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X-ray photoelectron-diffraction study of intermixing and morphology
at the Ge/S(001) and Ge/Sb/S{001) interface

R. Gunnella, P. Castrucci, N. Pinto, |. Davoli, D.tfkau* and M. De Crescenzi
Dipartimento di Matematica e Fisica, Sezione Istituto Nazionale di Fisica della Materia (INFM), Univetis@amerino,
Via Madonna delle Carceri, 62032 Camerino (MC), ltaly
(Received 15 February 1996; revised manuscript received 28 May) 1996

We used the XPOx-ray photoelectron diffractionand AED (Auger electron diffractionfrom Ge core
levels to probe the crystalline structure of 3 and 6 ML of Ge epitaxially grown by molecular-beam epitaxy on
the S{00D surface. In order to check the film tetragonal distortion and the pseudomorphic growth morphology,
we used two different temperatures of the substrate during the deposition: room temperature and 400 °C.
Evidence for an interfacial intermixing has been found by means of the observation of the angular behavior of
the intensity of the emitted electrons. We also investigated the effects of Sb as a surfactant on such an interface.
In this case indications of a laminar growth of strained Ge overlayer with reduced intermixing is obtained when
1 ML of Sb is predeposited on the substrate. Furthermore making use of a multiple-scattering approach to
reproduce the experimental XPD patterns, a higher amount of accessible information on the morphology of the
interface, beyond the determination of the strain content, is obtdi6€d63-18206)05436-7

I. INTRODUCTION More debated is the problem of the Gé(®1) surface,
which is supposed to be sharper in character. Surface-
An XPD (x-ray photoelectron diffractionpattern repre- extended x-ray-absorption fine structure measurements have
sents the modulations of the measured photocurrent, usualfjetected exchange.mechan_lséms between Si and Ge after the
from a core level, as a function of the kinetic energy and/orsecond Ia¥er of Ge is deposit&tiwhile medium-energy ions

i At -scattering' results suggest some degree of intermixing only
the emission dlrect|o_n of the analyzed photoelectrons. As I%fter 3 ML of Ge deposition at 500 °C on the(@1). On the
well known, modulations occur as the result of the interfer-

. . other hand, Sasalkit al.'? reported about deep interdiffusion
ence between the primary photoelectronic wave and the POGt Ge in Si even after 1 ML of Sbh-mediated deposition.

tions of this wave elastically scattered by the atoms surgina|ly, no indication of Ge interdiffusion at room tempera-
rounding the photoabsorber. Their study, therefore, providegre (RT) deposition has been reported so far.

local structural information around the emitter atbfmAt To know how sharp the interface is is crucial in the field
high photoelectron energie€{;,,=>500 eV} these patterns of next generation optoelectronic devicéshecause, after
can be easily interpreted in terms of forward scattering alon@bservation of a quasidirect transition due to the electronic
directions connecting neighbor atoms to the emitand  band zone folding in Si/Ge superlatticé3L’s),* all theo-
very often a simple single scattering analysis corroboratefetical calculations were based on strained Si/Ge SL's with
such an approach. This atomistic picture, naturally linked®"a'P interfaceS” Aiming at clarifying this topic, a dynami-
with the chemical sensitivity of the photoemission experi-cal analysis of diffraction patterns of electrons emitted from

ment. can easily provide an accurate tool to investigate ththis interface is reported in order to obtain quantitative re-
’ y P 9 §ults of this first stage of interface formation and the depen-

strgin .relief and4intermixing of the overlayers growth in the dence on temperature of such a formation. We focus our
epitaxial mode’: research on the critical thickness for island nucleation on the
We used such a tool to revisit the growth of Ge onsurface, by studying the deposition range between 3 and 6
Si(00D,* in the scenario proposed by the total-energyML. In the present investigation values of the tetragonal dis-
calculatior! and electron microscopy investigatichshich  tortion close to those expected on the basis of the theory of
suggest the existence of a sizable degree of intermixing duelasticity are found. Nevertheless contributions to the strain
ing the growth and/or subsequent annealing of Si/Ge heter@mount, in the presence of relaxation channels such as island
structures. To date the role played by the intermixing has noformation, have been determined.
been properly clarified in terms of strain content and surface After a brief description of the apparat(Sec. I) and of
morphology, and in our opinion it deserves a deeper investithe method use@Sec. I1)), we report a study of 3 and 6 ML
gation. In particular it has not shown the role of the inter-Ge/S1001) interfaces grown by molecular-beam epitaxy
mixed phase at the transition for three-dimensigaa) is- (MBE), in the two cases of RT and 400 °C of the substrate

lands formation, in the so called Stranski-Krastahgrowth ~ (S€C. V). In Sec. V a similar study is performed for the case
mode. Intermixing has been clearly found in the case of Gé)f S_b-medlated grOWth of the Ge(801) interface. The con-
segregation on the Si/@01) interface® and it is generally ~ClUSIONS are reported in Sec. V1.

