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Strain Balancing Of Metal-Organic Vapour
Phase Epitaxy InAs/GaAs Quantum Dot Lasers

Timothy S. Roberts, Benjamin J. Stevens, Edmund Clarke, lan Tooley, Jonathan Orchard, lan
David T.D Childs, Nasser Babazadeh, Nobuhiko Ozaki, David Mowbray, Richard A. Hogg

Abstract—Incorporation of a GaAsy¢P, ., layer allows strain
balancing to be achieved in self-assembled InAs/GaAs
quantum dots (QDs) grown by metal organic vapour phase
epitaxy (MOVPE). Tuneable wavelength and high density are
obtained through growth parameter optimisation, with
emission at 1.27um and QD layer density 3x#&m? Strain
balancing allows close vertical stacking (30nm) of the QD
layers, giving the potential for increased optical gain
Modelling and device characterisation indicates minimal
degradation in the optical and electrical characteristics unless
the phosphorus percentage is increased above 20%. Laser
structures are fabricated with a layer separation of 30nm,
demonstrating low temperature lasing with a threshold current
density of 100A/cm? at 130K without any facet coating. 50nm GaAs

Index Terms—MOCVD, MOVPE, Quantum Dots, Strain ARasiie
Balancing, Stranski-Krastanov, Semiconductor Laser
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I. INTRODUCTION

uantum dots (QDs) have been of considerable interes
Qover the past 35 years since the prediction of Arakaws
and Sakaki of the potential benefits for lasers [1A
number of research groups have reported the growth of seli
assembled QDs by metal organic vapour phase epitax
(MOVPE), including reports of ground state lasing at ro0om gjg 1. schematic of the strain balancing schemeisisdin this paper.
temperature [2]40]. Increasing the ground state wavelength ) ) ) )
towards 1.3um has been a challenge but has been achiekidd However, introduction of thee strain compensation
with the introduction of a strain reducing layer (SRL)Jf layers is detrlmgntal to th_e electrl_cal charactenstl_cs as
[17]. Whilst the InGaAs SRL has the desired effect of afevealed by device modelling (section lIAn alternative
increase in wavelength by reducing the localised strain 8PProach, previously reported, is the incorporation of QDs
the QDs additional indium increases the overall strain intélirectly into a GaAg,P, matrix. However, this causes a
the active region 8. This strain limits the minimum unwantedblue shift in emission wavelength [24], [25]. In
separation between layers and hence the maximum numBi& Present work the design of a strain balancing layer,
of active layers achievable. Exceeding this limit results iWhich compensates all of thQD strain but does not
the formation of dislocations, which significantly degrad@dversely affect the device characteristics, is presented
the optical and electrical properties. Strain compensationW'th the introduction of a suitable strain balancing layer
using tensile materials, such as GaP have been stirdiedhe total internal strain can be reduced close to zero,
both molecular beam epitaxy (MBE)] and MOVPE R0 allowing close vertical stacking and increasing t_he number
[23], with room temperature ground state lasing reporté&f‘ QD layers that can be placed close to the maximum of the
cavity mode, hence achieving a higher total g&igure 1
This work was supported by the EPSRC under Grant EP/I018328/1 Shows an active region schematic with zero net strain via the
T. S. Roberts, E. Clarke, I. Tooley, |. Farrer andvidwbray, are with the incorporation of aGaAg Py, Strain ba|ancing |ayer_
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edmund.clarke@sheffield.ac,uk ian.tooley@sheffield.ac.uk Achlevmg a net strain of zero for each repeat of a QD Iayer
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B. J. Stevens, was with the University of Sheffieldef8bld, S3 7HQ, UK. QD layersto be reducedFor a layerQD areal density of
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manufacturing, due to the high uptime and volum

scalability. In addition, epitaxial regrowth is significantly 70\020'

more mature in MOVPE with polycrystalline free selective 3 =

arearegrowth being highly challenging for MBET he strain 2 015 .

balancing described in this paper may also find applicatic % -
in solar cells, due to the large number of QD layers needec % 0.10 . e
This paper reports the successful incorporation of = B

GaAg gPo» strain balancing layer into MOVPE grown laser 8 0.05

structures. A five layer, 30 nm spacing strain balanced QL * (a)
laser grown by MOVPE operating up to 200K without an W% s

facet coating is demonstrate@ection Il of this paper B _oHiemeey

describes the QD growth optimisation process includin 5 0

how growth rate and arsine flow affect the QC T

characteristics. Section [ll outlines the strain balancin 5 400 *

process, modelling the IV characteristics to shou 5

degradation in turn-on voltage with increasing phosphort 200 1 v *

percentage above 20%. Section IV discusses the Ic .

temperature lasing characteristics of three different device 0 = g O
Lasing at elevated temperatures is inhibited due to a wi T TN 928 d00 B0 128
spread in QD emission energies arising franbimodal Wavelength (nm)

distribution of dot size. Section V proposesnodification Fi9- 2(a). Room temperature peak PL wavelength ffierdnt growth rate
of the growth parameters to overcome this issue (inset) Room temperature low power PL of two sampledlifiderent growtl

rates.
Fig. 2(b). Room temperature peak PL wavelength fiferént Ill/V ratios
Il. QUANTUM DOT GROWTH AND OPTIMISATION (inset) Room temperature PL with low excitation powbtained from tw

