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Abstract. The ensemble Monte Carlo method was used to calculate the time-variation of scattering mechanisms and
the carrier nonlinear dynamics evolution of n-doped GaAs and InSb in the high terahertz (THz) field. The time in-
formation of the electrons scattering into the side valleys and that of the electrons relaxation back into the original
energy valley was directly obtained. The carriers transient increase process was also traced. Meanwhile, it showed
that the intervalley scattering is the main mechanism of GaAs, while the impact ionization is a key point for InSb in
high THz field. Furthermore, the work discussed the influences of the two mechanisms on related physical quanti-
ties: average kinetic energy, average velocity, and material conductivity. It indicates that the two mechanisms lead
to nonlinear effects and play inverse roles in the two materials. The response time of impact ionization in InSb is

longer than that of intervalley scattering in GaAs. The results have some guiding values in THz modulation field.
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hardware basis of modern information environment, and

Introduction the effect of the carrier in the picosecond has a direct im-

pact on the device development and application. Espe-

High speed semiconductor device is the important cially in the optical field, a wide variety of optoelectronic
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technologies provides effective methods to study carrier
transport and scattering effects. Based on its intense field
and ultrafast properties, THz pulse has already been a
reasonable tool on nonlinear modulating carrier motion
characteristics in  picosecond and  subpicosecond
scales' !

Compared with the traditional photoconductive mate-
rials such as GaAs, InP and ZnTe, the narrow bandgap
material InSb has better performance in high-speed, low-
noise, and low-power applications'®”' with the low-elec-
tron effective mass, high-carrier concentration and high
mobility. There are lots of researches on carrier transpor-
tation and nonlinear effects of GaAs and InSb in THz
field. For example, Hoffmann et al. studied nonlinear
ultrafast optical absorption of intense terahertz pulses in
n-doped GaAs and InSb, and the scattering processes
have been resolved by THz-pump/THz-probe ( TPTP)
measurements *'). The sources have allowed the obser-
vation of nonlinear THz absorption bleaching due to inter-
valley scattering in photoexcited GaAs'""?).

There are many studies on the nonlinear effects of
these two materials, however, it is not common for the
ensemble Monte Carlo simulation of nonlinear transient
response of high THz-field-driven electrons, and the most
are based on the classical Drude model. As we know,
the carriers gain high-energy in the high field, forming
nonparabolic band structure, and the carriers will no lon-
ger follow the classic oscillation formula. In addition,
without full consideration of the side valleys in the band
structure and the effects of spatial carriers distribution, it
is difficult for Drude model to solve the complex transient
process. Therefore, ensemble Monte Carlo method'""*
based on semi-classical theory can undoubtedly provide
us an effective solution to the problem.

In this paper, we studied the carriers nonlinear
transport properties of the n-doped bulk GaAs and InSh
crystals in high THz field, discussing the transient
change of the average kinetic energy, average electron
velocity and the conductivity. The results showed that the
time-variation of intervalley scattering and impact ioniza-
tion lead to different dynamics characteristics for each
malerials.

1 Physical mechanism and model

Both transient and steady state transport variables
can be obtained from an ensemble Monte Carlo simula-
tion. It is particularly important to observe transient evo-
lution under non-uniform electric field, especially in high
field. Therefore, we use the ensemble Monte Carlo meth-
od to study the dynamical evolution of the carriers in the

high THz field, which is described by the Boltzmann e-

quations*m8J :
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where f, is the electron distribution function; of,/dt |
is the carrier-phonon interaction rates; df,/dt |

¢ —ph

the
carrier-impurity interaction rates; df,/dt |, , the carrier-
lattice interaction rates. ek, (i) V ,f,/h is the THz-filed-
driven process, with h the Planck constant divided by

c—im

2; e the unit charge for electron. The first air-sample
interface of the THz field transmission is described by E,
=2Y,Ey,,/ (Y, +Y) " where E,,, is the incident THz
field; Y, the free-space admittances; Y, the sample ad-
mittances.