supposed to have an activation temperature of the order of
300 °C, even if evidence of Ge segregation at deposition
temperatures as low as 50 °C has been reported from analy- The samples used in the present experiment were MBE
sis of core-level photoemission peaks. grown in a Riber SIVA 32 apparatus equipped with three
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Knudsen cells for Ge, Si, and Sb evaporation. The base pres-
sure of the MBE chamber at room temperature was always | Si 2p Si(001) [100]
lower than 5.<10 ! torr. The error bar on temperature
control was better than 1 °C for both the evaporation cells
and the substrate as was measured by their own thermo-
couple. The substrate were well-oriented08il) wafers,
p-doped (5/100) cm). Cleaning of the silicon surface was
based on two stage€) anex situchemical etching based on

a simplified Shiraki procedure, ari) anin situ desorption

of the native oxide by heating the wafer up to 840 °C in the
presence of an atomic flux of silicon directed onto the sur-
face until a sharp double domain 2x1-reconstructd@Cd)
surface was observed by reflection high-energy electron dif-
fraction (RHEED). A liquid nitrogen shroud allows the base
pressure of the chamber ¥8L0 ' torr) not to rise above
8x10 ! torr during evaporation and sample heating. Ge
evaporation at the rate of 0.72 ML/min has been monitored
by means of RHEED oscillations and beam equivalent pres-
sure calibration. The RHEED apparatus is equipped with a PP EPEPEPITS TSS TRV I AP I TS T T
10 kV e-gun and an eight-bit camera used to record patterns Dolar 2ogle (Seg) %°  Polar angle aeg)>"
on the phosphorescent screen with a sensitivity of 0.5 lux.
The angle of incidence of the electron beam during the FIG. 1. Comparison with experiment after fully converged mul-
present experiment was about 0.6°. The experimental chan?l— e sc.at‘;erin (&S) caIcuIationFE12 lanes. thi dy t .mg ;

ber is also equipped with an x-ray Kl, source and a Riber P g planes, tire scattenng? a

Macll elect | ted t | ved Si(001) surface and the relative approximation by a single-
acll electron analyzer converted 10 an angie-resolve OngcatteringSS event. The calculations are referred to polar angle Si

by reducoing the angul_ar acceptance to X@&*) by scree_ning 2p XPD along thd100] and[110] directions. Values of the anisot-
354/360° of the full circular aperture. A sample manipulatoryopy for the experimental and theoretical curves are reported.

allows the rotation of the sample in azimuth and polar angle

mode with an accuracy of 0.1° during XPD pattern acquisi-of additional scattering events proved to be crucial in obtain-
tions. ing cluster convergence at “physical” sizes and good com-
parison with the experiment. Very recently a similar break-
dowrl8 of single-scattering analysis was shown by Chen
et al:

The main task we want to accomplish in this paper is to The calculation apparatus has been tested with the case of
show how XPD, a largely accessible technique to manylean double-domain §I01)-2X1 surface, which is the
x-ray photoelectron spectroscopy users, can be succesfultarting point of all the experiments reported in this paper.
used to retrieve nondestructive aimdsitu information rela-  All the calculations are based on a scattering matrix method
tive to the growth morphology of thin epitaxial layers. As a derived by Rehr and AlberS,and recently applied by Agliz,
matter of fact, the use of XPD has very often been limited aQueamerais, and Sslleau?® This method replaces the plane-
the level of submonolayer deposition, and very seldom havgvave scattering factor by scattering matrices that account for
guantitative determinations been carried out for thicker overthe spherical character of the incoming and outgoing photo-
layers or clean surfacés. electron waves. We set the dimension of these matrices up to

A refined analysis of experimental data requires the con6, which, as we checked by increasing this value, leads to
sideration of several problems relative to the calculation ofesults almost indistinguishable from the full spherical wave
XPD patterng All these effects®'” complicate the simpli- calculation. Due to the pronounced peaking of the scattering
fied picture of the forward-scattering approximation, very of-factor in the forward direction, we may neglect all multiple-
ten used in the case of energetic electrar$0Q0 eV). That scattering pathways with scattering angles larger than 30°.
is (i) cluster convergenceii) use of a realistic value of the Complex phase shifts have been calculated up tdan
mean free path, angii) effects induced by multiple scatter- value of 23 by means of a Hedin-LundqvistL) potential as
ing. In particular a theoretical problem is represented by the&ecently applied to x-ray-absorption stutfywe found that
convergence in the number of atoms needed to reproduce tlgentribution from 12 Si planes is able to reproduce the Si
observed photoemission intensity. In the past a substanti@p XPD polar patterns measured along the two main polar
discrepancy has been found in the comparison of the experscang100] and[110]. This corresponds to a mean free path
mental data with a single-scattering theory for clusters whose the solid of the order 15—20 A traveled by electrons hav-
dimensions were comparable to the estimated value of thimg a kinetic energy of 1100—1400 eV and a number of at-
electron mean free path in the solid. This is probably due t®ms in the cluster of the order of 500—700. For clusters of
the greater complexity of the process underlying the loss ofhis size a dominant contribution to the cross section due to
coherence of the primary photoelectron wave. A more realevents of scattering up to third order has been found, in
istic picture could be approached by introducing defocusingagreement with the overall picture provided by Kaduwela,
effects, first discussed by Poon and TdAghich affect dif-  Friedmann, and FadI€¥. This approximation will be kept
fraction along rows of atoms in the crystal. The introductionhereafter in the paper. In Fig. 1 we report a comparison be-

