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Multiple layers of self-asssembled G&Si islands: Photoluminescence, strain fields, material
interdiffusion, and island formation
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Strain fields in stacked layers of vertically aligned self-assembled Ge islands(b@0Scan cause a
reduction of the wetting layer thickness in all but the initial layer and hence induce an energy sepsEgion
between the energy transitions of the different wetting layers. Our systematic photoluming&igrstady on
twofold stacked Ge/Si layers shows that the quamtiBy, is a sensitive function of the Si spacer thickness and
reflects the degree of strain field interaction between the island layers. Pronounced PL blueshifts are also
observed for the island related energy transition in twofold and multifold island layers. We suggest that with
increasing number of stacked island layers strain field superposition of buried islands causes enhanced SiGe
material intermixing during Si overgrowth of the islands. This effect naturally explains the strong PL blueshift
of the island related energy transition. Recently observed shape transformations in stacked Ge islands are well
explained by our model of superimposed strain fields. We also discuss the initial stages of island formation in
the second Ge layer of twofold island stacks. Many of the effects observed in this paper on the Ge/Si system
are probably also important for self-assembling 11I/V islands but due to extremely small sizes are much harder
to evaluate.

I. INTRODUCTION multiple Ge/Si island layers where the effects for twofold
island stacks are successively repeated with each added
An approach to reduce the inhomogeneity of self-Ge/Si bilayer. Based on our experimental data we evaluate
assembled Ge dot structures is the fabrication of multilayethe tensile strain component at the Si growth front after each
island stacks. In this geometry strain fields of underlyingcapped island layer and compare our calculationstg, for
islands penetrate into the spacer layer, create a strain energiultiple Ge/Si layers. In Sec. V we discuss the implications
modulation at the surface, and induce stacks of vertically? our model for SiGe intermixing during Si overgrowth of

aligned~* and laterally more homogeneous islands in uppelG€ islands and suggest that it is indeed the effect of SiGe
layers®® alloying that causes the pronounced PL blueshift for the is-

Among the many different material systems the Iatticelands' Recently observed shape transformations in buried is-

mismatched Si/Ge system is particularly well suited for fun-léands\;lire atlﬁo _eﬁpl?lrled byf(_)ulr rr:jo;jel. Ftl_nally Vtvr? focus 'g
damental studies on structural, electronic, and optical prop: ec. Vi on the initial stage ot island tormation in the secon

. . . o layer of twofold island stacks.
erties of self-assembled islands since growth conditions can
be chosen in such a way that both the island related and the
wetting layer (WL) related energy transitions are equally

well-resolved in photoluminescen¢eL) experiments:® All samples investigated in this work are grown by solid
Only very recently, it was found that the strain field source molecular-beam ep|taxy an -type Si (001) sub-
modulation induced by an initial Ge island layer causes atrates. After Si@ desorption from the Si substrate in the
reduction of the wetting layer thicknesg in upper layers  growth chamber at 900°C, the substrate temperature is
and induces an energy separatidi,, of the WL related ramped down to 400 °C and an about 400 nm-thick Si buffer
energy transition. However, the system investigated watayer is grown while first ramping the substrate temperature
rather complex and needed further investigations to underfy up to 770°C and then lowerings down to the actual
stand the effects of strain fields in Ge/Si multiple island lay-growth temperature of the active layers. The active region
ers. consists of nominally pure Ge layers separated by Si spacer
This paper presents a systematic PL study of two andayers of thicknesses. Since the opening and closing times
multiple Ge/Si island stacks with special attention given toof the Si and Ge shutters are very different, we introduced a
the effects of generated strain fields. The paper is organizegrowth interruption of nominal 5 s before and after each Ge
as follows: In Sec. Il we describe the growth procedure andayer, which ensures well-defined onsets of epitaxial growth.
measurement details. In Sec. Il we focus on two pairs ofThe samples are capped by a 160 nm-thick Si layer. For
Ge/Si layers where we systematically vary the Si spacesome samples identical active layers are grown on the sur-
layer thicknesg, and investigate the strain field penetration face for structural analysis. Typical growth rates are 1.3 and
between the layers. We find thAE,,; depends sensitively on 0.07 A/s for Si and Ge evaporation, respectively. During
the strain field interaction between the two island layers androwth the chamber pressure is about 2<10° mbar start-
we show thatAE,, can probe the strain fields originating ing at a base pressure of about tbmbar. The substrate
from a buried island layer. In Sec. IV we present PL data oftemperature is calibrated by measuring the voltage over a

