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ABSTRACT

The video detection properties of the BARITT diode are described, and experimental and theoretical restits

for several diode structures are presented. Measured noise equivalent power (NEP) values of less than -99 dBm

are reported for a K-band diode in its negative-resistance region. For frequencies beyond those in the negative-

resistance region, the detection properties are projected to compare favorably with those of a Schottky-barrier.

Introduction

The nonlinear current-voltage characteristic of

the BARITT (barrier injection @ansit time) diode is
proposed as ~effic~ent means for rec~ification of

microwave power. The device differs from the Schottky-

barrier diode and the point-contact diode in that it

can attain negative resistance from transit–time ef-
fects and thus can amplify and detect signals simul-

taneously. The BARITT diode detector also differs
from the negative-resistance tunnel-diode detector as

it does not possess the bias instability problems of

a dc negative-resistance device, and the BARITTts lack

of degenerately doped junctions enable its junction
areas to remain tractable even at millimeter wave-
lengths. This paper presents the initial results of
a theoretical and experimental investigation of the
BARITT diode video detector.

Z!2!Z&L

The detector model considered in this study is
shown in Fig. 1. The impedance transforming-resonating

portion of the circuit is shown in a general form,
Fig. la, and can be characterized by its two-port

parameters, in this case its ABCD parameters. At the
diode terminals the generator and the resonator-

transformer can be replaced by their Thevenin equiva-
lents, Fig. lb. The BARITT diode series impedance has
been divided into three values: a series resistance
Rs representing loss in the highly conductive

substrate-contact regions of the diode, a forward-

biased junction impedance ZF representing the injecting

junction, and a diffusion-drift region impedance ZB

representing the transit-time effects of carrier flow

through the revqrse-biased junction of the diode.

Displacement current capacitive reactance are also

included in Z
F

and Z
B“

Rectification occurs in the forward-biased junc-
tion due to the nonlinear exponential injection pro-
cess. Rectified current passes through the bias
resistor R and produces a detectable rectified

o
voltage signal VR. The rectified current can be

computed analytically by expanding the expression for

the total particle current through the forward–biased

region in a Taylor series about the bias point and

extracting the dc component due to the small-signal RF

voltage across ZF. The maximum detected voltage

sensitivity y (VR at loop resonance normalized to the

available power of the generator, with R. >> the video

resistance of the diode R ) can then be expressed as
v
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where the first term is the efficiency q of the

transforming network and the second is the maximum

detection sensitivity y of the diode structure
m

itself, independent of any circuit. The diode

resistance R = RF + RB is the real part of
d

ZF + ZB at the loop resonance frequency and VT is the

thermal voltage kT/q. At frequencies where Rd

becomes negative due to transit-time effects, n can

become greater than unity and the diode can effec-
tively amplify and detect simultaneously. Operation
in this frequency region is termed “active-mode”
detection. Beyond the frequency region of negative

resistance the small-signal resistance of the

diffusion-drift region R remains positive for most

devices and falls in mag~itude with frequency. The
detected voltage responsivity for this “passive mode”
can be rewritten as

4R (RS + Rd) R,

Y’ 1A + CR 2( R~+RS +Rd)2”2VT[a + ?f/fce)2] ‘
g’

where R; = Rs + RB, ~ = R;(I + R;/RF)/RF and an

effective cutoff frequency has been defined

f = [2TrCF(R5 + RB)]-l , where C is the depletion
ce F

ls.yer capacitance of the forward-biased region of the

diode. The effective cutoff frequency f can be
ce

thought of as a figure of merit for the passive-mode

BARITT diode detector. Note that fce is a function

of bias a~d frequency.
Theoretical values for Rd are obtained from

an analytical one-dimensional small–signal impedance
model that has been developed by the authors for
uniformally doped BARITT diode structures. The
model is a perturbation on the dc solution for the
minority carrier concentration within the base

region of the diode. The low-field portion of the
drift region is divided into N one-dimensional lumps,

each lump having an assumed constant dc minority

carrier concentration. Both diffusion and drift

current components, based on the difference in con-
centrations between adjacent lumps and a linear dc
electric field variation within each lump, are
computed at each lump boundary. The minority carrier
concentration within each lump is adjusted until the
dc current density across all lump boundaries is equal

to a specified value. The ac solution is found in a
similar manner, matching boundary conditions at the
borders of each lump. The method for obtaining the
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series impedance of each individual lump is similar

to finding the small-signal impedance of the drift

region of an IMPATT diode and is fairly standard. As

an example of this model, the small-signal resistance

for a typical X-band diode (Si, p+np+, base region

width = 5 pm, base region doping = 2 x 1015cm-3) is
shown in Fig. 2 as a function of frequency and dc
current density.

