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Abstract.  Stimulated emission from optically pumped quantum dot 
arrays has been studied experimentally at room temperature. We 
have demonstrated stimulated emission on interband transitions 
from the ground level in a quantum well ( l » 1.31 mm) and from 
two excited states ( l » 1.21 and 1.12 mm). The gain coefficient of 
the transitions has been evaluated using exposed strips of variable 
length. The gain coefficients thus obtained are rather large, up to 
15 – 17 cm–1 (at l » 1.31 mm). A procedure is discussed for measur-
ing large gain coefficients (above 10 cm–1) of active media. The 
stimulated emission from the excited states is found to be sharply 
suppressed with increasing strip length.
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1. Introduction

The study of stimulated emission and lasing is directed pri-
marily at creating monochromatic light sources with a high 
spectral density and low divergence. At the same time, recent 
years have seen wide research interest in more exotic stimu-
lated emission sources, such as frequency-tunable or frequency-
switchable [1] lasers. In this paper, we report an experimental 
study of such sources and measurements of the gain coeffi-
cient of quantum dot (QD) arrays. The configuration we used 
to optically pump undoped structures makes it possible to 
study emission characteristics without problems related to 
losses in waveguides and contact regions (in contrast to elec-
trical pumping).

2. Experimental results

2.1. Stimulated emission of a QD array

We studied undoped structures grown by molecular beam 
epitaxy on a GaAs substrate. The structures consisted of five 
rows of QDs in a 0.2-mm-thick GaAs waveguide sandwiched 
between a 1.5-mm-thick Al0.8Ga0.2As layer (grown on the sub-
strate) and a 0.1-mm-thick Al0.3Ga0.7As layer (top layer). The 
InAs QDs were covered with an InGaAs layer in order to 

obtain an emission wavelength l = 1.3 mm, corresponding to 
the transition from the ground electronic state of the QDs.

Emission spectra were measured using an LS-2137 elec-
tro-optically Q-switched, frequency-tunable Nd : YAG laser 
as a pump source. It generated pulses at wavelengths from 
400 to 2500 nm, pulse durations from 6 to 8 ns and a pulse 
repetition rate of 10 Hz. The experimental setup used is shown 
schematically in Fig. 1. Specimens were pumped along the 
normal to the film surface, and the emission emerging from 
their end face was focused by a spherical mirror onto the 
entrance slit of a monochromator and measured using a pho-
todetector. In our experiments, we investigated stimulated 
emission from narrow strips produced by sawing (with rough 
lateral faces) (Fig. 1, inset I ) and narrow exposed strips defined 
by opaque metallic screens (Fig. 1, inset II ).

First, we used large (~ 10 mm) specimens in order to dem-
onstrate stimulated emission. Figure 2 shows the stimulated 
emission spectrum of QDs optically pumped at l = 485 nm 
and an intensity P » 3 ́  104 W cm–2. The spectrum was obtained 
using a specimen ~ 5 ́  10 mm in dimensions, with cleaved 
faces, without averaging, at the maximum width of the mono-
chromator slits (4 mm). In Fig. 2, three lines are well seen, 
corresponding to transitions from the three lowest levels 

Stimulated emission from optically pumped quantum dots

A.A. Andronov, Yu.N. Nozdrin, A.V. Okomel’kov, A.P. Vasil’ev, A.E. Zhukov, V.M. Ustinov

A.A. Andronov, Yu.N. Nozdrin, A.V. Okomel’kov  Institute for Physics 
of Microstructures, Russian Academy of Sciences, ul. Ulyanova 46, 
603950 Nizhnii Novgorod, Russia; e-mail: okom@ipm.sci-nnov.ru;	
A.P. Vasil’ev, A.E. Zhukov, V.M. Ustinov  Ioffe Physical Technical 
Institute, Russian Academy of Sciences, Politekhnicheskaya ul. 26, 
194021 St. Petersburg, Russia; e-mail: vmust@beam.ioffe.ru	

	
Received 29 November 2009; revision received 12 May 2010	
Kvantovaya Elektronika  40 (7) 579 – 582 (2010)	
Translated by O.M. Tsarev

Lasers
PACS numbers: 78.45.+h; 78.55.Et; 78.66.Hf
DOI: 10.1070/QE2010v040n07ABEH014251

Detector

Monochromator

Specimen

Pump

Substrate Substrate

Exposed 
strip

1
1

2

1

1
2

2

Mirror

I II

Schematic of the experimental setup. Inset I schematically 
shows a specimen prepared by sawing along faces ( 2 ) and cleaving 
along faces ( 1 ). Inset II shows a specimen with a narrow exposed strip 
defined by metallic screens ( 1 ). Its length can be varied by translating 
screen ( 2 ). The arrows in the insets indicate the output beam direction.
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(ground level and two excited states) of the electrons localised 
in the QDs. Because the monochromator slits were fully opened 
in order to obtain the strongest signal, the width of the spec-
tral lines was determined by the resolution of the monochro-
mator.

