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

A. Suz̆iedelis, J. Gradauskas, and S. As̆montas
Semiconductor Physics Institute, A. Gos˘tauto 11, LT-2600, Vilnius, Lithuania

G. Valus̆isa) and H. G. Roskos
Physikalisches Institut, J. W. Goethe Universita¨t, Robert-Mayer Str. 2-4 D-60054 Frankfurt/M, Germany

~Received 6 November 2002; accepted 13 November 2002!

We describe the concept of an asymmetrically shapedn-n1-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. ©2003 American Institute of Physics.@DOI: 10.1063/1.1536024#
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I. INTRODUCTION

Development of compact and reliable detectors ope
ing within a broad frequency band of electromagnetic rad
tion is an important issue in the rapidly evolving terahe
~THz! and subterahertz electronics. Depending on an ab
lute frequency scale, the physical principles behind dete
operation can be completely different. For instance, mic
wave detectors at gigahertz~GHz! frequencies such as poin
contact whisker-type diodes or sensors based on a chan
semiconductor electrical resistance at high electric field1,2

usually employ classical carrier transport in bulk or spec
cally formed regions of a semiconductor. The cutoff fr
quency of these detectors lies, as a rule, below several
dreds of GHz. For the detection of infrared radiatio
intersubband transitions in semiconductor nanostructu
seem to be the most promising choice. A distinctive feat
of the mentioned devices is their relatively narrow frequen
band of operation, and high sensitivity.3 The sensing of elec
tromagnetic radiation at THz frequencies requires a ra
nonconventional approach. For instance, in time-resolved
herent THz spectroscopy, the most popular technique
volves the use of photoconductive antennas4 gated by an
ultrashort laser pulse delayed with respect to the exci
beam. The correlation between the excitation and the de
tion pulses allows one to monitor the evolution of the TH
signal. Another method, free-space electro-optic samplin5

avoids the influence of the resonant nature of the dip
structure on the detection bandwidth and the spectral
sponse, thus enabling coherent detection of THz transi
within a very broadband~100 GHz–30 THz! range of
frequencies.6 On the other hand, both these optical-bas
methods require precise alignment of the setup and co
ence between the optical and the THz radiation. As an a

a!Author to whom correspondence should be addressed; electronic
valusis@uj.pfi.lt
3030021-8979/2003/93(5)/3034/5/$20.00
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native, one can use an interferometric technique,7 but in this
instant the detection system remains complicated, too, a
therefore, is not practical for direct applications in comm
cial sensors.

Thus, an electronic method of THz detection see
much more attractive as devices can be compact and c
patible with other semiconductor elements—the property
sired by electronic circuits designers. In general, detec
can be realized in several different ways. The pyroelectr
sensing,8 GaAs Schottky-barrier and metal-insulator-me
diodes in video detection and mixing9 represent well-known
and widely applied principles. Carrier heating by THz field
which modify current flow, for example, through GaA
AlGaAs coupled-quantum wells is used in biasedp- i -n
photodiodes.10 Several new devices employ the transitio
between either anti-crossing energy levels in GaAs/AlGa
coupled-quantum-well photodiodes,11 or between subband
having different electron mobilities in the so-called TACI
devices.12 Finally, THz radiation can be recorded using GaA
multilayer p-p1 junctions as active elements in homojun
tion interfacial workfunction thermal photoemissio
detectors,13 or via THz-field induced modulation of Bloch
oscillating miniband electrons in GaAs/AlAs superlatti
based devices.14

In this article, we extend the existing concepts of ele
trical GHz–THz sensing: the idea of an asymmetrica
shaped planar GaAs diode which contains an-n1 junction is
introduced. The operation is based on nonuniform car
heating effects which arise due to the shape and doping
file of the diode. The detector displays useful operatio
bandwidth ranging from 30 GHz up to 2.5 THz at roo
temperature. Additionally, the device can, in principal,
used to detect high radiation levels at frequencies reach
30 THz.

