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We investigate several factors that determine the surface morphology in heteroepitaxial growth of
Si;_xGe films on Si, which include composition, temperature, and pressure. Phase boundary lines
are derived that define the regions for planar and island growth in terms of composition—
temperature and composition—pressure. Also derived is the roughening characteristic length as a
function of temperature, pressure, and characteristic time. Our results can explain the literature data
satisfactorily. ©1998 American Institute of Physids$$0021-89708)05716-§

Surface morphology and roughness evolution during hetmaterial,y is the surface free energy per unit areais the
eroepitaxy, in particular $ixGey heteroepitaxy, have half amplitude of the ripple, ang, is the bulk strain induced
drawn considerable interest because of its applicability tdoy the lattice mismatch between film and substrate, which is
fabricating nanostructurds. The degree of roughening, related to the Ge fractioX through e,=0.042¢.% In order
which is of prime interest in these applications, is enhancedor the roughening to take place, the characteristic length
when the lattice mismatch is relatively large or when the(period in the ripplg should be larger than a certain critical
growth temperature is relatively high. Otherwise, the grownvalue orAE<0. Then Eq.(1), upon rearrangement, gives
films tend to relax through plastic deformation, leading to
misfit dislocations Ty(1-v)

_Perhaps because of this reason, m_ost of the _reporte(_j ex- 2V2(1+ 1) 63.
periments on the surface morphological evolution during
Si;_xGey heteroepitaxy have been limited to relatively high The characteristic length can be understood on a more
growth temperaturg400—-750 °G and composition$” In quantitative basis by considering the surface diffusion coef-
this region, the surface morphology is determined primarilyficient and the corresponding characteristic time.
by energetics rather than kinetics. On the other hand, low We propose that the characteristic length be treated as a
temperature growth has generally been found to lead to plasharacteristic diffusion length. If we let the incubation time
nar surface§:’ be 7, and the corresponding initial perturbation length\pe

While a number of experimental results are available, ithen the characteristic length is
is not yet clearly delineated as to how the processing condi-
tions determine the surface morphology, i.e., plaftao- A=Ni+Dg(7— 1), €)
dimensional (2D)] versus island[three-dimensional3D)]
growth. Of particular interest in the roughening is the man
ner in which the characteristic length is determined by pro
cessing conditions.

In this communication, we investigate the effect of pro-
cessing conditions on the growth of, SiGey layers on Si in
terms of composition, temperature, pressure, and deposition A= (Dgr) Y2 4
time.

We begin with the net energy change during rougheningrhere still remains the question of the characteristic time,
that has been derived earlier based on “ripple structufé,” i.e., the manner in which deposition rate, deposition time,
which is and annealing time are incorporated into the characteristic
time. When only annealing is involved,is simply the an-
nealing time. On the other hand, both the deposition rate and
the deposition time should be considered in determining the
(D) characteristic time when deposition is involved. In this case,

the deposition rate and the inverse of the deposition time

whereAF, is the excess volume strain energyGs is the  may be considered resistances in parallel, making up the to-
increase in surface energy due to the undulations. Hei®, tg] resistance, &

the Poisson’s ratioy is the shear modulus for the epilayer

2

‘whereDyg is the surface diffusivity ane is the characteristic
time scale. In general; should be dependent on the com-
position, its value decreasing with increasing composition.
For the time scale of practical interest,may be neglected.
Then Eq.(3) reduces to

(1+v)?

(1_—1}) MGS)\I%‘F Wzti’y,

AE=AF,+AG=—2V27

1 1 1
—=—t—, (5)
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FIG. 1. Phase boundary between pla(®#D, closed circlesand island3D,
open circleg structures in terms of composition—temperature. Data points

are from Bearet al. (Ref. 10 E;=2.4 eV from the slope. FIG. 2. Phase boundary between planar and island structures in terms of

composition—pressure. Data points are from Caymegal. (see Ref. 12
Symbols indicate the island 4), intermediate (M), and planar (@)

where 7, is the characteristic time for the deposition rate, structures.
which is inversely proportional to the deposition rate and
is the characteristic deposition time.

The regions of 2D and 3D growth can now be deter-long deposition timer, may be taken as infinity, which has
mined in terms of composition and temperature on the basigeen used in Eq.7). This fourth power dependence of the
of Egs.(2) and(3). Noting thate,=0.042X, substitution of ~composition on the pressure for the phase boundary between
Eq. (3) into Eq. (2) after rearrangements yields 2D and 3D growth is tested in Fig. 2 using the data by
Caymaxet al’? It is seen that the fourth power dependence

4 2
1 ke o Ke wzi (6) adequately represents the phase boundary.
T Es Es Y (1-v) Equation(4) can be used to determine the characteristic

for 3D or island growth. HereA is a constant that is 2.52 lengthA. When Eq.(5) is substituted into Eq(4),
X108 for Si;_yGe,. The condition of Eq(6) states that Dy, |12
given the compositiorX, the temperature should be higher A= m)
than that specified by the equation for the island growth. 200
Therefore, it defines the regions for 2D and 3D growth inFor the purpose of data regression, E8).can be rearranged
terms of composition and temperature. The data by Beain the following, noting thatr,ect (deposition timg:
et al'®are used in Fig. 1 to test the condition. Ascanbe seen ;|
from Eq.(6), the slope of the line separating the two regions —= ——b, 9
should yieldE, which is the activation energy of adatom toA
surface diffusion. The value obtained from the figure is 2.4
eV, which is a reasonable value in view of the widespread
data reported in the literature, ranging from 0.7 to 3.6'&V.
The intercept, in general, would vary depending on the pro-
cess conditions. For example, the line is lowered and the
island structure is more suppressed if the deposition rate is
increased or the deposition time is decreased.

As apparent from Fig. 1, the line of E(S) representing
the phase boundary does not extend all the way to the com-
position X of unity. Rather, it is independent of the compo-
sition and is a parallel line corresponding to approximately
570 °C. This is an indication that the roughening process is
dominated by energetics rather than kinetics for laXge

The surface morphology and roughening are also depen-
dent on pressurér deposition rate To examine this depen- I
dence, Eq(2) is rearranged to give 0 ' '

ADga(1+ v)*u? 0 o %
o 14 .. .
p<_;2(1_,,)2M N @) Deposition time (s)

for the island growth. Herer is a (.:OHStant relating the' depo- rig. 3. Comparison of Eq9) with the experimental data from Dutartre
sition rate, 1#4, to the pressure, i.ep=a/ 7. For relatively et al. (see Ref. 18

®
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