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Abstract: We report the characteristics of the strained In0.65Ga0.35As triple quantum well

(QW) diode lasers grown by metalorganic vapor phase epitaxy (MOVPE) on lattice-mismatched

substrates such as GaAs or Si, by utilizing InP metamorphic buffer layers (MBLs) in conjunction

with InAs nanostructure-based dislocation filters. As the lattice-mismatch between the substrate

and InP MBL increases, higher threshold current densities and lower slope efficiencies were

observed, together with higher temperature sensitivities for the threshold current and slope

efficiency. Structural analysis performed by both high-resolution X-ray diffraction (HR-XRD)

and transmission electron microscopy indicates graded and/or rougher QW interfaces within

the active region grown on the mismatched substrate, which accounts for the observed devices

characteristics.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The heteroepitaxy of III-V alloys, lattice-matched to InP, onto mismatched substrates, such

as GaAs and Si substrates, have drawn much attention for both electronic and optoelectronic

applications. These material combinations take advantage of a lower substrate cost and epitaxial

growth on larger available wafer, as well as for the compatibility with the existing high volume

Si-based CMOS technology and monolithic integration onto the Si-based optoelectronic platform

[1–9]. However, the high defect density, originating from the large mismatch in either lattice

constant and/or thermal expansion coefficient [10] between GaAs/InP or Si/InP, has remained as

a challenging factor limiting the device performance and reliability [11].

Nevertheless, to date, a number of research groups have demonstrated laser emission near 1.55

µm from a material system grown on mismatched substrates by employing metamorphic buffer

layers [4,8–9,12–16]. Furthermore, reliable CW operation from a multiple quantum well (MQW)

active region laser was demonstrated when the residual threading dislocation density (TDD) is

sufficiently reduced [8].

MBE (Molecular Beam Epitaxy) grown laser structures employing an In0.32Ga0.68As meta-

morphic buffer layer (MBL) and an In0.6Ga0.4As single quantum well (QW) on GaAs substrate

have demonstrated laser emission at 1.58 µm with a low threshold current density (Jth) of 0.49

kA/cm2 [12]. In addition, the MBE growth of a GaSb-based interfacial misfit (IMF) array led to

#374310 https://doi.org/10.1364/OE.27.033205
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laser operation at room temperature with emission wavelength of 1.65 µm and Jth ∼ 3 kA/cm2

from devices employing a 6-period GaSb/AlGaSb QW active region [13]. The MBE growth

of InAs quantum dot (QD) active region lasers on either a GaAsSb [14] or an AlGaAsSb [15]

MBLs have demonstrated photoluminescence (PL) emission wavelengths near 1.55 µm although

room temperature lasing under pulsed current operation occurred at shorter wavelength (λlasing:

1.27∼1.34 µm), corresponding to the QD excited state transition [15]. By contrast, it has remained

more challenging to realize laser operations near the telecom C-band on Si substrates through the

use of an MBL and conventional QW active region. Realizing a lattice constant close to that of

InP by means of an MBL on Si substrate requires a more aggressive compositional grading. In

addition, it is necessary to achieve sufficient suppression of both threading dislocations (TDs),

originating from the larger lattice-mismatch, and formation of anti-phase domains. Nevertheless,

QW active region lasers emitting near 1.55 µm, monolithically grown on Si substrates, have

been demonstrated by either the use of a relatively thick (∼13 µm) HVPE (hydride vapor phase

epitaxy) grown InP buffer layer [8] on a miscut Si substrate or by using a pre-patterned (v-groove

patterned) on-axis (001) Si substrates [9].

An understanding of the limiting factors for the device performance characteristics is lacking

despite a number of demonstrations of lasing on either GaAs or Si substrate near the telecom C-

band, have been reported to date, by employing an MBL. Here, we report on the use of InAs-based

dislocation filters (DFs), either InAs quantum well (QW) DFs on nominally exact (001) GaAs

substrate or InAs quantum dot (QD) DFs on on-axis (100) Si, without pre-patterning, which result

in a high quality InP MBL formed by metal-organic vapor phase epitaxy (MOVPE). Subsequent

growth and device characterizations of complete laser structures employing In0.65Ga0.35As 3-QW

active regions grown on these types of MBL, as well as on (001) InP substrate, are presented in

the systematic comparison manner. In addition, nanoscale analysis within the QW active region

by transmission electron microscopic (TEM) investigation for these devices was performed and

correlated to the observed device characteristics.