The commercial products, e.g., broadband microwa
millimeter wave sensors and ground penetrating radar
il:
4 © 2003 American Institute of Physics
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3035J. Appl. Phys., Vol. 93, No. 5, 1 March 2003 Suz̆iedelis et al.
tems, require devices with a plateau over a wide freque
range, robustness and minimum maintenance electro
The devices described here fulfill all these requireme
their sensitivity is nearly constant in the frequency range
GHz–0.7 THz at room temperature, they exhibit high robu
ness: there is no observable change in the device prope
up to an illumination of 1 W microwave power in continuou
wave regime and human static discharge brought abou
failure in the diode operation. Since the external radiat
induces a voltage signal over the ends of the device, no
voltage is required for its operation. Furthermore, the cho
of planar construction allows one to reach impedance ma
ing in a simpler way and enable a minimization of desig
limited effects, such as layer contact resistances due to s
size of the electrical contacts~inherent for whisker-type di-
odes!.

In this study, we give a report of systematic experimen
study across the GHz–THz range at room temperature
phenomenological model that explains diode operation in
frequency ranges is also presented. Ways to improve the
sitivity of the sensors are also discussed.

II. FABRICATION TECHNOLOGY
AND MEASUREMENT TECHNIQUES

The asymmetrically necked devices~see Fig. 1! were
manufactured on the base of an-n1-GaAs epitaxial struc-
ture using a photolithography process. Metal contacts for
diodes were produced by Ge–Ni–Au thermal evaporati
while metallic patterns were formed using a direct lift-o
technique. The metal contacts were then annealed in an
gas atmosphere. The asymmetrically formed semicondu
structures were covered with polyimide material by a spin
technique and afterwards were cured at 250 °C for 1 h in
order to obtain an elastic polyimide film of 10mm thickness
to serve as a mechanical support layer for the finished
vice. After thinning the semiconductor substrate to a de
able thickness by chemical etching, the semiconductor w

FIG. 1. Schematic view of the fabricated asymmetrically necked pla
n-n1-GaAs diode on 10-mm-thick polyimide film. Dimensions of the diode
L5500mm, lengths of the, region andh region are 100mm each, width of
the necked-partd512mm, thickness of the diodeh53 mm, width of the
devicea5100mm, anglesa1545°; a258°. , region isn doped close to
1015 cm23, h region is doped ton15231018 cm23. Thickness of
n1-GaAs and Ge–Au–Ni contact layers is 1 and about 0.5mm, respec-
tively. E direction indicates the orientation of the electric field of the in
dent electromagnetic radiation.
Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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was removed by wet etching from the ends of the me
contacts. In order to reduce the electrical resistance of
diode and to improve its impedance matching with t
waveguides, the narrower part of the semiconductor struc
~denoted in Fig. 1 ash region! was doped at 231018 cm23

(n1 region!, keeping the carrier concentration in then region
~labeled as, region in Fig. 1! close to 1015 cm23.

The resulting array of diodes, each with a lengthL of
500 mm, thicknessh of 3–5 mm, width a of 100 mm and
with the necked-part widthd of about 10–18mm, was then
sliced into separate diodes. The devices were tested ele
cally by measuring the electrical resistances andI –V char-
acteristics. The latter served mainly for the estimation of
voltage sensitivity of the diode in dc fields according to
method described in Ref. 15: The voltage sensitivityS and
the asymmetry of theI –V characteristic of the device ar
related byS5DR/2U, where DR is the difference in the
resistance under forward and reverse biasU. Typical values
of the sample resistanceR were 3–5 kV, and the voltage
sensitivity calculated from theI –V characteristics was in the
range S55 – 8 V/W. In further experiments we selecte
eight samples with the following parameters:R
53.5– 4 kV, necked-part widthd512mm andS'5 V/W.

For GHz frequencies, i.e., 26-37.5 and 129-143 GHz,
measurements were performed with klystron-lamp gene
tors which delivered pulsed signals of several microseco
duration at a 40 Hz repetition rate. In this band the diod
were placed in rectangular waveguides and oriented al
their narrower walls. The induced signal was monitored
an oscilloscope.

In the THz band in the continuous wave~cw! regime, we
employed a CO2 pumped cw THz-laser emitting radiation a
fixed frequencies of 0.693, 1.41, 1.63 and 2.52 THz.
guide the incident radiation into the freely mounted samp
a polyethylene lens was used. Coupling of the radiation w
the detecting part of the sample was realized by shaping
diode as a bow-tie antenna. The signal was measured
lock-in amplifier at a chopper frequency of 35-40 Hz.

