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A MINIATURE ELECTROMECHANICAL TUNNEL DIODE TRANSDUCER 


By Wilhelm Rindner, Andre Garfein, Ernest Pittelli, 

and Americo Iannini 


Electronics Research Center 

Cambridge, Massachusetts 


SUMMARY 


The theory, fabrication, and performance of new gallium anti

monide tunnel diode transducers are described. The outstanding

features of these devices are simplicity, very small size ( <  1 m m ) ,
good resolution ( %  0.3 mm Hg for a 1000 Hz bandwidth) and wide 
dynamic range ( %  60 db). The temperature sensitivity is generally,
but not inherently, high (equivalent to % 25 mm Hg/'C) but is 
readily reduced by conventional compensation techniques to the 
equivalent of about 1 mm Hg/OC or better. The present design is 
particularly attractive for biomedical applications for which 
special configurations and circuitry have been developed. In 

addition, an experimental tunnel diode accelerometer of miniature 

size and mass is described. Experimental circuitry based on the 

tunnel diode switching characteristic has been designed to yield

pulse-width and frequency-modulated output with high percentage 
( %  0.5 percent/" Hg) deviation. 

INTRODUCTION 


Very shortly following Esaki's already classic paper (ref. 1)
in 1958, it became evident that the electrical characteristics 
of degenerate semiconductor tunnel diodes are sensitive to mechani
cal pressure (ref. 2 ) .  Since then, various efforts have been 
undertaken to utilize this effect in new electromechanical trans
ducers (refs. 3, 4, 5). Such devices, although subject to limi
tations in linearity and bias requirements, were expected to have 
very attractive properties: in particular, high sensitivity com
bined with very small dimensions, and temperature insensitivity.
However, it appears that until now, a decade later, the tunnel 
diode transducer still has not gone beyond the laboratory stage. 

Our own efforts have led us to believe that one of the dif

ficulties which were experienced in the practical realization of 

the tunnel diode transducer (TDT) was related to the instabilities 

and noise caused by unrecognized mechanical damage to the junction.

Junctions under true hydrostatic pressure do not suffer from this 

problem; however, their usefulness is limited in practice to 

very high pressure ranges. We have, therefore, aimed our efforts 

at the development of simple fabrication techniques that safe

guard the mechanical integrity of the junction while subjecting 




it to anisotropic stress. At the same time, we have concentrated 

on the use of GaSb junctions, which have larger pressure sensi

tivity than Ge, the principal material previously used. The re

sulting new device has proven its usefulness in the biomedical 

research field, and with further development a broader range of 

applications appears well within reach. Since the TDT cannot 
readily be used in conjunction with conventional transducer cir
cuitry, we have a lso  extend-edour efforts to include some circuit 
development. 


In order to present a reasonably complete picture, we include 
a brief analysis of the physical mechanisms on which the devices 
are based and discuss the large excess current effects whose 
presence appears incompatible with predictable and stable device 
operation. These effects are attributed to damage-induced defect 
levels, the dynamics of which are now being studied using the TDT 
as a convenient research t o o l .  

DEVICE THEORY 

In the following, we shall briefly review the theory of the 

tunnel diode, confining ourselves to those aspects which are perti

nent to our transducer application. 


It will be recalled that the tunnel diode incorporates a high

ly abrupt p-n junction which is so heavily doped that the Fermi 

level lies in the valence and conduction bands of the p and n 

sides, respectively (Figure 1). Forward bias causes electrons in 

the conduction band on the n-type side to tunnel through the 

junction into empty states of the same energy in the valence band 

on the p-side. This tunnel current reaches a maximum Ip at a 

bias Vp which raises a maximum number of electrons to energies of 

valence band holes. An increase in bias above V reduces the 

current by reducing band overlap until, at a sufFiciently high

bias, the bottom of the conduction band on the n-side rises above 

the top of the p-side valence band, and the tunneling current vani

shes. The excess current 1, beyond this bias comes about by in

direct tunneling via levels in the band gap believed to be as

sociated primarily with defects. An increase of bias substantially

beyond the valley gives rise predominantly to diffusion current. 