) ] . . ) samples with different IlI/V ratio during the cappingdagrowth.
InAs is deposited onto GaAs with a 7% mismatch in they,

lattice parameters. This mismatch creates a highly straingﬁ]ab'"ty‘ The inset to Figure 2 (a) shows normalised PL

2D layer of InAs below the critical thickness but as morépecna for 0.08ML/s _and 0.18MLs. Crogs-sectlonal
InAs is added pseudomorphic growth is replaced by 3 ansmission electron microscopy (TEM) estimated QD

growth: the Stranski-Krastanov (S-K) growth modach ensity measurements were performed using 113 dark field
growth parameter is characterised to understand how fheading con_dltlons as descrlbegl in [26]; becauge of the
QDs are affected. All devices areogm on 2” Si doped random positions of the QDs this may under-estimate the
GaAs substrates.(001) cut 3° off toward (110)pTM|ntrue density but should allow a relative comparison between
TMAI, TMGa and arsiné are used as precursors. For initigiﬁs\;ehm stampleiA decrcej:.a?e in c2105t fﬁﬂtyt\’gt&iﬂese?smg
structures for photo-luminescence (PL) characterisatio ,ro ra_ze IS observed, from c.oXlm at ©. s 10
following the growth ofa GaAs buffer layer, a lower '5x10cm? at 0.08ML/s The extension in wavelength and

cladding layer of 150nmlq s /Ga sgASs was grown, followed lower .QD density V\."th reduced groyvth ratg is due to the
by a 60nm GaAs active region, with the QD layer placed iﬂeposned_lnAs forming larger, more |nd|u_m rich dots [2.7]' .
the centre. The InAs QDs were capped with 8nm low To achieve ground state lasing a high QD density is
temperature grown GaAs followed by a temperature ramp
530°C and the completion of the capping layAn upper
cladding layer of 150nm AL GaseAs and a 30nm GaAs
cap completed the structure. The QD layer was grown
485°C, by deposition of 2.0ML of InAs at a growth rate o
0.04ML/s and initial V/III ratios of 910 and 95 during QD
growth and capping layer growth, respectively. A series 1

-
N

-
o

=
o
.

samples were grown either varying the growth rate or tt 04 1 ,\,\ E?,?Neerr
arsine flows during QD growth or capping. For structures t 02 L\
study the effect of stacking QD layers, the number of laye \\\

=
=}

Normalised PL Intensity (a.u)
o
(o]

was increased to fivayith a separation of 50nmf GaAs
between layers Laser devices were pr- structures
containing five QD layers within the intrinsic active regiorF_ 5 Normalised tWaveItength (”mc)‘ denofhbe & |

7 1g. o. ormalised room temperature power depenaen e aye
and 1_'5“mM 9-42G69-58AS nandp doped (1X163 ar_]d 5X16) sample with nominal optimum growth conditions.
cladding regionsPL measurements were obtained at roor

temperature using a 532nm laser and under low excitaliyyy, ived, therefore for subsequent optimisation the highest

power (O.38mW) to avoid excited state emission. Th(_a lig rowth rate of 0.18ML/s was used. The effect of arsine flow
is coupled into a monochromator and detected using Uring both QD and capping growth is shown in Figare
InGaAs detector. b). First, the effect of arsine flow during QD growth will be

hThe _eff?:c_t of gzrovvthA;?te or:thr)]eakt PI& wavelengljcth Riscussed. As the V/III ratio is increased frd®¥ to 625a
shown in Figure 2(a). € gro rate decreases oM o quction is observed in the ground state emission from 1.22

0.18ML/s to 0.04ML/s a red-shift is observed in the groun : :
. 1.18um, however an unexpected decrease in QD densit
state wavelength from 1.22 to 1;2d, producing 20nm © Hm P Q y

1000 1100 1200 1300 1400
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is also observed; from 2.5xfom? for a V/III ratio of 208 TABLEI
to 1x10°%cm? for a V/IIl ratio of 625. Due to ik observed , , ,
. . Sample Separation Strain Balancing Osup Zy
drop in QD density, subsequent samples used a V/III ri - .
of 104 for the QD growth. A 50nm No 33.03 32.9769
The effectof the V/III ratio during the capping layer 4’ 50nm Yes 33.0302°  33.02°

growth was studied due to surface morphology isstL B 30nm No 33.0314°  32.9294°
found after stacking fiv@D layers Unexpectedly, the V/III B’ 30nm Yes 33.03° 33.0234°

ratio during the capping layer significantly affected tf
ground state wavelength. Therefore, the V/III ratio during
capping growth was explored. The V/III ratio was changed [ll.  STRAIN BALANCING

from 2.8 to 190 for both the initial 8nm cap and theraple 1 gives the parameters of four samples grown using
subsequent 42nm GaAs spacing layes the V/IIl ratio is  the optimised growth conditions but with the introduction of
decreased from190 to 2.8, an increase in ground states GaAg gP,, strain balancing layer. Sample A is a five layer
emission wavelength is observed, fromh9l/ to 1.262um, as 50nm separation device without GaAR, ,, sample A’ has
shown in Figure 2 (b)TEM images indicate a constant QDthe same parameters except th&nm GaAs Py layer is
density of 2.5x18cm? for samples grown using V/III ratios placed in the centre of the GaAs spacer layer after each QD
betweer95 and12. The mechanism behind the extension inayer. Samples B and B’ follow A and A’ except that the QD
wavelength is currently unknown bista useful process to layer separation is reduced to 30nm.

increasing the wavelength without using an SRL. The ins¢

to Figure 2 (b) shows the increase in wavelength from 1.2 2.5
to 1.26um using a V/1ll ratio 5 and12 respectively.