In pulsed mode at 30 THz, the freely mounted sam
was illuminated by aQ-switched CO2 laser radiation at 10.6
mm wavelength. The pulse duration was 200 ns, while
repetition rate was 40 Hz. The signal was measured by
oscilloscope.

In all the experiments the electric field was orient
along the sample (E direction as indicated in the Fig. 1!. All
the measurements were performed at room temperature

III. PRINCIPLE OF DEVICE OPERATION

The physics of the operation can be easily underst
from Fig. 2, where a schematic view of the sample shape,
distribution of the electric field and the average electron
ergy are shown. We will consider physical processes
asymmetrically shaped, but otherwisehomogeneous n-type
semiconductor samples under an additional external volta
It is evident from Fig. 2~b! that in the regionx1-x2 the elec-
tric field is strongly nonuniform in comparison to that in th
x2-x3 region where the gradient in the electric field is mu
lower. As a result, under forward bias~denoted as case 1 i

r

cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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partsa andc of Fig. 2!, the average electron energy«1(x) at
the distancex is smaller than the average steady state ene
«(E) in a uniform electric fieldE5E(x), as depicted in Fig.
2~c! by a dotted line. Thus, in the regionx1<x<x21L« ,
whereL« is the product of the electron drift velocity and th
energy relaxation time, the inequality«1(x),«(E) is ful-
filled. Usually, electron carrier mobility decreases with
increase of the average electron energy, therefore, the s
tion m1(x).m(E) is realized. The quantitiesm1(x) and
m(E), similarly, designate electron mobility as a function
the coordinate in the constricted region and the respec
mobility in a uniform electric field.

For the reverse bias, labeled as case 2 in partsa andc of
Fig. 2, the average electron energy«2(x) in the regionx1-x2

is larger than«(E). Therefore, in the range,x1<x<x2

1L« , the electron mobility in the forward current is larg
than that in the reverse one, i.e.,m1(x).m2(x). The electron
mobility in strongly nonuniform electric fields depends bo
on the electric field and its gradient. As a result, the forw
currentI f is larger than reverse oneI r at the same absolut
value of the applied voltage. In other words, the asymme
cally necked structure fabricated from a homogeneous se
conductor displays the asymmetry in theI -V characteristics.
This is one reason why high-frequency field is rectified a
produces a dc voltage signal~or, so-called bigradient electro
motive force! over the ends of the sample. This effect is us
to detect electromagnetic radiation.

For detection within a wide frequency band and f
higher sensitivity and operational speed, it is favorable to
GaAs-based structures, due to the high electron mobility
this material. Moreover, certain modifications, for examp
additional doping of the necked part of the sample~shown as
h region in Fig. 1! are desirable in order to reduce the res

FIG. 2. Schematic view of the device shape~a!, distribution of the electric
field ~b! and average electron energy~c! along the sample. Numbers 1 and
show the forward and the reverse polarity of the applied voltage, res
tively. For comparison, the dotted line in part~c! depicts the average elec
tron energy if the electric field is assumed to be uniform.
Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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tance of the sample and to create an additional source o
voltage signal ~due to conventional thermoelectromotiv
force of hot carriers inn-n1 junction at high-frequency elec
tric fields!.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The frequency dependence of the device sensitivity
shown in Fig. 3. Several specific features can easily be
tinguished. First, within the range from 30 up to 143 GHz t
experimental voltage sensitivity is nearly independent of
frequency and is close to 0.3 V/W; second, in the THz ran
the sensitivity decreases from 0.2 to 0.06 V/W; third, und
infrared illumination at 30 THz, the sensitivity drops down
6 mV/W. Before each of these points is discussed, we pre
a short description of the theoretical model which expla
the experimental data.

To describe the frequency dependence of the device,
cording to Ref. 16, we applied the phenomenological
proach based on equations of the current density, heat
ance, heat flow density and Poisson’s equation. Within
warm electron approximation, the voltage sensitivityS of the
diode~defined asS5Ud /Pi , whereUd is the detected signa
andPi is the incident electromagnetic power! is

S5
2rnm0 tana1

3hd2 ln~11a/d!

