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Amplification of mid- and far-IR pulses in synchronously pumped
low-dimensional heterostructures

V.A. Kukushkin

Abstract. The synchronous propagation of optical pulses and
mid- and far-IR pulses in waveguide low-dimensional
quantum-well semiconductor heterostructures is considered.
It is shown that low-frequency radiation can be considerably
amplified in these systems even at room temperature because
a high-power high-frequency pulse produces transient pop-
ulation inversion at the corresponding low-frequency tran-
sition formed by the dimensional quantisation levels of the
semiconductor. The optimal parameters of the pump optical
pulse and heterostructure are determined at which mid- or
far-IR picosecond pulses of power ~100 mW or 0.1 mW,
respectively, can be amplified by more than two orders of
magnitude without considerable changes in their duration and
shape.

Keywords: quantum wells, intersubband transitions, synchronous
pumping, amplification of IR radiation.

1. Introduction

The development of sources of high-power short pulses in
the mid- and far-IR ranges is one of the priority directions
in modern quantum electronics. Such sources are required
both for fundamental studies, for example, investigations of
surface plasmon—polariton waves and coherent control of
intersubband transitions in semiconductor nanostructures
and for numerous applications such as nondestructive
probing of weakly conducting materials and biological
tissues, electromagnetic therapy, spectroscopy of organic
molecules, modulation of optical radiation at terahertz
frequencies, etc. Among numerous variants of such devices,
low-dimensional semiconductor heterostructures — quantum
wells (QWs), quantum wires, and quantum dots, are the
most efficient and convenient for practical applications.
This is explained by the simplicity of varying the frequency
of transitions between their dimensional quantisation levels
(corresponding to emission wavelengths from units to
hundreds of microns) and by the convenience of current
pumping providing the population inversion at the laser
transition.
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Unfortunately, free-electron and hole absorption and the
diffraction broadening of a beam lead to a strong non-
resonance attenuation of the IR power in such devices,
which rapidly increases with increasing wavelength. As a
result, lasing can be achieved in such structures only at large
enough gains required for compensating high losses. How-
ever, the production of a considerable population inversion
at a low-frequency laser transition between dimensional
quantisation levels lying in the same band of a semi-
conductor is complicated due to the short lifetime of the
upper laser state, which can be comparable to or shorter
than the lower-state lifetime. This problem was solved in
quantum cascade lasers (QCLs) [1], where the lower level is
rapidly depleted due to tunnelling of carriers from it
through the energy barrier to the adjacent level or due
to transitions of carriers to lower-lying levels accompanied
by emission of an optical phonon. Unfortunately, such
lasers are manufactured of complex heterostructures con-
sisting of many layers with controllable parameters, which
should be cooled to temperatures considerably lower than
room temperature.

Nevertheless, a high enough inversion at the laser
transition can be produced in the pulsed regime for times
shorter than the upper-level lifetime. This time is determined
by scattering of carriers by each other (at concentrations
considered below, the scattering time exceeds 5 ps [2]),
emission of an optical phonon (~1 ps [3]), scattering by
impurities (4—5 ps for structures under study [4 ]) or by
scattering from rough QW surfaces (for 150—250-A-thick
QWs considered below, the scattering time lies in the range
from 4 to 50 ps [5] and, being comparable with the two latter
times or exceeding them, is neglected in estimates performed
below). Such inversion can be achieved under the action of a
high-power pump pulse on a system of electronic states
formed by dimensional quantisation levels appearing in a
QW. The pump pulse equalises the population of subbands
in the valence and conduction bands of a semiconductor,
thereby producing inversion at the intraband IR laser
transition in the conduction band. As a result, it becomes
possible to amplify an IR pulse at the corresponding
frequency, which propagates together with the pump pulse
and has approximately the same duration. As will be shown
below, this effect can be obtained in much simpler hetero-
structures than those used in QCLs without cooling them
below room temperature. In addition, unlike QCLs in these
heterostructures, free carriers are located only in QWs,
which considerably reduces nonresonance losses of IR
radiation, thereby enhancing the lasing efficiency.

