A work-hardening based model of the strain relief
in multilayer graded-buffer structures
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This paper describes the modeling of the dislocation distribution and of the strain relief in linearly
and step-graded structures, based on work-hardening considerations. The model considers the
energy variation in an InGaAs/GaAs system upon introducing a new dislocation into the interfacial
fixed array of misfit dislocations. An analytical expression for the strain relaxation in graded-buffer
structures is proposed. Transmission electron microscopy observation confirms the model
predictions and reveals that the saturation state of relaxation is reached in the buried layers.
© 1997 American Institute of Physid$$0003-695(97)02247-X

In the last decades bandgap engineering of 11-VI andf misfit dislocationgMDs) per unit of thickness without the
I11-V semiconductor materials has permitted the fabricationformation of threading dislocationd@Ds), (ii) to predict the
of semiconductor devices such as LEDs lasers, and transittice parameter reached at the end of the buffer and the
tors. Nevertheless, the materials used for the device fabricalloy composition that matches perfectly with that of the
tion generally have physical propertiésich as thermal ex- grown-in device.
pansion and lattice parametewhich differ from those of The aim of this work is to answer both points. With this
commercial substrates. Consequently, a plastic relaxatiopurpose in mind, we shall extend our recently published
can occur during growth and the dislocation generated cawork-hardening based modedf relaxation for single layers
drive into the active layer causing a worsening of the devicd0 graded multilayered buffers. The model is first compared
performance. Therefore, the possibility for mismatched lay1© experimental strain relaxation studies on four different
ers to grow without the generation of defects passing througdraded InGaAs/GaAs structures with In composition steps
the heteroepitaxial structure is of great interest. However, adiSing betweenx=0 andx=0.3. The studied samples con-
no general theory of the strain relief in heteroepitaxial mul-Sist in one linearly graded structure ofum thickness and
tilayers is available, it is difficult to design a buffer to obtain thrée step-graded structures with 5%, 7.5%, and 10% In-
such a result. Only for some special cases such as singféeps' each one with a thickness of 120 nm. The samples are

layers? or linearly graded layerd? can acceptable predic- 'aPelled A, B, C, and D, respectively.

tions of the strain relief be obtained. The necessity of a gen- ¢ Dufr;no? tlhe gtj'rowth Otfhthf) gragelzd strugtures, the d???f:ty
eral theory for the design of relaxing buffers applied to 11-© tmlstl' IS fia lons In hé%Trlwmet ayers |_ncrea}sef untt Ine
VI, lI-V, and llI-N materials motivate the present study. sauration stale IS reachet.fn€ transmission electron mi-

To help address this need, we present here a model of stralcrOSCOpy(TEM) observations show constant interfacial MD

relaxation in heteroepitaxial InGaAs/Gaf@01) multilayers dqensny for all the samples. This regular distributisee Fig.
using work-hardening based calculations.
Relaxation in a single layer has been widely studied in

the literature. Three stages can be distinguihledthe first region A | region B region C
one, the relaxation is slow since only the bending of existing ~ '**F
dislocations coming from the substrate occur as described b _ f———K | . work-hardening

—H- single layer (ref. 14)

Matthews and Blackeslééregion A in Fig. 1. In the second
@ buried layer

one, when the layer is thick enough for the multiplication of
dislocation& (region B, a fast relaxation occursin the third
stage, an inhibition of the relaxation occurs for much thicker
layers (region Q, due to a work-hardening process in the
material’® We successfully explained this third relaxation 108 |-
regime in single layer structures by dislocation interactions [
in a recently published modet! We extend here the model [ A
to the more complex compositionally graded structures in- 102 108
cluding step- and linearly graded layers usually used as thickness (nm)

buffer Iayers t9 change the lattice paraméfer. . FIG. 1. Residual strain vs layer thickness for singlg,(Ba, As/GaAs lay-
In the design of buffer layers, used to adapt lattice pazrs. The residual strain of buried layers of step-graded structsi

rameters of substrates to that of grown-in devices two keyircle), estimated by TEM, has reached the relaxation state of a thick single

requirements must be consideréid:to grow a composition layer, i.e., W_hen the W_ork—hardening process controls the_ strain (edigibn
q éd 9 P C). The residual strain calculated by the work-hardening mddakhed

profile _that in(_juces_ a relaXf"‘tion to jUSt run in_to the Work'line) is in agreement with the experimental data for buried layers of the
hardening regime, i.e., that introduces the maximum numbestep-graded structurésolid poin).

residual strain, ¢
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FIG. 3. Average misfit dislocation densities for each structure determined
by statistical counting of cross-section TEM observati@ygen circle with
statistical error bays The predicted work-hardening densifull line) vs the
steps of composition are shown to fit very well with the experimental data

and can be analytically expressed by the B).linear regression of the
calculated data.

ration state of relaxation as the maximum MD dengity, .,
energetically favorable, that the system allows. This state
corresponds to the zero energy valueA®#,,.; . Assuming
that all the dislocations relax in the same waentical 60°
Burger vectoy, py.y is estimated solving numerically the
following equation:

