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In this study we report the investigation of terahertz (THz) emission efficiency dynamics in p-type InAs using
a double-pump-pulse (DPP) THz emission method. We also suggest a novel modification of the standard DPP meth-
od which allows us to measure the indirectly modulated THz pulse. The obtained results reveal that the first optical
pulse increases the free carrier concentration and enhances the surface electric field. This field prevents perpen-
dicular but improves parallel to the surface electric dipole formation after sample excitation with the second optical
pulse. Our suggested method is shown to be a more precise and sensitive way to study electric fields and photocarrier

dynamics in semiconductors after photoexcitation.
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1. Introduction

During the last decades of the 20th century
the technology of femtosecond lasers was highly
improved. It opened a possibility to investigate
physical processes that last less than 1 ps. For
the first time in 1984 Auston et al. used a femto-
second laser for the registration of electromag-
netic pulse with the duration of a few picoseconds
transmitted through free space [EI]. A few years
later, in 1988, the first terahertz time-domain
spectroscopy (THz TDS) system was present-
ed []. Since then such systems have become more
accomplished and have found many application
areas. One of the most important components of
the THz TDS system is a THz pulse emitter com-
monly activated with femtosecond laser pulses.

THz emitters could be various semiconductors,
their compounds and nanostructures or optoelec-
tronic switches — semiconductors with metallic
contacts that require external bias for operation.
In order to gain a better understanding of THz
generation mechanisms and create more effective
THz emitters, various THz TDS system modifi-
cations are used. The main idea of one of rarely
used modifications is to use two excitation pulses
instead of one: the first pulse (pump) changes
the carrier concentration and electric fields in-
side the semiconductor while the other (probe)
arrives with a time delay and generates the THz
pulse which reflects changes of the mentioned
parameters. For the first time such double-pump-
pulse terahertz emission (DPP THz) method was
mentioned by Tanouchi el al. in 2002 []. They
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investigated a low-temperature-grown GaAs (LT-
GaAs) optoelectronic switch and reported
the decrease in THz generation efficiency due to
the screening of the bias electric field by gener-
ated photocarriers. The recovery of the THz sig-
nal was ascribed to the electron relaxation and
recombination processes. A few years later Sie-
bert et al. [H] basically repeated Tanouchi’s re-
sults [E] but the authors elucidated the decrease of
THz signal intensity due to changes in the voltage
distribution in the biasing circuit. Later works by
this group were intended to investigate the car-
rier recombination in LT-GaAs optoelectronic
switches [H, H]. Recently Murakami et al. [ﬂ] have
expanded the potential of the DPP THz method
by using a very sharply focused probe beam that
allowed them to scan the whole area of an opto-
electronic switch with a resolution of 1.5 ym. This
upgraded DPP THz method was proved to be
an excellent candidate for the investigation of elec-
tric field distribution dynamics in THz emitters
after photoexcitation. In all previously cited works
the electron drift was caused by an external bias
which forced them to move parallel to the semi-
conductor surface. Speaking about the unbiased
THz emitters, there is a greater variety of materi-
als for samples. Optical reflection and DPP THz
methods were compared in an article [E] where
both of them were used for the investigation of
LT-GaAs layers grown at different temperatures.
While using the DPP THz method for the inves-
tigation of CulnSe, it was shown for the first time
that the pump pulse could increase the THz emis-
sion efficiency [E]. The enhancement in the THz
signal was also observed in GaAs nanowires
(NWs) grown by the MOCVD method [@]. In
addition, the DPP THz method was used to in-
vestigate the main principles of THz generation
in InAs NWs []. The same technique but with
a sharply focused probe beam was applied for
the investigation of photovoltaic cells [[L2]].

