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 We have studied strain distribution in strained and relaxed SiGe films grown on Si (100) substrates

by molecular beam epitaxy. In a strained film, existence of a little strain distribution was revealed

by two kinds of stress measurements. In a relaxed film, the effects of misfit dislocations on strain

and orientation distribution were discussed.

'

                1. Intriduction

  Heteroepitaxy is an important area of materials

research because of its applicability to a variety of

technological applications. By using heteroepitaxy, it

is possible to tailor the electronic or optical properties

in a way that is not possible with doped, epitaxial

growth of the same material. In most cases, however,

heteroepitaxy involves a lattice mismatch between the

different materials that will produce strain in the

epitaxial layer. For instance, in Sii-xGex films which

form the base of heterojunction bipolar transistors, the

Si and Ge lattices differ by 4%, resulting in strain in

Sii-xGex films grown on Si substrates. In general this

strain can either be stored as strain energy in the film

or can be accommodated by introducing misfit disloca-

tions. The properties and the structure in the Sii-xGex

films are influenced by the strain. To develop viable

devices utilizing the Sii..Gex system, it is necessary to

have detail understanding on the state of strain in SiGe

films.

  In this paper, stresses of Sii-.Gex film grown

pseudomorphically on Si (100) substrates are measured

by two methods, and we discuss about the existence of

stress distribution along the film thickness from the

difference in the measured values. We also discuss

strain distribution and atomic displacement by existing

the misfit dislocations, experimentally and theoreti-

cally.
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               2. Experiments

  Sii-xGex epitaxial films were deposited by molecular

beam epitaxy system onto P-type 4" di Si (100) wafers.

The substrates cleaned chemically were heated at

700eC for 1 min. Prior' to the Sii..Ge. deposition, 10A

of Si was deposited at room temperature and kept at

800eC for 1 min. The growth temperature was fixed

at 4500C. Three kind of samples (A: x-O.07; 500A, B:

x-O.07; 6000A, C: x-O.O033; 6000A) were used in this

study. The compositions were determined by measur-

ing the rocking curves of two equivalent {511} planes

using X-ray double crystal (XRDC) spectrometer.

  Strain and orientation distributions were measured

by e/20 diffraction method and by bl mode diffraction

using XRDC. Two kinds of stress measurement were

carried out to consider the existence of the strain

distribution along the film thickness. One was calcu-

lated by measurement the radius of curvature of the

substrate using XRDC, another was obtained by

measuring the rocking curve of the 400 diffraction of

the film and the substrate. The observation of dis-

locations was carried out using transmission electron

microscope (TEM).

           3. Results and Discussion

3.1 Strain distribution in pseudomorphic SiGe film

  For sample: A lattice constants which are perpendic-

ular (a±) and parallel (cai) to the substrate surface

were 5.4594A and 5.4314A, respectively. These val-

ues were calculated by measuring the rocking curves

of two equivalent {511} plane. As the lattice constant
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A scheme of multilayer model used
in stress calculations,
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of a± from 400 symmetric reflection was 5.4588A, the

precision of this measurement is quite high. Further-

more, the sample: A is pseudomorphic film because the

ati is almost the same as the Si substrate whose lattice

constant is 5.4309A. Indeed, there were no misfit

dislocations before and after annealing below 8000C.

  To obtain detailed understanding about the strain

and the distribution along the film thickness in sample:

A, two kinds of stress measurements were carried out.

One was calculated using measured lattice constant,

ai, with conventional equation (1),

  by=llf/2zlf.(a±-a)/a± (1)
where E> and zlf are the Young's modules and Poisson'

s ration of the film, and a is the lattice constant of Sio.g3

Geo,o7 alloy. Another was calculated by measuring the

radius of curvature of the substrate, R, using equation

(2),

  a:,r =Ek/6 (1'vs) ' if/ij' (1/R-1/k) (2)

where Ek and vs are the Young's modules and Paoisson'

s ratio of the substrate, and ij and ag are the thickness

of the film and substrate, respectively. Ro is a radius

of curvature before deposition. If there is no stress

distribution of modulation, we must obtain the same

resultsfromthesetwomeasurements. However,com-

pressive stresses of -5.6×10" dyn/cm2 and -9.1×109

dyn/cm2 were obtained from the measurement of a±

and R, respectively. To consider this contradiction,

we attempted various stress calculations supposing

multilayer models as shown in Fig. 1'). From our

o

Figure 2
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Relationship between the stress and the thickness

of the thin layer which can explain the contradic-

tion in calculating multilayer model.

multilayer stress calculations, it was revealed, if the

average composition of Ge did not change, two stresses

had to coincide. That is, this contradiction suggests

that there exists thin layer with larger stress which can

not detect by our X-ray diffraction system. Figure 2

shows the calculated relationship between the stress

and the thickness of the thin layer which can explain

the contradiction. For example, if there is a layer

with the Ge fraction of 20% and the film thickness of

100A, we can explain the contradiction between two

stress measurements.

