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Effects of spacer thickness on quantum efficiency of the solar cells
with embedded Ge islands in the intrinsic layer
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We report on the effects of spacer thickness on the external quantum effi¢iEeQ&y of the solar

cells with Ge islands embedded into the intrinsic region of the Si-based diode. The EQE
response of the solar cells in the near-infrared region is dependent on the spacer thickness that
separates the layers of self-assembled Ge islands. It was found that the EQE response has an
optimum value when the spacer thickness can sustain a good vertical ordering of islands. On the
other hand, random nucleation of islands due to a thicker spacer layer exhibits an inferior EQE
response. Furthermore, a drastic decrease of the EQE response of the solar cells for a thinner spacer
layer was observed. @004 American Institute of Physic§DOI: 10.1063/1.1697632

Much effort has been devoted by many researchers toompared with the thicker spacer layer that triggers random
enhance the performance of solar cells by efficiently absorbisland nucleation. Thinner spacer thickness showed a drastic
ing the subband gap light. Recent theoretical predictions indecrease of the EQE of the solar cells. The effects of spacer
clude the utilization of intermediate band solar céliggcon-  thickness on the strain fields and stacking faults in the
version for the absorption of subband gap li§laind control ~ multilayer structure are discussed based on the transmission
of the strain, shape, and local Ge fraction in multicrystalline€lectron microscopyTEM) images and PL spectra.

SiGe for the absorption of the near-infrared ligHturther- The investigated solar cells were grown gmtype
more, experimental innovations were also performed to imSi(100 with a resistivity of 1-10(2cm substrate using a
prove the performance of the solar cells by absorbing th@as-source molecular-beam epitaidyirWater VCE S2020
low-energy photons, i.e., to utilize SiGe multicrystalline with System. Pure SHg and Gel were used as source gases.
microscopic compositional distributidfito enhance the ab- The growth process and other experimental details can be
sorption performance, and to exploit the advantage of qua,{_ound elsewheré& The nominal thickness of the spacer layer

tum well solar cells to independently optimize the absorption¥as varied systematicallyd¢=10, 39, and 100 njn This
edge and spectral characterisfics. refers to the thickness between adjacent wetting layers, not

Another way to absorb the low-energy photon is to in_the thickness between islands. Both the islands and the spac-

corporate Ge dots in the intrinsic region of Si-based solaf's @€ in the very lightly doped region. The schematic illus-
cells. An experimental attempt was already carried out; howtration of the completed 59"’” cell device is shown in Fig. 1.
ever, the spectral response in the near-infrared region was not 1€ structural properties of these samples were charac-

observed, instead it was suggested that further experimenrtgrized with cro'ss—sectionaI'TEM. The Pl and EQE measure-
ments are previously described elsewhere.

should be doné Recently, we reported on the enhanced per- . . .
formance of the external quantum efficien§QE) in the _ The EQE of the solar ceI_Is in the near-lnfr_ared region
near-infrared region utilizing Ge dots stacked in muItiIayer\;Vr']?Wﬁ?ndgits Szeﬁ?g?ig&%g\?ﬁ:g%;ﬁgﬁ% t:éfll;n\?viie?;:re
structuré® The EQE was found to increase with increasin o T ) . :

vt QE w y I wen 1 : gdots embedded into the intrinsic region of the Si-bgsedn

number of Ge |_sla_n_ds stacked lay&r&ur (_:urrent reSL."tS diode significantly increased the EQE response up to 1.45
were already significant however, exploring an optimum

. . LY . pm. On the other hand, the solar cells without Ge islands in
EQE response in the near-infrared region is highly stimulat; .~ . . :
ing the intrinsic region showed a spectral response up to 1.20

. .. mm only, which corresponds to the band edge of silicon. It is
nes;not:ltshlaeté%Evﬁ Fr::slg\r/]vtetrhp?hifgr?tzncgr;?gssgfgce)lgrhgjl_vvorth noting that the EQE performance drastically decreases

: . R . . 0 1.30 um for the solar cells with 10 nm spacer width.
with Ge dots embedded in the intrinsic region of the Si-base urthermore, the solar cells with a 100 nm spacer thickness

p-1-n diode. We point out that optimization of spacer thick- display an inferior EQE response compared with that of the

ness is important to achieve an optimum EQE response Utlsg 1y spacer thickness. The enhanced absorption perfor-
lizing low-energy photons. Good vertical ordering of islands .o e of the solar cells in the lower photon energies is at-

was observed and exhibits an excellent EQE response Whefy, e to the presence of Ge islands in the intrinsic layer.
The EQE increase in the near-infrared region is a manifesta-
¥Electronic mail: alguno@imr.tohoku.ac.jp tion that the spacer thickness that separates the Ge islands
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FIG. 3. 10 K PL spectra of 100 layer of stacked Ge islands with different
spacer thicknesses.

ence(i.e., AE~55 me\). An alternative explanation of the
presence of these peaks might be attributed to the bimodal
Hl:gontast distribution of Ge islands as suggested in the previous

FIG. 1. Schematic illustration of the completed solar cells with 100 layer ofreport51-4'l5The reduction in spacer thicknessdg=10 nm,
stacked Ge islands embedded into the intrinsic region optien diode. two unique peaks, relatively sharper than those from thicker
spacer layers, are obviously noticeable around 812 and 875
gnev. These line emissions are similar to the dislocation-
glatedD line in Si which is assigned @31 andD?2 lines,
respectively'® This D-line luminescence originates from the
Ikinks and jogs associated with dislocations introduced by
lastically deformed silicon.

