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Luminescence of laterally ordered Ge islands along Š100‹ directions
L. Vescana) and T. Stoica
Institut für Schichten und Grenzfla¨chen (ISG), Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 29 October 2001; accepted for publication 2 April 2002!

The optical properties of coherently strained, self-ordered Ge islands are analyzed in connection
with their size distribution. The ordering was achieved by depositing Ge on Si mesas oriented
parallel to^100& directions and grown by selective epitaxy on Si~001! using low pressure chemical
vapor deposition. The spontaneous ordered nucleation of Ge islands along mesa edges is driven by
the presence of tensile strain at the periphery of the mesas. All photoluminescence peaks of the
islands as well as of the wetting layer are well resolved. The emission peaks of ordered islands could
be separated from the emission of randomly distributed islands on the~001! plane by varying the
width of the straight mesa lines. The peaks of ordered islands are narrower than from random islands
in agreement with the atomic force microscopy analysis. This effect is due to the strong island–
island interaction in the one-dimensional row. The emission is governed at low temperature by hole
transfer from the wetting layer to the islands, and at higher temperature by hole transfer from the
islands to the wetting layer. ©2002 American Institute of Physics.@DOI: 10.1063/1.1481205#
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I. INTRODUCTION

The self-ordering of islands on mesas during epitax
deposition is very promising for the realization of large de
sities of islands with good homogeneity. Mesas with cert
edge orientations can be realized by lithography and reac
ion etching. Another approach is the selective epitax
growth ~SEG! on patterned wafers. Strain field distributio
on Si mesas grown by SEG was determined by Jinet al. by
micro-Raman spectroscopy.1 The results suggested a tens
strain near the periphery of the mesa and a compres
strain at the center. Jinet al. concluded that the strain distr
bution of Si mesas is the driving force for the preferent
nucleation of Ge dots along mesa edges.2–4 Ge nucleates in
ordered, single or multiple rows.2,4–6 The ordering occurs
along edges parallel tô110& directions,5,7 but also along
^100& directions.2,4,6 Even single Ge dots could be grown
small windows of the dimension of an island.7 For mesas
parallel to^100& directions the ordering occurs on high inde
planes~such as$12 1 0%!, near the edge to the$110% plane
~which always forms!.8 A second dense row of islands als
forms on the$110% facets. By varying the coverage a value
100 mm for the diffusion length of Ge adatoms was eva
ated at 700 °C.6 The linear density of islands is almost ind
pendent on the size of the patterns, but the volume of isla
decreases due to a decrease of the coverage on the me
the mesa size reduces.

Here, we analyze the photoluminescence~PL! of ordered
islands for a coverage of;5 eq-ML Ge deposited at 700 °C
on Si mesas grown by SEG on patterned Si~001! wafers. The
patterns were oriented alonĝ100& directions. We observe
well resolved and intense PL from ordered islands and
cuss in detail the peculiarities of light emission from rando
and ordered islands.

a!Author to whom correspondence should be addressed; electronic
l.vescan@fz-juelich.de
10110021-8979/2002/91(12)/10119/8/$19.00
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II. EXPERIMENTAL DETAILS

