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Abstract: The relaxation oscillation characteristics of a resonant tunneling diode (RTD) with applied pressure are repor-

ted. The oscillation circuit is simulated and designed by Pspice 8. 0.,and the measured oscillation frequency is up to 200kHz.

Using molecular beam epitaxy (MBE) , AlAs/In, Ga, -, As/GaAs double barrier resonant tunneling structures (DBRTS) are

grown on (100) semi-insulated (SI) GaAs substrate,and the RTD is processed by Au/Ge/Ni/Au metallization and an air-

bridge structure. Because of the piezoresistive effect of RTD,with Raman spectrum to measure the applied pressure, the

relaxation oscillation characteristics have been studied, which show that the relaxation oscillation frequency has approxi-

mately a —17. 9kHz/MPa change.
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1 Introduction

A resistor in a circuit containing a DC source,an
inductor,and a capacitor will always undergo damped
oscillations. A non-linear resistor with a region of
negative differential conductance and set of suitable
bias and circuit parameters will sustain repetitive os-
cillations. RTD is such a semiconductor heterostruc-
ture device with negative differential effect, and it
has been widely used for high frequency operations
and high speed applications. Oscillations of up to
712GHz have been reported' and several applica-
tions of RTDs for multivalued logic have been pro-
posed™.

However the RTD current-voltage (I-V) charac-
uniaxial stress dependence,
mainly in the negative differential resistance (NDR)
region® . This effect has been used in sensor design,

teristics show special

such as pressure sensors and accelerometers'*.

In this work,an equivalent model of RTD and its
oscillation circuit are simulated by Pspice 8. 0,and its
oscillation circuit is designed. Using MBE, the AlAs/
In,Ga,-, As/GaAs double barrier resonant tunneling
structures are grown on semi-insulated (100) GaAs
substrate,and RTD is fabricated with Au/Ge/Ni/Au
metallization and an air-bridge structure. Finally, the
relaxation oscillation characteristics with applied
pressure have been studied,which display a frequency
change of up to approximately —17. 9kHz/MPa.

Article ID: 0253-4177(2008)01-0039-06

2 Oscillation circuit design

RTD is a semiconductor hetero structure device
based on the quantum-mechanical effect;the principal
effects involved are the quantization of electron ener-
gies in a quantum well structure and the tunneling of
electrons through thin barrier materials.

2.1 RTD’s equivalent model

According to Zhao'®!, the equivalent model of
RTD is shown in Fig. 1. It includes a conductance, a
capacitance,and an inductance.

For small signals,the conductance and the capac-
itance are defined as

aJ i1 — Ji
sy = o (1

Fig.1 Equivalent model of RTD
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Fig.2 Working principal of oscillation circuit (a) Equivalent

model; (b) Working mechanism
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where the charges Quieier aNd Qemiver are obtained at

Qcmincr ( 2 )

each bias point by integrating the total charge density
on the collector and emitter,respectively.

And the quantum inductance of RTD may be ex-
pressed in terms of the lifetime of the quasibound
state in the well as

L ==L (3)

where 7 is the lifetime of the charge in the well and G
is the conductance.

2.2 Oscillation circuit and its working mechanism

Oscillators constituted by RTD consist of a volt-
age supply,a serial inductor,and a capacitor in paral-
lel,as shown in Fig. 2 (a). When an RTD is biased in
its NDR region, the principle of relaxation oscillation
can be explained,as shown in Fig. 2 (b).

First, the current rises until it reaches the peak
value (Point A).

The serial inductance, the parallel capacitor,and
the NDR force the diode to switch from A to B. The
inductance maintains the current while the capacitor
takes up the current difference and therefore increa-
ses the RTD’s voltage. Fast switching from A to B oc-
curs.

The voltage reached is above the bias point and
can not be maintained by the voltage source. There-

fore,the voltage decreases with a time constant deter-
mined through the inductor and the nonlinear RTD’s
positive resistance.

If the valley voltage (Point C) is reached,a fast
switch to point D takes place. The diode current in-
creases while the inductor current remains constant.
The current difference is supplied by the capacitor.

Through these four steps, when the bias voltage is
in RTD’s NDR,the relaxation oscillation will occur.

