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ABSTRACT

The generation of terahertz radiation by heterostructure p-i-n AlxGa1�xAs/GaAs diodes excited by femtosecond optical pulses was studied
experimentally and using the Monte Carlo method. It is shown that when the reverse bias varies, the terahertz generation mechanism
changes. With a positive bias on the p-i-n diode, the THz generation mechanism is due to the reflection of the photoexcited electrons from
the interface. With a large internal electric field, THz generation in the p-i-n diode occurs due to the acceleration of electrons at the ballistic
stage of their movement in the electric field to velocities significantly exceeding the steady state velocity (“velocity overshoot”). The
subsequent sharp decrease in velocity of electrons is associated with their inter-valley transitions from the C-valley to the L-valley of the con-
duction band. At electric fields less than 22 kV/cm, the effect of electric field screening by photoexcited carriers has a significant impact on
the formation of photocurrent and, accordingly, on the THz generation mechanism. As the reverse bias decreases, this effect leads to a shift
in the maximum of the THz pulse toward shorter times and it begins to dominate at electric fields less than 10 kV/cm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0218713

One of the new directions in the development of diagnostic tech-
nologies is terahertz coherent spectroscopy based on coherent methods
of generation and detection of THz radiation in semiconductor struc-
tures using ultrashort femtosecond laser pulses. In this connection,
many scientific groups conduct research on the processes of generation
and detection of THz radiation in various media in order to create effi-
cient coherent terahertz emitters and detectors for application in THz
time-resolved spectroscopy systems. Semiconductor photoconductive
antennas (PCAs) and InAs bulk semiconductors are mainly used as
terahertz emitters. The photoconduction material in PCAs is typically
composed of specially semiconductors (GaAs, InGaAs), which are
grown by molecular beam epitaxy at reduced temperature or are spe-
cially doped to reduce the carrier lifetime.1,2 Further improvement of
THz emitters is associated with the use of structures based on metasur-
faces (plasma excitation) and p-i-n diodes.3 The first work to investi-
gate THz generation in a silicon p-i-n diode was done by Auston’s
group.4 The effect itself was explained by the electric field dependence
of the drift velocity of photogenerated carriers in the i-region of the p-
i-n diode. In subsequent works, for example, Nevinskas et al. studied
THz emission from p-i-n GaInAs structures grown by the MBE

method on InP substrates under excitation by femtosecond laser
pulses.5 It was demonstrated that the primary physical mechanism of
this effect is the burst of photocurrent in the electric field of the p-i-n
junction. Furthermore, it was demonstrated that GaInAs p-i-n diodes
can achieve THz generation efficiency that is 2–3 times higher than
that of p-InAs semiconductors excited by 800nm radiation, which is
known to be the most efficient THz emitter among bulk unstructured
semiconductors at surface excitation in mirror geometry.6

The most recent review of promising THz range emitters consid-
ered various semiconductor structures: p-i-n diode junctions and plas-
monic nanostructures.3 These structures do not use semiconductor
materials with short carrier lifetimes, as the authors of the review noted
that despite the possibility of such emitters in a wide spectral range,
subpicosecond photocarrier lifetimes lead to a significant loss of opto-
electric gain and optical sensitivity. Furthermore, the synthesis of semi-
conductors with small carrier lifetimes necessitates the use of rare
elements and nonstandard, technologically complex synthesis pro-
cesses with limited availability.

Thus, semiconductor structures based on heterostructured p-i-n
diodes of III-V semiconductors stand out as coherent THz sources.4,5
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They possess a remarkable property—the ability to accelerate electrons
in the region of the undoped semiconductor in large electric fields to
velocities much higher than the saturation velocity, with subsequent
rapid decline in the electron velocity due to inter-valley transitions of
electrons from the U-valley to the L-valley leading to effective THz
generation. The subpicosecond photocurrent pulse resulting from
these processes creates an electric dipole that emits THz signal.7–11

Creation of an effective THz emitter based on heterostructured p-i-n
diodes of III-V semiconductors imposes certain requirements both on
the design of the structure itself and on the establishment of the influ-
ence of such nonlinear-optical effects as self-induced light transpar-
ency, dynamic Burstein–Moss effect, processes related to shielding of
the applied electric field by both THz radiation and spatial separation
of charge carriers, as well as domain instability, on the process of THz
generation. The above processes can lead to a decrease in the efficiency
of THz generation.

This paper presents the results of experimental study and Monte
Carlo simulation of terahertz radiation generation by AlxGa1�xAs/
GaAs heterostructured p-i-n diodes under excitation by femtosecond
optical pulses.

