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Abstract.  The influence of nonlinear optical interaction in a semi-
conductor dual-wavelength vertical-external-cavity surface-emit-
ting laser on the main parameters of dual-wavelength radiation and 
lasing in the long-wavelength part of the mid-IR range, obtained in 
this laser as a result of nonlinear wave mixing, is investigated. An 
increase in the pump power leads to saturation of the short-wave-
length lasing intensity and to a more rapid rise in the long-wavelength 
lasing intensity in comparison with the linear increase in lasing 
intensity in these regions in the absence of nonlinear interaction. Under 
the conditions of nonlinear interaction, the carrier concentration in 
the active layers is not stabilised near the lasing threshold but 
changes with an increase in the pump intensity and provides the cor-
responding gain in the laser active region, thus maintaining steady-
state lasing. Some ways for modifying the laser active region in order 
to obtain the most efficient lasing in the mid-IR range are proposed.

Keywords: mid-IR laser, semiconductor dual-wavelength laser, verti-
cal- external-cavity surface-emitting laser, nonlinear optical fre-
quency conversion.

1. Introduction

An urgent problem of applied laser physics is the develop-
ment of an easy-to-use semiconductor laser operating in the 
mid- and far-IR ranges with a sufficiently high power. Such 
light sources are in high demand in medicine, spectroscopy, 
and safety systems [1].

The development of quantum cascade lasers (QCLs) [2] 
became an important step in mastering the aforementioned 
lasing ranges. However, QCLs are characterised by a very 
complex structure of the active region: it contains several 
hundreds of quantum-confinement layers, which must be 
grown with a high accuracy and reproducibility. In addition, 
to implement cw lasing at a wavelength above 10 mm, one 
must apply cryogenic cooling or a strong magnetic field [3].

Another way for obtaining coherent radiation in the mid- 
and far-IR ranges is to apply nonlinear frequency conver
sion. The first experiments on generating difference-frequency 
radiation through nonlinear wave mixing in a nonlinear crystal 

were performed even in the beginning of the 1960s [4]; how-
ever, the power obtained as a result of this conversion is rela-
tively low. The intracavity nonlinear optical interaction due 
to the enhancement in the wave power in the cavity is much 
more efficient in comparison with mixing waves from two 
lasers in an external nonlinear crystal [5]. Recently Scheller et 
al. [6] proposed to select (using a Fabry – Perot etalon) two 
frequencies from the gain band of a vertical-external-cavity 
surface-emitting laser (VECSEL). Nonlinear mixing of these 
two frequencies led to generation at the difference frequency 
in the range of 1 – 2 THz, with a power up to 1 mW. However, 
estimates showed that lasing at frequencies above 3 THz 
cannot be implemented in this scheme, because both mixed 
frequencies are chosen from the gain bandwidth of identical 
quantum wells (QWs).

In our opinion, a semiconductor dual-wavelength 
VECSEL [7] is most promising for implementing mid-IR las-
ing by means of intracavity nonlinear optical frequency con-
version. The main difference of this laser from an ordinary 
VECSEL [8] is in the structure of its active region: it contains 
two sets of nonidentical quantum wells (QWs), designed for 
simultaneous lasing at two wavelengths near 1 mm, spaced by 
10 to 100 nm. Thus, the difference-frequency oscillator 
designed on the basis of a dual-wavelength VECSEL could be 
an easy-to-use emitter in the wavelength range of 10 – 100 mm, 
less expensive than the existing analogues. This oscillator is 
also expected to have a high beam quality, because both 
beams formed in the laser cavity are coaxial and Gaussian 
(transverse-single-mode); therefore, they are completely over-
lapped in space. It is planned to implement intracavity nonlin-
ear optical mixing of beams in a nonlinear periodically poled 
crystal characterised by quasi-phase matching (QPM) [9].

In this paper, we report the results of numerical analysis 
of the influence of nonlinear optical three-wave interaction on 
the parameters of dual-wavelength VECSEL radiation. The 
analysis was performed with variation in the following param-
eters of the system: pump power, nonlinear-crystal length, 
and the number of shallow and deep QWs in the active region.