For samples having a thicker spacer laykrs100 nm,

indeed plays a vital role in the enhanced performance of th
solar cells. Figure 2 shows that the overall spectral respon
of the solar cells with Ge dots in the intrinsic region is not
inferior to the Si-based solar cells and the EQE in the lowe
wavelengths. Consequently, the ratio of the solar cells with

Ge dots over the Si-only reference cell is increased bB{he PL lines around 960 and 1016 meV obviously correspond

~1.16> tting | due to thei diff Th b
The PL spectra of the samples with 100 layer stacked GEO wetling layers due fo their energy difierence. These can be
ssigned as excitonic NP and TO phonon assisted emissions,

islands of different spacer thicknesses are shown in Fig. 3. _ . .
The PL line at around 1100 meV can be assigned to Si[espe(k:)twely.é)nr:he Stggr han_(lzlr,]_th_e k()jlue?hlg]of the PL lines
related peak. The spacer thicknesseslg£39 and 100 nm was observed wheds =39 nm. This is due to the occurrence

with PL broad lines at around 800 and 900 meV correspon&)]c matent:;t]l Irt]t%g]?%n?%ie I?Land Ia)l/ers ?ndt& spalcer?h(_jur-
to Ge islands. The two broad peaks correspond to the n Ng growth a ' nother explanation fo resolve this

: - - lueshift phenomenon for a thinner spacer thickness might
phonon (NP) and transverse opticdlTO) replica coming be the presence of a thinner wetting layer triggered by stron-

from the Ge islands luminescence due to their energy dlﬁeréer strain field modulations influenced by the buried

islands'®?° For a further reduction in spacer thickness to

p— ds=10 nm, the PL lines assigned to wetting layers disap-
0.010 o — 3%0m peared. Possible reasons for this might be the extreme thin-
12 (0 ning of the wetting layer around the surface that could no
005 L o wio Gedot longer produce signal or that most of the carriers are trapped
s | e in the dislocations and recombined there.
g : Tl Gedes To explore the nature of the PL lines and their associated
Ué'o.ooe{ i dislocations, TEM investigations were employed. Figures
£ \ 4(a)—4(c) show typical cross-sectional bright-field TEM im-
g ages of Ge islands stacked in a multilayer structure with
o007 different spacer thicknesses. As depicted in Fitp) 4the
i 1 apparent vertical correlation between Ge islands is clearly
o.ooz#‘-.,.. s observed. The average separation distance from the top of
the Ge dots to the bottom of the next succeeding island is
0000 approximately~7.8 nm. The image in Fig. (4 clearly

' ' shows that every island in the upper layers grow directly on
1200 1250 1300 1350 1400 1450 1500 S : .
Wavelength, nm the top of the buried islands. This phenomenon is a conse-
quence of the elastic strain fields created by the buried is-
FIG. 2. Spacer thickness dependence of EQE response of the solar cellsfignds in the lower |ayer%}_

the near-infrgred region_ with 1Q0 Iayer_ of_ stf_:lcked_Ge_isIands. EQE of the For a thicker spaceds=100 nm, the strain fields of the

solar cells without Ge islands in the intrinsic region is also shown. The . . .

overall EQE response of the solar cells with and without Ge dots is showiPUried islands are too weak to provide any effects on the

in the inset. formation of the upper layer, as shown in Figby The Ge
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gests that the optimization of structural parameters, such as
spacer layer thickness, is highly needed to achieve an opti-
mum EQE response of solar cells.

In conclusion, we reported the effects of spacer thickness
on the EQE of solar cells in the near-infrared region with Ge
islands stacked in a 100 layer structure. The optimum EQE
response of solar cells is dependent on the spacer thickness
that separates layers of Ge islands. It was speculated that
either sequential transport through thermal escape or elec-
tronic coupling through vertical ordering of islands might be
FIG. 4. TEM images of stacked Ge islands with different spacer thicknessresponsible for the substantial impro\/ement of the EQE per-
(a) ds=39 nm, strong vertical ordering sh_owing the topmost por_tion of theformar.|Ce of the solar cells. A drastic decrease in the EQE
100 layer Ge islandgb) ds=100 nm, showing the uppermost portion of the . .
structure.(c) do=10 nm, showing the dislocations. performance was observed for a thinner spacer thickness.

This was due to the presence of kinks and jogs associated

_ o with dislocations in the structure.
island distributions at the top layer of the structure are com-
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