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We compare the effect of InGaAs/GaAs strained-layer superlattice (SLS) with that of GaAs thick buffer layer (TBL)
serving as a dislocation filter layer. The InGaAs/GaAs SLS is found to be more effective than GaAs TBL in blocking
the propagation of threading dislocations, which are generated at the interface between the GaAs buffer layer and the Si
substrate. Through testing and analysis, we conclude that the weaker photoluminescence for quantum dots (QDs) on Si
substrate is caused by the quality of capping Ing ;5Gag gs5As and upper GaAs. We also find that the periodic misfits at the
interface are related to the initial stress release of GaAs islands, which guarantees that the upper layers are stress-free.

Keywords: quantum dots, dislocation filter, molecular beam epitaxy (MBE), silicon photonics
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1. Introduction

Si-based optical materials and devices have been exten-
sively investigated in the last few years!!-%! because Si-based
laser was considered to be the holy grail of Si photonics for
the researchers of photonic communities. However, Si is an
indirect bandgap material and the radiative recombination pro-
cess for an Si emitter is insignificant compared with nonradia-
tive recombination process. Direct bandgap III-V compounds
have robust photonic properties for semiconductor emitters in
a wide range of photonic applications.!”-8! Therefore, hetero-
epitaxial growth of III-V compound semiconductor materials
on Si is one of the most promising ways to realize Si-based
laser fabrication. The difficulties in monolithically integrating
the GaAs on Si substrates consist in the differences in lattice
constant and thermal expansion coefficient among them, and
the formation of anti-phase domains (APDs) due to the po-
lar/nonpolar interface of III-V/IV.!”! The high-density thread-
ing dislocations (TDs) are generated by misfit of lattice con-
stant and misfit of thermal expansion coefficient, and could
propagate into the active region and become nonradioactive
recombination centers, and hence lead to significant degener-
ation of the optoelectronic conversion efficiency and device
lifetime,[10-11]

Studies have shown that using (100) oriented Si sub-
strates with 4° offcut toward [110] plane could reduce the
formation of APDs,[!?] besides, a pre-layer technique could
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also lessen the APDs. As for the elimination of TDs, some

means have been used, like substrate graphic processing,!?!

transition buffer layer growth, materials like Ge or GaP,[!4-10]
whose lattice constant is in the middle of Si’s and GaAs’ lattice
constant, introducing a thick GaAs buffer layer and strained-
layer superlattices (SLS),!'7~!! bonding,?>?! etc. Although
progress has been made in the hetero-epitaxial growth of III-V
compound on Si, the research in this field, on the whole, is not
in-depth and many issues remain to be further investigated.

In the case of direct growth of GaAs on Si, thick GaAs
buffer layer (TBL) and SLS are desirable,*>?3! because they
are not as complicated as the alternatives and they do not intro-
duce additional processes. The InGaAs/GaAs strained-layer
superlattices could reduce the dislocation density because the
strain of SLS can filter out TDs.[!7->#] Research of the thick
buffer layer has shown that the TDs decrease with the in-
crease of GaAs thickness.?>! However, most of the previous
studies focused on the structure and growth condition of SLS
and buffer layer.!'’-1924] The efficiencies of these two meth-
ods in eliminating the TDs and the comparison between their
active region quality have not yet been reported. Since the
photoluminescent wavelength of InGaAs/GaAs quantum dot
(QD) is in the range of communication band, we grow the In-
GaAs/GaAs QDs on the top of SLS and TBL serving as the
active layers. In addition, the measurement of QD lumines-

cent property is an extremely convincing way to test the crys-
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tal quality of the entire epitaxial material. In this paper, we
find that the periodic misfits in the interface are related to the
initial stress release of GaAs islands, which guarantees that the
upper layers are stress-free. We also demonstrate that the SLS
is more effective in blocking the TDs than GaAs thick buffer
layer because its stress could suppress the misfits from react-
ing to each other. Therefore, the photoluminescence (PL) of
QDs grown on the SLS buffer layer has a better quality than
on the GaAs TBL.

2. Experimental details

To suppress the APDs, all the Si substrates were in the
(100) direction with 2°—4° offcut towards the [110] plane. The
oxide desorption was performed by holding the Si substrates
at a temperature of 1100 °C for 20 min. The RHEED im-
age shows a clear (2 x 1) reconstruction of Si, which indicates
the surface is clear and the formation of double monolayer

5.1261 The substrate was then cooled down to 380 °C for

step
growing a 5-nm AlAs as the nucleation layers and a 30-nm
GaAs followed as the low temperature buffer layer (LTBL).
Its growth rate was the same as the AlAs nucleation layer’s,
as low as 0.1 monolayer (ML)/s. The temperature then in-
creased up to 480 °C, a 100-nm middle temperature buffer
layer (MTBL) was grown with a growth rate of 0.3 ML/s, fol-
lowed by annealing at 650 °C for 5 min. Then, an additional
870-nm high temperature buffer layer (HTBL) was grown with
a growth rate as high as 0.58 ML/s at 580 °C.

