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Dislocation dynamics of strain relaxation in epitaxial layers
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Many experimental observations have clearly shown that dislocation interaction plays a crucial role
in the kinetics of strain relaxation in epitaxial thin films. A set of evolution equations are presented

in this article. The key feature of the equations is the incorporation of dislocation interactions into
the kinetic process by introducing a resistance term. The resistance to threading dislocation gliding
is characterized by a hardening function, which depends only on the relaxed plastic strain. The
evolution equations are tested on the,&e ,/Si(100) materials system. Existing fundamental
parameters are incorporated into the present model. The evolution equations successfully reproduce
a wide range of experimental data on strain relaxation ipSe, /Si heterostructures. @001
American Institute of Physics[DOI: 10.1063/1.1369396

INTRODUCTION wherep is the mobile threading dislocation densitiie num-
. h 5 deal of th ical er of mobile threading dislocations per unit area of inter-
During the past 25 years a great deal of theoretical an ce, b, is the threading dislocation component parallel to

expepmenFaI researph ha§ focpsed on s'Fram relaxatlo_n tWle interface and perpendicular to corresponding misfit dis-
creating mismatch dislocations in lattice mismatched epitaxj).ation lines and is the mean velocity of the threading

ial thin film.1? Relaxed epitaxial layers, especially COMPOSi- gic|ocation. The evolution equations take the form
tion graded buffer layers, have recently been created with

high quality due to an understanding of the kinetics of epi- Texc— TR| Q,

taxial growth conditions. The major advances include insight Y~ UO( ) F{ kT @
into the dislocation dynamics and control of the surface

roughness:* An early kinetic description of strain relaxation o= ¢ ( Texc™ TR|" exp( _ &) 3)
by misfit dislocations was given by Dodson and T3dthey 0 kT)’

proposed a simple phenomenological model to describe t

plastic strain rate. Hulet al® developed a kinetic model to

simulate the relaxation process. HougHtproposed a set of

evolution equations to interconnect the nucleation and Prop&si- 1t T is the absolute temperature, ang,, is the excess

gation of threading dislocations and the formation of mis'stres,s which can be expressed?as ' ¢

match dislocations. Subsequent mottlhave been pro- ’ P

posed along a similar line. A sound model of the strain In(2h/b)

relaxation should include the major elements of nucleation,  exc™ C“((GO_ €p) KOW)’

propagation, interaction, and multiplication of dislocations.
In this article we propose a set of evolution equations t

r’\‘/:V‘/here,u is the shear modulus of the epitaxial lay€, and
Q, are the activation energies for the velocity and the thread-
ing dislocation density, respectivelyjs the Boltzmann con-

4

gvhere €q is the mismatch straing, is the relaxed plastic

describe the essential process for strain relaxation. The ke§frain, andc=2(1+»)/(1-»), wherevis the Poisson ratio.
feature of the equations is the incorporation of dislocatior’ 0 @1d&o are the material parameters. ,
interactions into the kinetic process. In order to get a clear Or @ network of 60° misfit dislocatiorts, is expressed
picture of the kinetic process of strain relaxation, we will ?Y

focus our attention on a uniform single epitaxial layer depos- b(1— v/4)

ited on a coherent thick substrate. Ko:mm(Zho/b), )

wherehg is a reference thickness abds the Burgers vector.
FORMULATIONS For the convenience of engineering applications, Tel®off
assumed that, can be taken as a material constant and the
The relaxed plastic strain rate can be expressed by theariation of the function In(&/b)/In(2hy/b) is much weaker

following equation®® than the variation of the function i/ hence Eq(4) can be
ep=pbyv/2, 1)  Simplified to
Ko 5
= C — -,
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0021-8979/2001/89(11)/6069/4/$18.00 6069 © 2001 American Institute of Physics

Downloaded 04 Nov 2009 to 159.226.231.78. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



6070 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001 Wang, Zhang, and Chua

10*

min annealing at 800 °C the materials system arrived at the
equilibrium state. The equilibrium relaxed plastic strain can
be obtained from Eq€6) and (7) by settingre,— 7r=0,

T

T,=550°C

T

Ko
T H(ep). ©

For the GgSi; _,/Si(100) material systeny=0.22 and
b=0.384 nm. In this article we choo$g=35nm, thenK,
=0.123 nm which gives a very good prediction of the critical

/ thickness as shown in Fig. 4. From three experimental data
Growth+Anneal points corresponding to 550°C growth followed by a 10 min
anneal in Fig. 1, one can easily obtain parameterg, and
v. We havea=0.0159, 8=0.167, andy=5.0. In order to
qorb obtain parametersy and&,, let us look at the experimental
0 20 40 60 80 100 120 140 results of Hullet al® for 4 min thermal annealing of a 35 nm
h (nm) thick GegSi;_,/Si(100) layer withx=0.25 after growth at

FIG. 1. Comparison of experiment and present modeling for growth ancxeach temperature. Figuréa2 shows the average mismaich

growth annealing of ax=0.25 GgSi,_,/Si(100) structure. The experi- dislocation spacing versus growth-annealing temperatdre
mental data, shown by closed points, were given by Ktk (see Ref. 8  and Fig. Zb) shows the threading dislocation densityer-
MBE chamber ot the average meascred dislocaton spamvgepiaxal oo, 9rOW-annealing temperatdfeOnly using two exper
layer thicknessh. The growtr? rate is 0.3 nm'$. All oper??o"itriljtspare the mental data pomts ata temperatulre of 550°C in Flgij 2
present simulation results. and 2b), respectively, one can easily get parametgyand

