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Monte Carlo simulation of harmonic generation in InP
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Abstract

Harmonics spectra in amntype InP bulk semiconductor showing up to the 13th harmonic are reported. The external field

is linearly polarized with the frequenay = 100 GHz. Calculations are based on a Monte Carlo simulation for the
electron motion in the conducting band and on an electrodynamics equation for the harmonics generation. The effect of
a significant reduction of efficiency in the generation of particular harmonics is found, and is traced back to a sort of
alternating field Gunn effect. A short analysis of the different physical mechanisms giving rise to harmonics generation
is presented.

Harmonics generation arising from the interaction of in-electrons drift velocity will acquire a component oscillating
tense radiation fields in the frequency range from micro-at frequency 3, that will give rise to the third harmonic
wave to far-infrared with bulk semiconductors has becomegeneration. Further collisions will give rise to a modulation
recently an interesting field of investigations. Both experi-of the drift velocity at higher frequency, consequently gen-
mental (Keilmann et al, 1990; Urbanet al, 1995 and erating harmonics of a higher order.
theoreticallUrbanet al,, 1996; Braziset al,, 1998; Persano In this article we limit our interest to the IlI-V class of
Adornoet al., 2000 analyses have shown high conversionsemiconductor compounds, taking as its representative an
efficiency for the third and fifth harmonics in Si, GaAs, and n-type InP bulk sample interacting witha= 100 GHz
InP crystals in the frequency range 30—500 GHz and temradiation field.
perature range 80—400 K. We report harmonics spectra in The propagation of an electromagnetic wave along the z
ann-type InP bulk semiconductor showing harmonics up todirection in the medium is described by the Maxwell equation
the 13th order with relatively high efficiency, going from
2 X 1072 for the 3rd harmonic to X 10~° for the 13th one.

. : ) _ 9%E 1 9%E 92P
The above highly nonlinear electromagnetic processes in S T T T3 = Mo (1)
semiconductors are due mainly to the nonlinear response of z ¢ at at
the free carriers interacting with the external field. The non-
linear interaction of the field with the lattice and with bound where
carriers is neglected. Nonlinear effects are included through
the velocity dependence of the effective electron maigs) B = eo(xy + x2E + yaE2 + .. )E @)

(due to nonparabolicity of the conducting baadd through

the carriers relaxation time = 1/v. with v, being the total

collision frequency. In fact, the work per unit time per- is the polarization of the free electron gas in terms of the
formed by the external electric field on the free electron islinear x; and nonlineay xs, . .. susceptibilities.

given byW=j-E. Since the velocity and consequently the ~ The source of the nonlinearity is the current density
current density oscillate at the frequenay of the external

electric fieldE, the workW and the average energy) will i = —nei(E), 3)
oscillate at frequency:2 Then the total collision frequency

is modulated at frequencyr2and in turn the free L o
vel() d yv related to the polarizatioR by
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Expanding the electrons velocity and the electric field intribution of energy and momentum among the particles with

terms of their Fourier components as a change in the shape of the distribution function.
Electrons are expected to exhibit an enhanced nonlinear-
5= i,exp{—iq(wt — k2)} 5y ityinhigh electricfields due to the equivalentand nonequiv-
q alentintervalley scattering among the th(€el, X) valleys

. (Persano Adornet al, 2000. The spectra of harmonics
> Eqexp{—iq(ot — k2)}, (6)  generation at an oscillating field of amplitudEs= 5 kV/

a cm,E = 25kV/cm, andE = 60 kV/cm are given in Figure 1.
and taking only the leading term in the nonlinear part of the-l.—he efficiency of t.he harmonics for a given |.ntens!t)'/ of th?
qth component of the polarizatid® field decreases with the ordgr, bqt thelr.relatlve efﬁmency is

strongly dependent on the field intensity. For a weak field

E = 5 kV/cm and for a strong fiel& = 60 kV/cm the ratio
of the efficiencies between two adjacent harmonics is al-
most constant with a value of about an order of magnitude.
At intermediate values of the external electric field a signif-
icant reduction of the efficiency of selected harmonics is

inew observed. For a field intensity &= 25 kV/cm, the ratio of
Xq=— ‘j] (8) the third to the fifth harmonic is about 100, and the seventh
QuEy harmonic practically disappears. To better understand this

E

53”‘ = &0Xq EQ, (7)

we obtain a relation between tlggh component of the ve-
locity and the susceptibility, given by

To neglect the field-dependent absorption in this article, we
limit our analysis to thin samples and we do not consider the
complex form of the dielectric function(w). With these

assumptions, substituting the expansion for the electric field 1:?10 : @
and using the above relation in the Maxwell equation, the 162 E
qth harmonic intensity normalized to the fundamental oneis 453 £
given by(Persano Adornet al., 2000: = 1e4
~ 1e-5 |
lg 1 vd 166 k-
[N © 1e7 |
1e-8 F
The coefficients), are given by the Fourier transform of Bl e ' L
the electron velocity, which is obtained via multiparticle le+0 g (b)
. . L . 1e-1
MC simulation of the electron motion in the semiconductor. 162
In our model we considered the following scattering mech- 103
anisms: scattering with acoustic phonons, ionized impuri- _ 4., E
ties, acoustic piezoelectric phonons, polar optical phonons =~ 1e-5 b
and optical nonpolar phonons. 106 £
The InP crystal parameters are the same as that used by 41¢.7 |
Braziset al.(1998. The conduction bands of InP are repre- 1e-8 |
sented by thé valley, by four equivalent valleys and by 1e9 F | | L. 1 [
three equivalenX valleys. At thermal equilibrium the elec- 1e+0 r ©
trons are expected to be in the conduction band of the InP 1e-1
bulk located in the centrdl valley. 1e-2 k
We have performed our calculations with a free electrons ~ 1e-3
concentratiom = 10**m~2 and temperatur = 80 K. The < 1e4
MC simulation has been done for different field amplitudes ~ 165
in the range 5—60 kxem. 16
For such values of parameters, the Fermi temperature is Te-7
much smaller than the electron temperatlige< T, and 1:"2 3 , | | ‘ | | |

