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Pure-edge dislocation network for strain-relaxed SiGe/Si (001) systems
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We have grown strain-relaxed SiGe layers 016081) substrates with a pure-edge dislocation
network buried at the heterointerface and analyzed dislocation morphology depending on growth
conditions. The process employed here consists of pure-Ge film growth@pi)Sand subsequent

high temperature annealing for solid-phase intermixing of the Ge film and Si deposited on the top
to form a SiGe alloy layer. Transmission electron microscopy revealed morphological changes of
shorter pure-edge dislocation segments initially formed at the Ge/Si interface into a network
structure consisting of longer and regularly spaced dislocations during post-deposition annealing.
The dislocation network was explicitly preserved even after the intermixing of Si and Ge and
predominantly contributed to in-plane strain relaxation of the SiGe layer. Applicability of the
pure-edge dislocation network to strain-relaxed SiGe buffer layers ¢00Bi substrates is
discussed. €005 American Institute of PhysidDOI: 10.1063/1.1943493

Strain and defect engineering of SiGe alloy layers isthe heterointerface. In this letter, we describe a method to
crucial for fabricating high performance metal-oxide- introduce pure-edge dislocations forming a network structure
semiconductor field-effect-transistofMOSFET) devices. at the SiGe/3D01) interface by using specific defects ini-
Strained Si channel MOSFETSs, which specifically require aially formed at a pure-Ge/8)01) interface that was used as
virtual substrate with an in-plane lattice constant in thea template. Evolution of a pure-edge dislocation network
range of the lattice constant of Si to that of Ge, have recentlynd its impact on the strain relaxation of SiGe layers is
gained importance. In general, the introduction of strainexamined.
into the device requires a highly controlled structure and  Film growth was achieved using an ultrahigh vacuum
morphology of dislocations. This is because, in lattice-solid-source molecular beam epitaxy chamber with a base
mismatched materials systems such as SiGe on Si, misfifressure of less thanX11071° Torr. The procedure primarily
dislocations play an essential role in relaxing and/or inducingonsists of layer-by-layer Ge growth on a clear{08i)
strain and determining structural and electrical properties o§ubstrate surface, post-deposition anneallPDA) in ultra-
crystals which form the device structure. Since dislocationsigh vacuum for strain relaxation of the Ge film, and high
and inhomogeneous strain relevant to the dislocation oftetremperature annealin@HTA) in a N, ambient for 2 min
induce harmful effects on the carrier mobility of deviddsa  for solid-phase intermixing of the Ge film and a Si layer
strict control of generation, propagation, and distribution ofdeposited on the top. The layer-by-layer Ge growth was car-
dislocations is essential. ried out with an alternative method of low-temperature

In diamond lattice structures such as Ge, SiGe, and Sgrowth at 200 °C or hydrogen-surfactant epitaxy. Details of
60° dislocations are predominantly introduced to relax strairthe h}/drogen-surfactant epitaxy have been published
caused by lattice mismatch between a film and a substrateearlier’® No significant differences in the final structures
This is due to the(110/{111 slip system and relatively of Ge and SiGe films were observed between these two
large Peierls potential. Although several sophisticated growtigrowth methods. Transmission electron microsc6piM),
methods have thus far been employed to introduce 60° dis«-ray diffraction (XRD), and secondary ion mass spectrom-
locations into SiGe/$001) systems“,‘7 strain-relaxed SiGe etry (SIMS) were used to characterize dislocation structures,
films often exhibit severe surface-roughness, referred to agfystallinity and the lattice constant, and concentration of
the cross-hatch pattern, and crystallographic tilting of micro-Ge, respectively.
scopic domains in the film, i.e., mosaicity. These phenomena  First, we examine PDA-induced morphological changes
are dependent on the structure and distribution of the 60ef dislocations in Ge films on Si. Figure 1 shows plan-view
dislocations: Burgers vectors for these phenomena are tilteHEM images of 20-nm-thick Ge/&l01) samples grown by
with respect to the heterointerface so that dislocation-byhydrogen-surfactant epitaxy at 300 °C. The samples were
dislocation tilting of SiG€D04) lattice planes inevitably Subjected to PDA at various temperatures. As can be clearly
occurs®® Therefore, the existence of 60° dislocations de-Seen in Fig. (a), the as-grown sample contains short seg-
grades the crystalline quality of strain-relaxed SiGe to soménents of dislocations that lie preferentially along f1&.0]
extent. In order to overcome this problem, it is essential tadirection perpendicular to the reflection vectr[220]. An
introduce pure-edge dislocations, the Burgers vectors oimage of the same area with an orthogogalevealed that
which lie not on the{111} but on the(001) plane, parallel to  these segments were out of contrast and instead similar dis-