Il. EXPERIMENTAL DETAILS
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o T islands. We also want to point out an alternative explanation
K NP.E,; | 10 for the existence of the two peaks. These two peaks might
originate from a bimodal island distribution that we observe
for the selected growth conditions and consists of pyramid
shaped islands and multifaceted domes, as has been reported
in the literaturé*'*~*3*From AFM experiments we deduce a
pyramid density of 7.510°cm 2 and a dome density of
5.5x 10° cm 2. The structural aspects and consequences for
s = PL spectra will be discussed in more detail in Sec. VI.
60 nm In the case of stacked layers the spectra undergo a gradual
change fortg=15nm. Let us first concentrate on the WL.
Si- The WL related PL lines from the single Ge layer are exactly
30 nm TA reproduced for the twofold stacks, proving that the lines at
lower energy originate from the initial WL and the shifted
2 sz E, pair of lines originate from the second WL. The blueshifted
) NP line of the second WL is denoted will, ,. We suggest
15 nm the following physical driving force for this behavior: After
the first Ge island layer is capped with Si, a strain field
modulation can be found at the Si surface, i.e., there is ten-
sile strain exactly above a buried island and compressive
10 nm strain at the Si surface between buried islattdEhis leads
07 ’ '0'8' — '0'9' = '1'0' = '1'1 to directional migration of deposited Ge atoms into areas
Photon Energy (eV) with extended _Sl I'attlce cgnstan(ﬂ;ensnglstram which
causes the vertical island alignment. Additionally, we expect
FIG. 1. Photoluminescence spectra of a series of samples whef8® t€ndency of atom migration to be a function of the mag-
the Si spacer thicknegs was systematically varied. The top spec- Nitude of the strain field modulation. This means that islands
trum is taken from a reference sample incorporating only one Gducleate earlier for stronger strain field modulations and thus
layer. For all samples the Ge coverage is 5 ML and the growttfause thinner critical thicknesses and hence thinner wetting
temperature was 700 °C. The NP lines originating from the first andayers for thinner Si spacer |aye%'5-
second wetting layer are indicated By, 1 andE» Egots 1 Eqots 1 A gradual modification of the island related PL peaks
and Eqqs £ o1 - denote the island related PL peaks in the first andwith thinner ts is also apparent. In addition to the peaks
second layer, respectively. The single layer PL spectrum is agaift s 1 and Ejys;, @ shoulder appears on the high-energy
inserted as a gray shaded graph tigr 15 nm. side, which blueshifts with decreasirtg. We denote this
peak withEgqs 0. For ts=15nm the peakEyqs 1 iS convo-
tungsten thermocouple mounted onrantype Si wafer un-  luted by a second peak,s,at 0.86 eV with comparable
der identical growth conditions. line shape a& s, For clarity we inserted the single layer
Structural properties are determined by atomic force mispectrum as a light gray shadow onto the spectrum of the
croscopy(AFM). PL is excited using the 488-nm line of an twofold island stack. Due to the broad linewidths it is not
Ar* laser. The samples are cooled in a He-flow cryostat to @ossible to deconvolutE jj , from Egs 1 and E g o for ts

temperature of 8 K. PL is analyzed by a 1-m spectrometet= 60 and 30 nm. Hence, the two peaks are labeled in Fig. 1
and is detected by a liquid-nitrogen-cooled Ge detector usingsy t =15 nm, only.

Intensity (arb. u.)

standard lock-in technique. For t;=10nm, E,;, and Egus - disappear and only the
energetically lower-lying peaks remain. We appoint this ef-
IIl. TWOFOLD ISLAND STACKS fect to charge carrier transfer in neighboring layers where the

