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The growth, strain relaxation, and defect properties of a step-graded mixed-anion GaAs;_,Sb, buffer with a lattice misfit of >12% on a 6° off-cut
(100) Si substrate grown by molecular beam epitaxy (MBE) have been investigated. This metamorphic graded buffer exhibited efficient strain
relaxation and low threading dislocation densities of <107 cm~2 in the investigated range of misfits. High-resolution X-ray diffraction measurement
demonstrated nearly ideal strain relaxation behavior with a surface rms roughness of ~3.5 nm, which is attributed in part to dislocation glide. Thus,
MBE-grown GaAs;_,Sb, anion-graded buffers are a promising “virtual substrate” technology for extending the performance and application of 6.1 A

device technology. © 2015 The Japan Society of Applied Physics

tailor-made antimony composition heterogeneously
integrated on Si is a promising material for both low-
power tunnel transistor and solar cell applications owing to
their wide range of bandgap energies from 0.70 to 1.42eV.
Mixed arsenide/antimonide-based GaAs;_,Sb,/In,Ga;_,As
heterostructures with an abundance of internally lattice-
matched combinations as a result of varying the concen-
trations of both antimony (Sb) and indium (In) can be
achieved in a tunnel field effect transistor (TFET) config-
uration with adjustable effective tunnel barrier height.!™
Moreover, GaAs;_,Sb, alloys are also of interest for com-
positionally graded metamorphic buffer applications, where
the span of lattice constants between GaAs and GaSb
provides an opportunity for generating a “virtual substrate”
on the Si substrate to support a wide variety of lattice-
mismatched devices based on InAs;_,P,, In,Ga;_,As, and
In,Al;_,As.*? Very recently, heterojunction TFET structures
based on the GaAs;_,Sb,/In,Ga;_ As system, where the Sb
and In compositions required for optimal TFET performance
is in the range of 0.5 to 1, have enabled band alignment from
the staggered to broken gap configurations that generate a
significant lattice mismatch with respect to the Si substrate.
At present, the graded In,Al;_,As buffer on InP is con-
sidered to bridge the lattice constant from the InP substrate to
the required In composition in the In,Ga;_,As (x > 0.53)
layer for a mixed As/Sb-based TFET device structure.'™
However, no clear heterogeneous integration scheme was
established for such a TFET structure on a Si substrate. Using
a graded GaAs;_,Sb, buffer layer on Si, one can integrate the
GaAs;_,Sb,/InGa;_,As tunnel FET structure, in which the
uppermost constant composition of the GaAs;_,Sb, buffer
can be internally lattice matched with the In,Ga;_,As layer
and this buffer layer can also serve as a drain layer in the
n-channel TFET structure. In such a case, the use of an anion
(group-V)-mixed alloy, GaAs;_,Sb,, as the compositionally
graded buffer on Si, compared with more common graded-
buffer alloy choices such as In,Al;_,As with a GaAs inter-
mediate layer, offers a potential advantage since the control
of growth rate (Ga flux) is independent of the control of the
layer composition (As/Sb flux ratio). In fact, Sb can help
reduce the number of dislocations due to the surfactant-
mediated growth of the GaAs;_,Sb, graded buffer on Si and
thus has a potential advantage of enabling the design of a

T he mixed-anion graded buffer, GaAs;_,Sb, with a

025501-1

metamorphic TFET device structure. However, measures
must be taken during the molecular beam epitaxy (MBE)
growth of such a material owing to a strong competition
between the different incorporation rates of anions (As and
Sb) due to their dissimilar sticking coefficients.>*!?) In this
paper, we focus on the first study of the solid-source MBE
growth, and structural and strain relaxation properties of
the graded metamorphic GaAs;_,Sb, buffer with an Sb alloy
composition of up to 55% heterogeneously integrated on Si.
The strain relaxation properties of this GaAs;_,Sb, buffer
were evaluated by high-resolution X-ray diffraction meas-
urement. Cross-sectional transmission electron microscopy
(TEM) was used to investigate the defect properties, and the
surface morphology was analyzed by atomic force microsco-
py (AFM).

