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ABSTRACT
The optimum number of layers in InAs-based quantum dot-in-well active regions is investigated by means of sophisticated measurements of
structures containing 8, 12, and 14 dot-in-well layers. Measurements of optical gain vs a parameter proportional to the carrier density indicate
that additional layers do provide a proportional increase in the available gain at a given carrier density. This indicates that unequal optical
overlap and unequal electrical pumping of the different layers are not significant effects. It is suggested that performance better than that of
the typically used seven or eight layers may occur for samples with a higher layer number with reduced levels of p-modulation doping to
minimize internal optical mode loss and non-radiative recombination.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0275039

I. INTRODUCTION

To meet rising data traffic demands driven by the increased
use of artificial intelligence software and other data-intensive activ-
ities, fast, inexpensive, and versatile data transmission methods
are required.1 In particular, high-power, O-band, on-chip lasers
are needed for edge processors and other data communication
applications.2

Quantum dot-in-well (DWELL) active regions are attrac-
tive candidates for use in this regard due to their tempera-
ture insensitivity, resistance to optical feedback, and long device
lifetimes.2 InAs quantum dots (QDs) are suitable for uncooled
lasing operation in the O-band, reducing device footprint and
net power consumption. The highest operating temperature
lasers on GaAs3 and Si4 substrates both use eight InAs/InGaAs
DWELL layers with p-modulation doping (hereafter referred to as
p-doping).

The number of stacked DWELL layers is a critical design para-
meter. Increasing the layer count reduces the gain requirement per
dot; however, it can lead to an increase in the total current needed
to pump enough dots to the required level. Consequently, in the
same way that there is an optimal lasing cavity length,5 there exists

an optimal number of DWELL layers beyond which the gain no
longer increases proportionally at a given carrier concentration. This
optimum has been explicitly demonstrated for p-doped InAs/InP
DWELL lasers;6 however, it likely differs for InAs/InGaAs DWELL
lasers.

A theoretical optimization accounting for these effects was first
introduced for quantum well (QW) lasers by Ilroy et al.7 However,
for large numbers of layers, additional effects become significant.
One such effect is impeded carrier transport across the intrinsic
region, which leads to a higher population of holes near the p-side
and electrons near the n-side, resulting in reduced gain, as reported
in QW lasers.8

Another key factor is the overlap of the optical mode with the
active region. A mode propagating through a waveguide with a thin
active region is likely to have a poor confinement factor,9 meaning
that a significant portion of the mode does not experience gain. Con-
versely, overly thick active regions lead to inefficient pumping due
to poor optical overlap with the outer layers.10 Carefully engineered
separate confinement heterostructure (SCH) layers can be used to
increase the optical confinement factor of thin active regions (by
changing the aluminum content, e.g., see Ref. 11); however, there
are some benefits to using more layers.
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When layers can be equally populated, increasing their number
reduces the gain requirement per layer and, therefore, the carrier
concentration at threshold. This reduces the likelihood of non-
radiative recombination in the wetting layer, which is inefficient and
can induce dislocation climb,12 leading to areas of non-luminescence
and device degradation.13 Consequently, the design of efficient,
long-lived devices requires an understanding of how optical gain
scales with layer number.

For p-doped InAs/InGaAs DWELL lasers, seven or eight lay-
ers of dots have produced the best performance, including operation
at the highest temperatures. However, recent work has demon-
strated that co-doping, the combination of p-doping with n-type
doping, has advantages over p-doping alone.14 While both dop-
ing schemes reduce temperature sensitivity, p-doping significantly
increases threshold current,15 whereas co-doped lasers have demon-
strated reduced thresholds compared to n-doped and undoped
lasers.16 It is not yet understood whether co-doped InAs/InGaAs
lasers could benefit from more than eight DWELL layers.