2.3 Simulation and design

The current flowing through RTD consists of two
types of competing parts:tunneling current and excess
current®,

J = Jrr + Jix 4)
where Jgr is the resonant tunneling current, which in-
duces the negative differential resistance directly;and
Jex is the excess current.

According to the equivalent model illustrated
above, the circuit of RTD is established by Pspice
8.0. Besides R,, L,and C, it uses two voltage-con-
trolled current sources to substitute for Jrr and Jgx »
respectively. The oscillator circuit has been conducted
too,which employs a voltage source to supply the bi-
as. The relaxation oscillation will occur when the bias
voltage is in NDR, and the simulated oscillation fre-
quency is up to 250kHz.

The measured I-V curves of RTD show their
peak voltage and valley voltage are at 0.57 and
0. 64V ,respectively, with a peak valley ratio (PVR)
about 1. 7. Combined with the simulation model, the
oscillator circuit has been built too. A change in the
bias voltage of RTD and in the NDR,causes a relaxa-
tion oscillation to occur. The oscillation frequency was
measured at 0. 6V bias, which is nearly 200kHz.

The oscillation frequency is almost the same as
the simulation results. If the bias voltage continues to
increase,the oscillation will remain in NDR, but the
oscillation frequency will change, and disappears
when the NDR is exceeded.

3 Fabrication of RTD

The AlAs/In,Ga,_,.As/GaAs double
structures are fabricated on semi-insulated (100)
GaAs substrate, grown by MBE.

Because of the influence of the resistance and the
capacitor on the oscillation frequency.Au/Ge/Ni/Au
metallization and air-bridge structures are introduced,
and the RTD is processed. Detailed fabrication steps
are shown in Fig.3 (a), and the SEM of RTD is
shown in Fig. 3 (b).

barrier
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Fig.3 Fabrication and the SEM of RTD
tion; (b) SEM photo of the RTD

(a) RTD’s fabrica-

4 Measurement and discussion

4.1 Oscillation characteristics with applied pressure

A Raman spectrum can measure the lattice vibra-
tional energy of a material accurately. When stress ex-
ists in the microstructures, the lattice structure of the
material changes,so using Raman spectrum can deter-
mine the stress of a material exactly""’.

We have introduced the Raman spectrum to
measure the pressure changes applied on RTD, with a
probe applying the stress to RTD and using Agi-
lent4156C semiconductor analysis for current-voltage
curve measurement. Figure 4 is the sketch map of the
measurement system.

The inductance and the resistance in series are
fixed at 22pH and 0. 5Q, respectively and the paral-
leled capacitance is 0. 01C. To deduce the influence
of the environment and the electrical parameters,
measurements were conducted at a stable temperature

CCD
Computer

Spectrum analysis

Spectrum
microscope

Probe

Laser
Agilent4156C

Object stagN m 5

Oscillator circuit Oscillograph

Fig.4 Sketch map of measurement system

(22°C approximately) and at short intervals (30min in
all) . After the establishment of a measurement sys-
tem,the conducting wires use twisted-pairs and were
fixed to deduce the effect of the coupling inductance.
The bias voltage was also nearly invariable, supplied
by a MAX8526, which is a low-dropout linear regula-
tor, and its output voltage accuracy is £1.4% be-
tween 0 and 85C .

Using an Agilent 4156C, the excursions of RTD’s
I-V curves were measured and an important phenom-
enon observed, as AR/R changed at different rates
with applied stress. The change rate in NDR is much
larger than other regions.

Setting the bias voltage of RTD in one point of
its NDR,relaxation oscillation will occur and remain.
Using the probe and Raman spectrum to apply and
measure the stress, respectively, the oscillation fre-
quency’s variety with the applied pressure is shown in
Fig. 5.

4.2 Discussion

For RTD,the change of the position of the ener-
gy states in the quantum well with applied external
pressure can be attributed to two major effects: the
pressure induces the change in the electrons effective
mass and the generated piezoelectric fields inside the
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Fig.5 Measurement results
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Fig.6 Piezoresistive effect of RTD

well and the barrier materials. Hydrostatic pressure
induces a variation of carrier effective mass, which
shifts the energy states in the well.

