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In this study, two-section mode-locked semiconductor lasers with different numbers of quantum wells and different
types of waveguide structures are made. Their ultrashort pulse features are presented. The spectral dynamical behaviors in
these lasers are studied in detail. In the simulation part, a two-band compressive-strained quantum well (QW) model is used
to study thermally induced band-edge detuning in the amplifier and saturable absorber (SA). A sudden blue shift in laser
spectrum is expected by calculating the peak of the net gain. In the experiment part, the sudden blue shift in the emission
spectrum is observed in triple QW samples under certain operating conditions but remains absent in single QW samples.
Experimental results reveal that blue shift phenomenon is connected with the difference between currents in two sections.
Additionally, a threshold current ratio for blue-shift is also demonstrated.
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1. Introduction

There is an increasing interest in nonlinear optical physics
when continuous-wave (CW) pump sources are replaced by ul-
trafast mode-locked lasers, especially in quantum optics.!-?]
Utilizing ultrashort and ultrafast laser pulses in spontaneous
parametric down-conversion (SPDC) and optical frequency
conversion is not only showing advantages in lab experiments,
but also displaying potentials in integrated quantum informa-
tion applications.>* Usually such high-energy optical pulses
are offered by large optical equipment,>% however it can
be replaced by semiconductor laser diodes (LD) if nonlin-
ear materials like PPLN with large secondary nonlinear fac-
tor are used.!”! Furthermore, in the quantum optics field where
pump pulses with less power and more speed are desired,!®!
monolithically fabricated semiconductor mode-locked laser
capable of operating at GHz speed!®'?! becomes a promis-
ing candidate. With compact structure and low cost, it is
also desired in other applications including noninvasive bi-
(1

ological imaging,!'!! data communication, optical clocking,

high-speed optical sampling, all-optical clock recovery, and
microscopy.[1%13]

Researchers have been investigating two-section mode-
locked lasers for years. Several optimized structures!'*!3]
and the corresponding models have been developed.!'®!7]
Recently, mode-locked regimes, noise characteristics, pulse

widths, and output powers of these monolithically fabricated
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lasers have been studied and demonstrated in detail.!'8:19]

However, as an imperative parameter in frequency conversion,
emission spectrum is less mentioned and modeled. A few ex-
cellent works show that band-edge detuning in two sections
is accountable for the unique spectrum characteristics of these
LDs.?9211 In these works, by taking the absorber as a low
pass filter, an easy way to understand spectral dynamical be-
haviors in similar two-section structures is achieved.[*?! As
wavelength characteristics around threshold current have al-
ready been studied in detail, in this paper a spectrum far above
threshold current is modeled and tested. Experiment results
are demonstrated in Sections 3 and 4, and further explanations
with a simple model can be found in Section 2.

2. Theory

Practically, the active layers of two sections are the same
materials because the laser diodes are made from one single
wafer. Therefore, considering null electrical and thermal inter-
actions between two sections, it is reasonable to discuss them
with the same two-band compressive-strained quantum well
model.>3] Parameters are shown in Table 1.

During the simulation, a single compressed 6 nm
In,Ga;_,) As quantum well with optical conversion between
first conduction band and first heavy hole band is considered.
Gain spectrum and absorption spectrum of two sections are

obtained by gain function!>*!
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Table 1. The parameters in two-band compressive-strained quantum well model.

Symbol Value(InAs) Value(GaAs) Units Meaning

d 6.0584 5.6533 A crystal distance
iy 8.329 11.88 x10° N/em? elastic stiffness
Ci 4.526 5.38 x 106 N/em? elastic stiffness

a -6.0 -9.77 eV deformation potential

b -1.8 -1.7 eV deformation potential

n 20.4 6.85 - Luttinger constant

V) 8.3 2.1 - Luttinger constant

mc 0.023 0.067 mg conduction band electron mass
milv] m/(n+7) valence band heavy hole mass on growth plane
my, m/(y1—2%xn) valence band heavy hole mass vertical to growth plane

1 2 n2
£00) = (75) g M2

/°° (&) (fe— 1)
Ey (E — ho)>+ (1)’

where i is photon energy, my is electron mass, &j is vacuum

Ey, 6]

permittivity, g is electron charge, n is material refractive index,
ng is group index, | M| is momentum matrix element, Preq is
reduced density, Eq is quantum well band gap energy, E is en-
ergy of eigenstates, T is carrier relaxation time,!*! f, and f,
are the probabilities of the conduction and valence band en-
ergy level being occupied by electrons and holes. Group index
is interpreted as

2
dnpesr )

(n+o
do
= )
n

:N ‘ cm:n\)

where n,.f is the mode effective index.