Growth was performed on 20V cm n-type nontilted
Si~001! substrates~usually 0.5° off! with thermal oxide pat-
terned by optical lithography followed by reactive ion etc
ing. The pattern consisted of periodic arrays of 4 mm lo
rectangular windows parallel tô100& directions and with
variable width~1.6–300mm!. Each dimension covered a
area of 434 mm2. Before epitaxy the wafers are cleaned
standard RCA cleaning. Epitaxial growth was carried out i
cold wall, load-locked, high-vacuum low pressure chemi
vapor deposition system with a base pressure of
31028 Torr.9 Source gases were SiCl2H2 and GeH4 and car-
rier gas was H2. First, the protective thin oxide was remove
by heating under H2 at 950 °C at a total pressure of 1 To
for 10 min. The growth conditions of Si mesa stripes we
chosen such that the$h10% facets were formed. To achiev
this, Si was deposited at 800 °C. The$12 1 0% facets that
form at 800 °C extend faster than steeper facets, beca
they are quite shallow (4.76°). Therefore, stripes with on
facets can be realized easily by conventional lithograp
Growth rate of Si was 8 nm/min. Subsequently, Ge was
posited at 700 °C with a growth rateRGe(001)
;0.04 eq-ML/s. Both Si and Ge grow selectively betwe
substrate and oxide mask.10 The samples investigated are d
scribed in Table I. The thickness was determined by Ruth
ford backscattering spectrometry~RBS!. The capped sample
were grown for PL studies, while the uncapped samples
evaluation of the width of facets or to study the orderin
Sincetime is a parameter that plays an important role in t
kinetics of islands, both types of samples were annealed f
min after deposition of Ge. The islands were studied with
Digital Instruments Nanoscope IIIa atomic force microsco
~AFM! in tapping mode. The PL was measured using a F
rier transform spectrometer~BIO RAD FTS40! equipped
with a cooled Ge detector and an argon ion laser emitting
mW at 488 nm wavelength.
il:
9 © 2002 American Institute of Physics
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The growth rate of Si on$h10% facets is known from
earlier studies,11 however to see if the growth rate on larg
wafers is the same as on facets, depositions on unpatte
~011! substrates were also performed. Table I shows
No.1641 a thickness of 170 nm on~001! wafers, while on
~011! wafers the thickness is only 78 nm, corresponding t
relative growth rate on the~011! surface of 0.46. This value
is near the value ofR$110% /R$001%50.50 found for growth on
$110% facets at 700 °C andR$110% /R$001%50.44 at 750 °C re-
ported earlier in Ref. 11. The fact that the relative grow
rates on unpatterned wafers and on facets are approxim
the same implies that growth of Si from SiCl2H2 in the tem-
perature range 700° – 800 °C and total pressure of 0.1 To
determined by the incorporation rate~dependent on crysta
orientation! and not by temperature dependent surface p
nomena such as surface diffusion of Si adatoms.

III. ISLAND MORPHOLOGY

The growth conditions were chosen so as to alllow
a large area the formation of a bimodal distribution of
lands. The island density on unpatterned Si~001! was
;0.6 domes/mm2 and;1.9 pyramids/mm2. One purpose of
the investigation was to see if the ordering has an influe
on the size distribution.

On mesas, the nucleation is randomly on the~001! part
and ordered along the edges.2–4 In the present work the me
sas have$12 1 0% and $110% facets. Ge islands order on th
$12 1 0% facets in single dense rows, near the edge to
$110% facets.6 While the facet width is the sameon all stripes
of a given buffer thickness, the contribution of facets to t
total area increases with decreasing width, since their t
length increases while the contribution of the~001! plane
decreases. The facet width depends on the buffer thickne
is ;1.6mm for the thin buffers (;500 nm) and;3.2mm
for the thicker buffers (;1000 nm).

Figure 1~a! represents a three-dimensional~3D! AFM
scan of 1.7mm mesa stripes and Fig. 1~b! shows two scans
of ordered islands. The linear density of ordered islands d
not change significantly with stripe width. It is 5.
60.5mm21 @see Fig. 2~a!#. However, AFM scans of ordere

TABLE I. Data of samples for investigations by AFM~Si buffer–Ge! and
by PL ~Si buffer–Ge–Si cap!; Tepi(Ge)5700 °C, RGe(001)
50.04 eq-ML/s, flow (GeH4)50.1 sccm, flow (H2)5200 sccm, ptot

50.1 Torr.

Sample
No.

Substrate
$hkl%

Buffer
thickness

~nm!

Ge
deposition

~time!
~s!

Ge
coverage

~nm!

Si
cap
~nm!

Stripes
without
~001!

plane~mm!