The scattering mechanism describes the macroscopic
properties of electrons transport, which enable the elec-
trons to have a certain movement. We can use Fermi’s
Golden rule, the effective mass, Born approximations,
etc. to calculate the scattering rates. Several important
scaltering rates were taken into account in this paper,
such as ionized impurity scattering, acoustic phonon
scattering, intervalley scattering, intravalley scattering,
and polar optical phonon scattering. It is worth mentio-
ning that another kind of mechanism should be consid-
ered for the narrow band gap semiconductors. Since the
band gap energy is lower than the energy needed for the
intervalley transition, the free electrons with high energy
also have the chance to proceed in impact ionization with
the occurrence of intervalley scattering. That is to say,
an electron transfers energy to an electron on the valence
band through collision. Meanwhile, the electron on the
valence band is directly excited to the conduction band,
producing two free electrons. This impact ionization
process can be used as a scattering mechanism in Monte
Carlo simulation, which is described by the Keldysh sta-
tistical form'"' :P(E) =S[ (E - Ey)/Ey 17 when E >
E.y, and P(E) =0 when E<FE,,, wherein E is the e-
lectron energy, and E, a threshold energy (E, =
1.08E,). According to the present experimental results,
the impact ionization probability factor S is generally
taken as 10" s™.

In the simulation, the samples are n-doped, and
their carrier concentrations are about 10'°/cm’ at 300 K.
Both x and y directions are 1 mm thick, and they can be
considered as uniform systems with the large width.
Three valley model ( I'-L-X) is used to describe the con-
duction band structure. The sampling time interval is
Ifs, and the electric field and number of electrons are
updated after each time period. The holes are not taken
into consideration with its slow motion. Moreover, the
particles go through the mirror reflection process when
they reach the boundary. The parameters used in the
simulation are shown in Table 112!

Table 1 Parameters used in the simulation

F1 BERERNSH

Parameters GaAs InSh Unit
Band gap 1.42 0.18 eV
Intervalley Energy £, 0.29 0.76 eV
Erx 0.52 0.45 eV
Effective mass m - 0.067 0.014 m,
my(my) 0.22(0.58) 0.22(0.13) m,

LO phonon energy 35 24.4 meV
Intervalley phonon energy 21.8 19.9 eV

Density 5.360 5.790 ¢/em’

Sound velocity 5240 4 060 m/s

Static dielectric function & 12.9 17.65

High-frequencydielectric function & 10.92 15.68
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2 Results and discussion

Figure 1 shows the time-domain spectra (a) and
frequency spectra (b) of the incident THz pulse. The
pulse center frequency is 1 THz with the width of 0.5
THz. The intense THz field can directly accelerate free
carriers in n-doped semiconductors with high mobili-

[22] . . Lo
ty'*. In this process, the carriers energy is increased
rapidly and the nonlinear dynamic response occurs. The
two kinds of materials GaAs and InSb, which have high
mobilities of ~8 500 ¢cm>/V/s and ~76 000 ¢cm®/V/s,

. . 8-12
are easy to achieve this process'®"*
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Fig.1 (a) The spectra of time-domain and (b) fre-
quency domain of the incident THz pulse
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Figure 2 shows several important scattering probabil-
ities in GaAs and InSb in the I" valley at 300 K. It can
be seen that when the electron energy is small, the ion-
ized impurity scattering dominates in GaAs, and the po-
lar optical phonon scattering also account for a large pro-
portion. While in InSh, the polar optical phonon scatter-
ing plays a major role. However, when the electron ener-
gy increases, these two kinds of scatterings change slow-
ly, and their variation degrees are far below the interval-
ley scattering and impact ionization. In the high field,
the electron energy increases rapidly, and the effect of
the ionized impurity scattering and the polar optical pho-
non scattering gradually becomes unimportant. Mean-
while, the intervalley scattering of GaAs intensifies in the
high energy, becoming the main scattering mechanisms.
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Fig.2 Various types of scattering probabilities in (a)
GaAs and (b) InSb in the I valley at 300 K
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The impact ionization probability is very small in this ma-
terial due to the wider band gap, and the red curve in
Fig. 2(a) is invisible. In InSb, the impact ionization is
easy to occur with the small effective electron mass and
narrow band gap energy. In addition, acoustic phonon
scattering probability increases with the electron energy,
but it has little influence because of the small overall
probability. Thus, in the high THz field, we focused on
the intervalley scattering and the impact ionization mech-
anisms.
2.1 Transient processes of intervalley scattering
and impact ionization