carriers tunnel into the structure with the deeper localization

The photoluminescence spectra of a series of samplgsotential. As a result the PL spectrum of the=10 nm
with twofold stacks of islands, where we systematically var-sample looks very similar to the single layer reference
ied ts, is presented in Fig. 1. All samples incorporate 5 ML sample.
Ge and were grown at a temperatdig of 700 °C. The top The energy separation of the WL transitions is defined as
spectrum is taken from an identical reference sample consisthe difference of the NP energies originating from the first
ing of only a single Ge layer. Apart from the usual Si-TO and second WL layers, i.e.,
and Si-TA lines originating from the Si substrate and epilay-
ers, well-resolved no-phonofNP) and TO phonon replica
are detected from the WL at 1.039 and 0.983 eV, respec- AEw21=Ewz2—Ewia- @
tively. In the following we will denote the NP line of the
initial WL with E,; 1. A broader peak at around 0.82 eV A summary ofAE,; ,; as a function ofts is given in Fig.
originates from the Ge islands and consists of two broad®(a). We first concentrate on the series of samples that were
convoluted peaks labelefqs ; and E;y ;. Similar spectra  grown at 700°C. The experimental data points lie on a
have been observed in Refs. 4 and 10, where the two pealksnooth curve, approaching a saturation value of about 26
have been attributed to the NP and TO phonon energy trarmeV for smalltg and gradually approaching zero for large
sition of charge carriers recombining in or at the edge of thdég. Forts<12.5nmE,,, has disappeared due to charge car-
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50 ——

T T T ) condition chosen above but is also observable for very dif-
i moaxsms 1o ferent growth temperatures and Ge depositions. We also
o 2kesMiGe | check to what extenfAE,,,; can be used to evaluate the
[ PN strain field above a buried island. For this purpose we insert
AEy2(ts) for two samples with 6.5-ML Ge, which are
grown atT,=620°C. As expected we record a pronounced
energy separation for this growth temperature, too. Obvi-
4050 ously, different growth conditions can changé,, ,; sub-
stantially. For example, at a fixed Si spacer layer thickness
0.25 ts=20nm, the energy separatidtE,, »; is 47 meV for the
sample grown at 620°C and only 25 meV for the sample
= 0.00 grown at 700 °C. We also depict the in-plane strain compo-
= sl e e ] nente, above a buried island along the growth directiin
206l * b Fig. 2(@). ¢, was determined from finite element calculations
"""" 5 ] using a method similar to that described in Refs. 9 and 14.
j The geometry of the islands was assumed similar to that seen
. L in cross-section TEM images taken from islands grown un-
0 20 40 60 8O 100 der the same conditiorisWe see that the two experimental
Si spacer thickness ¢_(nm) . . .
: points are well described bg; except that the slope & is
FIG. 2. () Wetting layer related line splitting E,, »; as a func- ~ slightly larger than for the measured data points. In the fol-
tion of Si spacer thicknests for twofold stacks of islands. Squares lowing heuristic model we assume that the energy separation
and circles represent samples grown at 700 °C and 620 °C, resped-E,, »; is proportional toe(z):
tively. The in-plane strairg; is shown on the right vertical axis,
which fits the data of the 620 °C samples well. Extrapolation of the AE21(ts) =Ce¢(2), 3)
linear regime yields a correlation thicknesg gf=89 and 50 nm for
the different growth conditions. Fdg<12.5nm [T;=700°C) the  whereC is a constant if identical growth conditions are ap-
line splitting is not observed due to charge carrier tunneling and thgied for eacht,. We expectC to change if growth condi-
curve is represented by a dotted line in this regirti®@. Vertical tions change, as we have observed in Fig).ZThe connec-
cprrelation probability? as Qetermined .by quantitative TEM analy- jon between strain ant E,i21in Eq. (3) is very useful since
sis. We have already published data in Ref. 1. it opens easy experimental access to the strain-field behavior

. L . . _above buried islands.
rier tunneling in neighboring layers and we represent this Tnhe changeover from strict vertical island alignment to