Normally, the emission wavelength of an operating laser
diode is corresponding to the peak of its net gain spectrum.
The situation is more complicated in two-segment lasers,
where net gain spectrum can be manipulated by its modulation
section. Therefore it is necessary to analyze the gain spectrum
of the amplifying section and the absorption spectrum of ab-
sorber section simultaneously. The temperature dependence

of In,Ga;_,As band gap reads !0

9
Ey = 1424 —11.619x+0.555x* + 6.5 o

—6.5%107472 /(T +323). (3)

Figure 1(a) shows the calculated gain peaks and absorption
edges with different carrier densities at 300 K. The slopes
are —0.5 nm/10'7 and —0.24 nm/10'7, respectively. A dif-
ferent scenario occurs in Fig. 1(b) when carrier density re-
mains constant while temperature is varied. The average rates
are 0.425 nm/K and 0.41 nm/K, respectively. From the simu-
lated results, we can find that gain peak and absorption edge
red-shift with temperature and blue-shift with carrier density.
For two-section mode-locked lasers operating at a large in-
jection current and a nearly depleted absorber, carrier densi-
ties of the active layer in both sections are hardly changed.

In this case, the thermal drift of the bandgap is substantially
more involved.?”] Therefore temperature-induced dynamical
behaviors are first considered when wavelength features are

discussed.
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Fig. 1. (color online) (a) Gain peaks of gain section (red squares)

and absorption band-edges of saturable absorber (SA) (blue triangles)
against carrier density in quantum well region. (b) Gain peaks and ab-
sorption band-edges against temperature of quantum well region.
Temperature rising depends on the heat generated by
Joule effect,?®! which is proportional to IV products. It can
be expressed in the form

ATy = Ty — 300 = RygRyaVels = ReVielg, )
AT, = T, — 300 = RygRoaVala = RyV o1, 5)
dT = AT, — ATy, (©6)

where RggR,e and RggR,q are the factors of heat generation
and dissipation in quantum well region in each section. AT,
and AT, are the temperature risings in each section. Rg and R,
are the factors of total temperature rising proportional to V.
The first subscripts a and g represent saturable absorber (SA)
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Fig. 2. (color online) (a) Gain spectrum (red line) at 300 K and absorp-
tion spectrum (blue lines) when SA temperature increases from 220 K
to 370 K with 10 K interval. (b) The corresponding net gain spectrum
when dT ranges from —80 K to 70 K. The arrow indicates the onset of
blue shift. dT is from Eq. (7).

and gain, and the second subscripts g and d represent genera-
tion and dissipation. Temperature difference between sections

is presented (note that V, in laser diode is hardly changed with
1, above threshold current)!?*! as

1 A
dT = (Rava“ —Rgvg> Iy =R.V, (“ - m)lg. (7)
Ig Ig

The above equation gives the connection between d7 and
I,/I,. Considering the practical geometry of the two-section
mode-locked laser with large gain-to-SA ratio, amplitudes of
gain and absorption spectrum are modified before depicted in
Fig. 2(a). Net gain spectrum calculated according to Fig. 2(a)
is illustrated in Fig. 2(b). A sudden blue shift from A point
to B point is observed when dT surpasses a value (10 K in
this case). This sudden blue shift is enough to overcome the
thermal red shift in LDs, therefore this blue shift is assumed
to be observed in the experiment. However, current ratio I, /I,
should exceed a threshold | (larger than rg) to achieve blue
shift according to Eq. (7).

