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We report on two-color InAs/InP�100� quantum dot lasers with tunable wavelength gap. Two peaks
of lasing emission were observed simultaneously, while the high energy peak undergoes continuous
blueshift with the increase in the injection current, and the low energy peak is somewhat fixed.
Sophisticated studies of the wavelength gap as a function of the laser power prove that the two-peak
lasing and shifting is not caused by the effect of Rabi oscillation. Moreover, comparison of
electroluminescence and lasing spectra under different injection currents reveal the blueshift of the
high energy peak is most likely related to the state-filling effect. © 2009 American Institute of
Physics. �doi:10.1063/1.3278594�

Self-organized quantum dots �QDs� have been at the fo-
cus of interest for optoelectronic applications in the past
decade.1–4 Particularly, InAs QDs grown on InP are of great
significance since high performance InAs/InP QD lasers cov-
ering the fiber optical telecommunication wavelength have
been demonstrated by a few groups recently.5–11 However,
only few studies have been reported on the spectrum charac-
teristics of the InAs/InP QD lasers. Special spectrum features
from the QD lasers are naturally expected due to their unique
quantum structure different from conventional quantum
wells. Indeed, monolithic dual-wavelength QD lasers have
been reported recently by Liu et al.,8 where the peak splitting
and shifting in the lasing spectra was observed. They tenta-
tively explained this interesting spectrum characteristic by
the model of Rabi oscillation. The key feature of Rabi oscil-
lation is that the splitting frequency of two peaks linearly
depends on the square root of the power density of the elec-
tromagnetic field. In this letter, we systematically investi-
gated the spectrum characteristics of InAs/InP two-color QD
lasers with tunable wavelength gap by varying the injection
current and the operation temperature. The splitting fre-
quency of the two lasing peaks as a function of the output
power was carefully calibrated, which excluded that the two
lasing peaks were resulted from the Rabi oscillation. Further-
more, electroluminescence �EL� spectra under high injection
current were performed on a diode with one cavity facet
intentionally damaged, which prevented the diode from las-
ing under large applied current. Blueshift of the EL peak was
observed, where the EL peak and the high energy lasing peak
exactly coincide in wavelength, indicating the state-filling
effect is likely playing an important role in the blueshift of
the high energy lasing peak.

The laser structure consisting of five-stacked InAs QD
layers embedded in InGaAsP waveguide was grown on
nominally �100� exact oriented n-type InP substrates by gas
source molecular-beam epitaxy. Ridge waveguide QD lasers
were fabricated with stripe width of 6 �m and length of
1.5 mm. The detailed material growth and device fabrication

were described in Ref. 12. The chip with cleaved facet with-
out coating was bonded on a heat sink whose temperature
can be adjusted, and all the device tests were carried out
under continuous-wave �CW� mode. The lasing spectra were
measured by an optical spectrum analyzer with wavelength
resolution of 0.01 nm, through a single mode fiber located
close to the laser facet. The output power measurements
were performed by Melles Griot optical power meter
equipped with an integrating sphere Ge detector. Far-field
pattern of the laser diode was measured as a single peak with
symmetric shape, indicating that fundamental transverse-
mode operation was obtained in the full range of injection
current. A laser diode with one cavity facet intentionally
damaged was fabricated for EL measurements under large
injection current. The EL spectra were collected by a Fourier
transform infrared spectrometer using InGaAs detector with
detection wavelength up to 1.65 �m.

The lasing spectra of a QD laser under CW mode at a
heat sink temperature of 20 °C are shown in Fig. 1�a�, with
injection current varied from 160 to 500 mA. Multimode
lasing starts at a threshold current of 160 mA, with only one
main peak centered at 1578 nm. The lasing spectra become
slightly broadened as the injection current increased up to
200 mA, followed by a sudden appearance of a new peak
centered at 1593 nm with current of 220 mA. During further
increase in applied current, the low energy peak broadens
slightly but with central wavelength almost fixed
at 1593 nm. On the contrary, the high energy peak shifts
continuously to shorter wavelength from 1579 to 1558 nm,
corresponding to injection current of 210 and 500 mA, re-
spectively. The dependence of intensity weighted central
wavelength on the injection current is shown in Fig. 1�b�. It
is found that the blueshift of the high energy peak occurs
drastically at the beginning but gradually saturated in the
end, covering the wavelength window of about 21 nm. The
above phenomenon is drastically different from the conven-
tional two-state lasing observed in QD lasers,13 where the
wavelength of the peaks due to the ground-state-transition
and the excited-state-transition are almost independent to the
injection current, and the lasing from the excited-state-
transition only occurs when the transitions of ground state
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saturated with the increase in injection current.
The reason for peak splitting and shifting in lasing spec-

