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PublishiABSTRACT
Monolithic integration of InP on a Si platform ideally facilitates on-chip light sources in silicon

photonic applications. In addition to the well-developed hybrid bondmg techniques, the direct

epitaxy method is spawning as a more strategic and potentlally 0 ffectlve approach to

monolithically integrate InP-based telecom lasers. To minimize anted defects within the
InP crystal, we explore multiple InAs/InP quantum dots a catl filters. High quality InP
buffer is thus obtained and the dislocation filtering féEt e quantum dots are directly
examined via both plan-view and cross-sectional tc electron microscopy, along with

room-temperature photoluminescence. The de&ﬁ:@ on InP surface was reduced to

3x10%/cm?, providing an improved optical ﬁi@ active photonic devices on Si substrates.

This work offers a novel solution to adv e arge-scale integration of InP on Si, which is

beneficial to silicon-based long- waﬁlen lasers in telecommunications.
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Publishing. INTRODUCTION
The on-chip light source has always been an indispensable building block in silicon
photonics, which normally relies on the heterogeneous integration of III-V active layers on
silicon.'> The hybrid integration approach including wafer bondip@ technique offers agile
solutions to photonic integrated circuits (PICs) with reduced ev@%ﬂ time.> However,
stringent alignment is usually required and the wafer size IS\RKI'[ by the original II-V
substrates. In this regard, monolithic direct epitaxial growﬂ\l ‘)er"ges. as an attractive alternative
to eliminate the high-precision fabrication steps and thi approych is naturally suitable for high
volume production at a minimum cost.* Recent y,(hg em’rgence of high performance 1.3 um
quantum dot (QD) lasers motivates the optimization ;.p;taxial growth of GaAs on Si with low
dislocation density.>® Yet, for multi-cha Wength division multiplexing (WDM) in long-
haul telecommunications, photonic d T@ﬁ arevmostly fabricated on the basis of InP and its

"
related alloys. Although efforts dgs\ d to growing high quality InP-on-Si (IoS) compliant

g

substrates originated since the 10 progress is still hindered by the 8% high lattice
mismatch, twice the mis @S/Si. Consequently, the most serious issue in heteroepitaxy is

the high density of, ofs, iy ding threading dislocations (TDs), stacking faults (SFs), twins,

and anti-phase bouNs APBs).!! To alleviate this problem, various techniques have been

) 12-13
5

attempted 4 selcetive-area growth (SAG epitaxial lateral overgrowth (ELOG),'* adopting

£
compositional,_ grided/intermediate buffers,'>'® inserting two-dimensional (2D) strained

interlayers or)uperlattices (SLs),'”"!* and applying a thermal cycle annealing process,’ to name a

fe 5
<

Previously, we adopted self-assembled InAs/InAlGaAs QDs system as the dislocation filter

layers (DFLs),'" and reported on the effectiveness. In this article, the QD DFLs are
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Publishisyiematically optimized to further improve the InP crystalline quality. By replacing the
InAlGaAs alloy with a InP cap layer, the growth front of InP buffer can be smoothed prior to
each subsequent QD layer. As a consequence, the surface of the IoS substrate is much smoother

with a root-mean-square (RMS) value of only 2.88 nm across a scannin@ area of 10x10 um?. The

dislocation filtering effect was examined by statistical pldn-view and cross-sectional

transmission electron microscopy (PV-TEM and XTEM) app ac aling a reduced defect
density of 3x10%/cm?. To further evaluate the optical pr. p "'Uf~the IoS templates, a single
layer of InAs/InAlGaAs QDs sandwiched by InAlGa cladymgs was deposited on the InP
buffers and an evidently improved photoluminesce emission was achieved based on the

_
optimized InP buffer with the optimized InAs/&Q' islocation filters.

II. EXPERIMENTAL SECTION \\‘
<

(a)

2" |nAs/InP QDs DFL

1%t InAs/InP QDs DFL

600 nm GaAs 600 nm GaAs
Si (001) substrate Si (001) substrate
FIG. 1. Schem llustration of InP grown on planar Si with (a) a single strained InGaAs interlayer, and two

periods of layeyInAs To

V.