The present work addresses this issue by comparing nominally
identical structures with different numbers of DWELL layers. To
assess the impact of layer number on carrier transport and optical
overlap, we use the electrically pumped segmented contact method17

(SCM) to measure the gain and absorption spectra of co-doped
InAs/InGaAs DWELL active regions with 8, 12, and 14 DWELL lay-
ers. The analysis of these spectra reveals that, although the 14-layer
sample shows some variation in dot distribution, gain continues to
scale with layer number beyond the conventional 8-layer design.
This suggests that neither unequal pumping nor poor optical overlap
limits performance for the layer numbers investigated here.

Section II outlines the intended epitaxial structure and the
growth methodology. Section III describes the measurement pro-
cess. The final results are presented in Sec. IV.

II. EPITAXIAL GROWTH AND DEVICE STRUCTURE
The epitaxial layers of the wafers are shown schematically

in Fig. 1. Each DWELL layer consists of 2.85 monolayers of
InAs QDs in an In0.16Ga0.84As QW followed by 35.5 nm of
GaAs spacing layers that contain the Be p-dopants. The dots are
grown via the Stranski–Krastanov (SK) growth mode18 with silicon
atoms introduced during the self-assembly process providing the
n-dopants.

All layers were grown using a Veeco GEN 930 Molecular Beam
Epitaxy system. The In0.16Ga0.84As QW and InAs QDs were grown at
a constant temperature of 510 ○C with the Si shutter briefly opened

during the QD growth, targeting a Si atom density of 780 μm−2 in
each dot layer.1 The GaAs spacing layers were grown in two tem-
perature stages. Initially, 10.5 nm of GaAs was deposited at 510 ○C;
the temperature was kept low here to avoid diffusion of Ga into the
QDs and to prevent deformation of the QD shape.19 Keeping the
temperature constant, the Be shutter was opened for the subsequent
10 nm of growth with the intention of obtaining a continuous p-type
doping profile with a Be density of 650 000 μm−3. The final 15 nm
of GaAs was grown at 580 ○C, acting as a high temperature growth
spacer layer (HTGSL), which serves to replanarize the surface to
minimize the impact of the non-planar dot surface on subsequent
DWELL layers.20

The doping concentrations were calculated based on the dot
density estimated from an atomic force microscopy (AFM) image
of an uncapped calibration sample. The dot density was found to
be 650 μm−2 per dot layer, meaning that the targeted doping den-
sities correspond to 1.2 electrons per dot and 10 holes per dot. To
avoid possible systematic changes in growth conditions impacting
the results, the samples were grown in a pseudo-random order, with
the 12-layer sample grown first, then the 14-layer sample, and finally
the 8-layer sample. These were then fabricated into 50 μm wide
oxide-isolated stripes with segmented contacts with section lengths
of 150 μm.

Photoluminescence (PL) measurements were taken for each
sample by illuminating a spot of material away from the metal con-
tacts with a continuous wave HeNe laser at both low (207.7 W cm−2)
and high (2077 W cm−2) power. The results of applying a Butter-
worth filter to the raw data (to remove high-frequency noise) are
plotted in Fig. 2. The four peaks visible for the lower layer samples
shown in Fig. 2(b) from left to right are identified as wetting layer
emission, the second dot excited state (ES), the first ES, and the dot
ground state (GS).

The emission peaks in the 14-layer sample are broadened, indi-
cating a difference in dot distribution, which we attribute to an unin-
tentional difference in growth conditions in this portion of the wafer.
The distribution of SK quantum dots is highly sensitive to growth
conditions such as surface roughness and temperature, which poses
challenges for achieving uniformity in wafer-scale growth.21 How-
ever, we note that the variation in dot distribution only has a minor
impact on the outcomes of this study; although the rate of peak
gain increase with carrier concentration is slightly reduced, the peak
gain per layer remains in good agreement across all samples. There
was also some variation in the GS peak position of the 14-layer
sample across the wafer, indicating that further optimizations are
required to preserve dot uniformity for thicker active regions. The

FIG. 1. Schematic of the layer composi-
tion for the co-doped devices whose gain
and absorption are measured. The right-
hand side shows an expanded view of a
single DWELL layer and its spacer. The
capping and spacer layers have been
lifted away to better illustrate the position
of the Si-doped dots.
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FIG. 2. Photoluminescence spectra for 8, 12, and 14 DWELL samples. Each plot
includes filtered data and an inset showing the raw data. (a) Pumping power of
207.7 W cm−2. (b) Pumping power of 2077 W cm−2.

multi-section devices discussed in subsequent sections were selected
from a region of the wafer where the GS peak position closely
matched that of the other two samples.

