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Broadband semiconductor superlattice detector for THz radiation
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We report on a broadband GaAs/AlAs superlattice detector for THz radiation; a THz field reduces
the current through a superlattice, which is carried by miniband electrons, due to modulation of the
Bloch oscillations of the miniband electrons. We studied the detector response, by use of a free
electron laser, in a large frequency rane-12 TH2. The responsivity showed strong minima at
frequencies of infrared active phonons of the superlattice. A theoretical analysis of the detector
delivers an understanding of the role of phonons and gives a characterization of the responsivity.
© 2001 American Institute of Physic§DOI: 10.1063/1.1352669

In experiments with superlattices showing negative dif-designed for optimum acceptance of radiation around 5 THz
ferential conductance due to Bloch oscillations, it has beerwavelengthA =60um, antenna length 4, distance from
reported™> that THz irradiation of a current carrying GaAs/ the apex of the reflector 1.R). The superlattice was con-
AlAs superlattice lead to a reduction of the current throughnected to a voltage source delivering a static voltae
the superlattice; detection of radiation has been demonstratéerrrent pulses produced by THz pulses were coupled via a
up to 5 THz. In this letter we show that the superlatticecapacitor to a sampling oscilloscoftéme resolution 20 ps
detector, operated at room temperature, can be applied in a As the radiation source we used the free-electron laser
wide frequency range extending beyond 10 THz, and that th& ELIX) in Nieuwegein, the Netherlands, delivering macro-
responsivity has minima at the frequencies of infrared activdulse traingduration 5us, repetition rate 5 Hzand micro-

phonons. We compare the actual responsivity with the thecgRulses(repetition rate 25 MHz, duration 6 ps, pulse power
retical upper limit for superlattice detectors on the basis of:1~10 kW. The radiation was focused on the detector by an
Bloch oscillations. off-axis parabolic mirror.

A superlattice(superlattice A was grown by molecular The current—voltage characteristic of a superlattice

beam epitaxy on &100) oriented semi-isolating GaAs sub- [points in Fig. 1b)] shows ohmic behavior for small voltage

strate and consisted of 100 periods of 14 monolayers GaA%r?q a current peafpeak—current den_sﬂy 1.00 kA/_cn’?) ata
.. critical voltage(0.7 V), where a negative differential conduc-
and 3 monolayers AlAs. It was homogeneously doped wit

silicon (8x 10%cm~3) and was embedded in doped graded ance sets in; in the range of negative differential conduc-
. . tance the current shows steps because of formation of do-
layers and 300 nm thickn® GaAs layers (doping 2

s . 3 . o . mains along the superlattice axis. For detection, we operated
X 10%cm™). By photohthography and reactive ion etching the superlattice at the critical voltage, where the responsivity
we prepared small-ared um diam) and large-area mesas

. ) X was largest. The sign#Fig. 2, inset had a duratior{30 p9
and evaporated AuGeNi, forming ohmic contacts after a te‘m'Ehat was determined by the monitoring electronic circuit; for
perature treatment. From the offset{ eV) between the

) ) the laser power we usdgulse energy 2 nihere was almost
GaAs and AlAs conduction bands and the thicknesses of the
(b)

GaAs well and AlAs barriers, we estimated the widi#0
meV) of the lowest miniband and the g&g15 me\j to the (a) <~ ‘b’$,
(4]

N

next higher miniband. Transport occurred mainly by the T} 1.0
electrons in the lowest miniband. A voltage applied across & (&2(\3

small- and a large-area mesa in series, which were electri
cally connected by thea™ GaAs layer on the substrate, was

current (mA)
o
[$)]

almost the voltage across the small-area mesa. For more d¢ 0'8,0 05 1.0
tails of sample characterization see Ref. 2. voltage (V)
THz radiation was coupled to themall-area superlat- (C)
tice via an antenna systefRig. 1(a)] consisting of an AuNi
wire formed to an L antenna near a 90° corner cube reflectol _L_—l | P Ip
—”—50 = Z Z Z
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L GaAs-phonons rent. The incident radiation produces a THz current in the
Yol Mo ’;Lﬁ'ons antennd ., which flows mainly as dielectric current through
Viol Vo the superlattice causing a THz voltage,=Z4l , across the

superlattice. Because of the mismatch between antenna and
superlattice, only a small part of the incident radiation is
absorbed in the superlattice, while the main part is reflected
back from the antenna into the free spaég, reflected

