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Third harmonic generation by Bloch-oscillating electrons
in a quasioptical array
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We compute the third harmonic field generated by Bloch-oscillating electrons in a quasioptical array
of superlattices under THz irradiation. The third harmonic power transmitted oscillates with the
internal electric field, with nodes associated with Bessel functionsHl% . The nonlinear
response of the array causes the output power to be a multivalued function of the incident laser
power. The output can be optimized by adjusting the frequency of the incident pulse to match one
of the Fabry-Pmot resonances in the substrate. Within the transmission-line model of the array, the
maximum conversion efficiency is 0.1%. ®0999 American Institute of Physics.
[S0003-695(199)01215-2

Miniband transport in semiconductor superlattices ishaving a tight-binding energy-quasimomentum dispersion
fundamentally nonlinear. In modest fields carriers will be e,= —(A/2)coskd). Upon irradiation with a time-dependent
redistributed over the entire miniband suppressing currenglectric fieldE(t), the electrons in the superlattice set up a
flow and producing a strongly nonlinear response. If the frecurrent density that can be obtaifdaly solving the Boltz-
guency of the applied electric field exceeds the scatteringnann transport equation within a relaxation time approxima-
rate, the quantum nature of the nonlinear transport emergé®n for collisions, with a collision timer
and has been displayed & Bloch oscillations: (b) dy- A

. o . ned [t ,
namic Iocallgatlo!?: and(c) absglute negative conductarice. j(t)= f dt’e 7 sin p(t) — n(t)], (1)
Strong nonlinearities lead to rich electron dynarfitcsom- 20T o
plicated by bistable interaction with the radiation fiéldnd where 7(t)= ' _dt'eE(t')d/#, n s the electron density in

naturally invite the exploration of these materials for tera-i,a conduction miniband. arglis the electronic charge. For
hertz harmonic generation. _  a field E(t)=E; coswt in the weak collision limit 7

At terahertz frequencies, the skin effect and parasitics. 1) the electrons execute ac Bloch oscillations, and the
constrain devices to micron dimensions and adequate hagyrent density depends nonlinearly on the field through the
monic power can of?ly be expected by power combining inyarameter®,=eE,d/4w. The nonlinear effects are gov-
quasioptical array§® In the following we model the har- emed by the doping density, which controls the plasma
monic response of semiconductor superlattices embedded fﬂgquencywpzm' where the effective mass
a quasioptical array. The nonlinear response of the superlaltn*zzﬁzmdz, ande, is the statiodc) dielectric constant of

tice is obtained in the absence of scattering and thereforghe superlattice. The current density in the superlattice is
relevant to harmonic generation at high terahertz frequencieghen given by

In this limit the superlattice may be viewed as a nonlinear

“inductor,” a current controlled varactor. To approach real ) eowé Z [30(0)Ipms 1(0)

array performance the effect of substrate internal reflection J(= 27w = 0,

and resonances is included. We find that the third harmonic

output is a nonmonotonic and sharply multivalued function X Ejsin(2m+1)ot. 2

of the input power(The features discussed earlier for a wave
propagating in an infinite superlattice medfiappear for a
device in a quasioptical arrgyThe multivaluedness arises

from the'nonlinear “fengack” 'effect of Fhe array on the . it is nonlinear in the field paramet®r, . In analogy with
incident field. Not.su_rprlsmg bL_Jt |mportant is the fact that thenonlinear capacitors, we thus model the superlattice in the
output can be optimized by bringing the system in resonanteak collision limit by a nonlinear inductor. The first and

with ngry-ljeot modes in the substrgte. o third harmonic current densities from E() are shown in

. Thlrd harmonic cul,lrrent.We.con.5|der an |nf|n|fce_, one- Fig. 1. At low fields @,<1), expandingls(®,) causes the
dimensional superlattice of periatiwith a single miniband  iry harmonic current density to rise cubically with the field.
Quasioptical array.We now incorporate the above cur-
3Electronic mail: avik@pacific.mps.ohio-state.edu rent density from the superlattice into an experimentally re-

The above current density is out of phase with the field
E(t) and contains only odd harmonics, whose conductances
vary as 1. Such a response is essentially inductive, except
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FIG. 1. Absolute value of first and third harmonic currents predicted by Eq. slo
(2), plotted vs®,=eE;d/Aw. The current densities vanish at roots of imesa
Jo(041)31(0,) andJy(041)J3(0,), respectively. 1
—0
air substrate(GaAs) air

alizable setup, namely the quasioptical array. In our model

. . FIG. 2. Schematic of quasioptical array with incident THz laser field. A

anNXxXN(N~10) periodic array of mesas, of period 25,  typical array element is shown magnified. The antenna elements focus the
sits on a GaAs substrate. Each mesa ja®tall and contains field through the superlattice. Bottom: transmission-line model used to de-
a 5000 A long GaAs/AlGaAs superlattice of cross sectio

pscribe the setup. The antenna pravid 7 fFslot capacitance, while the
10umx 2 um, placed between gold layel§ig. 2. The ohmic contacts provide a@n™ resistance. The superlattice itself is mod

