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GaAs TUNNETT Diodes
JUN-ICHI NISHIZAWA, FELLOW, IEEE, KAORU MOTOYA, STUDENT MEMEER, IEEE, AND

YASUO OKUNO

Abstract-The tunnel-injeetfon-tranait-time (TUNNE’fT) diode is oper-
ated at a high frequency and has a low-noise level compared to the

IMPAIT diode. The tunnel injeetion in a thin carrier generating region of

the TUNNEIT dependa strongfy on the ehxtric-field intensity over 1000
kV/cm where the ionization of carriers ean be negfeete@ leading to a
higher efficiency performance than that of the IMPA’lT. GSAS

TUNNEIT diodes with p+ -n and p+ -n-n+ structures have been fabri-
cated by a new LPE method (the temperature-difference method under
controlled vapor pressure). The fmrdamentaf osciftation at frequencies

from about 100 up to 248 GHz has been obtained from the puke-driven
p+ -n-n+ diodes. This paper deseribes the detaifs of the oscillation char-

acteristics of GSAS TUNNETT diodes.

I. INTRODUCTION

I

N 1958, the tunnel-injection-transit-time (TUNNETT)

diode was proposed by Nishizawa and Watanabe [1].

The concept of this diode was introduced in the analysis

of the high-frequency properties of the avalanching-nega-

tive-resistance diode which today is called the IMPATT

diode. A further reduction in the length of the transit-

time-negative-resistance (TTNR) region of the TTNR di-

ode realizes a still higher oscillation frequency. At the

same time, for the high-frequency oscillation, the tunnel

effect becomes important as the mechanism of the injec-

tion for the TTNR diode at short-millimeter to submillime-

ter wavelengths. The tunnel injection dominates, as an

example, with an electric field over 1000 kV/cm for the

length of a tu~neling injection region of approximately

less than 100 A in a reverse-biased p-n junction. There-

fore, the major advantages of the TUNNETT over the

IMPATT are the low noise and low-bias voltage as the

respects of the fundamental properties of tunneling; more-

over, because of the lower dispersion effect in the tunnel-

ing injection, which will be described below, f~,, of the

TUNNETT has been estimated to be about 1000 GHz [2].

The length of the avalanche region cannot be de-

creased, because the region for avalanche injection re-

quires a certain value for the length and the time to

produce enough carriers, which has been understood to

help the time-delay effect. Recently Nishizawa et al. pub-

lished the analysis of this phenomenon, which has been

understood to be a simple time-delay phenomenon, defin-

ing it as the avalanche-induced dispersion effect [3]. This

leads to the reduction of the amplitude of the injected

carriers when a higher frequency voltage is applied to the
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TTNR diode, finally, the operation of the so-called im-

pact ionization transit-time mode is limited. Moreover, tlhe

ionization coefficients of the electron and hole and their

derivatives, with respect to the electric-field intensity,

saturate at a high field below 1000 kV/cm [4]; however,

the increase of the applied field intensity for the

avalanche injection region does not help to keep the

amount of amplitude of the generated carriers in the

shortened length of the avalanche region. Thus the effic-

iency of the IMPATT decreases progressively.

The tunnel injection region is a strong function of the

electric field over 1000 kV/cm, because it is very easy to

obtain a higher amplitude of injection and because it is

very useful due to its very small time constant as com-

pared to that of the avalanche injection. Moreover, since

the tunnel injection is independent of the dispersion

effect, the injection into the transit-time region of the

TUNNETT can be much stronger. The length of the

TTNR region however, should be designed to be much

thicker than that in the IMPATT diode to compensate for

the shorter time delay in the injection region; nevertheless,

the performance efficiency in the TUNNETT still will be

much higher than that of the IMPATT in a hi&h-

frequency region because of the lower dispersion in the

injection region. Hence the TUNNETT will be useful in

the range from the short-millimeter to submillimeter wave.

Since the experimental confirmation of the TUNNETT

oscillation fabricated from the GaAs p-n diodes in II968

by Nishizawa et al., concentrated research efforts cm

device improvements have been carried out [5]-[9].

