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The stoichiometry of Ge/Si islands grown on(Mil) substrates at temperatures ranging from
460 to 560 °C was investigated by x-ray photoemission electron micros€§P¥EEM). By
developing a specific analytical framework, quantitative information on the surface Ge/Si
stoichiometry was extracted from laterally resolved XPEEM 5a8d Ge 8 spectra, exploiting the
chemical sensitivity of the technique. Our data show the existence of a correlation between the base
area of the self-assembled islands and their average surface Si content: the larger the lateral
dimensions of the 3D structures, the higher their relative Si concentration. The deposition
temperature determines the characteristics of this relation, pointing to the thermal activation of
kinetic diffusion processes. ®05 American Institute of PhysidDOIl: 10.1063/1.1832747

I. INTRODUCTION be easily integrated with the existing silicon-based technol-
ogy, with obvious economic advantages.

The heteroepitaxial growth of group IV semiconductors  nost of the geometric and thermodynamic features both

is presently a subject of great interest due to the possibility ibf individual and of statistical ensembles of 3D islands, to-

offers to engineer and tailor electronic components accordin%ether with the ultimate electronic properties of the system
to the technological needs. In particular, the ability to control . L
trongly depend on the surface local chemical composition

the self-assembly processes of Ge/Si nanostructures on sift ichi . llovi I h
con surfaces will hopefully lead to the integration of micro- 2nd stoichiometry. Intermixing and alloying allow the accu-

electronic and optoelectronic devices on the same Sicip. Mulated strain energy in the system to be partially released,
It is well known that the growth of Ge on @il1) in the ~ and are known to occur starting with the very first stages of
temperature range of 400—700 °C can be described as @Ge deposition on Si’ even at relatively low growth
modified Stranski—KrastanoySK) process, where the onset temperature8.The Si/Ge concentration profile in single 3D
of three-dimensionaf3D) Ge/Si islanding follows the for- islands is presently the focus of many experimental reports,
mation of a uniform wetting layefWL). The 4.2% lattice- aimed at the description of the structural and electronic prop-
parameter mismaich between Si and Ge leads to surfacgties of the dots. Many groups have attempted to elucidate
roughening and islanding, when the germanium coverage €Xpe gynamics of alloying in individual islands in related sys-

ceeds a critical value of 3—5 monolayer¢ML ), depending tems, by means of cross-sectional techniques, such as scan-

on substrate temperature and growth rate. The subsequent : . o
; X S ning tunneling microscogy(STM) or transmission electron
nucleation of 3D islands represents an intriguing phenom-

. 8-13 .
enon, both from a scientific point of view and for possiblem'crOSCOpy(TEM)' However, the preparation of a cross-

applications. The carrier confining properties of these nanoS€ctional specimen may easily alter or damage the sample.

structures may pave the road to the fabrication of quantun®" the other hand, little is known about the lateral in-plane
dot (QD)-based devices with a vast range of appncaﬁonsjntermixing gradient, hindering an understanding of the fun-
from light emitters to biosensors to quantum computersdamental diffusion processes that lead to the alloying itself.
Moreover, Ge/Si nanostructures grown on Si surfaces mayhis topic is highly controversial and alternative models,
based either on thermodynarti¢®or kinetic***®*"consid-
dauthor to whom correspondence should be addressed; electronic maigrations, have been proposed to describe the existing experi-
rosei@inrs-emt.uquebec.ca mental results. Presently, a unique picture of the phenom-

YAuthor to whom correspondence should be addressed; present address:

Laboratorio Nazionale TASC, Area Science Park, S.S. 14 Km 163.5,‘3non is not available, and the eXpe”mental evidence, based

