
M.Ya. VALAKH, V.M. DZHAGAN, Z.F. KRASIL'NIK

COMPOSITION AND ELASTIC STRAIN IN CAPPED

SELF-INDUCED SiGe NANOISLANDS

M.YA. VALAKH, V.M. DZHAGAN, Z.F. KRASIL'NIK1, O.S. LYTVYN,

A.V. NOVIKOV1, V.O. YUKHYMCHUK

UDC 538.94; 53.086; 535.375.5

c2005

Lashkarev Institute of Semiconductor Physics, Nat. Acad. Sci. of Ukraine

(45, Nauky Ave., Kyiv 03028, Ukraine; e-mail: valakh@isp.kiev.ua),

1Institute for Physics of Microstructures, Russian Acad. Sci.

(Nizhny Novgorod 603950, Russia)

Self-induced SiGe nanoislands grown on a Si substrate by

molecular-beam epitaxy MBE have been investigated by Raman

spectroscopy and atomic force microscopy AFM. It is established

that the capping of islands with a layer of silicon results in

an increase of the Si content and elastic strain in them. It is

shown that a variation of the Ge deposition rate within the range

0:12 � 0:5 �A=s does not affect the composition of islands and

mechanical stresses in them. This phenomenon is explained by a

dominating influence of interdiffusion, which is primarily caused

by non-uniform stresses in islands and in the substrate around

them, on stresses in islands and their composition.

1. Introduction

Recently, the self-induced SiGe nanoislands formed in

the course of MBE of stressed Si/Ge heterostructures

have been intensively studied [1�3]. A significant

interest to such structures is caused by their interesting

fundamental properties and their practical application

in opto- and nanoelectronic devices.

In the majority of the works devoted to the study of

properties of SiGe islands by Raman spectroscopy, the

islands not covered with silicon were investigated [4�8].

It was conditioned by the fact that the morphology of

such specimens can be studied with the help of the AFM

method, the obtained data being compared with those

derived by using Raman spectroscopy. Moreover, in this

case, there was no problem concerning the contribution

of a capping silicon layer to the Raman spectrum, as

well as the problem of absorption of the exciting and

scattered radiation. On the other hand, for developing

opto- and nanoelectronic devices, it is necessary that

the formed islands should be covered with a layer of

silicon. It is caused by the necessity both to protect the

islands from oxidation and to create Si/SiGe junctions.

Capping the islands with silicon was shown in works

[9, 10] to be able to change their form, dimensions,

and surface density. The level of an influence of the

capping of islands with silicon on their characteristics

depends on the temperature, at which this process takes

place. In work [10], it was shown that depositing a

Si layer of only 6 �A in thickness at a temperature

of 700ÆC resulted in such a variation of the form

and the surface density of islands that practically a

different ensemble of nanoislands was formed. To avoid

significant morphological modifications of the formed

islands, the initial stage of capping was fulfilled at

relatively low temperatures of 300�400 ÆC. Then, after

the silicon layer had covered the islands completely,

the temperature was raised up to 500 ÆC, and the

silicon layer was made grow further. This resulted in

the formation of a necessary smooth silicon layer.

However, it turned out that the capping of islands

even at relatively low temperatures (300�400 ÆC)

resulted in a change of their parameters. Interdiffusion,

which accompanies the specimen cooling from the

temperature of growing to the temperature at which

specimens will be capped with silicon, as well as

the very capping of islands, changes their component

composition. In addition, the formed SiGe islands, when

being capped with a Si layer, are squeezed not only in

the plane of growth but in the direction of growth too.

In this work, the variations of the island parameters

that occurred in the course of their capping with silicon

have been studied using Raman spectroscopy. Another

goal of this work was to study the influence of deposition

rate of Ge on the parameters of islands, which are being

formed in the course of deposition.

2. Experimental Procedure

Two series of specimens with nanoislands formed during

MBE, were used. The first series contained arrays of

islands uncapped and capped by silicon, but the MBE

conditions were identical in both cases: the deposition

temperature was 600 ÆC, the nominal thickness of the
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Fig. 1. AFM pattern of SiGe islands formed at a temperature of

600ÆC by depositing 9 ML of Ge: (a) view plan, (b) view from

above

deposited layer was 9 monolayers (ML), and the

deposition rate was 0.15 �A/s. The second series of

specimens contained silicon-capped islands formed at a

temperature of 600 ÆC and with the nominal thickness

of deposited Ge layer of 8 ML, but the germanium

deposition rate was varied from 0.12 to 0.5 �A/s.