location morphology appeared along t[\iaTO] direction.
¥Electronic mail: sakai@alice.xtal.nagoya-u.ac.jp Thus these segments are found to possess a pure-edge char-
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FIG. 2. SIMS depth profiles of Ge in $17 nm/Ge (35 nm/Si(001)
samples after HTA at 950, 1000, and 1100 °C for 2 min in@ahhbient.

FIG. 1. Plan-view dark-field TEM images ¢& as-grown,(b) 430 °C an-

nealed, andc) 680 °C annealed 20-nm-thick Ge(®01) samples. Anneal-

ing duration was 10 min. These images were taken by the weak-bearincreased after 430 °C PDA but drastically decreased after
method under the condition @/3g with g=[220]; (d) plan-view bright- 680 °C PDA. This result and the above plan-view TEM im-

field TEM image taken from the same area(as showing the network ; : : _
morphology of pure-edge dislocations. The image was taken under the cor‘?}ges in Fig. 1 strongly suggest that the propagation of pure

dition that the incident electron beam is slightly tilted to f460] direction ~ €dg€ segments forming long straight dislocations is mainly
from the on-axig001] direction. promoted by the glide motion of threading arms, such as 60°
dislocations, accompanying the interfacial pure-edge seg-
) L ment. The regular lineup of dislocations is probably realized
acter, their Burgers vector explicitly lies on th@01) plane, ity a climb motion of the pure-edge segments during PDA
and they align along two orthogonél1( directions. The  5though the possibility that slip systems other than

formation of this type of pure-edge dislocation segments ha§110>/{11]} may operate at higher stresses than the present
also been confirmed for low-temperature-grown Ge films o

Si(001).*? 1t should be noted that the segments elongate

. — - Employing this pure-edge dislocation network as a tem-
along their line direction and become straight after PDA, asplate, a control over dislocation morphology for growing

shown in Figs. (b) a_md ](C.)' Longer and more regularly SiGe layers was achieved. Figure 2 shows SIMS depth pro-
spaced pure-edge dislocations are formed at a higher teMes of Ge for Si(17 nm/Ge (35 nm)/Si(001) samples after

perature of PDA. As a re;ult, as shown in F@d)lg netj HTA, at various temperatures. Interdiffusion, both at the
work morphology consisting of pure-edge dislocations lined

ub reaularly with a spacing 6t 10 nm can be realized at the deposited-Si/Ge and Ge/substrate-Si interfaces, is clearly
P reg y pacing observed: the former is promoted at a lower temperature than
Ge/S(00]) interface.

o ) the latter. Consequently, the solid-phase intermixing of Si
Characters of defects existing in the Ge(0Bil) sa}mples and Ge leads to the formation of SiGe alloy layers. Corre-
at each PDA stage were analyzed by employing crossg,q,nging plan-view TEM images of dislocation morphology
sectional high-resolution TEM observation. Table | summasy, the HTA samples are shown in FiggaB-3(c). It should

rizes the percentage of defects in the samples as a function gk \qteq that a pure-edge dislocation network similar to the
PDA conditions. Stacking faults progressively decreased ang,o initially formed at the Ge/&01) interface, as shown in
disappeared with an increase in PDA temperature. Defects

with a Burgers vector lying ori001), including pure-edge
dislocations, were observed only at the interface at any given (a)
stage and these became dominant after 680 °C PDA. On the
other hand, threading defects with Burgers vectordidr}

TABLE I. Percentage of defects in the samples observed in the range over
10 um as a function of PDA conditions. Defect characters were determined
by cross-sectional high-resolution TEM.

