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Abstract: We investigate the growth of InP-on-GaAs combined with the advantages of double low-temperature (LT) buff-
ers and strained layer surperlattices (SLSs). It is found that LT-InP/LT-GaAs double LT buffers are more effective for
strain accommodation than a LT-InP single buffer in InP-on-GaAs. On the other hand, there is an optimal thickness for
LT-GaAs for a given thickness of the LT-InP layer.at which the double LT buffers can reach the best state for strain ad-
justment. Furthermore, the position of insertion of SLSs should be carefully designed because the distance above the InP/

buffer interface plays an important role in threading dislocation interactions for dislocation reduction. As a result, the den-

sity of threading dislocations in the InP epilayer is markedly reduced. X-ray diffraction measurements show that the full

width at half maximum of the w/26 rocking curve for the 2um-thick InP epilayer is less than 200”.
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1 Introduction

High-quality relaxed InP layers grown on GaAs
substrates , which are used as “quasi-substrates” for the
growth of InP-related optical devices with GaAs elec-
tronic devices on a GaAs substrate to realize high-per-
formance optoelectronic integrated circuits (OEICs) ,
have attracted considerable attention''~*'. However,
the success of such a monolithic integration depends
on if the material problems,such as high defect densi-
ty and large misfit strain, can be understood and
solved. So far, many studies have been carried out to
solve the problems-**/,but from the view of practical
interest, most methods used to reduce the number of
the defects are too complicated to be widely used in
device fabrication.

The overall quality of the heteroepitaxial layer is
controlled by the initial layer deposited at low tem-
perature (under 450C); thus, the low-temperature
buffer corresponding to the initial growth layer
should be carefully studied and designed in order to
gain a better quality heteroepitaxial layer. Moreover,
among various growth techniques designed to reduce
threading dislocations (with strained interlayer, ther-
mal cycling,and patterned growth),inserting InGaP/
InP SLSs into the InP epilayer as defect filtering lay-
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ers has shown such possibilities™ . However, only a
few studies of InGaP/InP SLSs designed for InP-on-
GaAs have been reported.

In this study, the effect of LT-InP/LT-GaAs
double buffers on InP-on-GaAs is first examined. Sim-
ultaneously,we compare the X-ray diffraction profiles
of the two samples grown with two types of buffer
layers:a LT-InP single buffer and LT-InP/LT-GaAs
double buffers, which induce research interest in the
mechanism responsible for the defect reduction.
Next, 15-period In,-, Ga,P/InP (x=0.12) SLSs as
defect filtering layers in InP-on-GaAs were optimized
by varying their insertion positions while fixing the
total thickness of the InP epilayer. The quality and
the characteristic of grown structures are assessed by
double-crystal X-ray diffraction and cross-sectional
transmission electron microscopy.

2 Experiment

All the samples were grown in a 3 X 50mm CCS
low pressure MOCVD system with the fixed reactor
pressure of 100Torr and the total flow rate of 12000
sccm. Pure arsine (AsH;) , phosphine (PH;), trimeth-
ylindium (TMIn) and trimethylgallium (TMGa) were
used as precursor materials. Pd-cell purified hydrogen
(H.) served as the carrier gas. After loading into the
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Fig.1 Schematic of the epitaxial structures (a) With a single LT-InP buffer layer; (b) With LT-InP/LT-GaAs double

buffers; (¢) Insertion of 15-period (4nm/6nm) In,-,Ga,P/InP (x=0.12) SLSs based on (b)

The insertion position of

SLSs was denoted by &.All the LT buffer layers were grown at 450C and the remnant layers were grown at 685C .

growth reactor, all the GaAs (100) substrates were
first deposited with a 50nm-thick GaAs layer at 685C
to ensure a smooth surface for the following layer
growth.

