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A Si-capped Ge quantum dot sample was self-assembly grown via Stranski-Krastanov mode in a

molecular beam epitaxy system with the Si capping layer deposited at 300 �C. After annealing the

sample in an oxygen atmosphere at 1000 �C, a structure, namely two layers of quantum dots, was

formed with the newly formed Ge-rich quantum dots embedded in the oxidized matrix with the

position accurately located upon the as-grown quantum dots. It has been found that the formation

of such nanostructures strongly depends upon the growth temperature and oxygen atmosphere. A

growth mechanism was proposed to explain the formation of the nanostructure based on the Ge

diffusion from the as-grown quantum dots, Ge segregation from the growing oxide, and subsequent

migration/agglomeration. VC 2011 American Institute of Physics. [doi:10.1063/1.3665398]

I. INTRODUCTION

The arrival of nanometer technologies has led to the

realization of quantum dot (QD) devices in the physical

world.1 Particularly, semiconductor QDs have shown great

potential in the application of advanced optoelectronics,

such as single-electron transistors,2 nanocrystal nonvolatile

memory,3 and advanced light-emitting devices,4 owing to

their substantial quantum confinement effects and associated

well-developed semiconductor technologies. Ge QDs,

because of their high compatibility with the mature Si tech-

nology, have been widely investigated in the past decade.5,6

Devices based on Ge QDs, such as metal-oxide-semiconduc-

tor field-effect transistors7 and infrared detectors,8 have been

developed. To pursue additional excellent performance and

potential applications, the nanostructures based on Ge QDs

need to be further exploited. One significant nanostructure,

Ge QD embedded in a dielectric matrix (such as SiO2) has

demonstrated peculiar properties, which could potentially be

used to fabricate optoelectronic,9 photovoltaic,10 and nonvo-

latile memory devices.11

Different methods, such as oxidation of GeSi alloy

films,12 co-sputtering of Ge and SiO2,13 electron beam evap-

oration,14 and ion implantation,15 have been utilized to grow

the architecture of Ge QDs embedded in the SiO2 matrix.

The common structural characteristic is that the Ge QDs are

randomly distributed in the SiO2 matrix with non-uniform

size.13,16 To realize practical applications, the Ge QDs need

to be accurately controlled with the position, size, and den-

sity. However, the difficulty in the realization of these goals

has prevented the exploration with further progress despite

intensive studies of Ge QDs embedded in the SiO2 matrix.

In this study, Ge QDs, embedded in SiO2 matrix with

the position accurately located upon the as-grown Ge QDs,

were synthesized by directly annealing Si-capped Ge QDs

grown by molecular beam epitaxy (MBE) in oxygen atmos-

phere. Through carefully designed comparative experiments

and detailed structural characterizations using atomic force

microscopy (AFM), transmission electron microscopy

(TEM), and micro-Raman spectroscopy, a structural evolu-

tion model, based on the Ge surface diffusion from the as-

grown QDs, Ge segregation from the growing oxide, and

subsequent migration/agglomeration is proposed.

II. EXPERIMENT

The growth of Ge QDs was carried out in an ultrahigh

vacuum MBE system (Riber Eva-32) with two electron-

beam evaporators as Ge and Si sources. The base pressure of

the chamber is 5� 10�10 Torr. A p-type Si(001) wafer with

a resistivity of 1–10 X cm was used as the substrate and its

surface was chemically cleaned using the Shiraki method.17

After removing a protecting oxide layer on the substrate by

annealing at 1000 �C for 10 min in the growth chamber, an

80-nm-thick Si buffer layer was grown on the substrate at

640 �C with a growth rate of 0.05 nm/s. For the Ge QD

growth, a two-step growth method was employed to improve

the uniformity of the Ge QDs, in which a 0.8-nm-thick Ge

layer was deposited first, followed by a 5-min growth inter-

ruption before depositing another 0.05-nm-thick Ge layer.

The growth temperature is 640 �C with a Ge growth rate of

0.01 nm/s. Because of inevitable Ge/Si intermixing at high

growth temperature, the Ge QDs actually contains a certain

amount of Si. Subsequently, a 30-nm-thick Si layer was

capped on the Ge QDs at a relatively low temperature of

300 �C with a growth rate of 0.05 nm/s. After the deposition

of the Si capping layer, the substrate was immediately cooled

down to room temperature naturally. The oxygen annealing
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of the sample was carried out in a furnace equipped with a

temperature controller and a quartz tube. After the furnace

was heated to 1000 �C in the oxygen atmosphere, the sample

was placed into the middle of the quartz tube and kept there

for 5 min with a flow rate of 150 l/h, followed by cooling

down to room temperature in the tube nozzle.

