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IMPACT OF THE CARRIER HEATING KINETICS ON THE MULTIPLE
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Multiple photomagnetoelectric response has been investigated in strongly excited narrow gap semiconductors. The response
frequency spectra dependence on experimental parameters determining the carrier heating kinetics has been studied. The
discrete Fourier transform procedure has been applied to the photoresponse analysis. Possibility to guide the generation of the
ultra high frequencies, including terahertz range at picosecond laser excitation of semiconductors, has been revealed.
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1. Introduction

Action of high power laser light corresponding to
the fundamental semiconductor absorption area results
in growth of free electron-hole plasma (EHP) density
and EHP temperature. Effects caused by nonequilib-
rium EHP density and EHP heating often appear then
[1]. Complex effects such as hot carrier luminescence,
light absorption by hot carriers, “heating” of phonons,
multiple photomagnetoelectric (PME) eftect, and other
phenomena are observed in this case. Multiple PME
effect appearing due to gradients of EHP density and
EHP temperature have been observed in the narrow gap
semiconductors [2].

It was shown in previous report [3] that pulsed PME
photoresponce frequency spectra contains ultra high
frequency (UHF) bands at these conditions. The fre-
quencies of these bands exceed those limited by the
laser pulse envelope spectral range [5]. Variation of
EHP density and EHP temperature kinetics depends
on both semiconductor energy gap structure and car-
rier scattering, which are different in different semicon-
ductors. These differences influence the kinetics of the
pulsed PME photoresponse. Investigation of the influ-
ence of multiple PME pulsed photoresponse kinetics

* The report presented at the 36th Lithuanian National Physics Con-
ference, 16—18 June 2005, Vilnius, Lithuania.

(© Lithuanian Physical Society, 2006
(© Lithuanian Academy of Sciences, 2006

on the frequency spectra is performed in this work, to
clarify the changes caused by EHP heating peculiarities
in different semiconductors. The differences observed
in pulsed photoresponse of the multiple PME effect in
such semiconductors as InAs, InSb, and Cd,Hg;_,Te
have been used as the experimental background of the
investigations.

2. Multiple PME effect in InAs, InSb, and
Cd, Hg;_,Te at the EHP heating

EHP density and EHP temperature gradients of the
same direction are usually formed during the EHP heat-
ing by light in highly excited semiconductors. As it has
been shown in [2] the total electromotive force (emf)
is induced due to PME effect, when a magnetic field
normal to the gradients direction is applied. Two ef-
fects make contribution to emf. Scilicet there are the
diffuse Kikoin—-Noskov (KN) effect caused by EHP
density gradient and the electron analogue of thermo-
magnetic Nernst-Ettingshauzen (NE) effect induced by
EHP temperature gradient. Short circuit current of the
multiple PME effect consists, correspondingly, of two
parts:

Irme = Ikn + INE - (D
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Fig. 1. Dependence of the excess electron temperature on the
neodymium laser (hv = 1.17 eV) exciting light flux.

Here Ikn is the short circuit current of the diffuse
Kikoin—Noskov effect, and Inxg is the short circuit
current of the electron analogue of the thermomagnetic
Nernst—Ettingshauzen effect [2]:
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where e is electron charge, w, d are the sample di-
mensions, [, (4, are carrier mobilities, B is magnetic
field induction, D and () are the coefficients of bipolar
diffusion and Nernst-Ettingshauzen, correspondingly.
An(z,t) and AT (x,t) denote EHP density and ex-
cess temperature, correspondingly, depending on co-
ordinate and time. EHP density An(x,t) obeys the
law An(z,t) ~ Jg /3 when intensity of exciting light
Jo is satisfying the range of 1022-1025 photon/(cm?s)
in semiconductors InAs, InSb, and Cd,Hg;_,Te [2].
The thermomagnetic component is markedly influenc-
ing PME photoresponse at fairly high EHP heating
degree only, when exciting light flux reaches Jy >
10?3 photon/(cm?s). Only the electron component of
EHP is heated up when light flux Jj is in the range of
1023-102° photon/(cm? s). In other words, AT (x, ) &
AT (x,t) is the case, where subscript e denotes elec-
tron component of EHP. Moreover, the signal of the
thermomagnetic PME component is opposite in sign to
the diffusion component signal, due to unequal heat-
ing of the EHP components. As a consequence, the
pulse of the multiple photoresponse changes its form
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Fig. 2. Evolution of PME effect in ascending order of £, parameter
corresponding to numbering of pulses (correspondingly to the suc-
cession of semiconductors Cdg.oHgo.sTe, InAs, and InSb). Inset

shows the evolution of symmetrical PME signal by increase of the
excitation intensity.