2. Experimental details

The complete device structure grown on InP MBL on GaAs substrate is schematically represented

in Fig. 1. The crystal growth was carried out at 100 Torr within a vertical chamber MOVPE

(3×2” multi-wafer) reactor with a close-coupled showerhead (CCS) gas delivery system using

purified H2 as a carrier gas.

Fig. 1. Structure details of the complete laser structure grown on InP MBL on (001) GaAs

substrate where InP MBL employs 2 period of triple layered InAs QW dislocation filters

(DF).



Research Article Vol. 27, No. 23 / 11 November 2019 / Optics Express 33207

Fig. 2. Structure details of the complete laser structure grown on InP MBL on on-axis (001)

Si substrate.

After 5 min of deoxidation and thermal cleaning under an AsH3 overpressure, the growth

on (100) GaAs substrate was initiated with 100nm-thick GaAs buffer layer, 50nm-thick AlAs

marker layer, and 100nm-thick GaAs layer, subsequently, using trimethylgallium (TMGa),

trimethylaluminum (TMAl), and arsine (AsH3) as precursors. The temperature was then ramped

down to 460°C, and a 70 nm-thick InP layer was grown by using trimethylindium (TMIn) and

PH3. After the growth of InP at 460°C, the temperature was ramped up to 625°C and a 500

nm-thick InP layer was grown. Then, the temperature was ramped down again to 475°C for the

growth of 3-period InAs/InP (8/17nm) superlattice (SL) as a dislocation filter without growth

interruptions. The growth temperature was then again raised to 625°C again and a 200 nm-thick

InP layer was grown at V/III= 54. After the growth of additional 3-period InAs/InP (6/17nm) SLs

at the lowered temperature of 475°C, a 300 nm-thick InP layer was finally grown on the InP MBL

structure. These successive temperature ramping is believed to act as “thermal cycling”, reducing

the threading dislocation density (TDD), as reported for either GaAs or InP heteroepitaxy on Si

[16,17]. The growth parameters used for the InP MBL on GaAs substrate are summarized in

Table 1.

Table 1. The growth parameters used for the InP MBL on GaAs substrate

Material V/III ratio Group III partial pressure (mTorr) Thickness (nm) Temperature (◦C)

GaAs buffer layer 80 10.3 100 685

AlAs marker 120 8.2 50 685

GaAs 80 10.3 100 685

LT-InP 338 2.1 70 460

HT-InP 54 9.9 500 625

3-period InAs/InP 338 2.1 3x (8 / 17) 475

HT-InP 54 9.9 200 625

3-period InAs/InP 338 2.1 3x (8 / 17) 475

HT-InP 54 9.9 300 625

After the growth of InP buffer layer on GaAs substrate, the full laser structures were grown by

using TMIn, TMAl, TMGa, AsH3, and PH3 with Si2H6 and diethyl-zinc (DEZn) as n-doping and

p-doping precursors with the growth parameters summarized in Table 2. The structure contained

a 3-period In0.65Ga0.35As / In0.5Al0.26Ga0.24As (7/14 nm) active region, In0.53Al0.23Ga0.24As
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separate confinement heterostructure (SCH), InP cladding layers, and In0.53Ga0.47As contact

layers.

Table 2. The growth parameters used for the complete laser structure

Material V/III ratio

TMIn partial
pressure
(mTorr) TMIn/III

Carrier
Density

(dopant, cm−3) Temp. (◦C)

Semi insulating-InP 54 9.9 1 Semi-insulating (Fe) 650

n+ In0.53Ga0.47As 63 5.6 0.6446 1 × 1019 (Si) 650

n-InP 54 9.9 1 4 × 1017 (Si) 650 → 625

In0.53Al0.23Ga0.24As SCH 74 5.6 0.6441 undoped 625

3x In0.65Ga0.35As QW active region 79 5.6 0.6912 undoped 625

In0.53Al0.23Ga0.24As SCH 74 5.6 0.6441 undoped 625

p-InP 54 9.9 1 2 × 1017 (Zn) 625

p+ In0.53Ga0.47As 63 5.6 0.6441 1 × 1019 (Zn) 625

The same complete laser structure, shown in Fig. 2, was also grown on the InP buffer layer,

which employs InAs QD DFs, on Si substrate [18,19]. It is noted that for the thorough comparison

studies, the same laser structure was grown simultaneously on a semi-insulating InP substrate as

a reference.

