PHYSICAL REVIEW B, VOLUME 63, 033313

Photoluminescence study of a bimodal size distribution of G&i(001) quantum dots
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This work presents a study on the effect of a bimodal size distribution and of the pyramid/dome transition
to the optical properties of self-assembled Ge/Si quantum dots. The wetting layers are shown to be inhomo-
geneous in thickness due to lateral diffusion of Ge from two-dimensi(®l layers towards islands of
bimodal sizes, while the island-related photoluminescence remains unchanged. The results indicate that three-
dimensional islands, at their early stages of nucleation, are formed by consuming Ge from 2D layers and that
the island luminescence energies are more sensitive to Ge/Si interdiffusion than the confinement effect inside
the islands as currently believed.

DOI: 10.1103/PhysRevB.63.033313 PACS nuniber68.65—k, 85.35.Be, 05.65:b, 78.66—w

Over the last few years, the self-assembled techniqudrom RHEED. The Ge growth time is 160 s, corresponding
which takes advantage of the strain-driven two- to threeto a critical thickness of 4 ML s. The surface exhibits islands
dimensionak3D) growth mode transition, has received con- With two different sizes and shapes, in agreement with pre-
siderable attention since it could allow one to producevious works.™ ™ The domed islands have an average size

quantum-sized islands without needing any kind of mask off 115 nm and a height of 22 nm, while the pyramidal is-
patterning! The island size distribution, in view of their ap- lands kr:ave an aver_ager\r/:dtz of 103@r1rln9an?j a he|ght of 11.7
plication as quantum dots in novel devices, is one of th m. The aspect ratio of the domes-9.19, almost twice as

most critical parameters that needs to be controlled and ha@'9¢ as that of the pyramids. It is worth noting that the
been a subjch):t of numerous investigation's. pyramids observed here a4 and{103 facets depend-
A result of particular interest is the observation of a pi-M9 on the island size, in comparison to th05 facets

dal_distributi f island  si hiah h reported in the literaturdthe tilt angles determined from
moda |str|_1ult|on of island sizes at high growth opy height profile are, respectively;14° and 18° instead
temperatured-!! Small islands are typically square-based of 11° for {105 facet3. We note that in the growth condi-

pyramids formed by fouf105 facets while larger islands are tions used in the present work, tH&05 facets are only
multifaceted domes. The pyramids are metastable and haserved for “hut” clusters, i.e., for islands grown at low
been shown to transform to domes with increasing the G@amperatures. The huts are very flat and have in general an
coverag@”® or after annealing->"** However, most previ- elongated base and a high density, compared to a squared
ous works have been mainly focused on the structural aspeptise and a low density of pyramidal islands formed at high
of the island-shape transition, and very little attention hagyrowth temperatures.
been paid to the optical behavior resulting from this shape The evolution of the PL spectrum of a Ge layer when the
transition. Ge coverage g0 increases from 2.4 to 9 ML is displayed
We study, in this work, the effect of the bimodal size in Fig. 1(b). The spectra in the shadow part correspond to the
distribution and of the island-shape transition on the opticakD RHEED growth regime while those in the upper part
properties of related layers. We have combined, for this pureorrespond to the islanding mode. Apart from the PL line at
pose, optical characterizations by photoluminescence spe@098 meV, which is originated from the Si substrate and
troscopy(PL) with structural characterizations iy siture-  capped layers, the sample spectra with, below 2.8 ML
flection high-energy electron diffractiofRHEED) and  only exhibit two main lines, labeled Nff and TGy, , which
atomic-force microscopyAFM) on comparable samples.  are, respectively, attributed to the no-phonon line and its
Experiments were carried out in an ultrahigh-vacuumTO-phonon replica of the narrow Ge quantum et °
chemical-vapor depositioflUHV-CVD) system. Pure SilH The energy difference between the NP and TO lines is
and hydrogen-diluted (10%)Geghvere used as gas sources. ~57-58 meV, which corresponds to the Si-Si optical pho-
The system has a base pressure better thadaQr °Torr, non energy in St® The spectra foWg.=3 and 3.5 ML are
and the pressure during growth was about® “ Torr. The  dominated by an intense and very broad line, while the
growth chamber is equipped with a differentially pumpedwetting-layer(WL) component has almost disappeared. This
RHEED system, allowing us to probe the growing surfaceline has been attributed to intermediate clusters between 2D
even at high partial pressures of hydrides. Ge deposition wdayers and 3D island$and is not the subject of the present
carried out at 700 °C to ensure the formation of bimodal sizevork. For samples obtained after the 2D-3D transitidg(
islands. The Ge growth rate, estimated from RHEED oscil==4 ML), the spectra exhibit two separate components that
lations at 550 °C, is 1.5 monolayefidL )/min. Details of the  correspond to the GEWNL's) and Ge islands, respectively.
experimental setup and growth conditions can be found’he component at higher energies stems from the WL's
elsewheré? while the two broader peaks observed at energies below 860
Figure X&) shows a typical AFM image of a sample ob- meV, denoted at this moment as Nihd TQ, can be attrib-
tained just after the onset of the island formation determinedited to 3D islands.
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FIG. 2. (a) PL temperature dependence for a sample Wigh=4 ML.
0 04 a8 2 pm (b) AFM image of a sample surface with;.=6 ML; the growth tempera-

