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We have demonstrated a two-section dual-wavelength diode laser incorporating distributed Bragg

reflectors, with a peak-wavelength separation of 62.5 nm at 300 K. Each lasing wavelength has a

different temperature dependence, providing a difference-tuning of 0.11 nm/K. We discuss the

mechanisms governing the light output of the two competing modes and explain how the short

wavelength can be relatively insensitive to output changes at the longer wavelength. Starting from

an initial condition when the output at both wavelengths are equal, a 500% increase in the long

wavelength output causes the short wavelength output to fall by only 6%. VC 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution
3.0 Unported License. [http://dx.doi.org/10.1063/1.4883857]

Dual-wavelength (dual-k) lasers are required for a num-

ber of applications that include distance and position inter-

ferometric measurements, as sources in read/write devices

for optical storage and bio-photonic applications. Techniques

such as laser speckle contrast imaging (LSI) and 2D photo-

acoustic imaging use pulsed dual-k lasers to study multiple

vascular physiological parameters such as concentration of

haemoglobin, blood flow and oxygen saturation.1 Here, we

focus on using a structure that exploits quantum dot (QD)

properties to achieve lasers that emit at two well-defined

wavelengths at the same time and on the same optical axis.

Simultaneous dual-state lasing in the same spatial loca-

tion is usually difficult to achieve or to control in a semicon-

ductor material because stimulated recombination processes

at a particular energy compete for carriers undergoing simi-

lar processes at other energies. Simple semiconductor lasers

will emit two or more wavelengths, but generally emit with

one dominating wavelength. Several approaches have been

suggested to produce more reliable dual-k operation. Many

of these rely on lasing in a different spatial position to avoid

or mitigate the direct competition for excited carriers [e.g.,

Refs. 2 and 3]. However, lasing at slightly different spatial

positions can produce complications in many of the applica-

tions that require two wavelengths. An effort to combine two

wavelengths into a single emitting arm has been achieved

using Y-branch lasers.4 But the disadvantage of these devi-

ces is that they have a larger footprint than normal laser

diodes and require careful design of the out-coupler to pre-

vent back-reflections into opposing arms of the Y-branch,

which otherwise creates instability in the output. Ridge

waveguides incorporating two grating regions with different

Bragg-wavelengths and a common gain section have been

successfully used to generate emission at two closely spaced

wavelengths with narrow line widths.5 However, the various

sections of such devices are not electrically isolated and this

can lead to superfluous pumping of adjacent sections. In

addition, shallow etched gratings tuned to one wavelength

can cause scattering loss at the other lasing wavelength and

lead to vertical guiding, which tends to spatially separate the

two propagating modes. We aimed to circumvent these

issues by fabricating a device comprising two electrically in-

dependent sections with a deep-etched Distributed Bragg

Reflector (DBR) grating acting as a partition between the

sections. The use of a deep-etched grating brings several key

advantages. First, the refractive index in the vertical direc-

tion (normal to the growth plane) is symmetric on the scale

of the optical mode, meaning the allowed modes are not off-

set towards the substrate, as observed with shallow-etched

gratings. Second, a high reflectivity at one wavelength can

be achieved using few periods, whilst providing high trans-

mittance at other wavelengths with minimal scattering. The

role of the DBR in achieving dual-k emission and how its

design affects device performance will be discussed.

For truly independent lasing at the same spatial location,

the modes must not interact with the same set or pool of

excited electrons and so must be separated in energy by

more than the homogenous linewidth.6 In addition, carriers

must not be able to move between the two carrier pools, or

the states in which they exist, on a shorter timescale than the

recombination process that removes carriers from those

excited states. The latter requirement, equivalent to a lack of

a thermal equilibrium between the energy states, is difficult

to achieve in most semiconductors, but can be met using

QDs.7 This has led to the demonstration of dual-k lasing in

QD material.8,9

There are further additional criteria that are necessary

for optimum dual-k performance. Clearly, population inver-

sion must be achieved over an energy range large enough to

encompass the two lasing photon energies and when using a

single active material this comes with the penalty of an

increased current density, which can be significant for widely

spaced wavelengths. In some of the envisioned applications,

it would be useful to independently control the wavelengths,

so that the device may be operated with both wavelengths

emitting simultaneously or individually. It is also useful to

have some tuning capability to either actively stabilise or to

set the difference-wavelength.