Basovizza-34012 Trieste, Italy; electronic mail: heun@tasc.infm.it on the cross-sectional observations alone, is not conclusive.
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In this article we report the combined results of low- Ill. QUANTITATIVE ANALYSIS OF XPEEM IMAGES
energy electron microscopft EEM) and x-ray photoemis- AND SPECTRA
sion electron microscopyXPEEM) experiments performed

in situ on Ge/Si nanostructures grown or(Kil). Our mea- A correct interpretation of the contrast observed in the

laterally resolved XPEEM images requires an adequate the-

surements produced a two-dimensior@D) “top view” ical f K and i geli in the followi
mapping of the Si/Ge concentration distribution in the top-Ore \cal lTamework and system mocdeting. in the following
we will discuss in detail the analytical procedure that we

most surface layers, thus offering a complementary view- loned t titativel luate the local Ge/Si surf
point to existing cross-sectional data. In a recent letter wéleveloped to quantitatively evaluate the local Ge/Si surface

have outlined the central findings of our preliminary XPEEM con(\:;ntratlor_]a | tal photoelect
results'® Here we provide a detailed description of the ex-. € consider as our elemental photoelectron source an

perimental and analytical procedures that we developed iH‘f'n'tes'm&.‘I vglumﬁ_ er:e_m elndjv 0(; the ngplﬁ fW'th ah Si
order to extract quantitative information from Ge/Si concentrationCs; which is located at a depth from the
XPEEM spectra. surface. If we assume the escape deptbf the photoelec-

trons at a given kinetic energy to be essentially independent
of the local Ge/Si stoichiometry, the measuredSghoto-
Il. EXPERIMENT elsgzsctron yield from the volume elemedV can be expressed
a
The experiments were carried out using the spectro-
scopic photoemission and low-energy electron microscope % 361 Cee MMV (1)
(SPELEEM at the nanospectroscopy beam line, which is ?
available at theElettra synchrotron facility in Trieste, Italy. Here, Zgip, is the photoionization cross section of the
The microscope allows LEEM and energy-filtered XPEEM Si2p core level at the selected photon energy. The propor-
measurements to be taken. Using low-energy electrons dionality factor accounts for all experimental parameters,
x-ray synchrotron radiation as the probe, the microscope prosuch as local incident photon flux, detector acceptance solid
duces direct images of the surface after collecting and magangle, and selected integration time. In our case, the escape
nifying the electron(or photoelectronflux emitted from the depth at the selected kinetic energies is on the order of
sample. A detailed description of the beam line and the ex0.5 nm, which is much shorter than the photon attenuation
perimental chamber can be found elsewH&r&" length inside the sample. We can therefore assume that,
Under LEEM operating conditions, the surface can bewithin the volume from which the output signdl is signifi-
imaged with a lateral resolution 6f10 nm and a time reso- cant, the proportionality factor depends only on the coordi-
lution of few tens of milliseconds. For the imaging of Ge hatesR parallel to the surface plane.
growth, the microscope was operated in a bright-field mode. ~The Si2 photoelectron yield at every poit on the
As a result, those portions of the island surface which ar&éample surface is given by the integral of Et) along the
parallel to the substrate surface plane, i.e., the island tops arf@ordinate z normal to the surface plane. It is convenient to
the WL, appear bright, in a sharp contrast with the highlyexplicitly write the spatial dependence of the Si concentra-
stepped facefé?® at the sides of the Ge/Si islands. tion, Cs(R,2). Referring to the sketch shown in Fig. 1, we
The XPEEM measurements allow the acquisition ofhypothesize a profile of the form
core-level photoelectron spectra with an energy resolution of .
~0.25 eV and a lateral resolution 630 nm. The contrast Cg' (R) for 0=<=z<h(R)
in the resulting images is related to the chemical inhomoge- C((R,z={ Cg for h(R)<z<h"(R) (2
neity of the surface. Due to the x-ray grazing incidence angle 1 for 2= hY(R)
of 16°, the presence of 3D islands resulted in a partial shad- '
owing of the WL. This effect was exploited to estimate the = We have chosen the sample-vacuum interface as the ori-
morphology of the surface in the vertical direction. gin of thez axis (directed towards the bulk of the sampfer
Si(111) samples were degassed for several hours agvery pointR. We have modeled the concentration profile as
600 °C and repeatedly flashed up to 1200 °C until a sharjp step function with a constant stoichiometry inside the is-
1X 1 to 7X 7 transition was observed while cooling the sur-land and the WL at positioR. This is justified by the small
face down to room temperatun(RT).24 Three different Si  value of the photoelectron escape depth. Only the electrons
samples were prepared by depositingitu 10 ML of Ge by  emitted by the uppermost surface layers escape from the sur-
molecular beam epitaxy(MBE) at a growth rate of face and are collected by the microscope. Since our analysis
~0.2 ML/min, after stabilizing the sample temperature atprocedure is meant to yield a val@(R) for every island,
460, 530, and 560 °C, respectively. After cooling the surfaceour estimate has to be considered as an average over the first
to RT, the quality and morphology of the structures obtainedsurface layers with the exponential weigkt$™ defined in
were investigated by LEEM. Sigand Ge8 XPEEM spectra  Eq. (1). We also assume that the WL Si concentrat@yt"
were then acquired from randomly selected 3D islands irand thickness¥'=h"'(R)-h/(R) are constant and indepen-
order to achieve representative statistite selected photon dent of the positiorR.
energy was 130.5 eV Qualitatively, the contrast in the re- Integrating Eq.(1) over thez coordinate and using the
sulting spectral images is found to be associated with th€s(R,2) given in Eq.(2) yield a theoretical expression for
relative local Si/Ge stoichiometry at the topmost layers ofthe SiJ intensitydlg(R) collected from the island at posi-
the grown systems. tion R,
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side view sions for the Sip intensity from the surface of a 3D island
and from the WL, respectively. Thus, they can be directly
used to fit the experimental data once the background inten-
sity (mainly due to inelastically scattered electrpis sub-
tracted from the acquired spectra and images. To eliminate
the proportionality factor related to the incident photon flux
and acquisition parameters, we can introduce the najio