Raman spectra were excited with the help of the

Ar+-laser radiation with a wavelength of 488 nm. The

signal was registered by a cooled photoelectric multiplier

operating in the photon counting mode. The experiment

was carried out in a �back-scattering� geometry. The

known values of plasma lines of an Ar+-laser were

used as reference points for the positions of the Raman

bands to be determined more accurately. The surface

morphology of the structures with nanoislands was

studied making use of a Digital Instruments NanoScope

IIIa atomic force microscope functioning in the tapping

mode. Before and after measurements, the form of the

apices of tips was tested. Measurements were carried

out using tips with high symmetry, whose cross-section

radius did not exceed 6 nm at a distance of 10 nm from

the apex. This allowed us to neglect the convolution

effect of the tip form and the researched surface when

analyzing the form and volume of nanoislands.

Fig. 2. Raman spectra of capped (1 ) and uncapped (2 ) SiGe

nanoislands formed at a temperature of 600 ÆC by depositing 9 ML

of Ge

3. Results and Discussion

It is known [1, 2, 5] that, at an epitaxy temperature

of 600ÆC and at deposited 9 ML of Ge onto a silicon

substrate, the formed islands have form of a dome

or a pyramid (Fig. 1). Provided such conditions of

MBE, the ratio domes/pyramids = 89/11. It is also

known that the greater is the ratio between the heights

and lateral dimensions of islands, the more substantial

relaxation occurs in them. Provided identical component

compositions, the dome-like islands become more relaxed

than the pyramidal ones, because the ratio height/lateral

dimension amounts to �1/5 for them, against �1/10 for

pyramidal islands.

Fig. 2 exhibits the Raman spectra of capped (curve

1 ) and uncapped (curve 2 ) nanoislands. For the

experimental spectra to be properly interpreted, the

spectrum of a silicon buffer layer was subtracted from

each of them [5]. It is known that the Raman spectra of

a solid Si1�xGex solution, of which the islands formed

at a temperature of 600ÆC are made up, contains three

basic bands corresponding to vibrations of the bonds

Ge�Ge, Si�Ge, and Si�Si. We note that a thin (3�

4 ML) wetting layer contributes practically nothing to

the Raman spectrum, in accordance with the selection

rules [11]. One can see from the presented spectra that,

despite the availability of islands with two different

forms, only one band for each type of vibrations (Ge�Ge,

Si-Ge, Si�Si) manifests itself. It may stem from the fact

that the total volume of dome-like islands is by at least

one order as large as the volume of pyramidal ones [5], so

that the dominant contribution to the spectrum is made

by domes. Figure 2 (curve 1 ) demonstrates that, after
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Fig. 3. Raman spectra of SiGe nanoislands formed at a temperature

of 600 ÆC by depositing 8 ML of Ge with the deposition rates of

0.12 (1 ) and 0.5 �A/s (2 )

capping the islands with silicon, the band frequencies

change appreciably. For the islands composed of a solid

Si1�xGex solution, the frequencies of the bands with

component composition x and the elastic deformation

" are connected by the relations [4, 12]

!Si�Si = 520:5� 68x� 815"; (1)

!Ge�Si = 387 + 81(1� x)� 78(1� x)2 � 575"; (2)

!Ge�Ge = 282:5 + 16x� 385": (3)

By using them, we found the corresponding values of x

and " quoted in the table.

As is seen, the islands capped with a Si layer contain

more silicon. Owing to this circumstance, a mismatch

between the lattice constants of the islands and the

substrate reduces. Nonetheless, the elastic deformation

of the islands grows. It is a result of the squeezing

of the Si-capped islands by the Si matrix, which does

not give them an opportunity to elastically relax.

Moreover, the islands undergo the hydrostatic pressure

from the surrounding Si matrix. Therefore, the process

of capping the islands with silicon changes both the

component composition and the elastic deformation,

which is to be taken into account while growing the

nanoisland structures for the purpose to develop opto-

and nanoelectronic devices on their basis.

Now, let us proceed to the analysis of Si-

capped nanoislands which were formed at the identical

temperature and nominal thickness of the deposited Ge

layer, but at different deposition rates. The previous

AFM researches of islands uncapped with silicon showed

that the surface density of islands grows from 7� 109 to

2:5� 1010 cm�2 as the deposition rate of Ge increases.

In this case, the average size of islands decreases. It

is caused by a reduction of the wetting layer sections

around the islands, because those sections give away

their own atoms for the islands to be formed by means

of surface diffusion. The formation period of islands

in the case of a low deposition rate of Ge (0.12 �A/s)

is about four times as large as the relevant period at

a high deposition rate (0.5 �A/s). So, one might have

expected an increase of the Si content in the islands due

to interdiffusion. However, the Raman spectra (Fig. 3)

testify to that the frequency positions of the bands, as

well as their intensities, are identical. Therefore, the

estimation of the component composition x and the

elastic deformation " according to Eqs. (1)�(3) gives

the following values for both specimens: x = 0:65 and

" = �0:026. This unexpected, at first glance, result

can be regarded as the evidence for that non-uniform

mechanical stresses in the islands and in the wetting

layer around them are, in this case, the prevailing

factor that governs the intensity of interdiffusion and,

correspondently, the component composition of the

islands. Really, diffusion in unstressed Si- and Ge-layers

is not substantial at a temperature of 600 ÆC. At the

same time, the concentration of Si reaches 30% in

the SiGe islands formed at this temperature. Such a

substantial effect of the mixing of components is possible

only due to the abnormally intense diffusion enhanced by

the fields of non-uniform stresses. This means that the

diffusion in an island is maximal just at the first stage

of the growth of islands, when the gradient of stresses

is also maximal. As the Si concentration in the islands

increases, the stresses in them decrease, which results in

a reduction of the diffusion of Si in them. In such a case,

a prolongation of the deposition time should not result

in a significant increase of the Si content in islands.