’ . ) eled by an inductofexcept the response is nonlinear in the local jiefd
mesa itself is sandwiched between gold antennae that redieries with a mesa capacitance arising from charges building up at the ends
rect the incident electric field along the superlattice growthof the superlattice.

direction. Since the gold layers are highly conducting, the

incident voltage applied across the 2 period acts effec-  5ce is taken to be 7 fF and thé resistance is 7).

tively across the 5000 A superlattice, leading to a field am-

ey c : ) Figure 3 shows that the third harmonic power transmit-
plification factor of about 50. This enables one to achievggq through the substrate depends onitieéentpower non-

high fields in the superlattice for moderate incident powers.jonotonically. The nonlinear effects from the device give
We model the array by a set of transmission lines asesyits qualitatively different from that of an infinite super-

shown in Fig. 2. As long as the array period is smaller thanatice in Fig. 1. From the above calculations for the higher
the incident THz wavelength, the array can be modeled as a

sheet with properties defined by a single element. The inci-

dent and transmitted fields emerge in air, which has an im- S
pedanceZ,=377(). The array sits on a GaAs substrate with .
a dc dielectric constantey~13, and impedanceZg 5 = 10
=Z,/\ey~100Q. The slot capacitance in the figure corre-
sponds to charge building up between the top and bottom

antennae, while the mesa capacitance deals with the sam« 10 -
effect across the superlattice. Thé resistance comes from ’§ o it L3
ohmic contacts placed between the gold layers and the su- £ - 0.06 0.12
perlattice, while the electronic response in the superlattice . &

P, (KW)
acts effectively as a nonlinear inductor, as we have discussec 5 L
above.

The THz field causes electrons in the nonlinear inductor
(superlatticé to execute ac Bloch oscillations. The electronic

current from Eq.(1) and the mesa displacement current u ‘j\L
(egld) dE/ ot feed through the rest of the circuit. Since the o) . 2 .

current densities depend directly on the local fiélg, we 0.0 0.2 0.4
solve the circuit equations for a fixedl, for the transmitted

P, (KW)
third harmonic power as well as the corresponding field in-
cident on the array.

FIG. 3. Third harmonic power transmitted through the array plotted as a

Third harmonic power transmittedn our calelations, 15277 CLMSCE, Bole TS L ROt s angulr
the incident and output powers are assumed to be GaussigBguency wp=16.4THz corresponds to a doping density of 8
distributed over a diameter of 1.5 mm. We choose a frex<10*cm™3.  The  third  harmonic  power  varies  as
guencyw=2mX740.3 GHz, and the plasma frequenoy Jo(eEdfw)J;(eEdTw), whereE is the local first harmonic field inside
=16.4 THz, which for a miniband widthh =18 meV, and the superlattice. The transformation between field inside and outside the
superlattice periodd=100A, corresponds to a heavily

superlattice is highly nonlinear, so that a given incident power yields mul-
- ) tiple solutions to the fieldE inside the superlattice. This leads to the bistable
doped electron densitpy~8x10*%cm 3. The slot capaci- structure resolved in the inset.
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harmonic currents for a superlattice, the generated third har- Harmonic generation from superlattices excited by inter-
monic power is expected to depend on theal field ®; as  nal reflection in a prism geomethhas been reported. More
J3(0,)J3(0®,), the overall factor ofJ3(®,) arising from  recent work has been carried out in quasioptical artdys.
dynamic localizatiorf. The transformation from the local neither case does bistability appear. However, in both cases
field inside the mesa to the incident field is strongly nonlin-the fundamental frequency and material parameters are such
ear, and incorporates the feedback effects of the quasioptictfiatwr~1 and the conditiom =1 are not satisfied. Higher
array on the incident field. The minima are thus at incidenfrequencies or improved scattering times are probably neces-
field values nonlinearly connected to the Bessel functionssary to explore bistability in these systems.
Moreover, the nonlinear transformation between the incident  In summary, we have addressed terahertz harmonic gen-
and local fields leads to a multistable behavithe transmit-  eration by Bloch-oscillating electrons in a semiconductor su-
ted third harmonic power is a multivalued function of the perlattice. The successful application of these elements to
input laser power, as has been resolved in the inset in Fig. 3erahertz generation will require power combining and we
The cubic regime alluded to previously occurs at incidenthave treated the interaction with the electromagnetic field by
powers too small to be clearly visible in the figure. modeling a plane wave incident on a quasioptical array on a

Resonances with substrate thickne$he quasioptical semiconductor substrate. The harmonic response exhibits re-
array is usually fabricated on a substrate. The third harmonimarkable bistable features but the efficiency is low. In-
power generated in the superlattice sets up standing waveseased efficiency and harmonic power may follow opti-
inside the substrate. Such Fabryrdeeffects can be utilized mized coupling at the fundamental and harmonic frequency.
to control the third harmonic power transmitted through the ) )
substrate. As we vary the frequency of the incident laser  1hiS Work has been supported by the Office of Naval
source(or the width of the substrakethe first and third har- Research and the Army Research Office. A.W.G. thanks
monics are brought in and out of FabryrBeresonances Ohio State University Residential Fellowship for support.
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