wi wetting layer between the Si2 intensities from an island and from the
surrounding WL. As a result, the infinitesimal ar& disap-
pears from the formulas, leading to an equation that contains
only experimentally accessible parameters,

¥

island

Si substrate
z Co!
Y rsi(R) = vﬁl Wiy
G) CSiWI(l_e_(L /}\)) +e—(L IN)

The same procedure can be applied to analyze thel Ge3
top view photoelectron peak. We will neglect the differences in the
escape depths of the $iand Gedl photoelectror@ and use
island's base area the same symbaok. Since the Ge concentration can be ex-
pressed a€g4{R,2)=1-Cg(R,2z), we obtain

(5

1-Cg
redR) = wl LN
b) (1-Cg)[1-e 1
Taking the Si® and Ge8 XPEEM spectra acquired

FIG. 1. Schematic representation of a portion of the sample with a modelefmrOm the same region of the sample surface allows us to
island: (a) side view andb) top view. relate Eqs(5) and(6) through the silicon surface concentra-

tion, thus obtaining the simple relation

(6)

: NR) hi(R)+LY C re-1
digi(R) = Zgigp f CSi'e'Z”‘dz+f Cg"'e?Mdz Cql=—2—. (7)
0 hi(R) redrsi—1
* _ Again, rg; is the ratio between the Si2ntensities emitted by
+ e Nz dA - 7 -
hi(R)+LW the 3D island surface and the bare WL in its proximity, and

_ rce represents the analogous ratio measured for thedGe3
o ESin)\CSii(R)[l +O(e "R IA, (3)  peak. Equatior(7) can now be used to estimate the stoichi-
o ometry of the topmost layers of the individual islands under
In the second term of Ed3), we have explicitly listed ;,octigation, from the integration of the measured local
the different contributions due to the island, the WL, and theSi2p and Ge® spectra.
Si substrate. In the following, terms of the ordereof R/ Figure 2 illustrates the procedure we have adopted to
will be omitted, since the typical island height, as estimatecyptain the Si concentration in the islands. The measured val-
by its XPEEM shadow length, is larger than 10 nm, thus thgyes are intended as an average over the topmost layers, with
ratio h'(R)/\ is always larger than 20. The proportionality {he exponential weights™" in Eq. (1). We have summed
factor in Eq.(3) is related to the same experimental param-images acquired at electron energies over a range corre-
eters as in Eq(1). The infinitesimal area element of the sponding to the GeaBcore level. This provides a micrograph
surface region from which the intensity is collecteld, cor-  \yhose contrast is roughly related to the local overall Ge3
responds to the lateral resolution of the microscope. Thughotoelectron intensity and thus to the relative content of Ge
the detected intensity corresponds to an average over a¥ee the discussion of Fig).3n these micrographs, 3D is-
inhomogeneities in the sample stoichiometry within the areagngs can be clearly identified as bright areas on a dark back-
elementdA. Furthermore, the variation in the surface x-ray ground. The contrast in Fig.(@ is due to a stoichiometry
illumination is negligible over an area much wider than thegragient in the topmost layers. Our images demonstrate that
lateral resolution of the microscope. the surfaces of the grown 3D structures argichedin Ge
We can also calculate the $iphotoemission yield from  \yith respect to the surrounding WL.
a region of the sample where no islands are present, by set- T examine this segregation phenomenon quantitatively,
ting h'(R)=0. Equation(4) models the photoelectron inten- |oca| photoelectron spectra are obtained from restricted areas
sity emitted by that part of the surface covered by the WLin the image field of view, representing the island and the
only, WL. Figures 2Zb) and Zc) show such spectra, which corre-
wl wira (LY —(LWI\ spond to the average value of the photoelectron yield over
dig"(R) = ZgppM{Cq"[1 - W] + e MdA. - (4 the labeled regions of the micrograph in Figa)2 After the
Equations(3) and (4) represent the theoretical expres- background subtraction, the spectra integration yields the
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FIG. 2. (a): 2.5x 3.4-um? XPEEM image, integrated over the Gkghotoelectron kinetic energies, displaying the typical island-wetting layed Gedtrast;

