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ABSTRACT

We investigated the effects of thermal cycle annealing (TCA) at high temperatures on the defect density and morphology of GaAs epilayers
grown on (001) Si substrates. Several types of TCA combined with dislocation filter layers (DFLs) were introduced to reduce the defect
densities in the GaAs grown on Si substrates. Plan-view transmission electron microscopy shows that the defect density of a 2.7 um-thick
GaAs/Si template with optimized TCA and DFLs is 1.4 x 10" cm™>, lower than a 1.1 um-thick GaAs/Si template by a factor of 40. The
surface roughness of the optimized GaAs/Si template is 1.3 nm after insertion of the DFLs. Additionally, optically pumped InP quantum
dot micro-disk lasers (MDLs) were fabricated on these GaAs/Si templates to evaluate the template quality. Room-temperature continuous-
wave lasing of 1.5 yum-diameter MDLs was observed, with ultralow lasing thresholds ranging from 0.5 to 2 yW.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0124664

I. INTRODUCTION

Over the years, Si has been the backbone material in conven-
tional electronic circuits for data processing.’ Recently, Si-based
photonic integrated circuits (PICs) have gained increasing attention
because of their advantages in power consumption, high speed, and
large bandwidth capability.” ITI-V compound-based devices with
superior optical properties on (001) Si make III-V/Si hetero-
epitaxy highly desirable for monolithic integration.” I1I-V quantum
dot (QD) lasers directly grown on Si have shown good performance
in temperature stability and gain bandwidth due to discrete distri-
bution and strong carrier confinement.”” InP QD lasers grown on
GaAs emitting at the red and near-infrared (NIR) range are impor-
tant for underwater communication and molecular disgnostics.”’
InP QD lasers lasing at 730 nm have been demonstrated on (001)
GaAs substrates with 10°-toward the (111)A direction.® Realization
of PICs on Si in the red and NIR regime using InP QD lasers
grown on Si is a promising direction of investigation. However, the
epitaxy of GaAs on Si faces many challenges including large lattice
mismatch (4%), polar/non-polar interface, and a large difference in
thermal expansion coefficient between GaAs and Si. A high density
of crystalline defects such as threading dislocations (TDs) and
stacking faults (SFs) formed at the GaAs/Si hetero-interface signifi-
cantly degrades the lifetime and reliability of the devices.” The

polar/non-polar interface between GaAs and Si gives rise to the
generation of anti-phase boundaries (APBs), which are another
type of defect in the GaAs layer degrading device performance.
Traditionally, offcut Si substrates from the exact (001) orientation
by 2°-4° toward the [110] direction have been utilized to minimize
the formation of APBs during the growth of III-V materials on
S$i.'7'* APB-free GaAs was obtained on standard nominal Si (001)
wafers due to the formation of double step by annealing Si substrate
at high temperature under H,.'” Meanwhile, growth approaches
including strained layer superlattices (SLSs), thermal cycle anneal-
ing (TCA), and compositionally graded buffers have been intro-
duced to grow highly mismatched materials on different substrates
s0 as to reduce the threading dislocation densities (TDDs).' ™'

In this work, we report APB-free and smooth GaAs films
grown on commercial nominal (001) silicon (~0.5° offcut with
random orientation) in a metalorganic chemical vapor deposition
(MOCVD) system at a low growth pressure of 100 mbar. We inves-
tigated the effects of TCA and InGaAs/GaAs SLSs on the defect
density and surface roughness of the GaAs/Si templates. Based on
the optimized GaAs/Si templates, optically pumped InP QD micro-
disk lasers (MDLs) were fabricated on the templates, with the
lowest threshold of 0.5uW in continuous-wave (CW) mode at
room temperature (RT).
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Il. EXPERIMENTAL PROCEDURE