part of the curve with a dotted lin&E,,»; can be fitted by  random island distribution in stacked island layers is not
a function of the form abrupt but is gradudt?>® It would be practical to have a
well-defined and characteristic quantity, viz, a correlation
thicknesst.;, which evaluates this transition regime. A
simple method to define such a quantity is the intersection of
the tangent at the turning point &fE,; ,1(ts) with AE,, o,
where the fitting parameters are takenfas26.1 meV and =0. In Fig. 2 this method yields a correlation thicknégsof
B=7.7x10°. The constan® gives the energy separation 89 nm forT,=700°C and 50 nm fofl ;=620 °C. The dif-
for t;=0 and the parametdd describes the attenuation be- ference int, nicely illustrates that although absolute values
havior of the curve, i.e., the small& the longer the strain of AE,;,; can be larger for lowly, the actual interaction
field penetration into the Si spacer layer. We use @yin  distances of the underlying strain fields can be considerably
the next section to determine the strain field superposition irsmaller. This result is easy to understand: On the one hand,
multiple Ge/Si island stacks. at lower growth temperatures, island dimensions tend to be
From a qualitative point of viewAE,, »(ts) seems to smallef®16 creating strain fields of shorter range. On the
directly probe the strain field magnitude above the buriedbther hand, material intermixing is less pronounced and the
islands, i.e., for smalt, the strain fields directly above the strain is larger for thints. Additionally, shape differences
initial islands are still strong and cause a large reduction irand reduced surface mobilities of Ge atoms at lovgr
t, and hence larger confinement energies, whereas for largeight influence the interaction range of strain fields originat-
ts the strain field modulation at the growth front has de-ing from buried self-assembled islands.
creased antl,, approaches its value for a single island layer. A quantitative transmission electron microscoGyEM)
To make this point very clear we want to stress that thestudy on the degree of vertical island alignméntor five-
energy separationE, »1(ts) is notcaused by different band fold 6.5-ML Ge/Si island stacks grown &= 620 °C under
offsets modified by the strain fields of the buried islands, buidentical growth conditions is presented in FigbR after
is due to the larger confinement energies in a thinner wettingtienzle et al* The graph reveals how the Ge island position
layer due to the earlier island nucleation in the second layeiglignment decreases with increasing Si spacer thickness. Per-
which is initiated by the penetrating strain fields of the bur-fect alignment is evident fot;<25nm and random island
ied islands. distribution is found fort=100 nm. In between a gradual
In the following we show that the existence of the energytransition fromP=1 to P=0 is observed. From this analysis
separationAE,, »; is not exclusive to the specific growth the correlation lengtt, is usually determined as the thick-

40k

£,x 1000

[ Carrier
10 |- Tunneling

0
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middle of an island stack far=1 ton=7 island layerse;(z,n) is

negative in sections where the Ge island sits. However, for clarity
FIG. 3. Series of PL spectra where the number of island |ayer§\/e interpolated those sections with dashed lines. The strain on the

was changed froom=1 to n=5. The blueshifted NP lines of the Si surface after growth of the Si spacer layeyénts,n) is repre-

nth layer are denoted b, , and Eqqs, for the WL and the is- sented by open squares. Solid squares denote the PL line splitting

lands, respectively. The thickness of the Si spacer layetgis AEwini. Both quantitiese (nts,n) andAE,y n; exhibit saturation.

=15nm.

Photon Energy (eV)

evident and saturation with increasimgcan be observed.
nesstg, at whichP has dropped td.2 Hence, for our spe- According to Eq.(1) we define the energy separation of the

cific growth conditionst,;=70nm. This is in reasonable nth layer as
agreement witht;;=50nm deduced from the PL experi- AE —E. —E
ments, considering the relatively large error bars in Fig) 2 whnl™=whn =l
and an uncertainty in the slope of the straight line in Fig.We now investigate howe;, changes during growth of mul-
2(a). tiple island layers. In this casg is not only a function of the

We now want to use the basic ideas gained in this sectioa position but it also depends on the numipeof deposited
to understand the PL and growth behavior in multiple islandGe layers. First we consider the case where island layers are
layers, wherd, is thin enough to cause vertical island align- capped by infinitely thick Si layers. If we assume thats
ment. We will also try to present an explanation for the blue-kept constant between layer numbeandi+1 the strain is
shift of Egs - simply given by the sum

n
IV. MULTIPLE ISLAND LAYERS €||(Z’n):2 €(z—ity), —w<z<o, (4)
i=1

Figure 3 shows the PL spectra of a series of samples
where the only parameter changed was the numbafris-  where e (z—its) is given by Eq.(3), which is fitted by Eq.
land layers deposited, ranging fram=1 to 5 layersigwas  (2). The origin of our coordinates is always taken as the
kept constant at 15 nm. Basically, we see a repetition of theenter of the initial island base;(z,n) is shown in Fig. 4 for
effects observed for the twofold case in Fig. 1: For tile n=1 to n=7. As expected the maximum strain increases
Ge layer deposited, a blueshifted NP line of thiln WL  with increasingn and the maximum of the strain occurs at
appears at the enerdy, ,. As we proposed, in Sec. IV the the center of the island stack, if we assume a symmetric
reduction oft,, is a function of the strain-field modulation at strain-field distribution.
the Si surface. In multiple island layers the strain fields from We are now interested in the strain state of the Si surface
all buried island layers are expected to superimpose at the 8ist before growing the next island layer, i.e., after growth of
surface. This means that with increasing number of buriedhe spacer layers. In other words, we want to determine
island layers the surface strain gradient increases and henegz,n) as defined in Eq4) atz positionsn t along the line
the critical thickness and thug, reduces, which eventually through the center of the islands. The tensile stegnt,n)
leads to the blueshifted energy transitigqsee also discus- is given in Fig. 4 as open square symbols for1 to n
sion of Fig. 4. =7. After the first spacer layer is grown, the Si surface is

