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Abstract—Rectifying antennas (rectennas) are realized on high-
resistivity silicon substrates using silicon monolithic millimeter-
wave integrated circuit (SIMMWIC) technology. Monolithically
integrated coplanar Schottky barrier diodes are used as rectifying
elements embedded in different antenna structures. Both p- and
n-type Schottky barrier diodes are realized with cutoff frequen-
cies up to 1 THz. The rectennas are combined with a CMOS
preamplifier mounted as a multichip module (MCM) next to the
rectenna on a high-resistivity silicon substrate. An amplification
of 32 dB is measured. Maximum sensitivity of the detector
circuit including preamplification is 1600 mV/mW - cm™2 at
94.6 GHz. For a monolithic integration of high-frequency circuits
with low-frequency control and signal-processing electronics, the
monolithic integration of CMOS circuitry on high-resistivity
silicon is discussed.

Index Terms—CMOS, detector circuits, millimeter-wave cir-
cuits, rectenna, Schottky diode, SIMMWIC.

I. INTRODUCTION

NE OF THE most attractive possibilities of millimeter-

we discuss as a subsystem the combination of the antenna
with a Schottky diode to a rectifying antenna (rectenna)
with and without preamplification. When using a monolithic
integrated zero-bias silicon Schottky diode, the rectenna needs
no external bias for detection of millimeter-wave radiation.

Il. RECTENNA CONCEPT

The rectenna (rectifying antenna) concept basically consists
of an antenna and a nonlinear rectifying element where the two
elements are merged into a single circuit. Such a module is able
to receive and detect microwave power. The frequency selec-
tivity is mainly done by the antenna itself. Since the rectenna
is a receiving module collecting power from a radiation field,
the sensitivitySg is characterized by

_ output voltage
~ power density at the antenna

SR

Division of this value with the effective antenna aperture

Owave integrated circuits concerns the monolithic incldeads to the normally used quantity for detectors

sion of planar antennas, which can be diminished to typical
Si-chip dimensions (1-10 mm) in the frequency regime above

__output voltage
P~ Tinput power

60 GHz. The technique enabling the monolithic integration of

antenna, passive networks, and active devices into micros
tems is called silicon monolithic millimeter-wave integrate
circuit (SIMMWIC) technology [1] utilizing low-doped (high-

lich characterizes the nonlinear element with its matching.
there is LO power delivered to the rectenna, the rectenna
additionally acts as a mixing receiver.

resistivity) silicon as the substrate. For an overview, see [1]AS @ first basic receiver module in SIMMWIC technol-
and [2]. As active devices, two terminal devices will maini?9y, We have investigated different rectenna circuits for the

be used because silicon-based IMPATT diodes and Schot
diodes are well established for oscillators and receivers (ff

{WIimeter-wave range. The nonlinear rectifying element in the
tennas is a Schottky barrier diode integrated monolithically

to 100 GHz and beyond. Recently, Si/SiGe heterobipolg?getherw“h different an.tennastructures.Atypical impedance
transistors (HBT's) extended their frequency limits to abovgrve of a Schottky diode over the frequency is shown
100 GHz, establishing them as promising candidates for actifle Fi9- 1, together with the equivalent circuiL,, and C,
devices in microwave circuits. Very recently [4], even CMO@r€ parasitic elementsiy; represents the series resistance
fabrication on float-zone (FZ) high-resistivity silicon wa®f the diode, andk; and C; are the junction resistance
accomplished, opening the route to integrate SIMMWIC's witRnd junction capacitance. From simulations and measurements

low-frequency control and signal-processing electronics.

(e.g., Fig. 8), they are found to be in the given range. The

In a future receiver scenario, one could imagine a singlE2@l part of the Schottky impedance lies around a few Ohms,

SIMMWIC-chip solution with a switched antenna with vari-2t 5 {2 in this case, and is almost independent of frequency

able beam characteristics, a mixer with eventually an exterfal the interesting frequency region. The imaginary part is
local oscillator (LO), and a preamplifier. In this investigationc@Pacitive with values of a few 14, and strongly dependent

on frequency. To get maximum response to the incident RF

. . . _power, the antenna impedance has to be matched to the diode
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The layout of a monolithic slot-line rectenna is shown in
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diode, is integrated into the center of the slot-line antenna
on high-resistivity silicon [2], [5]. In Fig. 3, the simulated
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% o % % I 80, % 1 Fig. 4. Photo of the microstrip rectenna. (a) Two branches antenna with two
f[GHzZz] Schottky diodes in series. (b) Antenna with single diode.