After optimising the growth conditions focus shifted - 24
towards developingdD laser devicesFigure 3 shows room e -
temperature power dependent PL spectra of a five-layt S
. . ©
sample with a QD layer separation of 50nm. Two peaks al S 40 o Cataro
observed, associated with the ground state and excited st ~ GaAs 6Py 4
emission at 1.27 and 1.165pm respectively, producing 05 = 2:2232‘;2
relatively large state separation of 88meV and a linewidth ¢ - Gabay s Pras
55meV. A high energy shoulder at low power is obseored 0.0 ‘
the ground state. A red shifting of the emission, associate 12
with thermal effects, is observed at high pump power. 1.0
Figure 4 shows a typical cross-sectional TEM image o S ik
the QDs. All samples shoW@Ds with a similar size and o '
. . . T 0.6 1
Indium diffusion S .,
’ GaAs Barriers
Iayer 02 1 — — —  GaAsg gPq 5 Strain balacing barriers
\ 0.0
0 10 20 30 40 50
Current (mA)
Fig. 5(a). Modelled IV characteristics for diffetgghosphorus percentages
a 5nm strain balancing layer.
/ Fig. 5(b). Room temperature IV for QD mesa diodes fabridated sample /
QD and A’
Wetting |
A Modelling
|ayer Finite element analysis simulations using RSOFT
i . . LaserMOD was used to model the effect of placing a GaAsP
Fig. 4. TEM image of a QD grown at 485°C with 2MIABcoverage, barrier b I d
0.18MLJs Growth Rate, 50sccm arsine flow. arrier between two quantum wells (QWs). QWSs were use

for simplicity and similar effects would be expected in QD

sha_pe,. nuclgateq on a Wettlng layer. The samples also Shq\r/\lﬁctures with a wetting layer emission around 0.98um. The
an indium diffusion layer which accumulates at the top o

. cladding layer structure used is identical to the grown
the low temperature grown GaAsap The mechanism structurges y 9

behind the formation of this layer is unclear and how this Figure 5 (a) shows modelled characteristics of a double

layer affects carrier capture and recombination mechanis - .
remains to be studied\ttempts at removing this layer by ZER?PIQQQ’;ZOG'?ASNSXZ derrg(tet':\r/]v%e? Ot-ﬁgurgwgh aASnThe

increasing the thickness of the low temperature cap to 15mﬂosphorous content is increased from 0-20% there is no

gnq applying a temperature increase to 580°C to ﬂu%?:)servable change in the IV behaviour. This is due to the
indium from the surface hamt been successful.

height of the barrier produced by the Ga4% . being low
enough not to impede carrier transport. Increasing the
phosphorous content from 20-65% increases both the turn-
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on voltage and internal resistance; both are detrimentahere §, is the thickness of the Gafo, 40y is the
effects These modelling results indicate that a 5 nm thicRifference between the substrate peak and the strain peak,
GaAs Py, strain balancing layer should not adversely affedicass iS the Bragg angle for GaAs, is the thickness of the

the electrical properties of a laser device. Figure 5 (b) show#ained layerda is the change in lattice parameter and a is
experimental room temperature IV characteristics for meé@e lattice parameter of GaAs. . _
diodes containing 5 QD layers. Characteristics for sampledfom analysis of sample A and from the calculation using
A and A’ are shown with no significantifferences, in €duation 2, Snm of Gaggho is used to compensate the
agreement with the conclusions from the modelling. Thidrain caused by the QDs. Sample A’ is identical to A but
result demonstrates that GaAR,, can be used to achieveW.Ith the addition of 5Snm GaAsP betV\_/een the .QD layers.
strain balancing with no degradation of the electricaIT'|gure 6(a) shows that successful strain balancing has been

roperties achieved forsample A’ with the Z peak shifting to 33.02°;
prop ' almost coinciding with the substrate peak at 33.03°.
B. X-Ray Diffraction Analysis A similar analysis can be used in Figure 6(b). Hare

X-Ray diffraction (XRD) measurements of all fourdiffer_ence i.n repeat thickness is obseryed, wit.h thg fringe
samples were recorded using a Bruker D8 diffractometéiPaCing being reduced to 30nm, agreeing again with TEM
Symmetric scan measuremenfs»-26 were obtained along 2nalysis. The increase in spliting between the and

the [004] reflections to determine the out of plane straifubstrate peak is due to the reduced spacing thickness
Spectra are shown in Figure 6. causing a relatively larger indium concentratlop in the
overall repeat structure. Therefore, the same thickness of
GaAg ¢Po.» can be used to reduce the strain to almost zero.

1e+5

——— Sample A
——— Sample A’
1e+4 A |—— Sample A a
124 Sample A’ @
1e+3 1.0 )
=) i
1e+2 | g 281 j \
—_ P )
0 > 06 .
¢ el g % /A
= % S 04 / / \
2 1e+0 S 2 / / \
D qer5 ] £ 924 » \
S € ——— Sample B __| ; \
= ——— Sample B' w go pmmm L
- 1e+4 8 —— Sample B (b)
3 » —— Sample B'
1e+3 - © 15
£
1e+2 o
Z 10
1e+1 1

1e+0

i
&

32.6 328 33.0 33.2 334

Omega (deg) 0.0 :
Fig. 6(a). XRD spectra of samples A & A’. 900 1000
Fig. 6(b). XRD spectra of samples B & B’.

