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ABSTRACT

InAs quantum dot and dash gain media demonstrate performance benefits, such as lower threshold current densities and reduced
temperature sensitivity over quantum wells for lasers operating in the C-band telecommunications window. Quantum dashes are of much
interest for their higher gain over quantum dots due to an increased density of states. We combine experimental results and simulations to
understand how quantum dash morphology and composition can be used to tune the emission wavelengths of these nanoparticles. Atomic
force microscopy (AFM) analysis is performed to determine the effect of growth temperature and sublayer type on InAs/InGaAsP/InP nano-
particle morphology and homogeneity. Uncapped InAs nanoparticles grown by CBE on a GaAs sublayer will have dash-like geometries with
heights up to 2.36 nm for growth temperatures of 500-540 °C. GaP sublayers will induce taller quantum dots except for a growth temperature
of 530 °C, where quantum dashes form. The dimensions extracted from AFM scans are used in conjunction with photoluminescence data to
guide parabolic band simulations of an InAs quantum dash with a GaP or GaAs sublayer and InP cap buried within InGaAsP. The calculated
emission energy of a buried 30 x 300 nm quantum dash decreases by ~100meV for increasing heights from 1.5 to 2.5 nm, or increases by
~100 meV by addition of 20% phosphorus in the dash and wetting layers. Modifying the quantum dash height and leveraging the As/P inter-
mixing that occurs between the InAs and InP layers are, thus, most effective for wavelength tuning.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (hitp://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0133657
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InAs/InGaAsP/InP quantum dots (QDots) and quantum dashes
(QDashes) can be used as the active media in telecommunications
lasers'” to offer improved device performance when compared to
equivalent quantum well (QW) devices.” ” We define QDots as nano-
particles with lateral dimensions on the same order of tens of nano-
meters and QDashes as those with one elongated lateral dimension on
the order of hundreds of nanometers. The InAs/InP material system,
with a lattice mismatch of 3.2%, enables either QDash or QDot growth
depending on growth conditions and sublayer type. Both InGaAsP*
and InAlGaAs’ barriers can be implemented for C-band operation.
Wavelength tuning via QDash height for InAs/InAlGaAs/InP QDash
lasers has been well-documented.”” InAs/InGaAsP/InP QDash lasers,
with lower strain than InAlGaAs, were the first to be demonstrated for
use in optical communications.”'’

Previous experiments have investigated the composition and
structure of InAs QDash arrays with atomic force microscopy (AFM),

photoluminescence (PL), cross-sectional scanning tunneling spectros-
copy, and transmission electron microscopy.'''” The effect of parame-
ters, such as growth temperature and indium flow, have been discussed
for buried and uncapped nanoparticles. QDash simulations'>'*""”
investigated the effect of QDash structure on emission and gain charac-
teristics, ©* energy levels,'*'” and density of states of QDashes' " and
their relation to other nanoparticles like quantum wires (QWires).'>'*"
Both simulations and experiments characterized InAs nanoparticles on
InP and GaAs substrates, showing that QDashes facilitate wavelength
tuning with their broader gain spectra than QWs;'* QDashes have
QWire-like characteristics;'>'” and emission characteristics of QDashes
are generally independent of QDash length.'>'”

This Letter analyzes an asymmetric heterostructure with thin
GaP and GaAs sublayers using experiments and simulations. While
both uncapped QDot and QDash arrays are analyzed experimentally
using AFM, we focus our modeling on QDashes due to their higher
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FIG. 1. (a)~(j) Single scan of ten samples analyzed using AFM. Each scan is 1 um? with vertical axis oriented in the [01-1] direction. Samples (a)—(e) are grown on GaP sub-
layers, and samples (f)—(j) on GaAs sublayers under different growth temperatures; (k) description of the sample layer structure; (I) average nanoparticle widths and densities;
and (m) room temperature PL data as a function of the growth temperature.