The structures of the samples are schematically
shown in Fig.1:(a) a conventional two-step growth
structure with a single LT-InP buffer; (b) a LT-InP
layer together with a thin LT-GaAs layer as double
LT buffers; and (c¢) 15-period (4nm/6nm) In;_,-
Ga,P/InP (x=0.12) SLSs introduced as an interme-
diate layer for further improving the quality of the
top InP layer. The thickness i of the first InP layer
indicating the insertion position of SLSs will be dis-
cussed in next section. In all cases, InGaP/InP SLSs
were grown at 685C , which were kept the same as
that of the InP epilayer in order to remove the influ-
ence of switching temperature on the material proper-
ties. The growth temperatures of both LT-InP and
LT-GaAs were 450C . The thickness of LT-InP,if not
specifically noted, was 15nm. The V/III ratios were
165,270, and 185 for the LT-InP, LT-GaAs,and InP
epilayer,respectively.

Following growth, the quality and the character-
istic of grown structures were assessed by double-
crystal X-ray diffraction (DCXRD). The improve-
ment of the crystal quality or degradation of the InP
layer was measured by the decrease or increase in the
full width at half-maximum (FWHM) of X-ray dif-
fraction peaks. The distribution and threading behav-
iors of dislocations were studied by cross-sectional
transmission electron microscopy (TEM) with a JE-
OL 2000FX instrument operating at 200keV.

3 Results and discussion

3.1 Effect of the double LT buffers

The samples were measured by DCXRD to con-
firm the crystal quality and residual strain with differ-
ent buffer schemes,and the results are given in Table
1. From the symmetric (004) rocking curves, the
FWHM of the epitaxial layer feature gives an indica-
tion of the material quality. To determine the residual

strain in the InP epilayer, (004) and a set of (115)
diffraction rocking curves with different incident an-
gles were measured.

As shown in Table 1,the InP peak from sample
B. with a 15nm/15nm LT-InP/GaAs double buffer,
has the smallest FWHM of all the samples,indicating
the lowest dislocation density. When further increas-
ing the thickness of the LT-GaAs buffer, especially
larger than 50nm, the FWHM is boarded obviously,
suggesting that there exists an optimal thickness of
the LT-GaAs buffer at which the crystal quality is the
best. It was also found that the crystal quality of the
samples grown by the double LT buffers (sample B) is
much better than that grown by a single LT buffer
(sample E) in spite of the same thickness of the total
LT-buffer layer.

Table 1 also reports the experimental values of
out-of-plane and in-plane lattice constants (a |, .a,).
In addition, the residual strain (e, ,e, ) are also giv-
en. The lattice constant ratio a | /a , is calculated by

a, _ hio 1,'2’ arccos++ )
2, (75 7) t“‘“( isear !

@y
where g= %(A@T‘r’ — AG") ,and AGY° and A are the

angular separations between the InP and GaAs reflec-
tions from the (115) and (115) planes., respectively,
and h =1,k =1,1=5 the relevant reflection plane in-

Table 1  Structural parameters of InP-on-GaAs with LT-InP/
LT-GaAs double buffers
LT-InP and LT-GaAs,respectively. a | (e¢; ) and a , (¢, ) are the

tiand t, are the layer thickness of

experimental values of out-of-plane and in-plane lattice con-
stants (residual strain) respectively, obtained from XRD sym-
metric (004) and asymmetric (115) measurements. (004 )-
FWHM of InP epilayer recorded using the «/20 mode,indicating
the trends in crystal quality. All the samples had a Zpm-thick InP
epilayer and other growth conditions were kept the same.

(t1/t2) (004)-FWHM a | ay €] ey
° /¢am/nm) /(N /nm /nm /% /%
A 15/0 408 0.6012 0.5826 1.576 —-1.398
B 15/15 370 0.5927 0.5892 0.3172 —0.2812
C 15/50 389 0.5885 0.5831 0.4851 —0.4310
D 15/80 430 0.5894 0.5780 1.034 -0.9169
E 30/0 525 0.5877 0.5869 0.07219 —0.06402
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Fig.2 Rocking curves of XRD w/20 (004) scans of samples B
(a) and E (b)
epilayer peak,indicated by the arrow,was associated with a me-

In a,a shoulder tailing to the right of the InP
chanical deformation behavior of LT-buffer.

dices. The in-plane and out-of-plane strains given by

a,y— Aep a | — Aepi
_ / epl’ epi (2)

&) = €L = —
acpi acpi

with the lattice constant of InP epilayer satisfying the

relation of a., =a, (a, —ay) .7y is the Pois-

=+ l
1+vy
son’s ratio and its value is 0. 36 for InP.