1100 1200 1300

Wavelength (nm)
To understand how much strain balancing was needed, 1Fig. 7(a). Room temperature low and high current CVW0Esamplest & A’
total strain observed in sampleigcalculated by analysis of F19- 7(P). Room temperature low and high current CWoEsamples & B
o . . The spectra have been normalised to the ground stateamiigensity.

the position of the strain peak with respect to the substre

peak. The two most dominant peaks are associated with the ) o )

GaAs substrate at 33.03° and the AlGaAs cladding layer @t Optical Characterisation of Mesa Diode Structures

32.9732°. Fringe peaks arise from the repeating thickness o#400um diameter mesa diodes were fabricated and tested
the active layer in the structure, which is the spacingtroom temperature, using a continuous-wa@@/J current
thickness plus the thickness of the QD layer. Because tlisurce at 1 and 100mA. Emitted light is detected by a liquid
thickness does not change between samples the fringigogen cooled germanium detector. Figure 7(a) and (b)
spacing is constant. The thickness can be found usisgow normalised electroluminescence (EL) emission of all
equation 1 wherg is the X-Ray source wavelength,is the four samples at both low and high excitation current.
n" fringe peak and d is the thickness. The calculateBamplesA andA’ show similar emission spectra, indicating
thickness is 50nm, which is in agreement withthat there is no detrimental effect arising from incorporation
measurements taken from TEM images and that intendeflthe GaAggP,., layer. Sample8 andB’ show similar low
from the growth From table 1 the difference between theexcitation spectra indicating that the GaAsP layer has not
strain peak and the substrate peak can be found and #ffected the ground state emission which will be responsible
thickness of GaAsP, . canbe calculated from equation 2. for the lasing transition. At high current the excited state

nA = 2dsin@, (1) emission from sample B’ is relatively weaker in comparison

to the ground state emission than is the case for sample B.

t. =t Asplitcotcaas ) The reason for this difference is unclear although it would
sb sl Aa/a
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Power (a.u)
(o]

Fig. 8. Light power as a function of current for samples A, B & B’ at 130K.

» e Sample A
° v Sample B
Pt = Sample B'
£
L
2
"
at "
L ] L ]
. »
o. '- vv i
o u v o
o " vY
2%agepy v v v

0 50 100 150 200 250 300
Current Density A/lcm-2

cycle of 1% to reduce heating effects. Figure 8 shows
typical LvsJ characteristics measured at 130K. Values of
50A/cnt, 125A/cnf and 100A/crhare obtained for samples
A, B & B’ respectively. The lowest g value is obtained for
sample A. Reducing the QD layer separation to 30 nm (B
and B’) increases Jy, but this increase is significantly less for
the sample with the Ga@pg» strain balancing layer
(sample B’). This suggests that the GaAB,, layer is
beneficial for a spacing of 30nm but that further work is
needed to achieve the quality obtained for 50nm spacing.
Emission spectra recorded below and above threshold at
130K are shown in Figure 9 (a), (b) & (c). All spectra show
lasing on the high energy shoulder of the below threshold
emission, indicating that lasing is via an excited state and
that there is insufficient ground state gain. Multiple lasing

be consistent with a slightly higher QD density in sampl&odes are observed due to the non-selective nature of the

B’. However, there is no structural data to support this.

5
(a) Sample A —— 0.22Jth
4l — 2.2Jth
31 x10,000
2 4
14
0 +
(b) Sample B —— 0.2Jth
4 — 2Jth
=)
EAS
2
|
2 x10,000
= 1
0 . 2 k{ t +
(c) Sample B' —— 0.15Jth
——1.5Jth
3 4
2 4
1 x10,000
0 y . ; : :
900 950 1000 1050 1100 1150 1200

Fig 9. Above and below threshold emission spectra@ Idr the three lase

devices studied

Broad area lasers were fabricated from Samples A, B ¢
B’. Sample A was fabricated into a 8mm x 50pum, Sample
was fabricated into a 8mm x 100pm ridge and sample B’
was fabricated into a 8mm x 80um ridge. Devices we
tested in a cryostat over a range of temperatures, usin
pulsed current source with a pulse width of 10us and a d

Wavelength (nm)

IV. LASERRESULTS

broad area laser.
Figure10 shows the temperature variation gf All three

—

b2

& 300

<\( e Sample A
~ 250 v Sample B
2> = Sample B'
2 200 v

[ v

© v

= 150 = =

(o) v v 5 = L

S 100 - E .

o " @

e} . L

S

o 0 T T -

FE 50 100 150 200 250

Temperature (K)
Fig. 10. Threshold current density as a functioreofgerature for samples /

B&B’.

samples exhibit a minimumgJaround 125K. The highest
temperatures that lasing is achieved is 220K for sample A
and 200K for samples B amf; limited by the range of the
current source. Over the studied temperature rapgmr]
sample B is lower than for sample B providing further
support for the benefits of the strain compensating
GaAs Py . layer[28]. Coating the facets of the lasers with a
high reflective coating is expected to result in room
temperature operation of these devices. However further
spectroscopic studies (presented in the next section)
suggested that further QD optimisation is required to realise
high performance room temperature strain balanced
MOVPE grown QD lasers emitting at 1.3um.