This paper describes the GaAs diodes fabricated by a

new LPE method (TDM under CVP) [10] to be capable

up to 248-GHz oscillations; in addition, consideration is

given to the design of the TUNNETT and details of the

pulsed-oscillation characteristics of the GaAs TUNNETT

diodes with p+ -n and p+-n-n+ structures.

II. DESIGN

It is well known that the breakdown mechanism

changes from avalanche to tunnel injection in a reverse-

biased p-n diode when the doping level of impurities

increases. As this tunnel injection is used in this diode, it

can be said that the TUNNETT is not a minority carrier

device like the BARITT but a majority carrier device like

the IMPATT. The TUNNETT has an unfavorable in-

phase injection like the BARITT and, consequently, a

corresponding larger transit angle is needed for negative

resistance in contrast to the IMPATT. This inherent di:s-
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Fig. 1. Operating principle of the TUNNETT diode.

TABLE I
ESSENTIALFEATURES OF THE TUNNET DIODE AND mm IMPAIT

DIODE

I I Tunnett I Impatt I

Bias voltage
higher than

smal I the Tunnett

Noise level I sma I I I high I
I Temperature

coe ficient I negative I positive I

*[17].

advantage may be useful only at very high frequencies.

However, the avalanche-induced dispersion effect in the

IMPATT [3], [11] causes the carrier dispersion but not the

time delay, so the magnitudes of avalanche-injected

carriers disperse spatially. This effect will be effective on

the degradation in the performance of the IMPATT even

at low frequencies; consequently, the TUNNETT will be

useful above the short-millimeter-wave region.

The essential features of the TUNNETT are shown in

Table 1, The features of high-frequency capability, low

applied-voltage operation, and low noise will be attractive

for practical application. Several structures of the

TUNNETT such as a reverse-biased p-n diode, a reverse-

biased Schottky-barrier diode, or a MIS diode have been

proposed [2]. Among them, the p-n diode probably ex-

hibits the better performance because of its higher injec-

tion efficiency and excellent thermal stability. For the p-n

diodes, various structures such as p+-n, p+-n-n+, and

p+ -n-v-n+ can be considered. In addition, both types with

the single-drift region (SDR) and the double-drift region

(DDR) will be available for the TUNNET”T.
The operating principle of the p-n TUNNETT is shown

in Fig. 1. When the maximum injection at 7T/2 rad is

assumed, the optimum transit angle will be 3n/2 rad,

which is much thicker than that in the IMPATT, and it

makes it much easier to prepare the diode for high-
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Fig. 2. Ideal electric-field distribution of the TUNNETT diode.

frequency application. Then the width of the transit re-

gion is given by

where o. is the saturated velocity

operating frequency.

However, the injection phase is

(1)

of carriers and j is the

allowed to be varied to

a value larger than T/2 rad by controlling the time

constant which charges up the tunneling junction in the

actual operation. This means that the concentration of the

field intensity in the tunneling region needs a certain time

to ionize impurities in the depletion layer of the tunneling

junction. The electric-field distribution in the diode

should be designed to achieve the optimum injection

efficiency [2], [9]. The field distribution as shown in Fig. 2

consists of the localized thin tunnel injection region with a

high field intensity and the drift region with a relatively

low field intensity enough to maintain the saturation

velocity of the injected carriers. The high resistive layer

will be required for the drift region in order to build

enough field intensity even with very low current. With

regard to this viewpoint, the p+ -n+ -v-n+ structure is

suitable to realize the efficient TUNNETT diode. How-

ever, in the diodes used in this experiment, the resistivity

in the drift region is not enough; the field is cut by the

ohmic-voltage drop which needs a higher current flow for
the field intensity in order to oscillate, and this is believed

to be the cause of the relatively lower efficiency of the

diode.