Note that each stimulated emission line has its own thres
hold pump power density. Thus, the main emission line (l » 
1.31 mm) has a threshold Pth = (3 – 5) ́  102 W cm–2, and the 
second excited state (l » 1.12 mm) has Pth » 104 W cm–2. 
Because of the pump power instability, stimulated emission 
fluctuations near the threshold are very large and may reach 
100 %. The threshold behaviour is an indication of stimulated 
emission. With increasing pump power, stimulated emission 
power fluctuations decrease.

To produce directional light sources, we fabricated cavi-
ties in the form of strips 50 – 100 mm in width and several mil-
limetres in length by cutting heterostructures. Figure 3a shows 
the stimulated emission spectrum of such a specimen. Cavities 
produced by sawing have rough lateral surfaces, with rough-

ness values within 10 mm. Such roughness of the lateral sur-
face ensures high Q for the fundamental cavity mode and low 
Q for the other modes. The cavity end faces were made by 
cleaving. The cavities thus produced ensure high directionality 
of the laser radiation. Using such cavities and pulsed optical 
pumping at 1.06 mm, we obtained lasing at 1.31 mm and mea-
sured the radiation pattern of the specimen. Its angular width 
was found to be several degrees in the horizontal plane and 
tens of degrees in the vertical plane. The radiation pattern in 
the horizontal plane is presented in Fig. 3b. It was constructed 
for the stimulated emission from one end (facet) (which cor-
responds to zero angle in the figure). The angular dependence 
of the stimulated emission is represented in polar coordinates, 
with the detector signal represented by the radius. The stimu-
lated emission intensity was measured at a distance much 
greater than the emission wavelength and specimen size.

2.2. Gain measurement

The gain coefficient was determined by varying the length of 
narrow exposed strips. The specimens had the geometry shown 
in inset II of Fig. 1. A similar approach was described, e.g., by 
Negro et al. [2]. It should be kept in mind in such measure-
ments that, in our experiments, such systems had rather large 
gain coefficients (up to 10 cm–1). It should also be taken into 
account that, during optical pumping of a narrow strip 
defined on the film surface by opaque screens, the local tem-
perature may rise considerably (to almost 100 °C). This leads 
to a slight reduction in the band gap of the exposed material 
(during an optical pump pulse) and, hence, to an increase 
in  stimulated emission wavelength relative to the interband 
transition wavelength in the unexposed region. Because of 
this, the unexposed regions of the specimen around the strip 
are transparent (nonabsorbing) to the emerging stimulated 
emission, which is thus free to propagate throughout the spec-
imen and to reflect from its faces.

It is for this reason that the gain coefficient is difficult to 
determine in such systems. In the case of large gain coeffi-
cients, an important point in gain measurements is to avoid 
reflection from all boundaries, that is, to ensure ‘purely’ stim-
ulated emission in the medium. It is, however, impossible to 
avoid all reflections, so the reflected signal should be mini-
mised, which can be achieved via diffuse scattering from the 
specimen surface. Given these requirements, the following 
experimental procedure was employed to determine the gain 
coefficient. We used rather large specimens (~ 10 mm). To 
avoid specular reflection from the specimen faces, these were 
made rough and bevelled, with a decrease in film thickness at 
the edge (Fig. 1, inset II ). On the specimen surface, opaque 
screens defined a narrow exposed strip 100 – 300 mm in width 
and 0.5 to 7 – 10 mm in length. Because of the specimen heat-
ing, the stimulated emission readily emerged from the speci-
men even when the edge of the strip was not at the end face. 
To avoid multiple reflection of the stimulated emission, the 
strip made an angle with the normal to the specimen surface.

Figure 4 shows the emission spectra obtained as described 
above for a QD structure at different strip lengths. The in-
plane specimen dimensions were ~ 10 mm, and the strip width 
(defined by opaque screens) was 200 mm. All the specimen 
faces were rough, with both the film and substrate bevelled at 
about 45°. The observed stimulated emission line was rather 
broad, presumably because of inhomogeneities in the specimen. 
This was verified experimentally as follows: we took samples 
from different parts of the structure and measured their stim-
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Figure 1.  Stimulated emission spectrum of QDs optically pumped at 
l = 485 nm and a pump pulse intensity P » 3 ́  104 W cm–2.
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Figure 2.  (a) Stimulated emission spectrum of a specimen with a me-
chanically fabricated cavity and (b) its radiation pattern in the horizon-
tal plane.
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ulated emission spectra. The stimulated emission frequency 
was found to vary from sample to sample by 0.5 % – 2 %.