The growth of the GaAs/Si templates was performed in an
AIXTRON Close Coupled Showerhead (CCS) MOCVD system
equipped with a LayTec Epicurve-TT system for reflectance moni-
toring. Prior to growth, a 4-in. Si (001) wafer was cleaned in
boiling NH;OH:H,0,:H,0 (1:1:5) solution for 10 min and deoxi-
dized by 1% HF solution for 90s. The wafer was then loaded
into the MOCVD chamber and annealed in a pure H, ambient at
850 °C for 15 min to deoxidize and form bi-atomic terraces on the
Si surface. A uniform GaAs nucleation layer (~10 nm) was initi-
ated with GaAs islands first at 400 °C, with a V/III ratio of 30,
using triethylgallium (TEGa) and tertiarybutylarsine (TBA) as pre-
cursors. Subsequently, two layers of GaAs with a total thickness of
1 um were grown at 510 and 560 °C, respectively. The full width at
half-maximum (FWHM) of the x-ray diffraction (XRD) rocking
curves of the 1 um-thick GaAs/Si template is 600 arcsec. Next, the
4-in. as-grown 1um-thick GaAs/Si template without TCA was
cleaved into several pieces (2 x 2 cm?) for subsequent experiments
with TCA and dislocation filter layers (DFLs) growth. Three types
of TCA were experimented on the 1 um-thick GaAs/Si templates
to reduce the crystalline defects, followed by two types of
In,Ga,_,As/GaAs SLSs insertion for further reduction in TD. The
InP QD MDL structure was grown on the different GaAs/Si tem-
plates in an AIXTRON 200/4 MOCVD system. The laser structure
begins with a 500 nm Al 3Ga, ;As layer grown at 710 °C to serve
as the sacrificial layer in forming a pillar of the MDLs. Then,
a 110nm (Alys5Ga)gs2Ing 5P cladding layer was grown at the
same temperature, followed by 3.2 ML InP QDs and 10 nm
(Alp1Ga)g 52Ing 4sP cap layer grown at 690 °C. Finally, a 110 nm
(Alps5Ga)gszIng 4P cladding layer was grown at 710 °C. Using
dispersed silica beads as the hard mask, inductively coupled
plasma (ICP) dry etching was conducted subsequently to fabricate
a cylindrical pillar. After that, the Al;;Gag;As pedestal was
formed by immersing the sample in a H;PO,:H,0,:H,0 (3:1:30)
solution for 60 s.*”

lll. RESULTS AND DISCUSSION

The surface morphology of the as-grown GaAs/Si templates
was assessed by atomic force microscopy (AFM). As shown in
Fig. 1, the surface roughness of a 1um-thick GaAs/Si sample is
1.26 nm, root-mean square (RMS) of the 10 x 10 um> AFM image.
Step flow and several SFs along the (110) direction can be observed
on the surface of GaAs with irregular undulation.

The detailed TCA conditions used in our study are
described in Table I, and the corresponding templates are
labeled as S;-S;. For sample S;, four cycles of TCA were per-
formed on the GaAs/Si template with temperature cycling
between 330 (5min) and 680 °C (5min), after which a 100 nm
GaAs layer was grown on top at 560 °C. Sample S, was heated
to 740°C under an arsenic overpressure environment, held at
that temperature for 4 min, and then cooled down to 330 °C for
four cycles. Different from samples S; and S,, two sets of TCA
were performed on sample S;. The first set of TCA was the
same as that carried out on sample S;. The 350 nm GaAs layer
grown at 650 °C was intended to act as an intermediate layer to
avoid decomposition of GaAs during the second TCA at high
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FIG. 1. 10 x 10 um* AFM image of a 1 um-thick GaAs/Si template with step
flow and SFs. The RMS value is 1.26 nm. The color scale is 30 nm.

temperature. The second set of TCA was performed on sample
S; with a maximum temperature of 730 °C. The reduction in the
FWHM of the XRD rocking curves of the GaAs/Si template
from 600 to 382 arcsec proves that the crystalline quality of the
GaAs was improved significantly by the TCA technique. The
FWHM of the XRD rocking curves of the GaAs/Si templates
decreased from 382 to 198 arcsec as the temperature gap and the
number of cycles in the TCA increased.

The surface morphology of sample S, illustrated in Fig. 2(a)
shows a low surface roughness of 1.1 nm, and several SFs can be
observed on the surface of the sample. From the AFM image of
sample S, shown in Fig. 2(b), the SF density decreased significantly
with the increase in the annealing temperature. However, the GaAs
surface degraded dramatically when the maximum annealing tem-
perature reached 740 °C, which is consistent with the report from
Shang et al,”’ and many pits formed on the GaAs surface due to

TABLE I. Samples with different TCA conditions.