Fig. 1. Typical impedance curve of a Schottky diode over frequency. Inset:
Schottky diode equivalent circuit?; = 7 kQ,C; = 27 fF, Ry = 10 Q,
L, =20 pH, C, = 15 fF).
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Fig. 2. Photo of the slot-line rectenna.

Fig. 5. SEM of a coplanar Schottky barrier diode.

175
150 4
by a radial-line sector. The second antenna consists of 20
receiving elements in a two-branch arrangement. The two
diodes are terminated by a common radial-line sector. Two
lines with filter structures are provided for biasing the Schottky
diode and delivering the detected signal.

As a first approach of the cointegration of RF and IF or
signal-processing functionalities, a microstrip rectenna with a
CMOS preamplifier was combined as a two-chip module. The
RF/CMOS multichip module (MCM) is mounted in a 24-lead
dual in-line package (DIP) ceramic package [6].
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Fig. 3. Frequency-dependent impedance of the slot-line antenna. . TECHNICAL REALIZATION

impedance of a slot resonator at the locus of the Schottly Fabrication Process for Integrated Schottky Diodes
diode is depicted. Comparing this impedance with the Schottkyom Molecular Beam Epitaxy (MBE) Layers

impedance shows that the matching conditién = Zp IS genottky barrier diodes are efficient detector elements for
fulfilled around 60 GHz. o _millimeter waves. In order to use them monolithically inte-

As a microstrip approach, two circuit layouts (shown iRy ateq into a receiver or mixer chip, they have to be realized
Fig. 4) were investigated. The first rectenna circuit providgg coplanar form (see Fig. 5). For proper working of these
a single Schottky barrier diode, whereas the second providggdes in the millimeter-wave region, the series resistance and
two diodes in series, which are also monolithically integratechpacitance should be as small as possible. @Hactor of

on high—resistivity silicon. In the first case, the antenna Padiodes for mixer applications is the cutoff frequenty given
consists of 11)/2 elements arranged at half-wavelengtipy

distance along a microstrip line which conducts the millimeter-
wave power to the Schottky diode. The diode is terminated feo =1/27R,C;
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p-epitaxial layer sheet resistance and high surface concentration lowers series
ohmic contact resistance and contact resistance of the diode. The n-epitaxial
WS 3 layer was grown by silicon MBE (Si-MBE). MBE offers low
SN\ growth temperature, interface abruptness, and precise control
of doping profile and thickness with nanometer resolution.
A 80-100-nm-thick lightly doped semiconductarlayer is
grown by Si-MBE. The growth temperature was 530. For
Fig. 6. Cross section of a coplanar p-Schottky barrier diode. the design of the millimeter-wave Schottky barrier diodes, the
effect of the voltage-dependent depletion layer is taken into
account. A complete depletion of the thin epitaxial layer is
expected for doping levels up to 710'® cm~—2 (zero bias,
0.5-V Schottky barrier height). Both types of diodes (Schottky
type with partially undepleted layer, Mott type with depleted
layer at zero bias) have been realized. In some cases, Schottky
barrier lowering was also achieved by an additional subsurface
doping spike (10 nm, 2 10'® Sb/cn? for nt doping spike,
10 nm 2- 10*® Ga/cn? for p* spike). These diodes may be
operated under zero-bias conditions.

A differential growth technique is used where the epitaxial
layer grows monocrystalline on silicon in the buried layer
region and polycrystalline on the surrounding oxide [10]. The
low-doped polycrystalline epitaxial layer is insulating and is
used as an isolating layer for leading the Schottky anode finger
from the active area to the outer oxide region.