After the full laser structure growth, 25µm-wide ridge waveguide lasers with side-bottom

contact were fabricated by a standard photolithographic and metal lift-off process, as shown

in Fig. 3. Successive selective wet etching was carried out to form ridge waveguide by using

H3PO4:H2O2:H2O= 1:1:8 and H3PO4:HCl= 3:1 in volume ratio. A 200nm-thick SiNx, deposited

by plasma-enhanced chemical vapor deposition, was used for electrical passivation and isolation.

The wafer was thinned to 150µm. E-beam evaporation of Ti/Pt/Au (30/50/300nm) was used

to form a metal electrode on p+ In0.53Ga0.47As, while AuGe/Ni/Au (100/35/200nm) contact

metallurgy was used for n+ In0.53Ga0.47As. The contact metals were alloyed at 375°C for 30

sec using RTA. Devices were measured as-cleaved (i.e. no facet coatings) at room temperature

under pulsed current operation with a cavity length of 2 mm.

Fig. 3. Schematic view of cross section and top-view SEM of fabricated device structure

Lasing spectrum was measured using an optical spectrum analyzer while the output power from

one facet was measured using a calibrated InGaAs photodiode in conjunction with an integrating

sphere. In addition, the temperature sensitivity of the threshold current density and slope
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efficiency were measured within the temperature range from 283 to 323K. Furthermore, scanning

transmission electron microscopy (STEM) was used to investigate the threading dislocation (TD)

within the device structure. TEM specimens were prepared by a focused ion beam (FIB) lift-out

technique. Final thinning was performed with Ga+ ions at 2 kV to minimize the surface damage

associated with FIB sample preparation.

3. Results and discussions

Shown in Fig. 4. are the in-situ reflectance recorded during the growth of InP MBL on GaAs

substrate and an atomic force microscopic (AFM) image taken before the growth of the complete

laser device structure.

Fig. 4. (a) in situ reflectance during the growth of InP buffer layer on GaAs substrate and

(b) Atomic force microscopic image taken before laser structure grown on InP MBL on

GaAs substrate (RMS roughness: 1.04nm)

No apparent reduction in overall in-situ reflectance intensity was observed during the growth

of InP MBL on GaAs substrate. Before the laser device structure growth, the root-mean-square

(RMS) roughness was ∼1.04 nm from the 10 × 10 µm2 AFM image. This RMS roughness

value is significantly lower than the reported RMS roughness (∼5nm) from a metamorphic InP

layer grown on GaAs substrate, which also employs low-temperature InP nucleation layer [20].

We attribute this lower RMS roughness, presented in our study, to the use of InAs QW DF in

conjunction with a series of temperature ramping, which is believed to act as “thermal cycling”,

reducing TDD, as reported for GaAs heteroepitaxy on Si substrate [17].

STEM bright field image for the complete laser structure grown on InP MBL on GaAs substrate

is shown in Fig. 5, which was used to quantify the effects of InAs QW DF on TDD.

While it is not feasible to obtain an accurate measurement of threading dislocation density

(TDD) from this cross-sectional view, a significant reduction in the TD count within the presented

limited field of view was observed as a result of the use of InAs QWs as a dislocation filter. This

observation agrees well with a reported observation from GaAs/Si heteroepitaxy where a strained

superlattice was used a dislocation filter [21]. A larger field of view STEM images or in-plane

images are needed to more accurately quantify the TDD.

The RMS roughness of the InP buffer layer grown on the on-axis (001) Si substrate was

measured to be 5.4 nm with the TDD of ∼ 3 × 108cm2 as reported elsewhere from the identical

InP MBL sample [22], which is significantly higher than the RMS roughness obtained from the

InP buffer layer on the GaAs substrate, most likely due to a higher TDD and a higher stacking

fault density, originating from a larger lattice mismatch between InP and Si.