1594 001 515 114 0.79 87 ,4
1731 001 515 114 0.70 0 ,4
1602 001 775 114 0.67 72 ,11
1604 001 980 114 0.80 100 ,11
1648 001 980 60 0.50 90 ,11

1641 001 170 120 0.79 0
1641 011 78 120 0.22 0

610%
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islands show that on stripes of width 300–30mm the islands
are quite ‘‘balled up,’’ having an aspect ratio~height/width!
of ;0.19 @see Fig. 2~b!#. But for narrower mesas the island
evolve toward flatter shapes, their aspect ratio decreasin
0.04. While the linear density of islands remains const
within 10%, the island height decreases from 34 to 6 nm
the narrowest stripe of uncapped islands. This must be du
a decrease of the total amount of Ge deposited on a m
which is due to the lower growth rateRGe on facets. In Table
I sample No.1641 has a Ge thickness on Si~011! for large
area deposition of 0.22 nm, while on Si~001! it is 0.79, lead-
ing to a growth rate ratio for Ge of 0.28. The effect of low
growth rate of Ge on$h10% planes becomes obvious fo
stripes with only facets, i.e.,<4 mm @Fig. 2~b!#. This result
has implications for the PL, as shown further in Sec. IV D

The strain distribution on the Si mesa surface results
gradients in the chemical potential that significantly infl
ence surface diffusion of the adatoms.12 The surface strain
energy is an important component of the chemical poten
along the surface. A nonuniform chemical potential produ
surface diffusion fluxes proportional to the chemical pote
tial gradient. Adatoms will tend to move to regions of lo
strain~low chemical potential! enhancing collection and sus
tained growth in these regions. There are two competing p
cesses that define the typical time scale: deposition and
fusion. At a given temperature, growth rate, and growth ti
the surface diffusion can be influenced by varying the late
scale available for diffusion. If we assume, as demonstra
by Jin et al.,1 that mesa edges are tensile strained, then
dered tensile strained sites must be available, having a lo

FIG. 1. ~a! 3D-AFM image of Si mesa stripes oriented along^100& direc-
tions and~b! 2D-AFM images of islands nucleated along the mesa edges
a large mesa~left! and on a narrow mesa~right!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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nucleation barrier than the sites on the~001! plane. More-
over, if the edges are within the diffusion length of Ge ad
toms, Ge will nucleate there. The nucleation of a single r
reflects the existence of a line along which the strain is m
mum, ensuring the ordering along a straight line.

It is interesting to note that ordered islands have amono-
modaldistribution on all stripes@see Fig. 1~b!#. While on the
~001! part of the mesas the ripening is not accomplished
pyramids are still present, on the facets the ripening is
pected to be faster, since it is the consequence of the
change of adatoms mainly between the neighbors in the
This leads to a better uniformity of island size in the ro
since the interisland distance is much smaller than betw
islands on the~001! part. A monomodal distribution also oc
curs for islands ordered along^110& directions.1

The equidistanceis the result of the island–island inte
action and of the perfection of the facets. If the repuls
were below a certain value, we would expect islands to fo
without spacing, or even a straight wire would form, whi
was indeed observed for Si0.70Ge0.30/Si(001).10 For pure Ge
deposition the distortion of the substrate is high,13 leading to
a significant island–island repulsion through the substr
The competition between a lower energy barrier for nuc
ation on the edges and the repulsive forces between the

FIG. 2. Island size in function of stripe width measured by AFM:~a! linear
density of ordered islands and areal density of ordered plus random isla
~b! width and height of ordered islands; the point at 5000mm corresponds to
the unpatterned area.a is the aspect ratio~height/width!.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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dered islands through the substrates, results in an interis
distance of 50620 nm, as compared to;200 nm on large
Si~001! areas. The periodicity is far from perfect, as seen
Fig. 1~b!. The deviation from perfect periodicity is due part
to the undulations of the facets as a result of misorienta
during the lithography.

While on a given stripe the distribution of ordered i
lands is monomodal, theshapeis observed to change with
stripe width. On large stripes the shape of islands is an e
gated dome@Fig. 1~b!# while on narrow stripes the shape is
trapezoid- based pyramid. Figure 2~b! shows that the width
of the islands decreases slightly from 150 to 130 nm, but
height decreases strongly, leading to a variation of the as
ratio froma;0.19 for the elongated domes on stripes larg
than 10mm to a;0.04 for the irregular pyramids on th
narrowest stripes. This decrease of height must be due to
smaller amount of Ge available for nucleation on the narr
stripes.