For sample A, another set of LTBLs, MTBLs, and HT-

BLs were grown on the as-grown structure. For sample B,
three repeats of SLS and 400-nm GaAs were deposited on the
as-grown structure. The growth of SLS included a five-period
(10-nm-Ing ;5Gag gsAs/10-nm GaAs) superlattices at 420 °C
on the as-grown structure, followed by annealing at 610 °C
for 5 min, which can further strengthen the effect of SLS in re-
ducing the TDs.[?* Then the substrate temperature decreased
down to 580 °C for growing the 400-nm GaAs. Sample C was
grown on the exact GaAs (100) substrate, and the QDs were
also grown on the top of 300-nm GaAs buffer layer used for

the contrast experiment.

Fig. 1. RHEED image of clear Si surface. (a) (2 x 1) reconstruction of [100]
direction and (b) (2 x 1) reconstruction of [110] direction.

The growth parameters of QDs for all samples are iden-
tical, a five-layer InAs/GaAs quantum dot (QD) was grown
on the top of the structure, which consists of 2.5-ML InAs
at the bottom, 5-nm Ing ;5Gag g5As in the middle and 40-nm
GaAs on the top. Only the top QD layer was uncapped for the
Atomic Force Microscopy (AFM) measurement. The PL test
was also carried out on the surface of uncapped QDs. All of
the materials were grown in a Veeco Gen 930 MBE system,
and the different structures of all samples are shown in Fig. 2.

40 nm GaAs

InGaAs

40 nm GaAs

InGaAs

HT: 870 nm GaAs

LT: 30 nm GaAs

NL: 5 nm AlAs

Si substrate

sample A

N0 nm InGaAs/10 nm GaAs (X5)
HT: 870 nm GaAs
MT: 100 nm GaAs
X2 LT: 30 nm GaAs
NL: 5 nm AlAs

Si substrate

sample B

400 nm GaAs

40 nm GaAs
InGaAs

300 nm GaAs

GaAs substrate
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Fig. 2. (color online) Schematics of InAs/GaAs QDs on Si and GaAs substrates.

3. Results and discussion

The measurement of PL spectrum and AFM are shown in
Fig. 3. The intensity of sample A is half the intensity of the
GaAs substrate and one-sixth the intensity of sample B. The
full width at half maximum (FWHM) is 58 meV for sample
A and 61 meV for sample B compared with the 35 meV for
GaAs. Figure 4 shows the cross-sectional TEM view of the

as-grown structure on an Si substrate. The high densities of
threading dislocations are visible in both samples. While the
GaAs TBL and SLS could stop most of the TDs from propa-
gating into the active region, there are still some dislocations
penetrating into the QDs region and reducing the PL. And it is
the reason why their PL intensity and FWHM are worse than
QDs grown on a GaAs substrate. To understand how the TDs
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affect the active region, we study the surface appearance by
combining the SEM testing method.
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Fig. 3. (color online) Room-temperature PL spectra and AFM image of
InAs/GaAs QDs sample.

The density of QDs is about 1010 cm—2-10!! cm~2, and
studies show that the density of TDs that could propagate
into the active region for samples A and B are both about
10* cm~2-107 em 2,24 according to

p(o)
pTD - 1D (0) 5 (1)
1+2Rqtan (0)prph

which is proposed by Romanoyv, it is the most general TBL cal-
culation equation. In Eq. (1),?” 8 is the angle between line
direction of TDs and perpendicular direction, 4 is the layer
thickness; R is the capture radius: if the distance between dis-
locations is less than R, it is deemed that the dislocations meet
and react with each other because of the energetically favor-
able reaction; ¢ is the possibility of annihilation of one of the
TDs in each encounter; p%))) is the initial TD density at & = 0.
For sample B, the relationship between the strain and density
of TDs is

—2Rqge;
p1o (&) = p\ exp (—q) , @)

where D is a constant relating to the array; b is the magnitude
of the Burgers vector component that relieves misfit strain; &
is the strain of material, and the relaxation of it can be pro-
duced by TDs’ moving. 8]

The size of one QD is about a dozen of nanometers, so
in one square centimeter, only few hundredths of the area is
take up by QDs. Combining with the SEM test in Fig. 5, it is
shown that no TDs along the surface react with a raw of QDs.
We can conclude that most of the TDs have a small angle rel-
ative to the surface normal; that is, there is no TD alongside
the surface. So we can assume that the possibility for a TD
to directly pass though a quantum dot is too small to affect

the PL intensity. Although the TDs do not greatly affect the
QDs, they have a dramatic influence on the quality of cap-
ping Ing.15Gag gsAs and upper GaAs. The TDs could become
the non-radiative recombination centers in the energy gap and
trap some of carriers, which explains why the PL intensity of
QDs on Si is lower than on GaAs substrate. In this paper, we
demonstrate that the SLS is more efficient in blocking the TDs
than the TBL, and the capping Ing ;5Gag ssAs and the upper
GaAs lead to weak PL.

(0)0)

active region

GaAs TBL Sample A

Si substrate

Fig. 4. Cross-sectional TEM image of InAs/GaAs QD on Si substrate.

