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Abstract 
  Well-defined experimental and simulating single peak to valley current density ratio (PVCDR) 

resonant tunneling electronic circuit (RTEC) element is proposed in this research. The variation of passive 
element value in RTEC structure is explored using simulation method, which obtains the optimum PVCDR 
values about 66. The simulating peak current density (PCD) value is such high as 38 mA. Even though the 
experimental PCD value is less, but the PVCDR value is as high as 22.5, which value is favorably 
compared with semiconductor resonant tunneling devices (RTDs) in single PVCDR RTEC element. The 
obvious triple negative differential resistance (NDR) is also completed using composition of three suitable 
single RTEC elements. Also, experimental triple PVCDR RTEC element significantly exhibits three NDR 
curves with obvious three PVCDR values about 3.4, 3.8, and 6.0, respectively. Both peak voltage (PV) 
value and valley voltage (VV) values of experimental triple PVCDR RTEC element is less than 2.8 V, 
which value is profitable in development of commercial product. Power consumption of triple PVCDR 
RTEC element is as low as 75.5 µW, which low power consumption will shrink the difficulty of element 
packaging in heat dissipation.  
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1. Introduction 
Negative differential resistance (NDR) device has been vigorously developed recently 

with respect to enhancement of high peak current density (PCD) value and high peak to valley 
current density ratio (PVCDR) values [1-4]. The application of high performance NDR device is 
a key factor for fabrication of well-defined information facility and communication elements. 
Advanced NDR device substitutes the traditional electronic elements, which is to improve the 
functions of communication and information technologies. The utilizations of inspected novel 
and nonlinear resistance characteristic are better than the traditional electronic element in 
dimension, switching time, and element functions. The negative resistance effect is not emerged 
by general traditional electronic circuit. Although the NDR characteristic has been proposed by 
using passive elements recently, the negative resistance element of well property is not yet 
completed [5]. The key cause is that the selection of passive element is not achieved. Optimum 
NDR device manufactured using passive elements by the regulation of every passive element 
value is to obtain highest PVCDR and PCD values in NDR curve which is explored in detail in 
this paper. NDR devices are still with potential developments and appliances in future as NDR 
device is fabricated by the combination and design of general and traditional electronic 
elements using integrated circuit fabrication technology. 

The electronic device, fabricated by utilizing NDR characteristic, are called resonant 
tunneling device (RTD). The traditional RTDs with quantum well, quantum wire, and quantum 
dot structures are generally manufactured by using precise semiconductor fabrication 
techniques such as molecular beam epitaxy (MBE), metal organic chemical vapor deposition 
(MOCVD), vapor phase epitaxy (VPE) etc. The performance of semiconductor RTD is 
remarkable in PVCDR and PCD values [1][3], but the high manufacture cost, poison and 
explosion, and pollutant in fabrication of semiconductor RTD can not be averted. The 
manufacture of semiconductor RTD frequently uses toxic chemical elements and compound at 
high temperature. The considerations of global warming and environment pollution on the earth 
are obligation in future for development of integrated circuit technology. To ameliorate the 
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phenomena as above, the new issue for the fabrication of RTD element is proposed in recent 
[5]. The suggested RTD element using passive elements is not maturity. The passive electronic 
circuit with resonant tunneling characteristic so called resonant tunneling electronic circuit 
(RTEC) element in this paper is proposed to elevate the functions of RTD element. The RTEC 
element, although, is assembled by utilizing passive elements with a great quantity of volume in 
dimension, the RTEC element can be manufactured on a chip by foundry. 

