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Giga- and terahertz frequency band detector based on an asymmetrically
necked n-n*-GaAs planar structure

A. Suziedelis, J. Gradauskas, and S. ASmontas
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G. Valusis®? and H. G. Roskos
Physikalisches Institut, J. W. Goethe UniversiRRobert-Mayer Str. 2-4 D-60054 Frankfurt/M, Germany

(Received 6 November 2002; accepted 13 November 2002

We describe the concept of an asymmetrically shaped -planar GaAs diode whose operation is
based on nonuniform free charge carrier heating effects. The detector was fabricated on thin elastic
polyimide film and has been shown to have an operational bandwidth for detection ranging from 30
GHz up to 2.5 THz at room temperature. The voltage sensitivity of the detector is nearly
independent of the frequency from 30 GHz up to 0.7 THz and is close to 0.3 V/W. In the upper
section of the frequency range, 0.7—2.5 THz, the sensitivity is limited by the electron momentum
relaxation time. The induced signal responds linearly to the incident power over the frequency range
studied. It is shown that the performance of the detector can be explained well by a
phenomenological theory. @003 American Institute of Physic§DOI: 10.1063/1.1536024

I. INTRODUCTION native, one can use an interferometric techniﬁbet in this

. instant the detection system remains complicated, too, and,
Development of compact and reliable detectors operatt—

_ o . . therefore, is not practical for direct applications in commer-
ing within a broad frequency band of electromagnetic radla—ciaI Sensors
tion is an important issue in the rapidly evolving terahertz . .
: . Thus, an electronic method of THz detection seems
(THz) and subterahertz electronics. Depending on an abso- . .
. o . much more attractive as devices can be compact and com-
lute frequency scale, the physical principles behind detector . : .
. ) i . _patible with other semiconductor elements—the property de-
operation can be completely different. For instance, micro- ired by electronic circuits desianers. In aeneral. detection
wave detectors at gigahert@Hz) frequencies such as point- sired Dy €lectronic circulls designers. n general, detectio

contact whisker-type diodes or sensors based on a change “" t_)e realized in several different ways. Th_e pyroelectrical
semiconductor electrical resistance at high electric fiélds sensing, GaAs Schottky-barrier and metal-insulator-metal

usually employ classical carrier transport in bulk or specifi-dicdes in video detection and mixi?_ﬁgepresgnt well-known
cally formed regions of a semiconductor. The cutoff fre-and widely applied principles. Carrier heating by THz fields,

quency of these detectors lies, as a rule, below several hufthich modify current flow, for example, through GaAs/
dreds of GHz. For the detection of infrared radiation, AlGaAS coug)led-quantum wells is used in biaspé-n
intersubband transitions in semiconductor nanostructure@notodiodes? Several new devices employ the transitions
seem to be the most promising choice. A distinctive featurd€tween either anti-crossing energy levels in GaAs/AlGaAs
of the mentioned devices is their relatively narrow frequencycoupled-quantum-well photodiod&spr between subbands
band of operation, and high sensitivitf-he sensing of elec- having different electron mobilities in the so-called TACIT
tromagnetic radiation at THz frequencies requires a ratheflevices.” Finally, THz radiation can be recorded using GaAs
nonconventional approach. For instance, in time-resolved cdnultilayer p-p™ junctions as active elements in homojunc-
herent THz spectroscopy, the most popular technique intion interfacial workfunction thermal photoemission
volves the use of photoconductive anterfngated by an detectors? or via THz-field induced modulation of Bloch
ultrashort laser pulse delayed with respect to the excitingscillating miniband electrons in GaAs/AlAs superlattice
beam. The correlation between the excitation and the dete®ased device¥.