P

Pi
N. ~1!

Herern labels the resistivity of then region,m0 refers to the
low-field electron mobility,P is the power absorbed by th
diode, andN is the quantity, which determines the depe
dence ofUd on angular frequencyv of the electromagnetic
radiation. Other symbols can be found in Fig. 1.~Note that
due to the relatively highly dopedh region of the diode there
is no dependence on the anglea2 in this expression.! If the

c-

FIG. 3. Frequency dependence of the voltage sensitivity of the diod
room temperature. Solid curve calculations within the phenomenolog
approach assuming the absorption of 2.5% of the incident power. Po
show the experimental data.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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electron energy relaxation timet« does not depend on th
electron density in the semiconductor,~this is true for most
weakly and moderately doped semiconductors at room t
perature!, the parameterN in Eq. ~1! can be expressed as

N5F11~vtM
n !2

~vtM
n !2 H t«F11

s2

11~vt«!2G ln@11~vtM
n !2#

1tM
n F3

2
2

s~12s!~vt«!2

11~vt«!2 GF 1

vtM
n arctan~vtM

n !

2
1

11~vtM
n !2G J 1

s~12s!t«

11~vt«!2G 1

11~vt!2 , ~2!

wheres is the exponent in the dependence of the elect
momentum relaxation timet on the electron energy« andtM

n

denotes the Maxwell relaxation time in then region of the
n-n1 junction.

For the estimation of the frequency dependence of
voltage sensitivityS, we have used the following paramete
of n-GaAs: the resistivityr50.8V cm, t«5450 fs,17 elec-
tron momentum relaxation time was 200 fs,tM

n 5910 fs, and
s51. Calculations have shown that the voltage sensitivity
nearly independent of the frequency up to 0.4 THz. At hig
frequencies, the sensitivity decreases mainly due to the l
set by the momentum relaxation time~Fig. 3, solid line!.

A. GHz frequencies

As is seen from Fig. 3, in the bands 26-37.5 GHz a
129-143 GHz, the experimental data on the sensitivity sh
good agreement with the theoretical estimations, if 2.5%
incident power is assumed to be absorbed by the diode.

The power absorbed can be evaluated from the volt
sensitivity obtained from theI –V characteristics~the proce-
dure is described in Sec. II! and comparing this value with
the voltage sensitivity obtained from the microwave expe
ment directly. The voltage sensitivity of the diodes extrac
from theI –V curves was found to be about 5 V/W. Compa
ing this value with that obtained from the experiments
estimated that, depending on the sample, 2%-6% of the i
dent microwave power was absorbed under normal co
tions. It is evident that the value of the theoretical estim
falls in the data interval given by the experiments.

A linear dependence of the voltage detected on the i
dent power at 30 GHz~Fig. 4, open circles! and at 129 GHz
~Fig. 4, dark circles! demonstrates the suitability of the d
odes in this range.

B. Cw mode at THz frequencies

At the frequencies of 0.693, 1.41, 1.63 and 2.52 THz,
Fig. 3 shows, the voltage sensitivity is also close to the v
ues predicted by our phenomenological theory. Since in th
experiments the sample was freely mounted, the po
coupled by the device is needed to evaluate the sensitivit
was estimated that a(1-2)31023 fraction of the incident
power contributed to the voltage signal. The absorption
polyethylene lens was also taken into account.
Downloaded 12 Jun 2012 to 128.173.89.96. Redistribution subject to AIP li
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The signal detected in the THz range, as in the G
frequencies, linearly depends on the incident radiat
power, as is shown in Fig. 4 by the open and dark triang