Sample FWHM Thickness
no. TCA condition (arcsec) (um)
S 4 cycles TCA between 680 382 1.1
and 330 °C + 100 nm 560 °C
GaAs
S, 4 cycles TCA between 740 323 1.1
and 330 °C + 100 nm 560 °C
GaAs
S; 4 cycles TCA between 680 198 1.6

and 330 °C + 150 nm 560 °C
GaAs layer (first TCA)
350 nm 650 °C GaAs layer +
4 cycles TCA between 730
and 330 °C + 100 nm 560 °C
GaAs (second TCA)
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its decomposition at high temperature. On top of sample Ss,
another 100 nm GaAs layer was grown at 560 °C after the second
four cycles. Based on the optimization of the TCA conditions on
sample S;, a smooth surface with a clear step flow was achieved for
the GaAs/Si template, with a surface roughness of 1.06 nm, as illus-
trated in Fig. 2(c). The surface morphology of sample S; was
improved by introducing the GaAs intermediate layer at 650 °C and
the second four cycles of TCA at 730 °C.

As illustrated in Figs. 3(a) and 3(b), two types of InGaAs/
GaAs SLSs acting as DFLs were grown on different GaAs/Si tem-
plates at 510 °C, and the corresponding structures are labeled as T,
and T,. One set of InGaAs/GaAs DFLs consists of 10 periods of
9.6 nm Ing;55GaAs/12 nm GaAs, and the thickness of the GaAs
spacer in template T, is 400 nm. To decrease the total thickness of
GaAs buffer, a 280 nm GaAs spacer was grown in T,. Figures 3(c)
and 3(d) present the surface morphology of samples T; and T,
respectively. The surface roughness of the two templates is 1.76 and
1.3 nm measured from two 10 x 10 um> AFM images, and the step
flow formed on sample T, is more apparent than that on sample

@3 owem ([ maen

10 x {9.6nm Ing ssGaAs/12nm GaAs}

400 nm GaAs

T1 10 x {9.6nm Ing ssGaAs/12nm GaAs}
100 nm GaAs

A

(c)

S3
2 um
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FIG. 2. 10x10um? AFM images of
sample (a) S; with SFs, (b) S, with
pits, and (c) S; with smooth surface.
The RMS values for these three
samples are 1.12, 5.6, and 1.06 nm,
respectively. The color scale is 30 nm.

T;. The surface roughness of these two templates was increased due
to the two sets of 10 period SLSs insertion.

Figures 4(a) and 4(b) show plan-view transmission electron
microscopy (PV-TEM) images of samples T; and T,, respectively.
The average defect density of samples T, and T, obtained from stat-
istical data over an area of 300 um? is counted to be 6.4 x 10" and
1.4 x 10" cm™>, respectively. Figure 4(c) presents the surface rough-
ness and defect density of different GaAs/Si templates as a function
of buffer thickness. A lower defect density of 1.4 x 10" cm ™ and a
smooth surface with an RMS value of 1.3nm were obtained on
sample T, with a total GaAs buffer thickness of 2.7 um, showing a
significant reduction by a factor of 40 compared to sample S;.

Cross-sectional TEM (X-TEM) images of samples T; and T,
are depicted in Figs. 5(a) and 5(b), respectively. A high density of
TDs and SFs generated at the GaAs/Si hetero-interface propagated
toward the interface between the first SLSs and GaAs without
obvious interruption, as shown in Fig. 5(a). The propagation of
some TDs and SFs was bent inside the first SLSs, and their glide
direction was changed to the (001) plane. However, the rest of TDs

10 x {9.6nm Ing ssGaAs/12nm GaAs}

280 nm GaAs

T2 10 x {9.6nm Ing 1s3GaAs/12nm GaAs}

100 nm GaAs

| ’