Table 1 also shows that there is large difference
between values of a; and a,. On one hand, this
difference is caused by the difference in the thermal
expansion coefficients between InP and GaAs.On the
other hand, the dislocations at the interface and the
stacking faults of the samples affect the measured val-
ue of a, +S0 @) = @gpsae 1S NOt true in the partially re-
laxed structure. We also found that the variation in
residual strain is correlated with adding the LT-GaAs
layer between the LT-InP layer and the substrate. The
strain energy in sample A is larger than other samples
grown with LT double buffers (samples B,C,D) ,as a
similar trend in FWHM. Sample E,with a 30nm-thick
LT-InP,has the smallest strain energy of all the sam-
ples,but has the largest FWHM (&5257), indicating
that strain relaxing is at the cost of the crystal quali-
ty. Thus the mechanism of strain relaxation is an im-
portant factor in explaining the behavior of LT-InP/
LT-GaAs double buffers.

In order to further understand the behavior of
double LT buffers, Figure 2 plots the rocking curves
of XRD for samples B and E,corresponding to curves
a and b, respectively. In curve b, the presence of a
single,symmetric peak indicates that the InP epilayer
and the buffer layer had indistinguishable interplanar

distance for the (004) lattice plane;while in curve a,
an obvious shoulder tailing to the right of the InP epi-
layer peak,indicated by the arrow,is assumed to be
associated with a mechanical deformation behavior of
double LT buffers. This indicates that a thin LT buff-
er layer can significantly reduce the dislocation densi-
ty in heteroepitaxy because the imperfect crystalline
of the thin buffer/substrate interface behaves me-
chanically in a manner similar to that of compliant
substrates for strain accommodation'” . In this case. it
can be understood as follows: (1) the presence of the
shoulder indicates the out-of-plane lattice constant of
the double-LT-buffer is smaller than that of the InP
epilayer, therefore the double-LT-buffer is tensily
strained; (2) the tensile strain of the double-LT-buff-
er partially compensates the compressive strain in the
InP epilayer as a result of reducing the mismatch be-
tween the epilayer and the double-LT-buffer and sub-
strate. This mechanism is similar to that of compliant
substrate sharing the mismatch strain during hetero-
epitaxy.

Furthermore, Zhang et al.'® proposed that the
multi-buffer layers would be more effective in strain
accommodation than single a buffer layer due to the
presence of the muti-interface. Since the strain ac-
commodation process lasted to the end of the growth,
it would be triggered by the muti-interface more than
once. Therefore,a possible conclusion is that a double-
LT-buffer was more “compliant” for strain accommo-
dation than a single one, which contributes to impro-
ving the quality of the InP epilayer. However, the de-
tailed mechanism for compliance is complex and our
work on this issue is currently under investigation.

3.2 Insertion of In,_,Ga,P/ InP SLSs

Dislocation reduction by the insertion of SLSs re-
sults from threading dislocations bending at the inter-
faces. This bending of threading dislocations is caused
by the misfit strain mainly due to the different lattice
constants™® . Since dislocation reduction by the inser-
tion of SLSs associated with the different lattice con-
stants depends strongly on its different lattice con-
stants,the Ga composition x is a major parameter in
reducing threading dislocations.

