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Abstract—During the powerful picosecond optical pumping, intense stimulated picosecond emission arises
in a thin GaAs layer. It is found that, first, the maximum emission intensity decreases as the diameter of the
pump beam increases (while the pump energy density is fixed). Second, this dependence anticorrelates with
the dependence of the characteristic relaxation time of the emission on the beam diameter. This time is
related to the characteristic cooling time of charge carriers, which is slowed due to carrier heating by emission.

This leads to the anticorrelation given in the title.
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1. INTRODUCTION

Intrinsic stimulated (amplified spontaneous) pico-
second emission arises in a thin layer of GaAs when it
is subjected to picosecond optical pumping. For brev-
ity, below we refer to simply “emission”. Pumping the
charge carriers leads at the same time to bleaching of
the layer, i.e., to an increase in its transparency. The
relaxation of emission and bleaching at the trailing
edge of the pump pulse and after the end of the pulse
was considered in [1]. The relaxation of bleaching
reflects predominantly the relaxation of the charge-
carrier density. It was established that the characteris-
tic relaxation time of bleaching and emission is related
to the characteristic time T, of carrier temperature
relaxation. This observation became the starting point
for studying the relation between the emission inten-
sity and the time T, described in this paper. Here, we
investigate the variation in the emission intensity and
time T, with an increase in the diameter D of the pump
beam. We find that the observed variation in the emis-
sion intensity is opposite to that expected from the
Bouguer law for the active region, valid in linear
optics. We note that the variation in the emission
intensity with an increase in the length of the active
region under so-called gain saturation, i.e., in the case
where the emitted radiation affects the process of its
own amplification, was analyzed earlier, e.g., in [2, 3].
However, this was done for the steady-state situation
and for other conditions that are different from the
case under study, and that work was largely mathemat-
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ical. Therefore, the effect described in this paper went
unnoticed.

2. EXPERIMENTAL

The experiments were carried out at room tem-
perature T using a picosecond laser spectrophoto-
chronometric complex with an automated measure-
ment system (Fig. 1). The complex consists of a PL
PDP1-300 diode-pumped YAG master laser oscilla-
tor; a system of laser-pulse amplifiers pumped by
700TC series power supplies; light-pulse frequency
doublers (KDP crystals); two LiNbO;-based optical
parametric oscillators with temperature wavelength
tuning, one of them used to produce pump pulses and
the other to produce probe or other pulses with a dura-
tion of about 10 ps FWHM and linear polarization;
and a spectrophotochronometric system. The most
important components of the latter are a SpectraPro-
2500i double spectrograph used for both spectral mea-
surements and (in the dispersion subtraction mode) as
a bandpass wavelength filter that leaves the emission
pulse duration undistorted; a PS-1/S1 picosecond
streak camera; and PIXIS and CoolSNAP:HQ2 CCD
cameras that record, respectively, the emission spec-
trum and the temporal behavior of the intensity of the
emission spectral component passed by the spectro-
graph.

The sample under study is an
Aly 3,Ga, ¢sAs/GaAs/Aly 3,Ga, sAs  heterostructure
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Fig. 1. Layout of the laser picosecond s

with layer thicknesses of 1.2, 1.6, and 1.3 um, respec-
tively. The Al Ga, _ ,As layers are transparent for the
light used in the experiments. The sample surfaces
(apart from the edge ones) had an antireflection
coating.

Radiation emitted in the optically pumped region
of the GaAs layer is amplified there in the direction
along the layer. The diameter of the pump beam D at
the sample location was successively changed from 0.2
to 1.1 mm FWHM. The cross-sectional distribution of
the light intensity in the pump beam was approxi-
mately Gaussian. For all values of D, the pump energy
density W, /V was kept constant (here, W, is the

pump pulse energy, V = ImD?/4 is the volume of the
pumped region, and [/ is the thickness of the GaAs
layer). Due to the antireflective coating, the reflection
of pump light from the sample surface did not exceed
2%. The diameter D was measured by diverting the
beam to a web camera by means of a movable mirror
and analyzing the recorded image (Fig. 1). The web
camera was located at the same distance from the mir-
ror as the sample under study.

Measurements of the sample transparency for
pump pulses with diameters of D = 0.2 and 1.1 mm
indicated that the density of the pump-pulse energy
absorbed in the sample varies by a mere 2%; i.e., it is
almost independent of D. According to our estimates,
the rate of stimulated recombination is much higher
than the rate of other recombination processes [1].
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pectrophotochronometric complex.

Taking this into account, the total energy density W, of
emitted radiation should be the same for all values of
D and equal to the density of the absorbed pump
energy minus the threshold pump energy density.
Hereafter, the energy density refers to the energy aver-
aged over the volume V.