)

EN

w

vl

Normalised Intensity (a.u
N

L O A\
900 1000 1100 1200 1300

Wavelength (nm)

Fig. 11.Temperature dependence spectra of sample § lasirexcitation
current.

o
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growth parameters we believe that sufficient gain at long

5 2.5 T wavelength can be achieved.
S —— 22ML
z &0 iy VI. SUMMARY
5 154 Optimisation of the growth parameters of InAs QDs has
= been presented, with a focus on developing devices able to
S 101 produce 1.3um ground state lasing at room temperadure.
» novel aspect is the addition of a Gaé%, strain
g 0.5 - compensation layer to allow close spacing of the QD layers
S Y= ) in a GaAs matrix and increased laser gain. Device modelling
Z 0.0 b : : v allows the maximum P content to be identified and this is
950 1000 1050 1100 1150 1200 1250 confirmed by experimental IV measurements. XRD
Wavelength (nm) analysis confirms that strain balancing has been achieved for
Fig. 12. Low temperature EL as a function of wavelerigt different InAs layer spacing of 50 and 30 nm. Laser devices are grown and
coverages to give a reduction in QD bimodality. Thespehave been fabricated with and without the strain balancing layer

normalised to the long wavelength emission intensity. Incorporation of this layer is shown to improve the

performance of a 30 nm spacing device although this is still
inferior to that of a 50 nm device without strain balancing.
V. QD BIMODALITY Both strain balanced and non-strain balanced lasers operate
Low temperature, low excitation current EL obtained'P to at least 200K for 30nm separation and 220K for 50nm

from sample A is shown in Figure 11 for a range ofeParation, without any facet coating. A strong QD
Wmodality is shown to limit the ground state gain for QDs

temperatures all the QDs will be randomly populated b mitting close to 1.3um. The bimodality can be improved by

. R : creasing the InAs coverage, showing promise for future
carriers rather than preferentially occupying the large QDs d lasing devi d |
with deeper confining potentials. The low current ensureroor.n temp.erat_ure ground state lasing devices and nove

i evice applications.

that the average dot carrier occupancy is <<1. The spectra
revealed thiathe QDs have a bimodal size distribution [29],

[30]. At low temperature the emission exhibits two peaks__ .
reflecting two subsets of QDs. The long wavelength This work was funded by the EPSRC. TEM measurements

- . : ided by Integrity Scientific Ltd.
emitting, larger quantum dots are required for lasing at pgere  provided .
L fwww.integrityscientific.co. T. S Roberts would like to
um but these appear to have a significantly lower dens"l’iank S. Kumar and K. Kennedy for help during fabrication

" t
than the smaller, shorter wavelength emitting QDs. As the d B. Harrison for discussions about growth.

temperature is raised the relative intensity associated wﬁ‘lq
the short wavelength peak is reduced with the longer
wavelength peak becoming dominant abd40K [31], e

[32]. Although at high temperatures carriers will transfel” l;ﬁiﬁ;ﬁi&?ﬁ ipsei];f;‘éeZgg‘fﬁg:ﬁzllznfigzﬁz?xp‘gflLfys:_r
preferentially into the long wavelength emitting QDs these  Lett., vol. 40, no. 11, pp. 939-940, 1982.

results indicate that they represent only a small fraction &8 J. Tatebayashi, N. Hatori, H. Kakuma, H. Ebe, H. Skd&uramata,

. . . Y. Nakata, M. Sugawara and Y. Arakawa, “Low threshold current
the total QD density and hence that the available gain close operation of self-assembled InAs/GaAs quantum dot lasers tay me

to 1.3 um will be limited. The bimodal distribution of QDs organic chemical vapor deposition,” Electron. Lett., vol. 39, no. 15
may occur due to the preferential nucleation on the upper pp. 1130, 2003.

; ; 1.+ 1. N. Kaiander, R. L. Sellin, T. Kettler, N. N. Ledtsov, D. Bimberg,
side of step edges as Zhou et al. have observed and LlanE’ etN. D. Zakharov and P, Wemner, - 1 24um InGaAs/GaAs quantum dot

al. have modelled [32], [33 laser grown by metalorganic chemical vapor depositgingu
To achieve room temperature ground state lasing the tertiarybutylarsine,” Appl. Phys. Lett., vol. 84, no. 16, pp. 2292, 2004.

bimodality of the ODs needs to be reduced. This can K8 A Passaseo, G. Maruccio, M. De Vittorio, R. Rinaldi@golgni
y Q and M. Lomascold;Wavelength control from 1.25 to 1.4pm in

achieved by depositing additional InAs to help ripen the InyGa;.xAs quantum dot structures grown by metal organic chemical
QDs. Low temperature measurements of samples grown vapor depositiofy Appl. Phys. Lett., vol. 78, no.10, pp. 1382, 2001.
with different InAs amounts are shown in Figure. 12[5] N.Nuntawong, Y.C. Xin, S. Birudavolu, P. S. Wofg,Huang, C. P.

. . Hains, D. L. Huffker, “Quantum dot lasers based on a stacked and
Increasing the amount of InAs from 2 to 2.6ML resultsin strain-compensated active region grown by metal-ocgzrémical

significant reduction of the bimodality with the emission  vapor deposition,” vol. 86, no. 19, pp. 193115, 2005.
now dominated by the longer wavelength emitting subset 6 D-: Bhattacharyya, E. A. Avrutin, A. C. Bryce, J. H. idia, D.

