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The design of a simple cost-effective planar semiconductor microwave diode is proposed. The operation is based 
on hot carrier phenomena and rectification of microwave currents flowing through the structure composed of two 
diodes connected in series and having different active region areas. A simplified technological process and the use 
of simplex semiconductor material result in the  reduction of both the  time and the cost of fabrication of a dual 
microwave diode. By choosing an appropriate GaAs substrate, two types of microwave diodes were produced simul-
taneously: one almost demonstrating the ohmic behaviour and the other two having the asymmetrical Schottky-like 
I–V characteristic. The Schottky-like planar diodes exhibited a higher responsivity to millimetre range microwave 
radiation and a faster response to pulsed (down to a nanosecond scale) excitation, but the ohmic ones demonstrated 
better noise properties.
Keywords: millimetre wave power measurement, ohmic contacts, Schottky junctions
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1. Introduction

Increased interest in the  electromagnetic radia-
tion of a millimetre wavelength range is generally 
stimulated by its possible applications in modern 
fields such as imaging of concealed objects [1, 2], 
material homogeneity inspection  [3], adaptive 
cruise control for automotive vehicles [4] as well as 
for future broadband cellular communication net-
works [5]. Successful detectors and power meters in 
this range require sensitive, reliable, fast and cost-
effective microwave (MW) diodes. Definite advan-
tages are inherent to widely used MW Schottky 
diodes [6]. However, a lot of other diodes, e.g. cam-
el [7], planar-doped barrier [8], heterojunction [9, 
10], hot carrier [11–13], all operating on the basis 
of the  major carrier phenomena in semiconduc-
tors are proposed as well. All these majority-car-
rier devices, except the Schottky diodes, belong to 
the class of bulk-barrier diodes. The development of 
Schottky diodes brought scientists and engineers to 

the camel diodes when in 1979 Shannon proposed 
to replace the  metal–semiconductor barrier with 
the n++-p+-n structure [7]. In 1980 Malik et al. pro-
posed to insert layers of an intrinsic semiconductor 
between the oppositely doped layers, and the camel 
diode structure was transformed to the n+-i-p+-i-n+ 
planar-doped barrier structure  [8]. In 1980 Lech-
ner et al. reported a heterojunction diode that de-
tected microwave radiation on the  GaAs/GaAlAs 
heterojunction barrier. Later on a sensitive hetero-
junction diode was used for the detection of elec-
tromagnetic radiation in a  wide frequency range 
from microwaves to infrared frequency [10]. For-
merly an original microwave diode was proposed 
by Harrison and Zucker [11] the operation of which 
was based on hot carrier phenomena in a semicon-
ductor. Planar versions of the  hot carrier diodes 
were elaborated where the n+-n silicon homojunc-
tion [12] and the modulation-doped GaAs/AlGaAs 
two-dimensional electron gas structure  [13] was 
used for the  MW detection. The  aforementioned 
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MW diodes are mainly fabricated of more or less 
complex epitaxial semiconductor structures, in 
most cases MBE grown.

In this paper we suggest a novel dual microwave 
diode distinguished firstly for its design simplic-
ity, since only the heavily doped n+-GaAs and p+-
GaAs semiconductor substrates with a  smoothly 
polished surface were chosen as basic materials 
for the  diode fabrication. The  number of fabri-
cation process steps is minimized if compared 
to the  production of the  MW Schottky diode or 
the heterojunction diode [10]. The voltage signal 
induced across the terminals of diodes exposed to 
the millimetre wave radiation of the Ka-frequency 
range is studied in this paper. The  diodes oper-
ated in a direct detection zero-biased mode mak-
ing simple their use in MW power measurement 
devices.

2. Samples and experiment

Three types of heavily doped polished GaAs 
substrates, n++-GaAs having donor density 
4 × 1018 cm–3, n+-GaAs, doped to 4 × 1017 cm–3, and 
p++-GaAs having 4  ×  1018  cm–3 acceptor density, 
were taken as the  basic material for the  fabrica-
tion of MW diodes. Both contacts (a  small area 
on the left and a large area on the right, see Fig. 1) 
were made in one step of thermal evaporation of 
Ge/Ni/Au metals followed by rapid annealing at 
430 °C temperature in hydrogen atmosphere. Dif-
ferent areas of the  contacts make the  planar di-
ode structure asymmetric in the  sense of an ac-
tive region. Moreover, such a  MW diode can be 