Experimental samples of AlxGa1�xAs/GaAs heterostructured p-i-n
diodes were grown by molecular beam epitaxy (STE3526, SemiTEq) on
2 in. n-GaAs (001) substrates. Si(n) and Be(p) were used as doping
impurities. The investigated structure included an n-GaAs buffer layer
(1� 1018 cm�3), an AlAs/GaAs Bragg grating (BG), an undoped i-GaAs
layer (n� 1015 cm�3) 1.5lm thick, a 1.5lm thick p-Al0.1Ga0.9As layer
(p¼ 8� 1018 cm�3), a 0.1lm thick p-Al0.8Ga0.2As wide-area window
(p¼ 5� 1019 cm�3), and a pþ-GaAs contact layer (p¼ 1� 1020 cm�3).
Schematic and the band structure of the p-i-n diode are shown in the
Figs. 1(a) and 1(b). On the grown epitaxial wafer, p-i-n diode chips with
a total area of 1mm2 were formed using photolithography. A ring-
shaped Ohmic contact was formed on the frontal photosensitive surface
of the 200-lm-diameter chips using photolithography, followed by
removal of the pþ-GaAs contact layer inside the ring.

The process of terahertz generation was studied by time-resolved
terahertz spectroscopy. Titanium–sapphire lasers generating optical
pulses of �15 fs duration (at a wavelength of �800 nm) and 100 fs
duration (reconstructed to match the wavelength) were used to
excite the studied samples. THz radiation was recorded using the

electro-optical gating method in specular reflection geometry (a 1mm
thick ZnTe crystal was used).

While investigating the terahertz generation process by the p-i-n
AlGaAs/GaAs diode, it was found that the THz pulse waveform
(amplitude, duration, peak position) depends significantly on both
reverse bias and excitation level as well as excitation wavelength.
Figure 2(a) shows the waveforms of THz pulses generated by the p-i-n
diode at reverse bias from 0 to �7.5V excited by optical pulses with
wavelength of 793 nm and 100 fs duration and at the average power of
8mW. We can see that the maximum amplitude of the pulse increases
as the reverse bias value on the diode increases and the time position
of the pulse also changes.

Figure 2(b) illustrates the dependence of THz pulse delay and
THz pulse amplitude on the bias for two excitation wavelengths. It can
be observed that the maximum amplitude of the pulse increases rap-
idly with increase in reverse bias on the diode, and the onset of this
growth depends on the excitation wavelength. The temporal position
of the pulse also undergoes a change in response to alterations in the
reverse bias value on the diode. As the bias decreases from positive val-
ues to the values of the voltage on the diode, at which the sharp growth
of the pulse amplitude begins, the delay of THz pulse increases. With
further increase in reverse bias on the diode, a reverse shift of the THz
pulse occurs on the time scale.

Thus, the delay time for the maximum amplitude of the THz
pulse non-monotonically depends on the bias voltage on the diode. It
can also be seen that the temporal shift of THz pulse depends on the
wavelength of the exciting radiation: for higher energy light quanta,
this shift occurs at higher reverse bias on the p-i-n diode.

The temporal dynamics of the subpicosecond photocurrent pulse
of nonequilibrium carriers in the p-i-n diode was calculated using the
ensemble Monte Carlo method, which takes into account the screening
of electric field in the i-layer due to a spatial separation of electrons
and holes. As shown earlier, the effect of field shielding by photoex-
cited carriers can affect the photocurrent dynamics, and at sufficiently
large electron–hole plasma density, it—like inter-valley transitions of
electrons—can lead to the effect of electron velocity burst.12,13

The Monte Carlo simulation results presented in Figs. 3(a) and
3(b) are consistent with experimental data. Indeed, it can be seen that
the position of photocurrent maximum depends non-monotonically

FIG. 1. (a) Schematic structure of the p-i-n diode; (b) band structure of the p-i-n diode.
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on the bias, i.e., it demonstrates approximately the same dependence
as the experimentally measured THz field in the far zone, which is
defined as the time derivative of the photocurrent. The dependencies
of the shift of the point in time, corresponding to the maximum value
of the THz electric field, on the reverse bias, which are observed experi-
mentally and follow from the results of Monte Carlo simulation, can
be explained as follows.

When the diode is excited by femtosecond laser radiation, the for-
mation of photocurrent pulse occurs within 100–300 fs, i.e., at the stage
of the ballistic regime of electron motion. The rise time of the leading
edge of the photocurrent is determined by the duration of the optical
pulse and the magnitude of the accelerating electric field. The photo-
current decay and the formation of its trailing edge are determined by
two mechanisms: (1) inter-valley transitions of electrons from C-valley
to L-valleys and (2) screening of the electric field by photocarriers. The
first photocurrent decay mechanism is responsible for the well-known

velocity overshoot effect and occurs when the electric field is strong
enough for the electron to reach the threshold energy for valley junc-
tions before the electric field collapses due to the screening effect.