The Schottky anode contact is formed by photolithographic
patterning and a liftoff process with 50-nm Ti, 50-nm Pt,
and 200-nm Au. The epitaxial layer is then plasma etched
using the Schottky contact as an etch mask. The epitaxial
layer is removed all over the wafer, except underneath the
Ohmic contact Schottky contact. Thus, access to the luried layer (ohmic
contact) is achieved. The ohmic contact is formed using a
second liftoff process with Ti, Pt, and Au metallization. The
diodes are then passivated with a low-temperature plasma-
where R, is the series resistance and; is the junction enhanced chemical-vapor deposition (PECVD) silicon nitride.
capacitance at 0 V. After opening contact windows to the Schottky and ohmic

To achieve the best mixer characteristics, the cutoff freaetallization layers, the rectenna metallization is defined and
guency should be ten times the detecting frequency. Junctiglactroplated with gold to a thickness of 4m. Photos of the
capacitance is related to diode area, doping of epitaxial lay&bricated rectennas are depicted in Figs. 2 and 4.
and diffusion voltage (barrier height). Series resistance is also
related to diode area and doping of epitaxial layer, but in
the opposite sense. Therefore, an optimization of geometri€al DC- and RF-Characterization of the Planar
parameters (small area and minimal parasitic components) axicon Schottky Barrier Diodes
doping parameters has to be performed to achieve a high cutofbC characteristics of the diodes are evaluated frieiv
frequency [7], [8]. and CV measurements. Series resistafize barrier height

The fabrication process of the diodes is described in detai| ideality factorn, and junction capacitanc€’j strongly
in [9]. Both p- and n-diodes can be fabricated by the sangepend on doping parameters, diode geometry, and anode
mask set. Only the layer sequence in the fabrication procesetallization. For n-diodes with titanium as Schottky anode
has to be changed for n-diodes from-n to p*-p (see Fig. 6) metal, a barrier height of 0.5 V is determined from the
for p-diodes. saturation current, which corresponds to the theoretical value

In the following, the fabrication process of n-diodes i§12]. Series resistance is determined from the forwasd
described (see Fig. 7). As base material, high-resistivity sdharacteristic at high currents (10 mA). The main contribution
icon substrates are useth > 5000 € - cm). Using standard is due to the resistance of the epitaxial layer, which is
silicon technology processes, the substrates are first therm&llyy undepleted at high currents. Fig. 8 shows measured
oxidized and highly doped'nburied-layer regions are defined series resistance values for different Schottky anode areas of
This is done by As implantation (100 keV, -210'¢ cm~2) two different wafers. The measured values correspond to an
and subsequent diffusion at 120C€ for 4 h. The resulting epitaxial layer thickness of 70 nm and a doping concentration
sheet resistance is 4(3/(] and a maximum As concentrationof 2 - 10 cm=3. Due to the low doping, the epitaxial layers
at the surface of 1. 10°° cm=2 is achieved. The low are fully depleted up to an operation voltage of 0.25 V (Mott

Schottky contact

7,

high resistivity silicon substrate p>4000 Qcm

LTz

Si <100>, p >5000 Qcm

n*- Diffusion

Ti/Pt/Au

Schottky-contact

Fig. 7. Fabrication process for an n-Schottky barrier diode.
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100 I i and millimeter-wave devices, and an economically meaningful
d=70nm fabrication sequence. Usual CMOS circuits are fabricated on
80 \ moderately doped substrates or even on epitaxial layers on
1 ?o‘é\ ® C 1511 highly doped substrates. Both substrates are unacceptable for
T X \ X cisiz SIMMWIC's because of absorption of microwave radiation
60 in conductive substrates. In principle, the CMOS process
& » \ may be transferred to the necessary high-resistivity substrates
& 20 2x10%* g when a few effects are considered and countermeasures are
16\\".,- \ undertaken. The main effects to be considered are as follows.
0 \\g N 1) Threshold voltage shithV;;, by a different bulk doping
20 S ‘\
™~ \")‘h ......... [ ————— AQB
~ -—-_1:;-;--_--5_.:.: ..... AVih = —2AVp — 1)
o 7 C(OX
0 5 10 ‘25 20 3 where¥z = ®p — @, is the difference between Fermi
Apm?) —> level @ and intrinsic level®,:

Fig. 8. Measured series resistangeof coplanar n -Schottky-barrier diodes
for different anode aread, and simulated resistance of the epitaxial layer
for thicknessd = 70 nm.

diode). Below this voltage, the resistance of the epitaxial layer
does not contribute to the series resistance. Above 0.317 V,
the epitaxial layer is fully undepleted and contributes to the
series resistance.

