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Abstract : In the growth of Ing3GaysAs single crystals, polycrystallization at the initial interface with
lattice-mismatched seeds is a major problem because no homogeneous Ing3GagzAs seed crystals have
been obtained and usually GaAs crystals are used as seeds. Hence, a mechanism of
polycrystallization at the initial interface was investigated. In this paper, a local misfit stress at the
interface is calculated. Then it is compared with the critical resolved shear stress (CRSS). It was
determined that the polycrystallization at the initial interface is related to the magnitude of the misfit
stress and to that of the CRSS. We discuss growth of larger IngsGap7As single crystals by avoiding the
polycrystallization at the initial interface.
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1. Introduction

An IngsGag7As bulk crystal is expected to be a next generation substrate suitable for optoelectronics devices such as a
laser diode at 1.3  m wavelength [1]. However, polycrystallization at the initial interface has occurred because of a misfit
between a grown crystal and a seed, as shown in Fig. 1. Therefore, large-sized IngsGagzAs single crystals, which are
applicable to devices, have not been obtained. Many investigations have been conducted on thin films to try to resolve the
polycrystallization by misfit [2-5]. However, the theory about thin films cannot be directly applied to bulk crystal growth
from melts. Hence, a new model is required for bulk crystal growth. Figure 2 shows observed images of the initial
interface, whose combinations of a seed and a grown crystal are different. Photograph (a) is the combination of
IngesGaogsAs seed / InosGagzAs (£1.78 %), (b) GaAs seed / IngpGagsAs (£1.43 %), (c) GaAs seed / Ingi15GagssAs (£1.08 %)
and (d) GaAs seed / IngpGanaiAs (0.64 %), respectively. The misfit is smallest at the combination (d). As shown in
these photographs, the larger the misfit, the more significant the polycrystallization at the initial interface is. In our
experiments, the threshold for taking over is £=0.6-0.7 %, in the case of GaAs seeds. So it is difficult to grow IngsGag-As
single crystals without lattice matched seeds. However, an allowance of misfit in the bulk crystals growth is
considerably larger compared with thin films, whose critical thickness is only several tens micro meter in the case of

~0.6% [5]. This is attributed to the fact that the concentration gradient layer (Fig. 3), which is formed at the initial
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Fig. 1 Roughly polished surface of the initial interface of an IngsGaozAs crystal grown on an IngesGaossAs seed.
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Fig. 2 Roughly polished surface of the initial interfaces, combinations of a seed and a grown crystal are (a)
INo.0sGao.es / INo3Gao7AS, (b) GaAs / Ing2Gag sAs, (C) GaAs / Ingo15GagssAs and (d) GaAs / IngpsGageiAs.
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interface in the bulk crystals growth from melts, disperses a misfit. We focused on this gradient layer. On the other hand,
based on the observation of the initial interface, we assumed that a misfit stress causes slip, and this triggers the
polycrystallization. To confirm this hypothesis, we calculated a local misfit stress (LMS) at the gradient layer. Then the
calculated LMS was compared with the critical resolved shear stress (CRSS). In addition, we discussed growth of larger

Ing3Gag-As single crystals based on the analysis.
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Fig. 3 Result of EPMA measurement of the initial interface of Ino.sGaozAs growth on an InoesGaoesAs seed.

2. Model

As mentioned, the concentration gradient layers are formed at the initial interface. This model assumes that unit cells
are loaded on a seed with increasing their InAs mole fraction in accordance with the growth (Fig. 4 (a)). The calculation
is made for a shear stress on the hatched unit cell in Fig. 4 (a), of which the temperature is assumed to be AT lower than
the freezing interface. This means that the cells begin to behave as elastic bodies at that temperature. Hence, the cells
between the freezing interface and the hatched cell are stress-free, and the hatched cell receives compreésion stress (o) by
the constraint of seed side cells. However, for simplicity of the model, AT is considered as negligible in the calculation,
because it makes only an infinitesimal difference to the results. As shown in Fig. 4 (b), the shear stress of a slip direction
<110> on the slip plane {111} is defined as a LMS (z1), and is calculated as below. Firstly, the lattice constant is obtained
by the following equation (Vegard’s law) from InAs mole fraction (x).

