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Unit cell of strained GeSi
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The local structure within the unit cell of strained-GeSi layers grown @A03) has been examined by
polarization-dependent extended x-ray-absorption fine structure. First-neighbor bond lengths are found to de-
viate only slightly from their unstrained values; however, the distortion of the cubic-unit cell by strain leads to
measurable polarization-dependent changes in first-shell coordination and second-shell distances. A unifying
picture of bond lengths and elasticity in strained-layer semiconductors is pred&0&63-18207)03823-X

When a thin semiconductor film with lattice constanis ~ GeSi film of similar composition is 5.476 &, this 0.035-A
grown coherently §,=as) on a substrate with a different expansion of the perpendicular lattice constant corresponds
lattice constantg, the layer tetragonally distorts in an at- to a straine, =0.64+0.04 %, in complete agreement with
tempt to conserve its unit-cell volume. Because real materithe prediction of Eq(1) (e, =0.64). Our diffraction results
als are compressible, this distortion is more accurately detherefore confirm that both films are macroscopically
scribed by a macroscopic-elastic thebrwyhich, for an  strained to match the in-plane lattice constant of the silicon
isotropic cubic layer grown on €01) substrate, relates the substrate.

layer's strain parallel,e;=(a,—a)/a, and perpendicular, Before we discuss our polarization-dependent data, it is
e, =(a,—a)la, to the interface through the elastic con- useful to quantify the bond lengths within the strained-GeSi
stantsC,; andC, by layers. Figure (a) shows the k?>-weighted Ge K-edge
EXAFS from thex=0.219 GgSi, _, layer and its Fourier-
g, =—2(Cy,/Cypey. (1) filtered first-shell contribution. Figure(h) shows the best fit

to the Fourier-filtered signal assuming both Ge and Si first-

Due to the technological importance of heterojunction de-shell backscattering. These components are closely repre-
vices, it is not surprising that extended x-ray-absorption finesented by the experimentally determined EXAFS from crys-
structure(EXAFS) has been used to study the local structuretalline Ge and GaP, which have known structures. The bond
of strained-semiconductor layers in detail; however, what idengths determined from the fit amgse.ge—=2.43+-0.02 A
surprising is that—despite the consensus that bond lengtiend r ge.s=2.38+0.02 A; they lie within the experimental
have a strong tendency to remain close to their naturagrror to the bond lengths determined in both amorptous
values—numerous conflicting reports on the microscopicand crystalling®~*® GeSi, _, alloys over the entire compo-
strain status have been put forward. In some cases, the straition range. In particular, the Ge-Ge bond length is close to
has been found to have remarkable effects on bonthe bond length in crystalline GE.45 A), but it deviates
lengths®® while others have found little or no effett® Oth-  significantly from the bond length in the crystalline Si sub-
ers yet have reported the counterintuitive result that bondstrate(2.35 A). Our measurement therefore suggests that the
actually elongate in layers under compression. strain within the GeSi layer is accommodated primarily

In order to resolve the issue of bond-length strain, wethrough bond-angle rather than bond-length distortions. Had
have performed high-resolution polarization-dependent exthe bond angles remained fixed at their average tetrahedral
tended x-ray-absorption fine-structure measurements owvalues, coherency with the Si substrate would produce a cu-
strained and well characterized &8 _, (x=0.216 and bic rather than a tetragonal distortion.

0.219 layers grown on $001). Only by performing a rela- In order to investigate the nature of this distortion further,
tive polarization-dependent measurement can the effects a¥e turn our attention to theirtual tetrahedron shown in Fig.
strain be isolated. 2. This tetrahedron is under compressive strain intlye

The samples studied were from a group of strainedplane, and we may estimate the microscopic effects of strain
GeSi;_, heterojunction-bipolar transistors grown on as follows. The lattice parameters parallel and perpendicular
Si(001). Details of the sample preparation and characterizato the interface are given in terms of the bond lengtind
tion have been reported previoushThe perpendicular lat- bond angled by
tice constants of the two films studied weag =5.5116
+0.002 A and 5.51060.002 A, as determined by x-ray
diffraction. Because the lattice constant of an unstrained a, =4r cog0/2) and a;=2v2r sin(6/2). 2
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FIG. 1. (a) The k?>-weighted GeK-edge EXAFSk?x(k), from
the 21.9 at. % Ge, pseudomorphicySg_, layer on S{001). Su-

z [001]