UM B B ISR SR B ture is 700 °C. The image reveals the presence of only dome-shaped islands,
(b) Sko ] indicating that the pyramidal islands are no longer stable.
C : ML (tg=360s) | | £
ot 118 diffusion from the 2D layers towards the islands having two
=1 ML (1g=240s) | | 2 different sizes.
3t - 45 ML (tg=180s)] | 2 To further investigate the influence of the bimodal size
'§ i 0}, ;"hp;,[‘f’m 112 distribution on the WL-related PL, we have measured the PL
E L To, NP, R anLtigeitog ] ¥ temperature dependence for the sample with=4 ML.
% b 21008 1 5 The result is depicted in Fig.(&. With increasing the tem-
5l Intermediate clusters e el ‘;: perature, the intensity of both N|P and TG, lines is found
=g IML(g=1208) | | & to decrease more rapidly than that of the {NFTOY,,)
a I _/Tc’\"L/\NPm 28 ML (1g=1129) 2 lines. At a temperature of about 25 K, only the
. AN\ 25 ML tgeto0s) % (NP}, . TOL,,) pair persists while the (N, TO%,) pair is
/\_/\__J\ 24 ML (tg=96s) { | Q completely quenched. Since the temperature quenching of
] v the WL PL is mainly due to the thermionic emission of the

9 1 11 1.2 carriers from the Ge wells to the Si barrier, the above results

Energy (eV) support the idea of the existence of two WL thicknesses.

Indeed, because a larger quantum well has a smaller confine-
sizes and shapes. Small islands are square-based pyramids forrfiby me_m Qnergy, when ,the temperature mpreasgs the_ th_erm'omc
and {103 facets while larger islands are multifaceted domes.11-K L €Mission of the carriers towards the Si barriers will first oc-
spectra illustrating different stages of Ge growth with increagigg The  cur for the less deep levels, i.e., for the thinner quantum well.
growth temperature is 700 °C. The PL of the larger well in which the carriers are more
) deeply confined is maintained at higher temperatures.

Compared to the WL component observed in the 2D | ot ys now consider the effect of a bimodal size distribu-
growth regime(for 6ge=2.8 ML), the WL component ob- 5y on the island-related PL. Since the PL of the islands
tained forfge=4 and 4.5 ML exhibits two different features. consists of two peaks, there has been a suggestion that these
First, it exhibits a qu_esh|_ft whefge increases from4t04.5 o peaks might originate from the bimodal size
ML and then a redshift with further increase @, from 6 1o gistribution'® However, if each of these two peaks originates
9 ML. The .blueshlft hgs been previously obser_ved _and hagom one kind of islanda high-energy peak from pyramids
been explained as_bemg dll.lse to a Ge I_atgral diffusion fromyng a low-energy from domgsit is expected that the ther-
2D layers towards island$:*° The redshift is, on the other mionic emission of the carriers towards the Si barriers wil
hand, observed for the first time and its origin will be dis-first occur for the peak located at the high-energy side due to
cussed later. Second and more importantly, the WL compoy |ower barrier potential towards Si. This is not what is ob-
nent now contains four main lines, denoted to asyNP  served experimentally. As can be seen in Fig) when the
TOw., NP, and TG, instead of the two lines observed temperature increases, the lower-energy peak is quenched at
in the 2D growth regime. Interestingly, the separation in en-about 77 K while the high-energy peak persists up to much
ergy between these two pairs of lines, (NFTOy, ) and  higher temperatures.
(NP2, . TOZ,,), is still ~57-58 meV, a value expected for  Another point that may allow us to understand the island-
the energy separation between the NP and TO lines of eelated PL of bimodal size islands is to determine the Ge
pseudomorphic 2D Ge layer. The coexistence of these twooverage at which the transition from pyramids to domes
pairs of lines therefore indicates that the Ge WL's in betweeroccurs. The surface, which is obtained just after the pyramid/
the islands are not uniform but consist at least of two differ-dome transition, is expected to exhibit islands with a very
ent thicknesses. Comparison of this result with bimodal sizénarrow size distribution. We have then undertaken system-
islands observed in Fig.(d) appears to show that the pres- atic investigations of the surface morphology with the Ge
ence of these two pairs of lines arises from the Ge lateratoverage increasing from 4 to 9 ML. Figuréb? shows an
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FIG. 1. (a) Typical AFM image exhibiting islands with two different
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FIG. 3. (a) Typical 11-K PL spectra of samples grown at 650 and
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600 °C. The Ge coverage is 4 M(b) AFM image of a sample surface with 990 £ | Transition Transition E