(b) and(c): Ge3 photoelectron spectra, averaged over the regions label@): itb) from the top base of the 3D islan€;) from the wetting layer: circles:
raw data; thick line: background-subtracted data; shadowed curve: overall intensity, used in the eqatirdss 2.8-um? XPEEM image over the Si2

photoelectrons peak, displaying the same island showa) ias a dark structure on the bright wetting layer; é8)d2.8x 2.8-um? LEEM image of the island
in (a), showing its faceted structure. The deposition temperature was 530 °C.

overall Gedl intensities, as shown by the shadowed curves irin Figs. 2a) and 2d), showing the hexagonally shaped base
Figs. 2b) and Zc). The latter are used to calculate the ex- perimeter of the island. Its side facets are oriented along the

perimental ratios g, crystallographic directions of the substrate.
The same procedure is applied to the images taken at the The subtraction of the background from the overall pho-
Si2p core-level energies. Figurgdd displays the Sig mi-  toelectron intensities represents a crucial step in the de-

crograph of the same structure as in Figa)2 It clearly ~ Scribed procedure. Figure 3 clearly proves the importance of
shows a dark island on a bright WL, i.e., an inverted contrasficcurately isolating the selected photoelectron signal out of
with respect to the GeBcore-level images in Fig.(). This the measured spectrum. This is remarkably true in the case of
provides further evidence of a Ge enrichment of the topmosi€ €lastic Sip peak, whose signal-to-background ratio may

layers of the islands, relative to the WL stoichiometry. The2€ s small as 1/10. Figure 3 displays the common behavior

Si2p spectra are processed through the steps illustrated fé)rf the_grown |slands._ A s_patlally resolvgd Integration .Of the
raw Si2p spectra, as in Fig.(8), leads to images featuring a

h ra, resulting in a value foig (n hown . . . L
Leer eele:?];r) ecEt a’(7)e2ﬁgwg Us f:) cZIl(J:iIa?eSItrgeO;iscgncen- brighter center with respect to the periphery of the individual
' Y, EG. islands. A close inspection of the nature of the detected in-

tration at the island surface. In the present case, we Obtam%gnsity reveals that the brighter areas in the island images do

i
Csi —§1°i3)%- ) . not stem from a higher Si2signal but rather from the higher
Figure Ze) displays a LEEM image of the 3D structure oy around intensity at kinetic energies corresponding to the
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FIG. 3. (Color onling Detailed analysis of the Si®2spectrum of the same island as shown in Figia2representative spectra measured at the island border
(blue) and centefred); (b) integrated intensities showing the typical contrast within the island surface: the overall raw(vigtideken linesare higher at

the island center rather than at the border; after background subtraction and inte@iaties the overall Sip signal yields display the opposite trer(d)

2 2-um? XPEEM raw Sid-integrated imagéobtained by summing over the micrographs acquired within a range of photoelectrons energies including the
Si2p peak: the island center looks brighter than the periphery; @@ x 2-um? XPEEM Si2p image resulting from background subtraction and consecutive
integration (determined by first isolating the elastic contributions and then summing over the images sgquwenoete that, despite the rather poor
resolution, the center now appears dimmer than the borders. The deposition temperature was 530 °C.