FIG. 3. Schematic diagrams of
samples (a) Ty and (b) T,. Both T4
and T, contain two sets of 10 periods
of 9.6nm Ing453GaAs/12nm GaAs
SLSs, and the spacer thicknesses in
Ty and T, are 400 and 280nm,
respectively. 10 x 10um? AFM images
of sample (c) Ty and (d) T,. RMS
values for these two samples are 1.76
and 1.3nm, respectively. The color
scale is 30 nm.
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FIG. 4. PV-TEM images of samples (a) T4 and (b) T,. (c) Surface roughness and defect density of the GaAs/Si templates vs buffer thicknesses. Defect density decreased
from 5.8 x 10° (S;) to 1.4 x 10" cm~2 (T,), and T, has a smooth surface with an RMS value of 1.3 nm.

could not be blocked by the DFLs. They moved up through the epi-
layers and reached the top surface of the GaAs, as evidenced in
Fig. 5(a). Since the threading dislocation density (TDD) was still
very high after the TCA, the DFLs could not bend all defects into
the (001) plane of the SLSs with the finite influence of strain on the
defects. Therefore, the remaining defects propagated up to the top
surface of the GaAs.

Compared to sample T, the interaction and annihilation of
defects took place more prominently in the GaAs epilayer between
the first SLSs and GaAs/Si interface in sample T, during the TCA
due to the dislocation movement under high temperature and
thermal stress conditions.”**” So, the TDD at the GaAs/Si interface
in sample T, is lower than that in sample T). In general, annealing
at high temperature allows sufficient strain relaxation in GaAs film,
which promotes the movement of dislocations.”® Two glissile TDs
can glide and react with each other when the angle between their
Burger vectors is 60°, and they are within the capture radius R of
each other.”””® Because the reaction between glissile TDs raises the
energy of the TDs, mobile TDs tend to glide to a lower energy
state. The annealing at high temperature assists mobile TDs to
move to equilibrium positions. Additionally, the rise in the vacancy
achieved by the high-temperature annealing also increases the TD
movement, which also drives mobile TDs to a lower energy state.””
This implies that high-temperature annealing is very effective in
reducing TDs. The TDD decreased dramatically in sample T, after
TCA at 730 °C compared with sample T;. At the same time, the

(b)

500 nm

|
D agnihilatidn
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o~ \
[
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350nm GaAs intermediate layer grown at 650°C avoided the
decomposition of GaAs at the surface as well as contributed to the
further reduction in TDDs. After that, the TDs were bent by the
strain fields of the SLSs and propagated at the SLS interfaces along
the (110) directions to meet and interact with each other.”” The
TCA at high temperature combined with SLSs reduced the defects
through termination and bending.

To evaluate the effectiveness of the TCA and SLS dislocation
filter, a structure of InP QD laser was grown on different GaAs/Si
templates, and the same MDL structure was also grown on a native
(001) GaAs substrate in the same run for a fair comparison. The
detailed growth parameters of the laser have been reported in our
previous publication.”” Figure 6 presents the RT photolumines-
cence (PL) spectra of the as-grown samples on the GaAs/Si tem-
plates and GaAs substrate excited by a 514nm CW diode laser
with a pump power of 2.5uW. The PL intensity of the InP QDs
grown on the GaAs/Si templates increased with reduced TDD,
indicating a better crystalline quality of the GaAs with TCA
performed at a higher temperature. The residual tensile strain and
the thermal mismatch between the III-V material and Si could
have resulted in the red-shifted PL peak wavelength of the QDs
grown on the GaAs/Si templates.”’ Moreover, the apparent shoul-
der of the spectra in the longer wavelength can be attributed to the
size fluctuation of the QDs.””*” In addition, the emission of the
(Aloi1Ga)o_szIn()AgP/(A10A55Ga)0.521n048p quantum well under
pumping gave rise to a weaker PL peak near 645 nm.

FIG. 5. X-TEM images of samples
(a) T4 and (b) T, respectively. Some
TDs and SFs could not be trapped by
second SLSs in T4, while the interac-
tion of defects took place obviously in
GaAs epilayer of T, due to the higher

: . annealing temperature.
interaction 9 P
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fabricated MDLs were optically pumped at RT using a CW 514 nm

14.0k{—QDon S, RT laser with a focused spot size of ~2 um. Figures 7(a) and 7(b) show

: —QDonT, the representative power-dependent spectra of the MDLs grown on
12.0k4—QDonT, sample T, and the native GaAs substrate, respectively. The two sets
—QD on GaAs of spectra show the transition from the spontaneous emission at an