MS (A=66%)

MS (A=57%)

exp (A=38%) exp (A=32%)

SS (A=77%) SS (A=60%)

XPD Intensity (arb. units)

. METHODOLOGY



8884 R. GUNNELLA et al. 54

tween the experimental data, the single-scattering calcula- -
tions, and the multiple-scatteringVS) calculations. The Ge/Si(001) 400°C
theoretical data are normalized to the experimental ones. @ [110) ML
Values of the relative anisotropies are reported as well. An- / \ /| N, AN
gular patterns have been taken alda@0] and[110] direc- g 12
tions, for emission of Si R electrons excited by AK« 8 e \""“""’\;r
photons(1486 e\j. Experimental values of the anisotropy = g i S RSSOV oy
are very close to those of a similar study performed by a R N N
Kubler et al. 2 It can be observed that only multiple scatter- w \13_
ing is able to reproduce correctly both the intensity and the Z j 7 Q
width of characteristic features of the patterns. Henceforth, to
better rely on a quantitative analysis of the structural and
morphological properties of the Ge strained overlayer grown
on Si001), we shall make use of such a MS approach. -2n/a ~Ta_ q (2 A ma_ 2n/a
1
IV. GROWTH OF Ge/Si(001) FIG. 2. RHEED pattern during 6 ML Ge deposition or{(8i1)

. . . . at 400 °C. The curves are line scans of the intensity on the phos-
Ge/S(00Y) is generally considered to follow a Stranski- phor screen taken parallel to the shadow edge, and showing the

Krastanov(SK) growth mode, i.e., a layer by layer mode (1) gng (= 1) order of the zeroth-order Laue zone. The electron
followed by a 3D island growth As pointed out by Le- peam was incident along tHe10] direction.

Goues, Copel, and Trorfiband Matthews and Blakes|ée,

on the basis of elastic theory, Si substrates cannot providgq in the RHEED oscillation intensity, as reported in Fig. 3,
enough dislocations to relax stral_n energy. As a consepqt expected in the case of layer-by-layer growth. After
quence, the growth of coherent islands is the preferreg | equivalent Ge deposition, the in-plane lattice param-
mechanism to relax strain. For this reason, the theory of elagsier resulted to be about 2% greater than that of the Si sub-
ticity establishes only a lower value for the estimate of thegiate. Also at this time. a sudden change in the RHEED
“I|.m|t thickness.” Other author_s have reported that the limit pattern is observed with the appearance of spots which indi-
thickness of the overlayer varies from 2 and 11 fL. _ cate a transition to a 3D growth mode. The proposed inter-

Actually there are two other aspects which can be considace after such a preparation is described by a Ge epitaxial
ered in assessing the growth mode: morphology and intefizyer of thickness ranging between 2 and 4 ML with dis-
mixing. The first one is an additional way to relax strain parsed large islands, as shown by transmission electron
energy by introduction of missing atoms rows, while the Iat'microscop)?.“'” A sudden increase in the island height at
ter h_as been found to reduce prlnC|paIIy_the total energy_ogbout 6-ML coverage has also been observed from x-ray
the film? In both cases these two mechanisms could combingsfiection data°
in providing different limit thicknesses. Eaglesham and Recent observations of sizable intermixitfg? at the

7 . )

Cerullc’’ reported the appearance of coherent islandgarly stages of interface formation, suggested that we recon-
strained to the substrate. The formation of coherent islandsjger in detail the growth mechanism which hampers the
on the continuous layer induces a strain field in the substrat%,harp interface formation. We intend to use XPD to study the
Wlth a partlal relaxa'glon of _the strain. Only in a later stageszmount of Ge interdiffusion in the Ge(80)) interface. To
dislocations appear in the film. o this end we will pay particular attention in the discrimination

The most established picture of the GE€IBL) interface ¢ effects due to roughness and/or island formation from the

formation, gg\/ing sufficient  kinetics on the surface mechanism of interface constitution. In Fig. 4 we report re-
(T=400°0,”"is represented by a three-step procéssAt

the very beginning a laminar film of Ge, of 2—3 ML, grows
epitaxially and strained on the Si substrat®. Between 3
and 6 ML of deposited Ge, several experiméht&?®have
shown the constitution of islands by the presence of a range
of limited variation in the measured quantifyg) Beyond 6

ML, evidence of a ball up of Ge, which leads to coalescence
of islands with thousands of Ge atoms and generation of
some bare Si areas, are reported. Conversely, during deposi-
tion at RT, the Ge atoms tend to occupy the most probable
positions available on the surface without forming three-
dimensional islands.