Let us consider a photoexcited electron accelerated under the
action of a uniform electric field F. At the stage of ballistic motion, its
velocity grows linearly with time t as t tð Þ ¼ eFt=m, where m is the
effective mass of the electron in the C-valley. Accordingly, the energy

of a photoelectron is defined as e0 þ e2F2t2F
2m , where e0 � �hx� eg

� �
is

the initial energy of the photoelectron (x is the frequency of the optical

radiation, eg is band energy gap). After a time tF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mðD� e0Þ

p
=

ðeFÞ, the photoelectron in the C-valley reaches an energy D, corre-
sponding to the threshold of transitions from C-valley to the subsidi-
ary, highly effective mass L-valleys. The electron with such energy in a
very short time of about 30 fs transfers into the side L-valleys of the
conduction zone where its velocity drops sharply.14 Therefore, the

FIG. 3. (a) Calculated time dependencies of the photocurrent generated in the p-i-n diode (Vc from 0.9 V to �8 V, P¼ 8mW, k¼ 793 nm, s¼ 100 fs); (b) position of the maxi-
mum current amplitude in dependence on the bias (P¼ 8mW, s¼ 100 fs).

FIG. 2. (a) Waveforms of THz pulses generated in the p-i-n diode (Vc from 0 to �7.5 V, P¼ 8mW, k¼ 793 nm, s¼ 100 fs); (b) amplitude and position of THz pulses generated
by the AlGaAs/GaAs p-i-n diode as a function of bias (P¼ 8mW, s¼ 100 fs).
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electron accelerated by electric field will reach the maximum velocity
at the moment when its energy reaches the threshold value D. Thus,
with a decrease in reverse bias and, consequently, the electric field
strength in the i-layer, the inter-valley mechanism of the photocurrent
decay leads to a shift of its maximum toward longer times. For GaAs
with the parameters m ¼ 0:067m0; D ¼ 0:29 eV under the excitation
by pulses with a wavelength of 793 nm, the time required for the elec-
tron to gain the threshold energy decreases from 155 to 56 fs with
increase in the reverse bias from 2 to 8V. In this case, the time point
corresponding to the maximum of photocurrent shifts by about 100 fs,
which approximately corresponds to the shift value observed in the
experiment. FromMonte Carlo calculations [Fig. 3(b)], the delay times
of 185 and 82 fs are obtained, which are slightly larger than the delay
times given above. This distinction is due to the use of the simplest
model for estimates, which does not take into account the nonparabo-
licity of the conduction band.

In the above reasoning, the effect of electric field screening by
photoexcited carriers was not taken into account, i.e., it was assumed
that the time tF is less than the screening time ss ¼ maxðsd;x�1

p Þ,
where sd ¼ x2

ps
� ��1

is the dielectric relaxation time, s is the electron

pulse relaxation time, xp is the plasma frequency. For the p-i-n diode
considered here, when the photocarrier density does not exceed
1015 cm�3, the condition tF < ss is satisfied for almost all reverse bias
values. However, at the femtosecond pulse energy density used here,
the electron–hole plasma density near the p-region reaches
5� 1016 cm�3, and the corresponding screening time is approximately
200–300 fs. Estimations show that in this case screening of the electric
field will weakly affect the dynamics of the inter-valley transitions and
the photocurrent pulse only at reverse bias values (�V) >2V,
which corresponds to the electric field strength in the i-layer of about
22kV/cm. It should be noted that in the stationary mode, when the
screening effect is not taken into account, the threshold value of the elec-
tric field strength for inter-valley transitions in GaAs is about 3 kV/cm.
At lower values of the reverse bias (�V< 2V), inter-valley transitions of
electrons practically do not occur, since the electric field collapses before
the electrons gain threshold energy. In the ballistic mode, an electron in
the time-varying electric field will accelerate and will reach maximum
velocity at the instant when the field changes sign due to the screening
effect. From this moment, the electric field begins to slow down the elec-
trons. Thus, at low values of the electric field strength, when the electron
does not have time to gain the threshold energy during the screening
time, the decay time of the trailing edge of the photocurrent pulse is
determined not by inter-valley transitions but by the shielding effect.

The above mechanism of the influence of screening process on
the formation of photocurrent pulse assumes that the electric field in
the i-layer remains almost homogeneous. In reality, the exponential
character of photoelectron distribution in the i-layer, as well as the
dependence of shielding time on their local concentration, will lead to
inhomogeneity of the electric field distribution. The influence of inho-
mogeneity of the photoelectron concentration along the depth will be
especially significant for excitation at a wavelength of 793 nm. In this
case, the electron concentration at the i-layer length of 1.5lm changes
by almost an order of magnitude. From the Monte Carlo simulation
results, it follows that near the p-layer the screening time is about 100–
150 fs and increases to about 300–450 fs near the substrate. The differ-
ent relaxation rate of the electric field causes the field strength near the

substrate to be several times higher than the value of the field strength
near the p-layer. Therefore, even at displacements of �V< 2V, inter-
valley transitions can occur in the region near the substrate where the
field is still strong enough. Note that the mechanism associated with
the velocity overshoot effect will manifest itself differently for optical
radiation when the wavelength is changed. At excitation by optical
pulses with a wavelength of 793nm, the effective mass of the photoex-
cited electron will be much larger than the effective mass of the photo-
excited electron at excitation with wavelengths of 860 and 827nm.
Accordingly, the onset of the “velocity overshoot” effect at 793 nm
excitation will occur at a large value of reverse mixing, which can be
seen in Figs. 2(b) and 3(b).