(N&' ustrates the schematic of three samples compared in this study. All the material

s completed on 4-inch nominal (001) silicon substrates using an Aixtron AIX-200/4

P QD DFLs with a dot height of (b) 2 nm, and (c) 5 nm, respectively.

-

tal -organic chemical vapor deposition (MOCVD) system. Prior to III-V material growth, the

silicon substrates were cleaned by a standard RCA-1 solution and then thermally annealed at
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Publishig@ °C for oxide desorption. For the epitaxial growth of InP on Si substrates, a GaAs
intermediate buffer was adopted to accommodate the lattice mismatch.'® The GaAs buffer
consists of a 10-nm-thick low-temperature (LT) GaAs nucleation at 400 °C with a low growth
rate of 1.5 nm/min, a moderate-temperature (MT) buffer at 550 °C EJ smooth the growth front

with growth rate gradually increasing from 2.4 to 15 nm/mi a}i finally, a thick high-

temperature (HT) layer at 600-630 °C to acquire good material quality

>

of 30 nm/min. The growth procedures for the InP buffer eXaetly the same as the GaAs,
—

ith a fast deposition rate

except for a slightly higher nucleation temperature at 43§ °C. 1)1 sample A, a standard structure

-

with 1.5 pum InP (inserted with a 50-nm-thick singl traiﬁ)d InossGao.42As interlayer) grown on
| -

the 1-um-thick GaAs buffer, serving as a reference. sample B and C, two periods of 5-layer
InAs/InP QDs were introduced during t Qlayer growth, separated by 300 nm HT-InP
spacer. The InAs/InP QD filters bega%tl \t\ deposition of a 1.5 nm Ino4sGaossAs wetting

layer, followed by 3.6 monolayer ( QDs growth at 510 °C with a rate of 0.4 ML/s and

an effective V/III ratio of 0.4. er a 25s growth interruption (GRI) without any arsenic

injection, the LT-InP ﬁ% g layer (FCL) was deposited at the same temperature as QDs
ML

and a growth rat7t&/} ubsequently, the temperature was ramped up to 600 °C for the

HT-InP secon CM layer (SCL). The temperature profiles for samples A and C are

D

summarized in
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FIG. 2. Schematic showing the detailed InP-on-Si I'(N‘

~

O
The difference between samplgs &C‘mainly lies in the height and morphology of the
m

QDs, achieved by varying the Kn\n ickness of the LT-InP cap layer (h=2 nm for sample
B, and 5 nm for sample C). The basiciinformation about the three grown samples is summarized
in Tab. 1.

£

/\ TAB. 1. Summary of the three as-grown samples.

Sample })is tion filter materials Buffer thickness (um) Defect density ~ Roughness
y (PV-TEM)  (10x10 pm?)
Al 50 gh-{rained Ing ¢Gao 4As interlayer 1 pm GaAs + 1.5 um InP 1.2x10%cm? 4.60 nm

2

}? WO periods of multiple InAs/InP QDs 0.6 um GaAs+ 1.5 um InP 5.5x10%/cm? 2.56 nm
(hgp=2 nm)

\C\ Two periods of multiple InAs/InP QDs 0.6 um GaAs +2.8 um InP 3.0x10%/cm? 2.88 nm
(hgp=5 nm)

w
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Publishinig. RESULTS AND DISCUSSION
A. Effects of InP spacer
Figure 3(a) depicts the cross-sectional scanning electron microscope (X-SEM) image of

sample A. To better reveal the morphology of the inserted InGaAs Jayer, sample A was wet-

etched in a H3POs-based solution prior to SEM characterization/ rt} notéd that the inserted

InGaAs ternary alloy was quite bumpy and the thickness flu %\’

rough InP growth front and the compositional disorder o ternary alloy. By further
-

is probably due to the

capping the InGaAs with the binary InP, the surface can be smoathed again. For sample B and C,
-

!
InAs/InP QD DFLs were applied, and the InP K(;;ﬁator was fixed at 300 nm in order to

4
obtain a smoother surface before the subseque% ck growth. Figure 3(b), an X-SEM image

of sample C, shows no surface undulatio%ors a uniform QDs distribution and prevents
ands.

the formation of defective InAs coales ﬁ\y In this case, a better dislocation filtering effect

can be anticipated. \

~

g GAASL oy iad sl
| 11—
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PublishiFig 3. Cross-sectional SEM images of (a) InP on planar Si with a single InGaAs interlayer, and (b) InP on planar Si

inserted with two periods of 5-layer InAs/InP QD DFLs.