Oce=4 ML, the growth temperature is 600 °C. E Coexistence of ]
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AFM image of a sample surface withye=6 ML. The image T T T
reveals the presence of only dome-shaped islands, |nQ|cat|ng Ge Coverage (MLs)
that the pyramidal islands are no longer stable. The islands
are ver_y um_form’ their dl_men5|ons arel20 nm .m size and ing Age.. Note that forfg.=3—-4 ML the WL PL is quenched due to an
_30 nm in height. Interestingly, QS_ can be seen in F(g) the_ efficient transfer of the carriers from the WL'’s to intermediate clusters.
island-related PL does not exhibit any changes, neither in thgown in the inset is a scheme describing the variation of the WL thickness
peak shape nor in the energy positionsfgsincreases from after the onset of the island formation.
4 up to 9 ML. This result unambiguously rules out the pos-
sibility that each of these two peaks originates from one kindshown in Fig. 8b). The surface exhibits dome-shaped is-
of island. These two peaks can be therefore attributed to thiginds, whose dimensions are about 100 nm in size and 14—15
NP and TO phonon-assisted transitions inside the ensembigm in height. The observed redshift of the island-related
of islands. In this regard, these two peaks are denoted to @amponent together with the decrease of the island dimen-
NP, and TQ. We also note that the WL component of the sijons when the growth temperature decreases clearly indicate
corresponding sample 6.,=6 ML) exhibits only one that the island luminescence energies are mainly determined
(NPy, , TOy,) pair, confirming that the coexistence of two by the degree of Si/Ge interdiffusion, which in turn depends
(NP, ,TOy,) pairs arises from a bimodal size distribution on the growth temperature.
observed atig;.=4 and 4.5 ML. Based on the above optical and structural results, we will
We now comment on the relationship between the islanchow discuss the kinetic pathways of the island formation.
dimensions and the luminescence energies. First, it is wortfThe different stages of the island formation and the variation
noting that the lateral sizes of 3D islands are more than 100f the energy position of the WL NP peaks with increasing
nm, a value which appears too large to induce lateral conthe Ge coverage are summarized in Fig. 4. First, it is shown
finement. The confinement energy, if there exists, might stenfrom the optical properties that when the Ge coverage
from vertical confinement effect. However, as can be seemeaches the critical thickness, which corresponds to the
above, the energy positions of the island PL remain almosRHEED 2D-3D transition and of about 4 ML in this case,
unchanged when the average island heights vary from 11.mhacroscopic islands are spontaneously formed. From the en-
nm atfg.=4 ML up to 30 nm forfg.=6 ML. This suggests ergy point of view, the spontaneous formation of 3D islands
that such island heights are already too large to induce vecan be explained by the fact that at the critical thickness the
tical confinement. built-in strain energy in the 2D layers becomes so high that
To determine the main parameters that might govern théhe system should relax this energy. Islanding growth is
island-PL energy, we have undertaken Ge growth at variouknown to be energetically favorable because it allows a par-
growth temperatures. Shown in FigaBare typical PL spec- tial relaxation of the strain by elastic deformation of the ep-
tra obtained for growth temperatures of 650 and 600 °C. Foilayers and substrafé.
comparison, we report in the upper figure the PL spectrum of The above results provide evidence that at the critical
a sample withdge=4 ML grown at 700 °C. We note that in thickness 3D islands are spontaneously formed by consum-
all cases the Ge deposition was stopped just after thang Ge from the 2D layers. This results in a reduction of the
RHEED 2D-3D transition, i.e., the Ge coverage is equal tahickness of the wetting layers. This stage of the island for-
the critical thickness. The figure clearly shows that themation can be considered as a nucleation process. We note
island-related PL shifts to lower energies when the growttthat the blueshift of the WL component has been previously
temperature decreases. The island-related!iN®, which is  observed3~® However, experiments carried out on well-
observed at 850 meV for a growth temperature of 700 °C, icontrolled bimodal size islands in which the amount of con-
found to decrease to 800 and 775 meV at 650 and 600 °Gumed Ge was shown to depend on the island volume con-
respectively. On the other hand, AFM measurements on thérm, on the one hand, the above picture of the island
corresponding samples indicate that both island size anducleation, and indicate, in the other hand, that the reduction
heights decrease with decreasing growth temperature frommount of the WL thickness is kinetically controlled. Indeed,
700 to 600 °C. An example for the sample grown at 600 °C ighere has been a suggestion that the thickness of the wetting
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FIG. 4. Variation of the energy position of WL NP peaks with increas-
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layers that remained after the onset of the island formation istarts. The redshift of the WL component is observeddgr
thermodynamically stable and corresponds the equilibriunincreasing up to 9 ML and then remains unchanged for a
critical thickness® Our above results clearly indicate that further increase ofig up to about 14 ML. AFM measure-
this thickness is not stable but depends on the island size amdents reveal that afi;.=9 ML, island coalescence starts,
also on the evolution stage of the island formation. resulting in the formation of multimodal size islands. The