The values of RTEC element are the controllable high PCD value and high PVCDR 
value. The NDR curve with high PVCDR value cross the load line, which results in wider 
operation region, can be applied in digital circuit of high noise margin and switching circuit of 
high speed. PVCDR value is enumerated by PCD value over valley current density (VCD) value. 
High PVCDR is because of high PCD value or low VCD value. High PCD value is accomplished 
in necessitarianism via special design and construction of RTEC element. Limitation of parasitic 
effect in electronic circuit is obstacle to improve the PVCDR value by raising PCD value. In view 
of the difficulty of raising PCD value, the PVCDR should be amplified by decay of VCD value. 
Low VCD value is determined by transient instant of between “on” state and “off” state of 
transistor in RTEC element. Resistance values in RTEC element play an important role in VCD 
value. In this paper, the VCD value is deeply pondered, because of its significance for PVCDR 
value. The PCD value is the hinge for output power of RTEC element, because the calculation 
of output power is defined PCD value by average of peak voltage (PV) and valley voltage (VV). 
The more PCD value is, the more output power is. PCD value is not relationship with VV value 
and PV value. However, PCD value is decided in which kinds of active element and passive 
element in RTEC element. The NDR curve is single alone in I-V characteristic of general RTD. 
While the RTEC element is constructed by way of suitable design, the novel multiple NDR 
characteristic is inevitably appeared. The multiple NDR curves of RTEC element possess useful 
and potential applications in digital circuit, high frequency circuit, switching circuit, and memory 
device. 

RTEC element with multiple NDR curve is extensively useful in digital circuits and 
analog circuits including multiple value memory [6-7], flash memory [8-9], RAM and ROM [10-
11], high speed and high frequency MOS [12-14], logical element and system [15-17], 
multiplexer [18-19], adder [20-21], encoder and decode [22-23], flip flop [24], sequence 
generator [25], algorithm circuit [26-27], threshold circuit [28-29], and latch circuit [30]. Owing to 
multiple NDR characteristic of RTEC element, the RTEC element with multiple value logical 
level can construct the memory of large volume and high speed. After the RTEC element is 
optimized, the cut off frequency will be also ascended in radio frequency. 
 
 
2. Research Theory and Method 

The fundamental of semiconductor RTD is stated by quantum physics theory which as 
quantum carriers tunnel from the quantum well of emitter punch through the potential barrier to 
the quantum well of collector, the resonant tunneling phenomenon occurs. Due to the design of 
barrier potential and quantum well mechanisms, the current-voltage characteristic of 
semiconductor RTD engenders both positive differential resistance (PDR) and negative 
differential resistance (NDR) values. The phenomenon of PDR value and characteristic of 
ordinary passive element is similarity, although the RTD is in particular design of quantum 
mechanism. The phenomenon of NDR values in RTD is formed due to the tunneling mechanism 
as above statement. The alternation of NDR characteristic is in accord with quantum structure 
including thicknesses and properties of materials in both potential barriers and quantum wells. 
The NDR characteristic of semiconductor RTD is with the limitation of output power because of 
its device limitation in dimension, and limitation of fabrication and utilization of rare substance. 
The RTEC element is the optimum substitution of the semiconductor RTD to solve the 
difficulties of semiconductor RTD. 

The basic RTEC element is consist of pre-stage transistor Q1 with current gain β1, two 
bias resistors R1 and R2, pre-stage load resistors R3, feedback resistor R4 between two 
transistors, and output stage transistor Q2 with current gain β2 [5]. The resistances in basic 
RTEC element resolve switching state of two transistors whether “on” state or not. Operation 
points of transistors decide the PCD value and PVCDR value of RTEC element. The key factor 
of well-defined NDR characteristic is VCD value but not PCD value. VCD value of RTEC 
element is also determined by the regulation of all resistances in element. In this section, the 
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NDR curve is divided four piecewise regions including two high resistance regions, one positive 
difference resistance region, and one negative differential resistance region. At low applied bias 
voltage, two transistors are all at “off” state which is the first high resistance region of NDR 
curve and no application function for RTEC element. In this situation, the RTEC element is 
corresponded to two bias resistors in series with each other and pre-stage load resistors in 
series with feedback resistor. Then, the two groups are paralleled each other, which the high 
equivalent resistances RI is produced in RTEC element. The high resistance region is like the 
diode current region of semiconductor RTD, as expressed in equation (1). In the second region, 
the applied bias voltage is gradually raised up, which the pre-stage transistor is still at “off” state 
but the output stage transistor is turn “on“. In this region, two bias resistors are still in series with 
each other, and the pre-stage load resistors is reduced by dividing transistor gain, which 
equivalent resistance RII is as expressed in equation (2). The third I-V region is the negative 
differential region with negative differential slop characteristic. In this region, all transistors are at 
“on’ state, in which situation the equivalent resistance RIII of RTEC element is a small negative 
value, as expressed in equation (3). As the applied bias voltage becomes higher value, the pre-
stage transistor is still at “on” state but the output stage transistor turns “off“, which the 
equivalent resistance RIV of RTEC element becomes high positive value, as expressed in 
equation (4). 
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The derivation of equivalent resistance values as above in NDR curve makes an 