Si2p peak[see Figs. &) and 3b)]. Since the background to the imprudent conclusion that the island centers contain
yield at such energies is mainly due to inelastically scatteredhore Si than the edges. This would support bulk diffusion-
Ged photoelectrons, this is actually consistent with a highermediated intermixing models, according to which alloying
Ge content at the island centers. After background subtramccurs through defect migration so as to minimize the strain
tion and integration over the elastic iphotoelectrons, the in the systent**>2’
contrast in the relevant image, e.g., in Figd)3 is inverted Owing to the limited lateral resolution, the following
with respect to the raw micrograph in Fig(cR This pro-  will focus only on surface concentrations averaged over the
vides definite proof of Si enrichment at the island bordersupper base of individual three-dimensional structures.
with respect to the center. This picture is consistent with
alloying models based_on_kmetlc considerations and, therqé/. RESULTS
fore, on the overwhelming importance of surface, as oppose
to bulk, diffusion phenomena***®*’Nevertheless, unravel- We performed the analysis described in Sec. IIl for sev-
ing the nature of the intermixing processes requires a deeral islands from samples obtained by depositing Ge at dif-
tailed chemical composition mapping within single islands,ferent substrate temperatures. At each growth temperature,
which is presently beyond the resolution available. the acquired LEEM images revealed the coexistence of is-
We emphasize that the visual inspection of the raw datdands with different geometrical features. Figures 4 and 5,
may be misleading and suggest a qualitative picture of theacquired at deposition temperatures of 460 and 530 °C, re-
concentration profiles that does not correspond to the correspectively, show examples of individual 3D structures at dif-
interpretation of the measurements. In our case, it may leafitrent stages of evolution. The smallest islands typically dis-
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FIG. 4. 500x 500-nn? LEEM image of a typical triangular island acquired

from a sample grown at 460 ° C. Note that the regular structure of the facet 0.1
that bound the island does not seem to be affected by the steps visible on tl

WL.

play the shape_of a truncated pyrami(_j, with a triangglar be_lse 0.0 02 0.4 e 08 10
which evolves into a more asymmetric-faceted configuratior
upon further growth. The largest structures generally exhibit
a complex-rounded shape and often an atoll-like morphole. 6. (Color onling Silicon surface concentration for selected islands vs
ogy, i.e., a mass depletion at the island center. In some casefsgir basal areas plotted with 90% confidence bands. Islands were grown at
such mass depletion results in the exposure of theZWL. the indicated temperatures. Note that the 460 and 530 °C confidence bands
. Lo . . overlap over the entire accessed range. Inset<4.5-um? LEEM image of
Atoll-like structures are clearly hlgh“ghted n L_EE_M Images a sample grown at 530 °C. Ripened atoll-like structures coexist with smaller
by the presence of steep concentric contours inside the uppglands.
base of the islands.

Figure 6 summarizes the results we obtained by applying . ) )
the procedure illustrated in Fig. 2. Here, the Si surface con@lso exhibit a higher surface Si content. The error bars reflect

tent in individual islands is related to their base area. Thdhe low signal-to-background ratio, which limits our ability
inset in Fig. 6, taken at a deposition temperature of 530 °Ct0 accurately extract the elastic contributions out of the pho-

demonstrates the coexistence of structures at different stagiglectron spectra. Nevertheless, the 90% confidence bands
of evolution on the same sample. The experimental points iFUPerimposed onto the data points suggest that at each depo-

Fig. 6 clearly show that the 3D structures with a larger are&Ition temperature, a monotonic relation between the Si con-
centration in the topmost layers and the basal area of the 3D

islands can be establish&tThe smallest and most regularly
shaped structures exhibit a Si surface content typically lower
than 25%, while their ripening proceeds via an enlargement
of their lateral dimensions and the simultaneous increase of
Cg to up to 40%.