; . . . 3 Bimberg, F. Heinrichsdorff, V. M. Ustinov, S. V. Zsév, N. N.
Iarger QDS‘ However, this reduction is achieved wath Ledentsov, P. S. Kop’ev, Z. 1. Alferov, A. L. Onischenko, and E. P.

commensurate reduction in optical efficien€ompared to O’Reilly, “Spectral and dynamic properties of InAs-GaAs self-
the 2 ML sample the integrated EL is reduced by 13 and organized quanturdet lasers,” IEEE J. Sel. Top. Quantum Electron.,

0 . vol. 5, no. 3, pp. 64&57, 1999.
91% for the 2.2 and 2.4 ML samples respectively. Howev J. Tatebayashi, M. Ishida, N. Hatori, H. Ebe, H. Sudoiuramata,

increasing the amount of InAs to 2.2 ML significantly * M. Sugawara and Y. Arakawa, “Lasing at 1.28um of InAs-GaAs
improves the bimodality, with only a slight fall in EL quantum dots with AlGaAs cladding layer grown by metalaoic

; ; ; ; ; ; chemical vapor deposition,” IEEE J. Sel. Topics in Quantum
intensity. Further devices will require a detailed Electron.. vol. 11, No. 5. pp. 1027-1034, 2005.

optimisation of the long wavelength emission, balancing @ p. Guimard, M. Ishida, D. Bordel, L. Li, M. Nishiok¥, Tanaka, M.
reduction in the bimodality with the decreasing overall Ekawa, H. Sudo, T. Yamamoto, H. Kondo, M. Sugawara¥and

optical efficiency. With additional optimisation of the Arakawa, “Ground state lasing at 1.30um from InAs/GaAs quantum

ACKNOWLEDGEMENTS

REFERENCES


http://www.integrityscientific.com/

> JSTQE-CON-SL2017-06750-2017.R2

19

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

dot lasers grown by metakganic chemical vapor deposition,”
Nanotechnology, vol. 21, no. 10, pp. 105604-105&000.

T. Yang, M. Nishioka and Y. Arakawa, “Optimising the GaAs
capping layer growth of 1.3um InAs/GaAs quantum dota by
combined two-temperature and annealing process at low
temperatures,” J. Cryst. Growth, vol. 310, no. 24, pp. 5469-5472,
2008.

S. Park, J. Tatebayashi and Y. Arakawa, “Structural and optical
properties of high-density (>1cn?) InAs QDs with varying
Al(Ga)As matrix layer thickness,” Phys. E Low-dimensional Syst.
Nanostructures, vol. 21, no. 2-4, pp. 279-284, 2004.

K. Nishi, H. Saito, S. Sugou and J.-S. | ‘&& narrow
photoluminescence linewidth of 21meV at 1.35um fromrstrai
reduced InAs quantum dots covered hy:Be sAs grown on GaAs
substrates,” Appl. Phys. Lett., vol. 74, no. 8, pp. 1111-1113, 1999.

J. Tatebayashi, M. Nishioka and Y. Arakawa, “Over 1.5pm light
emission from InAs quantum dots embedded in InGaAs strain-
reducing layer grown by metalorganic chemical vapor deposition,”
Appl. Phys. Lett., vol. 78, no. 22, pp. 3469, 2001.

T. D. Germann, A. Strittmatter, T. Kettler, K. PosimwJ. W. Pohl
and D. Bimberg, “MOCVD of InGaAs/GaAs quantum dots for lasers
emitting close to 1.3um,” J. Cryst. Growth, vol. 298, pp. 591-594,
2007.

A. Passaseo, M. De Vittorio, M. T. Todaro, |. Tarantvi De
Giorgi, R. Cingolani, A. Taurino, M. Catalano, AoFe, A. Markus,
J. X. Chen, C. Paranthoen, U. Oesterle andlédems, “Comparison
of radiative and structural properties of 1.3urGlal-xAs quantum-
dot laser structures grown by metalorganic chemical vég@position
and moleculabeam epitaxy; Effect on the lasing properties,” Appl.
Phys. Lett., vol. 82, no. 21, pp. 3632, 2003.

A. A. EI-Emawy, S. Birudavolu, P. S. Wong, Y.-B. Jiahiy,Xu, S.
Huang and D. L. Huffaker, “Formation trends in quantum dot growth
using metal organic chemical vapor depositiah,Appl. Phys., vol.
93, no. 6, pp. 3529, 2003.

A. Strittmatter, T. D. Germann, T. Kettler, K. PosilgwJ. W. Pohl
and D. Bimberg, “Alternative precursor metal-organic chemical vapor
deposition of InGaAs/GaAs quantum dot laser diodes withlai
threshold at 1.25um,” Appl. Phys. Lett. Vol. 88, no. 26, pp. 262104,
2006.

T. Yang, S. Tsukamoto, J. Tatebayashi, M. Nishioka andr&kawa,

“Improvement of the uniformity of self-assembled InAs quantum dots

grown on InGaAs/GaAs by low-pressure metalorganic chémica
vapordeposition,” Appl. Phys. Lett., vol. 85, no. 14, pp. 2753-2755,
2004.

H. Shin, J.B. Kim, Y.-H. Yoo, W. Lee, E. Yoon and Y.-M. Yu,
“Enhanced strain of InAs quantum dots by an InGaAs ternary layer in
a GaAs matrix,” J. Appl. Phys., vol. 99, no. 2, p. 23522006.