A repetitive behavior is also oberved for the island relateddistorted by the strain field of the initial island layer. After
PL peaks in Fig. 3, denoted biyy.s,. The exact energy the second spacer layer, however, the strain fields of the two
position of E4ys, cannot be determined for higher indexed buried island layers superimpose and the net strain after
layers, though, since PL peaks are too broad to be resolvedrowth of the second spacer layer has increased. The in-
The general trend of a blueshift in energies is neverthelessrease is not linear in since the strain originating from the
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T 1 T 7 ergy. In Fig. &b) we consider an island that has intermixed
| NN e 76-g5—_-13|2LOG:’C,'- with Si during overgrowth. As a result the tensile strain at
I / : =T <700 :: ) the Si surface above the SiGe island exhibits reduced strain

P —m—8 SMLGe modulation, leading directly to lower strain energy at the

surface. From an energetic point of view the case of SiGe
7 intermixing is more favorable than no intermixing. In fact,
l the total strain energy for the whole system would be mini-

g, (n-1.,n) (arb. u.)
\

i __ m—n ] mized by a transformation of the Ge island into an alloyed
[ " t,= 50 nm i SiGe quantum welf but kinetic limitations during over-
4 growth naturally prevent this idealized case. The tendency
U R R — for SiGe intermixing is also well reflected in PL spectra
0 50 100 150 200 where simple estimations of confinement and band-edge

Zposition {nm) alignments in embedded Ge/Si islands yield a SiGe interdif-

- 9
FIG. 5. €/(nt,,n) for different t, and different growth condi- fusion of 40—60 96 _ _ o
tions, i.e., different strain functions(z) as determined from Fig. 2. The arrangement of stacked islands is presented in Fig.
6(c). As we know from Fig. @) the island in the first layer

hhas intermixed with Si. However, the island still experiences

initial layer has already dropped by a certain amount. Wit some strain field in the direction and the island in the

increasing number of spacer |ayessapproaches a satura- second layer sits exactly on top of the first island. Sitice

tion value because the strain contribution from tith Ge NN L
island layer is exactly compensated by the decrease of straiﬁtCt the second WL is thinner than the initial one and the Ge

A S - Island will be slightly larger than that in Fig(#®. In order to
originating from then—21 underlying island layers. Solid ; . .
circles in Fig. 4 correspond tAE,, .y for n=1 to n=4 compare to Fig. @ we again assume that the second island

determined from our PL measurements. We see that the sath‘:Jls not intermixed during overgrowth. As we have shown in

ration behavior ofAE s verv well described by our igs. 4 and 5 the net strain at the Si surface of covered
. winl y . y stacked islands is larger than for a single island layer since
model of strain superposition at the Si growth front.

: ; . . strain fields of underlying islands add up. Hence, not only

deTehr? d?r?tu:)ar??r?eb?rt}?k/:]oerszf g}etrs]gagnac?gr t;s Veerrég('jﬁirner:;tge strain field but also the strain energy modulation at the Si
P g on . P Y . Surface of the twofold stack is enhanced compared to the
growth conditions selected. Figure 5 shows the strain

e,(nt,,n) at the Si surface with increasing number of Iayerscase of only one island. As a consequence strain gradients
n for differentts. Whereas fot;=15nm 90% of the satura- and the effect of SiGe intermixing are more pronounced in

i lue | hed after five | 30 i stacked layers in order to release strain energy as is sche-
ion value is reached after five layers, igr=30 nm, satura- . matically illustrated in Fig. @l). The enhanced material in-

:Ir?nt is.?rl]r.eady e\{iden':haftetr tvyo fllayl/ders. fThe dre?gon folr th(ijs : ermixing in stacked island layers cause the PL blueshift with
at with increasings the strain fields of underlying islands increasing number of island layetfig. 3), and and with

have a longer distance to attenuate. We also inserted tf}% . . T T
t. (Fig. 1). Th f int likely t
calculated curve for the case of 6.5-ML Ge grownTgt ducedts (Fig. 1). The degree of intermixing is likely to

