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Abstract.  The emission of anomalously bright blue light under 
internal doubling of the frequency of femtosecond superradiance 
pulses in the active medium of semiconductor GaAs/AlGaAs laser 
heterostructures has been experimentally found. The efficiency of 
the internal second-harmonic generation is an order of magnitude 
higher than in the conventional lasing regime. This effect is due to 
the formation of a transient ordered state of electrons and holes 
under superradiance, occurrence of dynamic coherent population 
lattices, and periodic modulation of the nonlinear susceptibility of 
the medium.

Keywords: superradiance, femtosecond pulses, second-harmonic 
generation.

1. Introduction 

It is well known that semiconductors, in particular, GaAs or 
InP and solid solutions on their basis, have pronounced non-
linear optical properties. For example, the nonlinear suscepti-
bility c(2) of GaAs is  three orders of magnitude higher than 
that of KDP, a popular nonlinear optical material [1]. One of 
the sequences of this nonlinearity is second-harmonic genera-
tion  (SHG)  in  the  active  medium  of  semiconductor  lasers. 
Indeed, even at the dawn of the laser era, it was found that IR 
GaAs-based  lasers  emit weak blue  light  due  to  the  internal 
SHG  [2,  3]. The  intensity of  this  luminescence was propor-
tional to the squared fundamental harmonic power Pw. It was 
clear  from  the  very  start  that,  since  the  absorption  of  this 
material at the second-harmonic wavelength is very high, the 
observed  blue  light  was  emitted  from  a  micrometer-sized 
region near the laser end face. As a result, the conversion effi-
ciency  h = P2w/Pw

2 turned out to be extremely low (at a level 
from 10–8 to 10–10 W–1) [2 – 5].

At the same time, the superradiance from semiconduc-
tor GaAs/AlGaAs laser structures makes it possible to gen-
erate femtosecond pulses with an unprecedentedly high (up 
to 109 W cm–2) power at wavelengths of 880 – 900 nm [6, 7]. 
Therefore, the giant power of superradiance pulses is expected 
to make it possible to observe internal second-harmonic radi-

ation  of  higher  intensity  than  in  the  conventional  lasing 
regime. Indeed, superradiance experiments revealed a rather 
intense  blue  luminescence  from  the  active  region  of GaAs/
AlGaAs  laser  structures.  However,  it  turned  out  that  the 
anomalously high  intensity of  the  internal second-harmonic 
radiation cannot be explained by only an increase in the peak 
power of superradiance pulses.

In  this  paper,  we  report  the  results  of  an  experimental 
study  of  the  internal  second-harmonic  generation  under 
superradiance conditions in GaAs/AlGaAs laser structures. It 
is shown that the anomalously high second-harmonic inten-
sity may be due  to  the extraordinary properties of  the elec-
tron – hole system. Indeed, as was previously found in [8 – 10], 
a quantum phase transition under superradiance conditions 
induces a transient coherent ordered state in the electron – hole 
system. The condensation of electron – hole pairs in the phase 
space  and  the  formation  of  long-range  order  and  dynamic 
population gratings  lead  to  the occurrence of  ideal  spatial 
and temporal coherence and superluminal pulse propagation 
[11, 12]. We demonstrate below that the same effects may also 
cause the anomalously strong internal SHG.

2. Experimental 

We investigated two types of GaAs/AlGaAs heterostructures 
with different active-layer configurations. The samples were 
previously described in detail in [11]. All devices had a three-
section geometry and consisted of two amplifying sections at 
the  end  faces  and  a  central  section  (electrically  controlled 
optical absorber). The active GaAs layer (about 0.2 mm thick) 
was  located between p-  and n-AlGaAs  layers. The  samples 
were  divided  into  two  groups:  with  a  standard  rectangular 
active region 5 – 6 mm wide and with a waveguide expanding 
from 5 to 40 mm. Nanosecond current pulses with a frequency 
of  1 – 10 MHz were  applied  to  the  amplifying  sections  and, 
depending  on  the  current  amplitude,  induced  electron  and 
hole concentrations in the range of 1018 – 1019 cm–3. An appli-
cation of a reverse voltage across the central section made it 
possible to control the optical absorption in the active layer. 
Spontaneous  emission  and  conventional  lasing  could  be 
obtained in the structure at different pump levels [9].