tion pulses allows one to monitor the evolution of the THz In this article, we extend the existing concepts of elec-
signal. Another method, free-space electro-optic sampling trical GHz—THz sensing: the idea of an asymmetrically
avoids the influence of the resonant nature of the dipoleshaped planar GaAs diode which containsa* junction is
structure on the detection bandwidth and the spectral reintroduced. The operation is based on nonuniform carrier
sponse, thus enabling coherent detection of THz transientseating effects which arise due to the shape and doping pro-
within a very broadband100 GHz-30 THf range of file of the diode. The detector displays useful operational
frequencie$. On the other hand, both these optical-basedbandwidth ranging from 30 GHz up to 2.5 THz at room
methods require precise alignment of the setup and cohetemperature. Additionally, the device can, in principal, be
ence between the optical and the THz radiation. As an alterused to detect high radiation levels at frequencies reaching

30 THz.
dAuthor to whom correspondence should be addressed; electronic mail: . .The commercial pI’OdUCtS, €.g. broadbanq microwave-
valusis@uj.pfi.lt millimeter wave sensors and ground penetrating radar sys-
0021-8979/2003/93(5)/3034/5/$20.00 3034 © 2003 American Institute of Physics
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L_1-n was removed by wet etching from the ends of the metal
(I - contacts. In order to reduce the electrical resistance of the
:g?llilmide L diode and to improve its impedance matching with the

waveguides, the narrower part of the semiconductor structure
(denoted in Fig. 1 ab region was doped at X 108 cm ™3
(n™ region, keeping the carrier concentration in theegion
(labeled a< region in Fig. 1 close to 1&° cm™3.

The resulting array of diodes, each with a lengttof
500 um, thicknessh of 3—5 um, width a of 100 um and
h-region with the necked-part widtlkl of about 10—-18um, was then
l-region sliced into separate diodes. The devices were tested electri-

cally by measuring the electrical resistances &y char-

acteristics. The latter served mainly for the estimation of the
FIG. 1. Schematic view of the fabricated asymmetrically necked planarvo|tage sensitivity of the diode in dc fields according to a
n-n*-GaAs diode on 1sz-thic_k polyimide film. Dimensions of thg diode: method described in Ref. 15: The voltage sensiti\ﬂtﬁnd
L=500um, lengths of th& region anch region are 10Qum each, width of . .
the necked-partl=12 um, thickness of the diode=3 um, width of the the asymmetry of thé—V characteristic of the device are
devicea=100m, anglesa;=45°; a,=8°. ¢ region isn doped close to  related byS=AR/2U, where AR is the difference in the
10®cm™3, h region is doped ton®=2x10"*cm 3. Thickness of resistance under forward and reverse hiasTypical values
n”-GaAs and Ge—Au-Ni contact layers is 1 and about @8, respec-  of the sample resistand@ were 3-5 K), and the voltage
g\éiltyé:icdtlrﬁg(;: ;?ig";gafzﬁt;ﬁ orientation of the electric field of the inci- <o 1 qjrivity calculated from the-V characteristics was in the

range S=5-8 V/W. In further experiments we selected
eight samples with the following parametersR

tems, require devices with a plateau over a wide frequency: 3.5—4 K), necked-part widtld=12 um andS~5 V/W.
range, robustness and minimum maintenance electronics. For GHz frequencies, i.e., 26-37.5 and 129-143 GHz, the
The devices described here fulfill all these requirementsmeasurements were performed with klystron-lamp genera-
their sensitivity is nearly constant in the frequency range 3Qors which delivered pulsed signals of several microseconds
GHz—-0.7 THz at room temperature, they exhibit high robust-duration at a 40 Hz repetition rate. In this band the diodes
ness: there is no observable change in the device propertiggere placed in rectangular waveguides and oriented along
up to an illumination of 1 W microwave power in continuous their narrower walls. The induced signal was monitored by
wave regime and human static discharge brought about nan oscilloscope.
failure in the diode operation. Since the external radiation Inthe THz band in the continuous wat@w) regime, we
induces a voltage signal over the ends of the device, no biasmployed a CQ pumped cw THz-laser emitting radiation at
voltage is required for its operation. Furthermore, the choicdixed frequencies of 0.693, 1.41, 1.63 and 2.52 THz. To
of planar construction allows one to reach impedance matchguide the incident radiation into the freely mounted sample,
ing in a simpler way and enable a minimization of design-a polyethylene lens was used. Coupling of the radiation with
limited effects, such as layer contact resistances due to smale detecting part of the sample was realized by shaping the
size of the electrical contactinherent for whisker-type di- diode as a bow-tie antenna. The signal was measured by a
odes. lock-in amplifier at a chopper frequency of 35-40 Hz.