when laser light intensity is augmented. Saturation of
the signal amplitude is firstly observed during increase
of excitation. Then the signal swoops in the middle of
pulse and photoresponse undergoes double sign inver-
sion further, when exceeding the critical excitation flux
value J, (see inset in Fig. 2). The spectra of electric
signal broaden by an order of magnitude to super high
frequencies (SHF) because of the complex form of pho-
toresponse [4]. As follows from the second equation of
the system (2), the change in the photoresponse form is
determined by electron temperature AT (x, t) increase
kinetics, because the law An(x,t) ~ J& / holds for the
whole range of above-mentioned light intensities. The
EHP heating up kinetics depends on laser light energy
balance in excited EHP. It is described by the following
system of the energy balance equations [3]:

dE;
Et :
gz+;<&

where Eieff denotes effective excess energy, ¢ = e, h are
EHP electron and hole component subscripts, 7 = r,
ph, e-h are energy exchange channel subscripts (r —
recombination, ph — phonon, e-h — electron—hole).

) An =0, 3)
J

3. Parameters and results of investigations

Obtained experimental results proved by the the-
oretical calculations [3] show that EHP hole com-
ponent temperature in investigated semiconductors is
practically unchangeable up to light fluxes of Jy ~
10%° photon/ (cm?s). EHP electron component tem-
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perature dependence in the semiconductors excited
by neodymium laser irradiation is shown in Fig. 1.
Excess of the electron temperature AT,([y) is well-
approximated by power dependence:

NG
ATE(IO):AG(N‘;J : (4)

Values of A, and & parameters for InAs, InSb, and
Cdp.oHgp sTe semiconductors are 80, 460, 250 and
0.62, 0.69, 0.60 correspondingly [3]. As it can be seen
from (4) the kinetics of the multiple PME effect pho-
toresponse is determined mainly by &, value, which is
different for different semiconductors. In the case of
complete double sigh inversion the slowest signal rise
time must be observed in cadmium-mercury telluride
and the fastest one in indium stibide crystals. The
normalized photoresponse signal for different semicon-
ductors is presented in Fig. 2. The photoresponses /, 2,
and 3 correspond to £, value variation in the sequence
from Cdg oHgg sTe to InAs and InSb. As it is shown in
Fig. 2 the photoresponse notably changes in shape due
to the increase of &.. In turn, the changes in the signal
shape cause the changes in signal frequency spectra.

The frequency spectra of the multiple pulse pho-
toresponse have been found using the discrete Fourier
transform (DFT) procedure of the signals [4]. Details
of the applied procedure are described in [5]. The main
task of the investigation is to distinguish spectral com-
ponents weaker than the level of major component up
to —30 dB. To increase the number of samples with
increasing the harmonics number the linear interpola-
tion of discrete photoresponse function x[n] between
nodes n has been introduced. The Hamming window
was used for optimum relationship between the major
lobe and side lobes. The most practically attractive case
of the PME signal complete double sign inversion, that
corresponds to excitation intensities Jy > J., was in-
vestigated in this work. Because the Fourier coefficient
values are very sensitive to parameter &, the estimation
accuracy in this case must be higher than in [5]. To aug-
ment the calculation accuracy the signal averaging was
added to the procedure used in this paper. Interpolation
technique was applied to the averaged data samples.
Evaluation of integrals, which define the Fourier co-
efficients, was realized by numerical integration meth-
ods of MathCad package. Spectral density distribution
was obtained for up to 40 harmonics or respectively
1000 MHz in the case of nanosecond excitation. The
first harmonic was found to be 25 MHz.