inference about increase of the PVCDR value by decreasing bias resistance R1, and increasing 
feedback resistance R4 and transistor gain β2 in suitable R2 and R3 values. PVCDR value can be 
improved by using above methods, but when the number of RTEC element stage is increased, 
the PVCDR value is still influenced, because of loading effect in RTEC element. In this paper, 
the simulating and experimental researches in regulation of the feedback and bias resistances 
in RTEC element are respectively completed. The simulation process is arranged by progress 
altering the resistances in RTEC element to obtain the optimum PVCDR value. The optimum 
resistances are applied in experimental research to obtain the multiple NDR curve. 

 
 
3. Simulation Results and Discussion 

Variance of I-V characteristics with variable R1 value in fixed value of R2=3 KΩ, R3=1 
KΩ, and R4=5 KΩ is simulated. As Figure 1 shows, varied R1 value from 2.5 KΩ to 3.5 KΩ, the 
PCD value shoots up 17.1 mA from 5.8 mA and the PVCDR value rises to 15.5 from 5.3. CVD 
value remains steady even out at around 1.1 mA. Because of stabilization of VCD value at 
about 1.1 mA, the increase of PVCDR value can be attributed to increase of PCD value, which 
is believed that this is related to the continued increase of bias resistance R1 value. Therefore, 
the PVCDR value can be regulated by altering bias resistance R1 value. The PV and VV values 
are risen from 0.85 V to 1.0 V and 0.9 V to 1.1 V, respectively, which break point of PV and VV 
values are caused by R1 value. The VT value remains constant at different R1 values. The power 
consumption of RTEC element in Fig.1 is 3.2 mW, 5.7 mW, and 9.6 mW, respectively, as the R1 
value is arranged in 2.5 KΩ, 3.0 KΩ, and 3.5 KΩ. The R1 value absolutely influences the power 
consumption of RTEC element. 

In Figure 2, the diagram shows the relationship between I-V characteristic and bias 
resistor R2 value. In this situation, both PVCDR value and PCD value are also proportional to R2 
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value. The role of bias resistor R2 value is almost likely with R1 in RTEC element, but it is a 
inverse outcomes in both PCD and PVCDR values, because partial voltage is different in Q1 by 
R1 value or R2 value. Variance of I-V characteristics with R2 value in R1=3 KΩ, R3=1 KΩ, and 
R4=5 KΩ is simulated respectively. 

After the R2 is graduate decreased, the PCD value is enormous risen and the VCD 
value slightly gets higher. The PV and VV values are inversely R2 value, also. VT values remain 
steady in 0.7 V, which is not influenced by R2 value. The PVCDR value is plunged from 32.5 to 
14 by arranging R2 value from 2 KΩ to 4 KΩ. The variety of PVCDR value is influenced by both 
PCD value and VCD value in this situation. The power consumption value is also declined from 
14.1 mW to 3.4 mW by arranging R2 value from 2 KΩ to 4 KΩ. As the R2 value is reached twice, 
the power consumption is almost shrunk three-quarters. 
 