IV. PHOTOLUMINESCENCE OF RANDOM AND
ORDERED ISLANDS

A. General features

Figures 3 and 4 display the spectral distribution of PL
several samples with unpatterned and patterned areas. A
eral feature of all spectra is that the no-phonon~NP! and
transverse-optic~TO! phonon assisted emission from islan
and from the wetting layer~labeled 2D! are well resolved.
While the unpatterned area gives information only about
~001! plane, the arrays of stripes contribute in addition w
emission from the$h10% facets. The problem is to separa
these contributions. The most important contribution fro
ordered islands is from those stripes which have only fac
~see Table I!. This will be discussed in more detail in the ne
subsections. Before that, features occurring in all spectra
be analyzed.

The TO phonon energy of the 2D layer is'58 meV,
which is the value of the TO phonon in Si,14 implying a
penetration of the carrier wave function into the Si belo
and above. This is to be expected due to the small thickn
of the 2D layer. The TO phonon energy for shallow islan
~height below 10 nm! is '58 meV, but in thick islands it
decreases to 48 meV. This mode may be the TOSi–Ge,

14 in-
dicating a better confinement of the wave function to t
island region. Since the islands contain;50% Si, as pre-
dicted for a deposition temperature of 700 °C,15 the TOSi–Ge

rather than the TOGe–Geare expected to occur.
The transverse-acoustic~TA! phonon assisted PL energ

of the 2D layer occurs as a clear peak in several strip
which means that the wetting layer is uniform in tho
samples. For instance, in Fig. 3~a! all stripes<30mm show
the TA peak~14–17 meV!.

The TO1OG peak of silicon at 1033 meV16 is often
observed as a narrow peak@for instance in Fig. 3~a! the un-
patterned and 300mm stripes and in Fig. 4~b! the 4 and 2mm
stripes#. The NP peak of the 2D layer is sometimes near
Si 1033 meV peak and this needs a careful deconvolution
the peaks.

ds;
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 3. Spectral distribution of photo-
luminescence of an unpatterned are
and of arrays with mesa stripes wit
islands~No. 1594!: ~a! 4 K and~b! 20
K. The peak labeled Si-TO is from the
substrate and lies at 1097 meV.
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A peak labeled TO1OG(Ge) at '117 meV below the
NP–2D peak occurs systematically, shifting with the NP–
peak. It is observed in almost all spectra~when it is not
below another peak!. This peak may be attributed to th
TO1OG of the 2D layer.

By decreasing the mesa width a broad peak at low
ergy occurs and increases in intensity. It is present even
mesas without islands. This deep luminescence band, lab
D, will be discussed further in Sec. IV F.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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B. Influence of facet width

The sample in Fig. 3 shows a blueshift of the isla
emission with decreasing stripe width. To see if this shift
related to the facets, two samples with larger facets w
deposited ~Nos.1602 and 1604, see Table I!. This was
achieved by depositing thicker buffers. An increase of
buffer thickness causes facets to grow larger10 and therefore
to lead to a disappearance of the~001! plane already at large
se
FIG. 4. Spectral distribution of PL for
two samples measured at 20 K:~a!
sample with islands~No. 1604! and
~b! sample with only 2D layer~No.
1648!. The PL intensities in~a! and~b!
and in Fig. 3 can be compared becau
the scale is the same.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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stripes. Indeed the 4mm stripes of these samples have
~001! plane in contrast to the sample of Fig. 3.

Figure 4~a! displays spectra at 20 K of a sample with
thicker buffer, i.e., with larger facets~No. 1604!. We observe
that the evolution of emission with decreasing width is sim
lar to that of the sample with a thinner buffer@Fig. 3~b!#. The
NP peak positions of islands and the wetting layer are re
sented in Fig. 5. For samples with a thicker buffer, i.e., w
larger facets, the blueshift of the island emission is stron
Since this blueshift occurs for stripes of 11mm or narrower,
which as we have seen have only ordered islands, it is o
ous that it is related to the ordered islands. This will
discussed in the next section.