Note here that the laser transition inversion by high-
power pump pulses of duration shorter than the upper-level
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lifetime was performed in synchronously pumped dye lasers
[6], colour centres in alkali halide crystals [7], and optical
fibres [8] (see also the review of these and other papers on
synchronously pumped lasers in [9]). The application of this
method for low-dimensional semiconductor heterostructures
is complicated by the specific structure of their dimensional
quantisation levels, which is manifested, in particular, in a
comparatively small inhomogeneous broadening of the laser
transition and a large inhomogeneous broadening of the
pump absorption band (see below). As a result, pumping
populates both the upper and lower laser states, which can
reduce the gain below the loss level, thereby making
amplification impossible. However, as shown in the present
paper, parameters can be selected so that absorption of an
IR pulse at the laser transition due to this effect will be
nonresonance and therefore suppressed.

Of course, to realise the method proposed, it is necessary
to find the optimal parameters of the optical pump pulse
and heterostructure depending on the wavelength of the IR
pulse being amplified. This is the subject of this paper.

2. Amplification of an IR signal in waveguide
heterostructures with QWs pumped
by an optical pulse

To convert optical pulses to IR pulses by using the given
scheme, a waveguide structure providing the transverse
confinement of their fields and having a small absorption
coefficient at both wavelengths is required. A single-
plasmon waveguide, which is successfully used in mid-
and far-IR QCLs [10, 11] and is modified for supporting the
optical mode at the wavelength /; ~ 0.8 um [12], can play

the role of such a structure (Fig. 1). Let us denote the
electromagnetic fields of the optical and IR pulses
propagating in it by E;, B, and E,, B,, respectively.
They can be expressed in terms of the complex amplitudes
E, B, (n=1,2) in the form

n»

1~ - .

E, B, = EE"’ B, exp(—iw,t)+ c.c. (1)
By neglecting the radiation mode field, which is emitted
outside the waveguide (and is much smaller than the field of
guided modes), we can expand the complex amplitudes of

both fields in guided modes e, = €, (y,z)exp (ikx),
bnlk = bnlk(y7 Z) exXp (lkX') [1 3]
En = Z Sn/kenlk» (2)
Ik
Bn = Z Snl/cbnlks (3)
Ik

where the subscript / denotes the polarisation of a mode
(I =1 for the TE mode and / = 2 for the TM mode) and the
subscript k£ (which is, in general, a multifunction of n and /)
is the wave index of the mode along the direction x. By
using the standard theory of waveguide excitation [13], the
values of &, can be found from equations

dgn/k/dx = Jinenl—de/anka (4)

where fn = —iw,P, are the complex amplitudes of current
densities, which are expressed in terms of the complex

amplitudes of corresponding polarisations P, produced at
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Figure 1. Scheme of a stripe waveguide QW heterostructure consisting of the Aly>Gag gAs core and the external cladding formed by two Aly3Gag 7As
layers (£a1,,GayAs > €Aly3Gag,As) (dielectric waveguide), a surface metal coating, and a heavily doped Alg.3Gao7As layer (single-plasmon waveguide), a
weakly conducting Alp3Gap 7As substrate, and two QW layers responsible for the conversion of the optical pulse to the IR pulse (¢ ~ 10 — 100 nm,
d ~ 2 pm; the optimal values of parameters a, b, and |z, | are found in section 3).
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the optical and IR transitions; dS = dydz; expressions for
e,_. are presented in [13]; N, is the norm of the mode
with indices nlk (according to the definition in [13],
N, < 0). We will analyse Eqn (4) for a typical waveguide
with the transverse size along y not exceeding ~ 10 um
(Fig. 1). For such parameters for an optical field with
A1 >~ 0.8 um, only one variation along y is possible, and
guided modes can be approximately described within the
framework of the theory of an infinitely broad (along the y
axis) stripe waveguide [13] according to which é,; and b,
are the functions of only z. According to estimates (see
section 3), the optimal thickness of the central layer is small
enough, so that the waveguide will support the propagation
of only two transverse optical TE and TM modes. We will
consider below a typical situation for QW heterolasers,
when the fields E; and E, are formed by the TE and TM
modes, respectively, so that / =1 and k = k; for the optical
field, while for IR radiation, we have / = 2 and k = k,, and,
therefore, indices can be omitted below. B R