&. They are v,=0.16x10"nms?! and &,=0.27

X 10°nm 251, All together only five experimental data
7r IS the resistance to the threading dislocation gliding arispoints are used for determining the material parametef

ing from dislocation interaction and surface roughness, and, vy, and&,.

can be expressed as
1-tant] 25|
‘L Now all material parameters are known. One can simu-
where €, is the maximum misfit between the epitaxial film late the kinetic process for the 8, _,/Si(100) material
and the thick substrate. For the &g ,/Si system, e, system. The present model’s results for growth and growth
=0.0418(atx=1). The parameters, B, andy are material annealing of thex=0.25 structure are also shown in Fig. 1.
constants. Usually the functioki(ep) is called the work Three experimental data points for 550 °C growth are within
hardening function. The power law hardening functiona factor of ~2 of the theoretical curve and the other three
a(ep/eL)ﬁ is well known in plasticity theory. The terfll  data points for 550 °C growtk-800 °C annealing for 10 min
—tanh(ye,/€)] prevents the material behavior from harden-are a little lower than the theoretical curve. It means that
ing too quickly. Wheny=0, the epitaxial film becomes a when the thickness is less than 50 nm the simulated evolu-
pure power law hardening material. tion process does not arrive at a real equilibrium state yet,
The relaxed plastic straie,, is directly related to the and thereby a longer annealing time is needed for the simu-
average mismatch dislocation spacipgaccording to the lated system to arrive at the real equilibrium state.
following formula: A comparison of the experimental results and the present
e.=b,/p. ®) simulation results for growth and 4 min thermal anneali_ng of
Pt a 35 nm thick GgSi; _,/Si(100) layer withx=0.25 at dif-
ferent temperatures is also shown in Fig. 2. Figufe) 2
shows the final mismatch dislocation spacimat different
The evolution equations are tested on theg&he ,/Si temperatures. As the growth-annealing temperafliran-
material system. The material parametersn, andQ, and  creases, the final relaxed plastic strajnincreases; then ac-
Q, were experimentally measured by Hut al® and by cording to Eq.(8), the final average mismatch dislocation
Houghton’ In this article we use the following dafd:m  spacingp decreases. On the other hand, the final threading
=2.0,n=25,Q,=1.1eV, andQ,=2.2eV. The materials dislocation density increases rapidly as the temperature in-
parametersy, 5, andy can be evaluated from annealing ex- creases. The final relaxed plastic strajwversus the growth-
periments. Figure 1 shows the experimental results given bgnnealing temperatur€ is shown in Fig. 2c). From Figs.
Hull et al® for the growth and growth annealing B=0.25  2(a)-2(c) one can see that the present theoretical results
structures at a growth rate of 0.3 nimsExperimental data agree well with the experimental data.
were given for 550 °C growth and for 550 °C growthlO Figure 3 shows a comparison of experimental results and
min 800 °Cin situ annealing in a molecular beam epitaxy the present simulation results for final elastic straip (
(MBE) chamber for the average measured mismatch disloca- €p,) versus initial mismatch straig, following the growth
tion spacingp versus epitaxial layer thickness After 10  of GegSi; _,/Si(100) at a temperature of 550 °C. The experi-

€p= €0

L AR I A |

p (nm)

10°
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) RESULTS AND DISCUSSIONS

e\ B
p
TrR=CuH(€p) = C,ua(—q)

DETERMINATION OF MATERIAL PARAMETERS
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T 0 FIG. 3. Final elastic strain vs initial mismatch strain following growth of a
GeSi;_/Si(100) material system at a temperature of 550 °C. The experi-
R mental data, shown by closed points, were given by Btaal. (see Ref. 11
10 F at a growth rate of 0.5 nm$. All open points are the present calculation
i ’ results.
[ i  ——8—— calculation results
| g | | experimental results
10° L : mental data measured by x ray were those given by Bean
P " et al! Critical thickness theory states that the final elastic
”E [ . strain is only dependent on the epitaxial layer thickress
o) i matter what the value of,. This is in total contrast with the
Q - experimental observations. The experimental observations
10" | given by Beanet al!! clearly show that the final elastic
i strains do vary remarkably with the initial mismatch. The
i (b) present simulation captures the trend of this phenomenon
- well.
10° L= L A R B A comparison of the experimental measurements and the
500 600 700 800 900 predictions of different theories for the critical thickness in
T (0 the GgSi;_,/Si(100) structure is shown in Fig. 4. The
dashed line and the solid line are the predictions of the
0.45] Matthews—Blakeslee model for two different values of core
|} y—= i I-
o0 calculation results energy parametersy=1 and 4, respectively. The open tri
e m experimental results
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FIG. 2. Comparison of experiment and present modeling for growth anneal- X

ing of a 35 nm thickx=0.25 GgSi, _, /Si(100) structure. The experimental
data, shown by closed points, were given by Hetllal. (see Ref. § for

FIG. 4. Predictions of different models for critical thickness, in the

growth and a 4 min arealing at each temperature. The growth rate is 0.3 GgSi;—,/Si(100) structure and experimental measurements, dor dif-

nms L. (a) Average mismatch dislocation spacipgvs growth-annealing
temperaturel, (b) threading dislocation densify vs the temperaturg, (c)
relaxed plastic straie, vs the temperatur&. All open points are the present

calculation results.

ferent growth temperaturdg, from the work of(a) Beanet al. (see Ref. 11
(Tg=550°C), (b) Kasperet al. (see Ref. 1p (Ty=750°C), (c) Green
et al. (see Ref. 1P(T4=900°C), and(d) Houghtonet al. (see Ref. 1p
(T4=950°C).
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