Scattering between different energy valleys will make
electron absorb or emit energy additionally, thus satisfy-
ing the energy conservation condition of transition. Under
the high outfield, the intervalley scattering will generally
cause a dramatic change in the momentum and kinetic
energy of electrons. In order to analyze the specific
process of carriers intervalley scattering in semiconductor
materials, we calculated the transient electron distribu-
tion percentages of three valleys under the high THz field
of 100 kV/cm ( the peak amplitude). It was found that
the electron ratios of different valleys change rapidly.
The two kinds of materials have undergone different de-
grees of intervalley scattering, and both of them reach the
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peak value in the vicinity of 1.4 ps.
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Fig.3 Transient electron distribution of each energy val-
ley in (a) GaAs and (b) InSb at high THz field of 100
kV/cm
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When electron energy reaches the threshold of the
intervalley transition, electrons are scattered from I" Val-
ley to L Valley or X Valley. In GaAs, the I" Valley scat-
tering begins from 0. 25 ps, and the maximum proportion
reaches 80% . While in InSb, the I" Valley scattering
begins from 0. 6 ps, and the maximum proportion only
reaches about 25% . It shows that the intervalley scatter-
ing of GaAs is much stronger than that of InSh. After 1.
4 ps, with the weakening of the external electric field,
most of the out-scattered carriers gradually relax back in-
to the original valley. We can see that the fastest electron
transfer time back to the I" valley of GaAs is about 1. 15
ps, and the slow electrons need 3.5 ps or more. These
values can be compared with the results of 1.9 ps in the
THz-pump/ THz-probe experiment'* and 3 ps in the opti-
cal-pump/THz-probe experiment''?'. For the weak inter-
valley scattering material InSb, the relaxation time is rel-
ative short. In addition, it is shown the scattering pro-
portion from I" Valley to the L Valley in GaAs is higher
than that from I" Valley to the X valley. It acts exactly
the opposite way in InSb because of valley energy differ-
ence AE,, > AE,, in GaAs and AE,, < AE,, in InSb
(See Table 1).
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Fig.4 Percentage of new electrons in GaAs ( blue line)
and InSb (red line) excited by impact ionization depend-
ence of time at high THz field of 100 kV/cm
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We further analyzed the impact ionization effect of
different materials in the high field. Figure 4 shows the
percentage of total number of electrons excited by impact
ionization in the two materials in the 100 kV/cm driving
strength. Since the impact ionization generates new elec-
tron-hole pairs, the total number of carriers is updated on
each time step. For GaAs, the total number of electrons
is almost the same, indicating that the impact ionization
hardly occurs. Tt is because that this material has large
effective mass (m, =0. 067m,, m, =0. 22m,, and m,
=0.58m,) and wide band gap (E, =1.42 eV), the e-
lectron acceleration kinetic energy cannot reach impact i-
onization threshold. For InSb, the adding electrons pro-
portion increases from 0. 38ps and reaches 55% at the
end of 5ps, changing gently in the late stage. Compared
with the Fig. 3(b), the impact ionization occurs much
earlier and the response time is longer than intervalley
scattering. For this material, the effective electron mass
(mp=0.014m,, m; =0.22m,, and my; =0. 13m,) and
band gap energy (£, =0.18 eV) are very small. It is
easy to produce impact ionization, which leads to dramat-
ical increase of the number of carriers and inhibits the in-
crease of intervalley scattering.