Another detail in Fig. 4~a! is the disappearance of on
pair of peaks on the narrower stripes. The question arise
the remaining pair to be attributed to islands, or to the w
ting layer? There are two reasons which plead for an em
sion from the 2D layer. First, the intensity ratio isI NP/I TO

,1. All 2D PL in Figs. 3 and 4 for stripes larger than 11mm
have a ratio smaller than one, while for islandsI NP/I TO.1.
Second, AFM investigations on a sample without a cap h
shown that there are no islands on stripes narrower tha
mm. The reason for an absence of nucleation of islands m
be that the amount of Ge on these stripes corresponds
thickness smaller than the critical thickness for island nuc
ation,hSK .

To conclude, the blueshift of the island PL is related
the ordered islands. Moreover, for the coverage used her
nucleation occurs on narrow stripes with large facets,
though on larger stripes islands have nucleated. For hig
coverage we expect islands even on the narrow stripes.

C. Hole transfer from the 2D layer to the islands

Figure 3 shows PL spectra measured at two temperat
of sample No. 1594~facet width;1.6mm!. While at 4 K the
NP and TO emission from islands~3D PL! and the NP and
TO emission from the wetting layer~2D PL! occur for all
arrays, at 20 K the 2D PL disappears for widths<2 mm. The

FIG. 5. Energy of NP peaks from Figs. 3 and 4 of wetting layer and
islands depending on mesa linewidth.
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disappearance of the 2D PL seems to be correlated to
blueshift of the 3D PL, which is, at least partly, due to t
reduction of the island height@see Fig. 2~b!#. We have seen
that ordered islands with a large height have an aspect r
of ;0.19 which, after Gray,12 would signify that these is-
lands are on the top surface partly relaxed elastically, wh
at the edges the strain is tensile. This leads to a higher ch
cal potential and therefore to a thinner wetting layer arou
the island. This is equivalent to a potential barrier for ho
in the wetting layer near the island, preventing the diffusi
of holes to the island. For flat islands with a small asp
ratio of 0.04 this is different. Flat islands are almost coh
ently strained, there is no barrier for nucleation at the ed
and therefore no barrier for diffusion of holes from the we
ting layer to the islands. At temperatures high enough
holes to diffuse along the wetting layer on distances of
order of the interisland distance but low enough for the ho
in the island to remain trapped, holes confined to the
layer can become trapped in the flat islands and recom
there. For this reason the emission from the 2D layer redu
faster at higher temperatures in the stripes with flatter
lands. This phenomenon is also observed in the sample
a thicker buffer for the 4mm stripe@Fig. 4~a!#. Hole transfer
from the wetting layer to self-ordered SiGe quantum wir
was already evidenced by Hartmanet al.,17,18 leading to an
increase of PL intensity of the quantum wires at low te
peratures.

To conclude, holes confined in islands with a high asp
ratio are separated by a potential barrier from the wett
layer, preventing the hole transfer to the islands.

D. Photoluminescence of ordered islands

We have seen in the previous sections that ordered
lands emit light, as random islands on Si~001! do, and that
their emission intensities are comparable. A detailed co
parison reveals in addition, that emission peaks from orde
islands are narrower than for random islands. We observ
decrease of the full width half maximum~FWHM! from 42
to 33 meV. This is obviously correlated to the monomod
distribution of ordered islands discussed in Sec. III, as
posed to the bimodal distribution of random islands. Orde
islands are more densely spaced, therefore elastic intera
between islands via a strained substrate causes an imp
ment of size uniformity.

One important feature isthe peak positionof ordered
islands~Fig. 5!. We expect quantum confinement only due
island height; confinement due to lateral size of the island
not expected because the island diameter is over 100
The peak position is given mainly by the quantum w
thickness~in this case the island height! and by the band
offsets ~determined by strain and Si content!. Stripes
,11mm have only ordered islands. For the 11mm stripes
the peaks are only little blueshifted in comparison to those
random islands. However, for stripes,11mm there is a
strong blueshift of;80 meV. A blueshift can result by a
decrease of island height, by a reduction of strain, or by
increase of Si content. First, a decrease of the island heig
indeed observed for stripes below 11mm, as seen in Fig. 2. A

f
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decrease of the height from 34 to 6 nm increases the c
finement energy from;1 to ;25 meV ~we have assumed
that holes are in a finite quantum well withm* hh50.245 and
DEV5290 meV!. However, we have to keep in mind th
capping decreases the island height.19 Thus, assuming a re
duction by a factor of 2 of the height, the confinement ene
would increase from;4 meV ~for 34 nm/2! to ;75 meV
~for 6 nm/2!. Therefore, the blueshift can be attributed to t
decrease of the island height.