Pressure effects on diffusion currents in diodes and transistors 

have been amply covered before and need not concern us here (refs. 

8, 9). 


The primary mode of operation of the TDT is based on variation 

of the peak current caused by a pressure-induced change in the 

band gap EG. At the peak voltage the current is (ref. 10): 
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PBSqure 1.7 Energy band diagram (a) and 3-V characteristic (b)
of a tunnel diode. 
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For small hydrostatic pressure the band-gap varies linearly
(ref. 11): 

EG = EGO + CGU (21  

where o represents pressure and c' and CG are material constants. 
Therefore, for small pressures 

The magnitude of the hydrostatic pressure effect measured by

Nathan and Paul (ref. 12) and the corresponding uniaxial pressure

effects to be expected for various orientations are shown in 

Figure 2. 


The valley current region is dominated by indirect tunneling

via defect levels: electrons located at the most energetic filled 

defect state on the n-side tunnel to the valence band on the p

side via a virtual state at the level Ed below the p-side con

duction band edge. Classen (ref. 13) has shown this excess cur

rent to be expressed by 


Tx = ADx exp 

where Dx is the number of 

constant which depends on 

depends on effective mass 

cc and c ~ ,are defined in 


' _  

With the application

level changes linearly as 


+, '.>('G - ,  Ed GVT'I ( 4 )  
EG + 5, + 5, 

intermediate tunneling levels, A is a 

junction area, and C is a constant which 

and junction width. The Fermi energies, 

Figure 1. 

of uniaxial stress the defect energy

does the bandgap (ref. 11). 


L~ - Edo + Cd0 (5) 

The value of CG is known for GaAs and GaSb (ref. 11) (CG for -1 
GaAs = 3.76 x 10-6 eV kg-l cm2, CG for GaSb = 4.08 x eV kg 
cm2). Studies of the pressure dependence of impurity levels in Ge, 
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0 20,000 30,OOO 
kg/cm2 

Figure 2.-	 Hydrostatic and uniaxial pressure dependence of 
the peak currents of Ge, Si, GaAs and GaSb tunnel 
diodes (after Nathan and Paul (ref. 12)). 
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Si and GaAs (ref. 14) have led to the general conclusion that these 
levels have the same pressure dependence as the top of the valence 
band, i.e., Cd = CG. Therefore, the bandgap mechanism would be 
expected to yield changes by about the same ratio for the valley 
as for the peak current (ref. 15). Figure 3 shows valley current 
changes we have observed, albeit not consistently, which are in 
reasonable agreement with the quantitative relationship expected 
from Eqs. (4) and (5). 


Under high pressure and in the presence of mechanical damage,

however, these relationships appear to be inapplicable (ref.llb).

In these cases I, consistently and very substantially increases 

with pressure. Since Cd = C > 0 in GaSb, there clearly is a con
flict with the bandgap mode? both in magnitude and sign of the effec 
That these excess current effects are intimately associated with 

the presence of defects is clearly established by the results of 

the following experiment: a GaSb unit is subjected to a pressure

of about 1300 kg/cm2 (Figure 4a). Both peak and excess current 

changes in roughly similar proportion and in the same direction 

as conventional theory would predict ("normal" effect). We now 

apply pressure beyond the elastic limit of the device, as evi

denced by the small irreversible increase of excess current shown 

by the no-stress curve in Figure 4b. A pressure signal roughly

equivalent to that applied before now yields a nearly 50 per

cent increase of excess current ("anomalous"effect). The sole, 

ad hoc, interpretation advanced so far for this effect is that 

stress modulates the number of active energy levels in the band-

gap, relatively small variations in the number and position of 

effective levels being adequate to explain the magnitude of the 

effect (ref. 11). Any practical applications of this large ef

fect are severly limited by the associated large noise and in

stabilities which more than offset the advantages accruing from 

its magnitude. 