treated as a couple of different diodes connected 
in series, as it is schematically depicted in Fig. 1. 
After the  annealing, contact resistivities were in 
the  range of (1–50)  ×  10–6 Ω  cm2 for the  diodes 
fabricated on the base of the n++-GaAs substrate, 
and about (3–10) × 10–5 Ω cm2 for those fabricated 
from the n+-GaAs substrate. The contact resistiv-
ity of the p++-GaAs-based diodes was much high-
er, indicating a typical Schottky contact behaviour 
of both, large and small, diodes. The diode struc-
tures were transferred onto an elastic dielectric 
polyimide film in the same manner used for het-
erojunction diode fabrication  [10]. Scattering of 
the contact resistivity values can be explained by 
a non-homogeneous recrystallization process dur-
ing Ge/Ni/Au metal contact alloying into GaAs. 
Surface morphology of the  semiconductor after 
alloying becomes non-uniform, revealing Ge and 
Ni rich clusters having dimensions from half to 
few micrometres [14]. These sizes are comparable 
to contact sizes, therefore, the electrical resistance 
of dual microwave diodes gains different values on 
the same GaAs substrate.

In the  case of n++- and n+-GaAs substrates 
the  electrical resistance of the  fabricated dual mi-
crowave diodes was relatively low, between tens and 
hundreds of ohms. However, the  I–V characteris-
tic of the diodes was either typical of the Schottky 
contact or almost an ohmic one with a very small 
asymmetry (see Fig. 2). Further, in this paper these 
diodes are labelled as LS and LO, and we call them 
low resistivity Schottky diodes and ohmic diodes, re-
spectively. Accordingly, high resistance diodes made 
on the p++-GaAs substrate were named as HS diodes.

Using appropriate probe stations, measure-
ments of DC current–voltage and high frequency 
voltage–power characteristics were performed di-
rectly on separate diodes uncut out of the whole 
diode array held by the polyimide film. DC mea-
surements were performed using a Suss MicroTec 
EP6 probe station, while microwave measure-
ments were done on a  Cascade Microtech high 
frequency probe station. Measurements of the de-
pendence of the output signal on frequency as well 
as the  response-time of the  investigation diode 
under pulsed excitation were performed by em-
bedding separate microwave diodes into a wave-
guide head. A  separate diode was mounted into 
a  microstrip line where a  quasi-transverse EM 
wave propagates.

Fig. 1. Schematic view of the planar dual semiconduc-
tor MW diode.
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A fin-line adapter connects the microstrip line 
with an embedded diode to a  rectangular wave-
guide where a  H10 mode propagates. As a  source 
of MW radiation, a traveling-wave tube generator 
operating in the  Ka frequency range and working 
in either a CW rectangular meander-modulated or 
a single pulse-modulated mode was used. All mea-
surements were carried out at room temperature.

3. Results and discussion

The I–V characteristics of the  investigated MW 
diodes are presented in Fig. 2. The ohmic nature 
of dependences was inherent in most diodes fab-
ricated on the  base of the  n++-GaAs substrate: 
80% of them were LO, and 20% were LS. As for 
the ones on the n+-GaAs substrate, 70% of the di-
odes had ohmic characteristics (LO), and the rest 
30% diodes were LS. The  forward direction of 
the  ohmic I–V characteristic was assumed with 
the  positive potential applied to the  large area 
contact (see Fig. 1). In the case of Schottky-like 
characteristics, the forward current flowed when 
the  positive potential was applied to the  small 
area contact. As Fig. 2 shows, HS diodes revealed 
distinct I–V characteristics, extremely non-linear 
and asymmetric. Also a big difference in the zero-
bias electrical resistance of the  diodes has been 
identified: tens of ohms, hundreds of ohms and 
tens of megaohms for the LO, LS, and HS diodes, 
respectively.

Asymmetry of the I–V characteristics of the di-
odes can be related to their prospective respon-

sivity to the  MW radiation. The  voltage respon-
sivity Rv of the MW diode formed on the base of 
the small area n-n+ junction (point contact diode) 
depends on the asymmetry of the I–V characteris-
tic calculated according to the formula [12]

 

U
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2

–
Asymmetry fr== , (1)

where Rr and Rf denote the electrical resistance of 
the diode under the reverse and the forward bias 
voltage U, respectively. It is worth to note that 
the prospective responsivity calculated according 
to Eq. (1) is with respect to the all absorbed MW 
power in a waveguide.