In the superradiance regime, the structures emitted pulses 
with  a  duration  of  300 – 500  fs,  peak power  to  120 W,  and 
wavelength  in  the  range of  880 – 890 nm. Each nanosecond 
current pulse  induced emission of a  train consisting of 1  to 
12 – 13  pulses,  depending  on  the  reverse  voltage  across  the 
absorber.  The  emission  dynamics  was  investigated  using  a 
photodetector with a 30-GHz band and a  sampling oscillo-
scope. The pulse durations were measured with a high accu-
racy using the standard interferometric autocorrelation tech-
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nique. Two optical  filters with a total  transmittance of 0.84 
and less than 10–7 at the wavelengths of the second (440 nm) 
and  first  (880  nm) harmonics,  respectively, were  applied  to 
observe the generation of internal second harmonic and mea-
sure its power.

Figure 1 shows a photograph of a collimated second-har-
monic beam, recorded by a CCD camera.

Emission  of  blue  light  was  regularly  observed  in  many 
samples when passing to the superradiance regime; in particu-
lar,  it was  clearly  seen  in a  shaded  room on a white  screen 
installed  in  the beam path. Figure 2 shows a  typical depen-
dence of the second-harmonic intensity on the reverse voltage 
across the absorber in the laser structure.

At reverse voltages below 1 – 1.5 V, the conventional las-
ing regime is implemented. An increase in the voltage leads to 
the occurrence of superradiance, while the power of femtosec-
ond  pulses  increases.  When  the  voltage  reaches  a  certain 
value, the number of superradiance pulses in the train begins 
to sharply drop, and the second-harmonic intensity decreases 
(Fig. 2).

The experimental values of the average power of funda-
mental and second-harmonic radiation and conversion factor 
h for different samples are listed in Table 1. The experimental 
data from [3 – 5] are also given for comparison. In this study, 

the average superradiance power varied from 1.92 to 9.7 mW 
(depending on the sample type and pump conditions). The 
conversion factor h in Table 1 for the samples under study is 
the ratio of the peak powers of the first and the second har-
monics or (the values in parentheses) the ratio of their aver-
age powers. The averaged factor h was measured to be 9.0 ´ 
10–7 W–1, a value an order of magnitude larger than that for 
the conventional lasing mode.

3. Results and discussion

The second-harmonic power in the case of internal lasing in 
the active medium of GaAs/AlGaAs heterostructures can eas-
ily be calculated, because the SHG effect has been well stud-
ied. The second-harmonic intensity, with a constant first-har-
monic power (case of our consideration), is described by the 
wave equation [13]
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where  deff  is  the  effective  nonlinearity  coefficient, Dk  is  the 
wave  vector  mismatch,  n2w  is  the  refractive  index  of  the 
medium at the second-harmonic frequency, c is the speed of 
light, and a  is  the absorption coefficient at  the  second-har-
monic frequency. Solving Eqn (1), we obtain the second-har-
monic power, which is proportional to
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Since a > 107 m–1, the second-harmonic intensity is saturated 
at distances on the order of 1 mm. For GaAs, deff = 2.0 ´ 
10–10 m V–1, nw = 3.62, n2w = 5.04, and a = 2.83 ´ 107 m–1. 
Having solved (1) and (2), we obtain the expression for the 
second-harmonic power fluxI2w = ce0 n2w |E2w|2/2 (W m–2): 
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where lw is the fundamental wavelength and e0 is the permit-
tivity of free space. The proportionality factor in (3) for GaAs 
is 1.93 ´ 10–20 m2 W–1; therefore, in the case under consider-
ation (the emitting area is 2.5 ´ 10–12 m2),  h = 0.8 ´ 10–8 W–1, 
which is an order of magnitude smaller than the experimen-
tally found value.

Figure 1. Photograph of the second-harmonic beam.
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Figure 2. Typical  dependence of  the  average  second-harmonic  power 
on the reverse voltage.

Table 1. 