The GaAs;_,Sb, graded buffer was grown by Veeco
Gen-II solid-source MBE on a (100) Si substrate with a 6°
off-cut towards the (110) direction, and the Sb flux was
provided by a low-temperature 125cm? Sb effusion cell. A
valve cracker arsenic source with a 900 °C cracker temper-
ature ensured a consistent As, flux was used during growth.
The Ga beam equivalent pressure was kept at 2.92 x 107’
Torr, corresponding to a growth rate of ~0.5um/h, as
determined from reflection high-energy electron diffraction
(RHEED) intensity oscillation. The fixed As,/Ga ratio of 10
and Sb/Ga ratios of 1, 2, and 6.16 were used for GaAs;_,Sb,
growth on Si at a substrate temperature of 440 °C, measured
using a thermocouple. Since the final Sb alloy composi-
tion of ~50% in GaAs;_,Sb, was needed to be lattice
matched with InP, the targeted Sb/Ga ratio was carefully
selected to provide the final Sb composition of >50% in
the graded GaAs;_,Sb, buffer. The thickness of each step
was fixed to 500nm. The alloy composition and strain
relaxation properties of the GaAs;_,Sb,, layer were charac-
terized by measuring the w/26 scan and reciprocal space
maps (RSMs) using a Panalytical X’ pert Pro system with
Cu Ko as the X-ray source. The structural and defect prop-
erties of the GaAs;_,Sb, step-graded buffer were analyzed
by cross-sectional TEM using a Philips EM420 microscope.
The electron-transparent foil of thin-film cross sections of
GaAs;_,Sb,/GaAs/Si were prepared by standard mechanical
polishing followed by Art ion milling.

Figure 1 shows the schematic of the step-graded GaAs;_,-
Sb,, buffer on Si, and Fig. 2 shows the corresponding (004)
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Fig. 1. Schematic of the GaAs;_,Sb, graded-buffer layer structure on Si.
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Fig. 2. ®/20 scan of the GaAs,_,Sb, graded-buffer layer structure on Si

substrate. The measured Sb composition of each layer is given at the
corresponding peak position.

/20 scan of this structure. The three-step GaAs;_,Sb,
graded-buffer layer was grown on the Si substrate using
an intermediate GaAs layer, and the Sb alloy composition
measured from each layer peak is labeled in this figure. It
can be seen from Fig. 2 that by varying the Sb/Ga ratio with
a fixed As,/Ga ratio and substrate temperature, the Sb
composition can be precisely controlled in a wide range
between 28 and 55%. More recently, we have demonstrated
a wide range of Sb compositions from 15 to 62% in the
graded GaAs;_,Sb,, layer grown on GaAs by varying growth
parameters such as the As,/Ga ratio, Sb/Ga ratio, and the
substrate temperature during MBE growth using the same
Sb effusion cell and arsenic valve cracker source.'") The
Sb alloy composition can be well controlled in accordance
with application and device-specific requirements, such
as (i) a low Sb composition of 15% in GaAs;_,Sb, used
in dislocation filters in multijunction solar cells,'? (ii) 25%
Sb for a 1.55um InAs quantum dot laser,®? (iii) 35% Sb
for p—i—n detectors,” (iv) 50% Sb for lattice matching with
InP for TFETs,'? and (v) an Sb composition >60% for a
metamorphic mixed As/Sb-based InGaAs/GaAsSb hetero-
structure TFET.'™

The strain relaxation state in each step of the GaAs;_,Sb,
graded buffer was analyzed using symmetric (004) and
asymmetric (115) RSMs. Figure 3 shows the (a) symmetric
(004) and (b) asymmetric (115) RSMs, and reciprocal lattice
points (RLPs), corresponding to GaAs;_,Sb, materials with
different Sb compositions, are indicated in this figure. From
the measured RSMs, the out-of-plane lattice constant ¢ (from
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Fig. 3. (a) Symmetric (004) and (b) asymmetric (115) RSMs of the