III. MEASUREMENT
A. Experimental procedure

A typical multi-section device used for SCM measurements
is shown in Fig. 3. The single-pass amplified spontaneous emis-
sion (ASE) spectra of a length of material can be measured by
electrically pumping nominally identical sections that have a long
passive section behind them; this passive section absorbs backward-
traveling light, preventing reflection at the rear facet and ensuring
that there is no round-trip amplification.

It can be shown that the net modal gain of the device depends
on the ratio of the ASE spectra exiting the facet when two adjacent
sections are pumped to that when a single section is pumped, as
follows:17

G − αi = 1
L

ln( Imeas(2L)
Imeas(L) − 1). (1)

Here, Imeas is the measured intensity, G is the modal gain, and αi is
the internal optical mode loss.

FIG. 3. Schematic of a typical broad area device used for segmented contact
measurements with sections of length L.

Similarly, the net absorption, A + αi, can be found by measuring
ASE from a single pumped section followed by pumping the section
immediately behind it,

A + αi = 1
L

ln
⎛
⎝

I(1)meas

I(2)meas

⎞
⎠, (2)

where I(1,2)
meas correspond to the intensities measured from the front

and back sections. To limit self-heating during the measurement, the
devices were driven by a pulsed current source, with a pulse duration
of 1 μs and a repetition frequency of 5 kHz.22

B. Analysis
An example set of spectra obtained using the method described

above is plotted in Fig. 4. The net modal gain of the eight DWELL
sample is plotted for several currents alongside the absorption spec-
trum. At long wavelengths, the spectra all converge to the same
constant value. The PL spectra indicate that there are very few dot
transitions in this region; however, it is possible to measure emission
at these wavelengths due to the Coulomb interactions resulting from
large carrier injection under the high-power PL conditions or under
electrical injection. The absorption spectrum is a measurement of

FIG. 4. The measured gain spectra for the sample with eight DWELL layers for
a series of injected currents (steps of 15 mA). Two peaks are present in the
gain spectra corresponding to ground-state and excited-state dot transitions. The
absorption spectrum is also displayed (red markers). The inset displays the peak
gain as a function of transparency energy.
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the transitions in an unpumped section where there are minimal
Coulomb interactions; consequently, in this long wavelength region,
there are no or negligible dot states, meaning that the absorption
here is negligible and the value of the constant is the internal mode
loss αi.

Positive gain is observed beyond the region where the absorp-
tion spectrum would indicate that the number of dot states is trivially
low; this red shift is well documented and is attributed to the forma-
tion of excitons under high carrier injection. For sufficiently long
wavelengths, there are very few dot states or excitons, meaning that
the modal gain is zero and, therefore, the gain curves also converge
to the internal mode loss. The internal mode losses obtained from
the absorption spectra of each sample, plotted in Fig. 5, are col-
lated in Table I. The peak in the absorption spectrum of the 14-layer
DWELL sample is significantly broadened; this is consistent with the
broadened dot distribution observed in Fig. 2.

Figure 5 shows that increasing the layer number generally
increases the magnitude of the absorption, A; this is in line with
expectations, as more DWELL layers means more total dot states,
and the absorption spectra are a measure of the number of available
transitions between valence and conduction states.

We next evaluate whether additional layers increase the gain
in proportion to the increased layer number. If this is the case, it
is unlikely that there are any significant differences in the carrier

FIG. 5. The absorption spectra of each DWELL active region. Here, only every
fourth data point is shown to enable the markers to be better distinguished. Also
indicated is the position of the absorption edge, which we define to be the position
of the minima in the second derivative corresponding to the longest wavelength
absorption peak, and the position at which the value of the absorption is half that
at the absorption edge.