2. Schematic and mathematical model of laser 

Figure 1 shows a schematic of a dual-wavelength VECSEL. 
An active mirror, spherical mirrors M1 and M2 and output 
mirror M3 form a cavity in the Z configuration. Mirrors M2 
and M3 have a high reflectance for the dual-wavelength laser 
radiation but are transparent for difference-frequency waves. 
Population inversion is implemented using a 808-nm diode 
laser.

As was mentioned above, the main difference of a dual-
wavelength VECSEL from an ordinary VECSEL [8] is in the 
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structure of the active mirror (its schematic energy-band dia-
gram was reported in [10]). This mirror contains two sets of 
InGaAs QWs with different indium contents, which are 
designed for simultaneous amplification of dual-wavelength 
radiation. These QWs are separated by GaAs barrier layers, 
which absorb pump radiation (pumping is performed via dif-
fusion and capture of carriers from barriers). QWs with a 
higher indium content (deep QWs, which are designed to emit 
long-wavelength radiation) are characterised by a higher 
capture rate and a lower carrier-escape rate in comparison 
with the second set of wells (shallow or short-wavelength 
QWs) [11]. In this context, to prevent preferred capture of 
carriers into deep wells, the aforementioned QW sets are 
separated by a wide-gap AlAs stopper, which impedes dif
fusion carrier transport.

The optical pumping of the active region of this laser was 
analysed in [12]. It was found that the concentration in all 
QWs of the same type can be made approximately the same. 
In this case, the mathematical model of the laser can be sim-
plified: each of two sets of identical QWs can be replaced by 
one equivalent QW, provided that the gain of the short- and 
long-wavelength optical fields is preserved.

To determine steady-state lasing characteristics, we used 
the system of lasing rate equations [13], modified with 
allowance for the three-wave nonlinear optical interaction 
[14]:
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Here, the dynamic variables and parameters with the sub-
script i = 1, 2 refer to the short- and long-wavelength 
beams, respectively; Ji is the diffusion flux of the carriers 
formed by optical pumping in barrier layers to the equiva-
lent QW of ith type; tw is the QW width; Ni is the carrier 
concentration in the ith QW; tr is the carrier lifetime in QW; 
mi is the number of ith-type QWs in the active region; wg j 
and wncj are the radii of the dual-wavelength beams on the 
active mirror and nonlinear crystal, respectively; li is the 
effective length of active mirror for the corresponding 
field; Gij = 2mj tw /li and gij are, respectively, the optical con-
finement factor and gain for the ith optical field in a jth 
quantum well; Fi is the ith-radiation photon flux; a is the 
wave absorption coefficient in the active mirror; and ri is 
the reflectance of the ith optical field from the Bragg mir-
ror grown in the structure.

The expression for the parameter rni (reflectance from the 
nonlinear element including the nonlinear crystal and mirror 
M3) can be written as

rn1 = R[1 – g(1 + R)F2(0)],	
(2)

rn2 = R[1 + g(1 + R)F1(0)].

Here, R is the reflectance of mirror M3 and the factor g char-
acterises the efficiency of nonlinear interaction in the crystal:
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where l1,2,3 are the lasing wavelengths (from here on, the sub-
script 3 denotes the difference-frequency parameters); Z0 = 120p 
is the free-space impedance; d14 is the element of nonlinear 
susceptibility tensor of the crystal; n1,2,3 are the refractive 
indices of the crystal at the wavelengths l1,2,3; L is the non
linear-crystal length; h is Planck’s constant; and c is the speed 
of light in vacuum.

The nonlinear reflectance rni was calculated based on the 
formula relating the radiation photon fluxes, F3(L) = gF1(0)F2(0) 
(obtained with allowance for the specific parameters of the laser 
under consideration from exact formulas [14] and the Manley – 
Rowe relations):

F1(L) + F3(L) = F1(0) + F3(0),	
(4)

F2(L) – F3(L) = F2(0) – F3(0),

where F1,2,3(0) and F1,2,3(L) are the photon fluxes at the 
nonlinear-crystal input and output. These formulas imply 
the energy conservation law at nonlinear optical interac-
tion in the crystal (specifically, the fact that light conver-
sion in a nonlinear crystal leads to annihilation of short-
wavelength photons with simultaneous generation of 
long-wavelength photons; the energy released in this pro-
cess is spent on emission of difference-frequency radia-
tion).