— 620°C wherd h 15 tak saturate with increasing number of layers, as the strain fields
. — wherés was chosen as 15 nm aaﬂ_z) was taken  g1so saturate. In fact, in Fig. 3 there is not a lot of difference
from Fig. 2. Since the strain-field interaction length is

N : . . between the island related PL of the fourfold and fivefold
smaller than forT,=700 °C saturation sets in much earlier. stack. Although we discussed the case of completely capped
Ge islands, very similar arguments apply during the Si over-

V. MATERIAL INTERDIFEUSION glrovvth process itself, where the actual alloying process takes
place.

We now present a model that possibly explains the blue- In Ref. 9 we suggested that strain relaxation within the
shifted PL originating from the stacked Ge islands in Figs. lislands would cause a blueshift in PL energy. Strain fields
and 3. For this purpose we qualitatively consider the strairare of long range and usually the interaction range inzhe
and strain energy at the Si surface above a buried Ge islandirection is much larger than the height of the islands. If we
Such a situation is illustrated in Fig(&. A single layer of  consider the strain distributiog (z,n=2) in Fig. 4 we see
Ge islands has been grown and is covered with a thin Si caghat the maximum strain occurs in the middle of the two
layer. In this case we assume that there has been no SiGslands and the curve is almost symmetric in zrdirection.
material interdiffusion during overgrowth. Since the Ge is-Asymmetry due to island shape and WL positions are negli-
land has partially relaxed elastically, we find a strain modu-gible in this island configuratiohHence, the effect of strain
lation on the Si surface. Above the island the Si matrix isin embedded islands should change the band-edge alignment
laterally widened and the surface exhibits tensile strainin the twofold island layers in a symmetric way and cause
Since we only consider pseudomorphic layers the tensileither a redshift or blueshift in botB,s ; and Ejos o. AlsO,
strain must be accommodated in neighboring regions afor smallt, in the case of carrier tunneling, where the tran-
compressive strain ang becomes negative. Hence, the sur-sition associated with the initial island layer is the main peak
face exhibits a strain modulation arg(x) as a function of seen in PL, no substantantial blueshift is observedEfgys ;.
the lateral positionx is schematically given in the middle This is why we think that the main contribution for the PL
part of Fig. &a). A very similar strain modulation for InAs/ blueshift originates from the material interdiffusion during
GaAs quantum dots was found in Ref. 17. At the top we alsmvergrowth and not from strain induced band-edge modifi-
show eﬁ(x), which is proportional to the tensile strain en- cations. However, we cannot rule out certain asymetric
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FIG. 6. Schematic illustration of the in-plane strain and tensile strain energy modulation at the Si surface after the Ge island has been just
been covered with Sii@) shows the case of a single, nonintermixed Ge isldhg,llustrates the situation for a SiGe island, (©) the
combination of vertically aligned Ge islands is shown, where the initial island has intermixed and the second ha@nwttelmixing is
most pronounced since it) strain energy is largest.

charge carrier dynamics in and around the islands, and eapped island is about @lso compare AFM data from Fig.
much more detailed study would be needed to fully under410) the capped island in the initial layer exhibits a ratio of
stand the recombination processes in stacked Ge/Si islandsbout 14.5. This difference reflects the strain considerations
To present further evidence for our model, Fig. 7 shows and the SiGe intermixing effects we discussed in Fig. 6, i.e.,
cross-section bright-field TEM image of a fivefold 6.5-ML due to strain energy minimizations the capped island is
Ge island stack grown af,=620°C, wherets was kept driven to a much flatter structure towards the energetically
constant at 13 nm. On top of a 100-nm-thick Si cap layer davorable quantum well case. In addition, we can see that
single 6.5-ML Ge island layer was deposited. The differencewith increasing number of Ge layers the islands become
between the uncapped and the capped Ge islands is velgrger in the lateral direction whereas the height stays more
striking. Whereas the diameter to height raoof the un-  or less constant. In Fig. 7 we pl& as a function of layer
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index n. There is an initial increase iR with increasingn, FIG. 8. Wetting layer related and island related NP energies for