The Monte Carlo simulation shows that increasing the reverse
bias results in increase in the screening time, i.e., screening a larger
field takes longer. This dependence of the screening time on the exter-
nal bias can be explained by the effect of heating electrons in the elec-
tric field, which leads to an increase in the average electron energy and,
consequently, its effective mass. It follows that at low reverse bias val-
ues, when the inter-valley transitions do not occur and the screening
effect is responsible for the decay of photocurrent pulse, the position of
the photocurrent maximum will shift toward shorter times as the elec-
tric field decreases.

At positive bias, the electric field strength in the i-layer is small
and the main contribution to the photocurrent is the reflection of pho-
toexcited electrons from the interface. This mechanism of photocurrent
generation known as “reactive” photoelectric effect is characterized by a
large steepness of the leading edge of the photocurrent pulse, which
consequently results in a small delay of the terahertz pulse.15

When considering the influence of the screening process on the
dynamics of the photocurrent pulse, it was assumed that the electric
field in the i-layer remains almost uniform. In fact, an exponential
decrease in the photoelectron density in the i-layer leads to inhomoge-
neity of the electric field. From the results of Monte Carlo simulation,
it follows that at 793 nm excitation, the field strength near the substrate
is 2–3 times higher than the field strength near the p-layer, and even at
the reverse bias �V< 2V inter-valley transitions can occur in the
region near the substrate, where the field is still quite strong.

Comparative studies of THz generation in the bulk semiconductor
p-InAs were conducted, which demonstrated that the efficiency of THz
generation in the p-i-n diode is approximately one order of magnitude
higher than in p-InAs. Figure 4 illustrates the waveforms of THz pulses
generated in the p-i-n diode and p-InAs. It is evident that the amplitude
of the THz pulse generated in the p-i-n diode is four times greater than
that of the THz pulse generated in p-InAs. Consequently, the energy
superiority is more than an order of magnitude.

The obtained results allow us to propose a model for the genera-
tion of THz radiation in the p-i-n diode structure. Upon excitation of
the pin-diode, nonequilibrium electrons and holes are generated in the
i-region, which then move in the electric field. The holes move toward
the p-AlGaAs region, while the electrons move toward the n-GaAs
region. At a positive bias on the p-i-n diode, the THz generation mech-
anism is due to the reflection of photoexcited electrons from the inter-
face. As the reverse bias increases (from þ0.9 to �8V), there is a
change in the mechanism of formation of the rear edge of the photo-
current pulse, respectively, and the mechanism of THz generation. In
the region of reverse bias from �8 to �2V, inter-valley transitions
occur almost along the entire length of the i-layer, resulting in the
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formation of photocurrent pulse via the velocity overshoot mecha-
nism. As the reverse bias decreases, the photocurrent maximum shifts
toward longer times. In the region from �2 to��0.5V (�10 kV/cm),
the photocurrent maximum shifts in the same direction. This small
shift (�20 fs) is also caused by inter-valley transitions, but in the region
at the edge of the i-layer (near BG). At displacements from �2 to
þ0.9V, the screening effect has a significant influence on the photo-
current formation. This phenomenon results in a shift of the photocur-
rent maximum in the opposite direction (to shorter times), which
becomes pronounced at biases ranging from �0.5 to þ0.9V. The shift
of the photocurrent maximum in the opposite direction is due to the
fact that screening occurs faster as the electric field decreases.

Thus, the analysis of mechanisms of photocurrent formation and,
accordingly, the generation of a THz pulse in the p-i-n diode per-
formed by the ensemble Monte Carlo method made it possible to
explain the non-monotonic behavior of the position of maximum
amplitude of the THz pulse from the reverse bias as a result of changes
in the mechanisms responsible for photocurrent relaxation. An ultra-
fast decrease in electric field in the i-layer due to the screening effect,
which occurs in subpicosecond times scales, leads to an increase in the
threshold value of reverse bias at which inter-valley transitions of pho-
toelectrons from the C-valley to the L-valleys occur. In the absence of
inter-valley transitions, the relaxation dynamics of the photocurrent
pulse is determined by the screening of electric field due to a spatial
separation of photoexcited electrons and holes.
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