Figure 4 displays a typical 10x10 pm? atomic force microscopy (AZ\/I) scan of sample A and
C respectively. A smoother InP surface with an RMS value of onl N was achieved for
sample C, as a result of the multiple InAs/InP QDs insertb%,: density of pinholes is

significantly reduced on the surface of sample C, suggestin c%r on the InP top surface.”
~
A

The SFs manifested themselves as short dashed lines Q} images, as revealed in Fig.

(a) RMS=4:60 nm (L RMVS=2.88nm PR

[

FIG. 4. Typical IOX? éM i}ages of InP-on-Si surface (a) without and (b) with QD dislocation filters. The
twi

RMS values for thes:

‘)wle are 4.60 nm and 2.88 nm, respectively.

-E / chyacterlzatlon

dityaction (XRD) w-rocking and »-20 scans were performed separately to compare
the InP q’ality and evaluate the effect of InAs/InP dislocation filters. Figure 5(a) overlays the x-
hspcctra of the three samples. The relative intensity difference between InP and GaAs is
mainly associated with their deposited layer thicknesses. Satellite peaks are clearly identified for
samples B and C, correlated to the embedded InAs/InP QDs. The distinct satellite peaks with

8
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Publishinigher orders in sample C indicate smoother interfaces of the InAs/InP QDs. The shoulder in
sample A is related to the InGaAs insertion layer, matching the indium compositions. The full-
width at half-maximum (FWHM) of the InP main peak directly reflects the material quality of
the InP buffer, which has been plotted in a linear scale in Fig. 5(b). T{:é InP peak in sample C is
evidently sharper and narrower, revealing an improved buffer q liw)after e optimized QDs
have been inserted. This observation is further verified by the w—}% an, as presented in Fig.

5(c). The spectrum broadening of the InP buffer after QD igi%ﬁs less severe, and according

—
to Ayers’ model,?’ the defect density can be estimated b&s

)

where B is the FWHM of the X o-recking scan in radians and ¥ is the magnitude of

Qﬁ b;;/\/2=4.15A, and a=5.8688A is the lattice constant

burger’s vector (for 60° dislocatio&
of InP). Considering that Xkﬁ‘h\ws ring a wide area of the sample and the x-ray can
penetrate into a depth of ‘bjeral um, the values obtained here reflect an upper bound of the
defect density, whi a/r,g\l 10°, 1.43x10°, and 8x10% cm? for sample A, B, and C,
respectively. /\
£

i~ 4
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FIG. 5. (a) XRD ®-26 scan of the three samples and b)N.
peak; and (c) @-rocking scan of the three samples. \
N
To directly monitor the generation\w“mp gation of the defects in detail, cross-sectional
(5

&Q\ rther prepared. Figure 6(a) presents a global view

TEM lamellas of these three samp
of sample A. Figures 6(b) anda%%v that the defects originate from the hetero-interface of

the GaAs/Si and InP/ a@ared with the dislocations in the GaAs intermediate buffer, a
((efe

much higher densi 945 in the InP buffer are generated from the InP/GaAs interface, as

shown in Fng}h\strained InGaAs layer can partially bend the dislocations towards the

edge of t sa/m (Fig. 6(d)), contributing to the dislocation annihilation. Nevertheless, still a
consi ragks\m‘éer of TDs can penetrate through the InGaAs layer and the defect density
terfninati a)the top surface is determined to be 1.2x10%/cm? on average according to the PV-
(&

T

\I<

es shown in Fig. 9(a).