optical gain compared to QDot devices.'® These single QDash energy heterostructure consists of InGaAsP barriers lattice-matched to InP,

level calculations were performed to understand the impact of mor- GaP, or GaAs sublayer, InAs wetting layer (WL), InAs QDash, and
phology and composition on the predicted emission energy of InP cap. The QDash is designed to emit at 1550 nm in the C-band tele-
QDashes, for telecommunications laser active media. The simulated communications window and reproduces the structure of
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FIG. 2. Example height probability distributions with three Gaussian terms for (a) GaP and (b) GaAs sublayer with corresponding regions on AFM scans for (c) 540°C GaP
and (d) 520°C GaAs samples; (e) Average minimum and maximum heights for each growth temperature from four scans.
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experimental growths of QDash arrays for InP-based lasers. The effect
of As/P intermixing between the InP and InAs layers is considered by
simulating the inclusion of phosphorus in the QDash and WL.

Ten InAs/InGaAsP/InP nanoparticle samples were grown by
chemical beam epitaxy on n-type (001) InP substrates using a Riber 32P
reactor. Example AFM scans of the uncapped nanoparticles are shown
in Figs. 1(a)-1(j), with the full structure shown in Fig. 1(k). Further
growth information is included in the supplementary material. Since
both GaP and GaAs sublayers will impact the resulting nanostructure
morphology,” five samples with growth temperatures from 500
to 540 °C were analyzed for each sublayer type. Both sublayers reduce
As/P exchange between the InAs and lower InGaAsP layers.”””" GaP
has the highest bond strength of the InGaAsP compositions, making it
energetically unfavorable for As/P exchange to occur. With GaAs, there
is no phosphorus to exchange with arsenic. GaAs sublayers of mono-
layer thicknesses or less have also been shown to induce QDash forma-
tion in the [01-1] direction due to preferential surface diffusion.””’

Four AFM scans per sample were performed using a Bruker
Dimension Icon AFM. The average nanoparticle widths and surface
densities are shown in Fig. 1(1), with error bars showing the standard
deviation across the four scans. The lowest density, shown in Fig. 1(j),
corresponds to ~60 QDashes/im?, while the largest in Fig. 1(c) is
~360 nanoparticles/um’. As growth temperature increases, the aver-
age density for GaAs sublayer samples decreases, whereas for GaP,
there is a minimum density at 530 °C. Average widths were taken for
100 nanoparticles for each sample or 25 nanoparticles per scan. These
values correspond well to literature values within the same material
system.”'>”” Room temperature PL data for the center wavelength,
peak intensity, and full-width-half-maxima (FWHM) are shown in
Fig. 1(m). The GaAs sublayers, which preferentially form QDashes
instead of QDots, have higher PL intensities and lower FWHM, thus
showing higher material gain than GaP sublayer samples at equivalent
growth temperatures. In addition to sublayer type, arsenic and phos-
phorus overpressures and interruption times, growth tempera-
ture,"”*’ element intermixing,”*** and surface diffusion dynamics™"*°
all affect the morphology and composition of the nanoparticles. Over
the range of temperatures considered here, GaAs sublayers produce
QDashes, while GaP sublayers produce QDots with exception of
530 °C, where QDashes are visible in Fig. 1(d).

Height probability distributions from all 40 images were
extracted using the data visualization and analysis open-source soft-
ware, Gwyddion, and fitted with a three-term Gaussian as shown in
Figs. 2(a) and 2(b). Exemplary regions corresponding to each of the
three heights are outlined visually in Figs. 2(c) and 2(d). For all sam-
ples, peak (i) corresponds to the background height distribution (the
WL surface). For QDashes, peaks (ii) and (iii) correspond to primary
plateaus and secondary peak heights of the QDashes, respectively. For
InAs QDots, it is common to form a bimodal height distribution”” "
and, thus, peaks (ii) and (iii) correspond to the shorter and taller
ensembles. The full AFM height analysis procedure is described and
explained in Obhi et al.”' The minimum and maximum heights shown
in Fig. 2(e) are the differences between the peaks of terms (i) and (ii)
or (i) and (iii), respectively. This shows that uncapped nanoparticles
on GaAs sublayers can grow to nearly 2.5nm. The InP capping pro-
cess reduces the height of nanoparticles,24 so simulations where
QDash height is fixed are performed for heights of 1.5 or 2 nm, indi-
cated by the green shaded region.