To solve Eqn (4), it is necessary to express j, = —iw,P,
in terms of &,. This can be done by considering the
dynamics of carriers in QWs produced, for example, in
the Al,Ga,_,As system (Fig. 2). For the aims of the present
work, it is sufficient to consider only four subbands in each
QW: in the valence band — one subband (0) of heavy or light
holes (the criterion for selection of this subband is presented
below) and the highest-lying subband (1) of heavy holes; and
in the conduction band — the two lowest-lying electron
subbands (2 and 3), which form the laser transition for
amplification of IR radiation (Fig. 2). In this case, other
low-frequency transitions present in the heterostructure can
be neglected because their frequencies considerably differ
from the carrier IR frequency, which is resonant with the
3 — 2 transition frequency. Interband transitions in such a
scheme correspond to wavelengths A~ 0.7 —0.8 pm,
whereas the intersubband 3 — 2 transition lies in the region
above 10 um™. It is well known that all the five transitions
2—1,3—2,3—1,2—0, and 3 — 0) for asymmetric
QWs with different heights of the left and right barriers
considered here are allowed dipole transitions and have
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Figure 2. Scheme of electron (hole) dimensional quantisation levels in a
QW in which a weak IR pulse E, is amplified due to the conversion of a
simultaneously propagating strong optical pulse E;. Each of the levels is
a subband of electronic states with different projections of quasi-
momenta p, and p, on the QW plane.

Electron energy

A

hw2

fiw,

=y

Plo V4

1 (hhl) /

oy |

0 (hh)

Figure 3. Scheme of the band structure of GaAs near the I" point with
QWs grown in the (001) direction (p = (p? +pf)]/2). Energy is mea-
sured from the middle of the gap; 0 is the subband of the light (lh) or
heavy (hh) holes; 1 is the highest-lying subband of heavy holes (hhl); 2
and 3 are the lowest-lying electron subbands.

large nondiagonal matrix elements of the order of 0.3—1 nm
for interband transitions and 1-3 nm for intersubband
transitions [15].

We will assume that the electron energy ¢; in each
subband (i=0, 1, 2, 3) depends only on their quasi-
momentum pj = (pszrpf.)l/2 in the QW plane (isotropic
approximation [16, 17]), so that ¢; = ¢ +p‘|2/(2m,-), where
€y is the energy of electrons with zero pj and m; is the
effective mass (Fig. 3). Let p|o be the value of p at which the
3 — 1 transition frequency [i.e. the value (& —¢é;)/A]
coincides with the frequency w;. By denoting the deviation
of the 3 — 1 transition frequency from w; by 4, we see that
p| is uniquely expressed in terms of 4= (pH2 — p”20)><
[1/(2m3) + 1/(2m,)]/h, the value of 4 completely character-
ising the inhomogeneous broadening in the given system and
determining the deviation of frequencies of all other
transitions in the four-level system from their values for
p) = Pjo- A simple calculation shows that the number of
electronic states (per unit volume) with different p, and p,
for which the 3 — 1 transition frequency lies in the interval
from w; + 4 to w; + 4 +d4 is equal to Nd4, where

N = myms /[2nh(my + m3)Azgy] (5)

is the corresponding density of states; my ~ 0.5m;
ms ~0.07m [17, 18]; m is the free electron mass; and
Azy, is the QW width. By assuming that w, is equal to the
3 — 2 transition frequency for A4 =0, elementary calcu-
lations show that the deviation of the 3 — 2 transition
frequency from w, is —n4, where

n = my(m3 —my)/[my(m; +m3)] <0.1, (6)

" Of course, the further consideration can be easily applied to the case
when the laser transition is formed by the hole subbands rather than by the
electron subbands [14] and corresponds to wavelengths above 70 pm [15].
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and 7 is estimated by using simple analytic expressions for
effective electron masses m, and mj; in an infinitely deep
QW of width exceeding 150 A [18]. Note here that, as in
QCLs [1], >0 and n <1 due to the larger effective
electron mass in subband 3 compared to subband 2. Thus,
the inhomogeneous broadening of the 3 — 2 transition is
considerably smaller than that of the 3 — 1 transition.