tra of InAs/InP QD lasers mentioned above is still unclear at
present. One tentative explanation has been proposed by Liu
et al.,8 which is based on the model of Rabi oscillation. In
this model, the single emission peak due to recombination of
an exciton trapped by a InAs QD will split into double peak
when the exciton state interacts with a resonant electromag-
netic field strong enough.14 The peak splitting in frequency is
proportional to the square root of the power density of the
electromagnetic field, as theoretically predicted and experi-
mentally verified. Therefore, we calibrate carefully the peak
splitting in frequency observed in the QD laser as a function
of the square root of the output power. Note the power den-
sity in the laser cavity is proportional to the output power,
which depends on the injection current as shown in Fig. 2�a�.
The splitting frequency, i.e., the frequency difference be-
tween the intensity weighted centers of the two peaks, versus
the square root of the output power is shown in Fig. 2�b�,
which is obviously nonlinear. The splitting frequency in-
creases mainly in the low output power region but saturates
gradually with the increase in the output power.

The nonlinear dependence of the splitting frequency on
the square root of the output power casts doubt on the expla-
nation of double peak lasing and shifting in InAs/InP QD
lasers by the Rabi oscillation model. In the following, we
show that the splitting frequency may even decrease with the
increase in output power of the QD laser diode, which quali-
tatively violate the model of Rabi oscillation. Temperature
dependences of the lasing spectra as well as the output power
are characterized on the laser diode operated at 450 mA.
Redshift is observed for both peaks when the heat-sink tem-
perature rises from 12 to 40 °C as shown in Fig. 3�a�, while
the output power decreases from 26 to 12.5 mW as shown in
Fig. 3�b�. It is surprising that the splitting frequency de-
creases monotonously from 4.03 to 3.71 THz with the in-
crease in the square root of the output power from 3.9 to
5.1 �mW�1/2, as shown in Fig. 3�c�. Therefore, the peak
splitting in lasing spectra of InAs/InP QD laser can hardly be
explained by the model of Rabi oscillation.

The state-filling effect may be significant in the QD sys-
tem due to the delta-function density of state in QDs and the
limited dot density, commonly indicated by the blueshift of
EL emission with the increase in injection current. In order to
apply high injection current to a diode for EL measurements,
we intentionally fabricated a diode �EL sample� with the
same stripe length and width but an imperfect cleaved facet.
Thus, the EL sample never lases and the injection current
with same density can be, respectively, applied to the EL
sample and the normal laser diode. The blueshift of EL spec-
tra with increase in injection current is shown is Fig. 4,
where the lasing spectra of a laser diode with the same di-
mensions as the EL sample and working under the same
conditions are shown as well. For clarity, only high energy
peaks of the lasing spectra are drawn and the low energy
peaks are abbreviated as a vertical dashed line in the figure.
Interestingly, the position of the high energy lasing peaks
exactly coincide with that of the EL peaks under same injec-
tion currents, indicating the state-filling effect is likely to
play an important role in the spectrum characteristics of
InAs/InP QD lasers. In addition, a complicated assembly of
state is formed by contributions from high-density QDs with

FIG. 1. �a� Lasing spectra of the QD laser with different injection currents in
CW mode at 20 °C. �b� The current dependence of the intensity weighted
central wavelength of the lasing peaks. The single peak and double peak
region are divided by the dashed line.
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FIG. 2. �a� Output power vs injection current of the QD laser measured at
20 °C in CW mode. �b� The dependence of the splitting frequency on the
square root of the output power.
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rent of 450 mA in CW mode. �a� The lasing spectra, and �b� the output
power vs operation temperature. �c� The dependence of the splitting fre-
quency on the square root of the output power.
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large size distribution, leading to a very broad gain profile.
Two-peak lasing might occur within the broad gain profile
under specific conditions, which allow two lasing peaks co-
exist with different behavior determined by the mode or gain
competition.

To summarize, we have demonstrated two-color InAs/
InP QD lasers with the wavelength gap between two lasing
peaks tunable by adjusting the injection current. During
wavelength tuning, the low energy lasing peak is nearly kept
at 1593 nm while the high energy one shifts gradually from
1579 to 1558 nm. The dependence of the splitting frequency
on the square root of output power is found to violate the
theoretical prediction by the model of Rabi oscillation. This
model, therefore, is not suitable to explain the peak splitting
and shifting observed in InAs/InP QD lasers. EL spectra
measured from an intentionally fabricated sample undergo
blueshift with the increase in the injection current, while the
EL peak exactly coincides with the high energy lasing peak
when the EL sample and the normal laser diode are under
same operation current. This close correlation of the EL and
lasing spectra under same injection currents suggests that the

spectrum characteristics of InAs/InP QD lasers mentioned
above are likely to be caused by the state-filling effect.

