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Abstract—Experimentally observed phenomenon of the origination of the mode of negative differential resis-
tance and switching in a tunnel diode under the effect of external microwave signal is theoretically interpreted.
The reasons for the existence of the ranges of bias voltages applied to the diode and the power levels of micro-
wave signal for which the phenomenon is observed are clarified. © 2000 MAIK “Nauka/Interperiodica”.
INTRODUCTION

A high-strength microwave field substantially
affects the characteristics of charge transport in the
structures based on p–n junctions [1–3]. In [4, 5], the
phenomenon of variation in the shape of current–volt-
age (I–V) characteristics of tunnel diodes under the
effect of large-amplitude microwave signals was
observed experimentally and interpreted theoretically.
In particular, it was found that, as a result of the appear-
ance of a thermal current of hot charge carriers and the
detector phenomenon under the effect of microwave
power, the peak value of current in the forward I–V
characteristic decreases and the portion with negative
differential resistance disappears for a certain level of
microwave signal. If a tunnel diode energized by a dc
voltage power supply was used as an active element in
a self-excited oscillator, the above resulted in the sup-
pression of autooscillations [6].

The use of load resistances in the feed circuits of
tunnel diodes or a series connection of several tunnel
diodes causes the dc voltages to be redistributed
between the elements of an electric circuit under the
effect of the microwave signal [7]. In particular, such a
process can give rise to the mode of negative differen-
tial resistance and switching in the tunnel diode under
the effect of an external microwave signal in the case
where the voltage applied to the diode is much lower
than the peak value. Such phenomena are the objects of
this study.

EXPERIMENTAL

We studied experimentally the influence of high-
power microwave radiation on the shape of low-fre-
quency I–V characteristics of 1I308 tunnel diodes, with
a constant series resistance of 50 Ω being connected in
the feed circuit of these diodes.
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The tunnel diode was mounted on a holder in a res-
onator based on a section of a short-circuit waveguide
with a cross-sectional area of 7.2 × 3.4 mm2. The fre-
quency of microwave radiation was 38 GHz.

In order to reduce the effect of thermal heating of a
diode structure, we used the ac voltage power supply
with a frequency of 100 Hz.

The value of the supply voltage Vd of positive polar-
ity applied to the series connected tunnel diode and
resistance was chosen so that, in the absence of a
microwave signal, the bias voltage V0 applied to tunnel
diode did not exceed the peak value Vp.

Figure 1 shows the experimental I–V characteristics
of the tunnel diode measured for various power levels
of the microwave signal and within the same range of
voltages Vd.

It follows from the results obtained that, as the
power level of microwave radiation increases to a cer-
tain value, the bias voltage V0 applied to the tunnel
diode increases abruptly and the operating point falls
first in the region of negative differential resistance and
then in the diffusion portion of the I–V characteristic of
the tunnel diode; i.e., the mode of negative differential
resistance and the switching mode occur in the tunnel
diode as a result of microwave irradiation.

Figure 2 shows experimental dependences of the
bias voltage V0 applied to the tunnel diode on the value
of voltage Vd; they suggest that the switching voltage
corresponding to an abrupt transition of the tunnel
diode from the low-resistance state to the high-resis-
tance state decreases with the increasing power of
microwave radiation.

With a further substantial increase in the power of
microwave radiation, the region of negative differential
resistance disappeared and the I–V characteristic of the
tunnel diode became almost linear (Fig. 1, curve 6).
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MODEL USED IN CALCULATIONS

When simulating the behavior of a tunnel diode
incorporated into the microwave resonator, we used the
equivalent circuit shown in Fig. 3. The elements of this
equivalent circuit simulate the semiconductor diode
structure in the form of parallel connection of the
capacitance C and nonlinear resistance R [3]. The diode
case is simulated by the elements Lc and Cc, and the
waveguide section is represented by the input admit-
tance in the plane of the diode Y0.