Now we can determine the criterion for the choice of the
subband of light or heavy holes (denoted above by 0). It
follows from Fig. 3 and the consideration performed above
that the optical field populates subband 2 for p; lying where
; 1s resonant with transitions between subbands 2 and 1 or
hole subbands lying below subband 1.This leads, of course,
to absorption of the IR field at the 3 — 2 transition in this
region of p| (or, equivalently, 4) and is undesirable.
However, as follows from the previous consideration, the
3 — 2 transition frequency decreases with increasing 4 due
to the nonzero coefficient 5, thereby detuning from the
resonance with the IR field. As a result, this detuning for the
specified 4 can exceed the homogeneous width of the 3 — 2
transition line, calculated taking into account the field of a
strong optical pulse (which, as follows from estimates with
the use of optimal parameters for the IR field amplification
found in the next section, does takes place), and absorption
of IR radiation at this transition can be suppressed. It is
obvious that the hole subband (denoted above by 0) for
which the specified value of 4 (and, therefore, the corre-
sponding change —n4 in the 3 — 2 transition frequency) is
minimal will make the greatest contribution to absorption of
the IR field. A simple analysis based on results obtained in
[18] shows that the minimum value is 4 = (0.3 + 1)w,.

As a result, each QW can be described by a four-level
scheme with the density matrix p; depending only on 4. The
nondiagonal elements of the matrix can be represented as
the products of rapidly varying exponential factors with the
corresponding resonance frequencies w , (for interband and
intersubband transitions, respectively) and of slowly varying
amplitudes p;. The latter can be found from the system of
equations [19]

dpyy /At 4Ty pyy = —ieip3y + i3 3y,
dpsy /dt + '3 pyy = leyngz +iexpy,
dpyg/dt + Tagpyy = ieyngy + ies p3g, ™)
dpsg/dt 4 T3p3g = —iei psy +iespay,
dpsy/dt 4+ Typpsy = ieyngs + ey pyy — e Pag,
where
Iy =T3 =y +id; Iy =T =7 +i[4 = (0.3+ Dm,);

Iy =y —ind; )

nj=p;—p; 1is the population differences; ¢ =
Edype/(20) and e, = Erdige,/(2h) are the Rabi frequen-
cies for optical and IR fields, respectively; ds; =~ dyy = d,p,
and d3, = dig are the dipole moments for interband and
intersubband transitions; to simplify expressions derived
below, it is assumed that the rates of polarisation relaxation

at all the transitions between levels 0, 1, 2, and 3 are the
same and equal to y, 1.e. Yo, = V31 = V20 = V30 = V32 = }-

Because the durations of optical and IR pulses exceed
the relaxation time ~ 1/y (or are at least comparable with it,
see section 3), it is sufficient to obtain the stationary solution
of system (7) for estimates. Assuming that the IR pulse field
is much weaker than the optical field, we can use the
perturbation theory in a small parameter |&,|/|E,| < 1, by
retaining only terms of the zero and first orders in &,. This
gives

Py =ieini3/I3y, 9)
P = le1ng /Ty, (10)
Py —ies ny —nisler | /(I3 T51) + noz\€1|2/(F20F30)' (11

2 3
Iy + e /T3 + e /T3

The population differences entering (10) and (11) can be
determined from equations [19]

d}’lm/dl + l‘(n13 — ﬁ13) :—411'1'1(6'1*'531) — 21m(e§ﬁ32), (12)
dngy /dt + r(ngy — figy) = —4Im(ef pay) + 2Im(ez psy), (13)

dnyydi + r(nyy — fy3) = —2Im(ey p3; ) + 2Im(ey py)