scitation.org/journal/apl

Three-dimensional energy level calculations of single QDashes
were performed using the commercial optoelectronic simulation plat-
form Crosslight Photonic Integrated Circuit Simulation (PICS3D).”
These simulations compute the band structure of the device described
in Fig. 3 and Table I using a single band parabolic model with aniso-
tropic effective heavy hole and light hole masses to account for strain
effects. The effective electron masses are for the I" valley and are given
in Table I. The single band parabolic model has been validated in pre-
vious quantum structure simulations to determine energy level spac-
ings.''”'”** The finite element mesh density is fixed at 1 A spacing
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FIG. 3. (a) Exploded view of the simulation structure; (b) equilibrium bandgap dia-
gram at 300K, with Fermi energy (Ef) as indicated; (c) QDash conduction and
heavy hole band diagram, with insets showing energy levels within
1.5 x 30 x 300nm> QDash for GaP and GaAs sublayers; and (d) magnitude
change in bandgap offsets as a function of [P] within QDash and WL, with the refer-
ence |Ey| defined as offset for 0% P. The inset table and figure: offset and band
shift between QDash and InP cap for 0%-20% phosphorus and slope of linear fits.
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TABLE |. Material parameters for the default simulation structure.

ARTICLE scitation.org/journal/apl

Layer Thickness” (nm) Phosphorus (%) Strain” (%) Effective electron mass
6. InGaAsP 50 0 0.07m,

5. InP cap 1 x 0 0.08m,

4. InAsP QDash 1.5 (1.5-2.5) 0 to 20 —3.2t0 —2.5 0.023m, to 0.035m,
3. InAsP WL 0.5 0 to 20 —3.2to —2.5 0.023mg to 0.035m,
2. GaP/GaAs sublayer 0.4/0.44 (0.1-1.0) 7.1/3.6 0.170m¢/0.064m,

1. InGaAsP 50 0 0.07m,

*Values in parentheses indicate the simulated range.

PNegative indicates the compressive strain, and bold indicates strain for 0% phosphorus condition.

along y for layers 2-5, corresponding to the region containing the bulk
of the carrier probability. The simulation solves the locally discretized
stationary Schrodinger equation to obtain wavefunctions and eigene-
nergies at each mesh point. The ground state transition, from the I"
point of the first conduction band (CB) subband and the first subband
of the heavy hole valence band (VB), is the lowest energy transition
and is taken as the expected emission wavelength, although the simu-
lation outputs up to ten confined levels in the CB and VB. The strains
listed in Table I are calculated for lattice-matching to InP using bulk
lattice constants and are constant throughout each material element.
The simulated emission wavelength of the default 1.5 nm InAs QDash
and WL with GaAs sublayer is tuned to 1549 nm to match experimen-
tal PL data shown in Fig. 1(m). This was done by modifying the barrier
mesh and WL thickness while maintaining default structure dimen-
sions from Table I.