Tunneling is basically a highly temperature-independent mech

anism; however, even small temperature effects can be equivalent 

to significant pressure signals. While it might appear as if the 

temperature dependence could readily be deduced from Eq. (l), the 
implicit functional dependence of E F ,  EG, effective mass, etc., 
on temperature can completely override the explicit temperature
dependence and hence, in practice, not even the sign of the tem

perature dependence can be predicted with any certainty. The 

only major controllable factor is the doping level, whose effect 

on temperature dependence has been analyzed in certain cases 

(refs. 16, 17). 


Since tunneling is an extremely fast process, any frequency

limitation encountered in the TDT ca.nonly be of mechanical origin.

Here again, the small and intricate structure of the TDT makes 

any theoretical analysis a purely academic undertaking and thus 
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Figure 3.-	 Peak (a) and valley current (b) changes under uniaxial 

compression. The numbers correspond, in order, to 0, 

200, 600, 1300 and 1800 kg/cm2, approximately. 
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Figure 4.-	 Vertical: 100 pA/div 

Horizontal: 50 mV/div 


(a) "Normal" effect of uniaxial pressure on a GaSb tunnel diode. 

(b) "Anomalous" effect of about the same pressure on the diode, 

following mechanical overstressing. Note the large reversible 

excess current increase while the peak current shows the normal 

decrease. 




experiment rather than theory must, for the time being, provide

design guidelines. 


DEVICE FABRICATION 


The TDT concept lends itself to realization in a variety of 

electromechanical devices. Our own efforts were specifically

aimed at the development of miniature pressure transducers, al

though we have also given attention to force transducers and 

accelerometers, using one basic design with only relatively minor 

variations. This design was based on existing commercial tunnel 

diodes (Zn-doped p-GaSb with a Te alloy) with the primary ob

jective of establishing practicality of the device concept; engi

neering refinement was given relatively little attention. GaSb 

was chosen as the device material because we found it to yield

good pressure sensitivity and tolerance to manipulation during

fabrication. 


The device housing is a conventional (but uncapped) micro

wave pill package with two cuts parallel to the device axis (Fig

ure 5). The cuts are made to reduce device dimensions and to pro

vide a flat surface for deposition of a stabilization resistor. 


Generally, we found it desirable to reduce the mesa cross-
section by standard electrolytic etching. For the particular
diodes used, a peak current of 0.5 to 1 mA was chosen as a meas
ure of adequately small junction diameter. Figure 6 shows the 
effect of etching on the mesa configuration. The mushroom-shaped 
structure, considerably larger in diameter at the top than at the 
neck where the junction is located, makes it clear that the high 
stresses are concentrated there. 

Following etching, a shunt resistor is applied to one of the 

two flat sides of the package (Figure 5). The resistor is a vacu

um-deposited thin ( - 2002)  Cr layer, about 1 mm wide and extend
ing over the two electrodes of the device. The resistance (50 to 
100 ohms), corresponding to the negative slope of the I-V charac
teristic, is monitored during evaporation, with due allowance for 

the approximately 10 percent increase following exposure to the 

atmosphere. The film is then covered with a thin protective

coating of hard epoxy. 


The mechanical coupling between the top of the mesa and the 
sensing surface (a gold-plated beryllium-copper disk) is ac
complished by means of an epoxy column (Figure 7). The disk, 
which has a center hole, is epoxy-bonded to the periphery of the 
structure and, through the hole, to the coupling column, thereby
allowing operation bGth in tension and compression without pre
load.. It should be noted that the stresses in the epcxy 1 ;on .d~  
are very mod-eratecon?Fared with thcse at the junction. 
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w LFILM RESISTOR 

CERAMIC --’ 
RING SPACER 

Figure  5.- 	 Housing and e l e c t r o d e  c o n f i g u r a t i o n  of  a TDT. 
Note t h e  evaporated Cr-f i lm s t a b i l i z i n g  r e s i s t o r .  