Experimental and Theoretical Results

Measured maximum detected voltage sensitivities

for a p+np+ Si diode with a base doping density of

4 x 1015 cm-3, a base width of approximately 3 vm, and

a junction area of 2 x 10-5 cmz are shown in Fig. 3.

The K-band measurements were made with the packaged

diode placed in a WR-42 waveguide cavity with a
resonant cap structure such that with the addition of

an E-H tuner the diode was capable of oscillation at
21 GHz. The Ka–band measurements were made with the

same packaged diode placed in a similar WR-28 wave-
guide cavity with a resonant cap structure such that

second-harmonic power could be extracted at 36 GHz.
Also shown in Fig. 3 are theoretical sensitivities for

the same structure with transformed generator impe-

dance as a parameter. As predicted, the sensitivity

within the negative-resistance region could be made
arbitrarily high depending upon how close the equi–

valent generator impedance could be tuned to the
total diode negative resistance. Since the resonant

cap structure is a fairly high Q as well as a
multiply resonant circuit, the E-H tuner was not

maximally effective at each frequency in coupling
generator power to the diode. To show the rela-

tively narrow-band response of the detector circuit
while the diode was in its negative-resistance

region, a 1OO-MHZ wide swept measurement was made

around a center frequency of 20.5 GHz for a tuning

that gave a midband response of y = 1.8 x 105 mV/mW.
AS can be seen in Fig. 4 the 3-dB bandwidth was OnlY

about 10 MHz. Tuning for less midband gain gave a

wider response curve, while tuning for a higher
midband gain produced a narrower curve, a typical

gain-bandwidth tradeoff. The noise equivalent power
(NEP) of the detector was also measured when the

signal frequency was in the negative-resistance
region of the diode. Similar to the detected

voltage sensitivity measurements, seemingly arbi-

trarily low values of NEP could be measured depending
upon oneis willingness to accept narrower and

nar~ower frequency response with increasing

sensitivity. Typically, stable NEP values of -99 dBm
at a video frequency of 1 kHz could be obtained at

20.5 GHz. Still lower values, -109 dBm and below,

could be obtained as well but could not be maintained

due to bias, tuning, and generator instabilities.
The two experimental points near 35 GHz in

Fig. 3 indicate that the BARITT diode can still
function as a sensitive detector even at frequencies

higher than those within the region of diode negative
resistance. This ability is demonstrated in more

detail by the results shown in Fig. 5. Here a pqck-

aged X-band diode, similar to the one described
in Fig. 2, was mounted in the WR-28 waveguide

cavity mentioned previously (different resonator cap
diameter) and measured as a video detector at
27.4 GHz. The theoretical predictions for ym assume

‘5 Q_cm2, 10 ~m of 0.01 fl-cma series resistance of 10

substrate (no attempt was made to estimate device–

contact resistance). The transforming circuit

efficiency was estimated by cavity Q measurements

using a shorted diode package to be approximately
40 percent at a diode current of 100 PA.

Theoretical predictions for the millimeter-
wave passive-mode detection capabilities for a BARIITT
diode are given in Fig. 6. Effective cutoff

frequencies for a specific structure (p+np+, Si,

base region width = 5.0 pm, base region doping =

4.0 x 1015 cm-3, R = 10-6 ~-cm2) are plotted as func-
S

tions of signal frequency and diode bias. The transit-

time effects on RB are clearly seen for the higher

levels of dc bias. Once the value of RB falls to a

value below that of the fixed series resistance of

the substrate contact its effect on fce is diminished,

and the effective cutoff frequency becomes nearly
frequency independent. A two-dimensional “honeycomb”

Versionl of a BARITT diode passive-mode detectOr,

for devices with emitter diameters comparable to their

base region widths, would exhibit even lower Rs + I?B

values than those inherent to Fig. 6, due to the

current spreading effects of an enlarged collector

region. Based on the assumption of a two-dimensional

passive-mode detector, effective cutoff frequencies

of greater than 10,000 GHz are envisioned for p+np”+ Si
BARITT diodes. Cutoff frequency values in this range

would compare to or exceed the highest reported2~3

zero-bias cutoff frequencies of GaAs Schottky-barrier
devices.

Conclusions

The BARITT diode has been shown both experim-

entally and theoretically to be an efficient detector

of microwave signals. The device negative resistance

can be exploited to produce simultaneous amplifica-
tion and detection resulting in an extremely sensitive

though narrow-band detector. Beyond the region of

negative resistance the BARITT diode detection

sensitivity compares favorably with that of the
Schottky-barrier diode. Thus the BARITT structure

should be a very useful millimeter wavelength
detector.
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