followed by a saturation for largen, and eventuallyR  two series of samples. The open squares are taken from samples
reaches an equlibrium value. This result supports the modefhcorporating only a single embedded Ge layer and the energies are
of strain-field-dependent SiGe alloying in stacked islandglenoted byE,; s and Eyyss for the WL and the islands, respec-
layers, which saturates for largar As a matter of fact, re- tively. Ey» andEgqs odenote the island and WL NP energies origi-
cently Mateevaet al3 reported TEM investigations on 20- nating from the second Ge island layer in a twofold Ge island stack.
fold Ge/Si island stacks. In that work they saw a shape trandD this series the Ge coverage for the initial Ge layer was kept
formation of islands in the initial layers and a stabilization of constant at 5 ML and the spacer thickness was 15 nm.
island size and shape in layers with higher index. Apart from .
lateral merging of islands we think that the saturation effeciSlands in the second layer are markeg, and Eqqs o, re-
of surface strain with increasing number of grown islandSPectively. .
layers eventually causes equilibrium island shapes and sizes Ew.1 @ndEqqis.1 Show the usual behavior as observed for
within the hole stack. single sheets of Ge island§.Up to the critical thickness,
Finally, we want to note that it is mainly the large size of Of about 4.5 ML, only PL from the wetting layer is observed.
self-assembled Ge islands that allows one to separate cofNceltc is passed a broad PL pedlyys originating from
finement effects, material intermixing, and strain effects inthe islands appears at lower energies. Note, that in the course
PL experiments. If islands are so small that the lateral exterf island formationE,y;, is blueshifted by about 26 meV,
sion also contributes to carrier confineméiite in the case Which is attributed to Oswald ripening of the islarfdsFor
of many 111/V material-based quantum dot heterostructpresthe twofold StaCkS, island fOIjmatlon IS already eV|den-t fOI’ Ge
this separation is much more difficult to perform since manycoverage as low as 3 ML in the second layer. This is re-
different effects participate and shift the island related energjiected by the blueshifteé,,, at 1.082 eV and an island
transitions. Hence, the Ge/Si material system is well suitedelated transition at 0.927 eV, which is slightly less intense
as a model system to investigate and understand fundamentgn the PL peak from the initial island layer. The shift of
effects on the optical and electronic properties of self-Edots2t0 high energies as comparedEgys 1is explained by
assembled island and quantum dot heterostructures ar@hhanced intermixing in the second layer as discussed in

might be helpful to other semiconductor material combina-sec-_V- . . _ .
tions. With increasing Ge coveradg,, , slightly shifts to lower

energies. This redshift has a different physical origin than
that of E,; for Ge depositions less than 4.2 ML. Fay, ;
the redshift is caused by a decrease of the confinement en-
ergy along the growth direction with increasityg below the

In the following we investigate the case of asymmetric Gecritical thickness for island nucleation, whereas the decrease
deposition in twofold Ge island stacks, i.e., we deposit les®f E,, , is attributed to a slight increase @y after the onset
Ge in the second island layer. Figure 8 shows the energgf the island formatior(similar to the decrease &, ; for
position of the wetting layer and the islands for two series ofGe coverages larger than 5 ML
samples. In a first reference series only a single sheet of From the differencé&,, ,—E,, ; we derive that 0.46 ML
islands with varying Ge deposition was embedded in Skexcess Ge material from the wetting layer is available to
(open squargsand the corresponding energy of the PL tran-form the islands in the second layer. With increasing Ge
sitions are marked b¥,, ; for the wetting layer andEyys,  coverage this excess material gradually increases, e.g., at 4
for the islands. In the second series, twofold stacked islanMiL it is already about 1.25 ML G&° Surprisingly, Edots,2
layers were grown, where the Ge coverage in the initial layestays almost unaffected by the material increase at about
was kept constant at 5 ML and the Ge deposition in the).92 eV.
second layer was varied from 3 to 5 Mfull dots). ts was 15 Figure 9 shows X 2 um? AFM scans of the surface mor-
nm in all samples. The PL energies for the wetting layer anghology for different Ge coverages in the second island

VI. ASYMMETRIC Ge DEPOSITION IN TWOFOLD
STACKS OF ISLANDS
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FIG. 10. Island height as a function of diameter for a single
layer of 5-ML Ge, two stacked 5-ML layers, and 3-ML Ge grown
on top of an initial 5-ML Ge layer.

x 10° cm ™2, as would be expected fog=15nm, where we
have 100% vertical alignment. An improvement of the island
size inhomogeneity is not observed.

