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Abstract 

In this work we study the nonlinearity of the I - V  characteristic of a MIM diode, as a source of information of its 
fundamental properties. While tunneling theory explains at least qualitatively the behavior of the high resistance contacts 
(R > 100 f~), it falls short to explain the behavior of low resistance contacts. For low resistance contacts heating effects 
may become important. 

1. Introduction 

Metal insulator-metal (MIM) point contact diodes 
have been used for the past twenty five years as harmonic 
generators and mixers of submillimeter and infrared laser 
radiation. MIM diodes consist of three essential parts: (1) 
an ultra fine metal tip prepared by electrochemical etch- 
ing (tip diameter about 100 nm) which is called whisker, 
(2) a metal base, usually a monocrystal and (3) a barrier 
region located between the whisker tip and the base. The 
barrier region is an oxide layer which grows naturally on 
the base after being exposed to air [1]. Various aspects of 
MIM diodes have been investigated both theoretically 
and experimentally (see e.g. Refs. [-1,2] and references 
therein). It is well known that the frequency mixing prop- 
erties are the result of the nonlinearity in the I - V  charac- 
teristic of MIM diodes, but the origin of this nonlinearity 
is not yet fully understood. Tunneling is the most widely 
accepted theory to explain the nonlinearity in the I - V  
characteristic [3]. In this theory the contact is modeled as 
a potential barrier between the whisker tip and the metal 
base, through which electrons can tunnel. According to 
tunneling theory, the nonlinearity of the I - V  characteristic 
is explained in terms of the work function difference of the 
contacted metals, their separation and the applied bias 
voltage. The diode resistance is expected to decrease 
monotonously as the bias voltage increases. The ampli- 

tude of the mixing signal should vary with the combina- 
tions of contacted materials, depending on the difference 
of their work functions. 

2. Experimental setup 

MIM diodes are notably unstable; this makes it diffi- 
cult to perform systematic and reliable measurements of 
the I - V  characteristic of the diode and its response to 
laser radiation. Therefore, it is essential to use a measur- 
ing circuit which (1) is simple enough to give accurate and 
reliable results without much calibration work, (2) is fast 
enough to measure the I - V  curve and the mixing proper- 
ties before any change due to instability can occur, (3) 
does not introduce any spurious nonlinearity due to the 
electronic elements used in the circuit and (4) makes it 
possible to measure the required properties at low and 
high frequency simultaneously. The latter will shed light 
on a possible correlation between the characteristics of 
the MIM diode at low and at high frequency, an aspect 
which has not been discussed in the theory. 

The experimental setup is shown in Fig. 1. The right 
hand side of the figure shows the low frequency part of 
the circuit. A constant AC current 11 generated by the 
signal generator (SG) and superimposed on a variable 
DC bias current lh generated by the computer, is applied 
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Fig. I. Schematic diagram of the experimental setup. 

to the diode by an instrumental amplifier (IA) and a cur- 
rent source (CS). The harmonics of the resulting voltage 
over the diode are measured by a FFT spectrum analyzer 
(SA1). The high frequency part, on the left hand side, 
shows the two CO2 lasers, L1 and L2 operating at the 
same line 10P(20), which are collinearly focused on the 
point contact of the diode. During measurements the 
laser power is kept constant. A frequency difference of 
a few MHz is introduced between the two lasers by 
changing the resonator length of one of them. The laser 
signal is chopped at 400 Hz (C).The beat signal of the two 
CO2 lasers is measured by spectrum analyzer SA2, the 
rectified voltage is measured by a lock-in amplifier (LA). 
Two digital multimeters are used to measure the total AC 
and DC voltages across the diode (M1) and to monitor 
the output of the signal generator (M2). A bias-T was 
used to eliminate the effect of cross talk, so that the HF 
and LF properties of the diode could be determined 
simultaneously. 

The FFT spectrum analyzer decomposes the low-fre- 
quency AC voltage across the diode in its harmonics: 

V(I) = VDc + VocosoJt + V2ocos2e)t + .... (1) 

It is than convenient to expand the voltage across the 
junction in a power series of the applied current: 

+ VO_ I 
1 O2V 

V(I) = V(Ib) = Z~ 8I + ~. "~T I = Zh (81)2 + ' " '  

(2) 

where 81 = 11 cosoot is the AC current modulation. Sub- 
stituting for 61 in Eq. (2) and comparing with Eq. (1), we 

get the following expressions for the measured harmonics 
as long as 11 is small: 

1 ~ 2 V I =  12, 
V2t" : "4 812 lh 

V,o = I ~. 
= l b  

(3) 

(4) 

Similarly, the current developed in the junction due to 
the two laser beams can be written as 
8I = l m  cos ~om t + I m  cosogL2 t, to give now expressions 
for the beat signal and rectified voltage of the laser 
radiation: 

1 a z v  (I2~ + I22),  (5) 
Vrec = 4 - ~  i : i b 

102V 2 lml t~ .  (6) 
Vbeat : ~ - ~ -  ] = l h  "-  

N o t e ,  that we determine the dynamic parameters ~"V/~I" 
of the I V characteristics directly at the working point, 
without the need to a curve-fitting procedure. Further- 
more, this procedure allows for a consistency check of the 
measurements without a priori knowledge of electrical 
conduction through the diode. For example, the differen- 
tial resistance OV/Ol (Eq. (4)) can be calculated by integ- 
rating ~2V/~12 (Eq. (3)). The experimental and calculated 
values should be identical if the measuring procedure is 
reliable. An illustration is given in Fig. 2, where the 
measured differential resistance is compared with the 
calculated: 

= | - ~  dlb. (7) 