In this work, we describe a semiconductor lasing device

to meet at least some of the aforementioned requirements,

which was designed to exploit the properties of InP quantum
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dots grown on GaAs substrates that potentially cover the

650–780 nm wavelength range.10

The InP QD laser structure was grown by low pressure

metal-organic vapour phase epitaxy (MOVPE) on an n-GaAs

(100) substrate oriented 10� toward h111i. The sample was

grown at 730 �C using trimethyl precursors for the group III

elements and arsine AsH3 and phosphine PH3 as precursors

of the group V elements. Self-assembled dots were formed

from the equivalent of 3 monolayers of InP material deposited

on (Al0.3Ga0.7)0.51In0.49P and covered with 8 nm Ga0.54In0.46P

quantum wells (QW)s. Using a composition of GaxIn1�xP that

is tensile strained compared to the underlying substrate reduces

the current density required to achieve lasing on the quantum

dot states as described in Ref. 11. The structure contained 5

layers of dots in wells (D-WELL) where each D-WELL layer

was separated by 16 nm wide (Al0.3Ga0.7)0.51In0.49P barrier

layers. 1000 nm wide Al0.51In0.49P cladding layers, doped with

Si and Zn for n and p-type, respectively, formed the rest of the

waveguide structure.

Modal gain spectra measured using a stripe-length

method12 are plotted in Figure 1 for increasing current density.

Such broad gain spectra are typically observed for quantum

dot material. In addition to the increase in gain magnitude

with increasing carrier injection, there is a blue shift of the

gain-peak wavelength due to state-filling of the inhomoge-

nously broadened dot states. Therefore, it is the value of gain

required, or equivalently the cavity loss (per unit length),

which determines the absolute peak wavelength.

To achieve dual-k lasing in the same spatial location, we

employ a monolithic device, represented in schematic form

in Figure 2, consisting of two sections that can be independ-

ently electrically driven and separated by a DBR. This DBR

is designed to be reflective at the shorter of the two lasing

wavelengths and transparent at the longer wavelength. A sec-

ond DBR, which is reflective at the longer lasing wave-

length, is placed at the rear of the device. The first laser

cavity (section one) is formed by the front cleaved facet and

the DBR located between the two sections, and the second

cavity (section one plus section two) is formed from the front

facet and the back DBR. The inhomogeneous broadening

introduced by the dot material allows simultaneous operation

at the two wavelengths. The short cavity formed by section

one has a relatively high optical loss per unit length and

therefore emits at a shorter wavelength (utilising higher

energy states). The second cavity has a relatively low optical

loss and lasers on a longer wavelength utilising lower energy

states. The electrical isolation of the two sections is achieved

by etching the gaps in the grating portions down to the sub-

strate, which also ensures that there is minimal vertical (Z)

variation in refractive index through the optical waveguide.

In lasers incorporating surface gratings, the variation in re-

fractive index has the effect of pushing the optical mode

down towards the substrate and the degree to which this

occurs is wavelength dependent, causing a small spatial off-

set between the two lasing wavelengths. Measurements of

the lateral and transverse near-fields performed on these

devices revealed that the optical modes associated with both

wavelengths co-exist in the same spatial region. The charac-

teristic FWHM of the transverse (z-direction) far-field distri-

butions of both wavelengths were found to be very similar at

45� and 48 6 1.5� for the long and short, respectively. Time-

resolved images of emission spectra (obtained using a streak

camera) indicate that the two lasing modes emit simultane-

ously when applying the appropriate injection ratio.

The Bragg gratings used here were based on third order

quarter-wave stacks and the peak of the centre grating stop-

band is positioned such that the reflectivity, or feedback, is

higher at shorter wavelengths. In doing so, the loss of the

cavity and the emission wavelength is influenced by both its

length and the nature of the reflectivity spectrum attributed

to the centre grating.

To achieve the largest wavelength separation, a grating

structure was designed where the reflectively is only above

that of a cleaved facet at the short wavelength limit of the

material, accessed by high injection. An example of a centre

grating reflectivity spectra used to achieve a large wave-

length separation is shown in the inset to Figure 3. The high-

loss laser operates on the long wavelength edge of the

stop-band at approximately 658 nm, and the low-loss laser

operates through the minimum in the reflectivity at approxi-

mately 720 nm.

The overall mirror loss (am(k)) of the section one is de-

pendent on its length (Lc) and the reflectivity of both the

cleaved facet (Rf) and the DBR grating (RG(k))

amðkÞ ¼
1

2LC
ln

1

Rf RGðkÞ

� �
: (1)

FIG. 1. Measured net modal gain spectra (G-ai), for increasing current den-

sity at 300 K with lasing spectrum of dual-k laser superimposed. The

difference-k is 62.5 nm.

FIG. 2. Schematic diagram of device structure.
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This equates to the net-gain requirement, which must be

achieved in order for laser action to take place. This spec-

trally dependent mirror loss is shown in the main part of

Figure 3, together with a gain spectrum obtained at high

injection. When the level of pumping is sufficient, the gain

curve meets the loss spectrum. The point at which this occurs

corresponds to the wavelength at which a laser would emit

under these conditions and it does not necessarily coincide

with the material gain-peak wavelength. The gain require-

ment (or mirror loss) at wavelengths above this dramatically

increases and hence lasing at longer wavelengths is not pos-

sible. This method of modifying the loss spectrum of section

one using the centre grating allows for a large separation of

lasing wavelengths.