FIG. 2. A tetrahedron under biaxial compression inxlyeplane
with equivalent first-neighbor bond lengthis Here z=n is the
[001] direction. The in- and out-of-plane second-neighbor distances
ared=2r sin(@/2) andh=2r sin(9'/2).

an alloy of this composition, confirming the rigid-bond
model. Note that Eq(4) reproduces the conservation of vol-
ume, e, = —2¢;, whena—0. Implicit in the above formu-

las is the presence of a finite bond-length compression. This
is clear because the rat®,,/C;; is less than 1 for all of the
typical semiconductors.

Because the strained layer is pseudomorphic with the Si
substrate Aa, is known, and the distortions can be calcu-
lated. The compression in the first-neighbor bond length is
Ar=-—0.008 A, and the bond angles are shifted anisotropi-
cally with respect to the interfacek 6= —0.8° andAf’ =
+0.4° Y These distortions translate to an increase in perpen-
dicular lattice constant\a, =0.035 A, which is identical to
the prediction of Eq(1).

Although our estimate of a small but finite bond-length
compression, 0.008 A, lies within the typical EXAFS uncer-
tainty for this binary-alloy system, it may explain why our
bond lengths fall on the smaller side of the bond lengths

perimposed on the data is the Fourier-filtered first-shell contriburecently reported for unstrained-crystalline GeSi allb%/m

tion; (b) the fit to the first-shell contribution assuming Ge and Sithis work, a small compositional dependence of the bond
backscattering. The solid line is the fit, and the dots are the datpngths was reported.

points of the backtransfornfc) Similar fit for the second-shell con-
tribution.

Because the small strain-induced bond-length change is
negative, the distortion of the tetrahedral angles must ac-

If we differentiate these equations, to first order we can relat€ount for the much larger, 0.035 A, expansionain. This

the macroscopicstrains,e, andeg, to themicroscopicdis-
tortionsAr, the bond stretch, and ¢, the bond bend:

e, =Aa, la=(Ar/r)—2/2(A6)
and
g)=Aay/a=(Ar/r)+\J2/4A6). (3

Rewriting these equations and defining= (Ar/r)/(A 6)
as the ratio of the bond stretch to bond bend, we arrive at

e, =—2[(1-\2a)/(1+2\2a)]e; . (4)
Using Eq.(1) we can writex in terms of the macroscopic
elastic constant€,; andC,:
a=\2/Z(1-Cyp/C1)/(1+2C1,/C1p)],  (5)

which is the microscopic analog to E(.). The elastic con-
stants tabulated by Hornstra and Bartetndera=0.25 for

relatively large distortion should be evident in a second-shell
EXAFS analysis. Unfortunately, errors in second-neighbor
distances are typically of this order. Nonetheless, Fig) 1
shows a fit to the second-shell EXAFS once again assuming
Ge and Si backscattering. We have modeled the Ge back-
scattering by the second-shell EXAFS from crystalline Ge,
and the Si backscattering by the second-shell EXAFS from
an As-implanted, laser-annealed Si waféerThe second-
neighbor distances determined from this fit agg. g~ 3.84
+0.04 A andrg..s=3.83-0.04 A. Because the second-
neighbor distance in crystalline Si is 3.84 A, it is clear that,
while first-neighbor bond lengths are found to deviate only
slightly from their natural values, EXAFS-averaged second-
neighbor distances follow more closely a virtual-crystal de-
scription.(The second-neighbor distance in crystalline Ge is
4.00A) Similar results have been found for the
pseudobinary-lfGa _,As alloy systent?

We now turn to our polarization-dependent data. Figure 3
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FIG. 3. The Fourier transforms of tHé-weighted GeK-edge -

EXAFS from the 21.6 at. % Ge layer recorded with the polarization o "‘ : ('3 : Els : 1'0 —

vector of the synchrotron radiation aligned parallelr{) and per-
pendicular €L n) to the surface normal. These transforms were k(A7)
calculated with a Gaussian window.

) ) ) FIG. 4. (a) First-shell Fourier-filtered data from Fig. &) Simi-
shows the Fourier transforms of thk“-weighted Ge |ar second-shell data.