To our knowledge, there are no previous works
where the temporal shape of the THz electric field
transient (E_, (t)) at different time delays between
two excitation pulses has been investigated. In
this work we show that E__ (¢) strongly depends
on the time delay between two optical excitation
pulses. We reveal the main principles of the E._, (t)
variation and suggest a more accurate method for
THz emission DPP measurements. This method is

applied to investigate a p-type InAs substrate that
is known as one of the most efficient semicon-
ductor-based THz surface emitters. It is shown
that THz emission dynamics in InAs strongly
depends on the polarization of an optical pulse
that activates the THz generation process. From
the obtained results we conclude that the sample
excitation with the first optical pulse enhances its
surface electric field. This field has a different ef-
fect upon the capability of the photocarriers cre-
ated by the second excitation pulse to form paral-
lel and perpendicular to the sample surface THz
radiating electric dipoles.

2. Experimental details

In this article we report two types of double-
pump-pulse excitation methods: standard (DPP)
and our suggested modified (MDPP). All experi-
ments were based on the experimental set-up that
is shown in Fig. (a). Measurements have been
performed using a Ti:sapphire oscillator generat-
ing 800 nm wavelength pulses at 76 MHz repeti-
tion rate, 6.5 nJ pulse energy and 150 fs pulse du-
ration. The laser beam is divided into three parts:
one part (=20 mW) is directed towards a polari-
zation sensitive GaAs THz detector (Teravil Ltd)
for THz transient measurement; the other part is
directed at the sample for THz pulse generation
(the so-called Probe beam); the last part is also
directed towards the sample for the generation
of free carriers (Pump beam). In order to change
Pump and Probe beam polarization, half-wave
plates were used. During the DPP experiment
the Pump Delay Line is fixed at the desirable time
delay between the Pump and Probe pulses while
the Detector Delay Line is used to coherently scan
a temporal shape of the THz signal. The detected
signal is analysed with a lock-in amplifier and
transferred to the computer.

3. Results and discussion

The THz pulse dependence on the time de-
lay between optical Pump and Probe pulses
(At) measured with the standard DPP method
(Fig. (b)) is shown in Fig. . The positive time
delay (At > 0) means that the optical Pump pulse
reaches the sample surface before the Probe
pulse, and the negative time delay (At < 0) means
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Fig. 1. Standard double-pump-pulse terahertz emission set-up. (a) Experimental set-up in general. (b) Standard
double-pump-pulse terahertz emission method. (c) Modified double pump-pulse terahertz emission method.

that the Probe pulse comes before the Pump. In
Fig. (a) it is possible to see a single THz pulse
at different positive At. Generally speaking, both
Pump and Probe pulses generate a THz pulse,
but as the Probe beam is mechanically chopped
due to the condition of synchronous detection,
only the THz pulse generated by the Probe beam
should be measured. Indeed, only the THz pulse

(a)

Ey, (arb. units)

t (ps)

generated by the Probe pulse is visible in Fig. (a).
In this case the Pump beam only changes the con-
ditions of the THz pulse generation. This effect is
inert, thus with increasing At the registered THz
pulse is more and more affected: the Pump pulse
reduces the efficiency of THz generation. This is
a typical result of the standard DPP THz measure-
ment discussed in the previous works. In contrast,