For the sake of easy comparison of the investiga-
tion results the positive amplitudes of PME pulses were
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Fig. 3. Distribution of the spectral density of photoresponse sig-
nal in the range of low frequencies (spectral range of excited pulse
envelope). Numbering of curves corresponds to the one in Fig. 2.
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Fig. 4. Distribution of the spectral density of photoresponse signal
in the range of high frequencies. Numbering of curves corresponds
to the one in Fig. 2.

taken to be equal. Negative amplitudes of PME pulses
are twice higher than positive ones. This relation cor-
responds to the real experimental results, which were
obtained in InSb, and Cdg 2Hgg gTe illuminated by the
nanosecond light pulses [3]. The results of frequency
spectra obtained using DFT analysis are presented in
Figs. 3 and 4. As it can be seen, the frequency band
positions and amplitudes of spectral density distribu-
tion depend on the abruptness of the photoresponse
double sigh inversion and also on the position of neg-
ative part of the pulse in regard to the start of excita-
tion pulse. As it can be seen in Fig. 3 the main part of
pulse power remains in the low frequency range of 50—
100 MHz of nanosecond laser pulse envelope. Position
of the band in frequency scale is changing insignifi-
cantly when the signal parameters are changed. Rel-
ative contribution of low frequencies decreases, how-
ever, when the negative pulse extremum is located
nearer to the excitation start point, when the negative
slope is shorter. In contrast to this, the contribution of
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high frequencies markedly increases by increasing the
speed of PME signal inversion, as it is shown in Fig. 4.
Thus at frequency of 350 MHz, satisfying the condi-
tion vap = 10 - (Atimp) ! for duration of laser pulse
Atimp = 40 ns, spectral density function value exceeds
1%. This value is noticeably greater than it was be-
ing obtained for symmetric pulse [5]. Furthermore, the
bands of the greater frequencies appear at frequencies
of 450 and 700 MHz. The position of those satisfies the
relationship v}y &~ 50 - (Atimp) 1. Thus one can de-
duce that there is the possibility to control UHF bands
position by guiding EHP heating kinetics. It is expected
that EHP heating kinetics remains unchangeable while
using the picosecond exciting laser pulses. Then, ex-
trapolating to the picosecond exciting laser pulses it is
expected to obtain adequate high frequency bands be-
side 5-25 THz frequency range.

4. Conclusions

It was shown that the shape of the pulsed multiple
PME signal is highly influenced by heating of nonequi-
librium EHP in narrow gap semiconductors at strong
laser light excitation. Thus the frequency spectra of the
multiple PME pulse have been effectively controlled
by EHP heating kinetics. The theoretical investigation
has been performed of the pulsed PME signals using

the improved DFT procedure in narrow gap semicon-
ductors InAs, InSb, and CdgoHgp sTe. It was shown
that the high frequency spectra part of the multiple
PME signal highly exceeds the laser pulse envelope
frequency spectra. The possibility to generate UHF
and to control the high frequency band position has
been revealed up to THz range using picosecond ex-
citation of narrow gap semiconductors InAs, InSb, and
CdO.QHgo.gTe.
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KRUVININKU KAITIMO KINETIKOS ITAKA SUDETINIO FOTOMAGNETOELEKTRINIO
REISKINIO IMPULSINIO FOTOATSAKO DAZNIU SPEKTRUI

E. Satkovskis »P, O. Kiprijanovi¢

b

& Vilniaus Gedimino technikos universitetas, Vilnius, Lietuva
b Puslaidininkiy fizikos institutas, Vilnius, Lietuva

Santrauka

Atlikti sudétinio fotomagnetoelektrinio reiskinio, nulemto elekt-
rony ir skyluciy plazmos tankio ir temperatiiros gradienty, impul-
sinio fotoatsako dazniy spektrinio tankio tyrimai siauratarpiuose
puslaidininkiuose InAs, InSb ir Cdy 2Hgo s Te. Parodyta, kad elekt-
rony kaitimo kinetika efektyviai veikia impulsinio fotoatsako auks-

tadazne spektro dali. Daroma iSvada, kad tai leidzZia valdyti auks-
tyjy daZniy spindulivote i§ spinduolio, veikiancio sudétinio foto-
magnetoelektrinio rei§kinio pagrindu, keiciant Zadinancio lazerio
impulso trukme ir naudojama siauro draudZiamyjy energijy tarpo
puslaidininkj. Nurodoma, kad, panaudojus pikosekundZiy trukmeés
impulsus, generuojami auksti daZniai siekia terahercy ruoza.