As is shown above, we obtained the detail of re-
sponse time of the intervalley scattering and impact ioni-
zation. It also shows that the intervalley scattering is the
main scattering mechanisms of GaAs, while the impact i-
onization is a key point for InSb in the high THz field.
2.2 Influences of intervalley scattering and impact
ionization on related physical quantities

In high-field transport calculations, carriers can
have very high kinetic energy E. A more appropriate de-
scription of E-k relationship can express practical energy

2,2
band structure™*’ as E(1 +aE) =vy(k) :;li*,
m

is wave vector;a is the nonparabolicity coefficient; o =

where &

TI'L'“F 2 . % .
(1 —mfo) /Eg, where Eg is the energy gap; m~ is the
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effective electron mass at the band edge and m, is the
free electron mass.

By Monte Carlo method, the energy-wave vector re-
lationship (energy band structure) of carriers determines
their dynamical properties under the influence of an ex-
ternal force. Once the band structure is known, the ve-
locity v associated with a state £ can be calculated from

the expression: v (k) = % V,E(k). In the case of a
nonparabolic band, the velocity is given by v =
#. With the excitation of the external field,
m” (1 +2ak)

the intervalley scattering and the impact ionization effects
will lead to a series of changes such as the carrier effec-
tive mass and the number of carriers as well as the aver-
age kinetic energy and the average velocity.
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Fig.5 Average electron kinetic energy in (a) GaAs and
(b) InSb at various THz field strength

E'5  A[A THz 38 F (a) GaAs F1(b) InSb F1HL T
P8 hE

Figure 5 shows changing process of average electron
kinetic energy over time. As can be seen, the kinetic en-
ergy change trend of two materials are similar when the e-
lectric field is lower than 50 kV/cm. In such field
strength, it is not obvious for intervalley scattering and
impact ionization. When the field is increased to 100
kV/cm, the kinetic energy peak can be quickly formed
in the early stage. The stronger field leads to the higher
peak value. The reason for the formation of peak value is

that the electron energy is very low in the initial stage,
which is not high enough to produce the intervalley scat-
tering and the impact ionization. A quasi-ballistic trans-
port can form in a high energy electric field in a short
time, and the electron energy increases rapidly during
transport period without changing other scatterings. With
the increase of energy, the intervalley scattering and the
impact ionization rates will rise rapidly as a response,
and finally reaches the steady state of the electrons aver-
age kinetic energy. The average kinetic energy of GaAs
quickly reduces after the initial peak, because of the in-
tervalley scattering appearance in the intense field. Elec-
trons transfer from the low energy valley to high energy
valleys with the increased effective mass and the substan-
tially-reduced electron kinetic energy. While for InSb,
impact ionization is the main mechanism that inhibits the
aggravation of the intervalley scattering and excites the
cascaded carriers. Large numbers of electrons are accel-
erated in the outfield, making the duration time of the in-
creasing average kinetic energy become longer.
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Fig.6  velocity overshoot effect in (a) GaAs and (b)
InSb at various THz field strength
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Velocity overshoot effect is a kind of transient trans-
port phenomena under the high electric field. The effect
is that the carrier drift velocity exceeds the normal steady
state drift velocity. It has relatively large impact on the
performance of small size devices and compound semi-
conductor devices, improving the operating frequency
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and speed of the device. Figure 6 shows the time-varia-
tion of average velocity curves of two materials in differ-
ent THz fields. Compared with Fig. 5, we can see that
the momentum relaxation time is much less than the ener-
gy relaxation time.