(b)
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Fig. 2. THz pulse dependence on the positive (a) and the negative (b) time delay between optical Pump and
Probe pulses. For positive time delays only the directly modulated THz pulse could be seen while for negative
time delays both directly and indirectly modulated THz pulses are visible.
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for negative At values the structure of the reg-
istered THz signal becomes more complicated
(Fig. (b)). Overall, two kinds of THz pulses can
be seen in Fig. 2: the first one is visible at all time
delays and has a fixed position in the time scale;
the second occurs only when the optical Probe
pulse reaches the sample before the Pump pulse.
The second pulse position in the time scale cor-
responds to the At, which suggests that we have
the THz pulse generated by the Pump pulse. How-
ever, as mentioned before, the Pump beam is not
mechanically chopped and due to the conditions
of synchronous detection the THz pulse generated
by the Pump pulse should not be registered. Nev-
ertheless, a deeper analysis suggests that the gen-
eration of THz radiation with the Pump pulse is
indirectly modulated. At negative time delays,
when the Probe pulse reaches the sample before
the Pump pulse, it creates photocarriers with
the frequency of a mechanical chopper and affects
the THz generation process initiated by the Pump
pulse. So, as a result, the indirectly modulated
THz pulse generated by the optical Pump pulse
could be registered. Hence during the experiment
we register the THz pulse generated by the Probe
pulse and the indirectly modulated THz pulse cor-
responding to the difference in the THz emission
generated by the Pump pulse due to the photocar-
riers created by the Probe pulse (the upper (green
online) curve in Fig. @). In comparison, the lower
(red online) curve in Fig. H represents the same
difference in THz generation but measured in
a different way. Here the Pump pulse is chopped
and the THz pulse measured with and without
the additional excitation with the Probe pulse.
Then both THz signals are subtracted from each
other resulting in the difference in THz emission
initiated by the Pump pulse due to the Probe pulse
induced generation of the photocarriers. It is im-
portant to note that the position in the time scale
of the indirectly modulated THz pulse in Fig. (b)
is shifting during the experiment because the po-
sition of the Pump Delay Line is changing (Fig. ).

It is obvious that the THz pulse registered due
to the indirect modulation unavoidably affects
dynamics measured by the traditional DPP THz
method. When the Probe pulse arrives at the sam-
ple a few picoseconds earlier than the Pump pulse,
the directly and indirectly modulated THz pulses
are separated in the time scale (Fig. @(a)). When
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Fig. 3. THz pulses measured with different chopper po-
sitions at the time delay At = —13 ps. The upper (green
online) curve represents the THz signal measured
when the Probe beam is chopped. The lower (red)
curve shows the difference in the THz signal with and
without the Probe when the Pump beam is chopped.

the delay At approaches subpicosecond values,
those two pulses overlap (Fig. #(b)) and this pulse
interference may seem like an increased THz pulse
generated by the Probe laser pulse. Meanwhile,
the Pump pulse reaching the semiconductor sur-
face 0.5 ps later than the Probe pulse cannot affect
the THz pulse generation process. Nevertheless,
the indirectly modulated THz pulse is unique as it
requires both Pump and Probe optical pulses for
detection: if one of the pulses is blocked, this THz
pulse vanishes. In addition, indirectly modulated
THz pulse measurements at different At makes it
possible to observe changes in the THz pulse gen-
erated due to the optically excited photocarrier
relaxation.

The main idea of this work is to use indirectly
modulated THz pulses for the investigation of THz
generation dynamics. For this purpose, the set-up
in Fig. (b) was modified to Fig. [ll(c) as follows.
The lower intensity mechanically chopped opti-
cal beam is directed perpendicular to the sam-
ple surface (the incidence angle equals 0°), while
the higher intensity optical beam impinges on
the sample surface at the 45° incidence angle.
In order to detect the indirectly modulated THz
pulse, the chopped optical pulse must be the first to
reach the sample surface; therefore this pulse will
be called the First pulse and the other will be called
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Fig. 4. Directly and indirectly modulated THz sig-
nals measured at different negative time delays
(At =-2.8 ps (a) and At = -0.5 ps (b)). The repeating
in (a) and (b) (red online) curve represents the direct-
ly modulated THz pulse created by the Probe pulse
when the Pump pulse is blocked, the other (green
online) curve in (a) shows the directly and indirectly
modulated pulses separated in time and the other
(blue online) curve in (b) presents the interaction of
directly and indirectly modulated THz pulses that
might be mistaken as enhancement of the Probe gen-
erated THz pulse.