The morphologies of the Si-capped Ge QDs before and

after annealing were investigated by AFM (Solver P47-MDT)

in contact mode in air. The microstructural and nanochemical

characteristics of the Ge QD sample were comprehensively

characterized by TEM (Philips Tecnai F20) equipped with

energy dispersive spectroscopy (EDS). Raman measurements

(Jobin Yvon HR 800) were used to analyze the composition

and strain in the Ge QD sample, which was performed with

the 514.5-nm line of an argon-ion laser for excitation. An opti-

cal microscope was used to focus the laser beam on the sam-

ple with the beam diameter of 10 lm.

III. RESULTS AND DISCUSSION

Figure 1(a) is a typical AFM image of the as-grown Si-

capped Ge QDs and shows that a large quantity of islands

with a dome shape and good size uniformity were formed on

the sample surface. The average base diameter and height of

the islands are �70 nm and 12 nm, respectively. To under-

stand the microstructure of the sample, the cross-section

TEM investigation was carried out and an example is shown

in Fig. 1(b). As can be seen, Ge QDs (the dark parts) are bur-

ied in the Si capping layer, while on the surface, some

islands accurately lie vertically with the Ge QDs. The mor-

phology of the islands on the surface is similar to the buried

Ge QDs, indicating that the surface mobility of the deposited

Si is kinetically limited. The high-resolution TEM (HRTEM)

image (refer to Fig. 1(c)) indicates that some planar defects

appear in the islands of the Si capping layer surface. The for-

mation of the defects is closely related to the buried Ge

QDs.5 The sharp boundary of the Ge QD indicates that Ge/Si

intermixing is kinetically limited at the growth temperature.

The base diameter and height of the Ge QD were �54 nm

and 12 nm, respectively. It should be mentioned that the dif-

ference in the island diameter observed by AFM and TEM is

caused by the tip-broadening effect in the AFM measure-

ment.18 Figure 1(d) is the schematic diagram of the observed

sample structure.

After annealing at 1000 �C in oxygen atmosphere, the

morphology of the sample was examined by AFM and an

example is shown in Fig. 2(a). As can be seen, a large quan-

tity of islands with a dome shape and good size uniformity

exists on the surface of the annealed sample. The average

base diameter and height of the islands are almost identical

with that of the as-grown sample. The possible reason could

be that the oxidation is homogeneous and independent on the

surface morphology, so that the relative height of the islands

remains after annealing. To evaluate the detailed microstruc-

ture of the annealed Si-capped Ge QD sample, TEM was car-

ried out. Figure 2(b) is a typical bright-field TEM image of

the annealed Si-capped Ge QD sample, which was collected

in scanning transmission electron microscopy (STEM)

mode. Based on the TEM contrast, two layers of QD struc-

tures were formed with newly formed QDs accurately

located upon the as-grown QDs, whose base diameters

increased slightly but height increased significantly up to 22

nm, in comparison with that of the as-grown sample. The

blurred interface of the as-grown QDs indicates that the

intermixing between the Ge and Si might take place during

the annealing process. It should be mentioned that the as-

grown Ge QDs may contain a certain amount of Si because

of the diffusion of Si into the QDs during the high-

temperature growth of Ge QDs.19 The post-annealing further

promotes Si diffusion to the positions of as-grown Ge QDs.

Except for the evolution of the QDs, a layer with lighter con-

trast is capped on the newly formed QDs and appears as an

island morphology just upon the top layer of the newly

FIG. 1. (Color online) (a) AFM image of the as-grown Si-capped Ge QD

sample; (b) and (c) the corresponding cross-sectional TEM and HRTEM

images, respectively; (d) a stereo structural schematic illustration of the

sample.

FIG. 2. (Color online) (a) AFM image of the sample annealed at 1000 �C.

(b) The corresponding bright-field TEM image collected in STEM mode. (c)

HRTEM image of one section of the annealing sample showing good crys-

tallinity of the newly formed QDs. (d) HAADF of the annealed sample

showing the Ge spatial distribution.