& 6ML Ge/Si(001) 400°C

RHEED Int. (arb. units)

Y

In Fig. 2 we report the time behavior of a line scan par- e b e e L)
allel to the sample surface taken from phosphorescent screen 80 160 240 320 400 480

. L seconds
image of RHEED patterns. The incident beam was along

direction[110] of the Si substrate, during Ge deposition at  FIG. 3. Intensity oscillations of RHEED central spot during
400 °C. As can be seen, only after the formation of the thirds-ML Ge/Si001) deposition at 400 °C. The arrows indicates the
layer is a progressive increase of the in-plane lattice paranepening and closing of the shutter. A value of the period of the
eter observed. This transition accompanies the strong dampscillations of about 83 s has been found.
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FIG. 4. XPD from clean Si @ 2X 1-Si(001) surface(top curve
compared with anisotropy of emission of Gel &lectrons from
3-ML Ge deposition on the 2 1-Si(001) substrate taken at room
temperaturglmiddle curve or with the substrate kept at 400 °C NP U BV B BN

(bottom curvé. The normal emission is emphasized by the vertical 0 20 40 860

line. polar angle (deg)

sults of a Ge 8 XPD experiment from 3 ML Ge deposited at

RT (middle curve and at 400 °Qbottom curvg. The mea- FIG. 5. The solid lines represent theoretical GeX@D features
surements were collected along f14.0] direction, and com-  obtained as a function of the increased number of Ge unstrained
pared to the value of the anisotropy of the clean BiXPD planes. Each normalized theoretical curve is directly compared to
(top curvg. We note that the peak corresponding to a 0°the experiment for 6-ML Ge/8)01) deposited at 400 °Cdashed
polar angle(normal emissionis present for both tempera- line), performed along thg€100] direction. The level of agreement
tures used during the Ge deposition. This is a hint of arbetween calculation and experiment is shown by the value of the
interdiffusion process at the interface. Indeed, this peak caR-factor.

be caused only by electrons emitted by deep Ge atoms for-

ward scattered by atoms located at least four planes belowyrmalized to the experimental ones. Figure 6 shows the
the surface. Actually, the presence of theZ2reconstruction  ¢5me comparison referred to tfEL0] direction. As can be
:jesttr%yfvltl_h?hs_ekpgths, rg_a(l;mg ne(l:essaryl:;(he. exllstlenceRon en, for both directions, the relative value of the intensity of
eas -thick Ge or Si-Ge overlayers. Particularly at RT o foq¢res strongly resembles the experimental XPD con-
this observation is difficult to explain in terms of a S|zabletribution as built up with five layers of Ge atoms. Actually if

roughness. . . o
To assess the occurrence of sizable intermixing at the inve want to introduce the reconstruction, this fifth layer cor-

terface, we also show the results of an experiment done wit Fsponds to the S_'Xth one. The reco_nstructlon of th_e top Ge
6-ML-equivalent deposition of Ge at 400 °C. In fact the ayer T(?S b_een mtrodu_ced by a simple symmetric dimer
higher value of the Ge photoemission signal results, in thi§n°det‘1 As in the experiment performed by Chambers and
case, in a smaller error in the standard data reduction proc&2€PS; we measured the tetragonal distortion content of the
dure, for the determination of the value of the area of the>€ overlayer from the angular displacement of the Ge 3
core-level peak of interest. The error on the area has bedhotoemission peak along the01] direction, corresponding
estimated to be of the order of 3%, resulting, in the scale ofo 45° polar angle in th¢100] polar pattern. In Fig. 7 we
the anisotropy, in an error bar ranging from 10% to 15% forreport the best fits between experiment and theory for the
the experiments reported in this work. XPD patterns taken along both emission directions of 6 ML
In Fig. 5 we present a comparison of the experiment donef Ge on S{001). A tetragonal distorted out-of-plane lattice
along the[100] direction with a calculation of a plane-by- parameter (5.750.02 A) is found, 6% greater than the Si
plane contribution of 10 ML of unstrained Ge. This kind of lattice paramete(5.43 A). This tetragonal deformation cor-
comparison allows us to follow in detail the growth of the responds to the same perpendicular elongation found by
heterostructures through the successive evolution of the fe&Shambers and Loebsf the XPD peak located at 45° polar
tures of the XPD pattern. The level of agreement betweeemission, in the hypothesis of conservation of the Si in-plane
theory and experiment is quantified by the value of Be lattice parameter. We stress that the single scattering model
factor, defined as the sum of absolute values of the differused by the above authors in the determination of the strain
ences between theory and experiment, normalized by theas the suitable one because of the thinner film thickiéss
number of experimental points. The theoretical curves aréL) under study. For such a very thin layer, the contribution
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Ge 3d 6ML Ge/Si(001) [110] Ge 3d 6ML Ge/ Si[(l(igll)
R

., 0,144

A=23% ( 40%)
— theory . [100]
exp

XPD Intensity (arb. units)
XPD Intensity (arb. units)