The tunnel injection current of a reverse-biased p-n

diode is determined by the physical parameters of materi-

als including the band structure, band gap, and effective

mass of the electron and hole. Moreover, the upper limit

of the operating frequency in the TTNR diode is de-

termined by the diffusion process of the injected carriers

[1]. The materials for diode fabrication which exhibit the

ready availability of the tunneling effect, a higher

saturated velocity, a lower diffusion coefficient of the

carriers, and a higher thermal conductivity are essential

for the realization of the TUNNETT operating higher

frequency region. The preparation of crystals with good

crystallographic quality, accurate control of the doping

profile of the junction, and microfabrication technology

are also necessary, since the high electric field and current

density should be applied to the junction.
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III. MATERIAL PREPARATION AND DEVICE

FABRICATION [9]

GaAs diodes are fabricated from the epitaxial wafer

grown by the temperature-difference method (TDM) un-

der controlled vapor pressure (CVP). The n- or n-n+ -type

layers are grown on the (100) Zn doped p+-type substrate

(p: 4-6 x 10-3fl. cm) and the growth temperature ranges

from 600 to 700° C in order to prevent Zn diffusion into

the n layer. Special care is taken during the wafer thinning

process and the formation of ohmic contacts to the n- (or

n+-) and the p+ -type layer [12]. The structure of a p+ -n-

n+ diode and the properties of the epitaxially grown

wafers are shown in Table II.

Prior to the oscillation experiment, the static C-V and

the 1-V characteristics have been measured. The 1/ C2- V

plots of the p+ -n-n+ diode fabricated from three different

wafers are shown in Fig. 3. This data shows that an

abrupt impurity distribution has successfully formed in

the junction, and the built-in voltage is about 1.3 V. The

1-V characteristic of the p+-n diode measured at various

temperatures is shown in Fig. 4 together with the theoreti-

cally calculated lines. The direct tunnel current density in

a p-n junction is given by the following equation [ 13], [14];

where E is the electric-field intensity in the junction, .sg is

the band gap energy, Va is the applied voltage, and m* is

the reduced effective mass represented by [15]

m* = 1

l/m~+l/ml~*
(3)

where me* is the electron effective mass and m Ih* is the

effective light hole mass. Approximating E by the peak

field of the p+-n (abrupt) junction, E is given by

‘=- ‘4)
where Vb is the built-in voltage of the junction, ND is the

donor density in the n layer, and c,, is the dielectric

constant of the material.

Substituting (4) into (2) yields

Jt = B1 I/= Va exp

where

B=

- v~
(5)

(6)

(7)

The experimental results of the 1-V characteristic show

that the current through the diode with ND =5 x 1017
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Fig. 3. 1/C*- V plots of the p+ -n-n+ diodes fabricated from three
different wafers.
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Fig. 4. 1-V characteristics of the GaAs p+ -n diode. Calculated lines

(— “—) are also indicated. (Cg= 1.43 eV, m,” =0.068 %, mlh” =0.12
mo, c,= 10.9)

TABLE 11
STRUCTNJRS OF THE P+ -n-n+ DIODE AND THE PROPERTIES OF THE

E;ITAXIALLY GROWN WAFERS

1<

*

EEazJ=Doping Density DcpingDensity
Structure Temperature of n layer

! , I

I
p*n n+ 640 - 650 1 x lo” I >3 Xlo”

Thickness
of n layer

(pm)

1-2
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cm– 3 starts to flow abruptly at about – 6 V. However, the

Z-V characteristic of the diode with ND R8 x 10]7 cm-3

seems to be nearly exponential over 10 A/cm*, and there

is no indication of an abrupt rise-up in current up to 1~

A/cm*. The calculated results of (5) show that a consider-

able amount of the tunneling current will flow into the

diode with ND >1 x 10*8 cm-3. The temperature

coefficient ~ of the 1-V characteristic is assumed to be

given by

P= ‘v
’293 K* T

(8)

where AV= V– V293 ~ and AT= T–293 K. The sign

(negative or positive) of ~ is used to evaluate the injection

mechanism in the junction. When the tunnel injection is

dominant in the junction, ~ is negative. /3 of the p+-n

diode with iV~m5 X 10*7 cm-3 is slightly negative or zero

in the junction region, and ~ of the p+ -n (or p+ -n-n+)

diodes with ND> 8 x 1017 cm-3 is negative as shown in

Fig. 4. These results coincide with the previous ones [5]

and is different from that of the Si diode where not direct

but indirect tunneling occurs [16]. The fabricated GaAs

diode with ND> 8 X 1017 cm – 3 is not an avalanche but a

tunnel diode.