The authors gratefully acknowledge Dr. C. Lin and Pro-
fessor Z. H. Chen for fruitful discussions. This work is fi-
nancially supported by the National Natural Foundation of
China �Grant Nos. 60721004 and 60976015� and the Na-
tional Basic Research Program of China �973 Project� �Grant
Nos. 2006CB604903 and 2007CB310402�.

1R. P. Mirin, J. P. Ibbetson, K. Nishi, A. C. Gossard, and J. E. Bowers,
Appl. Phys. Lett. 67, 3795 �1995�.

2V. M. Ustinov, N. A. Maleev, A. E. Zhukov, A. R. Kovsh, A. Yu. Egorov,
A. V. Lunev, B. V. Volovik, I. L. Krestnikov, Y. G. Musikhin, N. A. Bert,
P. S. Kopev, Zh. I. Alferov, N. N. Ledentsov, and D. Bimberg, Appl. Phys.
Lett. 74, 2815 �1999�.

3D. L. Huffaker, G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, Appl.
Phys. Lett. 73, 2564 �1998�.

4C. N. Allen, P. J. Poole, P. Marshall, J. Fraser, S. Raymond, and S. Fafard,
Appl. Phys. Lett. 80, 3629 �2002�.

5S. Anantathanasarn, R. Nötzel, P. J. van Veldhoven, F. W. M. van Otten, Y.
Barbarin, G. Servanton, T. de Vries, E. Smalbrugge, E. J. Geluk, T. J.
Eijkemans, E. A. J. M. Bente, Y. S. Oei, M. K. Smit, and J. H. Wolter,
Appl. Phys. Lett. 89, 073115 �2006�.

6H. D. Kim, W. G. Joeng, J. H. Lee, J. S. Yim, D. Lee, R. Stevenson, P. D.
Dapkus, J. W. Jang, and S. H. Pyun, Appl. Phys. Lett. 87, 083110 �2005�.

7F. Lelarge, B. Rousseau, B. Dagens, F. Poingt, F. Pommereau, and A.
Accard, IEEE Photon. Technol. Lett. 17, 1369 �2005�.

8J. Liu, Z. Lu, S. Raymond, P. J. Poole, P. J. Barrios, and D. Poitras, Opt.
Lett. 33, 1702 �2008�.

9I. Alghoraibi, T. Rohel, R. Piron, N. Bertru, C. Paranthoen, G. Elias, A.
Nakkar, H. Folliot, A. Le Corre, and S. Loualiche, Appl. Phys. Lett. 91,
261105 �2007�.

10H. Saito, K. Nishi, and S. Sugou, Appl. Phys. Lett. 78, 267 �2001�.
11J. W. Jang, S. H. Ryun, S. H. Lee, I. C. Lee, W. G. Jeong, R. Stevenson,

P. Daniel Dapkus, N. J. Kim, M. S. Hwang, and D. Lee, Appl. Phys. Lett.
85, 3675 �2004�.

12S. G. Li, Q. Gong, Y. F. Lao, K. He, J. Li, Y. G. Zhang, S. L. Feng, and H.
L. Wang, Appl. Phys. Lett. 93, 111109 �2008�.

13A. Markus, J. X. Chen, C. Paranthoën, A. Fiore, C. Platz, and O. Gauthier-
Lafaye, Appl. Phys. Lett. 82, 1818 �2003�.

14H. Kamada, H. Gotoh, J. Temmyo, T. Takagahara, and H. Ando, Phys.
Rev. Lett. 87, 246401 �2001�.

1450 1500 1550 1600 1650 1700
Wavelength (nm)

0

0.2

0.4

0.6

0.8

1
N

or
m

al
iz

ed
E

L
In

te
ns

ity
(a

rb
.u

ni
ts

)

1450 1500 1550 1600 1650 1700
Wavelength (nm)

-65

-60

-55

-50

-45

R
el

at
iv

e
In

te
ns

it y
(d

B
)

a 220
b 260
c 470

ab

CW, 20
o
C

c

c

Current (mA)

b

a
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well, while the low energy peaks are abbreviated as the vertical dashed line.
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