Second, let us consider the strain of the islands. T
islands with the blueshifted peaks are those with an as
ratio lower than 0.07. Whereas the islands on the 11mm
stripes havea;0.17, islands on the 1.6mm stripes havea
;0.04 and their peaks lie;80 meV blueshifted. After
Gray,12 islands with an aspect ratioa;0.03 are almost com
pressed, while for higher aspect ratios, i.e.,a;0.18, islands
are half elastically relaxed. Islands almost compressed ha
lower band gap than islands elastically relaxed. But, t
would lead to a redshift of the PL peaks.

Third, it is generally agreed that Si interdiffusion pla
an important role in island shape.20 For 700 °C Capellini
et al. evaluated a Si content of;50%.15 For the flat islands
(a,0.07) to have a NP peak at higher energy we are bo
to assume that the interdiffusion is stronger than in
‘‘balled-up’’ islands.

The band-filling effect could also shift the PL peaks
higher energy.21 Figure 6 shows the laser power dependen
of the emission from ordered islands on the 2mm stripes.
The shift over 1 order of magnitude of excitation power
;4 meV. For other stripes this shift lies between 4 and
meV, however in a nonsystematic manner. An estimation
band-filling effect made by Baieret al. assuming a filling of
Dp51011 cm22 leads to an energy shift of the hole qua
Fermi level of only a few meV.21 Thus, our experimenta
results and the theoretical evaluations show that the b
filling makes only a small contribution to the blueshift.

FIG. 6. PL spectra at 20 K for the 1.7mm stripe of sample No. 1594 fo
different excitation powers. It is seen that the blueshift is;4 meV for a
variation of factor of 10 of the excitation power.
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP
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The temperature dependence of the 3D PL is represe
in Fig. 7~a!. There is an obvious decrease of the activat
energy with decreasing stripe width, i.e., with decreasing
land height. The highest activation energy isEA5180 meV
for the unpatterned area, and the lowest isEA5100 meV for
the ordered islands with heighth53 nm ~see above!. For the
tall islands we write@see Figs. 5 and 7~a!#: ENP1EA5860
118051040 meV. This is approximately the same as for t
flat islands: 9401100 meV51040 meV, but smaller than th
Si band gap~1150 meV!. It follows that the activation energy
is ;100 meV lower than the expected value in both cas
Thus,ENP

3D1EA'ENP
2D. This result is consistent with the ban

alignments shown in Fig. 7~b!, and with a recombination
model in which an electron from the conduction band reco
bines with a confined hole in the valence band of the isla
The activation energy is given by the energy difference
tween the confinement level in the island and the wett
layer. This means that the holes from islands are therm
excited with an activation energy of 180–100 meV to t
wetting layer and from there, with a smaller activation e
ergy to the Si barrier.22,23

FIG. 7. ~a! Temperature dependence of the maximum of NP peak of isl
emission measured at 50 mW for sample No. 1594 for different m
widths. The activation energy decreases with decreasing width.~b! Sche-
matic of band alignment for a tall island, a flat island and for the wett
layer; the dotted lines represent the first confinement level.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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We discuss now the evolution of PL intensity of islan
with mesa stripe width~Fig. 8!. By decreasing the width the
PL intensity of islands first decreases then increases. In
lier investigations we have shown that the electrolumin
cence intensity of multilayers with vertically correlated i
lands increases if the total number of islands is higher.8,24 To
see if the variation of PL intensity in the present case
related to the island number, too, we compare the evolu
of the maximum of the 3D NP peak with stripe width wi
the evolution of the total number of islands on an area
1 mm2 @i.e., on the~001! part of the mesa plus those o
facets#, shown in Fig. 2~a!. One can see that the NP intensi
and the total number of islands show a similar evolution w
stripe width: a decrease and then an increase. The min
correspond to those stripes that still have islands on the~001!
part, while for stripes<30mm mainly ordered islands exis
Their number increases when mesa width decreases an
does the PL intensity. It is difficult to present more than t
qualitative behavior, since it is not yet clear which islan
emit light. Goryll et al.25 have shown that mainly dom
shaped islands~width ;150 nm, height;25 nm! emit light.
This result is valid for islands nucleated on~001!Si at Tepi