C. Pulsed high-intensity regime at 30 THz

As is known,18 the intense CO2-laser illumination in-
creases the free carrier temperature in a semiconductor;
results in the formation of a photovoltage of hot carriers o
the ends of the sample containing then-n1 junction. We
found that a similar effect takes place in the asymmetrica
neckedn-n1-GaAs samples: the infrared illumination in
duces a photoresponse, the polarity of which coincides w
the hot-carrier and bigradient electromotive forces in a b
semiconductor. Although the voltage-power dependence
this case was also found to be linear~see inset in Fig. 4!, the
value of the voltage sensitivity was found to be rather sm
it was about 6 mV/W, if 1.3% of the incident power contrib
utes to the signal. As is obvious from Fig. 4, this estimate
too far from that predicted by the phenomenological theo
We suppose that the discrepancy can be explained by o
phenomena: at 30 THz, the reflectivity from the surface a
the electron absorption cross section are both the function
the photon energy. This was not taken into account in
phenomenological theory. Also, the size of the necked par
the sample, namely, 12mm, is comparable to the wavelengt
of the incident laser light, hence, there additional anten
effects may appear. Therefore, the phenomenological
proach is not sufficient at such high THz frequencies, an
more detailed quantum mechanical analysis is required
explain the signal magnitude.

V. COMPARISON WITH OTHER DEVICES AND WAYS
TO INCREASE THE SENSITIVITY

To define the niche of our sensor in the family of ava
able devices, we compare its salient features with the pr
erties of other sensors operating in a similar frequency ra
at room temperature. In terms of the sensitivity, in the T
range, the asymmetrically shapedn-n1-GaAs planar diodes
are comparable with the GaAs/AlAs superlattice bas
sensors14 and are better than the detectors containing

FIG. 4. Detector voltage as a function of power at room temperature
different frequencies: open circles230 GHz, dark circles2129 GHz, open
triangles21.41 THz, dark triangles22.52 THz. Inset: detector voltage as
function of power at room temperature under the pulsed illumination of
THz ~10 mm wavelength!.
cense or copyright; see http://jap.aip.org/about/rights_and_permissions
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field-effect transistor with two-dimensional electrons.19 More
specifically, the sensitivity of these devices at 2.5 THz is
mV/W, while our sensor exhibits the value of about 60-
mW/W at the same frequency. Obviously, our device can
compete with Schottky diodes. For example, those base
the Pt/n-GaAs junction20 at 1 THz display a sensitivity value
of 650 V/W. In our case, even if the size of the neck
reduced down to 300 nm, the sensitivity could be increa
only up to the value of 18 V/W at 1 THz. On the other han
this is close to the sensitivity of an antenna coupled Bi m
crobolometer operating on Si/SiO2 , which is about 25 V/W
in the range of 1.62-4.25 THz.21 As for other key features
for example, the resistance to overloading, our device
withstand 1 W of maximum applied power without any neg
tive outcome. For comparison, one can note that this par
eter for Pt/n-GaAs Schottky diode is about 1 mW.20 More-
over, our sensor can work in a homodyne detection sch
and has a very broad frequency band of operation.

It is evident, however, that our proposed device suff
from rather low sensitivity. One of the possible ways to im
prove the sensitivity stems from Eq.~1! which shows that it
is preferable either to use the material with a very high c
rier mobility or to make the necked part narrower. The lat
way seems to be more effective due to its stronger functio
dependence on the neck width. We have calculated the v
age sensitivity at 0.15 THz for the asymmetrically neck
sample of resistance 3.9 kV and 2.5% absorption of the in
cident power. To keep the absorption constant we assu
that the sample resistance did not change with geometr
the sample, since the decrease of the necked part ma
compensated by a corresponding increase in the thickne
the sample. Estimates have shown that, for instance,
width of the neckd5300 nm, one can reach a sensitivi
higher than 50 V/W, i.e., more than two orders of magnitu
higher than the experimental value obtained to date.

VI. CONCLUSIONS

In summary, a wide frequency band, from 30 GHz to 2
THz, detector based on an asymmetrically necked GaAs
nar structure containingn-n1 junction was proposed an
implemented. The voltage signal over the detector is rela
to nonuniform heating of the free electrons caused by
external electromagnetic radiation. The voltage sensitivity
the detector from 30 GHz up to 0.7 THz is almost indepe
dent of the frequency and is about 0.3 V/W. At higher fr
quencies, it is limited by the electron momentum relaxat
time and drops down to 80 mV/W at 2.5 THz. The presen
investigations demonstrate that the bigradient and ther
electric effects of the hot carriers can be successfully e
ployed in wideband detection at room temperature. The
sign is not sufficiently optimal and improvements a
possible to increase the voltage sensitivity.
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