IV. OSCILLATION EXPERIMENT

A. Oscillator Circuit

The conventional quartz standoff structure diodes are

positioned in T- (1 10-170 GHz), G- (140-220 GHz), Y-

(170-260 GHz), and D-band (220-325 GHz) full-size

rectangular waveguide cavities, and the oscillation

frequency has been adjusted by changing the external

circuit condition. The cross section of the TUNNETT

diode mounted in the oscillator circuit is shown in Fig. 5.

The diodes have been driven by a current pulse (50-100

ns and 50-100 Hz) through a bias post. The tuning is

adjusted by the selection of the bias post and the short

plunger so as to obtain the maximum output power. The

output power is detected by a Si point-contact diode

mounted in the T-band waveguide, and the oscillation
frequency is measured by the voltage standing wave in the

waveguide.

B. Oscillation Performance

Table III summarizes the oscillated diodes. The lower

doping diode exhibits a lower oscillation frequency among

the diodes experimented. The relation between the oscilla-

tion frequency and the output voltage of the detector is

shown in Fig. 6. The TUNNETT-mode oscillation from

the diodes with ND >8 X 1017 cm-3 gives a wide range of
fundamental oscillation frequency between about 100 and

248 GHz, while the performance of the diode with ND m

5 x 1017 cm-3 is inferior to that of the TUNNETT-mode

oscillation. This comes from the fact that the electric-field

intensity increases with an increase in the doping density

of the n layer, and then the tunnel injection occurs more

significantly. nese results suggest that the TUNNETT

Fig. 5. Cross section of the TUNNETT diode oscillator circuit.
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Fig. 6. The relation between the oscillation frequency and the output
voltage of the detector of the p+ -n and p+ -n-n diode.

TABLE 111
PARAMST~RSOFmm OSCILLATEDDIODES

—

D!ode DOpingOens,ty Vth f ~~x E ~ax
~truc ,“re of n layer 13

(cm-3 ) (v) (GHZ) ( kVlcrn)

p“ n n+ I x Iols -6.8-negative _79 248 1600-19131

5x 10’7 =0 -6.5-
130 1150-1250

p’ n -7.8
-7 -8- IO XI”’7 negative _,. 188 1400-15C0

~: Temperature coefficient in 1- P’ characteristics.
V,h: Threshold bias voltage for the oscillation.

oscillation can be obtained from the GaAs p+ -n or p+ -n-

n+ diode with ND > about 8 x 1017 cm – 3 and the electric

field in excess of about 1400-1500 kV/cm.

The relation between the bias current density (.T~C)and

the oscillation frequency of the p+-n-n+ diodes fabricated

from each of the two wafers is shown in Figs. 7(a) and (b).

The diode oscillated at 248 GHz is mounted in the D-

band cavity. The lowest J~C obtained from the p+-n-n+

diode is about 8 X 104 A/cm* as shown in Fig. 7(a). To

confirm the lower limit of the fundamental oscillation

frequency, the p+ -n-n+ diode (A) is mounted in the

R-band (75- 11O-GHZ) cavity with a cutoff frequency of

59 GHz. The diode with an area of 2.6x 10-5 cm2 oscil-

lates from 95 to 102 GHz at the J~C from 1.08 to 1.54 x 105



NISHIZAWA et U[.: GaAS TUNNETT D1ODES 1033

250 , I ,
- p+nn+diode

N
. Wafer A

5

x

: 200 -
“’’’4’’”:

3
u
al J$J
k /0

100tll Ll<lllll(lll
1.0 1.5 20 2.5

Current Density (x105A/cm2)

(a)

,ooLukuL—duLuukuL
1.5 2!3 2.5 3.0 3.5 4.0 4.5

Fig, 7. Current density dependency of the oscillation frequency of the
p+-n-n+ diode fabricated from (a) wafer A and (b) wafer B.

A/cm2. Several diodes mounted in the R-band cavity

oscillate only near the higher band edge of the R band, so

that the fundamental oscillation frequency is assumed to

start at about 100 GHz. Therefore, the oscillation ob-

tained in our experiment is thought as the fundamental

mode. These results are different from those of the Si

IMPATT operating up to 400 GHz in the fifth harmonic

mode. It is reported that the fundamental oscillation

frequency ranges from 30 to 90 GHz. [17]

The measurement of the pulsed power level is being

carried out using the Si point-contact diode. A thin-film

thermocouple power detector (Anritzu model MP85B)

and the CW source (190-210 GHz) consisting of a

klystron and a doubler are used in the calibration of the

detector. The experimental results assure that the output

power of 1 mW can be realized for operation near 200

GHz.