the Second pulse. Before the DPP THz experiments
the THz emission efficiency dependence on an azi-
muthal angle (Fig. E(a)) in p type InAs (p-InAs)
was measured using only the Second optical pulse:
the First pulse was blocked and the chopper was
moved to modulate the p-polarized Second pulse
(the (red) curve with dots in Fig. E(b)). The azi-
muthal angle for the maximum THz emission ef-
ficiency was determined and fixed for subsequent
measurements (the dotted line in Fig. E(b)). In
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Fig. 5. (a) Schematic illustration of the THz emission
efficiency dependence on an azimuthal angle mea-
surement. The sample is rotating around the normal
to the surface. (b) THz pulse amplitude dependence
on an azimuthal angle for the s-polarized and the
p-polarized optical pulse. (c) Schematic illustration of
the electric dipoles formed in the sample after photo-
excitation at an azimuthal angle =130°. There a cor-
responds to the perpendicular electric dipole while b

and b_ to the parallel dipole excited with p or s light
polarization.

Fig. E(a, b) indirectly modulated THz pulses at dif-
ferent time delays between two optical excitation
pulses are shown. THz pulse amplitudes (peak-to-
valley) of these pulses are summarized in Fig. H(c).
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Fig. 6. Indirectly modulated THz pulses measured at different time delays for the p-polarized (a) and
the s-polarized (b) Second pulse. The First pulse was always p-polarized. (c) The summarized THz pulse

amplitudes (peak-to-valley) of these THz pulses.

The obtained curves show the influence of the First
optical pulse to the THz generation process initi-
ated by the Second pulse. It could be seen from
the figure that THz generation properties strongly
depend on the polarization of the Second pulse.
It is worth mentioning that such dependence was
not observed in other samples investigated by our
introduced DPP THz method.

It should be noted that the ratio between opti-
cal pulse powers (the power of the Second pulse
is a few times larger than that of the First pulse) is
chosen intentionally. When the power of the First
pulse exceeds 30 mW (that corresponds to 0.4 n]
energy and the concentration of photocarriers
3.4 x 10" cm™), the shape of the measured kinet-
ics changes dramatically. On the contrary, no such
changes were observed for the increasing power of
the Second pulse.

In order to understand the indirectly modu-
lated THz pulse kinetics and its difference upon p
and s optical polarization, it must be understood
how the Second optical pulse generates the THz
pulse. In all standard semiconductors photoexcit-
ed electrons and holes are separated in the surface
electric field (field effect []) and/or compelled to
move along the surface gradient at different veloci-
ties (photo-Dember effect [@] ). Both effects result
in the perpendicular to the sample surface electric
dipole which emits THz radiation. It is also pos-

sible that the parallel to surface dipole will form.
This could happen due to nonlinear optical ef-
fects [] and most importantly due to anisotropic
photocurrent effects [[14] that are very important
for narrow band-gap semiconductors (like InAs).
In InAs electrons with high excess energy are cre-
ated upon the excitation of 800 nm wavelength
laser radiation. The motion of such electrons in
the strong surface electric field leads to the forma-
tion of a parallel to the surface electric dipole due to
the non-parabolicity [] and non-sphericity []
of the conduction band. When we rotate a sam-
ple around the normal to the surface, strength and
orientation of the parallel electric dipole changes
thus determining the THz emission efficiency de-
pendence on an azimuthal angle. The orientation
of the THz radiating electric dipole depends on
the polarization of the excitation beam. It could
be seen from the measured azimuthal depend-
ences that under the p-polarized and s-polarized
excitation the electric dipoles parallel to the sur-
face are oriented in opposite directions (Fig. E(c)).
The THz emission from perpendicular to the sur-
face electric dipole is supposed to remain con-
stant. Then the registered THz radiation could be
determined as the sum of the two components:
a+b_and a - b_. There a corresponds to the per-
pendicular electric dipole radiation, while b and
b, to the radiation of a parallel dipole excited



122 I. Beleckaité et al. / Lith. J. Phys. 58, 116-125 (2018)

by p or s light polarization, respectively. Under
the assumption that all the abovementioned elec-
tric dipoles always radiate the same form of THz
pulses, the curves in Fig. E(c) could be expected
to be proportional to the a + b_and a - b_(here
a, b, b_are functions of the time delay Af). Then
the difference of these curves will be proportional
to the b + b, while the sum could be described
as 2a + bP - b, = 2a (we assume that bP =b). Itis
obvious that the difference (sum) of the depend-
ences in Fig. E(c) describes the change in the THz
radiation from the parallel (perpendicular) to
the surface electric dipole initiated by the Second
pulse and induced by the photocarriers excited by
the First pulse.