— 4Im(e5 psy). (14)
Because we consider below only the time intervals that are
much shorter than the time of nonradiative 3 — 2 electronic
transitions (and considerably shorter than the time of
spontaneous radiative electronic transitions from the levels
3 and 2 to the valence band), the relaxation terms in
Eqns (12)—(14) take into account only intrasubband
relaxation processes with the rate r, which is assumed
the same for all the subbands and considerably exceeds the
rate of intersubband processes [20]. In this case, the
quantities 71; = p; — p;; (i =0, 1, 2, 3) are quasi-equilibrium
population differences determined by quasi-equilibrium
Fermi electron distributions p;. The latter, being the
functions of the total numbers of electrons in subbands
(during the pump pulse, these numbers increase in subbands
3 and 2 and decrease in subbands 0 and 1), slowly vary in
time (at the scale 1/r). However, according to [2], due to a
rather high density of electronic states in QWs, the
functions 1 — pyy, 1 —p;y, as well as p,, and p;; become
comparable with unity only at the surface concentrations of
excited electrons in subband 3 or 2 (or holes in subband 1
or 0) above 2 x 10'"' cm™. As shown in section 3, the
optimal value of this parameter for amplification of the IR
pulse (even at the pump pulse end) is considerably smaller
than the values presented above. Therefore, we can set
n;3 ~ g ~ 1 and 7153 ~ 0 in (12)—(14). As a result, in the
time ~1/r, which is considerably shorter than the duration
of the pump and IR pulses (see section 3), the solutions of
Eqns (12)—(14) become almost stationary until the end of
pulses.

To find these solutions by using the perturbation theory
with a small parameter |&,|/|€;| < 1, we should take into
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account that, according to (11), the term Im(e3ps,) in (13)
and (14) is proportional at least to |ez|2 and therefore it can
be omitted in the approximation linear over e¢,. As a result,
the stationary solutions of Eqns (12), (13), and (14) take the
form

1
- 15

" aal 0+ 4D (>
gy = ! (16)
T a0/ A - 03+ Do)
20l
Al 02+ 47

2(y/r))er|? 17

4p/r)ler|* + 72 +[4 = (0.3 + Do)

and can be substituted into expressions (9)—(11) to obtain
the explicit frequency dependences of ps;, pyg, and ps,. The
dependences of n,;(x = 0) on the dimensionless detuning
are shown in Fig. 4. One can see that n,;3 < 0 (i.e. the 3 — 2
transition is inverted and the IR pulse can be amplified) for
small enough |4|, when the pump pulse efficiently populates
subband 3. In this case, the maximum inversion is achieved
for 4 =0 and is approximately —0.45. The opposite
situation (m,3 > 0, i.e. absorption of the IR pulse) takes
place for large enough values of 4 in the region of
(0.3 = 1)w, due to the filling of subband 2 by the pump
pulse. However, as mentioned above, this effect proves to
be considerably suppressed due to a decrease in the 3 — 2
transition frequency with increasing 4.

10 0 L7 10 20
N /
\ /

-02 + /7
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\\ !
\ 1/
/
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N

Figure 4. Dependences of n,3(x = 0) (17) on the dimensional detuning
A/y for the optimal values of 2|e;(x = 0)|/\{y7 ~ 3 and w, correspon-
ding to A, =22 pm (solid curve, y ~ 4 x 10 2 s7!) and 60 um (dashed
curve, y ~ 0.5 x 102 s’]), see section 3.

The complex amplitudes of polarisations at interband
and intersubband transitions can be written as

~ +00
P = dopteXP(iklx)J N(p3; + Pay)d4, (18)
- +0oo
P2 = dIRexp(ikzx)J Ni)32dA (19)

Note here that due to a small thickness of the QW, the
transverse variations of optical and IR fields over the QW
thickness can be neglected. As a result, the above discussion
can be generalised to the case of several adjacent QWs by
multiplying the right-hand sides of Eqns (18) and (19) by
the total number ¢ of QWs. According to Fig. 1, this num-
ber is equally distributed between two active regions located
symmetrically with respect to the central waveguide layer.
By using Eqns (18) and (19), the definition j, = — iw,P,,
and Eqn (4), we can find the spatial evolution of &£,. Thus,
expression (4) for optical radiation takes the form