FIG. 2. (a) Bright field g004 XTEM micrographs of sample B) Bright
field g004 XTEM micrographs of sample C. Nearly constant MD densities ~ AE.4[h,f,,pw.n(h,f,)]1=0, 2
around 1X10° cm ! and 1.6<10° cm ! are measured at buried interfaces

for samples B and C, respectively. The sample structures are described Wheref . is the reticular misfit of tha | r with r
the left side of the micrographs. The layer thickness, as for all the sample erefy Is the reticula sfit of the laye th respect to

studied, is 120 nm. Note that no dislocation threads across the structure. tN€N—1 layer anc_h is '_[he indiVid_Uc'Jﬂ layer _thicknes_s. Figure
1 shows the strain thickness diagram with previously pub-

lished experimental dathand the model predictions for
2) of MD throughout the structure suggests that a work- noGa oAs/GaAs. The dashed curve corresponds to the
hardening process must be dominant at buried interfaces. 1J§)[réin relaxation model predictions WheXEy,,;=0 (de-
verify this, we applied the work-hardening model previously 4o anoiving — f — pu.b/2) WoH
published for single layers. Briefly, the model considers the In the case of single-epilayers the model only describes
energetic state of the system during the introduction of a new . ’

. T T . ectly the relaxation for high thicknegsegion Q where
dislocation into the preexisting fixed array of MDs, without the work-hardening process limits the strain relief. In region

changing the internal spacing. While in simple layers theB (see arrow, for single layers, the relaxation is governed by

!ath.Of s;[craln enirgg%_ nlzeans thaf[ thtﬁ nucleatlofn stourcesda netic processes that affect the nucleation and multiplication
inactive for smail thicknesses, in the case of Step-gradef, . panisms of new dislocations. This is not the case for

multilayers, the_sources at the buried mterfaces_remaln ac“"@ompositionally graded structures. Indeed, these relax much
due to the tension accumulated by the successive grown la

. . o . . Yaster than single layers due to the strain energy accumulated
ers with higher m_|sf|t. The_ saturation state is reacht_ad Very, the highly mismatched upper layers. This energy allows
fast., and the strain reIaxr_:ltlon follows a Work—harQenlng be'the generation of supplementary dislocations and the layer
hawqr. The wgrk-hardenlng energiEy,.y, is defined as relaxes faster. The solid circle point in Fig. 1 corresponds to
the dlﬁerenqe in the t_otal energy qf the s'yst_em betyand the relaxation state of the buried layers of sample D. It lies
after E, the introduction of new dislocation: rather below the empirical curve of Dunstand is in good

AEw=Ep—E;=E¢+Eiy m+Eint (1) agreement with our work-hardening model pre_di_ctions.

The MD densities deduced for different misfit steps are
whereE; is the self energy of a new dislocatioB;, ,, the  calculated using Eq2). In Fig. 3 their values are shown to
interaction energy between the dislocation and the latticdit the experimentally measured MD density perfectly. Each
misfit andE,; 4 the interaction energy between the new dis-density data point is the average of values for all the buried
location with the fixed array of misfit dislocations at the interfaces of the sample. The upper layer has a lower MD
interface. The detailed mathematical expression of each terigince it is still at the second stage of relaxation and is there-
has been described elsewhefé.In the first steps of the fore not considered in the displayed MD density average. A
growth, i.e., when few MDs are presetdE,,._ is negative, good prediction of the MD density is obtained by the linear
meaning that the system tends to relax. We defined the satvegression of the calculated data
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pw.n=0.42x 10*+3.8x 10'f, (3)  The density of misfit dislocations at individual interfaces,
that increases linearly with the step composition, is well pre-

. dicted by th k-hardeni del ted. Th I-
at the saturation state. The proposed model allows the pr |c7ea Dy the work-nardening mote! presente © repu

- Lo S %ion of a new dislocation by a fixed array of preexisting MDs
diction of the distribution of MD and the strain in buffer_ is shown to be the dominant relaxation process at this stage.

structures with constant graded cpmposnmn_ Each' MISHur calculations demonstrate that the internal layers never

matchepl s?ep corresponds to a different MD density 3feach a complete relaxation, causing an accumulation of the

shown_m Fig. 3_' . residual strain from layer to layer. The presented model per-
This behavior shows that, in contrast to the Dunstar\mts a good prediction of relaxation along the buffer thick-

pre_dlctlonsl, the ret|_cular misfit is not totally relieved in the ness and can be applied to buffer layer design for device
buried layer. The displayed MD values would only allow A tabrication

relaxation of 75%—85% of the reticular misfit of the under-
lying layers. As a consequence of work-hardening Processeg tional Materials and Science prograMAT Project No.

residual strain of 15%—-25% remains and is added to th%4/0538 and from the Andalucian governme(@roup No

layer above inducing a linear increase in strain versus t'h|ck'.-|.EP_0120. The work was carried out at the Electron Mi-
ness. As a result, at the end of the structure, a relaxation i

Broscopy Center of @iz University. The authors wish to
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not be_tter than that ob_tained in a single Iay_er,_but as shown '®eralda and Dr. R. Baker for technical support during this
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wherep,,.y is the MD density(expressed in cm') predicted
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