T. Kageyama, K. Watanabe, Q. H. Vo, K. Takesmasa, M.\v#arga
S. Iwamoto and Y. Arakawa, “InAs/GaAs quantum dot lasers with
GaP straircompensation layers grown by molecular beam epitaxy,”
Phys. Status Solidi A, vol. 213, no. 4, pp. 958-9646201

J. Tatebayashi, N. Nutntawong, P. S. Wong, Y.-C. Kirk. Lester,
D. L. Huffaker, “Strain compensation technique in self-assembled
InAs/GaAs quantum dots for applications to photonic devices,” J.
Phys. D: Appl. Phys. Vol. 42 no. 7, pp. 073002-073@0D09.

N. Nuntawong, J. Tatebayashi, P. S. Wong and D. LfakKef,

“Localised strain reduction in strain-compensated InAs/GaAs stacked

quantum dot structures,” Appl. Phys. Lett., vol. 90, no. 16, pp.
163121, 2007.

N. Nuntawong, S. Huang, Y., B. Jiang, C. P. Hainsand.
Huffaker, “ Defect dissolution in strain-compensated stacked
InAs/GaAs quantum dots grown by metalorganic chemigabva
deposition,” Appl. Phys. Lett., vol. 87, no. 11, pp. 113105, 2005.
P. Lever, H. H. Tan and C. JagadislhGaAs quantum dots grown
with GaP strain compensation layers,” J. Appl. Phys., vol. 95, no. 10,
p. 5710, 2004.

N. H. Kim, P. Ramamurthy, L. J. Mawst, T. F. Kuech, P. Bqdr. J.
Goodnough, D. V. Forbes, and M. Kanskar, “Characteristics of
InGaAs quantum dots grown on tensitezined GaAs1—xPx,” J.
Appl. Phys., vol. 97, no. 9, p. 93518, 2005.

N.-H. Kim, J.-H. Park, L. J. Mawst, T. F. Kuech, and M. Klear,
“Temperature sensitivity of InGaAs quantum-dot lasers grown by
MOCVD,” IEEE Photonics Technol. Lett., vol. 18, no. 8, pp. 989
991, 2006.

R. Beanland, “Dark field transmission electron microscope images of
1=V quantum dot structures,” Ultramicroscopy, vol. 102, no. 2, pp.
115-125, 2005.

P. B. Joyce, T. J. Krzyzewski, G. R. Bell, T. S. Joned&ik, D.
Childs, andR. Murray, “Effect of growth rate on the size,
composition, and optical properties of InAs/GaAs quantots d

grown by moleculabeam epitaxy,” Phys. Rev. B, vol. 62, no. 16, pp.
1089110895, 2000.

G. Park, D. L. Huffaker, Z. Zou, O. B. Shchekin @dG. Deppe,
“Temperature dependence of lasing characteristics for long-
wavelength (1.3um) GaAs-based quantdohiasers,” IEEE,
Photonics Technol. Lett., vol. 11, no. 3, pp.-380d3, 1999.

1. O’Driscoll, P. Blood, and P. M. Smowton, “Random Population of
Quantum Dots in INASGaAs Laser Structures,” IEEE J. Quantum
Electron., vol. 46, no. 4, pp. 52532, 2010.

M. Grundmann and D. Bimberg, “Theory of random population for
quantum dots,” Phys. Rev. B, vol. 55, no. 15, pp. 9740-9745, 1997.
H. Wang, D. Ning, and Feng, “Temperature dependence of the
optical properties of InAs/GaAs self-organized quantum dits w
bimodal size distribution,” J. Cryst. Growth, vol. 209, no. 4, pp. 630—
636, 2000.

F. Franchello, L. D. de Souza, E. Laureto, A. A.\@ui. F. L. Dias,
and J. L. Duarte, “Influence of bimodal distribution and excited state
emission on photoluminescence spectra of InAs self-assembled
quantum dots,” J. Lumin., vol. 137, pp. 22-27, 2013.

S. Liang, H. L. Zhu, and W. Wang, “Size distributions of quantum
islands on stepped substrates,” J. Chem. Phys., vol. 131, no. 15, p.
154704, 2009.

(28]

[29]

(30]

(31]

(32]

(33]

Timothy S. Roberts received the M.Eng. degree in
microelectronics from the University of Sheffield, Sheffield,
U.K., in 2013, where he is currently working toward the
PhD. degree in MOVPE growth of Quantum Dots.

Benjamin J. Stevengeceived the Ph.D. degree in advanced
GaAsbased lasers from the University of Sheffield,
Sheffield, U.K., in 2010. Since July 2009, he has been at the
National Centre for IHV Technologies, University of
Sheffield, where he is responsible for the development of
MOVPE growth. His research interests include lasers and
regrowth technologies. He received the Japanese Society for
the Promotion of Science Summer Fellowship, which he
spent in the Asakawa Group, Tsukuba, Japan, learning
selective area MBE.

Edmund Clarke received the B.Sc. degree in physics and
the Ph.D. degree in physics from Imperial College London,
London, U.K., in 1996 and 2005, respectively. He was a
Research Associate at Imperial College London for five
years, where he was involved in the research on molecular
beam epitaxy of quantum dot devices. In October 2010, he
joined EPSRC National Centre for 4W Technologies,
University of Sheffield, Sheffield, U.K., where he is
currently a Research Fellow, and is responsible feiVII
semiconductor growth by molecular beam epitaxy.

lan Tooley graduated with his first degree, a BSc in
Electronics at University of Salford in 1978. He graduated
in 1986 with an MSc in microelectronics from University of
Surrey in 1986. Since then he has worked in roles as
technical support, technical sales, owning & running his
own international telecoms company, running and owning
his own management consultancy, sitting on advisory
boards to the international telecoms industry and European
photonics helping steer funding for Horizon 2020. He is
currently researching for a PhD in semiconductor lasers.