The simulated heterostructure is shown in Fig. 3(a). As shown by
the band diagrams in Figs. 3(b) and 3(c), the carrier confinement due
to band offsets with a GaP sublayer is much deeper than for GaAs. To
identify the effect of QDash composition on the bandgap, an increase
from 0% to 20% phosphorus concentration, [P], was applied to both
the QDash and WL, which increases the bandgap as shown in Fig.
3(d). The band offsets in this plot refer to the junction between the
InAs QDash and InP capping layer. The CB/VB offset ratio at this
interface for a pure InAs QDash calculated using Crosslight material

parameters is 34/66, corresponding well to the Piprek et al. value of
40/60 for the InGaAsP/InP material system.”*

Figure 4 describes the effect of QDash dimensional changes on
the emission energy for both GaAs and GaP sublayers. The solid lines
represent a pure InAs QDash and WL, and while dashed lines repre-
sent an inclusion of [P] =10% in the QDash and WL. All lines are
exponential fits of the form y = Ae P 4 ¢ where A, b, and c are freely
chosen fit parameters. The fit residuals are small, with R? > 0.995.
Figure 4(a) shows that the emission energy as a function of QDash
length converges for a QDash length of ~200nm, and so a QDash
length of 300 nm was chosen to remove the transition energy depen-
dence on this dimension for simulations where the length is fixed. The
rate of change in emission energy as a function of QDash width is
shown in Fig. 4(b). There is also an exponential decay which converges
at ~85nm. We chose a QDash width of 30 nm for all simulations as
all ten studied samples had nanoparticles with widths or diameters
equal to this value, within standard deviation limits. While the effect of
QDash dimensions has previously been investigated, we have included
the impact of QDash and WL composition in tandem with changing
QDash dimensions. There is negligible difference in the convergence
of the emission energy with length or width between sublayer type or
QDash composition, validating that the first transition emission
energy is largely dependent on the smallest dimension, the vertical
confinement.
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FIG. 4. Simulated change in emission energy with respect to initial wavelength / as a function of (a) QDash length, (b) QDash width, and (c) QDash height; (d) Diagram
explaining QDash dimensions; (e) Simulation description and initial wavelengths for (c). Dashed lines in (a) and (b): default length and width chosen for all simulations.
Outlined data points have emission wavelengths within experimental PL data range shown in Fig. 1(m).
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As shown in Fig. 4(c), increasing the height of the QDashes from
1.5 to 2.5nm decreases the emission energy exponentially by ~80 to
115meV. A visual representation of this QDash height is given in Fig,.
4(d). This trend has also been documented in Gioannini,'” with a sim-
ilar shift in energy for the same QDash heights. We have also investi-
gated the effect of sublayer type and [P] on this parameter: GaP
sublayers induce a larger change in emission energy, and including
10% [P] reduces the change in emission energy due to decreased band
offsets shown in Fig. 3(d). The wavelength of the transition at a
QDash height of 1.5 nm, labeled the initial wavelength A, is shown in
Fig. 4(e). For QDash heights of 2.5nm on a GaAs sublayer, the emis-
sion wavelength is pushed beyond the C-band telecommunications
window, validating that shorter QDash heights, such as those mea-
sured via AFM are better suited for 1550 nm emission. Experimental
and calculated analyses of InAs/InP QWs by Kobayashi et al. have
shown a similar trend for emission energy as a function of InAs well
thickness, where on the same length scale, the trend is also sublinear.”
In Kobayashi’s study, an increase in InAs QW thickness from 1 to 5
monolayers decreased the emission energy by ~300 meV. This corre-
sponds to ~1 nm increase in thickness, the same delta across our stud-
ied range of QDash heights.

Next, we consider the effect of the sublayer type on the emission
energies. As expected, the deeper confinement from GaP due to the
larger bandgap and offsets results in higher emission energies. A
higher bandgap barrier material also increases the effect of QDash
height on energy level spacing: the rate of emission energy decrease
with QDash height for GaP sublayers is higher than for GaAs sub-
layers. An increase in 10% [P] within the QDash and WL decreases
the initial emission wavelength by approximately 80-90 nm for GaP
and GaAs sublayers, respectively, and decreases the sensitivity of emis-
sion energy on QDash height. This is due to increasing [P] lowering
the compressive strain and decreasing both the VB and CB offset, as
shown in Fig. 3(d). Varying the height of a QDash from 1.5-2.5nm
with a GaAs sublayer and 10% [P] within the QDash and WL covers a
wavelength range of 1459-1620nm and is, thus, centered around
1550 nm, as shown in Fig. 4(c). Highlighted data points are simulation
conditions that have transition wavelengths within the experimental
PL range shown in Fig. 1(m). We see that despite only tuning for the
default set of parameters, the PL and simulation wavelengths agree
well for a variety of simulation conditions. We have, thus, demon-
strated that from the conditions studied, a GaAs sublayer with a
0.5nm WL, combined with either a 1.5nm InAs QDash or 2.0 nm
InAsg.00Po.10 QDash is well-suited for C-band emission.