It was assumed that the resistance of the diode base
was independent of the current and is much less than
the resistance R of the p–n junction for the bias voltages
V no greater than the contact-potential difference Vcont.
For V > Vcont, the value of R was assumed to be constant

and was defined as R = ρ , where ρ, l, and S are the

resistivity, thickness, and area of the base of the diode
structure.

The nonlinear resistance R was defined as the aver-
age resistance of the p–n junction for the first harmonic
of microwave current; i.e.

Here, V0 and V~ are the constant bias voltage and the
amplitude of alternating microwave voltage applied to
the tunnel diode, I is the current through the resistance
R, and T = 2π/ω is the period of microwave oscillations.

In the context of the model suggested, the constant
bias voltage V0 is identified with the instantaneous
value of the low-frequency alternating bias voltage
applied to the tunnel diode in the experiments; this low-
frequency voltage may be regarded as constant com-
pared to the microwave voltage.

When simulating the current through the tunnel
diode, we used an expression for the I–V characteristic
derived with allowance made for variations in the tun-
nel (IT), excess (IX), and diffusion (ID) components of
the total current I due to heating of the free charge car-
riers [5]; i.e., we have
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Fig. 1. Experimental I–V characteristics of the tunnel diode
for the power levels of microwave radiation P0 equal to
(1) 0, (2) 50, (3) 100, (4) 400, (5) 800, and (6) 1200 mW for
Vd = 900 mV.

Fig. 2. Experimental dependences of the bias voltage V0
applied to the tunnel diode on the supply voltage Vd for the
power levels of microwave radiation P0 equal to (1) 0,
(2) 100, (3) 400, (4) 800, and (5) 1200 mW.
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where fCT(ε) and fVT(ε) are the Fermi–Dirac distribution
functions for electrons in the conduction and valence
bands for the electron temperature Tn; Tp is the hole
temperature; T0 is the lattice temperature; A, A1, and ax

are constants; TT is the probability of tunneling transit
through the potential barrier between the p-region and
the n-region; gc(ε) and gv(ε) are the densities of energy
states in the conduction and valence bands; εc and εv are
the energies corresponding to the bottom of the conduc-
tion band and to the top of the valence band; εg is the
bandgap; ζn and ζp are the quasi-Fermi levels in the n-
and p-type semiconductors; Dx is the density of occu-
pied states located in the forbidden band above the top
of the valence band by the energy εx defined as

Dn and Dp are the diffusion coefficients for electrons
and holes; S is the cross-sectional area of the p–n junc-
tion; and V is the voltage applied to the diode.
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Fig. 3. Equivalent microwave circuit of a tunnel diode
mounted in a microwave resonator.
We calculated the I–V characteristic of the diode
taking into account the detector effect and using the
relationship

It was taken into account in calculations that the
constant resistance Rl connected in series with the tun-
nel diode was included in the feed circuit. The current–
voltage characteristic Ic(V0) was determined by solving
the equation

where Vd is the supply voltage applied to the series-
connected tunnel diode and the resistance.

The amplitude of microwave voltage V~ was deter-
mined from the value of microwave power P absorbed
by the diode; i.e.,

In order to calculate the power absorbed by the diode
mounted in the resonator, we used the expression [8]

where P0 is the power of microwave radiation incident

on the diode, N =  is the coefficient of the reflec-

tion of microwave radiation from the diode, and Y =

jωCc +  + jωLc  is the admittance of the

tunnel diode.

