{100 substrate via

the Stranski—Krastanov growth mode by gas-source molecular beam epitaxy. Enhanced external
quantum efficiencyEQE) in the infrared region up to 1.4bm was observed for the solar cells with
stacked self-assembled Ge dots compared with that without Ge dots. Furthermore, the EQE was
found to increase with increasing number of stacking. These results show that electron-hole pairs
generated in Ge dots can be efficiently separated by the internal electric field, and can contribute to
the photocurrent without considerable recombination in Ge dots or at Ge/Si interface200®
American Institute of Physics[DOI: 10.1063/1.16008338

Self-assembled Ge dots on Si have attracted much intefor the design of high efficiency solar cells that enhanced
est as a promising direction for the application of Si-basedibsorption performance are also developed, i.e., SiGe multi-
guantum electronic and optoelectronic devices. Growth ofrystalline with microscopic compositional distributfér®
multilayer arrays, growth kinetics, and various growth and many other¥’ However, it is difficult to grow defect-
modificatiorf® of Ge dots were extensively studied. One of free and dislocation-free SiGe bulk crystal since precise con-
the noticeable applications of Ge dots is photodetectors foirol of various growth parameters is highly needed.

mid- and near-infrared detectién® To overcome this difficulty, a molecular beam epitaxy

A decade ago, low-dimensional structure, such as quardMBE) system was introduced to grow high-quality crystals
tum well (p-i-n) solar cells, was first proposed to improve and dislocation-free self-assembled Ge dots. The theoretical
the overall conversion efficiency as an alternative approacfl0del previously mentioned is realized in our present work
to the conventional tandem solar célly quantum well so- that utilized self-assembled Ge dots stacked in multilayer
lar cells, the short-circuit current and the open-circuit voltageStructure for solar cells application. It is expected that inclu-
can be independently optimized because the absorption ed§in of Ge dots in the intrinsic region would increase the
and spectral characteristics can be modified by the width anghort circuit current without considerable loss of open-circuit
the depth of the well. Moreover, to provide direction to high-Voltage due to band gap engineering.
efficiency solar cells, quantum dots were theoretically pro- " this letter, we present a result on the performance of

posed to offer innovative approach to enhance the perforgolar cells with self-assembled Ge dots stacked in multilayer

mance of solar cell.In the intrinsic region of thep-i-n structure that exhibit improved external quantum efficiency
solar cell, a quantum dot layer is inserted for photon absorp(—EQE) in the infrared region compared with the conventional

tion in the longer wavelengths of the solar spectrum. In ad—S"based solar cells. Spectroscopic response in the longer

dition, vertical alignmeritand electronic coupling of quan- Wavele:gthsduF o 1d4ﬁ”? was obsefr\t/;:d IC_:)W'EQ t.(t)hthe pres-
tum dots triggered by the strain fields of the buried quantumence of >€ dols and an increase of ine Q with increasing
umber of stacking was confirmed. A possible reason for the

dot layers occurred. Consequently, possible channeling o . . . L
y 9 Y, P 9 Qecrease of the response in the infrared region with increas-

electrons and holes can easily take place in the verticall)( . -
. : ng annealing temperature is discussed based on the results
aligned and electronically coupled dots and they probabl)()f photoluminescencéPL) spectroscopy

contribute to the enhancement of quantum efficiency. How- The samples were grown using a gas-source MBE

ever, these expectations were not observed in the previo%ater VCE S202D system utilizing disilane (SHg) and

experiment that utilized ten layers of Ge dots with Sb surfac- ;
L . . ermane (Gel) as gas sources gutype S{100 substrate
tant for solar cells applicatiolt. Spectral response in the in- g (Gely g qrtype S(100

: ; . with a resistivity of 1—1Q cm. All samples underwent ther-
frared region was not enhanced instead it was suggested t%ral cleaning for 10 min at 820 °C. The base pressure and

more stacked layers of Ge dots will be inserted in the Spac?emperature in the growth chamber were kept at around 1
charge region to improve the performance of the solar cells,, 10710 Torr and 700 °C, respectively. A 100 nm Si buffer
On the other hand, functional crystals as base materighyer was first grown to achieve an epitaxial surface. Subse-
quently, self-assembled Ge dots stacked in multilaizey
¥Electronic mail: alguno@imr.tohoku.ac.jp and 100 layers structure was grown via the Stranski—
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FIG. 1. Schematic diagram of Ge dots in multilayer structi#eand the
corresponding energy band structuibg for solar cells application. 0.000
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Krastanov growth mode separated by 39 nm thick of Si

spacer layer and finally capped with Qun of Si. Thep—n FIG. 3. Comparison of external quantum efficiency of the solar cells with
junction was formed through thermal diffusion of phosphor-€ifferent stacked layers and without sefi-assembled Ge dots in the intrinsic
ous from spin-coated Ohka coat diffusion source at 800, 906, 9 '

and 1020 °C. Al and Ag were evaporated for backcontact and ) o )
front fingers, respectively. four facets directed alon§l05 directions while the round