The grown structure is schematically demonstra-
ted in Fig. 1(c). The strain of SLS is defined as: f =
(auwp — asis)/awme s where app is the lattice constant of
InP without strain and ags is the equivalent lattice
constant of In;_,Ga,P.In this case,an increase in Ga
composition x corresponds to an increased tensile
strain f. In particular, for each composition x, there
exists a corresponding critical layer thickness of SLS
for formation of misfit dislocations. But the required
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Fig.3 Cross-sectional TEM images of the samples without (a)
and with (b) InGaP/InP SLSs
two threading dislocations for interactions.

The numbers 1 and 2 denote

thickness of the SLS to filter dislocations has not been
fully optimized because the reduction of dislocations
may be due to the interactions between threading dis-
locations and misfit dislocations. In this experiment,
for x =0.12 (f~0.85%) SLS,the thicknesses were 6
and 4nm for InP and InGaP,respectively, which were
within the range of the critical thickness reported in
Ref.[9].

Figure 3 shows the cross-section TEM images of
two samples without (a),and with (b) SLSs.In Fig. 3
(a),a high density of misfit dislocations (~10°cm™")
is found at the bottom interface, and some of them
thread the epilayer toward the free surface. The ob-
served droplets are presumably due to incomplete PH;
pyrolysis giving too little P at the solid/vapor inter-
face during growth. In Fig. 3(b), there is almost no
dislocation threading from the first InP layer to the
second InP epilayer and some bent dislocations being
driven along the InP/SLSs interface. In particular,
two dislocations, denoted as 1 and 2, started at the
bottom interface and propagated toward the upper
layer till the annihilation reactions occurred. This ob-
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Fig.4 XRD-FWHM of InP peak of samples with InGaP/InP
SLSs as a function of the insertion distance & For the detailed
growth conditions of the SLSs,refer to Fig.1(c).

servation indicates a possible way for dislocation re-
duction: the separated threading dislocations were
driven close by the force as a result of the strain accu-
mulated in the SLSs and coalesced or annihilated in
the end. The TEM observations in Fig. 3 confirm that
a further reduction of threading dislocations can be
achieved by insertion of InGaP/InP SLSs

Figure 4 shows the XRD-FWHM of the InP peak
of samples with SLSs as a function of the first InP
layer thickness & .The minimum value of FWHM 203"
is obtained in the sample with SLSs inserted at h =
0. 5pm. In the samples with & greater than 0. 5pm,the
FWHM increases as h increases. Since the total thick-
ness of the InP epilayer was fixed as 2;m,the increase
of the FWHM was caused not by the deterioration of
the dislocation reduction ability of the SLSs, but by
the smaller thickness and larger strain of the upper
InP layer. In contrast,the FWHM in the sample with
SLSs inserted close to bottom interface, e. g. h =
0.05ym, was comparable with the sample without
SLSs.Combined with the analysis of Fig. 3(b),we can
assume that if & is less than the required length for
threading dislocation interactions, the possibility of
dislocations directly threading through the SLSs be-
comes larger, which deteriorates the dislocation re-
duction ability of the SLSs. This result implies that the
first InP layer is necessary to reduce the threading
dislocations.

4 Conclusion

In this work, we reported the detailed optimiza-
tion of properties of double LT buffers and InGaP/
InP SLSs for InP-on-GaAs taking into account the
strain relaxation mechanism and defect reduction
mechanism. LT-InP/LT-GaAs double buffers deposi-
ted on the substrate as the initial layers were first ex-
amined and compared with the conventional two-step
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method. We demonstrated that with a proper thick-
ness of the LT-GaAs layer, the double LT buffers
were more “compliant” for strain accommodation
than a single LT buffer. Then, 15-period (4nm/6nm)
In,Ga,_,P/InP (x=0.12) SLSs were introduced as
defect filtering layers before the growth of the final
InP layer. We investigated the effects of the insertion
position of the SLSs on the stress relaxation and the
crystal quality of InP top layer using the dependence
curve of FWHM-thickness. We think that, in our
case,when the total thickness of the InP epilayer was
fixed 2pm,an effective insertion position is 0. 5pm at
least above the bottom interface,which is related to a
possible way of dislocation interactions for dislocation
reduction.
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