F igu re  6.-	 Microphotographs of a t u n n e l  d iode  mesa (and t h e  t o p  
e l e c t r o d e )  a t  two success ive  e t c h i n g  s t a g e s .  The 
t y p i c a l  TDT mesa s i z e  i s  i n d i c a t e d  i n  t h e  lower 
photograph. 
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For application a s  a cardiovascular pressure transducer, a 
small ridge of epoxy is built up around the device to provide a 
measure of protecticn fcr the sensing diaphragm. A thin coaxial 
cable (% 13 mils) is attached to the transducer: a stainless-steel 
sleeve is slipped cver the device, and the assembly is bonded to 
the tip of a catheter (Figure 8). In an alternative construction, 
also shown in this figure, an epoxy coating is substituted for the 
stainless-steel sleeve. The insert depicts a TDT whose critical 
diameter is about 0.5 mm. For such small devices the ceramic 
spacer is actually cut open (Figure 7 )  and the housing is Sub
sequently sealed by means of epoxy-bonded sidewalls. The film 
resistor is deposited on one of the exposed flat ceramic surfaces. 
To take full advantage of the minute size of the device, thin 
polyethylene tubing (0.6 mm OD) had to be used as a catheter. 

We have used a basically similar construction for experimental

accelerometers which incorporated a spherical seismic mass of 13 

milligrams bonded directly to the mesa. No attempt was made to 

reduce cross axis modulation by means of lateral support, since 

the purpose of these accelerometers was only to provide a con

venient means to study frequency response. 


DEVICE CHARACTERIZATION 


Device evaluation was conducted on "normal" units only:

"anomalous" units (that is, those showing large pressure dependence

of the excess current - several times larger than that of the peak
current) were rejected. This selection was based on extensive 
experience which proved such devices to be noisy and erratic. 

As pointed out, it appears that these Large "anomalous" pressure

effects, which in GaSb are of opposite sign to that of the "normal" 

effect, stem from a mechanism associated with crystal defects. 


Th2 "normal" excess current effect, i.e., the effect in

volving a relative current change of about the same magnitude as 

that of the peak current, and of the same sign, does offer certain 

operational advantages, as outlined in the Discussion. However, 

we have not investigated these to any significant extent and we 

have concentrated, instead, on the normal peak current effect. 


To avoid instabilities inherent in operation at the peak volt

age, stabilization by means of a shunting resistor in close proxim

ity to the junction (for minimum series inductance) is required.

We have satisfied this condition by vapor deposition of a thin 

film resistor directly onto the tunne:*diode housing, as described 

in the section on device fabrication. 


The tests were performed with the TDT connected to a conven
tional dc differential amplifier. For static tests we used a 
small pressure chamber monitored by a reference transducer ( M K S
Baratron type 7 7 )  whose output, together with that of the TDT, 
was fed to an X-Y recorder. 

~-
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Figure 7.- Cross section of a TDT, complete except for side

walls. The circled area shows the critical inter

face between mesa and epoxy column. 


EPOXY RIDGE 

-'-.STAINLESS STEEL 
SLEEVE 

Figure 8.-	 Two catheter-mounted TDT's designed as experimental 
cardiovascular pressure transducers. Insert shows 
a 0.5 mm wide TDT. 
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Figure 9 shows a typical result of such a measurement extend

ing over both positive and negative pressures. (The sensitivity

is about 12 pV/mm Hg and the resolution about 0.5 mm Hg. Linear
ity over the 300 mm Hg range is within 5 6  percent). 

To simplify the discussion of the results, we shall make use 
of an expression relating the signal voltage AV across the TDT 
to the pressure signal Aa 

A V =  (=)(E) = I, Ao 

u = uo 

where the first coefficient represents the pressure dependence of 
the current and the second coefficient 6V/6I = rd is the dif
ferential resistance (comprising device, shunt, and load resist
ance). Clearly this expression is valid only for small-signal
conditions, but it represents an adequate appproximation for 
our present purposes. 

From Figure 10 which shows the stabilized I-V characteristic 
in the range of interest 1/2 V to 2 Vp, it is evident that rd in 
Eq. (6) represents the dominang factor since it changes by well 

over an order of magnitude, compared to a 61/60 change by a factor 

of about 2 only. Clearly then, bias represents the most important 
parameter for the operation of the device. For example, a bias 
change of only 20  mV can cause the sensitivity to vary by a factor 
of 4 (Figure 11). 