A description of a single island ripening through a
change in morphological features, from regularly shaped to
atoll-like, has already been reported in the literafiiré*Our
data show that it can also be related to a variation in chemi-
cal composition. This is consistent with the observation that
an increase in the Si content is generally a necessary condi-
tion for the enlargement of the contact area between the WL
and the emerging structures, at least until misfit dislocations
appear221#3340ouyr results are qualitatively consistent with
Raman-scattering measurements performed on micrometer-
sized Ge/Si islands on @i01) mesas, which displayed com-
parable feature¥ On the computational side, Monte Carlo
simulations were shown to predict a relationship analogous
FIG. 5. 1x 1-um” LEEM image displaying an example of the largest ob- v the one we have reported for the very first stages of island
served islands, from a sample grown at 530 °C. The atoll-like morphology .36 L.

volution?™ Figure 6 demonstrates that the stoichiometry or

is clearly visible with an asymmetric depletion that seems to expose an innéf ) o > H >
portion of the WL. the geometric characteristics of individual islands may be

Island base area (pmz)
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thought of as equivalent parameters in the description of thgidual islands grown at different temperatures. This will lead
ripening stage, at each given deposition temperatufe. to the identification of the nature of the dominant diffusion
Moreover, we note that our results quantitatively support theoghenomena that lead to intermixing in this system.
segregation of Ge at the topmost layers of the islands that we

inferred from the contrast in XPEEM images. Indeed they, cONCLUSIONS AND OUTLOOK

measuredCg; values always remain lower than the 50% Si o

content reported for the W%** This observation agrees ~ We have shown that a quantitative measurement of the
with theoretical models, which predict that the element withlateral concentration gradient in 3D islands resulting from
the largest mismatch componeiie., Ge in this case, since the SK growth of Ge on §111) can be obtained through an
the in-plane lattice parameters are in registry with the sup@deéquate analysis of a set of XPEEM images and spectra.
stratd will segregate into 3D clusters during heteroepitaxial "€ @pplication of the theoretical framework we have devel-
grovvth.42'43 oped may allow a detailed 2D top view stoichiometry map-

The substrate temperature during Ge deposition strongl§ing of the studied systems, which would yield complemen-

influences the slope of the surface concentration—base ard@Y information with respect to cross-sectional techniques.
correlation. The 90% confidence bands superimposed on tHgUr Present lateral resolution has allowed us to extract aver-
raw data in Fig. 6 show that, while the samples grown at 46(9€ concentrations from the topmost layers of Ge/Si self-

and 530 °C display similar features, dramatic variations ar@SSembled islands. This in turn yields a remarkably rich
found at 560 °C. Under these growth conditions, the Si Suryvealth of information. We have estimated the Si surface con-
ent in sets of 3D structures grown at 460, 530, and 560 °C,

face content increases much more rapidly with the lateral o= . . .
dimensions than at the lower temperatures. Owing to thgstabllshlng a correlation between the degree of intermixing

temperature dependence, the phenomenon must Origina?dbmorphologﬁ:glJggéurﬁg. IAsda “;]Ie r?f 'rt]humhb, tSh_e larger
from kinetic processes. Yet, the nature and interplay of contne base area of individual islands, the higher the Si concen-

tributing factors are not thoroughly understood. According totration in their topmost surface layers, suggesting that both

alternative interdiffusion models, Si atoms may be predomiparameters can be used to descr_ibe their s_tages OT evolutipn.
nantly incorporated into the WL and the 3D islands throughwe observed that the surface Si content in less-ripened is-

. g . .
their surface mobility;** through an exchange mechanism L?(;:SS_ |s_gene(;allg/ Illel'sks thtan t25/°’ '\II'VI?IIZ It ca_rt1_ |n(irease 0
involving the bulk!® or both. To establish whether the driv- - ~° ' "IP€ned alofi-iike structures. 1he deposition tempera-

ing force for intermixing is provided by surface kinetic phe- ture plays a critical role in determining the characteristics of

nomena only or by the tendency to minimize the total Strair‘i;e established relationship between surface composition and

energy in the islands via a substantial mass exchange wi teral dimensions. Thus, our results clearly demonstrate that

the buried layers, a complete 3D concentration mapping i he |nterm'|xm_g processes are governed by the interplay of
different kinetic factors.

probably necessary. Surface diffusion alone, which is mainly . - .
. . : : : Future developments of our experimental activity will
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