Absolute values of the I–V characteristics asym-
metry versus the applied voltage are presented in 
Fig. 3. Because the asymmetry of I–V characteris-
tics forecasts the responsivity of the MW diodes, 
the  unit of the  asymmetry is presented as volt 
per watt in Fig.  3. Naturally, Schottky-like char-
acteristics demonstrate higher asymmetry val-
ues. A  stronger asymmetry presumes the  expec-
tancy of higher detection properties of the  MW 
diodes. Really, the  voltage–power characteristics 
of the diodes measured at f = 28 GHz frequency 
support this consideration (see Fig. 4). A huge dif-
ference between the prospective and experimen-
tal responsivity of the HS diode can be explained 
by a small portion of the MW power that absorbs 
the diode due to the high electrical resistance of 

Fig. 2. The I–V characteristics of the LO, LS and HS 
MW diodes (in a log/log scale).

Fig. 3. Dependences of the asymmetry of I–V char-
acteristics of LO (solid dots), LS (open dots) and HS 
(triangles) diodes on the bias voltage calculated using 
Eq. (1).
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the  HS diode. In the  low power range, all three 
types of the  diodes show linear dependences 
while at higher power levels the  voltage–power 
characteristics of the LS and HS diodes start be-
ing sublinear. This deviation from linearity can 
be explained by microwave electric field-induced 
heating of a  semiconductor crystal lattice occur-
ring under the conditions of CW radiation. This 
presumption is also sustained by the  change of 
the detected voltage magnitude with time at high 
level pulsed MW radiation (see below, Fig.  7). 
Still, the voltage–power characteristic of LO keeps 
linearity in a  wider range of the  MW power. In 
the  case of electron heating by a  strong electric 
field in the  n-GaAs structure with different area 
Ohmic contacts the  increase of detected voltage 
was observed, and it was explained by the rise of 
electron energy relaxation time [14–16] and elec-
tron diffusion coefficient values [17] with the in-
crease of electric field strength.

The polarity of the voltage Ud detected across 
the  diodes corresponds to the  I–V asymmetry 
sign. For example, a positive potential is induced 
on the small area contact of the LO diode. In this 
case Ud results from the hot electron EMF arising 
across the  planar diode structure having ohmic 
contacts of different areas. On the  other hand, 
LS diodes demonstrate the  opposite polarity of 
Ud. But the polarity of the voltage signal induced 
across HS diodes is the  same as that across LO 
diodes, since the former diodes are fabricated on 
the base of the p-type substrate.

The frequency dependences of the  voltage re-
sponsivity of MW diodes measured on a high fre-
quency probe station under the conditions of CW 
radiation are presented in Fig. 5. The absolute value 
of voltage responsivity rises with the  increase of 
semiconductor substrate resistivity (see graphs of 
LO and LS diodes). And a particularly high respon-
sivity is noted for HS diodes, because the respon-
sivity of Schottky diodes as a  rule exceeds that of 
diodes operating on the basis of hot electron phe-
nomena. Flat frequency dependence was inherent 
in all the investigated MW diodes in up to 34 GHz 
frequency. Such weak dependence is typical of non-
inertial carrier heating phenomena under micro-
wave electric field, what was observed in the case of 
LO diodes. What concerns the Schottky-like diodes 
LS and, especially, HS, their responsivity versus fre-
quency dependences should be expressed stronger. 
Therefore, more detailed investigations of detec-
tion properties of Schottky-like diodes with respect 
to frequency would be performed in the future.

Fig. 5. Spectral distribution of the  absolute value of 
voltage responsivity of the MW diodes measured by 
means of a high frequency probe station.

Fig. 4. The detected voltage versus the incident MW 
power of f = 28 GHz frequency. The lines are guides 
representing linear dependence.

To compare frequency properties of the diodes, 
when they are measured using a  high frequency 
probe station and in a waveguide, the LO and LS di-
odes were mounted on a waveguide head. The mea-
sured frequency dependences of voltage responsiv-
ity are presented in Fig. 6. Now voltage responsivity 
values are seen to be more than two times higher 
as compared to the  probe station measurements. 
As Fig. 6 shows, the waveguide-mounted diodes do 
not demonstrate any obvious responsivity decrease 
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at frequencies above 34  GHz. However, the  fre-
quency dependences of the  microwave diodes in 
the  waveguide are more non-monotonic in com-
parison with probe station measurements due to 
the  dependence of reflectance of the  MW signal 
in the  waveguide on frequency. This statement is 
supported by voltage standing wave ratio (VSWR) 
measurements in the Ka frequency range. The value 
of the VSWR changed non-monotonically from 5.5 
to 3.0 in this frequency range. The minimum value 
of the VSWR at 28 and 37 GHz frequency corre-
sponded to the maximums of voltage sensitivity of 
the LO and LS diodes at these frequencies.