In the case of uniaxial and biaxial pressures, the
piezoelectric field induced contribution to the energy
shift is stronger than the one related to the effective
mass change. The well-known effects are: the energy
band gap variation with hydrostatic pressure, the
stress induced piezoelectric field in [[[-V compound
semiconductors, the change of the band edge curva-
ture, and the band edge splitting with uniaxial pres-
of RTD will
change. The observed effects are principally a shift of

the peak and the valley voltages, and a shift of the
(8]

sure. Then, the [-V characteristics

peak and the valley currents™ ,shown in Fig. 6.
For the oscillation circuit in Fig. 2 (a), because
the corresponding switching time from A to B and C
to D is very short compared with the time from B to C
and D to A, the capacitor can be neglected. There-
fore,we only need to calculate the time for the D to A
and B to C transitions. The following equation can be

obtained:

R
Vo, = Rig+ L d.
where V, and i, are the bias voltage and the current

(5

+ Vd

flow in RTD,respectively.

The next simplification will be to approximate
the I-V curve between D to A and B to C through lin-
ear functions,so that g is constant in the two positive
resistance regions. The equation can then be easily
solved by using the following assumption:

id - ng - gVX (6)
Thus,Equation (5) can been written as
Vo, = (Rg+ DV, — RgV, + gL —* <)

d.

For solving the differential equation,a boundary
condition is necessary. If the transition from point D
to A (B to C) is set to begin at t =0 and the corre-
sponding voltage at point D (B) is V|, (V) ,the solu-
tion for the entire oscillation period, under the as-
sumption that gR is much less than 1,is:

Looking at Eq. (8), the oscillation frequency is
decided by L,R,V,,and V,,et al.Because of the pi-
ezoresistive effect of RTD, which will vary its I-V
curves as illustrated above, the oscillation frequency
will change as pressure is applied,and due to the dif-
ferent change rate of AR/R in NDR, the changed
value of frequency can be adjusted by the bias volt-
age.

The change of the oscillation frequency can be
calculated as follows:

D= o
i=1

E (s,' - S() )
i=1
For these types of RTDs and the circuit parame-
ters, the change is — 17. 9kHz/MPa approximately,
here the negative sign indicates the frequency decrea-

=9/

S_as

€))

ses as pressure is applied.
4.3 Error analysis

As simulation and measurement results show, the
resistance in series with RTD can affect its I-V char-
acteristics greatly. Figure 7 (a) is the measured
RTD’s I-V characteristics with the resistance in se-
ries. As the resistance increases, the gap between the
peak and valley voltage shrinks, which makes the
RTD’s NDR much narrower. At the same time, the
peak current is nearly unchanged, but the valley cur-
rent is larger,and the PVR decreases.

Another cause of the measured oscillation fre-
quency error is the influence of environment, such as
temperature. Some papers have proposed that as tem-
perature increases,the peak current will decrease and
the valley current will increase, which results in the
fall of the PVR as a whole;the opposite is just the re-

L9l

verse-- ,and Figure 7 (b) is the measured I-V charac-

teristics at various temperatures.

5 Conclusion

This paper reports the equivalent model and os-
cillator circuit of RTD established and simulated by
Pspice 8.0. Using a simple circuit with a DC voltage
source,a capacitance, and an inductance, the relaxa-
tion oscillation circuit of RTD has been designed,and
the measurement results are nearly identical to the
simulation results. Because of the piezoresistive effect
of AlAs/In,Ga,_,As/GaAs double barrier RTDs, the

relaxation oscillation characteristics with applied
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Fig.7 RTD’s I-V characteristics with resistance in series and temperature variety

ent temperatures

pressure have also been conducted, the observed fre-
quency change is approximately —17. 9kHz/MPa.

The piezoresistive effect of AlAs/In,Ga,-, As/
GaAs double barrier structures based on RTD’s relax-
ation oscillation implies that it can be used to design
some novel sensors with frequency output, and com-
pared with the piczoresistive effect of silicon, these
types of devices have many excellent features,such as
sensitivity, which can be adjusted by the bias voltage.
half-digital outputs,and so on.

Measurement error is mainly attributed to the re-
sistance and coupling inductance of the conducting
wires,and the environment influence,such as temper-
ature. Future work will include:

(1) RTDs with much lower current, higher PVR,
and wider NDR;

(2) Optimized circuit parameters for precise pres-
sure measurement.
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