PL measurements were carried out using a standarghaped domes have multifaceted surfaces. The average
lock-in technique with a liquid-nitrogen-cooled Ge photode-height and average base diameter of the Ge dots were about

tector (North Coast EO-817L The 532 nm line of a second 17 and 81 nrzn, respectively. The area density was in the order

harmonics of Nd:yttritium—aluminum—garnet laser was usecf 10° cm™2. _ _ _ _
as an excitation source. Atomic force microscof@FM) The spectroscopic response in the infrared region of the
measurement was performed in a tapping mode to obsengdlar cells with and without stacked self-assembled Ge dots
the surface morphology of the uncapped sample. EQE waé the intrinsic region is _shown in Fig. 3. It is clearl_y ob-
measured using tungsten and xenon lamps as light sourcégrved that quantum efficiency is enhanced in the infrared
that pass through a monochromator. The short cir¢uit ~ €gion up to 1.45.m for the solar cells with stacked Ge dots
bias photocurrent was directly measured with a Compute,compared with that without stacked Ge dots in the intrinsic
interfaced Keithley digital multimeter. region. On the other hand, the solar cells without stacked Ge

Figure Xa) shows the schematic diagram of self- dots in the intrinsic region exhibit an EQE up to around 1.2
assembled Ge dots stacked in multilayer structure in the inem Only. This enhanced spectral response in the infrared
trinsic region to enhance the absorption performance in th&9ime results from the absorption of solar spectrum by Ge
longer wavelengths whose energy band structure is shown mc_)ts with narrower effective band gap compared with that of
Fig. 1(b). It is speculated that vertical alignment and elec-Si-

tronic coupling between dots probably occur due to stacking ~ The solar cells with 100 layers of stacked self-assembled
effect$'° and channeling of electrons and holes might con-G€ dots have reasonable enhanced performance compared

Figure 2 shows a 22 um? AFM image of the self- Of spectral response is attributed to the number of layers in

assembled Ge dots with 8 monolayéil ) coverage grown the confinement structures that could make more effective

pyramids have rectangular bases al¢h@0 directions and '€gion. Importantly, these results show that electron-hole
pairs generated in Ge dots can be efficiently separated by the

internal electric field, and can contribute to the photocurrent
without considerable recombination in Ge dots or at Ge/Si
interfaces.

Figure 4 shows the temperature dependence of EQE of
solar cells with 100 layers of stacked Ge dots. It is noted that
EQE drastically decreases with increasing annealing tem-
perature. The solar cells annealed at lower temperatures ex-
hibit a spectral response up to 1.4&. In contrast, the solar
cells annealed at 1020 °C demonstrate a spectral response up
to 1.25um only.

Results of 10 K PL measurements from 100 layers of
stacked self-assembled Ge dots with 8 ML coverage grown
at 700 °C and annealed at different temperatures are shown
in Fig. 5. The PL spectrum of the as-grown sample in the
FIG. 2. 22 um? AFM image of the self-assembled Ge dots with 8 ML energy range between 8.00 and 900 meV obviously corre-
coverage grown at 700 °C. The average heights and base diameter of dc¥0Nd to the Ge dots. Existence of double-peak structure can

are about 17 and 81 nm, respectively. be seen. These broad peaks might be ascribed to the appear-
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between 800 and 900 meV. Thus, this is a manifestation that
Ge dots indeed contribute to the enhancement of EQE. De-
crease of EQE can be observed after annedkig 4). The
possible reason for this decrease might be the interdiffusion
of Ge dots with the Si spacer after annealing as shown in the
blueshift of photon energig§ig. 5. Consequently, alloying
takes place and band gap increases, leading to the decrease in
4 spectroscopic response. On the other hand, after annealing at
1020 °C, possible transformation of Ge dots to inhomoge-
. neous SiGe quantum well takes place as indicated in Fig. 5.
This pronounced blueshift of PL peaks is consistent with the
decrease of EQE close to 1u2n only (Fig. 4). This strongly
indicates that the presence of Ge dots in the space charge
region significantly improve the EQE of the solar cells. De-
FIG. 4. External quantum efficiency of solar cells with 100 layers of self- formation and alloying complexities can be avoided if the
assembled Ge dots at different annealing temperatures. formation of p—n junction is carried out at lower annealing
temperature. As a result, an increase in spectral response at
ance of the islands containing point defects and might bdurther longer wavelengths is expected.
assigned as no-phondiP) and TO phonon enerdy. Fur- In summary, we reported the enhanced EQE of solar
thermore, these might be attributed to a bimodal island sizeells in the infrared region with self-assembled Ge dots
distributiort’ that we observed in the AFM imag€&ig. 1).  stacked in multilayer structure. It was revealed that electron-
The PL lines around 1041 and 983 meV originate from thehole pairs generated in Ge dots can be efficiently separated
Ge wetting layer. These can be assigned as NP and TO phby the internal electric field, and can contribute to the pho-
non lines by their energy difference. When the solar cells aréocurrent without considerable recombination in Ge dots or
annealed at 800 °C, almost no changes of peaks comparé@d Ge/Si interfaces.
from the as grown samples. When annealing temperature

was further increased to 900 °C, a blueshift of photon energ imokawa for the fruitful discussions. This work was par-

. Thi h f i f ;
was observed. This suggests that deformation of Ge dots atlally supported by the New Energy and Industrial Technol-

alloying with the Si spacer occurred. Furthermore, pro- o

nounced blueshift of photon energies can be seen after a gy D'evel'opment 'Org'a.nlzatlo(i\IEDO) of .Japan. ?‘”d a
nealing at 1020 °C. This implies that disappearance of G ra”t"U'A'd for Scientific Res_earch from the Ministry of
dots probably occurs and they possibly transform to inhomo- ducation, Culture, Sports, Science and Technology.
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