The oscillation performance is greatly affected by the

circuit conditions such as the diode part, the diameter of

the bias post and the stem, and the diode position in the

cavity, [ 18]–[2 1]. Fig. 8 shows the dependency of the

oscillation frequency when the diode area is taken as a

parameter. The bias post with a diameter of 0.6 mm in the

T-band cavity is fixed throughout the experiments. With
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Fig. 8. Tuning characteristics in the oscillation frequency of the p+ -n-
n+ diode mounted in the T-band cavity as a parameter of the diode
area.

reduction in the diode area, the oscillation frequency

increases. This comes from the impedance matching be-

tween the circuit and the diode, and a smaller diode area

seems to obtain a higher oscillation frequency. The oscill-

ation characteristic of the two p+ -n-n+ diode is shown in

Figs. 9(a) and (b). The two bias posts with diameters of

0.3 and 0.6 mm in the T-band cavity are changed as

shown in Fig. 9(a). A higher oscillation is obtained with a

smaller diameter of the bias post. Fig. 9(b) shows the

effect of circuit changes. The effect of the circuit parame-

ter including the diode part is very complex. Hence a

more detailed analysis will be necessary to obtain inc-

reased oscillation frequency and output power.

C. Effect of Temperature on the Oscillation Performance

The lowest pulsed input power of 2.1 W is obtained

from the p+-n-n+ diode, and about 40 W can be applied

to the p+ -n-n+ diode. The tunnel current increases with

an increase of the junction temperature. This is confirmed

by the dc characteristics of the diode with ND> 8 x 1017

cm – 3. Therefore, the TUNNETT oscillation manifests

itself so that the output power increases with increasing

junction temperature. The temperature effect is tested by

a pulse oscillation experiment under a varying duty cycle.

With increasing duty cycle, the output voltage of the

detector increases. This oscillation performance coincides

with the Z-V characteristics and is different from that of

the GaAs p-n IMPATT in which the output power is

decreased as the duty cycle increases [22].

V. DISCUSSION

The GaAs p+ -n and p+-n-n+ diodes with an impurity

density ND of the n layer higher than about 8 x 1017 cm--3

are confirmed experimentally to be oscillating in the
TUNNETT mode; the fundamental oscillations at

frequencies from about 100 up to 248 GHz are higher

than those of the Si IMPATT [17]. Most of the bias

voltage of the pq-n-n+ diode under experimentation was

consumed only to extend the depletion layer with regard

to the injection region but not for the drift region; conse-

quently, the relatively larger bias current is needed to
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1, I 1 I I than about 8 x 1017 cm-3 and the electric-field intensity in
: pOst(mm@) -G
X.9 -+- (),3 the junction exceeds 1400-1500 kV/cm. The relation
cn_8 -— 0.6 —

z

~ -7 -
x between the oscillation frequency and the bias current

– 200u
z> -6 – 5 density are investigated by several waveguide circuits

,1 & from 75 to 325 GHz, and it is made clear that the
/\, _ al
, t fundamental oscillations from about 100upto248GHz

/d are obtained. The lowest pulsed input power of 2.1 W and

the bias current density of about 8 x 104 A/cm* are ob-
O-d

– 120 g tained from the p+-n-n+ diode, respectively.
5 -
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diode [24] and these were named as GUNNETT and
o -l, $$f, 1,11, 1111, 1,1, l$tll$ll

2.5 3 3.5 L .!+5 5 GUNPATT by the author [25], respectively.

Input Power (W)

(a)
[1]

Input Power (W)

[5]

[6]

[7]

[8]

[9]

Fig. 9. (a) Oscillation characteristic of the p + -n-n+ diode mounted in [ 10]
the T-band cavity. The diameter of the bias post is changed as a
parameter. (b) Oscillation characteristic of the p+ -n-n+ diode
mounted in the T- and Y-band cavities.