CV measurements on mesa diodes yield a depletion width
of 70 nm. This corresponds to a junction capacitance at zero
volt of 1.5 fF/m?. Cutoff frequencies for p-type diodes up

to 380 GHz and for n-type diodes up to 1 THz are achieved. 2)

The diodes have also been characterized by measuring
the scattering parameters in the frequency range from 1 to
60 GHz [14], [15]. Measured and simulated results fitted to
an equivalent circuit model for n-Schottky barrier diodes are
shown in the inset of Fig. 1. Fitting parameters for p-Schottky

barrier diodes are given in [15]. 3)

n-Schottky-barrier diodes with a Schottky anode area of
12 pm? are mounted upside down in a single-ended mixer and
tested at 94 GHz. With an LO power of 1 mW, a conversion
loss of 10 dB is measured, with an LO power of 10 mW, a
conversion loss of 6.5 dB is found. No bias is applied to the
diodes (zero-bias operation). These values are comparable with
results of planar and whisker contacted IlI-V mixers [13].

These n-type silicon Schottky diodes have also been used
for the realization of a low-noise heterodyne 89-GHz mono-
lithic microwave integrate circuit (MMIC) module for the
multifrequency imaging microwave radiometer (MIMR) [16].

With p-type diodes, monolithic integrated single-balanced
coplanar millimeter-wave mixers are realized in SIMMWIC
technology. Barrier-height-reduced p-type Schottky diodes are
used as mixing elements. At 77 GHz, a conversion loss of
7.8 dB is measured with an RF power ¢fl0 dBm, an LO
power of 6 dBm, and an IF of 1 GHz [15].

IV. INTEGRATION OF CMOS WITH SIMMWIC

SIMMWIC and CMOS, both as silicon-based technologies,
offer the potential of integrated solutions for millimeter-wave
transmitter/receiver units with low-frequency signal readout.
Technically speaking, this means CMOS circuits on high-
resistivity silicon, a viable integration scheme for CMOS

ni

(2)

(Ur thermal voltage=26 meV atl’ = 300 K, N doping,
n,; intrinsic carries densityt for p- and n-channel,
respectively.) The bulk-space char@e; is given by

©)

(Cox OXide capacity= eqx/dox). LOWw doping gener-
ally shifts the behavior of the MOS transistor from
enhancement type toward depletion type.

Low doping increases the space—charge width. Between
source and drain, punchthrough of space—charge layers
leads to pronounced short channel effects with en-
hanced subthreshold currents. This was experimentally
confirmed with MOS transistors directly fabricated in
high-resistivity silicon [4].

High-resistivity silicon is made by an FZ process (FZ
silicon). Usually, the wafers for CMOS circuits are cut
from Czochralski grown crystals (CZ silicon), which
contains higher dopant and oxygen levels. Oxygen clus-
ters are internally gettering metallic impurities. FZ sili-
con may contain, even with the same device processing,
different levels of metallic impurities compared to CZ
silicon and may, therefore, differ in the carrier life-
time properties. From the foregoing, it is clear that the
MOS transistors should not be fabricated directly in
the low-doped silicon substrate. Instead, a higher doped
surface region would deliver straightforward solutions
to the above-mentioned effects and problems. In a twin-
tub solution [4], a conventional n-well hosts the P-
metal-oxide semiconductor (PMOS) and a p-well in
the p-substrate provides the required doping level for
the n-metal-oxide—semiconductor (nMOS). In a surface-
layer solution, the surface within the CMOS area is
moderately n-doped, allowing CMOS fabrication as in
an n-type substrate. The n-type surface layer has to be
deep enough that punchthrough between the nMOS p-
well and p-substrate is avoided. For a rapid assessment,
we assume an exponential decay of the surface layer
dopingNp with Np = Ny (p-well doping) atZ = Zw
(p-well depth) andVp, = N (substrate doping) at =