RESULTS OF CALCULATIONS

The calculations showed that, if the microwave sig-
nal was absent and a small-amplitude forward voltage
was applied, most of the applied voltage dropped
across a 50-Ω resistor connected in series with the tun-
nel diode. As the forward voltage Vd increases, a steady
increase in the bias voltages across the tunnel diode V0
and across the series resistor Vl occurs, with the ratio
between these voltages equal to the ratio of the corre-
sponding resistances under the dc conditions (Fig. 4,
curve 1). If the voltage V0 reaches the peak value Vp (in
the case under consideration, Vp ≈ 110 mV), an abrupt
redistribution of voltages between the tunnel diode and
the resistor occurs: as Vd increases from 1220 to
1240 mV, the voltage V0 increases from 110 to 420 mV;
i.e., the tunnel diode switches from the low-resistance
state to the high-resistance one, in which case the oper-
ating point is abruptly transferred along the load line
from one ascending portion of the I–V characteristic to
another ascending portion of this characteristic.
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When the microwave signal is applied to the tunnel
diode, a decrease in the total-current tunnel component,
a sharp increase in the diffusion component, and an
insignificant increase in the excess component of the
total current through the tunnel diode are observed [5].
This causes the peak current Ip in the forward portion of
the tunnel-diode I–V characteristic to decrease as the
bias voltage Vp corresponding to this peak current is
increased somewhat. Consequently, the effect of the
microwave signal on the tunnel diode consists in an
increase of the tunnel-diode dc resistance in the range
of predominance of the tunnel component of the total
current and in a decrease of this resistance in the range
of predominance of the diffusion component of the
total current.

Such changes in the I–V characteristic of the tunnel
diode cause the voltage V0 across the tunnel diode to
increase with increasing microwave power and with Vd

kept constant in the range of positive slope of the I–V
characteristic in the vicinity of zero bias. As the micro-
wave power increases to a certain value Pp, the voltage
V0 reaches the value corresponding to the starting point
of the descending portion in the I–V characteristic of
the tunnel diode, and an abrupt redistribution of dc volt-
ages between the tunnel diode and the series resistance
occurs (Fig. 5, curves 3, 4); as a result, the operating
point is transferred along the load line through the
region of negative differential resistance to a point
located at the ascending portion of the tunnel-diode I−V
characteristic. It is this effect that was observed in the
experiment outlined above.

As was mentioned above, a further increase in the
microwave power causes the tunnel-diode resistance to
decrease in the region of predominance of the diffusion
component of the total current (i.e., at the second
ascending portion of the tunnel-diode I–V characteris-
tic). This leads to a slight decrease in the bias voltage
V0 applied to the tunnel diode for a fixed value of Vd.

Figure 6 shows the tunnel-diode I–V characteristics
calculated for various power levels of microwave radi-
ation and for the same range of voltages Vd.

It is noteworthy that the changes in the I–V charac-
teristic of the tunnel diode caused by microwave irradi-
ation with increasing power result in a shift of the
region of abrupt increase in V0 in the dependence V0(Vd)
to smaller values of Vd (Fig. 4, curves 2–4).

Since, as follows from the results of calculations
illustrated in Fig. 5, the value of Pp for which V0 reaches
the value corresponding to the starting point of the
descending portion of the I–V characteristic is defined
by the voltage Vd and increases with decreasing Vd, the
effect of abrupt redistribution of voltages is bound to be
observed at higher levels of microwave power for small
values of Vd. On the other hand, an appreciable increase
in the microwave power causes the current to decrease
in the maximum of the tunnel-diode I–V characteristic
and to increase in the minimum of this characteristic to
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such an extent that the I–V characteristic ceases to have
an N-shape and becomes similar to the forward I–V
characteristic of an inversed diode. For a still larger
magnitude of the microwave signal, the I–V character-
istic of the diode becomes almost linear.

Such a change in the I–V characteristic causes the
effect of abrupt switching of the tunnel diode from the
low-resistance state to the high-resistance state to dis-
appear and the region of negative differential resistance
to cease to exist. In this case, abrupt changes in V0 in the
dependences V0(P) (Fig. 5, curves 1, 2) and V0(Vd)
(Fig. 4, curves 5, 6) are no longer observed.

Consequently, for a given type of tunnel diode and a
chosen value of series resistance, there exist a minimal

V0, mV

Vd, mV0 500 1000

1

2

6

5
4

3

200

400

V0, mV

P0, mW
0 200 400 600

100

200

1

2

3

4

Fig. 4. Calculated dependences of bias voltage V0 applied to
the tunnel diode on the supply voltage Vd for the power lev-
els P0 of microwave radiation equal to (1) 0, (2) 50, (3) 100,
(4) 400, (5) 800, and (6) 1200 mW.