TABLE I. The measured internal mode loss, αi, for each of the samples alongside the
internal mode loss per layer. The uncertainties presented here represent a one-sigma
coverage interval.

Layer number αi (cm−1) αi (cm−1 layer−1)

8 3.9± 0.7 0.49± 0.09
12 6.3± 0.5 0.52± 0.04
14 8.5± 0.5 0.61± 0.04

population in the different layers. To isolate the effect of the number
of DWELL layers on the laser performance, other potential differ-
ences between samples [e.g., differing Shockley–Read–Hall (SRH)
recombination rates or different internal optical mode loss] must be
removed. One way to do so is to compare the peak modal gain as a
function of transparency energy;9 this is the energy at which the rate
of stimulated emission and the rate of absorption are both non-zero
and coincide (i.e., G = 0), and it is, therefore, equal to the quasi-
Fermi level separation (assuming that the carriers are well described
by Fermi distributions), ΔEF.23 The quasi-Fermi level separation
is closely related to the carrier concentration, making it a more
intrinsic (effectively removing the effect of SRH recombination)
comparison than, e.g., the device current.24

To determine the transparency energy for each curve, we found
the wavelength at which the curve intersects a horizontal line with
value −αi; this is illustrated by the dashed line in Fig. 4. The asso-
ciated uncertainty was calculated using a Monte Carlo method25

(MCM) to find the probabilistically symmetric, one-sigma (≈68 %)
coverage interval by assigning the appropriate Gaussian distribu-
tion to measurements of αi. The peak modal gain and associated
one-sigma uncertainty were calculated simultaneously via the non-
parametric Bootstrapping technique,26 using the main MCM loop to
calculate each resampling (with replacement). The maximum value
of each resampling was recorded, and the best estimate for the peak
gain was taken to be the mean of these values with the uncertainty
given by the sample standard deviation.

An unintended consequence of using the transparency energy
is that the results become dependent on the distribution of dot sizes
within each sample. Inhomogeneity of dot sizes leads to broaden-
ing of spectral peaks because dots of different sizes have different
spacing between energy levels and, therefore, emission/absorption
characteristics. As such, the wider the distribution of sizes, the
broader the gain peak. This is of importance here because broader
gain spectra will intersect with the αi line at shorter wavelengths
and will, therefore, have comparatively larger transparency energies.
This means that any difference in dot distributions between samples
could lead to incorrect results. In fact, it has been shown that, even
in the absence of size distribution, larger dots have broader spectra
as their bound modes are more tightly spaced than smaller dots,27 so
even if the variance of sizes is the same between samples, differences
in the mean could skew the results.

To reduce the effect of spectrum width, we have calculated a
transition energy, Etransition, for each sample based on the width of the
longest wavelength absorption peak. Etransition is the energy at which
the absolute magnitude of the absorption falls to half of the value at
the absorption edge, as indicated in Fig. 5. The transition energies
for the 8-, 12-, and 14-layer samples are 0.947, 0.945, and 0.939 eV,
respectively. The difference between the transparency energy and
the transition energy provides a measure of the carrier concentra-
tion, taking into account differences in dot distributions between
samples.28

IV. RESULTS AND DISCUSSION
The results of completing the analysis described above for each

sample are plotted in Fig. 6. Comparison of vertical uncertainties
shown in Fig. 6 to those presented for αi in the second column
of Table I shows that the vertical uncertainty is dominated by the
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FIG. 6. (a) The measured peak modal gain of several DWELL samples plotted
against the difference between the transparency energy and the transition energy.
(b) The peak modal gain per layer for the same samples. We note that the vertical
uncertainty is dominated by the uncertainty associated with determining αi.

uncertainty in determining αi. As such, the vertical uncertainty is
largely systematic, and, therefore, the relative spacing of data points
for the same sample is well determined.

The comparatively large horizontal uncertainties of the two
points with the largest peak modal gain can be understood with
reference to Fig. 4. The transparency points of the associated gain
curves (210 and 195 mA) coincide with the shoulders of the curves,
meaning that even small vertical perturbations of αi lead to large
changes in the horizontal placement of the transparency points.