— powen. We determine the THz current by the relatigi®;
frequeicy (TH1zo) 12 = %ZAI':J_Z,_ wherel , is the amplitude of the THz current and

n an efficiency for the coupling of the free space radiation to

FIG. 2. Responsivity of a superlattice detector and signal plise?. the antenna,; for a perfectly designed anterisinear 1. The
dielectric impedance of the superlattice Zg=(iwC) 1,

no thermal heating of the superlattice as indicated by the lackhereC(w)=zqe(w)A/L is the capacity of the superlattice,
of a background signal. We measured the signal height fofo is the electric field constant(w) is the dielectric func-
different frequencies of the THz radiation and extracted the tion of the superlatticeA is the cross section, arld is the
experimental  responsivity Re= oo/ 7L (Umn/Zosd Pfl, length of the superlattice. It follows thatU,
where U, is the voltage of the signal maximum, =(27PRy')Y2L(soAiwe) 1, indicating that the THz volt-
Zosc (=50Q) is the input impedance of the oscilloscoy, age amplitude is small ife(w)| has a large value, which is
is the power of the incident radiation in the focitBameter  characteristic for frequencies of infrared active phonons, and
about 1 mm in which the antenna was placed, is the that the amplitude is large jE(w)| has a small value, which
time resolution of the oscilloscope, ang is the laser pulse is characteristic for longitudinal optic phonon frequencies.
duration. The THz voltage produces a THz figi),=U /L in the

The experimental responsiviiFig. 2, point3 shows a  superlattice which acts on the miniband electrons. We con-
resonance-like behavior with a strong minimum at the infra-sider the motion of one electrdwave packetand describe
red active transversal optic phonon frequengy, of GaAs  the interaction of the electron with both the THz field and a
and a peak at the longitudinal optic phonon frequengy;  static field (strength E=Uc/L) by #k=—e(Es
the responsivity differs between minimum and maximum by Ew coswt), wherek is the center wave vector of the wave

a factor of 30. Another minimum occurs at the frequency Ofpacket(h is Planck’s constant arelis elementary chargeln

the infrared active phonon of AlAs. Earlier results haveina casé =0 it follows for the phas&a= wgt, wherea is

shown that outside the phonon resonances, at small THz frep superTattice period andg=(1/4) ealE| ié the Bloch
. — . S

quencies, the response decreases ds(dashed ling frequency. With the dispersion relatiors(k)=2A(1

We have also studied the response for a superlatite coska), whered is the miniband width, the .
. . . - - , , group velocity
which had a larger miniband widthA 140 meV) and a of the electron isvy=(Aa/2h)sin(wgt+mf), where m

larger peak—current density~(200 kA/cnf); we used a —ea(hw) 'E, and f=sinwt—sinwty, with the last term

::?ri?:s}w\mi:h ?A'IZT:EEZ;&L?T' t'(l;hleo rfjsogﬁglxgglg' ::n th E;[aking into account the phase between the Bloch oscillation
’ P ; 9 and the THz field. The group velocity and thus the Bloch

GaAs phonon resonance, with a factor of 50 between mini- ilati f dulated with th dulation d
mum and maximum. The responsivity was about an order opsciiiation are frequency moduiated wi € moduiation de-

magnitude larger than for superlattice(Rig. 3, pointg, in-  9"¢emM. For small modulation degreent<1) we can expand
dicating a more efficient coupling of the THz radiation to the Vg With respect tomf. The electron is submitted to intra-
superlattice B. For an analysis of the experimental resultdniniband relaxation, with each relaxation process changing
we introduce a THz current circuffig. 1(c)], with the an- t’hg phase. Averaging over all phasesi{=0—2m), we ob-
tenna impedancg, (~100£2), which we assume to be real f@in for ®>wg by time averaging and omitting all terms,
and, in parallel to each other, the superlattice impedages which vary faster than'the period of the quch oscillation,
andz, for dielectric and electron currents, respectively. Wevs=(A&/2%) (1—;m?)sinwgt. The electron drifts along the
treat the caséZ,|>|Z4| and assume that for THz frequen- electric force with the drift velocity v= (1/7) v
cies|Z4<|Zg, i.e., that the electron THz current through X exp(—t/7) dt, wherer is the intraminiband relaxation time.
the superlattice is small compared to the dielectric THz curThe  integration  delivers v=(1—3m?)uvy, where
ve=(1/2h) Aawg(1—w37?) ! is the drift-velocity-field
characteristit without THz field. Under the influence of a

responsivity (A / W)

f 10 r THz field the drift velocity is reduced bfv =3m?v4. The

< g T R strength of the direct current through the superlattice is

2 L neAv, wheren is the carrier concentration adthe super-

2 1031 R lattice area. A THz field leads to a reduction of currefit,

5 8 ° A =3m?l, wherel is the current forE,=0; in Fig. 1(b)

a10°r N S B (dashegl we have shown for our superlattice. The current

2 C : 5 ATS reduction is proportional tan?, i.e., the detector measures
5

the power of the incident radiation. Maximum current reduc-
tion 81, is obtained forogr=1. Then the responsivity is