3. Experiment of 1QW laser structure

In the experiment, two-section lasers designed based on
the above model were grown by MBE on 2 degree off-cut Si-
doped GaAs substrates. The active region of the laser structure
was a 6 nm thick compressed InGaAs quantum well buried in
the middle of 40 nm GaAs barrier, with two 200 nm undoped
GaAs waveguide layers and two 1400 nm highly-doped Al-
GaAs cladding layers on both sides of it for optical and elec-
trical confinements. All layers were grown at 873 K except the
thin InGaAs quantum well layer which was grown at 773 K.

isolation gap|
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Fig. 3. (color online) Scanning electron microscope (SEM) image of cross section of 16A (a) and 23A (b). The isolation gap can be

seen in 23A.

After single QW sample 16A was grown, the wafer was
processed into a laser chip with 4.5 um wide and 2.1 mm
long ridge waveguide structure. The 2.1 mm long cavity was
separated by a 2000 wm gain section, a 70 wm absorber sec-
tion, and a 40 um passive section through conventional chem-
ical etching techniques. A processed wafer was cleaved with

both facets uncoated and soldered to the copper heat-sink for

testing. The pulse widths, radio frequency (RF) signals, and
optical characteristic measurements were catried out by APE
intensity autocorrelater (IAC), 50 GHz radio frequency (RF)
analyzer, optical spectrum analyzer (OSA), and Fourier trans-
form infrared spectroscopy (FTIR) after laser output was cou-
pled to a 3-meter long single mode fiber. During the experi-

ment the heat sink temperature was set to 20 °C.
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Fig. 4. (color online) The mode locking points (green triangles) selected
by RF analyzer. The inset shows the ICA trace and its fitting curve when
injection current is 500 mA and reverse bias is 2.2 V.
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Fig. 5. RF spectrum shows a 17.3 GHz fundamental frequency signal
at 500 mA injection current and 2.2 V reverse bias.

The scanning electron microscope (SEM) image of 16A
is shown in Fig. 3. During the experiment, we sweep injec-
tion current under certain reverse bias to record maximum and
minimum current point when RF signal analyzer shows over
20 dB signal-to-noise ratio (SNR). Then we randomly pick
a current point within the range for following spectrum and
pulse test. Figure 4 shows that mode locking starts with min-
imum injection current 300 mA under 2.4 V reverse bias and
ends with maximum injection current 700 mA under 1.5 V re-
verse bias. RF signal with 30 dB SNR shown in Fig. 5 is tested
by IAC. The IAC trace is fitted with sech? function before be-
ing inserted into Fig. 4. Although it shows a wider pulse width
than usually reported, on one hand because of the narrow gain
spectrum provided by single InGaAs QW, on the other hand
because of the pulse broadening effect brought by gain dis-
persion and self-phase modulation,*°! ultrashort and ultrafast
output signal is obtained with this two-section 1.064 um single
QW laser diode. The emission wavelength is measured when
reverse bias is enough for mode locking. Figure 6(b) shows the
wavelength characteristics against injection current under dis-
tinctive reverse biases. It indicates that wavelength red shifts
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Fig. 6. (color online) (a) Spectrum of 16A under 2.2 V reverse bias.
The black arrows show the wavelength change direction. (b) Wave-
length with the increasing injection current under 0 V, 1.5 V, and 2.2 V
reverse biases for 16A. (c) Measured current ratio of two sections under
0V, 1.5V, and 2.2 V reverse biases.

with both injection current and reverse bias. The red shift with

increasing injection current can be explained by Joule effect

31 The red shift with reverse bias can be

32,33

in the gain section.
explained by a combined result of Starks effect>>33] and a
slightly increased d7T by the enhanced absorption. Addition-
ally, although the device is tested under enough reverse bias
for mode locking, no sign of blue shift is observed. Currents
of the absorber and amplifier are recorded simultaneously with
spectrum of 16A by direct current (DC) sources and FTIR. The
current ratio between these sections is calculated and shown
in Fig. 6(c). In order to match with the model in Section 2,
the following analysis is limited to the regimes far beyond
threshold current. Within this current range, I,/I, ratio in-
creases with injection current and finally saturates at 550 mA.
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The maximum ratio is 0.087 under 2.2 V reverse bias. Such
small ratio is assumed insufficient to obtain enough d7 for
blue shifting.