The results obtained correlate with our results for

nanoislands formed at a temperature of 700 ÆC and

provided the identical deposition rate of Ge, but with

various thicknesses (from 5.5 to 11 ML) of the deposited

layer [5]. A prolongation of the deposition time by a

Parameters of SiGe nanoislands formed under various

MBE conditions

T , ÆC dGe, VGe, Thickness Content Ge, x Elastic

ML �A/c of capping deformation, "

Si-layer, nm

600 9 0.15 100 0:62� 0:02 �0:023� 0:001

600 9 0.15 � 0:72� 0:02 �0:018� 0:001

600 8 0.12 80 0:65� 0:02 �0:026� 0:001

600 8 0.5 80 0:65� 0:02 �0:026� 0:001
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factor of 2 did not result in a significant variation of

the component composition (x = 0:57 at d = 5:5 ML

and x = 0:56 at d = 11 ML) and the elastic deformation

(" = �0:01�0:001 at d = 5:5 ML and " = �0:012�0:002

at d = 11 ML).

4. Conclusions

Thus, using Raman spectroscopy and AFM methods,

we have shown that the capping of SiGe islands with

silicon results in increasing both the Si concentration

and the elastic deformation in them even at not high

temperatures. It has been shown that a variation of

the Ge deposition rate within the limits 0.12�0.5 �A/s

changes the dimension and the surface density of

islands, but their component composition and elastic

deformation almost are not varied. We explain this

phenomenon by interdiffusion which is primarily caused

by the non-uniform stresses in islands and in the wetting

layer around them and predominantly influences the

process of formation of both the component composition

and the stresses in islands.
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ÊÎÌÏÎÍÅÍÒÍÈÉ ÑÊËÀÄ ÒÀ ÏÐÓÆÍÀ ÄÅÔÎÐÌÀÖIß

Â ÇÀÐÎÙÅÍÈÕ ÑÀÌÎÎÐÃÀÍIÇÎÂÀÍÈÕ

SiGe-ÍÀÍÎÎÑÒÐIÂÖßÕ

Ì.ß. Âàëàõ, Â.Ì. Äæàãàí, Ç.Ô. Êðàñèëüíèê, Î.Ñ. Ëèòâèí,

Î.Â. Íîâiêîâ, Â.Î. Þõèì÷óê

Ð å ç þ ì å

Ìåòîäàìè ñïåêòðîñêîïi¨ êîìáiíàöiéíîãî ðîçñiÿííÿ ñâiòëà òà

àòîìíî¨ ñèëîâî¨ ìiêðîñêîïi¨ äîñëiäæåíî ñàìîîðãàíiçîâàíi SiGe-

íàíîîñòðiâöi, ñôîðìîâàíi â ïðîöåñi ìîëåêóëÿðíî-ïðîìåíåâî¨

åïiòàêñi¨ Ge íà êðåìíi¹âó ïiäêëàäêó. Âñòàíîâëåíî, ùî çàðîùó-

âàííÿ ñôîðìîâàíèõ îñòðiâöiâ øàðîì êðåìíiþ, ïðèâîäèòü äî

çáiëüøåííÿ â íèõ âìiñòó Si òà âåëè÷èíè ïðóæíî¨ äåôîðìàöi¨.

Ïîêàçàíî, ùî âàðiþâàííÿ øâèäêîñòi îñàäæåííÿ Ge â ìåæàõ

âiä 0,12 äî 0,5 �A/ñ íå çìiíþ¹ êîìïîíåíòíèé ñêëàä òà ìåõàíi÷-

íi íàïðóæåííÿ â îñòðiâöÿõ. Öåé ôàêò ïîÿñíåíèé òèì, ùî íà

êîìïîíåíòíèé ñêëàä òà âåëè÷èíè íàïðóæåíü â îñòðiâöÿõ ïåðå-

âàæàþ÷èé âïëèâ ìà¹ iíòåðäèôóçiÿ, çóìîâëåíà, â ïåðøó ÷åðãó,

íåîäíîðiäíèìè íàïðóæåííÿìè â îñòðiâöÿõ òà â ïiäêëàäöi íà-

âêîëî íèõ.
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