Zs (substrate/surface layer interface). The punchthrough

QB - Cox = +(4eeN U )2,
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Fig. 9. Schematic drawing of the measuring setup for the rectenna.
voltage V,, and the extension of the n-surface layer 90 : 20
beyond the p-well(Zs — Zy ) are connected by the 85 i ‘ [ 18
following equation, which is obtained by integrating the 8ok / ; g\j\ di6
Poisson equation: = 75k iy S\ “
5 5 70F : 12
elln(Nw /Ns)I _ Vi+Vp  _ 1— Ns [14—111 <N_VI>:| = 65 Rj , | 110k
GNVV (ZVV —Z5)2 NVV NS £ 60k i4 8 J
S k2]
( ) é 55E N 2_6
@ sof Ha
V; built-in voltage of the p-well/n-layer junction. 45 \_\_ i,
The right-hand side of (4) approaches unity for realistic 10 [t il
values Ns/Nyw < 1. For a required punchthrough voltage ! - 10[lJA] 100
1as

Vp and given p-well datg Ny, Zw ), this equation shows

how deep(Zs) the n-surface layer should be. Fig. 10. Sensitivity of the slot-line rectenna and junction resistance versus
A hybrid integration of a CMOS preamplifier and a 90-GH#ias current.

rectenna in an MCM is reported in the Section V. The carrier

for the MCM was also made from high-resistivity silicon to Fig. 10 shows the measured sensitivity of the slot-line

avoid microwave absorption. ~ rectenna with a 0.9-mm slot as a function of the Schottky
For monolithic integration, we propose the following intepias current. The bias dependence of the junction resistance is

gration scheme. In a first step, the CMOS circuit is fabricategsy gepicted in Fig. 10. The maximum sensitivity measured
without the final Al metallization step. Then, in the SIMMWICi5 g5 3 mv/mW/cii at a bias current of 4A. The signal

area, the vertical epitaxy structure is deposited, laterally dl?équency was 63.6 GHz.
fined, and contacted. As a last step, in the wafer process, th¢, Fig. 11, the measured sensitivities of the microstrip

metallization and the passivation for CMOS and SIMMWIGecannas are shown. With the one-branch type, a sensitivity
is performed. The scheme is only economically meanlngfulétf 83.3 mV/mWi/cn? at 92.2 GHz was reached with a zero

a common metallization system (Al, Cu) is used. Now, mainlys 1, schottky barrier diode. The radiation pattern of this
Au-based metallization systems are used for millimeter-waye.. .+ is depicted in Fig. 12. The two-branch antenna type

circuits. An investigatiqn of the influence of Al metallizatioq ives a sensitivity of 153 mV/mWi/chwith 23.5 ;A bias at
on SIMMWIC properties was started, and results of th 4.1 GHz [see Fig. 11
) o . . g. 11(b)].
investigation will be reported later. For the RF/CMOS MCM, a standard single-inverter stage
CMOS preamplifier with 32-dB gain operated with supply
V. ResuLTs voltages of+6 V was employed. Amplifiers with differential
For measuring the rectenna sensitivity, a computdflPuts and two stages offering low-frequency gains of around
controlled measurement setup (shown in Fig. 9) with/a 70 dB have also been realized on standard CMOS substrates
or W-band sweeper and a waveguide horn antenna as k&, n-type, 4-@2-cm, (100 oriented) and on high-resistivity
radiation source was used. The millimeter-wave signal wagbstrates (FZ, p-type, 5000-700D- cm, (100)). The FZ
modulated with 1 kHz to separate the received signal and tpigbstrate material is required to keep RF substrate losses low
bias voltage. After amplification with a high-input impedanc# the case of future monolithic integration of SIMMWIC
amplifier, the rectenna signal was measured with a frequerfd circuits with analog- and digital-circuit functions realized
selective level meter at 1 kHz. The rectenna chips weie CMOS technology. A comparison of these amplifiers and
placed at a distance in the far-field main beam of the hornsingle MOS devices fabricated on both substrate materials
with respect to the polarization. With the gain of the horshowed a good similarity in electrical behavior and a preser-
antenna and the distance, the power density at the locusvafion of the high-resistivity substrate characteristics outside
the rectenna was calculated. the CMOS region.
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70 Tumn CO9%6a lI’:eigie:I;IZn.a-H—plane radiation pattern at 92.2 GHz of the one-branch microstrip
= F=gu4,1 GHz
8= 5= 1:-3_u'_‘."_r The SIMMWIC chip is mechanically thinned to a thickness
4l Y, em’) of 100 zm due to the microstrip design of the antenna while
ao - Uy, = 0,568Y the CMOS chip remains unthinned. As mechanical carriera 7.5
a0l lpay ™ 23,5 A X .20 mn? .sized piepg of an ulnthir?ned si!icon wafgid11)-
o oriented, high-resistivity material with a thickness of 280)
| | . sty is used. The silicon substrate material is thermally oxidized to
0 0,1 02 03 0.4 0,5 a thickness of Jum to avoid a conductive connection between

