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Mode formation in broad area quantum dot lasers at 1060 nm
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Abstract

An analysis of the transverse and longitudinal mode structure of broad area quantum dot lasers emitting at 1060 nm

is presented. In particular, temperature is shown to play an important role in the stabilisation of the transverse mode

structure of the devices. In addition, the investigation of the interaction between these transverse modes, through the

measurement of the spatial intensity correlation, shows that the laser retains some modal properties in the unstable

regime. Finally, measurements of spectral correlations between longitudinal mode groups display a strong dependency

on their respective transverse mode structures indicating the importance of spatial overlap.

� 2004 Published by Elsevier B.V.
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1. Introduction

Quantum dot based semiconductor devices are

currently being investigated by many researchers

to study advantages that they may deliver over
their existing quantum well counterparts. Opera-

tional insensitivity to temperature [1], low thresh-

old currents [2], insensitivity to optical feedback [3]
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and extension of existing GaAs technology into

the telecommunications band are major advances

which have been achieved to a certain degree.

However, other aspects of devices operation such

as the modulation bandwidth have not demon-
strated yet such improvements although there have

been some successes in addressing these short-

comings [4]. In addition to applications as

replacement for a host of existing telecommuni-

cations devices, quantum dot technology has also

great potential in the fields of quantum optics and

quantum information as single photon sources

[5,6] and single electron transistors [7].

mail to: houlihan@phys.ucc.ie


388 Y. Tanguy et al. / Optics Communications 235 (2004) 387–393
To date, much work exists on the various as-

pects of quantum dot laser operation. Experi-

mental results have been published which describe

filament free operation [8] and filament reduction

[9] while theoretical works have shown that, even

in the ideal, zero phase–amplitude coupling case,
filamentation can occur [10]. Indeed, measure-

ments of the line-width enhancement factor (al-

pha-factor) to date suggest that while its value can

be as low as 0.1 [12], it depends strongly on the

epitaxy and operating conditions, as is the case

with quantum well lasers (for a recent theoreti-

cal treatment see [11]). Also, studies of the inten-

sity noise of these devices have demonstrated
that a strong anti-correlation between laser modes

exists indicating a strong interaction in contention

with the usual picture of a purely inhomoge-

neously broadened device [13]. In addition, it has

been suggested that it is the homogeneous

broadening that determines the often observed

spectral modulation and narrowing [14], although

other explanations have been put forward for
spectral modulation. In fact, the broad flat gain

spectrum observed for quantum dot lasers may

leave the device susceptible to a range of modu-

lating mechanisms [15]. Leaky-waveguide sub-

strate modes [16] and transverse cavity resonances

[17] have been shown to be important in certain

device designs.

In this paper, we will present experimental re-
sults on mode formation in quantum dot lasers

lasing at 1060 nm. We will demonstrate the im-

portance of thermal effects and show how both the

homogeneous broadening and transverse mode
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Fig. 1. Total LI curve in CW regime (left)
structure lead to interesting features in longitudi-

nal mode coupling phenomena.
2. Device structure

The active region of quantum dot laser struc-

ture consists of seven layers of In0:5Ga0:5As dots

within 10 nm of GaAs separated by 7 nm of

Al0:15Ga0:85As. A dot density of 5� 1010 cm�3 and

base dimension of 20–25 nm are estimated [18].

Standard oxide confined devices of stripe width 50

lm and length 800 lm were fabricated and indi-

vidually mounted on open heat sinks. Throughout
this paper, the direction parallel to the junction

will be termed transverse while the growth direc-

tion is termed lateral.
3. Mode formation and instabilities

The lasers were first analysed in a temperature
stabilised, continuous wave (CW) regime (DC

current supply with temperature controller ILX

LDC-3714b). The total light–current (LI) charac-

teristic and the corresponding optical spectrum of

a typical device are shown on Fig. 1. The optical

spectrum both below and above threshold consists

of many longitudinal modes, modulated by an

envelope which separates these modes into, typi-
cally, two or three different groups, depending on

the laser. The power for each group of modes as a

function of injection current is presented in Fig. 2.

A strong competition between the two groups is
1050 1052 1054 1056 1058 1060 1062
Wavelength (nm)

, and its spectrum at 170 mA (right).
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Fig. 2. Power current characteristics of each of the two spectral

groups seen on Fig. 1.
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apparent as the power in one group increases while
the other decreases, also leading to some non-

linearities in the total LI curve (Fig. 1). Similar

non-linearities were also reported in [19].