As shown in Fig. 6(a), the laser structures grown on InP MBL on mismatched substrates exhibit

well-defined superlattice fringes, which are identical to those of structure grown on InP substrate,

yielding identical average composition and thickness of QW and barrier within the active region.
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Fig. 5. (a) STEM bright field image within a limited field of view where dislocations appear

as dark lines (b) the number of threading dislocation (# of TD) per width (w= 3.18µm)

counted from the STEM image shown in Fig. 5(a)

The full-width-half-max (FWHM) of (004) InP peak, which is often used to evaluate the defect

density of the material grown on mismatched substrate [23]. The device structure grown on InP

MBL on GaAs substrate possessed a FWHM of 216 arcsec, while the observed FWHM from

the device structure on InP MBL on Si substrate was 320 arcsec. Both values are significantly

higher than that from the structure grown on InP substrate (72 arcsec). The observed broader

FWHM in HRXRD scan from the laser structure on either GaAs or Si substrate can possibly be

ascribed to a higher TDD [24]. A reduced contrast in Pendellösung fringes was observed as the

lattice-mismatch increased in comparison to that of the device structure grown on InP, as shown

in Fig. 6(b), which can be indicative of less abrupt interfaces within the 3-QW active region.

Fig. 6. (a) High resolution X-ray diffraction (HRXRD) ω/2θ scans around (004) reflection

from the laser structure grown on InP substrate and InP MBLs on either Si or GaAs substrate

and (b) magnified view around (004) InP peak.

Shown in Fig. 7 is the output power – injection current relation (PI) under pulsed operation

at 20°C from the devices grown on either InP substrate or InP MBLs on Si or GaAs substrate.

The threshold current densities (Jth) of the device grown on either GaAs or Si substrate were

0.96 and 1.6 kA/cm2, respectively, while that of the device grown on InP substrate was 0.6
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kA/cm2. The higher Jth can be due to a higher density of non-radiative recombination centers,

presumably from a higher TDD. Nevertheless, the obtained Jth values are relatively low for the

3-QW active region, in comparison to prior reports as summarized in Table 3. It must be noted

that a significantly smaller slope efficiency was obtained from the device grown on Si substrate

(ηslope = 26.5mW/A), while those from the devices on either InP substrate or GaAs substrate

were ηslope = 174mW/A and ηslope = 130mW/A, respectively. This observation can be indicative

of a higher internal optical loss within the laser cavity, as a results of a higher defect density [25]

and/or a significantly lower injection efficiency above the threshold, which can be greatly affected

by the carrier leakage rate [26]. The carrier leakage rate can be, then, sensitive to the operation

temperature, due to the nature of thermionic process.

Fig. 7. The output power – injection current relation of the laser devices grown on InP

substrate and InP MBLs on either GaAs or Si substrates tested at 20°.

Table 3. Summary of prior reports on the QW laser diodes grown on mismatched substrate
emitting near telecom C-band

Substrate (Crystal Growth Method) Structure λlasing Jth

GaAs (MBE) In0.6Ga0.4As SQW on In0.32Ga0.68As MBL11 1.58 µm 0.49kA/cm2

GaAs (MBE) GaSb/AlGaSb 6-QWs by IMF12 1.65 µm 3kA/cm2

Si (HVPE+MOVPE) InGaAs 6-QWs on HVPE-InP buffer layer8 1.54 µm 3kA/cm2(CW)

Si (MOVPE) InGaAs 7-QWs on InP buffer layer on V-grooved on-axis Si9 1.5 µm 3.3kA/cm2

The temperature sensitivities of the threshold current (Ith), T0 = (d ln Ith/dT)−1 and slope

efficiency T1 = −(d ln ηslope/dT)−1, from those grown on either InP, GaAs, or Si substrate are

summarized in Fig. 8(a) and 8(b). A lower T0 (41K) was observed from the device grown on Si

substrate while the devices grown on either GaAs substrate or InP substrate exhibited similar T0

values (51∼52K). Significantly lower T1 values (113K and 53K from 10 to 35°C) were obtained

from those grown on either GaAs or Si substrate, compared to that (150K) from the device on InP

substrate. Lower T1 values can imply a significant carrier leakage out of the QW active region,

as investigated by a prior study [26]. It is noted that the T0 values, obtained here, are generally

small due to inherently weak carrier confinement at the interface between AlInGaAs SCH and

InP cladding layer as well as that of AlInGaAs SCH and InGaAs QW [27–28] and due to Auger
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recombination [29]. Therefore, together with optimization in the heterostructure, T0 and T1 can

be somewhat improved [30].

Fig. 8. (a) The change in the threshold current as a function of heat-sink temperature from

10 to 50°C (b) The change in the slope efficiency as a function of heat-sink temperature from

10 to 35°C and from 35 to 50°C, respectively.