Figure 6(a) shows that generally for the same carrier concen-
tration, the greater the number of DWELL layers, the greater the
peak modal gain. This is confirmed in Fig. 6(b), which demonstrates
that even for thicker active regions, each layer contributes equally to
the optical gain. This suggests that, within the range of layer num-
bers investigated here, neither uneven pumping nor optical overlap
is an issue. We note, that the slope of the fourteen DWELL sample
is comparatively shallow, leading to less peak gain at higher car-
rier densities. However, we do not believe that this is an intrinsic
property of the number of layers, but rather that it is related to the
broadening of the absorption edge shown in Figs. 2 and 5. At low
carrier densities, a broad distribution results in more low-lying states
that can contribute to the gain, whereas at higher carrier densities, a

broader energy range of states is occupied, resulting in a lower peak
modal gain. This is precisely the behavior shown in Fig. 6.

Table I shows that, within uncertainties, the internal mode loss
per layer is consistent. This suggests that the internal optical mode
loss comes from processes proportional to the layer number. A sig-
nificant source of internal mode loss is the overlap of the optical
mode with highly doped layers, resulting in free carrier absorption.29

As discussed in Sec. II, these samples have p-dopants in the spacers
between the DWELL layers, meaning that optical modes propagat-
ing through samples with more DWELL layers have a greater overlap
with highly doped layers, which leads to increased internal mode
loss.

The threshold condition for Fabry–Pérot (FP) lasers is

G − αi = αm, (3)

where αm is the distributed mirror loss.30 The mirror losses should
be independent of the number of DWELL layers. In addition, we
have shown that active regions with more layers reach the same level
of G − αi at lower carrier densities, meaning that laser cavities with
more layers will require a lower carrier density to reach threshold,
and according to the discussion in Sec. I, they are likely to have bet-
ter temperature insensitivity and longer laser lifetimes. However, for
the doping levels used here, it can be inferred from Fig. 6(a) that
the eight-layer sample produced the highest positive net gain. This
is related to the fact that a greater range of carrier densities could be
accessed. Samples with fewer layers have lower resistances; as such,
when electrically pumped at the same power, samples with fewer
layers will have a higher carrier density. In principle, a high power
source would be able to access higher carrier densities and, therefore,
higher net gain in the larger layer number samples; however, this is
undesirable. Significantly increasing the power consumption of the
device would mitigate the benefits associated with improved gain;
however, there may be another way to improve the performance.

It is well known that the non-radiative recombination rate
increases with modulation p-doping and that if the level of p-doping
is too high, the increased current required outweighs the improved
gain performance.31 In the comparison here, samples with larger
layer numbers have higher total p-doping, so this may be the origin
of the lower layer number samples performing better.

In higher-layer-number samples, there is less need for the bene-
ficial effects of p-doping with respect to higher gain. Hence, at higher
layer numbers, a lower level of p-doping per layer would reduce
the internal mode loss, improve radiative efficiency, and may allow
higher net gains to be accessed without increasing the power of the
electrical supply, leading to better overall performance.

V. SUMMARY
By comparing the gain spectra of structures with 8, 12, and 14

DWELL layers (which are nominally identical otherwise), we have
presented two key findings:

1. At the same carrier concentration, the peak modal gain per
layer is independent of the number of DWELL layers, indi-
cating that there is no issue with optical overlap or unequal
pumping of layers.

2. The internal mode loss per layer is almost independent of layer
number, suggesting that the principal optical loss mechanism
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is a layer-dependent process such as free-carrier absorption in
the spacer layers, relating to p-doping.

Accordingly, active regions with more DWELL layers would
require a lower carrier density to reach threshold, meaning that
they are likely to be more temperature insensitive and have longer
laser lifetimes. As high levels of p-dopants lead to increased free
carrier absorption and non-radiative recombination, it is likely that
the higher threshold currents of lasers with large DWELL num-
bers currently seen could be mitigated by reducing the amount of
p-modulation doping.
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