A=28% ( 52%)

------ Exp —— Theory 0 20 40 60
T T DT polar angle (deg)
0 20 40 60
polar angle (deg)

FIG. 7. Best-fit comparison between theory and experiment for
the case of XPD of the Ged3core level from 6 ML of Ge deposited
on the 2<1-Si(001) substrate kept at 400 °C. The emission direc-
tion is along the[110] (top curve$ and along thg100] (bottom

. . . . curves. A value of 5.75-0.02 A for the out-of-plane lattice param-
to the XPD pattern is mainly due to the single scattering Ofger in the Ge overlayer is obtained. The value of the in-plane lattice

photoelectrons. o parameter is 5.43 A. Values of the XPD anisotropy for the experi-
In the following, in the determination of the tetragonal mental and theoretical curves are reported.

elongation, we will always refer to a Si in-plane lattice pa-

rameter. The evolution of a relaxation of such an in-planealz5_75i 0.02 A is found in complete agreement with our

lattice parameter, as we have observed by RHEED, "WOlVe%xperiment, while at RT deposition a value of 58202 A

in fact, the most superficial Ge layers without modifying theg gptained.

initial setup of the pseudomorphic growth. The value of = \\5reqver the best fit of the Diarit al’s RT experiment

5.75+0.02 A obtained is lower by about 0.08 A than the has been obtained with nine planes of scatterers. This means

value calculated from the theory of elasticity. From thisihat to build up all features needed to reproduce the XPD

theory the perpend?cular lattice parameter can be Ca!cmateﬁiatterns, a larger number of layers compared to that of a

from the Ge bulk stiffness constar@fg, andCy;, Ge lattice  ominal thickness is necessary. These results suggest that an

parameteRge, and Si lattice parametex by the equation  jmportant interdiffusion process occurs even at room tem-
perature.

FIG. 6. Same as Fig. 5, taken along {H4.0] direction.

a, la—1l~€, —€=—¢€(1+2Cy,/Cyy), 1)
where € =a;/age—1 or equivalentlya, =(1+e€,)age. € V. Sb-MODIFIED GROWTH OF Ge/Si (00)
and e, are the in-plane and out-of-plane component of the Recently the use of surfactants, in particular As and Sb,
symmetrical strain tensor respectively. Results from classicakhich segregate to the surface, resulted to be extremely im-
theory have been favorably compared with the local-densityportant in preventing island formation and intermixing dur-
functional calculatiori* and this lower value of strain con- ing the growth performed at high temperatur&0—700
tent can be put in relation with strain relief mechanisms oc<C) (Refs. 28, 33, and 34necessary to improve the photo-
curring at the interface. luminescence properties of the fiffn.

Same analyses have been applied to XPD curves reported During Sh-assisted growth deposition, the cleaf0®i)
by Diani et al** for 6 ML of Ge, deposited at 400 °C and at surface was kept at a temperature ranging between 500 and
RT, on a vicinal surface cut 4° off t{e.10] direction. Polar  700°C, while a partial pressure of Sb of the order of 10
patterns are taken along the10] surface® Figure 8 reports  torr from the Sb Knudsen cell was directed toward the
the XPD data of Diankt al. fitted with our theoretical ap- sample. A short annealing at 600 °C was used to get rid of
proach. In this case a sizable difference between the out-oBb in excess of about 1 ML on thex21-Sb/S{001) surface
plane lattice parametersa() has been found for the two observed by RHEED. XPS profiles confirmed the presence
temperatures of the experiments. At 400 °C the value obf about 1 ML of Sb when compared with the photoemission
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: = 0.8
6ML Ge/Si(001)[110] [ RT 3ML Ge/Sb/Si(001)
aL = 5.82 A I

Ge LMM
\

A=17% ( 35%) ! RT

x annealing 600°C

AED Intensity (arb. units)
AFD Intensity (arb. units)

aL =575 A 07 [ © RT growth
-\ — theory
. 0.6 -
_ o5 [ Ge LMM [100]
/‘A 20%‘\‘( 27%) ‘\400°C M
= O,
el 0'4:.1..7‘1_“ Ly
0 20 40 60 0 20 40 60
polar angle (deg) polar angle (deg)
FIG. 8. Best fit of an experiment performed by Diatial. (Ref. FIG. 9. Polar AED measurements alofigl0] (top) and [100]

32) at the GeLMM (1146 eV} Auger level on a vicinal surface cut directions(bottom) of Ge LMM after 3 ML of Ge deposition on

4° off the [110] direction. Polar patterns are taken aloitl0] 1-ML Sb/Si(001) substrate kept at RT and subsequently annealed at
direction. The top experimental curve is relative to deposition of 6600 °C.
ML of Ge at RT, while the bottom one is 6-ML deposition on the

sample kept at 400 °C. In the RT case nine planes of Ge were
necessary to fit experimental data. A value of 58202 A for the
out-of-plane lattice parameter is obtained, while a value
5.75+0.02 A was found for the 400 °C experiment. Values of the