In the weak outfield ( peak amplitude 5 kV/cm) ,
the velocities change little, while in the high field (100
kV/em), the electron velocity peak can be quickly
formed in the early stage. That is to say, the obvious ve-
locity overshoot phenomenon can be observed. The rea-
son of its peak form is similar to that of the average kinet-
ic energy. The peak velocity of GaAs can reach 5.2 x
10° m/s (See Fig. 6 (a)). This value can be compared
with the data of Su et al. "', In their study, the elec-
tron peak velocity of GaAs was ~ 8 x10° m/s under the
high THz field of 173 kV/cm. As we know, the interval-
ley scattering reduces a great deal of initial kinetic ener-
gy, making the electron group velocity drastically de-
creased. Figure 6(a) shows the velocity decreases rapid-
ly after 1ps, and reaches a steady state after 3 ps. For
InSh, peak velocity can reach 8.9 x 10’ m/s ( See Fig.
6(b) ). Impact ionization is the main scatter mechanism
of this material, exciting large number of new carriers. It
not only increases the peak velocity, but also prolongs
the velocity overshoot response time, longer than 3 ps.

Conductivity reflects the conductive properties of
materials. As we know, the conductivity is proportional
to the electron concentration n, and inversely proportion-
al to the electron effective mass m”. It is expressed as o

nr . L
o« ——, where 7 is the time interval between two scatter-
m

ings. In the electron scattering mechanisms, the interval-
ley scattering and impact ionization are the main factors
in high electron energy. The previous analysis shows that
electrons are transferred to the satellite valley and the ef-
fective mass becomes larger by intervalley scattering
mechanism, resulting in the reduction of conductivity.
Furthermore, new electron-hole pairs are generated by
impact ionization, which increases the carrier concentra-
tion and the conductivity. Therefore, impact ionization
can contribute to high conductivity while intervalley scat-
tering plays an inverse role.

Figure 7 shows the conductivity changing process of
two kinds of materials over time in different THz fields.
There are few changes and slight undulation when out-
field is lower than 50 kV/cm, but under the 100 kV/cm
field, great changes have taken place. For GaAs, the
conductivity decreases sharply after 1ps because of the
strong intervalley scattering. For InSb, the impact ioniza-
tion process occurs and the number of carriers dramatic
increases, leading to the fact that the conductivity increa-
ses rapidly after 1 ps at 100 kV/em high field. We can
also see that the response time of impact ionization in
InSb is longer than that of intervalley scattering in GaAs.

3 Conclusions

The ensemble Monte Carlo method was used to cal-
culate the transient scattering mechanisms and the carrier
nonlinear dynamics evolution of n-doped GaAs and InSh
in high THz field. The results were as follows: Firstly,
we obtained the detail of response time of the intervalley
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Fig.7 Conductivity in (a) GaAs and (b) InSb at various THz
field strength
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scattering and the impact ionization. The intervalley scat-
tering is the main mechanism of GaAs, while impact ion-
ization is a key point for InSh. Secondly, the average ki-
netic energy peak is rapidly formed in the high THz
field. The intervalley scattering quickly reduces the aver-
age kinetic energy of GaAs after the initial peak, while
the impact ionization makes the duration time of the in-
creasing average kinetic energy become longer in InSb.
Thirdly, the obvious velocity overshoot phenomenon was
observed under the high THz field. The intervalley scat-
tering makes the electron group velocity drastically de-
crease, while the impact ionization increases the peak
velocity sharply and prolonges the velocity overshoot re-
sponse time. Fourthly, under the high THz field, the in-
tervalley scattering decreases the conductivity deeply,
while the impact ionization acts an inverse role. The re-
sponse time of impact ionization in InSb is longer than
that of intervalley scattering in GaAs. Further research
can provide more reliable results considering the full
band structure, the effects of hole mobility, electron-e-
lectron scattering, electron-hole scattering, etc. We will
also improve the model to make clear the influence of do-
ping content on average kinetic energy, average velocity
and material conductivity in different THz fields. The a-
nalysis of bulk semiconductor has important guiding values
to study the characteristics of semiconductor optoelectronic
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