114304-2 Nie et al. J. Appl. Phys. 110, 114304 (2011)



formed dots. To understand more detailed structural informa-

tion, HRTEM was employed to characterize newly formed

dots. Figure 2(c) is a HRTEM image of a section of a typical

dot taken from the rectangle area (as shown in Fig. 2(b)) and

shows that the newly formed QDs have good crystallinity

with no lattice defects and the capping layer is amorphous.

Our EDS analysis of the amorphous layer suggested that the

amorphous capping layer is oxide, whose uniform thickness

demonstrates that the oxidation is homogeneous, certifying

our hypothesis of the oxidation homogeneity. To understand

the compositional variations in the annealed sample, the

high-angle annular dark field (HAADF) in the STEM mode

was employed20,21 and a typical image is shown in Fig. 2(d).

Based on the HAADF contrast, the newly formed QDs are

much brighter than the as-grown QDs (which is just slightly

brighter than the Si substrate), indicating that the newly

formed QDs contain higher Ge concentrations (Ge atoms are

much heavier than Si atoms). It should be noted that, after

annealing, the HAADF contrast between the as-grown QDs

and the Si substrate is small, suggesting that a significant

amount of Ge in the as-grown QDs has been diffused away

from the as-grown QDs toward the newly formed QDs.

To understand the observed phenomenon, other tempera-

tures (namely 800 �C and 900 �C) were also chosen to anneal

the as-grown Si-capped Ge QD samples. The Raman spectros-

copy was also utilized to characterize the temperature-

dependent Ge concentration in the samples, and typical exam-

ples are shown in Fig. 3(a). The spectra have been calibrated

using a bulk Si first-order transverse optical peak of 520 cm�1

caused by the Si substrate,22 where all plots were shifted verti-

cally for clarity. Two dashed lines were located at 302 cm�1

and 436 cm�1, respectively. The broad peak centered around

302 cm�1 can be attributed to the overlap of Si two-order

transverse acoustic peak and Ge–Ge peak.23 It is of interest to

note that a Raman peak centered at 292 cm�1 can clearly be

seen for the sample annealed at 1000 �C only. This peak corre-

sponds to the Ge–Ge peak,24 suggesting that the Ge-rich dots

can be formed when annealing the sample reaches 1000 �C.

The other peak (caused by Ge–Si phonon vibration mode25),

varied between 409 cm�1 and 423 cm�1 for different cases,

can be observed, and variations of the peak position and the

peak intensity are attributed to the variation of chemical com-

positions and strains involved in different cases. The fact that

the intensity of the Ge–Si peak in the sample annealed at

900 �C is lower than that in the sample annealed at 800 �C
indicates that the Ge concentration in the QDs is decreased

and a more intense Ge/Si intermixing took place during the

annealing at 900 �C.25 Interestingly, the sample annealed at

1000 �C shows a different behavior, in which a very strong in-

tensity of the Ge–Si peak was increased in comparison with

samples annealed in other temperatures (note that the intensity

of the Ge–Ge peak centered at 292 cm�1 is also very strong),

indicating that the Ge-rich QDs were formed at 1000 �C,24

agreeing with our TEM results. In our annealing process, the

oxygen plays an important role for the formation of Ge-rich

QDs. To verify this conclusion, the forming gas (95% N2 and

5% H2) was used to anneal the as-grown Si-capped Ge QD

samples, under identical annealing conditions. The Raman

spectroscopy was used to examine the newly annealed sample,

and an example is shown in Fig. 3(b). As can be seen, both

the Ge–Ge peak and the Ge–Si peak are very weak, indicating

that solely intense Ge/Si intermixing occurs with no newly

formed Ge-rich QDs under the annealing in the forming gas at

1000 �C. The microstructure of the sample annealed in the

forming gas was further characterized by bright-field TEM in

STEM mode, and a typical example is shown in Fig. 3(c).

Based on the TEM contrast, no oxide layer and newly formed

Ge QDs can be observed, which exhibits a distinct

FIG. 3. (Color online) (a) Raman spec-

tra of the as-grown Si-capped Ge QD

samples annealed at different tempera-

tures. (b) Raman spectra of the as-grown

Si-capped Ge QD samples annealed at

1000 �C in forming gas and mixed gas of

95% N2 and 5% O2, respectively, show-

ing a totally different behavior compared

with that in pure oxygen. (c) The STEM

mode-collected bright-field TEM image

of the as-grown Si-capped Ge QD sam-

ple annealed at 1000 �C in forming gas.
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microstructure feature with that in the oxygen-annealed sam-

ple. The blurred interface of the as-grown Ge QDs indicates

that intense Ge/Si intermixing took place during the annealing

process in forming gas, which is consistent with our Raman

results. Furthermore, in comparison with the as-grown sample,

we found that the base diameter of the Ge QDs increased

slightly but its height increased significantly, which is similar

to the changing behavior in the oxygen-annealed sample.