Sample Pw P2w h/W–1

From [3] 20 W 10 mW 2.5 ´ 10–8

From [4] 30 mW 2.6 pW 2.9 ´ 10–9

From [5] 3.4 mW 1 pW 8.0 ´ 10–8

H2-51 1.92 mW 193 nW 4.7 ´ 10–6 (5.2 ´ 10–2)
H2-31 9.2 mW 104 nW 1.1 ´ 10–7 (1.2 ´ 10–3)
H2-33 9.7 mW 130 nW 1. 3 ´ 10–7 (1.4 ´ 10–3)
H2-52 2.3 mW 36 nW 6.2 ´ 10–7 (6.8 ´ 10–3)
H2-63 3.4 mW 43 nW 3.4 ´ 10–7 (3.7 ´ 10–3)
H2-112 3.2 mW 41 nW 3.6 ´ 10–7 (3.9 ´ 10–3)
H2-131 4.1 mW 56 nW 3.0 ´ 10–7 (3.3 ´ 10–3)
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Currently, the physical nature of the generation of anom-
alously  bright  internal  second-harmonic  radiation  in  the 
superradiance regime is not completely clear. In our opinion, 
one of  the most  likely mechanisms  is  the  interaction of  the 
fields of both the first and second harmonics with the dynamic 
coherent  population  gratings  [12].  Indeed,  population  grat-
ings with a half-wavelength period arise during conventional 
lasing.  However,  the  modulation  amplitude  of  the  elec-
tron – hole  density  in  this  case  is  only  few  percent  of  the 
threshold density [14]. In the superradiance regime, the work-
ing densities of electron – hole pairs are higher than the thresh-
old lasing density by a factor of 3 – 4 [6, 7], and their modula-
tion depth approaches 100 % [14]. Therefore, the periodic l/2 
modulation of nonlinear susceptibility c (2) in the lasing regime 
is insignificant.

In  contrast,  when  superradiance  pulses  are  generated, 
coherent  population  gratings  significantly  affect  the  optical 
field propagation through a semiconductor medium [12].

At the same time, it  is well known that variations in the 
electron – hole density in a semiconductor significantly change 
its refractive index. Therefore, a spatial population grating in 
a semiconductor corresponds to a periodic modulation of its 
refractive index and, correspondingly, a transient spatial grat-
ing of its nonlinear susceptibility. Even in the beginning of the 
1970s,  it  was  found  [15]  that  a  periodic modulation  of  c (2) 
leads to an increase in the SHG efficiency in comparison with 
the  efficiency  for  a  spatially  homogeneous  medium. 
Subsequent  experimental  and  theoretical  studies  confirmed 
that  the  SHG  efficiency  greatly  increases  in  periodic  struc-
tures formed in various nonlinear materials (including semi-
conductors),  optical  fibers  with  Bragg  gratings,  photonic 
crystals, etc. [16 – 18]. Note that even a weak periodic modula-
tion of the refractive index of the medium (Dn ~ 10–2 – 10–3) 
may  increase  the SHG efficiency by more  than an order of 
magnitude [19]. In the case of superradiance in GaAs/AlGaAs 
heterostructures,  as was  found previously  [12, 14], dynamic 
coherent  population  gratings  play  an  important  role  in  the 
superradiance dynamics, resulting in a considerable decrease 
in the effective group refractive index of the semiconductor, 
superluminal propagation of femtosecond pulses, and ultra-
fast oscillations of the polarisation of the medium. Therefore, 
it is reasonable to suggest that the periodic modulation of the 
nonlinear susceptibility of the medium, caused by population 
gratings,  leads  to  a  significant  (experimentally  observed) 
increase in the internal SHG efficiency. The theoretical study 
of this effect is the subject of our next publication.

4. Conclusions

The  internal  SHG  in  the  superradiance  regime  in  GaAs/
AlGaAs  heterostructures  was  investigated.  Anomalously 
bright blue  luminescence was  revealed  in  all  samples  at  the 
transition  to  the superradiance regime. The conversion effi-
ciency of  the superradiance pulse energy  to  the second har-
monic was found to be an order of magnitude higher than in 
the conventional lasing regime. This effect is explained by the 
interaction of the optical field of pulses with transient coher-
ent population gratings. The condensation of electron – hole 
pairs in the phase space at the transition to the superradiance 
regime [8, 9] results in the formation of an ordered coherent 
electron – hole state with a deep l/2 modulation of the carrier 
density and corresponding modulation of the refractive index 
and  nonlinear  susceptibility.  This  periodic  modulation,  as 

was noted previously, may significantly increase the second-
harmonic conversion efficiency.
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