GaAs,_,Sb, graded-buffer layer structure on Si. The measured Sb
composition is indicated at each reciprocal lattice point. Each layer in the
metamorphic step-graded GaAs;_,Sb, buffer is fully relaxed with respect to
the Si substrate.

the symmetric 004 reflection) and the in-plane lattice constant
a (from the asymmetric 115 reflection) were determined.
The relaxed lattice constant a, and strain relaxation values
were extracted by the method described in Ref. 14. The
near complete relaxation of each step in the GaAs;_,Sb, and
GaAs layers on Si was achieved, which demonstrates the
metamorphic nature of the graded buffer. From the measured
alloy compositions, it can be seen that the Sb composition is
directly dependent on the Sb/Ga flux ratio. One can also find,
from the RSMs in Fig. 3, that the RLP for each layer in the
graded GaAs;_,Sb, buffer is almost centered on the line
extending between the Si substrate RLP and the O = 0 line,
indicating that each layer in the graded buffer possesses
a minimum lattice tilt with respect to the Si substrate.
Moreover, all the RLPs lie on the complete-relaxation line, as
shown in Fig. 3(b), which further indicates the fully relaxed
state of the metamorphic-graded GaAs;_,Sb, layer.

To gain further insight into the structural quality and defect
properties, cross-sectional TEM was performed. Figures 4(a)
and 4(b) show a cross-sectional TEM micrograph and a high-
resolution TEM micrograph of the GaAs, _,Sb,, graded buffer
on Si, respectively. The thickness of each layer is indicated in
these figures. In this work, the Ga beam flux (2.92 x 10~/
Torr) was kept constant for a growth rate of ~0.5um/h
during the entire GaAsSb graded-buffer layer growth. The Sb
fluxes were (i) 2.9 x 1077 Torr (425 °C Sb effusion cell tem-
perature), (i) 6.0 x 10~ Torr (at 444°C), and (iii) 1.8 x
107 Torr (at 465 °C) for 28% Sb, 41% Sb, and 55% Sb alloy
compositions, respectively. The GaAs buffer layer thickness
was targeted to be 2 um at a growth rate of 2.8 A/s on the
basis of RHEED oscillation results. The cross-sectional TEM
measurement exhibited a thickness of 2.09 pm, which corre-
sponds to a growth rate of 2.9 A/s. The thicknesses of the
graded GaAsSb buffer layer were 553, 519, and 507 nm for
Sb compositions of 28, 41, and 55%, respectively, as shown
in Fig. 4(b). A growth rate of 1.4A/s was targeted by
adjusting the Ga flux for each Sb composition, and the
growth rates of 1.54 A/s for 28% Sb composition, 1.44 A/s
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Fig. 4. (a) Cross-sectional TEM micrograph of the full layer structure on
Si and (b) TEM micrograph of the step-graded metamorphic GaAs;_,Sb,
buffer on Si having Sb compositions of 28, 41, and 55%. The thickness of
each layer is indicated in (b). The threading dislocations are well controlled
in the step-graded buffer and graded GaAs,_,Sb, buffer with the uppermost
composition serving as a “virtual” substrate platform for the TFET or
mismatch device applications. Moreover, sharp heterointerfaces are observed
between GaAs,_,Sb, stepped-composition epilayers.

for 41% Sb composition, and 1.41A/s for 55% Sb com-
position, respectively, were achieved, as measured from the
TEM micrograph shown in Fig. 4(b). The slight change in
thickness set on the basis of RHEED intensity oscillations
and measured on the cross-sectional TEM image, could be
due to the pause in growth at each interface of GaAsSb to
change the Sb effusion cell temperature for the adjustment of
the required flux for subsequent layer growth or due to the
minimal decrease in the growth rate owing to antimony flux.
However, these TEM micrographs show a high contrast at the
graded buffer layer interfaces owing to misfit dislocations,
with no threading dislocations observable in the GaAsg4s-
Sby 55 uppermost layer at this magnification scale, indicating
a threading dislocation density (TDD) in the GaAsg45Sby ss
layer on the order of or below ~107 cm™. In order to achieve
TDD lower than 107 cm~2, the defect density inside the GaAs
layer must be low. Two possible ways to achieve this are to
incorporate thermal cycle annealing during the growth of the
GaAs layer' or to incorporate a strained layer'® to reduce
the number of dislocations prior to the growth of the GaAsSb
layer. The maximum-Sb-composition GaAs45Sbgss layer
can be lattice matched with the In,Ga;_,As layer with 66%
indium alloy composition, and the GaAsj45Sbg ss/Ingee-
Gag34As heterostructure can be used for a staggered gap
TFET device structure.