12.75nm | 402e-1pm2 |

16.39 nm

Fig. 6. (color online) TEM images of SLS reacting with TD: (a) SLS block-
ing the TDs and (b) TD penetrating into active region.
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Figure 4 shows that the PL intensity of sample B with
SLS is three times as high as that of sample A; that is, the
strain of Ing 15Gag g5 As/GaAs suppresses the TDs. Under the
effect of strain, some orientation TDs react with each other. If
they conform with the lowest energy principle, then the defects
will disappear as shown in Fig. 6(a). But in sample B there
are still some TDs that have penetrated into the active region
as shown in Fig. 6(b), thus degenerating the material quality
of surrounding Ing ;5Gag g5As and GaAs. But the number of
TDs penetrating into active region of sample B is less than
that of sample A; that is, the SLS is more efficient in blocking
TDs than the TBL. So the PL intensity of sample B is much
stronger than that of sample A.

To further understand the defects and their micron-stain,
we use the geometric phase analysis (GPA)!?°! to analyze the
interface between GaAs and Si, and the QDs. The core princi-
ple of GPA is that by Fourier transforming the high resolution
image of TEM, microscopic stress can be analyzed. Phase and

displacement are related by
Py (r) = —2mg-u(r). 3)

And the 2D displacement and phase are related with

wi) = 5= Ba (e +Pa (), @

gi-aj = 6jj. &)
So the phase gradient and reciprocal lattice deviation are re-
lated by

VP, (r) =2mAg(r). (6)
Then
Y 2 ax]' 8x,~ A
_ duy _ duy 1 (Ouy | duy
G x TGy sxy—z(ay +x>v @

Ay = 3 <a_xj+a—x:> , Le, Ay= z(gxx‘}‘g)’Y)v ®)

1 (du; du . 1 (duy du,
o3 (5-5) e w3 (F-5)-©

The &, €y, and &, represent the strain of X direction, Y direc-

tion, and XY plane, respectively, and A,y and @, represent the
mean dilatation and rotation in XY plane. These relations are
only valid for small deformations; however, the GPA uses the
full relations suitable for large deformations. Based on this,
the GPA is made for the microscopic property measurement
of material, so the distribution of the micron-stain and defects
could be measured by this method. Figures 7 and 8 are the
GPA results of Si hetero-epitaxy interface and InAs quantum

dots, respectively.

Fig. 7. (color online) GPA analysis of interface between Si and AlAs on sample A: (a) the interface of Si and AlAs, (b) &, (¢) &y, (d)

Axy, (e Wy, and (f) Exy.

As shown in Figs. 7(b) and 7(c), the Si is displayed in blue
and AlAs/GaAs is displayed in red, indicating that the lattice

constant of Si substrate is smaller than that of GaAs and AlAs.

The extreme value of &, and g,,, marked by yellow circles,
suggest that in these regions there are plenty of defects, in-

cluding two types of defects; i.e., I-type (Lomer misfits) and
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II-type (60° misfits).’?) We find the extreme value periodi-
cally along the interface in both samples, and the period is
about 5 nm—10 nm. It could be explained by the growth pro-
cess of GaAs on Si. The initial GaAs islands are coherent with
Si substrate, but with the increase of GaAs island, mismatch
between Si and GaAs begins to show and lead to stress accu-
mulation. When the size of GaAs island is big enough, the
stress would be released and plenty of misfits appear at the in-
terface. The period of misfit along the interface is related to
the initial density of GaAs islands.[3-34]

The formation of periodic misfits guarantees that the thin
film and active region are stain-free, as shown in Fig. 8. Al-
though the color of InAs QDs’s region is lighter than those in

other parts, no extreme point is shown in GPA image, which
means that QDs are defect free. If there is a TD crossing the
QD, then the strain will abruptly change and extreme point
will be shown in the GPA image. This can prove that the ex-
perimental results are consistent with the assumption as men-
tioned before that the possibility for a TD to directly cross a
quantum dot is too small to impair the QDs quality. The QDs’s
GPA image for samples A and B are identical, so we can also
conclude that the active region is strain-free for both samples.
The initial growth of buffer GaAs layer makes the upper lay-

ers stain-free, because the initial misfits between GaAs and Si

release the mismatch stress.

Fig. 8. (color online) GPA analysis of stress free InAs quantum dots: (a) the quantum dot of InAs, (b) &, () &y, (d) Ay, (€) Wy, and () &,.

4. Conclusion

We introduce two methods of growing QDs on Si sub-
strates, and the QDs’ density is as high as the GaAs substrate’s;
i.e., about 10'° cm=2 ~ 10! ¢cm~2. From the measurements
of SEM and GPA, we conclude that the initial misfits could
release the stress caused by lattice constant mismatch. This
mechanism guarantees that the active regions are stress-free.
Although the quality of InAs QDs is the same for two sam-
ples, SLS shows better PL quality than TBL. The growth of
SLS means that most of the TDs are blocked under the buffer
layer and disappear by reacting with other TDs. Furthermore
the quality of Ing15GaggsAs capping layer and upper GaAs
layer are better than that of TBL. Finally, the FWHM of SLS

is as low as 58 meV and intensity is one third of GaAs sub-
strate.
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