4. Experiment of 3QW laser structure

The small current generated in the absorber of 16A was
partly due to the thin active layer as well as the small optical
confinement and partly due to the short absorber length. In
order to achieve blue shift, we modified the absorber structure
to manipulate the current generated in it. Three quantum wells
laser samples were carefully designed and grown. Samples
10A and 10B were made from the same wafer, which had the
similar epilayer structure as 16A except three 6 nm quantum
wells in the middle. Sample 23A was similar to 10A and 10B
except that two 200 nm GaAs waveguide layers were replaced
by a 3000 nm AlGaAs layer. The wafers above were processed
into a laser diode. Three samples were made during fabrica-
tion, sample 10A with 2000 um gain section, 70 pm absorber
section, and 40 pm passive section, sample 10B with 1770 um
gain section, 300 pm absorber section, and 40 um passive
section, sample 23A with 1770 pm gain section, 300 pm ab-
sorber section, and 40 pm passive section. They were cleaved
to diodes with both facets uncoated and tested under the same
condition as 16A.

The SEM image of 23A is also shown in Fig. 3. Mode-
locked regimes of three samples are shown in Fig. 7. Normally
optimized two-section mode-locked lasers have a similar con-
figuration to 10A, which possess a nearly 3.5% absorber-to-
gain ratio to give the narrowest pulse with minimum noise. %!
In our case, 5.3 ps pulse is achieved and depicted in the first
inset. Sample 10B with longer absorber section is designed to
achieve larger generated photo-current by enhanced absorp-
tion. Sample 23A with larger AlGaAs waveguide layer is
designed to achieve smaller photo-current by reduced optical
density3*! in the active area. These samples are subsequently
tested. ICA traces with sech? fitting curves of 10B and 23A
are also inserted into the figure. Their reverse biases range
from 0.3 V t0 0.9 V and from 0.9 V to 1.9 V, respectively.

The first clue of enhanced absorption in 10B is that the
reverse bias of 10B drops considerably from around 2 V to be-
low 1 V compared with 10A when LD is mode-locked. For
23A which has less optical confinement than 10B and longer
absorber length than 10A, the reverse bias is between 10A
and 10B. Therefore the absorption of the absorber section in-
creases with its length and decreases with its optical confine-
ment. Spectrum and current measurements for each sample
are carried out in the same way. Results of 10A and 10B are
shown in Fig. 8(d). SA of 10A is subjected to different reverse

biases of 0.9 V, 1.5 V, and 2 V during the test. In the ex-
periment, as soon as reverse bias reaches 1.5 V, the emission
wavelength of 10A no longer monotonously red shifts with
current. A clear blue shift can be observed. The mechanism
in Section 2 is demonstrated by a wavelength jump of nearly
2 nm between 100 mA and 200 mA. This wavelength change
along with another blue shift of nearly 4 nm under 2 V reverse
bias indicates that current ratio I, /I, should surpass threshold
r within this current range. To further investigate the absorber
length influence on spectral dynamical behavior, 10B is subse-
quently tested. In Fig. 8(d), 10B shows a significant blue shift

over 10 nm at 400 mA injection current and 0.9 V reverse bias.
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Fig. 7. (color online) The stable mode locking points of 10A (red

squares), 10B (blue triangles), and 23A sample (black dots). The in-
sets show that pulse width of 5.3 ps, 4 ps, and 14.6 ps are obtained from
10A, 23A, and 10B under (200 mA, —2 V), (400 mA, —1.5 V), and
(620 mA, —0.9 V), respectively.

Current ratio of 10A is concluded in Fig. 8(e). I, /Ig in-
creases with injection current and finally saturates around 300
mA similar to the discussion of 16A, however the maximum
value is substantially bigger. The maximum points shown in
Fig. 8(e) are 0.131, 0.199, and 0.247 under 0.9 V, 1.5 V, and
2 V reverse biases. Blue shift only occurs in 1.5 Vand 2 V
cases indicates that 0.131 is still below the threshold r;. There-
fore, considering the similar configuration of two samples, it is
reasonable to assume 0.087 is also below threshold r| of 16A.