In Figure 1, the spectrum resulting from driving

sections one and two at 120 mA (3.3 kA cm�2) and 35 mA

(230 A cm�2), respectively, is superimposed over the gain

spectra measured at 300 K. At this temperature, the lasing

wavelength separation achieved is 62.5 nm. As described in

Eq. (1), the mirror loss is inversely proportional to the cav-

ity length. It will be appreciated that by varying the

optical-mirror loss of section one, by either altering its

length or the reflectivity stop-band of the centre DBR, the

difference-wavelengths can be altered. The ability to source

a wide range of wavelengths is made possible by the large

gain bandwidth, resulting from the large inhomogeneous

distribution in dot size.

In QD material, the temperature dependence of emission

wavelengths varies with the optical-loss of the laser as

described in Ref. 13. Since the two wavelengths are selected

by using different optical-losses, they have a different tem-

perature dependence, and this means that the separation of

the lasing wavelengths can be fine-tuned using the operating

temperature. This is modified somewhat compared to the

results obtained in Ref. 13, because the reflectivity of the

DBR is also temperature dependant. The temperature tuning

of the difference-wavelength is approximately linear with

temperature and varies at �0.11 nm/K for a laser with a

300 K wavelength separation of 62.5 nm.

It is apparent that the stability, or range of pumping con-

ditions over which dual-mode operation can be achieved is

dependent on the difference in the gain requirement of the

two modes, the way carriers distribute amongst the dot states

involved, and how effectively the centre grating operates as

a selective filter.

To investigate the intensity stability at the two wave-

lengths, the light level from each mode was initially set to

be equal (by adjusting the current to sections one and two),

and then the fractional change in light at each mode was

monitored as the current in one of the two sections was var-

ied, while the other was held constant. Figure 4 shows that

the light level at the short wavelength remains relatively

fixed for changes in current applied to section two.

Conversely, varying the current applied to section one

causes the light output at both wavelengths to change. The

latter is due to two effects; first, increasing the current in

section one increases the number of carriers available to

recombine at each wavelength, and second, a proportion of

the light generated from the high energy states of section

one is transmitted through the centre DBR optically pump-

ing section two. The gain requirement of the mode, which

emits at the long wavelength, is relatively low, and so the

level of injection required to reach threshold is much less

than that of the short wavelength. Moreover, above thresh-

old, the variation of light output to changes in carrier injec-

tion are more sensitive in a laser operating at a low carrier

density, and this effect can be further explained by consider-

ing the light-current characteristics. With reference to the

inset in Figure 4, which illustrates the difference in slope

efficiencies of the two modes, a low-loss (long wavelength)

laser operating at a low level of injection will have an exter-

nal differential efficiency, which is greater than a high-loss

(short wavelength) laser. Above threshold, the fractional

change in light with carrier density will be less for a high-

loss (short wavelength) cavity. In the device shown, the

slope efficiency for the long wavelength emission is 3 times

greater than that of the short wavelength. Furthermore, only

a fraction of the total carriers recombining at the long wave-

length are acquired from section one, and with the low level

FIG. 3. Peak of the net modal gain spectra (G-ai) plotted with mirror loss

spectra (am) obtained from Eq. (1) using the reflectivity spectrum of inset.

When the level of pumping is sufficient, the gain meets the loss spectra

(inside dashed circle) and laser action occurs.

FIG. 4. Fractional change in light intensity at each wavelength (k1, k2) when

fixing the current (I) in one section while varying the current applied to

other. Point at which the dashed lines cross corresponds to initial conditions

where the light intensity in each mode was equal. Inset shows light-current

characteristic of the two lasing modes, with horizontal axis corresponding to

total current of section one (blue line) and section one plus two (red line).
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of inversion required for lasing at the long wavelength, the

carrier competition in that section is minimal.

We have described a simple structure to generate dual-k
lasing in the same spatial and temporal position, with a

wavelength separation of up to 62.5 nm demonstrated. We

have shown how the two wavelengths are set using the opti-

cal loss of each cavity and how the difference in lasing

wavelength can be fine tuned using the operating tempera-

ture. The stability of each dominating mode, to changes in

drive current, was assessed by measuring the fractional vari-

ation in light output. Results indicate that the short wave-

length emission is relatively insensitive to variations in light

at the long wavelength. Conversely, the light output of the

long wavelength is affected by changes in output at the short

wavelength, but this can be compensated for by modulating

the current supplied to section two of the device.

This work was supported by EPSRC under Grant No.

EP/L005409/1.
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