Similarly to [1], we carried out measurements of
the time-integrated emission spectrum W{(Aw®), the
envelope shapes of spectrally integrated pump and
emission pulses (labeled below by subscripts ex and s,
respectively), etc. The plots of the envelopes of the
pump and emission pulses measured in real time will
be called chronograms and denoted H.(f) and H(?),
respectively.

The part of the emission leaving the pumped region
of the layer within a solid angle of 1.2 x 10~2 sr along
the axis orthogonal to the heterostructure surface was
analyzed. This part of emission was selected for the
following reasons. The propagation of light through a
material medium should be accompanied by the scat-
tering of this light [4]. Scattering occurs whenever
electrons capable of oscillating under the action of an
alternating field of the light wave are present in the
medium. In our case, these are nonequilibrium elec-
trons produced by the pump. If the medium is opti-
cally homogeneous, then, in the first approximation,
secondary waves emitted due to electron oscillations
will exactly cancel each other for any direction of
propagation outside the plane of the GaAs layer.
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Because of the presence of optical inhomogeneities
(defects) in real media, the mutual cancellation of sec-
ondary waves becomes partial rather than complete, so
that light becomes scattered in different directions. Let
k <1 be the fraction of emission that is scattered (i.e.,
comes out of the pumped region of the GaAs layer)
orthogonally to the layer plane and is measured in the
experiment. Radiation emitted in this direction is
most suitable for measurements because it exits imme-
diately from the active region and remains unmodified
by absorption in the passive region and by reflection
from the sample edges. The fact that emission propa-
gating along the epitaxial layer and emission exiting
through the heterostructure surface due to its imper-
fection is the same emission generated due to stimu-
lated emission in the sample was proved in our previ-
ous studies, and evidence for this is summarized in [1].
We add that the emission pattern measured in [5] is
quite similar to a typical scattering indicatrix, graphi-
cally representing the distribution of the scattered light
intensity in different directions.

The value of the coefficient k depends, in particu-
lar, on the density of defects. The areas under the

curves of the emission spectrum S.,., = I%jWa’(h(x)) (@)

spec

and the emission chronogram SCVhr = lJ. Hdt (b) nor-

malized to the volume V should be proportional
to kW,. As far as W, = const in our experiments, the

deviation of the functions Si,.. = AD) and S,,,, = AD)
from constant values offers a measure of the spatial
inhomogeneity of the defect density and the coeffi-

cient k£ (Fig. 2). The areas of S:;ec and SCVhr remain
nearly independent of D for D > 0.2 and > 0.36 mm,
respectively. Consequently, in this range of D, the
defect density averaged over the pumped area of the
layer is nearly constant. Some variation in the values of

S;;ec and SCVhr, caused by the shift of the pumped spot
at the sample, appears for D < 0.2 and < 0.36 mm,
respectively (Fig. 2). Therefore, for such small values
of D, the average density of defects varies somewhat

in space.

Let us compare the emission intensity for different
values of D that would be measured if kX were indepen-
dent of D. The value of this intensity, which we denote
by [, is related to the actually measured chronograms
as I, = aH /kS, where S = nD?/4 (and a is a coefficient
independent of D). Let us take advantage of the fact
that the area under the curve of an emission chrono-

gram S, = J.Hsdt can be represented as S, = bkISW,

where the coefficient b, as well as / and W,, are con-
stants under the conditions of our experiment. Then, for
a comparison independent of k, the emission intensity
can be represented in relative units as I, = H,/S,. As an
example, Fig. 3 shows the plots of I, = f(¢) for D =0.21

B —
9 e o _° ,

Z |® o e 052
5410 g
e} .
s | O s
- <
;% @) Q 3
“ O o9 oV g
o) — 5

40

O 1 1
0.04 0.08 0.12
D, cm

Fig. 2. Areas under curves normalized to the volume V for
the emission spectrum and the emission chronogram
(Ssl;ec and SCVhr, respectively) versus the pump-beam
diameter D.

and 1.1 mm along with the similarly normalized chro-
nogram of the pump I, = H.,/S., = f(f), where S, =

J.Hexdt is the area under the curve of the pump chro-

nogram. One can see that the amplitude of /(f) (which
we denote as /,_,,,,) is higher and emission relaxation
is faster for D = 0.21 mm in comparison to D =
1.1 mm. The observed decrease in the peak emission
intensity with an increase in the diameter of the
pumped region is illustrated in more detail by the plot
of I_,.. as a function of D (see Fig. 4). Only those

experimental points for which Sthr deviate from the
mean value (shown by solid line in Fig. 2) by at most
50% were taken into account in Fig. 4. On the trailing
edge, emission relaxes with a characteristic time T,.
The dependence of this relaxation time on D was
revealed in [1] and is shown in Fig. 4 by filled circles.
Anticorrelation between the dependences of I,_,,,.(D)
and t(D) can be seen.