A&, /dx = =&,/ (1 + |Ey /&), (20)

where &1y = /77 li/[dpeei(x,zqy)] is the amplitude of the
field saturating interband transitions;

o) = —27q0, NSy |dopi@) (2w / (25N 1)

is the unsaturated absorption coefficient for E; due to the
QW; S, is the QW area in the yz plane; and zy, = %z
is the z coordinate of the centre of the left or right group of
QWs (see Fig. 1); &\(|zqw]) = —€(— |zqw]) due to the
symmetry of the optical mode. It follows for the IR field
from Eqn (4) that

1dnj&| 04 +4/T+6+20-(0)
o dx 4T+ O(1+VI+0)2/-1)

1
X{(1+11\/1+@)(1+\/1+@)+C@/4

(22)

1
R 032 o/ nVIT 01T 5 @) + 59/4}

. 10(
21(2/C=1)(0,—6,)(1+ 65 +0)
Here, © = |€1/£1s|2; {=r/y;

+R 1—id,+2(1 + @)/4.

oy = —mga,(2/L — 1)NSqw|d32@2(qu)|2/(2hN2)? (23)
012 = *n_n)
O {103 Dno /04

2

and the difference between e,(|zqy|) and —&)( — |zqy|) is
neglected due to a large size of the IR mode. The
amplification of the IR field as a function of x is described
by the expression

=12 )cxp(—xlmkz),

(25)

where the exponential factor takes into account the IR
mode attenuation. The maximum value of (25) and the
corresponding optimal parameters of the waveguide heter-
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ostructure and optical pulse are found in the next section by
analysing the numerical solution of Eqns (20) and (22).

3. Parameters of waveguide structures
and optical pulses optimal for amplification
of the IR signal

As pointed out above, to amplify efficiently the IR pulse, it
should propagate together with the optical pulse, i.e. the
group velocities of these pulses should be equal. By using
data [21-23] and the standard theory of waveguides [13],
we can show that for the structure presented in Fig. 1 and
optical pulse with the carrier wavelength 4; ~ 0.8 pm this
condition is fulfilled if the central wavelength 4, of the IR
pulse is approximately equal to 22 or 60 pm. Thus, the
amplification of the IR pulse can be efficient only at these
wavelengths. Nevertheless, note that it is possible, of
course, to use waveguides of other designs in which the
equality of the group velocities of the optical and IR modes
can be achieved at other wavelengths, which provides the
efficient amplification of the IR signal at a desirable
wavelength.

The qualitative and numerical analysis of the waveguide
structure [10—12] and equations (20) and (22) shows that the
minimal losses for optical radiation and the maximum
amplification of the IR pulse are achieved at a ~0.12
um and b ~2 um for A, =22 um and at a ~ 0.024 uym
and b ~ 10 pm for 4, = 60 pum (see Fig. 1). In this case, the
overlap of the fields of the optical and IR pulses along the z
axis in the waveguide structure is determined by the ratio of
the quantity a+2b (i.e. the width of the pump-pulse
distribution along the z axis) and the transverse scale of
the mid- or far-IR mode (Fig. 1). By using the values of a
and b presented above and data from [10—12], we find that
this ratio is ~0.8 for 2, =22 pm and ~0.4 for 4, = 60 pm.

Now it is necessary to determine the optimal values of
coupling constants of QWs with the IR signal (|d3€;(zqy)|)
and optical field (|d5;€,(zqy)|). It is obvious from (22) and
(23) that amplification of the IR field increases with
increasing |ds,€,(zqy)| because o, o \d3zéz(zqw)|2. As for
the quantity |d3€,(zqy)|, the analysis shows that its opti-
mum value should approximately correspond to the electron
concentration p; = [ Np;;d4 in subband 3 near 4 = 0 at
which relaxation rates j ~ r* due to electron—electron
interaction in this subband exceed by several times the
intersubband relaxation rate 1/73,. The higher values of
|d31€,(zqw)| correspond to higher electron concentrations in
subband 3 and, therefore, to the higher values y ~ r (they
are proportional to p; in the case under study with small
occupation numbers for the states in subband 3). This in
turn makes the width of the 3 — 2 transition line [which is
equal to y + (€ /€1 /{41 + (1+ [€1/€45*)" ]}, as fol-
lows from the second term in (22)] greater than (0.3 + w,n
and, therefore, causes strong absorption of the IR field at
the 3 — 2 transition for 4 ~ (0.3 =+ 1)w,. On the other hand,
the lower values of |d5;€,(zqy)| lead to the lower electron
concentration in subband 3 and, therefore, to the lower
inversion and weaker amplification of the IR field at the
3 — 2 transition near 4 = 0.