AED anisotropy for the experimental and theoretical curves are
reported.

oGe LMM 6ML/Sb/Si(001)

signal coming from Ge. Furthermore, polar patterns from
3d Sb show no diffraction structures in either the cases of
deposition on clean §i00) or with successive deposition of

a Ge layer, showing evidence of floating to the surface of the
whole Sb layer. In Fig. 9 we report the polar pattern of Ge
LMM Auger level for 3 ML of Ge deposition on the
2X1-1 ML Sb/Si{001) surface. The measurements per-
formed after deposition at RT are compared with those taken
after the annealing of the sample at 600 °C for 15 min. We
note the absence of the feature at 0° polar angle emission for
RT-deposited Ge layers, while other features are present
showing the full crystalline structure of this overlayer. By
comparison with the theoretical calculations reported in Figs.
5 and 6, we conclude that this film is continuous, in contrast
with the 3-ML Ge deposited at R{@lready shown in Fig. 4
where we observed a sizable interdiffusion. Furthermore, af- Ny
ter annealing at 600 °C, the appearance of the intensity peak 0 20 40 60

at 0° polar angle emission is a fingerprint of a 5-6-layer polar angle (deg)

contribution to XPD. This conclusion can be obtained on the

basis of the theoretical calculation reported in Figs. 5 and 6.

In the case of 6-ML deposition of Ge onx2-1-ML FIG. 10. Experiment with AED G&MM (1146 e\ on 6-ML
Sb-S{001) surface, we kept the sample at 400 °C duringGe/Sb/Sj100 grown at 400 °C compared with experiment done
evaporation. In this case the experimental electronwithout Sbh on the anisotropy of Ged3(1390 e\}. The upper and
diffraction results are shown in Fig. 10 for the G&MM lower panels refer t9110] and[100] directions, respectively.

XPD (AED) Intensity (arb. units)

[100]
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Ge/Sb/Si(001) 400°C

B6ML Ge/Sb/Si(001) [110]

ML

a, = 582 A

\
((

v
-
=

(Ceeee

T

A=30% ( 61%)

——theory -21/a ~T/a T/a 2n/a
o o o

0 .
. ° q(A7)
FIG. 12. RHEED pattern during 6-ML Ge deposition on 1-ML
Sb/S(001) at 400 °C. The curves are line scans of the intensity on
the phosphor screen taken parallel to the shadow edge and showing
the (=1) and (= %) order of the zeroth-order Laue zone. The elec-
tron beam was incident along th#&10] direction.

XPD(AED) Intensity (arb. units)

A=28% ( 58%)

[100]

A N I P

0 20 40 860 nature of the film is obtained from RHEED, in agreement
with a previous work of Miki, Sakamoto, and Sakambdtdn
this work the authors also reported the striking observation
of a large number of undamped intensity oscillations, testi-
FIG. 11. Best-fit comparison between theory and experiment fo}‘ylng .to the high quality of the Iayer_by_layer growth of RT
the case of XPD of the Ge Aug&rMM level from 6-ML of Ge G_e/S.(OOl)' T_he presence .Of the XPD_peak in normal emis-
deposited on the 1-ML Sb/@01) substrate kept at 400 °C. The SION IS an evidence of an increase, with respect to the nomi-
emission direction is alon§110] (top curve$ and[100] (bottom nal coverage, of the number Qf Iaygrs giving rise to the ob-
curves. A value of 5.82 A for the out-of-plane lattice parameter in S€rved photoelectron diffraction signal. In an analogous

the Ge overlayer was found. The values of the AED anisotropy fo€XPeriment Chambers and LOéh@PO"ted results from 4
experimentaj and theoretical curves are reported_ ML Of Ge grOWﬂ at 400°C a|mOS'[ WIthOUt eVIdenCE Of dII’ECt

normal emission from Ge atoms. In the same paper the case

Auger line. In this figure the comparisons of the experimen! S/G&001) deposition was studied. When compared with

performed with and without surfactant are shown for the po_th|s last experiment, it is almost clear that the intensity of the

irecti i issi long the normal to the surface is much less in the
lar patterns taken alor{g.10] and[100] directions. In Fig. 11 €MISsion & . . .
we report the best fit for 6 ML of Sb-mediated growth of Ge. case of Ge/%001). The reason why this effect is small is due

As can be observed, a great amount of sttainrresponding  1© the onset of the intermixing, which is expected to be close
to a perpendicular lattice parametar =5.82+0.02 A) is to 2-3-ML deposition, while in the Si/GeoY) case segre-
obtained after the fit. The differences from the growth atdation occurs from the early stages of deposition. For the

400 °C without surfactant are sizable, and far from the erro}(Ind .Of mecEanlsm \éVh'Ch IS cgn5|dere_d t(.) Ejake cpj)lage, "ﬁ"
in the angle determination. We also report the monitored0MIC exchange due to the strain induced by the