(%) =0.0404x + 0.5653  [nm] O

Because x is expressed as a function of the distance along the growth direction, Az, in Eq. (1), f (x) is rewritten as

g(Az,). Because the cells are assumed to be elastic bodies, generated stress is described as Eq. (2) (Hooke’s law).
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Fig. 4 Schematic diagram of a growth model, (a) a two-dimensional growth model, the hatched cell being

subjected to calculation, (b) close-up of a unit cell corresponding to the hatched cell in (a).

where cis an elastic stiffness, e is a normal strain and y is a shear strain. In consideration of the strain orientation and

the condition sz=rvz=rzx=rxv=0, the Eq. (2) is rewritten as Eq. (3).
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By substituting sx=cv=¢ and ex=ev=¢, loaded stress can be solved as follows,

2
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The & can be obtained from the difference of lattice parameters of adjacent m th and m+1 th cells,
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Between the shear stress (z) and the o, there is a relationship described as Eq. (6) (Shmid’s law).
T =0cosgcosl ®6)

where ¢ is an angle formed between stress axis <100> and normal line of slip plane <111> and 2 is an angle formed

between stress axis and slip direction <110>. From Eq. (4), (5) and (6), the rv is obtained as Eq. (7):
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The ¢y and the ¢z are functions of x and temperature (T). Tis close to the temperature of the freezing interface (73). The
¢; of GaAs (cjcans) at T are obtained by extrapolating the temperature dependence of elastic stiffness in GaAs [6]. The c; of
InAs (cjmas) at T are obtained by the relationship between the ¢; of GaAs and InAs [7]. From these values, ¢; of InyGai<As
are estimated as follows,
& =X€ +1-x
i 7/, InAs ( )Czj', GaAs ®
Strictly, the lattice constants must include the thermal expansion and its composition dependence. However, even if

they were considered, differences would be less than 0.005 % in the calculation. So they are assumed negligible for

simplicity of the model.

3. Results and Discussion

The calculated result of the misfit stress is shown in Fig. 5. The horizontal axes of three diagrams in the figure are all
coincided. The upper diagram is a back-scattered electron microscope image of the initial interface, and it corresponds to
the crystal of Fig. 1. The middle diagram shows a result of electron probe microanalyzer (EPMA) measurement and a
best fitted line of them. The lower diagram shows the relationship between the 71 and the CRSS of In,GaiAs (zex). The

rex 18 a function of Tand x, and is estimated by the following equation.
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Fig. 5 Results of a back-scattered electron microscope image, EPMA measurement and
local misfit analysis in IngsGaozAs growth on an IngesGao.gssAs seed.
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where zemas and zeGaas are the CRSS of InAs and GaAs, respectively. These values are obtained by extrapolating the
temperature dependence of CRSS in GaAs [8] and using the relationship between temperature dependence of yield stress
in GaAs [9] and InAs [10]. From the lower diagram in Fig. 5, it is found that the v is greater than the zcxin the white
region. In this case, slips are introduced, and this result agrees with the observed result as shown in the upper diagram.
Such slips induce 60° dislocations and they cause polycrystallization because of the rotation of crystal orientations (Fig.
6). The left illustration shows a relationship between one regular octahedron in the zinc blende structure and a 60°

dislocation, and the right illustration shows a tetragonal dodecahedron after running through the 60° dislocation.

This document is provided by JAXA.



19

Fig. 6 Schematic diagram of rotation of crystal orientation by inducing 60° dislocation.
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Fig. 7 Results of a back-scattered electron microscope image, EPMA measurement and
local misfit analysis in InposGao.siAs growth on a GaAs seed.

On the other hand, in the case of the InoewGaoaiAs growth on the GaAs seed, grown crystals take over the orientation
of seeds, according to our experimental results. For this GaAs / IngpwGaggiAs growth, the LMS analysis was applied. The
result is shown in Fig. 7. From the lower diagram of this figure, it is found that the v is less than the zcxin all part of the
white region. In this case, slips did not occur at the initial initerface, as shown in the upper diagram of Fig. 7. These

calculated results include a slight inaccuracy in the implication where complex mechanical properties of alloys were
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simplified by the relationships such as Eq. (8) and (9). However, combined with the observation results, a large part of the
mechanism of polycrystallization at the initial interface can be accounted for by the relation between the magnitude of o
and that of rcx. These results show that Ino3GagzAs single crystal growth on lattice mismatched seeds can be achieved by

gradual increase in the InAs mole fraction at the initial interface while retaining rL< rcx

4. Conclusions

To investigate the polycrystallization mechanism at the initial interface in InGaAs bulk crystals on lattice mismatched
seeds, the local misfit stress (LMS) was calculated. In the case of IngsGayzAs growth on an IngesGaggsAs seed, the LMS
was greater than the critical resolved shear stress (CRSS) at the initial interface. On the other hand, in the case of
InoosGaogiAs growth on a GaAs seed, which successfully grows in a single crystal, the LMS was smaller than the CRSS.
These results show that the large part of the mechanism of polycrystallization at the initial interface can be accounted for
by the relation between the magnitude of the LMS and that of the CRSS. These results suggest that Ing3Gag-As single
crystals can be grown by keeping the LMS smaller than the CRSS at the initial interface.
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