It is interesting to note that the reduction of the WL thick- disappearance of the WL component fiye=14 ML may be
ness should contribute to the minimization of the total freeassociated with the appearance of dislocations at the edge of
energy of the system after the onset of the island formationcoalesced islands whose sizes become larger than 600 nm.
As the island formation increases the surface area, theoretical The last point meriting comment is why only two pairs of
calculations of the total free energy of the system were onlyines related to the WL'’s are observable from PL. As can be
based on the balance in energy between the increase of tiseen in the inset of Fig. 4, the WL's may present three thick-
surface free energy and the reduction of the strain energy byesses: a WL having an average thickn@hson which is-
elastic relaxation while the thickness of the 2D layers wadands typically 200 nm apart are linked,; this thickness, due to
assumed unchangéd However, as can be seen in Figs. 1 the lateral diffusion of Ge from 2D layers towards islands, is
and 4, after the onset of the island formation the energyeduced tad; andd, in the vicinity of domes and pyramids,
position of the NB,, line is 1067 meV. This value, estimated respectively.d, is smaller thand, because the volume of
from calculations of the confinement energy in a square-welflomes is almost twice as large as that of the pyramids. Since
potential with the data obtained in the 2D growth regime,only two WL thicknesses are observable, the pair observed at
corresponds to a thickness of about 2.2 ML. This means thdtigher energies, (N, TO3,,), can be attributed to the thin-
for 4 ML of deposited Ge, almost 2 ML has been consumechest thickness d;), while the other pair, (N ,TOb,),
to form islands. In other words, the elastic energy of themay stem from the largest orid). The thicknessl,, which
remaining 2D layers has been reduced by a factor of almos$ betweend andd,, may manifest itself in a broadening of
2 after the onset of the island formation. the PL lines.

We note that at 700 °C, alloying between the Ge and the In summary, we have studied the effect of a bimodal size
Si substrate and Si cap layer should occur. Furthermore, distribution and of the pyramid/dome transition to the optical
has been shown that alloying is greatly enhanced by strairproperties of related Ge/Si layers. By combining structural
i.e., near or on the island8 However, since islands are typi- with optical characterizations, three stages of the island for-
cally 200 nm apart, it appears reasonable to assume that imation can be identified with increasing Ge coverage: island
termixing in the wetting layeréWL'’s) after the onset of the nucleation, island growth, and finally island coalescence. It is
island formation has a degree comparable to that in the 2Worth noting that the above reported value of the Ge cover-
layers obtained with9g, below 4 ML. age corresponding to each growth stage represents only a

The thinning of the WL thickness is observed fég,  relative character. It should depend on the degree of Ge/Si
increasing to 4.5 ML, suggesting that the nucleation procesmtermixing and the Ge flux. We have shown that when the
is spread out up to this coverage. For a further increase of thiickness of the 2D layers reaches the critical thickness, the
Ge coverage to 6 ML, the WL component is found to exhibitisland nucleation takes place by consuming Ge from the 2D
a shift to lower energies. It is worth noting that at this cov-layers. The shape transition from pyramids to domes corre-
erage, AFM measurements have revealed a shape transitisponds to the island growth stage that occurs just after the
from pyramids to domefFig. 2(b)]. Such an evolution can nucleation stage. Concerning the island optical properties,
be explained by the fact that after the nucleation stage, ththough much remains to be done in order to establish the
thickness of the wetting layers has been thinned. Thereforeelationship between the island-related luminescence ener-
with further deposition of Ge, a part of this will go to the gies and the island dimensions, the present work reveals the
wetting layers, resulting in a redshift of the WL component.surprising result that the island luminescence energies appear
This result suggests that with increasing the Ge coverage @ be more sensitive to the Ge/Si interdiffusion than the con-
new stage of the island formation, termed island growthfinement effect.
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