RHEED pattern during the growth, as shown in Fig. 12 ,\loreconstructioﬁ’,8 it is in fact reasonable that the intermixing
hints of relaxation of the in-plane lattice parameter and n rocess could be activated only after a minimum number of

island formations were found during the arowth with Sb.  |aYers is achieved. 'I_'his pict_ure is also coherent with recent
g 9 total-energy calculation®, which have shown, after 2.5 ML

of Ge deposition, a significant energy of formati@i about

VI. DISCUSSION 0.1 eV/atom of the intermixed phase with respect to the
abrupt interface.

Emission along the normal to the surface, before the

Evaluation of the interface quality is a very important tasknominal value of Ge ML's was deposited, was obtained by
in heteroepitaxial growth. XPD seems to be adequate in purDiani and co-workers for 8Ref. 26 and 3.5 ML(Ref. 32 of
suing such a task. For example, if we look at Fig. 4 we carGe deposition at 400 °C. This observation is attributed by
easily conclude that Ge/®01) at RT grows in a crystalline the authors to a formation of roughness on the surface. Any
way, as already pointed out by Diani et?lbecause of the presence of sizable roughness is excluded on the basis of
presence of pronounced features in the diffraction patternsneasurements which have shown surfaces of Ge grown at
With a sizable disorder on the surface, these features wouldi00 °C on S(001) as extremely flat, with missing dimer re-
be replaced by a smooth background as observed on thlenstructions varying from a’212 at 1 ML to a 28 at
7X7-Si(111) surface® where a large number of adsorption 3-ML Ge depositiorf® Even less roughness is expected to be
sites introduce a great degree of disorder and the growth giresent at RT, as also observed on the basis of RHEED in-
an amorphous layer occurs. A further check of the crystallingensity oscillation measuremerifs.In addition, the well-

polar angle (deg)

A. Ge coverage less than limit thickness
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defined and elongated RHEED streaks make us exclude clus-
ters and/or roughness formation. 6ML Ge/Si(001)
A very different behavior is observed in the case of Sh-
mediated growth when Ge diffusion is inhibited. The growth
is layer by layer, with the surface becoming rougher at the
increase of the temperature, as already shown in Fig. 9 for
the case of the annealed sample at 600 °C. In fact, after the
deposition at RT reported in Fig. 9, a marked difference in
the XPD features, compared with those ones of Fig. 4, makes
us conclude about the absence of any interdiffusion and/or
roughness before the annealing. This is an additional prove
that the roughness cannot play the role claimed by Diani and
co-workeré®32 during the first stage of Ge deposition. In-
deed, a similar effect should be even more evident in the case
of 3-ML deposition in the presence of Sb reported in Fig. 9.
Horn-von Hoegen and co-workéPshave shown that the

XPD Intensity (arb. units)

value of the roughness is much higher in the case of Sb 6ML

predeposition with formation of “hut” clusters at very high-

temperature deposition. Atoms, in fact, have sufficient en- N

ergy to reduce strain by occupying ordered positions in the

“hut” clusters (the kinetic pathway®). But before achiev- I ol L L.
ing this stagdobtained in the present experiment only after a 0 20 40 60
post-growth annealing &t=600 °Q, the growth is layer by polar angle (deg)

layer, because we did not observe the appearence of the XPD
features, characteristic of a Ge-Si compound formation, as

we detected in the case of 3-ML growth without Sb. FIG. 13. Comparison with XPD patterrisrossed pointsob-
tained on a 6-ML Ge film deposited at 400 °C ox 2-Si(001), of