The spectral components of the laser emission

were separated using a two meter long mono-

chromator as described on Fig. 3. Using this

method, the transverse near field can be decom-

posed into its spectral components, termed the
‘‘spectrally resolved near field’’ (SRNF) [20]. With

this technique, single transverse mode operation

can be identified as a multi-lobed pattern at a

precise wavelength corresponding to a particular

longitudinal mode. This technique also allows the

observation of a spatially varying refractive index.
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Fig. 3. Schematic of the SRNF experiment. In the lateral di-

rection the optical field is separated into its spectral compo-

nents, in the transverse direction the facet field in re-imaged on

to the CCD camera.
For example, strong phase curvatures across the

device, due to carrier induced anti-guiding or

thermal guiding can be observed in the SRNF. In

the situation where clear transverse modes are not

observable in the SRNF optical filamentation can

be identified by directly analysing the dynamical
properties of the beam. This is necessary because

the dynamical nature of filamentary operation

leads to a homogeneous near field profile in aver-

age. Thus, the power of either mode group or the

total was coupled to a fast-photo-detector (New-

port D-30 FC, rise-time 30 ps) and examined on a

high bandwidth, real time oscilloscope (LeCroy

WM8000, bandwidth 6 GHz). Filamentation can
be identified with a high level of broadband re-

laxation oscillation intensity noise.

Some SRNF�s typical of low current CW op-

eration are shown on Fig. 4. In these pictures, the

formation of stable transverse modes is clearly

seen. At threshold, the laser operated in the fun-

damental (single lobed) transverse mode. As cur-

rent is increased, the mode is replaced, in turn, by
the first to the fifth order mode. Within each

mode group, the same transverse mode profile on

each longitudinal mode was observed. However,

the two groups of modes did not necessarily dis-

play the same transverse mode structure. As the

injection is increased, the regular transverse mode

structures and sharp longitudinal modes in the

SRNF gradually disappeared in a current range
of ’20 mA as shown on Fig. 5. In addition, the

presented time traces and corresponding intensity

noise spectra demonstrate qualitatively different

modes of operation. At the lower current level,

the mode group displays noise below 500 MHz

which may be related to various mode competi-

tion processes as well as a narrow relaxation os-

cillation resonance near 2 GHz. However, on
increasing the current to 415 mA, the level of

noise increases dramatically as can be seen on the

time trace and its intensity spectrum. In addition,

there is a dramatic broadening around the relax-

ation oscillation frequency. These features indi-

cate that the laser is in a filamentary mode of

operation. It is interesting to note that the blur-

ring of the SRNF in both of these regimes
suggests strong fluctuations of the refractive in-

dex. These fluctuations may be induced by either



Fig. 4. SRNF in CW regime at 185 (left) and 230 mA (right) where wavelength is plotted on the abscissa and distance on the ordinate.

The second and third order modes are clearly displayed.
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carrier or thermal fluctuations and will be dis-
cussed in the following sections.

The carrier effects can be isolated by testing the

device in pulsed mode with a low duty cycle. For

these devices, pulse widths of 200 ns, delivered by a

Avtech AV-107C-C with a duty cycle of 0.1%, was

sufficient to ensure non-thermal operation. Gen-

erally, the clear formation of Hermite–Gaussian
Fig. 5. SRNF in CW at 397 (i) and 415 (ii) mA where wavelength is p

blurring has developed in both cases. Corresponding time traces at low

higher current. Additionally, intensity noise spectra (v) and (vi) indica

competition phenomena. However, the increase and dramatic broad

frequency indicates filamentary operation.
transverse modes on the SRNF was not observed,
as in the CW case. The threshold level for unstable

output is much lower in the pulsed than in the CW

regime. Typically, devices exhibited an unstable

output at around 250–300 mA in the pulsed regime

and at 360–400 mA in the CW regime. This dem-

onstrates that the unstable regime is induced by

carrier fluctuations rather than thermal processes.
lotted on the abscissa and distance on the ordinate. Substantial

er (iii) and higher (iv) currents. Note the increased noise at the

te that the instabilities at the lower current originate from mode

ening of the noise spectrum around the relaxation oscillation
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Fig. 6. Experimental apparatus to measure the correlation across the near field. One fiber is fixed when the other is moved to scan

across the re-imaged near field (BS is a beam splitter).

+

-20 -10 0 10 20 30 40 50
across the near field (um)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

co
rr

el
at

io
n 

w
ith

 p
oi

nt
 a

t 0
 u

m

absolute max.
near-field

Fig. 7. Cross correlation along the re-imaged near-field when

the laser is in the unstable regime (420 mA). For each point the

absolute maximum of the correlation is taken. The near-field is

displayed with an offset for clarity. See text for discussion.
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Thermal lensing effects stabilise higher order

transverse modes and modify the threshold level

for unstable output. However, the carrier fluctua-
tions can only induce a blurring of the SRNF if

there are strong carrier induced refractive index

fluctuations.