The dependence y ~ r on p; can be determined by using

) This relation is typical for QW lasers in which the dephasing of transition
dipole moments and relaxation of the distribution function of carriers are
determined by the same intrasubband scattering.

data [2] for the relaxation rate of the 3 — 2 transition due to
electron—electron scattering and taking into account that
this rate is approximately an order of magnitude lower than
the rate of intrasubband electron—electron relaxation [20].
The concentration of excited electrons near 4 =0 can be
found from Eqn (17) taking into account that at time
intervals shorter than the 3 — 2 relaxation time t3,, we
can set p,, ~ 0 and, therefore, p3; >~ —ny3:

TNy|E 6’52
ps = Gt (26)
2(1+1&1/&i17)

In the case 4, ~ 22 pm, the frequency w, is higher than the
frequency of longitudinal phonons both in GaAs and AlAs
[24], so that for the optimal value of |d3;&,(zq)| the value of
73, 1s determined by the time of the 3 — 2 transition
accompanied by phonon emission and is ~1 ps [3]. Thus,
according to the above discussion, the optimal surface
concentration of excited electrons should be close to 9.7x
10°° cm™2 in a QW of width 150 A, which, according to
(26), corresponds to |£,(0)/€5(0)] = 2|e;(0)|/ /77 ~ 3.

If 7, ~ 60 um, then the frequency w, is lower than the
frequency of longitudinal optical phonons in GaAs and
AlAs, so that the relaxation time of the 3 — 2 transition is
determined by scattering from impurities and is 4—5 ps at
300 K for typical QW Al .Ga,_,As/GaAs/Al,Ga,_,As
structures [4]. Similarly to the previous case, we can easily
find that the optimal concentration should be 2 x 10! cm ™2
for a QW of width 265 A together with Eqn (26), this gives
the ratio |£,(0)/€5(0)| ~ 3.

To determine the optimal concentrations of excited
electrons and parameter |£,(0)/€,(0)] more accurately, it
is necessary to analyse the behaviour of the gain for the IR
pulse (25) found by solving numerically Eqns (20) and (22).
We will calculate the gain by assuming that the absorption
coefficients for optical and IR fields are Imk, ~ 0.25 cm ™!
[25] and Imk,~3.5 cm™' for 4, ~2pm [26] and
Imk, ~ 1.35 ecm™' for 4, ~ 60 pm [11]. The value of o,
can be determined by setting the matrix element of the
3 — 2 transition equal to 3 nm [15] and estimating the norm
N, of the IR mode by using results [11] for the wavelengths
Jy =22 and 60 um. Thus, o, ~ 1.47¢ and 0.086¢ (in cm ")
for 2, =22 and 60 pm, respectively. Such a rapid decrease
of o, and the increase in the IR radiation wavelength is
explained by the decrease in w, o 1/, with increasing |N,|
in expression (23) for o,.