When solving the system of equations (1), we also took 
into account the linear relationship between the diffusion 
carrier flux Ji to equivalent QWs and the pump power Pp: 
Ji = KiPp (it was determined in [12], where an optical-pump-
ing model was developed taking into account the generation 
of electron – hole pairs, diffusion – recombination transport 
to  QWs, and quantum-mechanical capture in them). The 
lasing power Pi was determined in terms of the carrier flux Fi 
as Pi = (hc/li)Fi Ai , where Ai = 1/2pw2nci (i = 1 – 3) is the effective 
cross section of the Gaussian mode; note that, according to 
[15], the radius of the difference-frequency beam is wnc3 = 
wnc1wnc2 /(w2nc1 + w2nc2)1/2.

Since the dual-wavelength radiation is generated in laser 
[7] in the form of two coaxial Gaussian beams, the mathemat-
ical expression for g [formula (3)], which is valid in the plane-
wave approximation, should be replaced with 

gG = gH(m, x)/x	 (5)

for Gaussian beams. The exact value of the focusing func-
tion H(m, x) was reported in [15]. For the nonlinear-crystal 
lengths and beam geometric characteristics considered here, 
the focusing parameter x is rather small: x = L/b << 1 (b = 
k1,2 w2nc1,2 is the confocal parameter, identical for both beams, 
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Figure 1.  Schematic diagram of a dual-frequency VECSEL.
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and k1,2 = 2pn1,2 /l1,2 is the wave vector amplitude). In this case, 
the function H(m, x) can be written in the simplified form:
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where m = k2 /k1; d = 0.5[(1 + m)2 + 2(1 – m)2]1/2 and c = 
2xd/(1 – m).

The thus found stationary solution to the system of equa-
tions (1), where the parameter rni was calculated from for-
mula (2) with allowance for (3), (5), and (6), allowed us to 
determine the main lasing characteristics in the mid-IR range.

3. Results of simulation

Figure 2a shows the dependences of the dual-wavelength radia-
tion power and the mid-IR lasing power at a wavelength of 
~17 mm on the pump power at the following values of param-
eters: l1 = 0.983 mm; l2 = 1.043 mm; tr = 2 ns; m1 = m2 = 8; 
tw = 7 nm; wg1,2 = wnc1,2 = 50 mm; wnc3 = 50/ 2  » 35 mm; 
li = 10 mm; G11 = G22 = 0.0112; G12 = G22 /10; G21 = 0; a = 10 cm–1; 
ri = 1; R = 0.995; L = 1.4 mm; n1 = 3.51; n2 = 3.48; n3 = 3.21; 
and d14 = 110 pm V–1 (the nonlinear-susceptibility tensor ele-
ment of GaAs was calculated according to [16]).

It can be seen in Fig. 2а that the short-wavelength power 
P1 [curve ( 1 )] tends to be saturated with increasing pump 
power, unlike the linear increase in lasing power [curves ( 1' ) 

and ( 2' ) ] in the absence of nonlinear interaction. On the con-
trary, the long-wavelength power P2 [curve ( 2 )] increases 
more rapidly than in the absence of nonlinear interaction. 
In  addition, the presence of nonlinear interaction leads to 
generation of difference-frequency radiation with a power P3 
[curve ( 3 )], which lies in the long-wavelength part of the 
mid‑IR range. The character of the dependences observed is 
explained by the energy transfer from the short-wavelength 
beam to the long-wavelength beam and generation of dif
ference-frequency radiation.

The generation at the difference frequency leads to an 
additional loss of the short-wavelength component of dual-
wavelength radiation and reduces the loss for the long-wave-
length component. Hence, to maintain the lasing conditions, 
the short- and long-wavelength gains should be increased and 
decreased, respectively. The dependence of the gain on the 
carrier concentration for a quantum-confinement layer is 
logarithmic. Therefore, with an increase in the pump power, 
the carrier concentrations in shallow and deep QWs increase 
and decrease, respectively (Fig. 2b). The corresponding depend
ences are plotted at the same values of the parameters as in 
Fig. 2a.