The sum and difference of the curves in Fig. E(c)
is shown in Fig. ﬁ It should be noted that the re-
sults in Fig. E(c) mean that the First pulse always
reduces the THz pulse generated by the Second
pulse. However, from the difference of the men-
tioned curves it could be seen that the THz emis-
sion from the parallel to the surface electric di-
pole is enhanced for the time interval of 3 ps after
the surface excitation with the First pulse. To
verify that the THz emission enhancement is real,
measurements for the s-polarized THz electric
field were performed. Many semiconductors form
only a very weak parallel to the surface electric

E,, (arb. units)

At (ps)

Fig. 7. Sum and difference of the curves shown in
Fig. 6(c). The difference (sum) describes THz radia-
tion from the parallel (perpendicular) to the surface
electric dipole created by the Second pulse and mod-
ulated by the photocarriers excited by the First pulse.

dipole and no s-polarized THz pulse could be de-
tected. That is why usually polarization sensitive
THz detectors are oriented to detect the p-polar-
ized THz radiation. However, the (111) crystal-
lographic orientation InAs emits a strong enough
s-polarized THz pulse. It is important to men-
tion that the perpendicular to the surface elec-
tric dipole has no influence over the s-polarized
THz radiation. Figure E(a) shows the indirectly
modulated s-polarized THz pulse dynamics. To
confirm the nature of the jump between posi-
tive and negative values, the chopper was moved
to modulate the Second pulse. The bubble (blue)
curves in Fig. E(b) represent THz pulses when
the First pulse is blocked, the dot (red) curves rep-
resent the results of the THz generation process
affected by the First pulse. The results shown in
Fig. @(b) confirm that the THz emission efficiency
can be enhanced using the additional excitation
of the semiconductor surface. However, in our
case this statement is true only for the parallel to
the surface THz radiating electric dipole.

The obtained results could be explained in
terms of the two-kind influence of the photocarri-
ers on the THz generation process. After the pho-
toexcitation with the First pulse carrier motion is
determined by the gradient and surface electric
field. Within a few picoseconds after excitation,
the surface electric field becomes stronger due to
the carrier diffusion that is a dominant process
at the beginning [@]. Then the motion of pho-
tocarriers created by the Second pulse is mostly
controlled by the enhanced surface electric field.
A stronger field obstructs the diffusion of new
photocarriers [@] but stimulates the formation of
the parallel to the surface electric dipole. Never-
theless, it must be kept in mind that photocarriers
always affect THz generation even if they do not
change the surface electric field. While photocar-
riers created by the Second pulse form an electric
dipole, the photocarriers created by the First pulse
move in the electric field of this dipole and cre-
ate their own dipole of the opposite orientation. It
means that free photocarriers always limit the THz
generation process regardless of the THz radiat-
ing electric dipole orientation. It must be noted
that the free carrier influence on the THz genera-
tion strongly depends on their energy relaxation
time. Thus in narrow band-gap semiconductors
the THz generation is almost unaffected due to
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Fig. 8. (a) Bubble (blue online) dots represent the indirectly modulated s-polarized THz pulse amplitude (peak-
to-valley) dynamics. Curves (red online) show the corresponding THz pulses. (b) Bubble (blue online) curves
represent THz pulses when the First pulse is blocked, dot (red online) curves show the results of the THz
generation process affected by the First pulse. THz emission enhancement (at ¢ = 1.4 ps) and attenuation

(at t = 4 ps) could be seen.

a relatively large electron mass during the first few
picoseconds after the photoexcitation [@].