Eq. (6) tacitly assumes rd to be constant: however, since rd 

is in fact pressure-dependent, non-linearities have to be ex

pected. Ordinarily the non-linearities would range from 5 to 

10 percent (Figure 11). In extreme cases (TDT biased in the 

negative conductance region) higher values have been observed. 


Since the noise level is proportional to the differential 

resistance, as is the signal voltage, it is clear that the sig

nal-to-noise ratio should be largely independent of bias over 

the normal operational range of the TDT. Our observations con

firm this and also prove that the noise stems from the diode 

itself rather than from the associated circuitry. 


13 


I 



2 


1 1 I 

-150 -100 50 100 150 

mm Hg 

-I 

G S 9 - I  1468 
BIAS: 42 mV 

-2 


Figure 9.- 	 TDT output voltage as a function of 
pressure. 

20 40 60 80 n 

Figure 10.-	 Effect of positive and negative pressure on a 

stabilized TDT I-V characteristic. 
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There is a close analogy between pressure and temperature ef
fects in the TDT, as shown in Figure 12. A temperature change
will again cause a bias shift with all the attendant effects dis
cussed before. Figure 13 shows output as a function of pressure 
at constant-current bias, with temperature as a parameter. For 
ease of comparison all curves are offset along the ordinate in 
order to pass through the origin, with the actual zero-pressure
bias indicated. The following features are readily apparent: the 
dominant effect is the shift of bias voltage (in this case 
equivalent to about 25 mm Hg/OC), the pressure sensitivity over 
the 2OoC interval varies quite considerably (by a factor of about 
4) and goes through a maximum (at 34OC), and the shape of the 
curve varies continuously from concave to convex. The explana
tion for this behavior follows readily from two basic relations, 
the dependence of bias on temperature (Figure 13) and the depend
ence of the differential resistance on bias (Figure 10). As 
temperature increases the bias increases, which in turn causes the 
differential resistance first to increase and then to decrease. 
As evident from Eq. 6, this variation of differential resistance 
gives rise to corresponding changes in sensitivity. (The temper
ature at which the sensitivity goes through a maximum can be 
chosen arbitrarily by appropriate selection of the shunting
resistance.) Finally, the concave and convex shapes are conse
quences of the pressure dependence of the differential resistance 
and the resultant changes in sensitivity. At constant-bias volt
age Vp, on the other hand, it is indeed found that the differen
tial resistance, and hence the sensitivity, remain largely in
dependent of temperature, as shown in Figure 14. Thus a sensi
tivity variation of about 10 percent results in this case, com
pared with a change of 4 0 0  percent in the constant-current case 
illustrated in Figure 13. 

The noise level of the TDT was established by direct observa
tion on an oscilloscope. Typically, the peak-to-peak noise rang
ed between equivalent pressures of 0 . 3  to 5 mm Hg for a 1000 Hz 
bandwidth. The noise spectrum, measured with a wave analyzer (GR
Model 1900-A), showed essentially l/f dependence up to tens of 
kHz in agreement with previous results (ref. 18). The dynamic 
range of various TDT's with upper pressure limits bet.ween several 
hundred mm Hg and several atmospheres was typically 50 to 60 dB. 

A special pressure chamber (ref. 19) was used to establish 
the frequency dependence of the TDT. We found that the frequency 
response was flat over the range of the instrument, from dc to 
2 kHz. Flat frequency response was also measured up to about 
4 kHz, using an accelerometer embodiment of the TDT. 

Short-term stability is illustrated in Figure 15 which shows 
a strip-chart recording of the TDT output for a pressure signal
applied over a period of about 10 minutes. Rise and fall times 
shown do not reflect device limitations, but the time constants 
of the pressure system. Tests conducted by periodic application 
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Figure 11.- TDT output voltage as a function of pressure 

with bias voltage as a parameter. 
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Figure 12.-	 Effect of temperature on a stabilized TDT I-V 

characteristic. The dashed line represents 

the stabilizing shunt resistor. 
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Figure 13.-	 TDT output voltage as a function of pressure with 

temperature as parameter. The zero-pressure bias 

voltages are shown in parentheses. 
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Figure 14.- TDT output voltage as a function of pressure with 
temperature as parameter. (The bias voltage is 
kept constant by means of a shunting compensation
resistor. 1 
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of fixed pressure signals over periods of months showed repro
ducibility of output within +5 percent.-

As an accelerometer with a 13 milligram seismic mass and a 

total mass of 60 milligrams, the device performed as shown in 

Figure 16. The resolution is about 0.5 g, the sensitivity about 

.14 ~amps/gwith a linearity of +8 percent. However, because of 
the poor lateral constraints of Fhe seismic mass, cross axis sen
sitivity was about 40 percent. (The latter shortcoming should 
be readily correctable by appropriate mass and constraint design.) 