In addition, a significant blue shift in the lasing wavelength was observed from the device

grown on Si substrate (λlasing = 1623 nm), while the devices grown on either InP or GaAs

substrates exhibit similar lasing wavelength (λlasing = 1652 ∼ 1654 nm), as shown in Fig. 9. The

observed blue-shift may stem from a different potential profile of the QW active region on the Si

substrate, carrier band-filling due to the higher threshold current density, and/or the potentially

higher internal optical loss by a higher defect density [25].

Fig. 9. Lasing spectrum above lasing threshold of the laser devices grown on either InP

substrate or InP MBLs on GaAs or Si substrates tested at 20°C.

STEM investigation revealed a graded interface of the In0.65Ga0.35As QW within the active

region grown on Si substrate in comparison to that grown on InP substrate as shown in Fig. 10.

This observation is consistent with the HRXRD ω/2θ scan, shown in Fig. 6(b) where a less sharp

contrast in Pendellösung fringes was observed. It must be noted that while the profile in Fig. 10(c)

appears as a compositionally graded interface, it can possibly reflect a rough interface, which was

evidenced by the AFM RMS roughness (5.4 nm) and the thin nature of the STEM sample. Other

techniques, such as atom probe tomography, are necessary to quantify the actual compositional
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grading, which is the subject of an ongoing investigation. Nevertheless, prior studies have shown

that either graded interface or rougher interface can lead to a significant carrier leakage [31–32],

and is consistent with the observed low slope efficiency (26.5mW/A) and low T1 (53K) from the

device grown on Si substrate. Prior studies have shown that a subsequent post-growth thermal

annealing of a QW active region laser can lead to a similar interfacial compositional grading, to

that observed in Fig. 10, as well as a blue shift in the emission wavelength similar to that from

the device grown on Si substrate [32].

Fig. 10. (a) STEM dark field image of an In0.65Ga0.35As QW within the active region

grown on Si substrate, (b) STEM dark field image of an In0.65Ga0.35As QW within the

active region grown on InP substrate, and (c) corresponding STEM intensity profile showing

a more graded/rougher interface of the In0.65Ga0.35As QW on Si substrate.

Figure 11 reveals a V-pit within the active region grown on Si substrate, which was apparently

nucleated from a TD. In a prior study, the formation of similar V-pits was ascribed due to a

local variation in the growth rate when two twinned planes kink and annihilate [33]. Further

investigation on the formation of this V-pit and extracting its volumetric density remains as

a future work. It is noteworthy that the presence of V-pits can possibly lead to the optical

scattering within the laser cavity, increasing the internal optical loss, which, in turn, can result

in a lower slope efficiency Performing internal parameter extraction techniques such as cavity

length analysis [34] or segmented contact method [35], combined with additional larger area

TEM imaging, will be necessary to experimentally identify the impact of these V-pits on the

device performance.
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Fig. 11. STEM image showing a V-pit, which is apparently nucleated by a threading

dislocation.

4. Conclusion

In conclusion, we have carried out a systematic comparison study on the 3-QW In0.65Ga0.35As

active region diode lasers grown on mismatched substrates (GaAs and Si) by MOVPE. High

performance devices, emitting near the telecom C-band, were demonstrated by employing an

InP MBL with InAs nanostructure-based dislocation filters on either GaAs or Si substrate with

relatively low Jth values (0.96 and 1.6 kA/cm2, respectively). While the observed T0 value

(51K) from the device grown on InP MBL on GaAs substrate was similar to the value (52 K)

obtained from the device grown on InP substrate, the devices grown on Si substrate exhibited a

significantly lower slope efficiency (∼26.5 mW/A) and characteristic temperatures, T0∼41K and

T1∼53K, together with a blueshift in the lasing wavelength. The STEM investigation revealed

compositionally graded and / or rougher interfaces of In0.65Ga0.35As QW active region grown on

Si substrate, which was correlated to the presence of severe active region carrier leakage evident

from the observed device characteristics. This observation by STEM and device characterization

both suggest that further reduction in TDD as well as improvement in the interfacial abruptness

are necessary to further improve the performance of the QW-based lasers grown on mismatched

substrate. In addition, the presence of V-pits within the active region on Si substrate could

contribute to a higher internal optical loss, leading to the lower observed laser slope efficiency.
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