In this study, we give a report of systematic experimental  In pulsed mode at 30 THz, the freely mounted sample
study across the GHz—-THz range at room temperature. Avas illuminated by @-switched CQ laser radiation at 10.6
phenomenological model that explains diode operation in alum wavelength. The pulse duration was 200 ns, while the
frequency ranges is also presented. Ways to improve the serepetition rate was 40 Hz. The signal was measured by an

sitivity of the sensors are also discussed. oscilloscope.

In all the experiments the electric field was oriented
Il. FABRICATION TECHNOLOGY along the sampleKE direction as indicated in the Fig).1All
AND MEASUREMENT TECHNIQUES the measurements were performed at room temperature.

The asymmetrically necked devicésee Fig. 1 were
manufa_lctured on t_he base ofnan®-GaAs epitaxial struc- Ill. PRINCIPLE OFE DEVICE OPERATION
ture using a photolithography process. Metal contacts for the
diodes were produced by Ge—Ni—Au thermal evaporation, The physics of the operation can be easily understood
while metallic patterns were formed using a direct lift-off from Fig. 2, where a schematic view of the sample shape, the
technique. The metal contacts were then annealed in an inedtstribution of the electric field and the average electron en-
gas atmosphere. The asymmetrically formed semiconductargy are shown. We will consider physical processes in
structures were covered with polyimide material by a spin-orasymmetrically shaped, but otherwisemogeneous -type
technique and afterwards were cured at 250°€1fch in  semiconductor samples under an additional external voltage.
order to obtain an elastic polyimide film of J&m thickness It is evident from Fig. 2b) that in the regiorx;-x, the elec-
to serve as a mechanical support layer for the finished deric field is strongly nonuniform in comparison to that in the
vice. After thinning the semiconductor substrate to a desirx,-xz region where the gradient in the electric field is much
able thickness by chemical etching, the semiconductor wafdpwer. As a result, under forward biddenoted as case 1 in
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FIG. 2. Schematic view of the device sha@g distribution of the electric FIG. 3. Frequency dependence of the voltage sensitivity of the diode at

ﬁﬁld (b)han]fj aver:ge Zleﬁtron energy a:on_g th? Shample.I_N(Lijblers land2 temperature. Solid curve calculations within the phenomenological
show the forwar an the reverse po grlty of t € applied vo tage, reSpecé\pproach assuming the absorption of 2.5% of the incident power. Points
tively. For comparison, the dotted line in pad) depicts the average elec-

. o . show the experimental data.
tron energy if the electric field is assumed to be uniform. P

tance of the sample and to create an additional source of the
partsa andc of Fig. 2), the average electron energy(x) at ~ Voltage signal(due to conventional thermoelectromotive
the distancex is smaller than the average steady state energ§orce of hot carriers im-n™ junction at high-frequency elec-
&(E) in a uniform electric fieldE=E(x), as depicted in Fig. tric fields).
2(c) by a dotted line. Thus, in the region<x<x,+L,,
wherelL, is the_proo!uct of the_ electrqn drift velocity and the |y EXPERIMENTAL RESULTS AND DISCUSSION
energy relaxation time, the inequality(x)<e(E) is ful-
filled. Usually, electron carrier mobility decreases with an ~ The frequency dependence of the device sensitivity is
increase of the average electron energy, therefore, the situshown in Fig. 3. Several specific features can easily be dis-
tion w(X)>u(E) is realized. The quantitieg;(x) and tinguished. First, within the range from 30 up to 143 GHz the
w(E), similarly, designate electron mobility as a function of experimental voltage sensitivity is nearly independent of the
the coordinate in the constricted region and the respectivequency and is close to 0.3 V/W; second, in the THz range,
mobility in a uniform electric field. the sensitivity decreases from 0.2 to 0.06 V/W; third, under