Fig. 5. The bias voltage V0 applied to the tunnel diode as a
function of the power level P0 of microwave signal for the
supply voltages Vd equal to (1) 250, (2) 350, (3) 500, and
(4) 550 mV.



554 USANOV et al.
value Vdm of the voltage and a corresponding value V0m

of the bias voltage for which the phenomenon of nega-
tive differential resistance and switching under the
effect of external microwave signal becomes possible.
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Fig. 6. The tunnel-diode I–V characteristics calculated for
the microwave-radiation power levels P0 = (1) 0, (2) 50,
(3) 100, (4) 400, (5) 800, and (6) 1200 mW.
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Fig. 7. The direct current of tunnel diode as a function of the
power level of microwave radiation for Vd = (1) 250,
(2) 270, and (3) 300 mV.
In the absence of a microwave signal, the value of cur-
rent I0m for a 1I308 diode is equal to 0.5Ip for V0 = V0m
and Rl = 50 Ω .

It is worth noting that, choosing the bias voltage at
the positive-slope portion of the I–V characteristic
V0m < V0 < Vp and connecting a resistance of Rl = 50 Ω
in series with the diode (so that Rl is much larger than
the tunnel-diode resistance R0 in the vicinity of zero
bias), we can use the external microwave signal to
switch the tunnel diode over the region of negative dif-
ferential resistance with respect to voltage (Fig. 4,
curves 2, 3, 4); if the resistor with Rl = 10 Ω comparable
to R0 is employed, one can use the microwave signal to
switch the tunnel diode over the region of negative dif-
ferential resistance with respect to current (Fig. 7).

The results of the calculations are in good qualita-
tive and quantitative agreement with the experimental
data obtained.

CONCLUSION

Thus, we demonstrated experimentally and substan-
tiated theoretically the possibility of initiating the mode
of negative differential resistance and switching in a
tunnel diode exposed to microwave radiation for supply
voltages lower than the peak value.

REFERENCES
1. A. I. Veœnger, L. G. Paritskiœ, É. A. Akopyan, et al., Fiz.

Tekh. Poluprovodn. (Leningrad) 9 (2), 216 (1975) [Sov.
Phys. Semicond. 9, 144 (1975)].

2. N. A. Ablyazimova, A. I. Veœnger, and V. S. Pitanov, Fiz.
Tekh. Poluprovodn. (Leningrad) 22, 2001 (1988) [Sov.
Phys. Semicond. 22, 1267 (1988)].

3. D. A. Usanov, A. V. Skripal’, and N. V. Ugryumova, Fiz.
Tekh. Poluprovodn. (St. Petersburg) 32, 1399 (1998)
[Semicond. 32, 1248 (1998)].

4. D. A. Usanov, B. N. Korotin, V. E. Orlov, et al., Pis’ma
Zh. Tekh. Fiz. 16 (8), 50 (1990) [Sov. Tech. Phys. Lett.
16, 303 (1990)].

5. D. A. Usanov, A. V. Skripal’, B. N. Korotin, et al., Pis’ma
Zh. Tekh. Fiz. 19 (7), 81 (1993) [Tech. Phys. Lett. 19,
220 (1993)].

6. D. A. Usanov, B. N. Korotin, V. E. Orlov, et al., Izv.
Vyssh. Uchebn. Zaved., Radiofiz. 34 (1), 98 (1991).

7. D. A. Usanov, A. V. Skripal’, V. E. Orlov, et al., Izv.
Vyssh. Uchebn. Zaved., Élektron. 1–2, 129 (1996).

8. J. Helszajn, Passive and Active Microwave Circuits
(Wiley, New York, 1978; Radio i svyaz’, Moscow, 1981).

Translated by A. Spitsyn
SEMICONDUCTORS      Vol. 34      No. 5      2000