10


http://dx.doi.org/10.1063/1.5029255

! I P | This manuscript was accepted by J. Appl. Phys. Click here to see the version of record. |

Publishi g

buffer. Zoomed-in observation of (b) GaAs/Si and (c) InP/
bent by the InGaAs strained layer.

\
For sample B inserted with 2 nm ﬂg DFLs (Fig. 7(a)), although the dislocations can

~
be influenced by the QDs, suffi defects can still propagate upward to the top surface,
especially the SFs. These SFs a$\ short dashed lines in the plan-view TEM images in Fig.
9(b). Comparing the T images of samples B and C in Fig. 7, the dislocation filtering

efficiency of the 2 n hi%h QDs is clearly lower than the 5 nm high QD DFLs in sample C.

500 nm (b

=¥ InAs/Inp

InAs/inp.

11
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PublishiRg 7. Cross-sectional TEM images of InP on planar Si with () 2 nm and (b) 5 nm height QD DFLs.

Very few TDs can be detected above the second stage of QD DFLs in sample C, and most of

the defects are propelled or pinned by the stacked QDs, leading/o either annihilation or

coalescence of the TDs, as demonstrated in Fig. 8(a). Figure 8(b) s )Ss a close-up view of the 5
QDbBs o

nm high multiple QD stacks. The vertical mis-alignment of t ffers a more sufficient

interaction of dislocations with the QDs. With a closer 1 ‘eaion, single QD is identified,

rates an example of 60° mixed

T~
_—
showing a diameter of 30 nm and a height of 5 nm. %e region surrounding the QDs
represents the strain field of an InAs QD. Figu@(d) ‘3

dislocations bent by the base of the QDs. {haﬁy—, for edge dislocations that are only

slightly influenced by the 2D strained su<la\;i{e ,ihey can be terminated at the surface of 3D

\
QDs.% However, we also observe som TDSSEl SFs penetrating through the DFLs across certain

-
regions of sample C. Worse still; %}efects result in a rougher InP growth front, which

accelerates the nucleation of le{h\

Fig. 8(e), the lengthy de cts‘tk%rade a fraction of the QD DFLs and it is challenging to resolve

this issue. A promis@g:sq is to apply thermal cycle annealing or post-annealing methods
S gr

after each stage cﬁ/@\ £

th to thermally propel the dislocations from propagating towards the
subsequent IQLS. Yet, the annealing temperature has to be carefully optimized.

islands and indium adatoms aggregation. As shown in

12
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FIG. 8. Cross-sectional TEM images of (a) InP on Si inserted with, 10 layers of 5 nm-in-height QD DFLs. (b) Close-

up view of the QD stacks. (c) High resolution T w single QD. (d) A 60° dislocation bent by the base of
ratin

the QDs. (e) Lengthy threading dislocations ough the QD stacks.
~
Figure 9 presents the PV- \\mages of the three samples to accurately quantify the

dislocation densities that ﬂ'nSe at the InP top surface. The defect density (including TDs and

SFs) was determinedsby cou the number of defects within a given area of 1.93x1.93 um?,

4

based on an ave number’ of 10 PV-TEM images for accuracy. Figures 9(a)-(c) present three

typical PV- ‘}nages at various regions for sample A to C, respectively. In addition to a

gradual deereabe of defect density from 1.2x10° cm™ in sample A to 3x10% cm™ in sample C, as

summarized i b. 1, the SFs density is also clearly minimized for the sample with higher QD

_—
%n comparing samples B and C. This suggests that the DFLs with a larger QD height are

W}&nore efficient in filtering TDs as well as SFs.