However, when the carrier concentration in shallow QWs 
exceeds some critical value (~5 ́  1018 cm–3 for the object of 
study: In0.2Ga0.8As QWs with GaAs barriers), QW pumping 
becomes inefficient. This is due to the small difference in the 
carrier escape and capture times in QWs, when the number of 
carriers that were not captured into QWs and remained in 
barrier layers is sufficiently large. In this case, some part of 
pump power is lost in vain (specifically, it is spent on genera-
tion of electron – hole pairs remaining in the barrier layers). 
This inefficient loss of pumping must be excluded by limiting 
the carrier concentration in QWs. Therefore, it is expedient to 
tune the pump power so as to keep the carrier concentration 
below this critical value.

In Fig. 2 the numbers of shallow and deep QWs are the 
same: m1,2 = 8. However, with an increase in the number of 
shallow QWs, the short-wavelength lasing threshold will be 
obtained at lower carrier concentrations in these wells. Then, 
at a larger number of shallow QWs, the carrier concentration 
in them will reach the limiting level at higher pump powers or 
larger lengths of nonlinear crystal. Therefore, the difference-
frequency lasing will be more efficient in this case.

The dependence of the mid-IR lasing power on the non-
linear-crystal length is shown in Fig. 3а. With an increase in 
the crystal length, the difference-frequency power increases due 
to the energy transfer from the short-wavelength radiation 
during its conversion in the crystal. As a result, to maintain 
the steady-state lasing conditions, the carrier concentration in 
shallow QWs rapidly increases and, at some value of nonlinear-
crystal length (L1 or L2), reaches the limiting level [see Fig. 3b, 
curves ( 1''  ) and ( 2'' )]. If the pump power is reduced [Fig. 3b, 
curves ( 1'  ) and ( 2' )], one can provide (beginning with the 
crystal length L1 or L2) a concentration approximately equal 
to the critical value (5 ́  1018 cm–3). Under these conditions, 
the mid-IR lasing power also begins to decrease; specifically 
this decrease explains the decline in the curves presented in 
Fig. 3a. We should also note that the optimal crystal length 
(at which the difference-frequency power reaches a maximum) 
depends on the number of shallow and deep QWs in the active 
region. Curves ( 1 ) and ( 2 ) in Fig. 3a correspond to 8 and 12 
shallow QWs, respectively. The total number of wells (16) 
remains the same. It can be seen that, in the case of 8 shallow 
QWs, the optimum in the curve was observed at the crystal 
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Figure 2.  Dependences of the (a) short- and long-wavelength powers 
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interaction and ( 3 ) mid-IR lasing power and (b) the carrier concentra-
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length L1 » 1.4 mm, while for 12 QW the corresponding length 
was L2 » 2.4 mm. Therefore, the crystal length at which 
the nonlinear conversion in the crystal remains efficient at the 
maximum pump power increases with an increase in the number 
of shallow QWs. As a result, the maximum output mid-IR 
lasing power also grows with an increase in the number of 
shallow QWs.

4. Conclusions

Our analysis demonstrated a possibility of efficient lasing in 
the long-wavelength part of mid-IR range (at a wavelength of 
~17 mm the maximum output power is ~40 mW for a pump 
power of 10 W) in a semiconductor dual-wavelength vertical-
external-cavity surface-emitting laser.

The dependence of the dual-wavelength VECSEL power 
on the pump power upon nonlinear optical interaction was 
found to be highly nonlinear. Specifically, the short-wavelength 
power shows a tendency to saturation, while the long-wave-
length power grows more rapidly than in the absence of non-
linear interaction.

It was shown that at nonlinear optical interaction the car-
rier concentration in QWs is not stabilised at the lasing 
threshold but changes during nonlinear conversion, thus pro-
viding matching between the loss and gain for dual-wave-
length lasing.

To increase the difference-frequency power generated as 
a result of nonlinear conversion, it was proposed to form dif-
ferent numbers of shallow and deep QWs in the laser active 
region. This change in the concentration makes it possible to 
implement efficient nonlinear interaction at a larger number 
of ‘short-wavelength’ QWs for large crystal lengths at the 
maximum pump power and, correspondingly, increase the 
output mid-IR power.
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