Figures 5(a) and 5(b) show the calculated change in the lowest
QDash energy transition as a function of the sublayer thickness. The
lines, as in Fig. 4, are exponential fits, with conditions, initial energies,
and wavelengths shown in Fig. 5(c). As we increase the thickness of
the GaP sublayer in Fig. 5(a), the emission energy increases by almost
30meV. This corresponds to a wavelength shift from 1486 to
1455 nm. The bandgap and offsets of GaP are larger than InGaAsP,
thus increasing the thickness of the GaP sublayer provides higher con-
finement than an InGaAsP barrier, and we see a rise in the emission
energy. Comparatively, as we increase the thickness of the GaAs sub-
layer in Fig. 5(b), the emission energy decreases since the band align-
ment of GaAs in the CB does not confine the mode as effectively as the
InGaAsP barrier. In Fig. 3(c), we show that the first ten subbands for
the 0.44 nm thick GaAs sublayer lie above the CB for GaAs. An increase

ARTICLE scitation.org/journal/apl

in the thickness of this GaAs sublayer, thus, results in further mode
spreading, and we see the energy levels shift toward the InAs band
edges. Simulations run with a GaAs sublayer and 1.5nm QDash and
2.0nm QDash with 10% [P] have starting wavelengths of 1514 and
1518 nm, respectively. These are shown in Fig. 5(b) and reach emission
wavelengths of 1550 nm for physically feasible thicknesses of between
0.4 and 0.6 nm. In contrast, simulated QDashes on GaP sublayers like
those in Fig. 5(a) do not reach the target wavelength of 1550 nm.
Figures 5(d) and 5(e) show that increasing the [P] within the QDash
and WL causes a decrease in wavelength by ~150-200nm or
100-115meV, for 1.5 and 2 nm QDashes, respectively. This is expected
since the addition of phosphorus causes a decrease in compressive strain
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and band offset as seen in Fig. 3(c). The change in the band offset is lin-
ear and, thus, the corresponding shift in energy levels is also linear, with
slopes of the fits shown in Fig. 5(f). The trends appear almost identical
regardless of the sublayer type. QDashes with GaAs sublayers can be
tuned to the desired wavelength of 1550 nm by incorporating phospho-
rus into the InAs layers during the growth process.

Single QDash energy level simulations have been performed for
an InAs QDash with a GaP or GaAs sublayer, InP cap, and InGaAsP
barriers. The physical dimensions are informed by AFM scans of
uncapped InAs/InGaAsP/InP QDot and QDash arrays, and the model
is tuned to match PL wavelengths of capped layers. Simulations con-
firm that the QDash height is the dominating physical dimension
impacting the lowest energy transition, taken as the emission wave-
length. Of the parameters investigated, the emission energy varies the
most, by up to 120 meV, when QDash height and [P] vary within
experimentally achievable ranges. This corresponds to a shift in emis-
sion wavelength of approximately 200 nm. The sublayer thickness and
type are shown to play an active role in the energy levels in addition to
controlling the morphology of nanoparticles. These simulations, thus,
show that QDash height, using a GaAs sublayer, and modifying the
[P] within the QDash and WL are the most practical parameters for
tuning the emission energies of InAs/InGaAsP/InP QDashes for the
C-band center wavelength of 1550 nm.

See the supplementary material for further information about the
sample growth and layer structure.
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