3.2 Strain distribution and atomic displacement by

    misfit dislocation

  It was reported that there was a strain distribution

along the film thickness in a heteroepitaxial film with

misfit dislocations2-6}. However, there are no discus-

sions whether the strain distributions are caused by the

existence of misfit dislocations. Then, we attempted

to investigate change in strain distribution for sample:

B and sample: C by annealing which introduce the

misfit dislocations. Sample: B has the film thickness

over critical thickness, but there are no misfit disloca-

tions in as deposited state because of the Iow deposi-

tion temperature of 4500C. That is, the sample: B is a

film grown pseudomorphically on (100) Si substrate in

as deposited state because it grows in non-equilibrium

state, however, we can introduce misfit dislocations by

annealing above deposition temperature.

  Figure 3 shows annealing temperature dependence of
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Figure 4 Change in stress and its distribution by annealing.
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Figire 5 Calculated stress distribution mapping perpendic-

       ular to the film thickness using contour lines,
       when there is a 60" dislocation at the interface in

       Sio.g3Geo.o7 epitaxial film.
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   Atomic displacement near film surface caused by

   existence of a misfit dislocation at the interface.

the full width at half of maximum point (FWHM) of e/

2e mode XRDC with a 100 #m width detector slit,

using 400 diffraction. If we use a detector slit with

infinitestimal width, the change in FWHM of e/2e

mode indicates change in strain distribution. Above

the annealing temperature of 500eC, the FWHM

increases with increasing the annealing temperature.

Also, misfit dislocations were observed in samples

annealed above 5000C. Of course peak shift was ob-

served by introducing misfit dislocations. Figure 3

includes change in FWHM from sample: C which has a

film thickness below critical thickness as comparison

with the sample: B. Figure4shows change in stresses

of sample: B and sample: C by annealing. Error bars

indicate the stress distributions calculated using

FWHMs in Fig. 3. In sample: C, both film stress and

its distribution do not change against the annealing

temperature. In sample: B, however, film stress

decreases, and its distribution increases with introduc-

ing misfit dislocations.

  To have further understanding about the strain

distribution and atomic displacement by introducing

misfit dislocations, theoretical calculations were per-

formed using continuum theory of stationary



30 Tsutomu ARAKi, Norifumi FuJiMuRA and Taichiro ITo

dislocations"8). Figure 5 shows calculated stress dis-

tribution mapping perpendicular to the film thickness

using contour lines when there is a 60e dislocation at

the interface in sample: B. The stress increases with

the approaching to the dislocation core, and the stress

distribution is almost the 109 dyn/cm2 order.

  Figure 6 shows atomic displacement near film sur-

face caused by existence of a misfit dislocation at the

interface. It reveals that a few A of atomic displace-

ment occurs by introducing a misfit dislocation.

Therefore, it suggests that the displacement causes the

orientation distribution. That is, the change in

FWHM will contain the effect of the change in orienta-

tion distributibn if we do not use a detector slit with

infinitesimal width. We can obtain the real strain

distribution without, using a slit with infinitesimal

width by making 2 dimensional mapping of k-spacing9).

                4. Conclusion

  Detailed analyses concerning strain and its distribu-

tion in strained and relaxed Sil-xGex epitaxial films

have been carried out. In the case of the film without

misfit dislocations, the stress calculated using mea-

sured a ± disagreed with the stress calculated using the

radius of curvature of the substrate. We have ex-

plained this contradiction by stress calculation suppos-

ing the existence of thin layer with larger stress. On

the other hand, relationship between misfit dislocations

and strain distribution has been revealed using the

sample, in which misfit dislocations were introduced by

annealing. Furthermore, we calculated the stress

distribution and atomic displacement by introducing

misfit dislocations using continuum theory of station-

ary dislocations. From the calculations, it was

revealed that the stress increases with the approaching

to the dislocation core and the stress distribution is

almost the 109 dynlcm2 order, and that a few A of

atomic displacement occurs by introducing a misfit

dislocation.
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