We have suggested the essential modification
of the standard DPP THz emission method and
showed its functionality by investigating p-type
InAs. In the MDPP method registered THz pulse
parameters depend on the versatile contribution
of both optical pulses. For instance, the indirectly
modulated THz pulse amplitude is proportional
to the surface electric field alteration induced by
the First pulse. This property allows us to investi-
gate not only the electric field screening dynamics
but also the dynamics of the Dember potential that
is significant for the THz generation. Furthermore,
our suggested MDPP method opens the possibil-
ity to investigate semiconductors at low excitation
conditions when it is easier to separate physical
mechanisms responsible for the THz generation.
Additionally, the measurement of the indirectly
modulated THz pulse is a novel promising con-
tact-free method to investigate electric properties
of photocarriers. Moreover, the time resolution of
this method is a few hundreds of femtoseconds
(the time period required for THz pulse gen-
eration), therefore rapid processes, for example,
the ballistic electron transport dynamics, could be
measured.

4. Conclusions

In conclusion, we have investigated the THz emis-
sion efficiency dynamics in InAs after sample
excitation with the femtosecond optical pulse by
means of the DPP method. Moreover, we have
suggested a modification of the standard DPP
method - whose main goal is to measure the in-
directly modulated THz pulse. The analysis of
the temporal shape of this pulse opens the possi-
bility for a more precise and sensitive registration
of changes in a semiconductor. We have shown
that InAs excitation with the First pulse increas-
es the free carrier concentration and enhances
the surface electric field. This field prevents per-
pendicular but improves parallel to the surface
electric dipole formation after sample excitation
with the Second pulse. Free carriers screen both
types of the dipole although their influence be-
comes noticeable over a few picoseconds after
the excitation when the electron energy relaxation
process is completed.
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InAs PAVIRSINIO ELEKTRINIO LAUKO IR KRUVININKU DINAMIKOS TYRIMAS
MODIFIKUOTA DVIGUBO IMPULSINIO ZADINIMO TERAHERCINES EMISIJOS
METODIKA
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Santrauka

Atlikome i$samig dvigubo Zadinimo terahercinés
emisijos metodo analize, atskleidéme metodo tritku-
mus ir pasitléme, kaip patobulinti matavimo proce-
darg. Taikant patobulintg metodikg iStirta teraherci-
nés spinduliuotés generavimo dinamika p tipo InAs
padékle. Eksperimento metu registruotas terahercinis
impulsas tiesiogiai atspindéjo pirmojo optinio impul-
so nulemtus poky¢ius puslaidininkio pavirsiuje. Priei-
ta prie i$vados, kad pirmasias kelias pikosekundes po
suzadinimo terahercinés spinduliuotés generavimo
salygos labiausiai keiciasi dél foto-Demberio efekto, o
véliau svarbesnis tampa ekranavimas $viesa suzadin-

tais laisvaisiais kravininkais. Eksperimento rezultatai
parodé, kad terahercinés spinduliuotés generavimo
dinamika labai priklauso nuo zadinandios $viesos
poliarizacijos. Sis rezultatas paaiskinamas skirtinga
elektrinio lauko pokyc¢iy jtaka terahercinius impul-
sus spinduliuojanciy elektriniy dipoliy formavimuisi.
InAs padéklo suzadinimas pirmuoju impulsu dél foto-
Demberio efekto sustiprina jo pavir$inj elektrinj lauka.
Sis laukas trukdo véliau suzadintiems kritvininkams
formuoti statmeng, bet padeda sudaryti lygiagrety pa-
vir$iui dipolj. Laisvieji kravininkai ekranuoja bet ko-
kio tipo dipolius, taciau jy poveikis pasireiskia po keliy
pikosekundziy, jvykus elektrony energijos relaksacijai.
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