Current ratio of 10B is illustrated in Fig. 8(f). The I,/I,
increases with injection current and saturates at 400 mA with a
maximum value of 0.353. For 10A, threshold ry is smaller than
maximum value 0.199 because blue shift occurs before I, /I,
reaches maximum. For 10B, the threshold r; is almost equal
to maximum value 0.353. The threshold r; difference between
10A and 10B can be explained by the difference between their
SA lengths. RgeR,s in Egs. (4)—(6), which is associated with
the electrical to optical power conversion efficiency, is not di-
rectly related to the length of sections.*>) However RyqR,q is
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Fig. 8. (color online) Spectrums of 10A under 1.5 V (a) and 2 V (b) reverse bias, and the spectrum of 10B under 0.9 V (c) reverse bias. The
black arrows show the wavelength changes direction when injection current increases. (d) Emission wavelengths of 10A and 10B with the
increasing injection current under 0 V, 0.9 V, 1.5 V, 2 V reverse biases and 0 V, 0.9 V reverse biases, respectively. (e) Calculated I,/ I ratio
for 10A. The red thick line indicates blue shift. (f) Calculated I, /I, ratio for 10B. The red thick line indicates blue shift.

closely related to the contact area.!3®! Therefore threshold ry
can be interpreted as

VeRgeRea o VeReeL,
VaRagRag  VaRagL,

r>rg = ®)
L,/ L, of 10B is over 4 times as large as that of 10A, therefore
threshold r; of 10B should be larger than 10A.

Single quantum well sample 16A has less optical confine-
ment than multiple quantum well samples 10A, and therefore
we cannot distinguish the influence of quantum well numbers
and optical confinement on /,/I. In order to test the influence
of optical confinement on spectral dynamic behavior alone,
sample 23A is compared with 10B. Figure 9(b) illustrates the
output wavelength as a function of injection current under dif-
ferent reverse biases. A sudden blue shift at 1.5 V reverse bias
can be observed. The blue shift in sample 23A has a larger re-
verse bias compared with 10B due to the decreased absorption.
Current ratio of 23A is given in Fig. 9(c). On one hand, large

threshold r; around 0.27 is comparable to the ratio in 10B as
expected for long SA device. On the other hand, it decreases
from over 0.3 to 0.27 because of the reduced optical confine-
ment. All samples above are measured within the range where
they can mode lock but not all of them show wavelength jump
phenomenon. /,/I, is an important parameter to explain spec-
tral behavior. From the experimental result, it is obvious that
blue shift is connected with the difference between current ra-
tio I,/I, and threshold ratio r;. When Ia/Ig is below rq, no
sudden blue shift is observed, whereas larger blue shift occurs
if I, /1, is above r. The numbers of quantum wells, length of
SA section, and optical confinement are both assumed to af-
fect the threshold ratio. This phenomenon has been clarified
by the model discussed in Section 2, which demonstrates that
spectral features are largely controlled by thermally induced

band gap detuning between two sections.
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Fig. 9. (color online) (a) Spectrum of 16A under 2.2 V reverse bias.
The black arrows show the wavelength change direction when injection
current increases. (b) Emission wavelength with the increasing injec-
tion current under 0 V, 0.9 V, and 1.5 V reverse biases for 23A. (c)
Measured I, /I, ratio for 23A. The red thick line indicates blue shift.

5. Conclusion

In summary, InGaAs/GaAs based quantum well lasers
with four distinctive structures are made and ultrafast output
pulses below 10 ps around 1.064 pum are obtained. Output
wavelength shows constant red shift in single quantum well
samples and sudden blue shift in three quantum wells sam-
ples. A model to clarify the phenomenon is made. During the
experiments, blue shift shows a direct connection with the cur-
rent ratio in two sections. Thermally induced band gap shifts
of two sections are accountable for this sudden blue shift. The
threshold ratio for blue shift increases with absorber length
and decreases with optical confinement. Furthermore, wave-
length jump and mode locking are not necessarily connected
from the above point of view. Samples of one quantum well

and three quantum wells showing different spectral dynamical
behaviors are both successfully mode locked. However, the
influence of thermal band-edge detuning on quality of mode
locking in two-section mode-locked lasers should not be over-
looked.
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