The next two figures illustrate some of the TDT performance

characteristics observed in practical tests conducted by B. Lown 

and R. Cannon of the Harvard School of Public Health. Figure 17 

shows operational results of the device in an experiment in which 

pressure and its first and second derivatives were to be measured 

in the left ventricle of the heart of an animal. In Figure 18 

the fidelity of the TDT is compared with that of one of the most 

advanced experimental cardiac pressure transducers, the Fiberoptic

catheter device (ref. 20). The two outputs, shown displaced with 

respect to each other, display no significant difference in their 

fine structure. 


TDT CIRCUITRY 


The negative resistance characteristic of the TDT permits op

eration in stabilized, oscillatory or switching modes. A number 

of different circuits for one or the other mode have been described 

in the literature (refs. 9, 21). Of these we found particularly

useful the stabilized mode in which the TDT acts essentially as 

a pressure controlled (non-linear) resistor across which the sig

nal voltage is developed. Temperature compensation in this mode 

is readily achieved by standard techniques, as illustrated in 

Figure 19: using a balancing tunnel diode in conjunction with 

a differential amplifier, the temperature dependence of the TDT 

is reduced from the equivalent of 50 mm Hg/oC (dashed curve) to 
about + 1 mm Hg/OC.-

For the switching mode we have developed a simple circuit 

which directly utilizes the negative resistance of the TDT. In 

this circuit pressure-induced changes in the peak current provide

pulse-width modulation. The TDT is driven by a current source 

whose output consists of a sawtooth wave superimposed on a dc 

component and a reset pulse. This current drive gives rise to a 

voltage pulse whose duration (and shape) is a function of pressure.

Figure 20 illustrates this mode of operation and should require no 
further elaboration. The same scheme can readily be adapted to pro
vide conversion of pressure input into frequency variation, and 
hence into digital output, by means of the arrangement in Figure
21. The TDT voltage pulse is differentiated and the resulting pulse, 
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Figure 15.- 	 Short-term stability of a TDT. Rise and fall 
times are those of the signal input. 

1.40 
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0 25 50 75 100 G 
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Figure 16.- TDT accelerometer output 

(1000 Hz). 
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Figure 17.-	 Left ventricular pressure measured with a TDT. 

From bottom to top the curves represent pressure 

and its first and second derivations. 


- .LL ~ ~ .. - - 1 
Figure 18.-	 Ventricular pressure signals obtained 


with a TDT (bottom) and a Fiberoptic 

transducer. 
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Figure 19.-	 Compensated (solid curve) and un.compensated

bias voltage shift with temperature. 
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Figure 20.- Schematic pulse width modulation 

scheme for the TDT. 
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generated by switching from the low to the high voltage state, 

is used as a trigger for the current-drive pulse generator. 


A circuit implementation of the PWM and FM modes, and of a 
small transmitter, is shown in Figure 22. The pulse generator
is a complementary astable multivibrator. With transistors Q1 
and Q2 in the off-state, the discharge current from C 1  gives rise 
to a quasi-linear ramp voltage across R 1 .  This voltage is coupled 
to the current drive stage Q3, the collector of which drives the 
TDT. With the mode switch in the FM position the differentiated 
TDT output, fed back to the multivibrator, provides the required

trigger signal. The resulting FM signal, taken from the collector 

of Q1, is used to modulate the transmitter. The circuit is de

signed for a minimum power drain from a single mercury cell sup

ply. Figures 23 and 24 show the PWM and FM signal outputs of this 
circuit. The trace at the top of Figure 23 represents zero pres
sure and the bottom trace a PWM siqnal of 150 mm Hg. It is worth 
noting that the 100 percent PWM modulation was obtained with less 
than 2 percent change in peak current. By application of the 

scheme illustrated in Figure 21, an equally large (100 percent)

frequency modulation was obtained (Figure 24). 