5700 °C. We see here that at low temperature the emis
from ordered islands is as high as the emission from rand
domes which havea;0.19. Therefore, the PL intensit
scales approximately with the island number. The lower
tensity for ordered islands on the narrowest stripe of 1.6mm
must be due to the fact that there are only flat pyramid-l
shape islands@see Fig. 1~b!# which according to Goryllet al.
have a weak emission.

E. Photoluminescence from ˆh10‰ facets

The ordered islands nucleate in the present experim
on $12 1 0% facets. These facets can be regarded as b
composed of large~001! terraces and$110% steps. The critical
thickness for island formation on the$110% surface is
hSK(110)'3.5 ML.26,27 Given hSK(110)'hSK(001) we ad-
mit this to be valid for the$12 1 0% planes, too. With this
premise we now analyze the contribution to PL of the face

FIG. 8. Dependence of the NP peak maximum of islands on mesa s
width for three samples with islands described in Table I.
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The sample in Fig. 3 has islands on the 1.6mm stripe,
but only ordered ones. Stripes of 2mm and less have only
facets. Therefore, the 2D peaks of these stripes can be
signed to the facets. We observeENP

2D (1.6mm)'ENP
2D ~unpat-

terned! in Figs. 3~a! and 5. This implies that on facets th
thickness of Ge is 0.5 nm, as on the~001! plane, and not
lower as we would expect from the lower growth rate
facets. This can be understood intuitively by a diffusion
Ge from the islands to the wetting layer to attain the value
hSK , leading to a reduction of the island height. This leads
the same peak position of the 2D PL on facets as on un
terned areas, but to a blueshift of the island peaks. Howe
if the overall amount of Ge is belowhSK , the peak positions
on stripes will differ from that on the unpatterned area.

F. Deep luminescence band

In the energy range of 780–800 meV a peak labeledD
and with a FWHM of;100 meV occurs in all samples wit
islands@Figs. 3 and 4~a!# but also in the spectra of the stripe
without islands @Fig. 4~b!#. For these stripesdGe<hSK ,
therefore we exclude islands as being the origin of this pe
at least in the present samples. One feature of thisD band is
that it occurs in stripes of 30mm width and narrower, and is
probably related to the strained Si mesas. The origin of
peak is currently under investigation.

V. CONCLUSIONS

Single rows of ordered islands nucleated on Si m
stripes show a monomodal distribution in contrast to the
modal distribution on unpatterned~001! Si. The shape of the
ordered islands is an elongated dome on large mesa str
while on narrow mesas the islands are irregular pyram
The achievement of the equilibrium shape is faster for
lands at edges than for islands on the~001! plane. The linear
ordering reflects, as a fingerprint, the existence of a lin
row of tensile strained sites on Si mesa edges with a lo
energy barrier for nucleation than on the~001! plane. The PL
peaks from islands are well resolved. The effect of order
is to narrow the NP and TO peaks. The PL intensity seem
be proportional to the island number and is as high as for
random islands, as long as the islands are dome like.
evolution of PL intensity with island shape and with tem
perature is governed by hole transfer between the wet
layer and islands. The island height decreases on the na
stripes, shifting the peaks to higher energies and decrea
the activation energy. Higher coverage is expected to av
these effects. We demonstrate that the deep luminesc
band at 800 meV occuring on narrow mesas is not origin
ing from islands. Finally, there are two reasons for us
narrow stripes with ordered islands. The first one is that
dered islands are more uniform in size, therefore the
peaks are better resolved and narrower. The second reas
that ordered islands have a much higher linear density. T
can be used to increase the areal density of islands by
paring samples with a high number of densely spaced
narrow stripes. As the PL scales approximately with t
number of islands, this is a means to increase the lumin
cence intensity.
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