For the reverse bias, labeled as case 2 in @adsdc of infrared illumination at 30 THz, the sensitivity drops down to

Fig. 2, the average electron energy(x) in the regionx;-x, 6 mV/W. Before each of these points is discussed, we present
is larger thane(E). Therefore, in the rangex;<x=<x, @ short description of the theoretical model which explains
+L,, the electron mobility in the forward current is larger the experimental data.
than that in the reverse one, i.e4(X) > u,(X). The electron To describe the frequency dependence of the device, ac-
mobility in strongly nonuniform electric fields depends both cording to Ref. 16, we applied the phenomenological ap-
on the electric field and its gradient. As a result, the forwardoroach based on equations of the current density, heat bal-
currentl; is larger than reverse orle at the same absolute ance, heat flow density and Poisson’s equation. Within the
value of the applied voltage. In other words, the asymmetriwarm electron approximation, the voltage sensiti8tgf the
cally necked structure fabricated from a homogeneous semgliode(defined asS=U/P;, whereUy is the detected signal
conductor displays the asymmetry in th&/ characteristics. andP; is the incident electromagnetic powes

This is one reason why high-frequency field is rectified and 20 uotanay P

produces a dc voltage sign@lr, so-called bigradient electro- S=s—m———+ =N. (1)
motive force over the ends of the sample. This effect is used 3hd”In(1+a/d) P,
to detect electromagnetic radiation. Herep" labels the resistivity of tha region, u refers to the

For detection within a wide frequency band and forlow-field electron mobility,P is the power absorbed by the
higher sensitivity and operational speed, it is favorable to uséiode, andN is the quantity, which determines the depen-
GaAs-based structures, due to the high electron mobility irdence ofU, on angular frequencw of the electromagnetic
this material. Moreover, certain modifications, for example,radiation. Other symbols can be found in Fig.(llote that
additional doping of the necked part of the samgsleown as  due to the relatively highly dopedregion of the diode there
h region in Fig. 1 are desirable in order to reduce the resis-is no dependence on the angtg in this expression.If the
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electron energy relaxation time, does not depend on the

o7 . . 10'{ © 30 Gz 0°
electron density in the semiconducté@his is true for most e 129 GHz 0°
; _ 0] & 141THz 0% "®
weakly and moderately doped semiconductors at room tem o 0 o 0%
perature, the parameteN in Eq. (1) can be expressed as E Lo° °°
o
na2 a . * <0 -
1—|—(w7-M) 2 o & 10 3 . 30THz .
=5 T 1+—|n1+ w T, B 4 g ="
(wTr,JA)Z e l—l—((m'g)2 [1+(07w)] g 107 N ‘A @4 .
8 PN g "
3 s(1-s)(wr)?][ 1 t . 104 @ £ .
™5 — arctario ) .
M 2 1+(w7’8)2 anM m M) 1045 . i oo . P?Jv?er W) '
001 0.1 1 10 100
1 s(1—-s)7, 1 @ Power (mW)
1+(w7r1\1/|)2 1+(wTs)2 1‘*’(0’7)2’ FIG. 4. Detector voltage as a function of power at room temperature at

different frequencies: open circles30 GHz, dark circles- 129 GHz, open

. . riangles—1.41 THz, dark triangles-2.52 THz. Inset: detector voltage as a
wheres is the exponent in the dependence of the electro nction of power at room temperature under the pulsed illumination of 30

momentum relaxation timeon the electron energyandry,  THz (10 um wavelength
denotes the Maxwell relaxation time in timeregion of the
n-n* junction.