Taking all the above experimental results into account, we

can conclude that the fact that Ge in the as-grown QDs has dif-

fused into the newly formed QDs can only be realized when

the as-grown Si-capped Ge QDs are annealed under the oxy-

gen atmospheres at 1000 �C. To understand the formation

mechanism of such an extraordinary physical phenomenon,

two points should be clarified: (1) selective oxidation of Si in

the Ge/Si alloys, and (2) Ge diffusion toward the surface dur-

ing the annealing process. The preferential oxidation of Si is

because of the higher binding energy of Si and O compared to

that of Ge and O.26 To understand the Ge diffusion toward the

surface, we note that: (1) The tensile stain in the Si capping

layer over the Ge QDs should enhance the Ge/Si interdiffusion,

resulting in the Ge diffusion mainly vertically toward the Si

capping layer,25 which has been observed both in oxygen- and

forming gas-annealed samples. (2) The planar defects in the Si

capping layer (including surface islands) in the as-grown sam-

ple may attract Ge atoms.27,28 We anticipate that a formation

mechanism of newly formed QDs is caused by the synergetic

effect of the Ge/Si interdiffusion, Ge segregation from the ox-

ide, and subsequent migration/agglomeration.12 It is well docu-

mented that the diffusion coefficient is exponentially

proportional to the environmental temperature, and the diffu-

sion length of Ge can then be estimated. Using Ge diffusion

coefficient of �2� 10�14 cm2/s in Si,29,30 the diffusion length

of Ge is estimated as �25 nm at 1000 �C for 5 min (our

annealing condition). Meanwhile, the oxidation rate is propor-

tional to the environmental temperature. Based on these con-

siderations, when annealing at lower growth temperature, the

Ge diffusion to the sample surface should be restricted, conse-

quently inducing a smaller amount of Ge on the sample sur-

face, so that the Ge–Ge peak in the Raman spectra cannot be

seen at the lower growth temperature of 800 �C and 900 �C. In

contrast, when annealing at a higher temperature (i.e.,

1000 �C), the Ge diffusion to the surface should be substan-

tially enhanced. Meanwhile, the increased oxidation rate at

higher temperature leads to a thicker oxide layer; and the si-

multaneous expelling of Ge in the oxide layer promotes the

formation of QDs via subsequent Ge migration/agglomeration.

To further certify this mechanism, the as-grown Si-

capped Ge QD sample was annealed in diluted oxygen gas

(95% N2 and 5% O2) at 1000 �C for 10 min. As expected, a

weak Ge–Ge peak in the Raman spectrum can be seen (refer

to Fig. 3(b)), which is overlapped on the Si two-order acous-

tic phonon peak. This experimental result confirms our

conclusion.

Based on the discussion outlined above, Fig. 4 illustrates

the evolutional model schematically. At a low growth tem-

perature, the weak Ge/Si intermixing would induce a small

amount of Ge diffusion to the sample surface. Meanwhile,

the restricted oxidation rate would lead to a thin oxide layer

on the sample surface, thereby driving a small quantity of Ge

to segregate from the oxide, as illustrated in Fig. 4(b). In

comparison, at a high growth temperature, the intense Ge/Si

intermixing would induce a large amount of Ge diffusion to

the sample surface. The intensely increased oxide thickness

would segregate much more Ge to agglomerate beneath the

oxide layer in the form of QDs. The corresponding schematic

illustration is shown in Fig. 4(c).

IV. CONCLUSION

A nanostructure, namely, newly formed Ge-rich QDs

embedded in the SiO2 matrix with the positions accurately

located upon the as-grown QDs, was formed by directly

annealing Si-capped Ge QDs in an oxygen atmosphere at

1000 �C. The formation of this nanostructure is closely

related to the growth temperature and oxygen atmosphere.

Through carefully designed comparative experiments, a

growth mechanism based on the Ge diffusion from the as-

grown QDs, Ge segregation from the growing oxide, and

subsequent migration/agglomeration is proposed to explain

the formation of the nanostructure.
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