13
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FIG. 9. Plan-view TEM image sample A of 1.5 um InP on planar Si with a single InGaAs strained interlayer,
(b) sample B of 2.3 um I ar Siiwith 2 nm in height InAs/InP QD DFLs, and (c) sample C of 2.8 pm InP on
planar Si with 5 nm ?e QD DFLs (SFs and TDs are identified in different colors).
Theoreti assuming all coherently strained islands (i.e., QDs) are smaller than the critical

islocations shall be generated by the QDs themselves. Then, bending of dislocations

ccur when AEre (strain energy released due to misfit dislocation generation) is equal or

14
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Publishiageer than AE4is (dislocation self-energy). According to the modeling,”! AEr1 and AEdis can be

expressed as:

AErel _ 2Ggot(1+v)

L (1-v) fettDesch 2)
AEgis _ 1 GpuffGdot 1.2 (1-veos?p 2r
L 27 Gpufr+Gdot b ( 1-v ) [In (b) +4 3)

Here in the expressions, L is the length of the misfit disloedtion;«Gaot and Guufr are the shear

modulus of the QDs and buffer layer respectively, v} is the Poisson ratio, fe =

f\/ 1 — exp(—x/p) is the effective lattice mismatch*betwegn the QD and the underlying buffer
layer (where f is the lattice mismatch between the QDs and buffer, k = 0.09 and p =
H/W ~ H/L, which is the height-width ratie of a‘truncated QD). The misfit dislocation length is
comparable with the base width ofia QDWE~W). betr is the Burger’s vector component parallel

to the dot-buffer layer interfac®, and B:is the angle between Burger’s vector and the dislocation

line. h and r are functionsofx, which s the distance from the dislocation bent point to the center

of the QD.
TAB. 2. Parameters for InAs/InP quantum dot system.
Material Léattice Poisson  Shear modulus ~ Shear modulus Burger’s  Burger’s vector  Average QD
mismateh (f) / ratio (v) of QDs (Gaot)  of buffer (Goutrer)  vector (b) angle (B) base width (W)
InAs/InP 3.1% 0.36 31.2 GPa 61.1 GPa 4.15A 60° ~40 nm

The parameters for the InAs/InP QD system are derived and summarized in Tab. 2 based on
published database.”! When AEri >AEdis, these parameters can be substituted into the formula

for calculation. For the base width of InAs/InP QDs, it is normally in the range of 30 nm~45 nm

15
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Publishi@gking the average value of 40 nm in our case), thus the dot height should be at least 4 nm to
possess the effective dislocation filtering function. Here, the height of these buried QDs is
limited by the thickness of the LT-InP cap layer. Therefore, the dislocation filtering efficiency of

sample C (buried dot height of 5 nm) is better than sample B (buried dza{ height of 2 nm).

As for the influence of the QD density, the trend is consisten Qh InAs/GaAs dislocation
filters.® It is anticipated that a larger QD with a higher do d‘;)%\preferred for dislocation

-~
filtering. Here, the QD density is about 3x10'%cm? fa typical, value for the InAs/InP QDs
den

system.?>?3 It was also uncovered that a higher % Can be achieved by stacking the
InAs/InP QDs.?* Moreover, more quantum dot st}&%l@cﬂitate the interaction of dislocations
bending effect of propagated dislocations.

and the strain field of the QDs, enhancihgé\

However, over stacking of QDs will leadWCumulanon and the excessive strain may get
released by generating new threadin cations. Since this is a strain-dependent analysis, to
simplify our case, we can reft <X‘BMS/GaAS example. For the InAs/GaAs with a larger
lattice mismatch (~7%), critical Yayer number reported is 10~15,2! while for the lattice
mismatch of InAs/In hh‘uon filters (~3.1%), the critical layer number should be larger
than 20. Howeve cons pr{g the growth period and managing the total buffer thickness, we
only grew 2 erlo -stack QDs (10 QD Ilayers in total) in samples B and C. For future

improvendgnts of t grown structure, increasing the QD stack number inside the InP buffer can

be ta n 1nt0 1derat10n

wtlcal properties

To directly examine the potential of these templates for future silicon-based QD laser

applications, a single InAs/InAlGaAs QD active layer was deposited on the three InP-on-Si

16
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Publishisgrples. The single sheet QDs were sandwiched by two 200 nm HT-InAlGaAs claddings, and
another layer of uncapped InAs QDs sharing the identical QD growth conditions was deposited
atop for AFM investigation, as presented in Figs. 10(b) and 10(d). For the InAlGaAs capping
process, a 1.3 nm thin LT-InAlGaAs (510 °C, growth rate of 10 n in) was first deposited,

followed by the HT-InAlGaAs at 630 °C. The diagram of the stru r‘e} illustrated in Fig. 10(a).