After After
Sample As-grown 430 °C PDA 680 °C PDA

Threading defect with Burgers

vector on(001) 0 0 0
Interfacial defect with Burgers

vector on(001) 39 48 87
Threading defect with Burgers S,

vector on{11%; 10 27 2 FIG. 3. Plan-view TEM images of $iL7 nm/Ge (35 nm)/Si(001) samples
Interfacial defect with Burgers after HTA at(a) 950 °C;(b) 1000 °C; andc) 1100 °C. These images were

vector on{111} 22 15 1 taken under the same condition as that shown in Fig); 1(d) cross-
Stacking fault 29 10 0 sectional TEM image of the sample shown(ir). Inset shows a closeup

(%) high-resolution TEM image of an end-on dislocation indicated by a lower

arrow head.
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Fig. 1(d), was still observed even after forming a SiGe alloy 0.404

layer due to HTA. Furthermore, wider spacing of individual 040z X :XRD

pure-edge dislocations are clearly observed at higher tem- om0 L 4 0 :TEM

peratures. A cross-sectional view of the sample annealed at g0%%8 O :sIMs

1100 °C is shown in Fig. @). End-on dislocations located g 0.3% =

periodically were found to have an explicit pure-edge char- g0 K

acter, as seen in the inset. 8oz x
Taking the SIMS and TEM results into account, disloca- 2 0390 © ©°

tion behaviors during HTA can be deduced. The solid-phase o8 | ©

intermixing of Si and Ge caused by HTA results in the for- o

mation of a SiGe alloy layer. Since the initial Ge film is fully ©e/SI001) 950 1000 1050 1100 1150

strain-relaxed with a pure-edge dislocation network buried at Annealing temperature (°C)

the interface, it is concomitantly subjected to tensile stres§lG. 4. {110 lattice spacings of SiGe layers as a function of HTA tempera-

with the change into a SiGe phase POSSiny this stress pr ure. Three sets of data are shown; {t&0} lattice spacings measured by
’ ’ RD two-dimensional reciprocal space mapping, those derived from the

duces forces exerted on the pure-edge dislocation and thléﬁacings of pure-edge dislocations observed in the plan-view TEM images
some of the dislocations can climb to the surface of the filmshown in Fig. 3, and those calculated for nonstrained SiGe crystals with
resulting in the reduced density at the interface. Formation ofiverage Ge concentrations obtained from SIMS data shown in Fig. 2.
a stacked structure of pure-edge dislocations, as indicated by
arrow heads in Fig. @), strongly suggests the occurrence of density is enough to relax the same amount of strain. The
interaction among the climbing dislocations during HTA, re-present study only offers preliminary results for approaching
sulting in an energetically favorable morphol&gy. device-grade crystalline quality of SiGe buffer layers used
In-plane lattice spacings of SiGe layers were also meafor practical strained Si channel MOSFETs. Nevertheless,
sured in the same samples as those shown in Fig. 3, and dfée above considerations give rise to the fascinating concept
considered to be a function of HTA temperature. Figure 40f the superiority of the method of applying the pure-edge
shows three sets of data for tfEL0} lattice spacings; those dislocation network to the SiGe/Si systems.

directly measured by XRD two-dimensional reciprocal space 10 summarize, strain-relaxation of SiGe buffer layers on
mapping'**° those derived from the spacing of pure-edgeS'(001) substrates with a pure-edge dislocation network bur-

dislocations observed in the plan-view TEM images showried at the heterointerface has been demonstrated. Dislocation

in Fig. 3, and those calculated by assuming nonstrained SiGgehaviors forming a network morphology at the pregrown
crystals with average Ge concentrations obtained from SIM&e/S(00)) interface were revealed by TEM. The pure-edge
data shown in Fig. 2. Thé¢110 lattice spacing decreases dislocation network initially formed at the Ge/(80)) inter-
monotonically with the increase in the annealing temperaface was retained even after the intermixing of Si and Ge and
ture, possibly due to Si in-diffusion to the Ge layer. Observedredominantly contributed to the in-plane strain relaxation of
correspondence between two sets of data from XRD an&iGe layers. The present method introduces fundamental
TEM implies that the pure-edge dislocation network pre-changes in the manner of strain relaxation of SiGe on
dominantly contributes to the in-plane strain relaxation ofSi(001) and raises the possibility of solving problems caused
SiGe. On the other hand, a comparison between the me&Y the conventional 60° dislocation.
sured{110 lattice spacings and the calculated values based _
on the SIMS result clearly indicates that the SiGe layer ob- ,'\(A'O'Osnrg;”'asa g' Iéef/loeli,eesr’s:fr{ I,S'h)s,s eggir’LgtéAeffE(fég(i e P
ta_lned here contains m-plz_ine b|ax_|al te_nS|Ie strain. This im-2 Sug”: K. Nakagawa, S. Ya’maguchL and M. Miyao, Appl. Phys. Lett.
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