For the estimation of the frequency dependence of the ~The signal detected in the THz range, as in the GHz
voltage sensitivityS, we have used the following parameters frequencies, linearly depends on the incident radiation
of n-GaAs: the resistivityp=0.8Q) cm, 7,=450 fs}” elec- ~ Power, as is shown in Fig. 4 by the open and dark triangles.
tron momentum relaxation time was 200 f§,= 910 fs, and
s=1. Calculations have shown that the voltage sensitivity isC. Pulsed high-intensity regime at 30 THz

nearly independent of the frequency up to 0.4 THz. Athigher  5q ig known'® the intense C@laser illumination in-

frequencies, the sensitivity decreases mainly due to the limi{e 4565 the free carrier temperature in a semiconductor; this
set by the momentum relaxation tinig. 3, solid line. results in the formation of a photovoltage of hot carriers over
A. GHz frequencies the ends of the sample containing then™ junction. We
found that a similar effect takes place in the asymmetrically

As is seen from Fig. 3, in the bands 26-37.5 GHz andnecked n-n"-GaAs samples: the infrared illumination in-

129;1143 GHz, ﬂ:e iﬁpﬁ:'rqﬁmal ?atall ont.the t;ensn_;vgy;/ho uces a photoresponse, the polarity of which coincides with
good agreement wi € theoretical estimations, 1l 2.5 O pot_carrier and bigradient electromotive forces in a bulk

incident power is assumed to be absorbed by the diode. semiconductor. Although the voltage-power dependence in

'I'_?e_tpov;?r_abgirbed tﬁzi\l/)e hevalutatgci_frot[]n the VOItag?nis case was also found to be lindaee inset in Fig. ¥ the
sensitivity obtained from characteristicgthe proce- value of the voltage sensitivity was found to be rather small:

?hure |s|tdescr|be(_jt_|r_1t Seg.t)l_hnc(ij (f:omp?r:mg Fhls value with _it was about 6 mV/W, if 1.3% of the incident power contrib-
€ voltage sensitivity obtained from e mICrowave expert- qq 1 the signal. As is obvious from Fig. 4, this estimate is

ment directly. The voltage sensitivity of the diodes extractec{1 far f : :
that predicted by the ph | | th s
from thel -V curves was found to be about 5 V/W. Compar- oofar from that predic:ed by the phenomenological ‘heory

. . ) . : We suppose that the discrepancy can be explained by other
ing this value with that obtained from the experiments we henomena: at 30 THz, the reflectivity from the surface and
. X o0 . : Hz, . -
zstlrt'natgd that, depending on tge s:gmcﬁ)le, 3/0 6% of tlhe Ing,he electron absorption cross section are both the functions of
‘ent microwave power was absorbed under normal condig, photon energy. This was not taken into account in the
tions. It is evident that the value of the theoretical esnmatephenomenological theory. Also, the size of the necked part of

falls in the data interval given by the experiments. :
. .__the sample, namely, 12m, is comparable to the wavelength
A linear dependence of the voltage detected on the inci- P y, 12 P 9

. i of the incident laser light, hence, there additional antenna

dent power at 30 GH#~ig. 4, open circlesand at 129 GHz ff :
. ) o . ect ear. Therefore, the phenomenological ap-
(Fig. 4, dark circles demonstrates the suitability of the di- eflects may appear reore phenomenciogl ap

des in thi proach is not sufficient at such high THz frequencies, and a
odes in this range. more detailed quantum mechanical analysis is required to
explain the signal magnitude.

B. Cw mode at THz frequencies V. COMPARISON WITH OTHER DEVICES AND WAYS

At the frequencies of 0.693, 1.41, 1.63 and 2.52 THz, as © '\ CREASE THE SENSITIVITY

Fig. 3 shows, the voltage sensitivity is also close to the val-  To define the niche of our sensor in the family of avail-
ues predicted by our phenomenological theory. Since in thesable devices, we compare its salient features with the prop-
experiments the sample was freely mounted, the poweerties of other sensors operating in a similar frequency range
coupled by the device is needed to evaluate the sensitivity. it room temperature. In terms of the sensitivity, in the THz
was estimated that 1-2)x 10 2 fraction of the incident range, the asymmetrically shapeeh™-GaAs planar diodes
power contributed to the voltage signal. The absorption byare comparable with the GaAs/AlAs superlattice based
polyethylene lens was also taken into account. sensor' and are better than the detectors containing the
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