K-edge EXAFS from thex=0.216 sample recorded with the

polarization vector of the synchrotron radiation aligned par- ) ) _

allel (¢ln) and perpendiculargl n) to the surface normal, d=3.840 A (identical to the Si substratend h=3.868 A. _
Due to the|e-r|? dependence of the EXAFS equation, these! his bm_10da| c_1|str|but|on of averaged_ sgcond-nelgh_bor dls_—
data preferentially sample bonds which are oriented eithef@nces is a direct result of the strain-induced anisotropic
perpendicular or parallel to the interface. These data thereshifts of bond angles relative to the interface. It also ac-
fore constitute a relative measurement, and their relative acounts, in part, for the static contribution to the damping of
curacy is much improved over the absolute bond-length dethe second-shell data recorded at normal incidéfice.
terminations of Fig. 1. Significant differences exist between Because first-neighbor bond lengths show no polarization
the two data sets in both the first and second shells. Moglependence, the relative change in second-neighbor dis-
notably, the amplitude of both shells is reduced at the normd@nces is a direct confirmation of the relative change in bond
polarization, and the position of the second shell is shiftecBngles, which in turn will also affect the polarization-
towards smaller radii. These effects are observed in the fildependent relative coordination numbers. For example,
tered data, which we have plotted in Fig. 4. Note that, whileN_ , the first-shell coordination perpendicular to the interface
no phase difference is detected in the first shell, a largés proportional to 4 cd$6/2), while N, is proportional to
polarization-dependent phase difference is present in the sed-sinf(6/2). Consequently,AN; /N, is calculated to be
ond shell. Concomitant with this phase difference is a damp="3%. On the other hand, because all four first-neighbor
ing of the second-shell data recorded at the normal polarizddonds of our virtual tetrahedron have the same orientation
tion. with respect to the interfacér is equal for all four bonds,

If we use the data recorded in the parallel geometry t@andAr 4, the relative difference, should be identically equal
model the data recorded in the normal geometry, the followto zero from symmetry. Both predictions fall within our ex-
ing relative changes in bond length and amplitude of the firsperimental uncertainty.
coordination shell are obtainedir;=—0.001+0.005 A, Due to the tetrahedral geometry, each atom has four in-
andAN, /N;~—5%. The corresponding relative changes inplane second-neighborsl, and eight out-of-plane second
the second-shell distance and damping ame,=—0.02 neighbors,h. Becaused lies within the plane of the inter-
+0.01 A andAg§~3x 103 A2, face, buth has a component perpendicular to it, thén

We are now in a position to interpret these relativemeasurement will yieldd=h; the el n measurement will
changes within the context of our microscopic model. Beield d=1/2(h+d). Hence,Ar,=1/2(d—h)=-0.014 A,
cause we have calculated baiin andA#, we can also cal- in agreement with what is experimentally observed. How-
culated, the second-neighbor distance parallel to the interever, usingAo~1/4(d—h)?=2x10"* A2 underestimates
face, andh, the second-neighbor distance perpendicular td&o% significantly. This finding may be reconciled with an
the interface. Due to the strain-induced tetragonal distortionasymmetric strain-induced distribution of second-neighbor
these distances should deviate from the single averaged digistances within the compressed plane of the interface that is
tance for an unstrained-GeSi layer of this composition, 3.872bsent in the normal relaxed directi®ni,e., a much larger
A. Usingd=2r sin(#/2) andh=2r sin(¢'/2), the results are and assymmetric distribution is found ind rela-
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tive to #'. Despite this one discrepancy, all other observa-macroscopic-elastic theory. We feel that our results are of

tions are in accord with our microscopic model. general consequence to all strained-layer semiconductor sys-
In conclusion, we have performed a detailed microscopigems.

study of the local structure of strained-GeSi layers grown on

Si(001). Although strain does not notably alter the first-shell ~ This work was performed on beamline X23-A2 of the

bond lengths to within our EXAFS detectability limit, bond- National Institute of Standards and Technology at the Na-

angle distortions are found to affect first-shell coordinationtional Synchrotron Light Source at Brookhaven National

and second-shell distances. These distortions have been dxaboratory. The National Synchrotron Light Source is sup-

plained by a simple microscopic model derived from ported by the U.S. Department of Energy.
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