The as-grown samples were then characterized by a RT-puPL setupundergwo different excitation

regimes for the evaluation of QD densities and optical propQ&spectively.
-

e (d)

20 nm

(a)

100 nm InP buffer

InP-on-Si templald

FIG. 10. (a) Sc mwn of uncapped QDs on single sheet InAs/InAlGaAs grown on the three InP-on-Si
templates. iC}I threg-dimensional 1x1 pm? AFM amplitude and phase diagrams of uncapped single layer of
InAs/T As séown on (b, ¢) sample A and (d, e) sample C, respectively.

U

he alantum dot densities are counted from the corresponding AFM phase diagrams shown
H@ 10(c) and 10(e). The dot densities for samples A and C are 3.4x10'°%cm™ and 3x10'%cm?,

respectively. The difference is further supported by the RT power-dependent PL in Fig. 11. Due

17
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Publishitegthe slightly higher dot density on sample A, the PL intensity difference between samples A

and C is smaller at a higher excitation regime.

According to the measured spectra in Fig. 11, the single laye?Ds grown on sample C
2

exhibits the highest peak intensities at both pumping powers, indicat inimum defects inside

the single layer of QDs active region. The defects originate frow@lnPonSi template and

the active region. The broad spectrum for single layer QDs n“Sjmp C with a relatively larger
linewidth of 136 meV is due to the large inhomogeneit (ﬁ&&@?and a bimodal distribution
of the QD sizes.”® The bimodal distribution also @&Mzmples A and B, with two peaks
clearly identified. At RT, the photoluminescence\&%t@wo branches of QDs get overlapped,
broadening the spectrum. A visible transitioﬁ%{h main peak to the shoulder on the higher
energy side is also noted for high po er&@f&f (4 kW/cm?). This transition originates from
the bimodal distribution of QD sizés. Tﬁo@er wavelength peak corresponds to the relatively
X

larger QD branches. At RT, th@ dominate the luminescence for two reasons: First, the
rger Q

carrier capture efficiency fo s is higher, compared to the smaller QDs.?® Secondly, the

thermally assisted tundelin carriers via coupled excited states (CES) contribute to the charge
£
carrier transfer tosthe la r:éDs from the smaller ones.?’” However, in high excitation regime,

the excessiv cﬁers can still easily diffuse into the smaller QDs to enhance the shorter

wavelength PL/emission.

18
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FIG. 11. RT-pPL spectra of single shee< In&%s QDs on top of the three samples under two different
1

excitation regimes (spectra cutoff be3&\n :
In addition to R@acterization, the temperature-dependent PL is carried out to
i ef

study the internal 1 ﬁc ncies (IQEs) and the activation energies of single layer QDs on
the three IoPS templates. The IQE at RT can be calculated based on the ratio of integrated PL at
?negrated PL intensity at low temperatures'®3

RT to the hiche
Q
Q M = Ip.(T = 296K)/Ipy (T = 20K) o)

ﬁ
%}tegrated PL intensity (IPLI) as a function of temperature has been summarized and
mtod in Fig. 12(b). The calculated IQE values for the samples A-C are 12.2%, 13.7%, and
17.3%, respectively. To further improve the IQE value, efforts should be devoted to optimizing

the QDs growth condition, minimizing the defect density and improving the surface smoothness
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Publishisfsthe IoPS templates. Still, the relatively higher IQE for QDs on sample C directly suggests a

lower dislocation density among the three IoPS templates.

FIG. 12. (a) Integrated PL of QDs on the three samp

(a) 12v (b)

R " 1. —&— 1xQDs on sample A
—~10M 3 —e— 1xQDs on sample B
5 ,Jv ,.""' """""""""""""""" o ~— 1xQDs on sample C
s | 4 & <og
2 e &t
w i i - .