The three AFM images nicely illustrate that pyramids
constitute a metastable island phase, which directly trans-
form into multifaceted domes with increasing Ge
deposition?*?? It should be noted that often Si-rich SiGe
layers have been grown on Si at higj to study this effect,
since the reduced lattice mismatch allows for a more gradual
island transformation from pyramids to donfésThe same
effect applies to our case, where the effective lattice mis-
match between islands and Si spacer layer is reduced by the
strain fields of buried islands. Hence, the arrangement of
stacked islands offers the opportunity to select pure Ge pyra-
mids in a very controllable way.

An even better understanding of the island formation can
be obtained if we plot the height of the islands as a function
of their diameter. In Fig. 10 the height-base length data are
depicted for a single 5 ML thick Ge sample and the two
samples shown in Figs(& and 9c), respectively. The two
different island phases exhibit different height to diameter
ratios and are therefore well separated in this graph. Like the
stacked 5 ML Ge/15 nm Si/5 ML Ge sample the single Ge
layer also exhibits two types of islands. Hence, it is possible
that the two shoulders of the island related PL, which we
observed in Fig. 1, originate from the NP transition of domes
and pyramids and are not the NP and TO phonon replica of
a single type of islands Note, that phononless radiative
recombination of Ge islands was demonstrated in Ref. 26.
Likewise, the two blueshifted lines in the twofold stack in
Fig. 1 might originate from the two different island shapes
although the energy difference between the two peaks is
about 59 meV, which is very similar to the Si-Si TO phonon
energy. In addition we also note that pyramid heights in the
stacked 5 ML Ge/15 nm Si/3 ML sample are only slightly
smaller than those in the stacked 5 ML Ge/15-nm Si/5 ML
layer. Figures @) and 9b) correspond to 3 and 4 ML Ge, sample. This would explain whi s, Stays relatively con-
respectively—Ge coverages at which no islands would havetant in energy with increasing Ge coverage in Fig. 8.
formed without the first Ge island layer. The images only Compared to the single layer, the twofold 5 ML Ge stack
reveal pyramidal shaped islands. In Figc)95 ML Ge was  exhibits on average larger domes and pyramids, which is a
deposited and two distinct types of islands are evident: largdirect consequence of the reducgg in the second layer.
domes and much flatter pyramids, as is typical in Ge/SiThe size increase isot due to the coalescence of islands
growth for certain growth conditiom’s:*~*3The areal island ~ since the island density is the same for both the single and
density stays about the same for all Ge depositions at 1.8e twofold layers. We observe a slightly different height to

FIG. 9. (2x2 um?) AFM scans of(a) 3-ML Ge, (b) 4-ML, and
(c) 5-ML Ge. Each Ge layer was deposited on top of an initial
5-ML-thick Ge island layer capped by 15-nm-thick Si. Note that
even for 3-ML Ge well-developed islands are visible.
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base length ratio for the 5 ML Ge/15 nm Si/3 ML Ge samplequalitatively explain enhanced SiGe intermixing in stacked
and AFM linescans across the center of the islands reveaslands that results in the observed blueshift of the island
that most of the pyramids are truncated. Unlike single layersielated PL transitions. Recently observed shape transforma-
islands on top of an initial seeding layer seem to start nucletions for buried Ge islands are well explained by our model
ation with very flat and truncated pyramids, which becomeof superimposed strain fields. We also report PL and AFM
fully developed in the later stage of nucleatiee 5 ML/  data on the initial stages of island formation in the second
15-nm Si/5-ML samplg We attribute this difference in is- layer of twofold island stacks, where the transformation from
land formation to the strain field modification below the is- pyramids to domes is well documented. Our PL results on
lands. multiple island sheets imply that resonant emission from
stacked islands is spoiled by material intermixing effects,
and a careful tuning of the overgrowth temperature might be
] necessary to tackle this problem. Our results can be helpful
We have presented a systematic PL study on twofoldg gther self-assembled island and quantum dot heterostruc-
stacks of Ge islands where an energy separation between thges where separation of confinement, strain, and size ef-

WL related energy transitiondAE,, is observedAE,; is  fects is more difficult due to smaller dot sizes.
caused by a reduction of the critical thickness in the second

layer and was shown to probe the strain fields created by
buried island layers. Based on our experimental results we
have evaluated the in-plane strain at the Si surface with in- We thank Y. Rau for the finite element calculation and O.
creasing number of deposited island layers. Our calculationKienzle and F. Ernst for one cross-section TEM image.

VIl. CONCLUSIONS
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