Low values of the electrical resistance of LO and 
LS diodes along with their low capacitance values 
lying in the picofarad range open the possibility to 
use these diodes for fast detection of short-duration 
MW pulses. Figure 7 depicts the reaction of the LO 
diode to the rectangular MW pulse. The MW ra-
diation was modulated into rectangular pulses 
of 1.5 μs duration with steep 10 ns-long fronts at 
100 Hz repetition rate. In the figure, the generator 
pulse (not to a voltage scale) and the detected volt-
age pulse are separated in the vertical direction for 
better visibility. The voltage detected across the LO 
diode grew exponentially with two characteristic 
time constants: one of the  order of tens of nano-
seconds and another in a microseconds time scale. 
Fast rise is attributed to electron heating phenom-
ena in the microwave electric field, while the longer 
time constant is determined by crystal lattice heat-
ing. A similar two-process relaxation was observed 
after the end of the MW pulse. In the case of LS, 

a slow fall of the voltage magnitude under the ac-
tion of the MW pulse as well as a slow relaxation 
after the  pulse is gone can be attributed to crys-
tal lattice heating (and later cooling) and surface 
charge relaxation phenomena in the Schottky junc-
tion. We relate the  fast peaks at the start and end 
of the  detected voltage pulse with the  hot carrier 
photocapacitive effect in the  Schottky junction of 
the LS diodes [18].

Fig. 6. Spectral distribution of the  absolute value of 
voltage responsivity of the MW diodes embedded in 
a waveguide.

Fig. 7. Time dependences of voltage pulses across 
the diodes placed in a waveguide.

The voltage responsivity of the dual MW diodes 
LS is approximately three times higher than that 
of LO. Nevertheless, the  latter reveal better noise 
properties as compared to those of the diodes con-
taining the Schottky junction (see Fig. 7): the MW 
diodes operating on the  basis of hot carrier phe-
nomena are about twenty times less noisy than 
the ones with Schottky junctions.

4. Conclusions

Two types of novel planar semiconductor diodes as 
detectors of millimetre waves have been developed 
and investigated. Lower responsivity diodes dem-
onstrated a  good linearity of the  voltage–power 
characteristic in a  wide microwave power range; 
this feature makes the  diodes suitable for micro-
wave power measurements. Higher responsivity 
was achieved by means of choosing the appropriate 
substrate material depending on the  conductivity 
type and doping level. A simple design and mini-
mized steps of the fabrication process of the planar 
microwave planar diode as well as operation based 
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on classical heating and current rectification phe-
nomena make it attractive for application in both 
continuous wave and pulsed microwave detection 
in a millimetre frequency range.
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Santrauka
Straipsnyje pateikiama paprasta rentabili plana rinio 

mikrobangų diodo konstrukcija. Diodo veikimo princi-
pas pagrįstas karštųjų krūvininkų reiškiniu ir mikroban-
gų srovių, tekančių per darinį, kuris susideda iš vienas 
prieš kitą nuosekliai sujungtų diodų, turinčių skirtingus 
aktyviųjų sričių plotus, lyginimu. Supaprastintas diodų 
gamybos technologinis maršrutas ir paprasta puslaidi-
ninkinė medžiaga (vienalyčiai legiruoto puslaidininkio 
plokštelės) leidžia sumažinti tokio mikrobangų diodo 
gamybos kaštus. Parenkant atitinkamą GaAs padėklą, 

vienu metu buvo pagaminti dviejų rūšių mikrobangų 
diodai: vieni, pasižymintys ominėmis savybėmis, ir kiti 
du, kurių voltamperinė charakteristika yra netiesinė 
ir asimetrinė, panaši į Šotkio diodo. Neominiai diodai 
pasižymėjo didesniu voltvatiniu jautriu ir spartesniu at-
saku impulsiniam, nanosekundžių skalės, mikrobangų 
sužadinimui, o ominiai diodai  –  mažesniais elektroni-
niais triukšmais ir tiesinėmis voltvatinėmis charakteris-
tikomis, todėl juos galima panaudoti mikrobangų galiai 
matuoti.
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