2 ﬁ' E)_(Cltation. 51:1 nm laser % 0ek T\
T A P= 0.8 kW/cm - |
= S35 DR SRR AL RS RN SRBE e R £ )
o g L 2 o4t
T 4Mr
£T¥ i —
5 ¢ 1xQDsonsample A B —y
2 2 ® 1xQDs on sample B £
£ # 1xQDs on sample C zo 5
i L 1 i I L 1 3 L L 1 1
0.0 0.5 1.0 15 20 25 0 50 100 150 200 250 300
1/KT (meV") Temperature (K)

as a

C

.

tion of temperature. Dashed lines are Arrhenius

0/

fitting curves to the measured data; (b) Normalized integrated PE of the three samples to reveal the internal quantum

\

\ 7~
Additionally, we also appl@ nius formula to fit the three sets of IPLI data in Fig.

12(a)% Q
/Q/ I(T) - 1+B;

where t DBz are fitting coefficients, and Eai, Ea> are activation energies, which are
related with te carrier capture and escape processes. The extracted Eai, Ea2, and IQEs of the
ﬂ

mmarized in Tab. 3. Here Eai is rather close to the energy separation between QDs

7

efficiency.

Io

(-5 +B=(=58)

()

samplgs are s

-

g@ te and the first excited state, while Ea2 is related with the escape of electron-hole (e-h)

X&"j .into the wetting layer or InAlGaAs barrier.”” For QDs on sample C, according to the
A

enius fitting, the activation energy Eai=19 meV, which agrees well with the main peak shift

from ground state to first excited state (from 1483 nm to 1448 nm, AE=20 meV) under high
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Publishieg tation, as shown in Fig. 11. Moreover, a higher Ea1 and Ea2 can be understood in terms of less
thermal escape of carriers from QDs ground-state to excited states and wetting layers by non-
radiative recombination, influenced by the defect density in the IoPS template that propagated
into the InAs/InAlGaAs QD active material. Therefore, for QDs on setﬁ le C, the larger Ea1 and

Ea2 indicate a lower defect density in the InP buffer. 3

TAB. 3. Activation energies and internal quantum efficiency of the % QDs on different samples.
~—

L=~
Sample Activation energy Ea Activatio%l:i a2 Internal quantum
(meV) ( “(me efficiency

1x QDs on sample A 10+4.9 .96 wy 12.2%
1% QDs on sample B 12+3.3 8%3.7 13.7%
1% QDs on sample C 19+£5.7 115+20.0 17.3%

y .

N\
\

The bimodal distribution of KQ sizes on sample C is further investigated via the
temperature-dependent PL in @w excitation was applied to avoid the emergence of
excited states. For single Jayer QDs on sample C, it is noted that two ground-state peaks appear
at all the temperatur in}loy&:\}dicating two QD branches. Moreover, at low temperatures, the
smaller QDs doqﬁ/naQ 4ninescence due to the higher emission efficiency with less misfit

dislocation erhon. As shown in the inset of Fig. 13, the peak energy transition occurs at 100

K, with afrenefgy /se aration of 44 meV between the two QD peaks.

-

)

)
\ <
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FIG. 13. Temperature-dependent PL of the single N sample C at low excitation. Inset shows the
extracted peak energy transition as a function of't spectra cutoff beyond 1600 nm).

<

IV.  CONCLUSION \\

In summary, we have dev and optimized multiple InAs/InP QDs as efficient

dislocation filters for I % epitaxially grown on Si substrates. The dislocation filtering
effect was compreh
By capping the Ds\q%a inary InP layer, a smooth growth front of the dislocation filters can
be obtaineds m Qizing the generation of large InAs islands. A low defect density of 3x10% cm™
was ac ig‘v 'f{or ylP-on-Si with a large QD height of 5 nm according to the statistical plan-view
TEI\_/& rtheﬁnore, improved optical property of the QD active layers at both low temperatures
a roo@ temperature was obtained on the optimized InP buffer inserted with QD dislocation

mm\The larger internal quantum efficiency and higher activation energies verify the effects of

the multiple quantum dot dislocation filters. The optimization of quantum dot dislocation filters
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Publishisfers helpful insights towards the realization of a high quality and smooth InP-on-Si compliant

substrate for the low-cost and large-scale silicon photonic integrated circuits.
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