3. DISCUSSION OF THE RESULTS

Anticorrelation between the dependences of /,_.., (D)
and 1,(D) (Fig. 4) means that the maximum emission
intensity and the characteristic emission relaxation
time are related as

]s—max = B/Tr’ (1)

where B is the proportionality coefficient (see Fig. 3,
the lower abscissa axis). Supposedly, this anticorrela-
tion can be explained in the following terms.

Because the density and temperature of charge car-
riers under the conditions of intense emission are
related to each other, the time T, can be expressed via
the characteristic time T, of carrier temperature relax-
ation (i.e., carrier cooling) [1]:

T, = (2/3)T,. (2

SEMICONDUCTORS  Vol. 54 No.1 2020
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Fig. 3. Normalized chronograms (see text) for (/) the
pump pulse /., (¢) and (2), (3) emission pulse /(7) for beam

diameters of 0.21 and 1.1 mm, respectively.

When determining T, based on the measured 7,
and Eq. (2), an inversely proportional relationship
arises

Is—max = 3I3/2TT’ (3)

represented by the same plot in Fig. 5, but with the
upper abscissa axis.

It was found in [1] that the measured values of T,
agree satisfactorily with those estimated by substitut-
ing the analytical expression for T, obtained in [6] into
Eq. (2); this is illustrated in Fig. 4. This expression
took into account the slowing down of carrier tem-
perature relaxation due to the heating of carriers by
radiation:

T = (A + Bt T, E, ), 4)

Here, A = 6.3, B= 0.4, and 1, = 0.8 ps is the energy
relaxation time of electron—hole plasma via optical-
phonon emission taking into account the heating of
phonons [7]. The times T, T,, and T, are expressed in
picoseconds; the average carrier temperature 7, is in
kelvins; and the band gap E, is in electronvolts. To
obtain better agreement between the calculated and
experimental dependences of T(D) (Fig. 4), the values
of A and B are changed slightly with respect to those
derived in [6]; we take A = 6.2 and B = 0.34. The
time T, is the characteristic time spent by a photon in
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Fig. 4. (1) Maximum emission intensity /;_,,, and (2),
(3) characteristic emission relaxation time 7T, versus the

beam diameter D. Plots (2) and (3) represent the experi-
mental points [1] and calculation results, respectively.
Solid lines are drawn as guides to the eye.

the active medium until it leaves this medium or gets
absorbed:

T, =ex (y+ D). (5)
Here, x = 3.6 is the refractive index of GaAs, Y= on is
the coefficient of the intraband absorption of light,
and 6 = 1.5 X 10~7 ¢cm? [8]. Carrying out the estimate,
which is described in more detail in [1], in expres-
sions (4) and (5) we used the values of the above
parameters corresponding to the average electron den-

Tr, PS
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TI’? ps

Fig. 5. Maximum emission intensity /... versus the
characteristic relaxation times T, and Ty of the emission
intensity and the carrier temperature, respectively. The
solid line shows the dependence /I;_ ., = B/1, (Where B is

a constant).
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sity n,, = (n,, + ny)/2 during the emission process,
where n,,,,, and n,, are the maximum and the threshold
charge-carrier densities, respectively (the threshold is
determined by the onset of emission). It should be
noted that the density »,,,, was determined for each D
from the density-dependent value of the band gap £,
renormalized by Coulomb interaction between the
carriers. The value of E, was determined by the posi-
tion of the long-wavelength edge of the normalized
spectrum W, (hw) = W(h®)/Sge., Where S,

spec =
I Wd(hw). Normalizing by S, (in the same way as we

did for chronograms), we bring all spectra to the same
values of k and the “emission energy”. Only those

experimental points for which S;;ec deviate from the

mean value by at most 28% were taken into account.

With increasing D, the -carrier density #.,,
decreases, attains a minimum for D, = 0.7 mm, and
then increases again (Fig. 6). This dependence can
tentatively be explained as follows. The pump intensity
is the highest in the central part of the pumped region,
where it is kept approximately the same for all values
of D. Let us assume that radiation propagates from
each section of the outer boundary of the pumped
region along the diameter, and most of the way gain
saturation takes place. Saturation in the one-dimen-
sional case was considered in [3], while, to our knowl-
edge, the two-dimensional case has not yet been dis-
cussed in publications. All rays that cross the pumped
area along the diameter are focused at its center. For
this reason, the emission intensity is maximum in the
central part of the pumped region. As D increases, the
heating of carriers in the pumped region by emission,
which slows their cooling [7], is enhanced. The effect
of this slowdown on the recombination rate averaged
over the saturated region is stronger than the effect of
saturable amplification of the emission. This is evidenced
by a decrease in I,_,,,, With an increase in D. However,
the recombination rate in the central part will increase
until D < D,, because the increase in the area of the
active region resulting from an increase in D leads to
an additional contribution to the emission intensity at
the focus. For D < D,, this contribution prevails over
emission attenuation caused by enhanced carrier heat-
ing, discussed above. The increase in the emission
intensity, and, thus, in the recombination rate, in the
central part of the pumped spot taking place in this
way as D increases to D, explains the decrease in #,,,,.
For D > D,, the decrease in the emission intensity due
to carrier heating becomes dominant even in the cen-
tral part of the pumped region. Therefore, the rate of
stimulated recombination decreases and n,,,, increases
accordingly with increasing D.