b the substrates of the CMOS and SIMMWIC chip. In this case,

() a conductive adhesive layer is used, but there is no problem
Fig. 11. Output voltage of the rectenna versus RF power density for (a) tie using a nonconductive adhesive. The signal connection is
one-branch type witlig;, = 0 V and (b) the two-branch type of Fig. 2 with . . . .
Iine = 235 piA. realized by one aluminum bond wire connecting the output of
the rectenna to the input of the amplifier (see Fig. 13). The
2mp|ifier needs no special ground connection, thus no further
inection to the rectenna is needed. The RF/CMOS MCM is

unted in a 24-lead DIP ceramic package (see Fig. 13).

Problems to be kept in mind regarding CMOS on F
substrates are increased leakage due to lower substrate &8
ing, facilitated punchthrough effects, and the nonexistence 8

internal gettering as exhibited by CZ substrates. An alternativeFig' 14 depicts the measured output signal as a function
solution to these problems may be the usage of silicofit the€ RF power density at a frequency of 94.6 GHz. The

on-isolator (SOI) substrates on high-resistivity silicon [17§_‘iens't“’Ity of the configuration is 1600 mV/mW/€pincluding
SOI substrates prevent leakage current, minimize parasiti ,32'dB amplifier gamn. The frequ?”CY response Is depicted
capacitance, allow good isolation of the active devices, afyFie. 15 aqd the radiation pattern in Fig. 16, which shows a
improve the overall speed of the CMOS circuits [18]. So fa?,'dB bandwidth of 1.6 GHz.
the results offer a good prospect for monolithically integrated
SIMMWIC/CMOS circuits in the near future. VI Discussion

The single-inverter-stage CMOS preamplifier was chosenDue to the low-substrate costs, SIMMWIC technology en-
because of low-offset voltage and better temperature stabiliaples the cost-effective monolithic integration of antennas,
The amplifier operates with a symmetrical dc supplyt@® V  passive networks, and active devices into single-chip microsys-
and has a low offset voltage of 12 mV. The low-frequenciems. Thus, complete transmitter and receiver circuits can be
gain is 32 dB. The detector chip is combined with the CMOERalized on one single chip. This is demonstrated with the pre-
preamplifier as an MCM in a hybrid construction. This wasented SIMMWIC rectenna chips and with active SIMMWIC
done as an early stage of the combination of SIMMWI@ntennas [2]. Many new single-chip RF microsystems are
technology with standard CMOS technology. Likewise, thexpected with the further development of the Si/SiGe HBT
monolithic integration is not possible or useful in every casen the near future.
The high-frequency chip for millimeter-wave detection and A next step will be the cointegration of RF circuitry
the low-frequency chip for amplification are mounted on with standard CMOS signal-processing circuits. This was
common substrate material—a silicon substrate (see Fig. 1@&monstrated with a hybrid combination of an RF circuit
This hybrid technology offers some advantages over monwith a CMOS preamplifier as an early stage of combination
lithic integration, e.g., different technologies for the monolithiof SIMMWIC technology with standard CMOS technology.
integration can be used, different backside processing of thiee fabrication of CMOS circuits on high-resistivity silicon
different chips is possible, and there is a free choice efibstrates is promising and should allow the cointegration of
substrate potential for the single chips. Either conductive 8tMMWIC'’s with CMOS signal-processing circuits in the near
nonconductive adhesive is possible. future.
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Fig. 13. Photo of the RF/CMOS MCM.
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Fig. 16. H-plane radiation pattern of the packaged rectenna/CMOS module.

Fig. 14. Output voltage of the rectenna/CMOS MCM versus RF power

density.
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