To further analyse this point, we measured the

phase amplitude coupling in these devices just

below threshold. The carrier induced refractive

index shift and differential gain were both mea-

sured in the pulsed regime. Particular attention
was given to ensure complete removal of all ther-

mal effects. In order to achieve this, the shift in the

longitudinal cavity spectral resonances was mea-

sured for a variety of pulse widths and duty cycles.

From these measurements, the differential gain

and refractive index were measured using a Ha-

kki–Paoli scheme [21] and a variable stripe length

method [22]. The alpha-factor, which is commonly
used to quantify the variation of the refractive

index with the differential gain [12], was calculated;

we obtained a value of 4:1� 0:4. This value is

extremely high for a quantum dot laser but is

consistent with the appearance of unstable be-

haviour at high output powers.

To further investigate the characteristics of the

laser in the unstable regime, we measured the cross
correlation between different points in the near

field as shown on Fig. 6. Fig. 7 displays the result

plotted with the corresponding normalised near

field. The maximum of this function is one when

the reference section is correlated with itself. The

absolute value of the correlation decreases to ei-

ther side of the reference section over a certain
distance before recovering somewhat. This recov-

ery indicates that the output, while very unstable,

may not be classified simply as filamentary [23] but

retains some modal characteristics.
4. Relaxation oscillations and coupling

It was seen, in the previous section, that each

group of longitudinal modes displays the same

transverse mode and that this mode may vary

from group to group. This suggests a strong cou-

pling between longitudinal modes within each

group with less coupling between groups. To

measure the correlation between the groups as a

function of the pump within a certain frequency
bandwidth, we compute the normalised correla-

tion coefficient [13]



Fig. 8. Normalised correlation coefficient between the two

mode groups versus the frequency, at 1.2 (lower curve) and 1.6

times threshold (upper curve).
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Cij ¼ � Sij � Si � Sj
2

ffiffiffiffiffiffiffiffi
SiSj

p ; ð1Þ

where Si; Sj are the spectral noise powers of groups
i; j and Sij is the power when both groups i and j
are incident on the detector at the same time. We

can illustrate the behaviour of the quantity in the

case of two modes with equal power, S. For perfect
anti-correlation, Si ¼ Sj ¼ S, Sij ¼ 0 and so

Cij ¼ �1. Similarly, for perfect correlation,

Si ¼ Sj ¼ S, Sij ¼ 4S and then Cij ¼ 1. Finally, if

there is no correlation between the modes then

Si ¼ Sj ¼ S, Sij ¼ 2S and so Cij ¼ 0. For our de-

vices, the correlation at 10 MHz (1 MHz band-

width) varied between )0.92 at 1.2Ith to �0:58 at

1.6Ith. In addition the absolute value of the cor-
relation decreased continuously with increasing

frequency at 1.6Ith (see Fig. 8). These values of the
correlation are quite high, indicating a strong anti-

correlation between the mode groups and sug-

gesting a strong interaction between quantum dots

at different energies. Similarly high values have

been reported and discussed in [13].

Next, the noise spectra around the relaxation
oscillation frequency of each mode group was ex-

amined. In the lower current range of Fig. 2 (0–200

mA) both groups share a common relaxation fre-

quency and its value depends linearly on the sum

of the powers in both groups squared. This indi-
cates that the groups are strongly coupled. The

coupling mechanism remains unclear but possi-

bilities include homogeneous broadening [14] and

carrier escape and recapture between different sets

of quantum dots [24]. In the higher current range

however, each group exhibits different relaxation
oscillation frequencies which are correlated only to

the squared power in each�s own group. This de-

coupling of the relaxation oscillations occurs in the

same current range as the reduction in the low

frequency correlation and may be explained if we

examine the corresponding SRNFs. In the low

current range both groups exhibit a first order

mode, indicating a high spatial overlap between
groups. However, in the high current range one

group switched to the second order mode, and

thus the overlap has reduced. Since the homoge-

neous broadening, carrier escape and recapture

rates should not depend on the bias level, this re-

duction in mode overlap is the most probable ex-

planation for these decoupling effects. We note

that spectrally resolved measurements of relaxa-
tion oscillations were also reported in [25], but

without the decoupling effect, which was depicted

theoretically in [26].
5. Conclusions

To summarise, in this paper we have presented
experimental results which investigate mode for-

mation in broad area quantum dot lasers at 1060

nm. These lasers have exhibited stable transverse

mode operation in both pulsed and CW regime for

low output powers and unstable operation for high

output powers. This transition to unstable opera-

tion is delayed to higher currents in the CW regime

suggesting that thermal effects may have an im-
portant role to play in future, high brightness de-

signs. The optical spectrum of such devices tends

to separate into groups of longitudinal modes, the

modes within each group having an identical

transverse structure indicating a strong coupling

between adjacent longitudinal modes. In addition,

the coupling between mode groups, while high for

some parameter ranges depends strongly on the
degree of spatial overlap of mode groups. We
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