Jonathan Orchard received the M.Eng. degree in
electronic engineering and the Ph.D. degree from the
University of Sheffield, Sheffield, U.K., where he was
involved in the design and characterization of vertical cavity
lasers in 2008 and 2012, respectivélg.was a Postdoctoral
Researcher at the University of Sheffield where he was
involved in research on various aspects of quantum dot
photonic devices grown on silicon substrates, including



> JSTQE-CON-SL2017-06750-2017.R2 8

carrier dynamics and long wavelength emission. He lwoadband light sources for optical coherence tomography
currently with the University of Glasgow. applications.

lan Farrer received the M.Sci. degree in physics and Ph.David Mowbray received B.A. and D.Phil. degrees from
degree from the University of Cambridge. He is Lecturer dDxford University, Oxford, U.K., in 1984 and 1989,
Semiconductor Epitaxy and Materials in the Electronic angspectively. His D.Phil. research was focused on the optical
Electrical Engineering Department at the University oproperties of InGaAs-InP quantum-well systems. From 1989
Sheffield. He has been a key member of the collaboratioto 1990, he held an Alexander von Humboldt Fellowship at
between the University of Cambridge and Toshiba Researttte Max Planck Institute for Solid State Research, Stuttgart,
Europe for over 15 years, leading the growth programme f@ermany. Since 1991, he has been a member of the
the last 9 years. He is expert on both the growth of selbepartment of Physics and Astronomy, University of
assembled quantum dots and of ultra-high mobility materiagheffield, Sheffield, U.K. His current research interests
for fundamental transport experiments at low temperaturdaclude the development of long wavelength InAs quantum-
His work has led to the creation of charge tuneabldotemitters and the development of nanowire QDs.
structures leading directly to the demonstration of two
photon interference from remote quantum dot deviceRichard A. Hoggreceived the Ph.D. degree in physics from
Similarly his p-i-n structures were used in the fabrication ahe University of Sheffield, Sheffield, U.K., in 1995. He was
the first entangdd-photon light emitting diode, and recentlya Postdoctoral Researcher with NTT Basic Research
to demonstrate quantum teleportatio Laboratories, Atsugi, Japan, for two years. He was with
Toshiba Research Europe's Cambridge Laboratory for three
David T.D Childs received the B.Sc. degree in physics, thgears. In 2000, he joined Agilent Technologies Fibre-Optic
M.Sc. degree in semiconductor science and technology, a@dmponent Operation, Ipswich, U.K. In 2003, he joined the
the Ph.D. degree from Imperial College, London, U.K., ifElectronic and Electrical Engineering Department,
1996, 1997, and 2002, respectively. He was with the R&Dniversity of Sheffield, where he stayed until August 2015.
Department of Marconi Optical Components and Bookharile is currently a Professor of semiconductor devices at the
Caswell Semiconductor Research and Fabrication Facilityniversity of Glasgow. His research group is active in
till 2006, where he was responsible for the development ofdgveloping the understanding of device physics and
range of telecommunication lasers.e Hvas with the engineering, epitaxial processes fabrication technologies,
Department of Electronic and Electrical Engineeringand applications of various semiconductor laser, amplifier,
University of Sheffield, Sheffield, U.K. until Septemberand superluminescent diode devices. He received an EU-
2015. Since then he has been at the University of Glasga¥apan Fellowship as a Visiting Researcher in Professor
He is involved in a number of projects developingArakawa's Laboratory, University of Tokyo.
semiconductor light sources from visible to terahertz
wavelengths. This work spans from fundamental material
improvement to advanced device engineering. He is also
involved in the application of semiconductor devices to
fields ranging from selective laser melting to mid-infrared
hyperspectral imaging.

Nasser Babazadehreceived the Ph.D. degree from the
University of Sheffield, Sheffield, U.K., in 2010. Since
2010, he has been a Postdoctoral Researcher with the
Department of Electronic and Electrical Engineering,
University of Sheffield until December 2015. Since then he
has been working at the University of Glasgow. His research
interests include semiconductor nanostructures, with
emphasis on quantum dot, quantum well structures
including VCSELS/VECSELS, and super Iluminescent
diodes.

Nobuhiko Ozaki received a B.Sc. degree in physics in
1997, and M.Sc. and Ph. D. degrees in physics in 1999 and
2002, respectively, all from Osaka University, Japan. In
2002, he joined the Institute of Materials Science,
University of Tsukuba, Japan as a Research Associate. In
2005, he joined the Center for Tsukuba Advanced Research
Alliance (TARA), University of Tsukuba, Japan as an
Assistant Professor. In 2009, he moved to the Faculty of
Systems Engineering, Wakayama University, Japan as an
Associate Professor. From 2014 to 2015, he was a Visiting
Academic in the Department of Electronic and Electrical
Engineering, the University of Sheffield, Sheffield, UK. His
current research includes the selective-area-growth of
guantum dots and their application to near-infrared



> JSTQE-CON-SL2017-06750-2017.R2