10.0k 1 extremely low pumping power of 15nW to the stimulated emission

mode above the threshold (~1 #W). The image shown in the inset
of Fig. 7(a) is a 70° tilted scanning electron microscope (SEM)
image of a fabricated MDL on the GaAs/Si templates. Figure 7(c)
displays the integrated output intensity plotted as a function of the
pump power (L-L curve) of the representative MDLs on the GaAs
substrate and the different GaAs/Si templates. Since the data mea-
sured at the region of spontaneous emission are dense, the X-axis
is divided into two parts (—0.1-0.6 and 0.7-16 uW). Compared to
! the MDLs grown on sample S;, the slope efficiency extracted from
640 660 680 700 720 740 760 780 800 the linear region of the L-L curve of the MDLs grown on the other
Wavelength (nm) templates (T; and T,) is larger, with a higher output intensity
under the same pumping conditions. This indicates that the perfor-
FIG. 6. RT-PL spectra of the InP QDs grown on the native GaAs and the differ- mance of the MDLs is related to the quality of the Gads

. 6. RT- Wi v iffer- " : ;
ent GaAs/Si temSIates pumped at 2.5 ,u?N. PL intensity of the QDs on the GaAs/ Additionally, the lasing threshold and slope effic1ency of the MDLs
Si templates increased with the decrease in defect density. on .sa.rnple T, are comparable to those on the na.tlve GaAs. The
statistical data of the MDLs grown on the GaAs/Si templates and
the native GaAs are summarized in Fig. 7(d) for a fair comparison.
With the decrease in TDD in GaAs/Si templates, the average
MDLs with 1.5 um-diameter were fabricated using a colloidal threshold is counted to be 1.76 uW for the MDLs on sample Ss,
lithography method.” ICP etching was performed to define a while gradually decreased to 1.16 uW for lasers on sample T, with
region of cylindrical pillars on the samples, followed by selective  the lowest TDD, the value of which is quite close to 1.07 uW on
wet etching to form AlGaAs pillars. For characterization, the the native GaAs. The lasing thresholds of the MDLs on sample T,

8.0k

6.0k -

4.0k -

2.0k

PL intensity (arbitrary units)

0.0
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a)’
(,) onT, = on GaAs
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2 2 J MDLs grown on (a) sample T, and (b)
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8 0.5 yW A o {o50w sion intensities from  spontaneous
E Toosuw £ 10.015uW mode to lasing mode. Inset: SEM
— ' ; . . r . image of a fabricated 1.5 um-diameter
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Wavelength (nm) Wavelength (nm) GaAs substrate and the different GaAs/
(C) 7/ (d) | Si templates. The slope efficiency of
eonT, ° onS; | onT, | onT, pnGaAs MDLs on native GaAs and template T,
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clustering around 0.5-2uW, are also comparable to those on the
native GaAs substrate. We can ascribe the small difference in
average threshold between the MDLs on sample T, (1.16 uW) and
the GaAs substrate (1.07 4W) to the high quality of the GaAs/Si
template as well as the InP QD gain material.

IV. CONCLUSIONS

In conclusion, we presented the growth of GaAs films on
(001) Si substrates and investigated the effects of TCA and InGaAs/
GaAs SLS buffers on the dislocation and morphology evolution of
GaAs/Si templates. A smooth surface was obtained, thanks to an
intermediate layer of GaAs deposited at 650 °C. PV-TEM measure-
ments illustrated that the defect density in the optimized GaAs/Si
templates is 1.4 x 10" cm™> Based on the optimized GaAs/Si tem-
plates, we demonstrated InP QD MDLs with the lowest threshold
of 0.5 uW under CW optical pumping at RT. Furthermore, the per-
formance of MDLs on the optimized GaAs/Si templates was com-
parable to that of MDLs on the native GaAs substrate, denoting the
high material quality of the GaAs/Si template and smooth surfaces.
We believe that the realization of superior performance of the
MDLs grown on Si is a promising step toward the integration of Si
photonics with optoelectronic devices.

SUPPLEMENTARY MATERIAL

See the supplementary material for the in-situ reflectance of
sample S; and second TCA in S; and sample T,. X-TEM images of
S, can also be found in this part.
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