It is important to characterize the surface morphology of the
metamorphic structure because of the expected cross-hatch
resulting from ideal strain relaxation with a minimum
concentration of threading dislocations, as this is an important
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Fig. 5. AFM micrographs of the surface of GaAs(45Sbgss in (a) 20 x 20
and (b) 5 x 5 um? area scans. The rms roughness values were determined to
be approximately 3.7 nm from the 20 x 20 um? scan and 3.5nm from the
5 x 5 um? area scan. Line profiles along the two orthogonal (110) directions
are also taken from the 20 x 20 um? scan and are shown in (c).

figure of merit for a metamorphic buffer on Si. Figure 5 shows
the AFM micrographs of the surface of GaAs45Sbg 55 in ()
20 x 20 and (b) 5 x 5 pm? area scans. Line profiles along the
two orthogonal (110) directions are also taken from the
20 x 20 um? scan and are shown in Fig. 5(c). This uniform
pattern from the surface of the graded GaAs;_,Sb, buffer on
Si is an indication of full relaxation, which is in complete
agreement with the X-ray and analytical results presented
above. Moreover, the uniform surface pattern predicts a lower
defect density, which is supported by the TEM analytical
results. The rms roughness of the GaAs)45Sbgss layer is
~3.7nm measured over the 20 x 20 um? area and ~3.5nm
for the 5 x 5 um? area, indicating film uniformity on Si. This
surface morphology corresponds to the strain relaxation
properties of the graded buffer layers, which is in agreement
with the literature.'>'7>'® The surface roughness of the
GaAsSb graded buffer can be lowered by using an antimony
valve cracker source during MBE growth, since Sb, species
have higher surface adatom mobilities than Sby species. These
surface roughness values are rather high, although they are
comparable to the reported results for metamorphic graded
buffers with lattice mismatch in the range from 4 to 8%."1°-2%
In this study, the lattice mismatch of the uppermost
GaAs 45Sby 55 layer is >12% with respect to the Si substrate,
and the lattice-mismatch-induced surface roughness cannot be
avoided for metamorphic growth. However, the defect control
within the buffer and the uppermost GaAs45Sbyss layer of
interest is an important design criterion for a lattice-mismatch
system and can severely impact the device performance. In
order to accommodate the lattice-mismatch-induced defects
between the top GaAsg4sSbgss layer and the Si substrate,
a two-step-graded GaAsSb buffer layer with different Sb
compositions was incorporated. Superior device (quantum
well transistors, FETs, tunnel diodes, and TFETs)"!92%
performances were achieved when the surface rms roughness
was similar to or higher than the results reported in this work.
Therefore, one can achieve excellent metamorphic device
performance on this virtual substrate.
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In conclusion, the growth, strain relaxation behavior, and 8)
defect properties of MBE-grown, compositionally graded
mixed-anion GaAs,_,Sb, buffer grown on an off-cut (001) Si 9)
substrate with a lattice misfit >12% were investigated.
Nearly ideal compressive strain relaxation behavior was  10)
observed with low surface rms roughness, which correlates 11)
with low threading dislocation density in the buffer. We
attribute this behavior in part to dislocation glide. Therefore,  12)
MBE-grown mixed-anion GaAs;_,Sb, step-graded buffers 13)
are a promising virtual substrate technology for extending
the performance and application of 6.1 A device technology,
since they enable various combinations of bandgaps and band ~ 14)
alignment while maintaining the high material quality. 12;
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