[11]

establish the hi@-field intensity in the drift region for the
[12j

oscillation. This lower efficiency caused by the lower

resistivity in the drift region will be improved with the [131

introduction of the p+ -n+ -v-n+ structure. An optimum ~~41

design of the diode will realize a much higher oscillation

frequency with a higher output power from the [W

TUNNE’IT diode.

VI. CONCLUSION
[16]
[17]

TUNNETT’S with p+ -n and p+-n-n+ structures of

GaAs are fabricated by a new LPE (TDM under CVP)

method. The GaAs TUNNEIT oscillation is found to be [18]

obtained when the doping density of the n layer is higher
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YIG Resonator Circuit with Isolator Property
and Its Application to a Gunn

Diode Oscillator
FUMIAKI OKADA, MEMBER, IEEE, KO1cH1 OHWI, STUDENT MEMBER, IEEE, AND YUKIO YOKOCHI

Abstract-This paper presents the analysis and experiment of a newly

developed YIG resonator circuit with isolator property, which is con-

structed with a YIG sphere, three coupling 100pa, and a 3-dB stripfine

duectionaf coupler. ‘fIds YIG circuit can be used advantageously as the

toning element of a magneticaffy tunable osciftator. The circuit has an
advantage in preventing frequency pulfing and the variation of output
power level of the oaciflator due to a change in load condition because of

the resonator circuit having isolator property at the same time.
The design procedure and experiment of a magnetically tunable Gmm

diode oscillator with the YIG circuit is atso shown. It has been confffed
that the YIG circuit when apptied to a tunable oscillator is quite useful.

I. INTRODUCTION

o

SCILLATION frequency and output power level of

an oscillator are usually affected by wave reflection

from its load. In order to prevent such influences, a buffer

amplifier is used in lower microwave frequency bands and

an isolator or a circulator are required in higher micro-

wave bands. A YIG resonator is commonly used as a

magnetically tunable element in a wide-band microwave

sweep oscillator. Therefore it is necessary to use addition-

ally a wide-band isolator or circulator in such a sweep

oscillator. Since these are disadvantageous in size and

cost, it is desirable to use a YIG element which has both

resonator and isolator properties at the same time. One of

the authors already reported such a kind of waveguide

type YIG resonator circuit [1].

The waveguide YIG circuit makes use of circularly

polarized RF magnetic field in the plane spaced Ag/4

from the narrow wall of the waveguide in order to obtain

isolator property. This waveguide YIG circuit, however, is

bulky and is inferior in size and operational frequency

bandwidth.
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Thus a new YIG resonator circuit with isolator property

has been developed which is constructed by using a YIG

sphere resonator in conjunction with a 3-dB stripline

directional coupler. This paper presents theoretical analy-

sis and experimental confirmation of the new YIG resona-

tor circuit with isolator property, followed by the design

and experiment of a magnetically tunable Gunn diode

oscillator using the YIG circuit. The value of the calcu-

lated scattering matrix of the YIG circuit agrees well with

experimental results, and the magnetically tunable Gunn

diode oscillator shows good improvement in frequency

pulling and in eliminating output power level change due

to load variation as compared with the usual magnetically

tunable Gunn diode oscillator.

II. YIG RESONATOR CIRCUIT WITH ISOLATOR

PROPERTY

Fig. 1 is a schematic of a magnetically tunable Gunn

diode oscillator with a YIG resonator circuit having isolat-

ion properties. A YIG sphere is placed at the intersection

of three semiloop axies. Two loops connected to ports 2’

and 3’ of a 3-dB directional coupler are placed orthogo-

nally, similar to a nonreciprocal filter [2], [3]. The oth~er

semiloop at port 1 is placed on the opposite side of a

metal plate for shielding. These loops are not coupled to

each other when the YIG sphere is not resonant. Fig. 2 is

the equivalent circuit in regards to ports 1, 2’, and 3’ of

the YIG resonator part itself. The impedance matrix of

the YIG resonator part is given by considering the equiva-

lent circuit and a nonreciprocal phase shift, so the
scattering matrix [ SY] of the equivalent circuit is obtained

by converting this impedance matrix into a scattering

matrix. Thus the obtained scattering matrix [ SY] is as

follows:
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