It was found that the width AA® of the emission
spectrum varies with D in the same way as n,,, (D)
(Fig. 6), which demonstrates the relation between the
width of the light amplification spectrum and the
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Fig. 6. Dependences of (a) the maximum carrier den-
Sity 1, and (b) the width of the emission spectrum Az®
on the beam diameter D. Solid lines are drawn as guides to
the eye.

maximum carrier density #,,,. The much weaker
increase in Ah® with D in the region of D > D, is
apparently caused by the fact that the maximum car-
rier temperature 7,,,, should also increase with n,,,,
due to their mentioned interrelation.

Let us recall that the cooling of carriers means that
they undergo intraband transitions (transport) to
lower-lying energy levels, and the shorter the tempera-
ture relaxation time T; the more intense (rapid) the
energy transport of carriers. This transport occurs
both during the pulse that pumps the carriers and after
the pulse while nonequilibrium carriers relax. When
emission is so intense that it affects its own amplifica-
tion (this is the so-called gain saturation stage), an
increase in D at a constant pump energy density leads,
as we can now suggest, to the following. At some value
of D, the rates of the energy transport of carriers (aver-
aged over the pumped region) to the extrema of the
conduction and valence bands (from where they
recombine) and the stimulated recombination of car-
riers attain their limiting values. Correspondingly,
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emission amplification also attains its limiting level.
This conclusion follows from the observed nonmono-
tonic behavior of the dependence n,,,, (D). According
to the remaining experimental results of this study and
those reported in [1], a further increase in D leads to a
reduction in the energy-transport and stimulated
recombination rates and a decrease in emission ampli-
fication. This gives evidence that there exists a self-
maintaining balance between the rates of stimulated
radiative recombination and energy transport of carri-
ers. The latter process slows down due to the heating of
carriers by emission, which increases the carrier cool-
ing time T, Balance is maintained automatically by
emission, which regulates the depletion of the inverse
population of the electron energy levels in the conduc-
tion band. This depletion was observed in [5].

4. CONCLUSIONS

Let us summarize. The maximum intensity of
intrinsic stimulated picosecond emission from GaAs
decreases as the pump-beam diameter D increases
(while the pump energy density is fixed), contrary to
what is expected according to the Bouguer law of lin-
ear optics. This dependence anticorrelates with the
dependence of the characteristic relaxation time of
emission on the diameter D. This time is proportional
to the characteristic charge-carrier cooling time,
which therefore, also anticorrelates with the maxi-
mum emission intensity. As D increases, the maxi-
mum carrier density n,,,, (in the central part of the
pumped region) and the width of the emission spec-
trum change with D in a similar nonmonotonic way,
which is caused by the relation between the width of
the light amplification spectrum and the maximum
carrier density 7.

The observed phenomena occur under so-called
gain saturation conditions, i.e., when the emitted radi-
ation affects its own amplification. This is confirmed,
for example, by depletion of the inverse population of
electron energy levels in the conduction band as a
result of the emission process, or, in other words, the
formation of a dip in the region of the absorption spec-
trum corresponding to light amplification [5]. Deple-
tion acts to maintain the balance between the rate of
the stimulated radiative recombination of carriers and
energy transport of carriers toward the extrema of the
conduction and valence bands, from where they
recombine. As D increases, the heating of carriers by
emission is enhanced, which slows down their cooling
and, accordingly, slows their energy transport. If the
balance between recombination and carrier transport
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is maintained, transport slowdown leads to a decrease
in the emission intensity and to slowing down emis-
sion relaxation. Thus, we have shown the impact of the
energy transport of carriers on the emission generation
under the conditions of gain saturation. The transition
from the unsaturated regime to gain saturation is man-
ifested, in particular, in the nonmonotonic change of
the carrier density #n,,,, with D.

It should be noted that we have revealed another
implication of the energy transport of carriers import-
ant in the situation of intense picosecond emission,
this time for stimulated recombination. Previously, we
observed the slowdown of the healing of deviations
from the Fermi distribution of charge carriers caused
by this transport [9] and the formation of LO-phonon
oscillations in the electron energy distribution caused
by the energy transport of electrons assisted by the
emission of LO phonons [5, 10].
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