DISCUSSI O N  

The technological base on which the new devices rest is the 

coupling and pressure transformation technique which allows the 

tunnel diode to be compressed or tensed in a tightly integrated 

structure, without precarious alignment and displacement prob

lems, without mechanical preload requirements, and with practically

standard specifications for the diode itself. In principle, this 

development has brought the feasibility and practicality of the 

TDT close to that of the tunnel diode itself. 


The TDT poses circuitry problems unlike those of conventional 

strain gages, since the electrical characteristics are strongly

non-linear. However, the electromechanical transfer function can 

be well linearized. In fact, by judicious choice of operational 

parameters the non-linearity can be put to advantage to achieve 

certain desirable functions. 


The TDT can be operated in various modes. In the stabilized 

mode the output signals can be readily processed by more or less 

standard techniques: however, the stabilization is achieved at the 

expense of added power drain (equal to about half the tunnel diode 

power dissipation) and the requirement of inconveniently low 

voltages. In the valley current mode, careful distinction has to 

be made between the "normal" and "anomalous" effects. The latter 

appears to be ruled out as a device mechanism because of stability

and noise problems. That the "anomalous" effect is, in fact, 
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Figure 21.-	 Block diagram for a TDT 

frequency modulation scheme. 
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Figure 22.-	 Circuit for the TDT pulsewidth modulation and 

frequency modulation scheme and for a small 

1-MHz transmitter. 
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Figure 23. - Pulsewidth-modulated output of a TDT (time 
scale: 0.5 msec/div), top: zero pressure, 
bottom: 150 mm Hg 

Figure 24. - Frequency-modulated output of a TDT (time 
scale: 0.2 msec/div) , top: zero pressure, 
bottom: 150 mm Hg 
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unsuited to device application is most readily apparent from the 

observation that a "normal" device can easily be made "anomalous" 

by overstressing. The precise nature of the mechanism underlying

this "anomaly" is still unclear. Our present model, which in

volves the activation of indirect tunneling levels, certainly re

quires further investigation. 


The "normal" valley current mode, which fits comfortably into 

a conventional band-gap model, offers interesting device capabili

ties; the required bias voltages match quite closely those of con

ventional energy cells, and the quiescent current and power levels 

are low. Furthermore, the bias range corresponding to very high

differential resistance is quite large and no stabilization is 

required. However, under the usual condition of a large load re

sistance, provision must be made to switch the device to its op

erating bias point in the valley, and to reswitch to this point

if a signal or instability causes a shift away from it. More 

seriously, this mode yields an inherently lower signal-to-noise

ratio, since in the valley the low frequency noise is higher (ref.

18) and the signal current lower (ref. 13) than at the peak. Still 

this mode of operation is perfectly feasible, and may be desirable 

for certain applications. 


Two more modes should receive at least passing mention: TDT's 
can be operated under reverse bias (ref. 9) with the advantage
that no stabilization is required and the disadvantage that the 
low impedances involved (s 15 ohms) necessitate the use of ampli
fiers with very low equivalent input noise voltages. Lastly, of 
course, the device can be operated in the diffusion-current range
under high forward bias, but under these conditions the TDT does 
not offer advantages over the piezodiode or piezotransistor. 