Note that for typical values of matrix elements of
interband transitions of ~0.3 nm [15], the optimal values
of the parameter |£,(0)/E(0)| can be achieved at com-
paratively small (~1 mW) peak powers of optical pulses,
which are considerably lower than those obtained in experi-
ments with mode-locked QW lasers [27]. Nevertheless, it
seems advantageous to use optical pulses of input power as
high as possible because the increase in E; for the fixed ratio
|£1(0)/€15(0)] means the decrease in |d5&(zq,)| and
oy o |d31é1(zqw)|2 and, hence, the decrease in the absorption
of the optical field, which provides more favourable
conditions for its conversion to the IR signal. For the
matrix elements of interband transitions of ~0.3 nm, small
values of |d5;€,(zqy)| can be easily obtained by placing QW
active regions into the cladding layers of a dielectric
waveguide, where the optical mode decays exponentially
with distance from the central layer. However, because the
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inhomogeneity scale of the IR mode along the z axis
considerably exceeds that for the optical field, such an
arrangement of active regions by no means reduces
oy X |d32é2(zqw)|2 and the gain for the IR pulse. For
example, for the relaxation rates determined above and
120-W, 0.5-ps optical pulses obtained in [27], the value of
|zqw| should be ~1.8 um for the central layer of thickness
0.12 um. For 2-ps, 60-W pulses and the 0.024-pum-thick
central layer, we have |z4,| >~ 8.5 um. Having these param-
eters, it is easy to obtain o ~ 0.075¢ (in cm_l) for 120-W,
0.5-ps pulses and o; ~ 0.004¢ (in cm™') for 60-W, 2-ps
pulses.

When these parameters are used for numerical simu-
lations of the behaviour of optical and IR pulses based on
(20) and (22), the maximum gain for the IR signal (25) [over
x and |£(0)/E(0)]] exceeds unity (and, therefore, the
proposed method can be used) for the number of adjacent
QWs g > 5 for A, =22 pm and ¢ > 67 for 4, = 60 pm.

A further increase in the number of QWs leads to a rapid
increase in the gain (25). Thus, for 4, =22 pm and ¢ = 12,
its maximum value [achieved for x ~ 1.2 cm, p; ~ 5 x 100
em ™ and |£,(0)/€14(0)] ~ 1.5] becomes equal to ~10
(Fig. 5), and therefore the corresponding peak power of
the 0.1-W input IR pulse achieves ~10 W at the point
x ~ 1.2 cm, which coincides by the order of magnitude with
the optical pulse power for the same x. This means that for
large ¢, the analysis performed above, which neglects the
depletion of optical pumping due to its conversion to the IR
signal is no longer valid. Nevertheless, we can assert that for
¢z 12 and the ~0.1-W input IR signal, IR pulses can be
amplified up to peak powers of the order of a few tens of
watts. Note also that the optimal values of p; and
|€1(0)/E5(0)] for 7, =22 and 60 um (see below) found
from numerical simulations differ from the predicted values
because the latter were determined qualitatively.
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Figure 5. Gain of the IR signal (25) for 4, =22 pum (/) and 2, = 60 pm
(2) and parameters indicated in the text.

For 4, =60 pm, the gain (25) also rapidly increases
when the number ¢ exceeds its threshold value ~67. Thus,
for ¢=100, x~12 cm, p;~74x10° cm™? and
|€1(0)/E15(0)] ~ 1.3, it achieves its maximum value 1.6
(the IR signal power increases by more than 2.5 times,
Fig. 5). As ¢ further increases, the output IR pulse power
increases, of course; however, the transverse dimensions of
the active region become greater than the inhomogeneity
scale of the optical mode. As a result, the optical field of the

optical pulse in many QWs deviates considerably from its
optimal value and the rate of increase in the gain with
increasing ¢ slows down. Thus, the estimates show that, for
example, for ¢ ~ 300 the IR power can be increased only by
a factor of four.

4. Conclusions

Note that the amplification of the IR pulse can be further
increased by placing several heterostructures into the IR
beam and introducing optical pulses into each of them at
the instants of the IR signal arrival into them (or, similarly
to the scheme of synchronously pumped dye lasers [6], by
placing a heterostructure into the resonator in which the
single-pass transit time of the IR pulse is equal to the
repetition period of optical pulses coupled into the
resonator through both output mirrors), which solves the
problem of the optical pumping depletion. By using the
estimates obtained above, we see that for A, = 60 pm, the
IR signal power can be amplified by two orders of
magnitude already for five such cascades, each of them
containing about 100 QWs (or for five single-pass transits in
the resonator).

Being efficient even at room temperature and, therefore,
simple for practical applications, the scheme of the amplifier
for mid- and far-IR pulses proposed in the paper can be
used in medicine for therapy and diagnostics and also for
fundamental studies.
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