3. Experimental results 

In the experiment we focused on the study of the 
nonlinearity in the I -V  characteristic as a source of 
information of the fundamental properties of the diode. 
Tunneling theory does not take into account the fre- 
quency of the applied voltage over a diode. Hence, one 
may expect a reasonably good correlation between 
measurements of mixing signals at low and at high fre- 
quency of the applied voltage. Therefore we measured the 
nonlinearity of the diodes at low frequencies and at laser 
frequencies. This has been done by simultaneously 
measuring the second harmonic of a low frequency 
(600 Hz) signal (Eq. (3)), the DC (rectified) voltage of the 
laser signal (Eq. (5)) and the amplitude of the mixing 
signal at the beat frequency of the two CO2 lasers 



58 S.K. Masalmeh et al. / Physica B 218 (1996) 56 59 

160 

200 

180 

140  

120  
% 

100 
- . 0030  - . 0 0 1 5  0 0 0 1 5  0 0 3 0  

I b [A ]  

Fig. 2. Comparison of the measured (solid line) and the cal- 
culated (open circules) value of~V,/~l using the integral relation 
Eq. (7). 
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Fig. 3. Comparison of the beat signal (open circles), the rectified 
voltage (solid circles) and the second harmonic voltage (tri- 
angles) for a high resistance contact as a function of the bias 
current. 

(Eq. (6)). The resistance of the junction can be obtained 
using Eq. (4). These quantities have been measured as 
a function of bias current. 

According to tunneling theory, the  nonlinear proper- 
ties of a diode are determined by the difference in the 
work functions of the contacted metals, the barrier thick- 
ness and the applied bias voltage. 'To  investigate the 
influence of the work functions on the mixing properties, 
we used combinations of metals with a sufficiently large 
variety in work function. The whisker material was al- 
ways tungsten, whereas two different nickel crystals have 
been used as base material, Ni(1 1 1) and Ni(l 00). The 
work functions of the two crystals are 5.35 eV and 
5.22 eV respectively; the work function of the whisker tip 
is estimated to be 4.86 eV. 

The experimental results show that the performance of 
a diode as a mixer depends strongly on the value of its 
resistance and is extremely sensitive to the applied bias 
current (see Figs. 3 and 4). F rom the measurements, we 
observe that for both Ni crystals two different kinds of 
contact can be discerned. The first kind is characterized 
by a relatively high value of the resistance (R > 100 f~), 
which decreases when the bias current is increased (see 
e.g. Fig. 2). Furthermore,  the amplitude of the second 
harmonic, V2,., measured as a function of the bias cur- 
rent, scales fairly well with the results for the beat and the 
rectified voltages induced by the lasers. This is shown in 
Fig. 3. Both features are qualitatively in agreement with 
the predictions of tunneling theory. In view of the domi- 
nant influence of diode resistance and bias current on the 
performance of the diode, it is very hard to decide on the 
relative importance of the difference in work function. 
We have, however, the impression that the higher work 
fuz,ction difference causes a stronger nonlinearity. 
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Fig. 4. The beat amplitude {open circles) and the rectified volt- 
age (solid line) as a function of bias current for a contact with 
small resistance, R ~. 40 ~. The second harmonic of a low fre- 
quency signal could not be detected. 

The second kind of contact is characterized by a low 
value of the resistance (15f~ ~< R ~< 70 f~), which is almost 
independent of the bias current. Moreover,  there is 
a striking difference between the results of measurements 
at low frequencies and at laser frequency of the applied 
voltage. The beat signal of two lasers is very strong, but 
the second harmonic of the low frequency source could 
not be detected in this case. An example is shown in 
Fig. 4 for a contact with R ~ 40 f~. One may conclude 
that for this kind of contact the nonlinearity of the diode 
is dependent on the frequency. Therefore, the features of 
this kind of contact do not agree with the predictions of 
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tunneling theory. In fact one might consider this type of 
contact as a transition to constriction contacts. Here the 
resistance is usually (much) lower than in our case and 
the I - V  characteristics appear to be dominated by heat- 
ing effects. It has been reported that contacts with Ni as 
one of the electrodes have a strong nonlinearity due to its 
ferromagnetism [-4-6]. The nonlinearity of these contacts 
has a singularity associated with an abrupt change of the 
resistance at the Curie temperature. In these experiments 
this temperature is attained at a bias voltage of about 
200 mV. Below that value the resistance increases with 
the bias voltage because the contact is heated. However, 
these features are not present in our experimental results. 
As shown in Fig. 4, the beat amplitude increases with bias 
current and no singularity has been observed up to a bias 
voltage of 400 mV. Furthermore,  the resistance is almost 
constant. Another aspect, indicating that the nature of 
the contact changes going from high to low resistance, is 
the amplitude of the beat signal relative to the rectified 
voltage. While the rectified voltage is higher than the beat 
amplitude for high resistance contacts (see Fig. 3), it is 
lower than the beat amplitude for low resistance contacts 
(see Fig. 4). 

From the foregoing it is clear that the performance of 
a diode as a mixer depends on both resistance and bias 
current. The results of this work provide experimental 
evidence that tunneling theory is applicable at relatively 
high resistance of the diode. However, it cannot  explain 

the results at low resistance. In principle, the nonlinearity 
of diodes may also arise from the geometrical asymmetry 
between the base and the whisker tip [7]. This idea has 
been employed in the theory of thermal field emission 
[8]. However, the change of the relative importance of 
the beat amplitude with respect to the rectified voltage 
cannot be explained by either tunneling or thermal field 
emission theory. Finally, at lower resistance the nature of 
the contacts changes to a situation where heating effects 
become important.  To dis'entangle the combined behav- 
ior of tunneling and heating, further work is needed. 
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