FIG. 3. Experimental and theoretical responsivity curves. gfiven by R=6l,,/P=32m?l,/P, wherel, is the peak cur-
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rent without THz field. The responsivity, which can be writ- and the theoretical curves for the superlattices A and B, the
ten in the form responsivity of the ideal superlattice detector, which lies by
2.2 an order of magnitude below the quantum limit and, addi-
n 4a%e” |, 1 : ' . .
R=——5% 7 5 (1) tionally, a theoretical responsivitiR* for a superlattice of
Zp e A® 0'fe(0)] type B, but with a diameter of &Zm (rather than Sum in our
is proportional tol , and toA~2 and the frequency depen- €xperimen), assuming»=0.2 and phonon dampingy(
dence is given by~ *|e(w)| 2 For simplicity, we use the =0.07 THz) as in bulk crystals. We suggest tRat may be
dielectric functione = (d;&gaast doeans)/a, Whered, and  attainable for a superlattice of high quality of the interfaces
d, are the thicknesses of the GaAs and AlAs layers, respec@nd an antenna with a wirgliameter 10um rather than 25
tively, ande gaas ande ans are the dielectric functions of the #m as in our experimephaving a negligible inductance.
bulk materials, which we describe by Lorentzian curves with ~ Our experimental results together with the analysis indi-
v10=8.0THz, £(0)=12.9, £() =10.9 for GaAs, and;,  cate that the superlattice detector has a wide range of re-
=10.8 THz, £(0)=10.06, (=) =8.16 for AlAs® The cal- Sponse. We expect that the upper frequency limit is deter-
culated responsivityFig_ 2, solid ||ne delivers a damp|ng mined by the miniband W|dth, which CorreSpondS to about 30
Constan'[(o_45 THZ which is |arger by a factor of 6 then the THz for Supel’lattice B. By designing Super|attices with still
damping constant of bulk Ga&swe suggest that roughness larger miniband width, the upper limit can be further ex-
of the GaAs/AlAs interfaces caused a broadening of the photended. Phonon resonances, which diminish the responsivity,
non resonances. For the coupling between radiation and afan be shifted by choosing other superlattice materials.
tenna we found that the efficiencieﬁ: 2X 10_3 for detec_ In COI‘IClUSion, we haVe ShOWh that the Supeﬂattice de'
tor A and 102 for detector B were small, most likely tector, based on Bloch oscillations of miniband electrons, is
because of nonperfect adjustment of the antenna wire or du@litable for detection of THz radiation in a wide frequency
to the finite wire thickness. We suppose that the intraminifange, with a responsivity having minima at the frequencies
band relaxation was mainly determined by inelastic scatterof infrared active phonons.
ing; in an inelastic scattering process an electron looses en-
ergy to phonons. However, elastic scattering especially dughu
to interface roughness can diminish the direct cufféand
also the modulation degree.

We finally discuss the possibility of an ideal superlattice
detector(for a frequencyw), which has a perfect matching
between the antenna and the free space on the one side and
the superlattice on the other side. For the ideal detector theA_ A. Ignatov, E. Schomburg, K. F. Renk, W. Schatz, J. F. Palmier, and F.
real parts of the antenna conductance and of the electron—ypoiiot, Ann. Phys.3, 137 (1994.
superlattice conductance are equal and the imaginary part ofS. Winnerl, E. Schomburg, J. Grenzer, H.-J. Regl, A. A. Ignatov, A. D.
the antenna conductance is equal to the sum of the imaginarySemenov, K. F. Renk, D. G. Pavel'ev, Yu. Koschurinov, B. Melzer, V.

; . I Ustinov, S. lvanov, S. Schaposchnikov, and P. S. Kop’ev, Phys. Rev. B
parts of the dielectric and electron—superlattice conduc- 56, 10303(1997.
tances; now, the real part of the dielectric conductance has tes. winnerl, W. Seiwerth, E. Schomburg, J. Grenzer, K. F. Renk, C. J. G.
be small compared to the real part of the electron conduc- M. Langerak, A. F. G. van der Meer, D. G. Pavel'ev, Yu. Koschurinov, A.
tance, i.e., the THz current through the superlattice is mainly éh'g”ig‘t’g-z"ggggégg Ustinov, S. Ivanov, and P. S. Kopev, Appl.
carried by the electrons. A detailed analysis using thes ééaki and R. Tsu, IBM J. Res. De4, 61 (1970.
equivalent circuit,[Fig. 1(c)] delivers the responsivity of  SLandolt-Banstein edited by O. Madelung, M. Schulz, and H. Weiss
the ideal detector (for wgr=1) Rig=er(2NAi) ! (Springer, New York, 1982 Vol. 17a.

6 : - -
— 2N hw)~L whereN is the number of rlatti Properties of Gallium ArsenidNSPEC, New York, 1986
(wT/ )e( a)) ’ ereN is the number o superlattice "E. Schomburg, M. Henini, J. M. Chamberlain, D. P. Steenson, S. Brandl,

periods Na=L). The idegl responsilvity is thus_ equal to the Hofbeck, K. F. Renk, and W. Wegscheider, Appl. Phys. 24,2179

product of the quantum limie(Z w) ™" of detection and the  (1999.

quality factorwr, which is a measure of the number of os- 8E. Schomburg, T. Blomeier, K. Hofbeck, J. Grenzer, S. Brandl, I. Lingott,
Hlati ; : T St A. A. Ignatov, K. F. Renk, D. G. Pavel'ev, Yu. Koschurinov, B. Ya.

gl.”.a(;logsb()f ar.] eleﬁtron mtt)he TfHZ flelclj Wl_thll’l th(.a I(|jfet|me Melzer, V. Ustinov, S. Ivanov, A. Zhukov, and P. S. Kop’ev, Phys. Rev.
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