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Using previously published relaxation mod¢B. J. Dunstan, P. Kidd, L. K. Howard and R. H.
Dixon, Appl. Phys. Lett59, 3390(1991) and D. Gonzkez, D. Araljo, G. Aragm, and R. Gar@,

Appl. Phys. Lett.71, 2475(1997] that predict the strain relaxation in the InGaAs/GaAs system,
before and during the stage of relaxation saturation, the critical thickness where dislocation
interactions begin to limit the plastic relaxation is estimated. The approximations used to deduce an
analytical expression are shown to be appropriate for describing the regime of relaxation considered.
A good agreement with experimental data previously published by other authors permits a physical
explanation for the different observed regimes of relaxation to be given19@8 American
Institute of Physics.S0003-695(98)01015-9

In modern semiconductor technology, different types ofof this fast relaxation regime: when dislocation interactions
alloys are used depending on the application. While telecomlimit the introduction of new dislocations in the array of
munication applications need Ill-V materials to work in the misfit dislocation. The latter process is commonly named
low absorption bands of optical fibers, other II-VI or 1lI-N work hardening by analogy to the work hardening in metals.
alloys are needed for visible applications. By the design of In the present contribution, an analytical expression for
multilayered heterostructures, epitaxial growth has allowedhe critical thickness to reach the saturated state of relaxation
the realization of exciting and useful developments in modfor different In content of InGaAs layers grown on the GaAs
ern compound semiconductor electronics such as engineel©01) substrate is presented. The critical thickness corre-
ing of band structures, quantum phenomena, optical propesponds to the transition point between two regimes of relax-
ties and basic material properties. Band-gap engineering @ftion: the first, which follows the Dunstan lawthe most
semiconductor materials has permitted in the last decades tlaecurate for the considered system, other laws should be
fabrication of semiconductor devices such as light-emittingused for other systemsand depends on the dynamic behav-
diodes(LEDs), lasers and transistors. Nevertheless, the therior of dislocation sources and the second, which is governed
mal expansion and lattice parameter of the materials usely work hardening phenomefid.Figure 1 displays the em-
vary generally within a device structure and can generatgirical curve of Dunstanet al., showing experimental
defects such as threading dislocation degrading the optoeletslaxation data for the pGa o As/GaAs (Ref. § and
tronics properties of the device. Therefore, a control of thdng ;Ga, PAS/GaAs(Ref. 5 systems as well as the calculated
lattice relaxation between the substrate and the epitaxial laystrain/thickness behavior in the work hardening regirioe
ers or within the heteroepitaxial layer structure is necessar§0%, 20%, 30%, and 40% In content of InGaAs/GaAs single
to avoid dislocation propagation that can be harmful to delayers. The intersection point between the Dunstan curve and
vice performance. The design involved to achieve this latticéhe work-hardening model fixes the thickness for a given
relaxation needs simple rules. Generally, a buffer layer witHattice mismatch i.e., for one alloy composition. We define
a high lattice parameter gradient is required, but a limitatiorthis critical thicknesshy, as the thickness needed to satu-
of the relaxation occurs when dislocation interaction energyate the strain relaxation. Equating the Dunstan strain/
dominates the strain relaxation enefgguch a state of re- thickness expression to the work-hardening strain one, the
laxation corresponds to the best strain relief/thickness rati@nalytical behavior oh,yy versus the alloy composition can
and is therefore an essential point in the design of wellbe obtained.
relaxed structures. Today, several “critical thicknesses”  Specifically, the work hardening stateEy,, has been
have been established to define the change in the regimes @¢fined as the difference in the total energy of the system
relaxation. Among them, the well-known Matthews andbefore E;) and after E;,) the introduction of a new dislo-
Blakeslee(MB)? critical thickness defines the start of plastic cation in the fixed array of misfit dislocatiofs:
relaxation: when an existing dislocation, threading from the
substrate, begins to bend at interfaces to become a misfit
dislocation. Howeveg, more important is the critical thick- \;nere E. is the self energy of a new dislocatioB, , the
ness of Dunstaet al” for the InGaAs/GaAs system. It de- jyieraction energy between the dislocation and the lattice
fines the beginning .of the dlsloc_anon source activation thal,ismatch ancE, 4 the interaction energy between the new
allows a fast relaxation of the epHayféUp to now, no work jisiocation with the fixed array of misfit dislocations at the
has been published defining the critical thickness for the eng,iarface. For low misfit dislocatiofMD) densitiesA Eyy is
negative which means the system tends to relax. We defined
dElectronic mail: david.gonzalez@uca.es the saturation state of relaxation as the maximal energetically

AEWH:EZ_E12E5+ Eintm+ Eintd' (1)
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The approximations applied here allows us to deduce an ana-
Iytical expression forpyy. Assuming that the dislocations

are of the 60° type, we also deduce an analytical expression
for the strain behavior versus the thickness in the work-

®

FIG. 1. Residual strain vs layer thickness for the empirical Dunstan lawhardening regime. Indeed, as- f — pb/2, the strain behavior

(solid line with accuracy dashedk 0.8+0.1 nm and for the work hard-

ening predictions(dashed-dotted lines for 10%, 20%, 30% and 40% In
content$. The intersection of the two models gives the critical thickness for
work hardening or strain relief saturation. Experimental data of single

InGaAs/GaAs layers with 10%Ref. 8 and 20%(Ref. 5 In content are also

displayed. The relaxation in region | follows Matthews and Blakeslee dis-
location bending, while dislocation source kinetics govern the relaxation in

in the work-hardening regime,,,;, becomes:

In(2h/r)
—

As shown in Fig. 1, the critical thickness for the work

SWH:f(1+Ab2)+Bb2 (9)

region II. The transition to region Il where work hardening limits the re- hardening,hy,,, is the intersection point betwees,; and

laxation is analytically deduced in E¢L4).

favorable MD density,o\wy, that the system admits. This

state belongs to the zero energy valueAd,,,,. Each term
of Eq. (1) can be expressed &s:

. it 2, 12 _ 2 2h
Es~m[bl+b2+(1 V)b3]|n(a), (2)
2u(1+
E =g b, €
Eimd:zwl;——v) [b2+ b3+ (1— v)bZ]In[ cosh2hp)]
S 41r°h%p? M
~ (010 R o | T am1= )
X[ (b3—b3)4mphxtani27ph)], (4)

where u is the shear modulus; the Poisson ratioh the
layer thicknessr the radius of the dislocation coré,the

lattice mismatch ang the linear density of the misfit dislo-
cations array at the interface, that are all assumed to have

identical Burgers vectordy (bq,b,,bs).
All the hyperbolic terms are functions af=2mph. For

the considered range of relaxation, the linear dislocation den-
sity is in the range of 10<p<10® cm™* and the thicknesses

are greater than #nm. This means that>10. Therefore,
the following assumptions can be made]clshf)]~z
ztanh)~z, z2/cost(2)~0. Equation(4) is then reduced to:

H 2, 12 R2
Fmit =y (3 b3+ (1 v)b3j2mph

—(b%—b3)4mph]. ©)

Eina~

strain deduced by Dunstaet al,® ep. The empirical law of
Dunstan can be expressed as:

k
SD:H. (10)
Equating the expressior9) and (10), it follows that:
C D In(2hyy/r
_c (2hwh/ro) , 11)
Pwh hwh
whereC andD are:
C= —k 12
~ 1+Ab, (12
L 13
- 1+Ab,’ (13

Note thath becomes the critical thicknessy,,, when
work-hardening processes begin to govern the strain relax-
ation. For the IpGa, _,As/GaAs system with In composi-
tion, x<<0.5, the components of the Burgers vector vary less
than 3%. As k=0.8 nm, »=0.27, b=a/2(—-1,
1/\/2,1/2) in the selected coordinate system of Ref. 6 and
ro=4b, we deduce the following expression for the InGaAs/
GaAs system:

7.052 nm In(hyy/0.81 nm

f=————-0.185 nm
hwi

P 14
The solutions of the equation system are graphically dis-
played in Fig. 1. The experimental data for 10% and 20%
In-content show good agreement with the model predictions.
The intersection points between the empirical Dunstan curve
and the model predictions are the solutions of the equation
system[Eqgs. (9) and (10)]. The latter are mathematically

deduced in Eq(14) which gives the work-hardening critical

The behavior of misfit dislocation density versus thethickness versus the lattice mismatch displayed in Fig. 2. The

thickness under work-hardening conditiopg,y, can be de-

theoretical predictions are compared with the inflection

duced applying the mentioned approximations and replacingoints experimentally observed by Krishnamooretyal°

Egs.(2) and(3) in Eq. (1):
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different states of relaxation. For a given nominal lattice mis-
] match and thickness, the final state of relaxation of the layer

004k can be predicted. Stage | correspond to the relaxation
our work through pre-existing dislocation bending. Stage Il is the well-
003 L N\ e Krishnamaorthy known dynamic stage of relaxation where the sources of dis-

location multiplication become active. Finally, stage Il cor-
responds to the strain relaxation saturation state, where
work-hardening processes limit the strain relief. Deep in
stage lll, a small additional relaxation, due to the presence of
a high threading dislocation density, could be considéred
(neglected hepe
0.00 R S S S In summary, an analytical expression of the strain relief
0 200 400 600 800 1000 in the work-hardening regime is obtained. The critical thick-
ness for work-hardening strain relief saturation is analyti-

FG. 2. Grapical ation of the behavior of th « hardeni cally deduced by equating the strain behavior in the dynamic
. 2. Graphical representation of the behavior of the work hardenin . .

critical thicknesshyy(f), vs the nominal lattice mismatch, of the layer gand saturation Stages',The the_oretlcal values are shpwn to
for the InGaAs/GaAs system. The solid line corresponds to the model preCOrrespond very well with experimental data from the litera-
dictions expressed in E¢14) and the dashed line to the empirical expres- ture. Thus a physical explanation for the different strain re-

sion of Krishnamoorthyet al. (Ref. 10. Note that the latter is based on lief regimes observed by different authors can be given. A
experimental data with a lattice mismatchfef 0.03. The dashed curve for

f . ) . - .. slowing of the relaxation at the end of the second regime is
>0.03 is therefore only an extrapolation and has no experimental validity. . . . . - .

usually observed which is attributed here to dislocation in-

) ) ) teractions. The beginning of this relaxation regime occurs at

latter, two regimes of relaxation were observed. First, a fash thickness named the critical thickness for work hardening,

relaxation was shown to occur growing up be=30hvs  p,,... This critical thickness corresponds to the best relief/

(where hyg is the critical thickness of Matthews and thickness ratio and is therefore of fundamental interest in the
Blakesle€’) Then, in the second regime, a strong slowing ofgesign of well-relaxed heteroepitaxial structures.

the relaxation was observed. The intersection point of these . . s
two empirical behaviors can be deduced from the Krish- Th'_s vyork was sgpported by the Spanish Interministerial
namoorthy curve fits and can be expressed(@syy). The Cor_nm|SS|on for Science and Technolog_y CICYMAT
latter is compared to Eq14) in Fig. 2. The good agreement Project No. 94/0538and of the Andalucian government
between both curves can be used to explain Krishnamoor(GrOUp No. TEP 0120
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