degeneracy does not play any important role. Moreover, in
our calculations we neglect electron—electron collisions,
which usually do not affect transport properties in semicon- Harmonics order q

ductors. In fact, in such COHISI.Or.IS the to_tal momentum ancﬁzig. 1. Harmonics generation efficiency versus their order with=
the total energy of the two colliding particles are conservedigo GHz,T = 80 K, n = 10 m™3. (a) E = 5 kV/cm, (b) E = 25 kV/cm,
and no dissipation occurs. Their main effect is in the redis<{c) E = 60 kv/cm.
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Table 1. Comparison between the results for the ratigyE,,

le2¢ W—G obtained from our MC simulation and the estimates.
—~ 1e3 i g and d are harmonics order numbers.
1e-4 — @ Eq/Eq' a/q’ Simulation
E a
el L Es/Es 1.67 1.50
F T E7/E;3 2.33 2.27
1e-3 | E;/Es 1.40 1.39
Eo/Es 3.00 2.92
= led Eo/Es 1.80 1.94
- : Eo/E7 1.29 1.29
1e-5 (b)
1e-6 _ : . .

depend on the radiated frequency; in particular, increasing
with it. In our case, the period of the fundamental radiation
7 =107 s is larger than the average collision time=

LA,
s
® o
[$,] E-N
.

1e-6 | (c) _ . . .
: 10" 3s, by two orders of magnitude, roughly implying hun-
@7l )
1e-4 E
1e5 E
- : (@) r
> 1eb6 [
- 1.0
1e7 & (d)
3 <
1e-8 L L L { L L L | L L " 1 k=]
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=}
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Fig. 2. Efficiency of the first four odd harmonics as a function of the field L X
strengthy = 100 GHz,T =80 K,n=10**m™3. 00— ]

behavior we report in Figure 2 the efficiencies of the first
four odd harmonics of the frequenay= 100 GHz as a

function of the electric field amplitude. Besides reduction of
particular harmonics efficiency, the reported calculationsg

©
show additional novel features of interest: for high power3 L

levels, the harmonics generation efficiency exhibits saturaﬁg_' 04 |
tion while for weak fields, the efficiency is decreasing with
the intensity of the field and presents a deep minimum that
for the third harmonic corresponds to a valudscf 12 kV/

cm. This minimum is shifted toward higher fields for higher
orders and for the ninth order is situatedsat 35 kV/cm.
Moreover a small secondary minimum at lower fields is
present for the ninth order harmonic. These minima arise for
electric field values such that the energy gained by the elec'%
trons in the field is large enough to permit transitions be-3
tween thd” and thel valley. When it takes place, the electron £
velocity suffers a sudden decrease, together with the energy
available for harmonics generation. This picture holds for
relatively weak fields, when most of the electrons ar&'in
valley and start to be transferred in the other valleys. This
behavior is reminiscent of the Gunn effect occurring in the
presence of a static fieltfor InP E = 10 kV/cm). In the th

presgnce ofan OSC'”a““Q eleCtr!C field, the CI’.Itlca| value OfFig. 3. Population of the three different valleyg, L, X) as a function of
the field strength at which a given harmonic suffers thetime in units of the external field perios). Other input data as in Figures 1
largest reduction of generation efficiency is expected toand 2.(a) E =5 kV/cm, (b) E = 25 kV/cm, (c) E = 60 kV/cm.
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dreds of collisions during a cycle of the external field. In with the rise time of the satellite valleys not very different
such a case, we can exploit quasistatic considerations, aricbm the decay one, despite the fact that due to the larger
assume that the field transfers to the electron in the time  density of states of the satellite valleys, one could expect
average energys) = mvé(t)/2 = e’E?/4m(27v)? where  that the return time from the satellite valleys to thealley
ve(t) = vesin 2rvt with vg = eE/27mv being the ampli-  should be longer than the up transition time.
tude of the electron quiver velocity. From this follows that We conclude by saying that the harmonics generation
the ratio between the values of the intensity of two fieldsprocess appears to be mainly due to intravalley scattering in
with different frequencies andv’ that transfer the same theT valley for weak fields and that for strong fields to
amount of energye) is given by the ratio of the two fre- intervalley scattering among nonequivalent vallgysinly
guenciesE, /E,. = v/v’. Consequently we can expect that I' — L, X) in which electrons undergo a sudden change of
the ratio between the field values corresponding to the mintheir effective mass, amounting to a significant change of
ima of efficiency of two different harmonics should be, state and energy. An important interplay takes place be-
roughly, equal to the ratio between the harmonic order numtween the intervalley transitiois— L, X and the intraval-
bers. In our simulation we géi;/E; = 1.5;E;/E; = 2.27; ley transitionsL — L', andX — X'. We hope our results
E;/Es = 1.39; Eg/E; = 2.92; Eg/E5 = 1.94; andEg/E; = prompt new efforts, both experimental and theoretical, to
1.29, which are in good agreement with our electron averfully understand and exploit the physical processes of high-
age energy consideratiorfsee Table L The secondary order harmonics generation in semiconductors. Besides, our
minimum for the high order efficiencies is due to the switch-results may prove useful in shedding light on common fea-
ing on of the scattering mechanism with polar optical pho-tures of such highly nonlinear processes of radiation—matter
nons, which induce a small minima in the total scatteringinteraction in different media.
probability.
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