Figure 5 plots the maximum emission intensity against 
strip length, l, for the three emission lines. The gain coefficient 
reaches a maximum at l values where stimulated emission is 
far from saturation (far from the region where the emission 
intensity increases linearly with l ), that is, in the region where 
the intensity rises exponentially with strip length. Estimates 
under the assumption that the stimulated emission intensity 
rises exponentially and that there is no reflection from the 
specimen faces indicate that the maximum gain coefficient for 
the emission line at l » 1.31 mm (Fig. 5a) reaches 26 cm–1 at a 
strip length l = 3.5 – 4 mm and room temperature. For the 
lines at l » 1.21 and 1.12 mm (Figs. 5b, 5c), the maximum 
gain coefficients are 19 and 7 cm–1, respectively.

The assumption that there is no reflection from the speci-
men faces is in general incorrect. In experiments, there is 
always such reflection. The reflected signal will be minimal in 
the case of diffuse scattering from the specimen surface. We 
attempted to realise this situation. Taking into account diffuse 
reflection reduces the gain coefficient from 26 to 15 – 17 cm–1. 
This value of the gain coefficient was confirmed in the follow-
ing experiment: We took several samples of different lengths.  
Stimulated emission was obtained at sample lengths above  
0.8 mm and not at smaller sample lengths. This also allows 
the gain coefficient to be estimated at 15 cm–1.

When evaluating the exponential dependence of the gain 
coefficient on strip length, one should take into account that 
different waves pass different paths in the strip. Therefore, 
strictly speaking, integral relations that take this into account 
should be used to accurately determine the gain coefficient. 

At the same time, to estimate the maximum gain coefficient of 
an active medium, it is sufficient to consider the region where 
the signal rises exponentially and the major contribution to 
the emission intensity comes from waves that pass the entire 
strip length. This can be illustrated by the example below.

Consider the data in Fig. 5a. At strip lengths l < 3.5 mm, 
the signal is very weak. As l increases from 3.5 to 4 mm, the 
signal rises exponentially. In this range of strip lengths, the 
gain coefficient is almost constant. At higher l values, emis-
sion saturation effects come into play and the gain coefficient 
drops rather sharply. In this range, one should take into 
account that there are waves passing exposed regions of dif-
ferent lengths. In this study, we restricted ourselves to esti-
mating the maximum possible gain coefficient.

Our experiments showed sharp suppression of stimulated 
emission from the excited states with increasing strip length at 
a constant pump intensity. It follows from the data in Fig. 5 
that the stimulated emissions from the three levels in question 
are not independent. Strong signals at l » 1.31 mm are accom-
panied by ‘quenching’ of the other two emission lines, due to 
interband transitions from excited states of the QDs: first, 
quenching of the line related to transitions from the third level 
and then, from the second level. The quenching of the emis-
sion from upper electronic levels of QDs is caused most likely 
by a reduction in hole population in response to the satura-
tion of the transition from the first electronic level. An impor-
tant role may, in principle, be played by the depopulation 
of  the ground level by the stimulated emission and electron 
transitions from upper levels to the ground state. The sharp 
quenching with increasing exposed region length may imply 
that an additional electron relaxation process from the excited 
and ground levels of the QDs comes into play. Note also that 
the continuing rise in the intensity of the stimulated emission 
from the ground state with increasing exposed region length 
indicates that the contribution of losses in the waveguide to 
lasing is still small.
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Figure 3.  Emission spectra of a specimen at a strip length l = (a) 3.5, 
(b) 4.5 and (c) 8 mm; spectral resolution of the monochromator, 19 nm.
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Figure 4.  Maximum signal as a function of strip length, l, for the emis-
sion lines at (a) 1.31, (b) 1.21 and (c) 1.12 mm.
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3. Conclusions

Stimulated emission from optically pumped semiconductor 
QD arrays has been studied experimentally at room tempera-
ture. We have demonstrated stimulated emission on interband 
transitions from the ground level of the QDs (l » 1.31 mm) 
and from two excited states (l » 1.21 and 1.12 mm). The gain 
coefficient of the transitions has been measured using exposed 
strips of variable length. The gain coefficient obtained for the 
ground level is rather large: 15 – 17 cm–1. A procedure is pro-
posed for measuring large gain coefficients (above 10 cm–1) of 
active media.
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