\\
Applied Physics \\
Letters \\

A mesoscopic terahertz pulse detector

P. Orellana and F. Claro

Citation: Appl. Phys. Lett. 75, 1643 (1999); doi: 10.1063/1.124781
View online: http://dx.doi.org/10.1063/1.124781

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/V75/i11
Published by the American Institute of Physics.

Related Articles

Optically addressed near and long-wave infrared multiband photodetectors
Appl. Phys. Lett. 100, 241103 (2012)

Metamaterial metal-based bolometers
Appl. Phys. Lett. 100, 203508 (2012)

Optical properties of armchair graphene nanoribbons embedded in hexagonal boron nitride lattices
J. Appl. Phys. 111, 093512 (2012)

Photovoltaic infrared detection with p-type graded barrier heterostructures
J. Appl. Phys. 111, 084505 (2012)

Mid-wave infrared HgCdTe nBn photodetector
Appl. Phys. Lett. 100, 161102 (2012)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

Special Topic Section: |

PHYSICS OF CANCER

Why cancer? Why physics?  viw articles Now

Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=P. Orellana&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=F. Claro&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.124781?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v75/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4729004?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4714741?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4710988?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4704695?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4704359?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 11 13 SEPTEMBER 1999

A mesoscopic terahertz pulse detector
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We show that under the passage of an electromagnetic terahertz pulse an asymmetric double-barrier
device may act as an on/off current switch, depending on the bias. The time-dependent response of
the device is discussed. @999 American Institute of PhysidsS0003-695(99)02536-X

It is well known that the characteristic frequencies of of electrons in the presence of an incident radiation pulse, or
electronic processes in mesoscopic systems are in the tergice versa 8
hertz range. This follows from transition energies that are  Consider an ADBS under bias and in the presence of an
typically in the meV scale. For example, instabilities in electromagnetic field polarized along thexis, the growth
transport through asymmetric double-barrier ~systemglirection. In order to study the time evolution of the device
(ADBS) may give rise to terahertz oscillatiohé Other time- ~We adopt a first-neighbors  tight-binding model for the
dependent processes, such as the charging and discharging§Mmiltonian. The radiation field enters as a space and time-
the well in these systems, are also expected to take place fifPendent voltage. To a good approximation, the longitudi-
the range of picoseconds. This suggests that an ADBS m!,:‘nyal _degrees of freedom are _decoupled from the transv_e_rse
react as a fast switch to the passage of a terahertz pulse,"3°toN anda may be treated independently. The probability
possibility that we explore in this work. amplitudeb;® for an electron in a time-dependent statg to

ADBS are characterized by a bistable region of the biasbe gt planej along z is determined by the equation of
o motiorf
produced by charge accumulation in the space between the

. 3 . . . . dbfY
barriers(the We!b. The.collecto.r bgrner is made wider Wlth P ej(t)+U2 |bjﬁ|2 bj“
the purpose of increasing the lifetime of the resonance in the dt z
well, thus enhancing the amount of charge that is retained +v(b_,+bf, ;—2bf). (1)

when current goes throudh. At a critical biasV,, the cur- _ _ _ .
rent drops abruptly due to a sudden emptying of the well!n this expressiore;(t) includes the fixed-band contour, the

driven by an instability that may be understood using a non€Xternal radiation-induced voltagée sin 2mit, and the ap-

linear modef: The dynamics is dominated by the accumu-p”ed dc bias, the latter represented by a term linear in the

lated charge which, in effect, lifts the bottom of the potentiaISpatIal coordinatg. .The sum O_VGVE covers all occupied
well, thus retaining the resonance condition beydhd for electron states and is the hopping matrix element between

- o . : . _nearest-neighbor planes. In writing E4) we have adopted
ballistic transmission of an incoming electron. There is a . .

oint at which this charge is so larae that it becomes favora Hartree model for the electron—electron interaction, keep-
pbl i il it out. th 9 i gt d d th ing just the intra-atomic terms as measured by the effective
able _9 SP' 't out, the well IS emptied, an € re_so_nancecoup“ng constant.? As we will show in what follows, this
condition is lost, followed by a large current drop. Similarly, nonlinear term is of key importance in the behavior of the
when the well is uncharged it will remain so, even as the bia%ystem.

is decreased to values smaller thgy . At a second critical The time-dependent Eql) is solved using a half-

valueV; the resonance condition is fulfilled again and cur-impjicit numerical method which is second-order accurate
rent now flows. This completes the bistable cycle, a signature

of which is the fact thav | >V, . 10
In this work we propose that an ADBS device biased

slightly belowV,, will still undergo a transition, triggered by 08} n
the passage of radiation in the terahertz region. The external ﬁ
field introduces an additional oscillating field that may in
effect bring the bias to criticality. We also contend that a
radiation field may trigger the onset of resonant transport if
the system is biased slightly abo%g,. Optical radiation
will have no effect in either case since the field then oscil- 02}
lates so fast that the electrons have no time to respond. Only
at terahertz and lower frequencies would one expect the sys- 00 e

. . 0.0 0.1 0.2 0.3 0.4
tem to switch from a state of high current to one of low flow Voltage (Volt)

vV =1THz
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FIG. 1. Current—voltage characteristic fédE=0 (solid line and SE
¥Electronic mail: fclaro@puc.cl =10 meV (dashed lingat v=1 THz.
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and unitary>® Boundary conditions must be specified at theexceed a certain limiting value. For the results presented
left (z=—L) and right ¢=L) edges of the structure. The here, a value of6st=3x10 '’s was found sufficient to
approach taken here assumes that the wave function at timeliminate spurious reflections at the boundary while main-
is given outside the structure by*° taining numerical stability up to 4010~ %s. In our numeri-
cal procedure the coefficients obtained without electromag-