theoretical simulation of roughness on the surface. The Ge planes
are considered unstrained and unreconstructed. From bottom to top
is shown(1) an overlayer without roughness built up by six planes
For coverage in excess of the limit thickness, in the presof Ge atoms, the those used in previous comparisiutom
ence of a high temperature (400)°6f the substrate and curve; (2) surface with 1 ML of roughness for a model described in
without surfactant(Fig. 7 and the lower panel of Fig),8ve  the text(middle curve; and(3) surface with 2 ML of roughness.
obtained an out-of-plane lattice constant of 57602 A
from XPD analysis. This value corresponds to a tetragonafal anisotropy comparable with a full contribution from six
distortion lower than expected for a fully strained film from planes of scatterers is obtained. Furthermore, a careful analy-
the elasticity theory. In addition, RHEED patterns showedsis of the width of the diffraction feature along th&01]
the appearance of spatwhich indicates a transition to a 3D direction shows that the XPD signal is basically built up by
growth) and an expansion of the 2% of the in-plane latticethe contribution due to the strained Ge film. Any other con-
parametefFig. 2). We interpret these experimental results astribution induced by unstrained Ge islan@s roughness
due to the following growth process: in the presence of avould produce a broadening and a possible shift toward the
sufficiently high temperature of the substrate, evaporation ofppropriate value relative to an unstrained film. From this
dimers rows are possible, as observed bykpet al** for ~ analysis we conclude that the contribution of the Ge islands
less than 3-ML deposition, resulting in a partial relaxation ofis negligible, and that the six planes we need to fit the ex-
the strain; as the in-plane lattice parameter keeps in relaxinggerimental data are due to the existence of an intermixed
as we observed by RHEED, it allows the growth of phase.
dislocation-free islands with a substantial relaxation of the Though roughness on the surface grown without Sb was
strain energy. In this way, the growth of coherent islands orexcluded on the basis of LEED with spot profile analysis and
a partially strained film occurs. The measurement of thescanning tunneling microscopy measurements, showing an
strain for 6 ML is in any case only slightly affected by this extremely flat 2< 8 missing dimer reconstructed surf@én
continuous relaxation because it involves only the top layethis paper we have analyzed the possible effect induced by a
of the surface. sizable roughness. This was evaluated by calculation of clus-
XPD anisotropy during this stage of island formation ters of constant number of atoms with arranged square basis
would result in a steady-state value close to that given byslands as in a chessboard. In Fig. 13, from bottom to top, are
3—4 ML of the thermodynamically stable continuous layer,shown (1) an overlayer without roughness built up by six
as reported by Diaret al?® An intermixed phase, in the case planes of Ge atomsg?2) a surface with 1 ML of roughness,
of the absence of any sizable roughfiéssn the surface, and(3) a surface with 2 ML of roughness. The roughness is
must be invoked in order to justify the discrepancy betweerdefined as half the value of the amplitude of the surface
the experimental and theoretical anisotropy. As observedhodulations on the continuous layer. The out-of-plane lattice
from the comparison with theory reported in Fig. 7, insteadparameter is kept unstrained, as it is not crucial for this
of the expected 3—4-ML contribution to the anisotropy, inanalysis. From this model we can conclude that a roughness
the case of growth in the presence of islands, an experimermontribution, if present, would increase the resemblance of

B. Ge coverage greater than limit thickness
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the XPD pattern with that relative to a thicker layer, resultingSi-Ge interface which goes beyond the straightforward deter-
in wrong relative intensities of the diffraction features. mination of the strain content in the film. In this paper we
About the growth of Ge on 8)01) at RT, our observa- have singled out different effects coming from intermixing
tions are in agreement with results reported in literature ofand from roughness at this interface. We have performed the
layer-by-layer growth mode without in-plane lattice param-experiment in three different conditiond&) growth of Ge on
eter relaxatiori’ From our fitting of the Diankét al.’'s experi-  Si(001) at room temperaturg?2) growth of 3 and 6 ML of
mental XPD curved? we conclude that, in the absence of Ge on the sample kept at 400 °C, and, fina(B), growth of
island formation taking place at the growth temperature ofGe in the presence of a surfactdst). We have found evi-
400 °C and any roughnegghe atoms always stick in the dence of intermixing after deposition without a surfactant at
most probable position, resulting in a very flat sampie-  both temperatures of the sample. The behavior at RT points
termixing provides for the 2—3-ML of difference between to a layer-by-layer growth, because of the limited kinetics on
the nine planes needed to the theory to reproduce the expesuch a surface. The determination of strain content in the two
mental XPD (top panel of Fig. 8 instead of the nominal cases has shown a higher amount of strain for the film grown
coverage of 6 ML of Ge. In this case of RT deposition, theat RT with respect to that grown at 400 °C, because a freeze
lack of strain relaxatior{dimer rows evaporationwell ex-  of the strain relaxation mechanism takes place at the inter-
plains the higher value of the tetragonal distortion offace. The presence of a sizable roughness is excluded by a
5.82+0.02 A obtained, in good agreement with the valuecomparison with the experimental behavior in the presence
provided by the elasticity theory, when compared with thatof a surfactant, by theoretical simulation, and on the basis of
obtained for the growth at 400 °C previous experimental evidence reported in literature. With a
Finally, in the case of Sb predeposition, effects comingsurfactant predeposited on the surface the great reduction of
from roughness cannot be excluded on the basis of reportatie kinetics allows layer-by-layer growth, and prevents any
SPA-LEED datd? In this case Sb results effective in pre- interdiffusion. Only strong annealings at 600 °C lead to a
venting diffusion for(a) the formation of islands, an¢b) sizable intermixing and/or roughness of the film, as observed
intermixing. The absence of other channels of relaxation alin literature. The present results enforce our confidence in the
lows, when sufficient thermal energy is available, a kineticright use of Sb as a surfactant to obtain very sharp Si/Ge
pathway toward the formation of microroughness and “hut” interfaces, if post-growth annealings at temperatures greater
clusters® In our investigation neither hints of island forma- than 600 °C are avoided. Without Sb a thin region of inter-
tion nor relaxation of the in-plane lattice parameter are obdiffusion at the Si/Ge interface has been always observed,
served. Furthermore roughness and intermixing effects cathus addressing the problem of the role played by the thin
also be excluded until a high-temperature treatmenintermixed interfaces in the setup of the interesting optical
(600 °Q of the sample is operated. This results in a full properties of Si-Ge materials.
amount of tetragonal distortion (5.820.02 A), as obtained
by our XPD measurements.
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