One of the attractive features of the TDT is its small size, 

and the question naturally arises whether there is room for fur

ther miniaturization (without sacrifice of sensitivity). An at
tempt might be made to reduce the critical diaphragm size while 
compensating for the consequent loss  of sensitivity by a more ef
ficient transfer of mechanical energy. Reference to Figures 2, 
6 ,  and 10, which show, respectively, the pressure dependence of 
GaSb tunnel diodes, the junction diameter and the TDT pressure 
response suggests, however, that only limited size reduction can 

be achieved in this way. The junction area is about cm2; 

a pressure of 150 mm Hg over a nominal diaphragm area of about 

1 mm2 corresponds to a pressure of about 2000 kg/cm2 at the junc

tion. According to Figure 2 this pressure should yield AI/I = 0.3, 
whereas Figure 10 shows 0.05 only (which corresponds to an actual 
pressure of 275 kg/cm2). Hence, we have exploited about 15 

percent of the ideally obtainable sensitivity for the given geom

etry. While this percentage might appear small, it probably can
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not be increased realistically by more than a factor of 2 or 3; 

hence only limited size reduction can be achieved through im

provement of mechanical efficiency. 


There are other avenues open for further miniaturization; for 

example, the whole device can be scaled down. For this case the 

sensitivity AI/I/Ao, the S/N ratio, and hence the resolution and 
dynamic range, will remain constant (while power consumption will 
be reduced) if the pressure transformation remains unchanged and 
the noise current in the l/f range is proportional to the device 

current (ref. 22). 


Another avenue for improvement, presently being explored, is 

to use materials such as InSb and IrAs whose band-gaps are far 

more pressure-sensitive (about 5 and 1.5 times, respectively)

than that of GaSb. A disadvantage of this approach is that these 

materials have smaller band-gaps and hence are more temperature-

sensitive. 


Sensitivity and miniaturization are intimately tied to dynamic 

range. For the present configuration, the highest pressures we 

could apply non-destructively were of the order of 3000 mm Hg.
On the basis of a bulk modulus of 5.8 x l o 5  kg/cm2 (ref. 23) such 
a pressure input results in about 4 5 0 0  microstrain at the junction,
which is also the approximate upper operational limit of con
ventional semiconductor gages. At the lower end of the dynamic 

range the device performance is limited by l/f noise. Whether 

any improvements are possible here is open to question, since 

the low frequency noise mechanisms are not too well understood. 

It would appear, therefore, that the dynamic range observed 

( %  60 dB) is unlikely to be widened significantly. 

The operational range can, however, be shifted towards very

much higher pressures. In the present device, it is the large 

pressure transformation which places the operational range in 

the mm Hg pressure region. Without transformation, using the 

hvdrostatic amroach of Sikorski (ref. 3) and others, (ref. 21)

the operational range lies in the 1 0 0 0 ' s  of kg/cm2 (and the 
tunnel diode requires essentially no mechanical adaptation to act 
as a transducer). 

A very important device characteristic is the temperature-de

peridence. Comparison of the temperature-sensitivity of an orig

inal tunnel diode with that of the completed TDT established that 

the temperature effects are associated primarily with the junction

itself. It will be recalled that the temperature-dependence of 

tunnel diodes is relatively small compared with that of non-degen

erate junctions; a crude comparison of a GaSb tunnel diode with 

a forward-biased non-degenerate diode shows, in fact, an order of 

magnitude difference. Nevertheless, considering the pressure 
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sensitivity of the TDT, the temperature effects are far from neg

ligible. The complexity of the problem is apparent from Figures

12 and 13: not only does the baseline shift with temperature but 

the sensitivity also is temperature-dependent. The solution can 

take several forms: the simplest is to use tunnel diodes with 

appropriate doping levels. Recent work by Kovalev and Logunov

(ref. 16) in GaSb has shown that a reduction of temperature-
dependence is possible (I variations of less than 10 percent 
over the range - 1 O O O C  to P l O O O C  and less than 2 percent from 0 to 
+5OoC) representing an improvement by more than an order of mag
nitude over our present tunnel diodes. A more elaborate scheme 
based on controlled doping would involve combining two diodes 
with temperature coefficients of opposite sign. Finally, the 
conventional approaches of using bridge and thermistor circuits 
(the latter effectively simulated by the conditions indicated in 

Figure 14) are readily adaptable to the TDT. How effectively 

even a simple conventional compensation scheme can be applied to 

reduce the temperature dependence by one or two orders of magni

tude is well illustrated in Figure 19. For operation in narrow 

temperature ranges, such as encountered in certain biomedical 

applications, the temperature performance even of uncompensated

TDT's is within quite acceptable limits. 
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