@ _ ik ,Zi _ —ik, zi1a—ie“t/h = T A A .. ..
bi()=[le"5+R;(t)e""=wi]e"< ™, z=-L, (2 netic field for a given dc bias are used as the initial condition

. K 2 e i 6E cod 2ty when the THz radiation is turned on. WiH}i‘(t) known, the
bi*(t)=T;(t)e™"e e . z=L. (3 time-dependent current at sifeis obtained numerically

Here,k, andk/,=\2m*[e*— ¢ |/% are the wave numbers from®

of the incoming and outgoing states, respectively, wdth e (ki e w

= —4v sirf(k,a/2) the energy of the incoming particle. To Ji()= %fo Im{b} *(bf*, 1 — b} (kf— k) dk, 4
model the interaction with the particle reservoir outside the

structure, the incident amplitudeis assumed to be a con- wherek;=+2m* e;/%, with €; the Fermi energy.

stant independent of the coordinates. The envelope function We next apply our model to an asymmetric GaAs/
of the reflected and transmitted wavég, and T;, are al-  AlGaAs double-barrier structure, with emitter and collector
lowed to vary withj, however. Since far from the barriers barrier thicknesses of 1.12 n¢a siteg and 3.36 nm(6 sites
these quantities are a weak function of the coordimafave  respectively, and a well thickness of 11.2 (20 siteg. The
restrict ourselves to the linear corrections only. This approxisecond barrier is made wider than the first in order to en-
mation is appropriate provided the time stép does not hance the trapping of charge in the well. For this geometry

1.0 T v
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8.0 : 4 r ; extremeT,<T,, the oscillation is so fast that the electrons
cannot respond and the system remains charged and conduct-
60 | ] Figure 3 shows a situation in which the well is initially
YES empty at a bias o=0.285V, slightly above the critical
value V¢, (empty square in Fig.)L1t is physically reached

by lowering the bias after it has gone beyowd, . Once
again the THz field is switched on & 0. We observe that

in all cases exhibited the well begins to charge, and after a
transient time the system enters full resonance and current

40 b

dU(meV)

2050 20 60 80 100 12.0 flows. L . .
The above results assumed a radiation field of fixed am-
3V(meV) plitude SE=10meV. One may ask how close to the critical

FIG. 4. Boundary separating the region at which switching takes placevalue V| must the system be biased in order to act as a
within 17 ps of the arrival of an external pulse at frequeney0.33 THz,  gwjitch for weaker radiation fields. This is shown in Fig. 4 for
from the region in which the well remains charged beyond that tlmemterval.yzo.33 THz and assuming the switching to take place at

. _ =17 ps time. The bias offset is defined@é=V,; —V. The
the first resonance at zero bias occurs at 30 meV. Th?egion above the curv@abeled YES is where the potential
conduction-band offset is set at 300 meV. The buffer Iayerqjrop takes place within the time while the region below
are uniformly doped up to 3 nm from either barrier, so as 9labeled NO is where the switching does not take place in
give a neutralizing free-carrier concentration of 2 {hat time interval. Within the range of our calculations we
o 10'"cm® at the contacts. In equilibrium, the Fermi level found the shape of the curve in Fig. 4 to be generic, shifting
lies 19.2 meV above the asymptotic conduction-band edggpwards as the frequency increases. Close to the origin the
so that the zero-bias resonance lies well above the Fermi S€@ependence is approximately linear and for the chosen fre-
The contribution to the potential due to the applied bias isquency follows the relatio®E~ (1+ 8V). Using this ex-
taken into account through a term linearjinwhich is as- pression we get that at a bi@/=1 meV our device would
sumed to arise from fixed charges. The parameter values &itch under radiation of about 50 W/érand stronger. The
Eq. (1) are set at=—2.16 eV andJ=100meV. The latter  sansitivity could be improved using a wider collector barrier,

was chosen phenomenologically so as to fit the experimentghys having a narrower resonangenger lifetimeT,,). Be-
J-V characteristic for a GaAs devicéZhe sample has 400 cause of limitations due to numerical instabilities, this ansatz

sites and the normalization of the wave functions is chosefyoyd be best tested experimentally.

so that charge from the electrp_ns filing up to the Fermi |, symmary, we have shown that an asymmetric double-
energy exactly cancels the positive charge at the coritactsparrier heterostructure may act as a switch triggered by the
We solved Eq(1) using the procedure described above, forpassage of electromagnetic radiation at frequencies in the
an energy mesh appropriate to compute the integral in EGerahertz region and below. The frequency threshold for this
(4). Good convergence was found for a mesh of 100 pointssyitching action depends on the barrier and enclosed well
Figure 1 shows the current—voltage characteristic in thgyigths. Depending on the applied external bias, the passage
absencgsolid line) and presencedashed ling of radiation o cyrrent is turned on or off by the radiation pulse. Our
of amplitudesE=10meV atv=1THz. In the latter case we regyits rely on the current drop as the resonance in the well
exhibit an average of the current over time. Note that at thgg)|s pelow the emitter conduction-band edge, a feature also
chosen values of parameter¥ =0.320V and V¢, present in symmetric double-barrier heterostructures. In the
=0.282V. It is clear from Fig. 1 that the radiation field |gter case, however, the drop is not an instability of the

narrows down the region of bistability, in agreement withgystem and does not take place abruptly, a desirable feature
previous results by larrea and Platert). This effect is to be 4y 4 switching device.

expected since the time-dependent field added to the bias ) .
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