 

 
 

Figure 1. Variance of I-V characteristics 
with R1 variable value and fixed value of 

R2=3 KΩ, R3=1 KΩ, and R4=5 KΩ. 
 

 
 

Figure 2. Variance of I-V characteristics 
with R2 variable value and fixed value of 

R1=3 KΩ, R3=1 KΩ, and R4=5 KΩ. 
 

 

 
 

Figure 3. Variance of I-V characteristics 
with variable R3 value and fixed value of 

R1=3 KΩ, R2=3 KΩ, and R4=5 KΩ. 
 

 
 

 
Figure 4. Variance of I-V characteristics 
with R4 variable value and fixed value of 

R1=3 KΩ, R2=3 KΩ, and R3=1 KΩ. 
 

 
Variation of R3 value for I-V characteristic in single PVCDR RTEC element simulation is 

exhibited in Figure 3, where R1, R2, and R4 are fixed at 3 KΩ, 3 KΩ, and 5 KΩ, respectively. In 
this diagram, the PCD and VCD values drop 87 and 80 percent with increase of the R3 value, 
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respectively, because R3 is load resistance of the pre-stage transistor Q1. The different result in 
region II of NDR curve is because the R3 is not a bias resistance in pre-stage, which results in 
the without relation between PV value and R3 value. The VV value is absolutely influenced by 
R3 value because second stage of RTEC element is worked at the same time, shown in the 
negative resistance region of NDR curve. The VT is also changed with R3 value, because R3 is 
not a bias resistor for Q2 transistor of the second stage. As R3 value is changed, the PVCDR 
value is not significantly altered, which PVCDR values is only changed between 48 and 65. 
Although the R3 value is not a main factor for PVCDR value, the R3 absolute value can result in 
large enough PVCDR value, as reached to 65. The more R3 value is, the more output power is, 
because the power consumption becomes less. 

The function of feedback resistor R4 is to settle the VCD value and then results in high 
PVCDR value more than 40, as represented in Figure 4. Although the PCD value is expanded, 
as the feedback resistor R4 is went up, the lower and stable VCD value is just the key point for 
high PVCR value. All of VT, VV, and PV values remain steady in 0.7 V, 1.0 V, and 0.9 V 
respectively, which is not influenced by R4 value. R4 value is extremely significant in PVCDR 
value. Therefore, the research result of R4 value would be used to construct the well-defined 
NDR characteristic. Variation of R4 value for I-V characteristic in single PVCDR RTEC element 
simulation is exhibited in Figure 4, where R1, R2, and R3 are fixed at 3 KΩ, 3 KΩ, and 1 KΩ, 
respectively. 

 
 

4. Experimental Results and Discussions 
After the simulating research is completed, the experimental research is progressed to 

verify the calculated result as above. Figure 5 shows the experimental results which contains 
single, double, and triple PVCDR characteristics. Figure 5 (a) is the experimental I-V 
characteristics of single PVCDR RTEC element with R1=3 KΩ, R2=3 KΩ, R3=1 KΩ and R4 =5 
KΩ. The PCD value and VCD value are 45 µA and 2µA, respectively. The current density 
values of experimental result are less than those of simulating result, because of the leading 
effect and parasitic effect. The PVCDR value of experimental result about 22.5 is more than that 
of the simulation result about 15.5 at optimum R1 value. The PV value and VV value in the 
experimental result of single RTEC are about 1.3 V and 1.4 V, respectively, more than those of 
simulating results about 0.3 V. The cause is that the physical consumption of experimental 
RTEC structure. The more PV value and VV value in the experimental result of single RTEC is 
reasonable in compare with simulating result, which can be eliminated by the improvement of 
RTEC element fabrication. 

In this paper, the experimental RTEC element with double NDR curve is proposed. 
Experimental I-V characteristics of double PVCDR RTEC element with R1=3 KΩ, R2=3 KΩ, 
R3=0.82 KΩ, R4 =5.6 KΩ in first stage, and with R1=6 KΩ, R2=3 KΩ, R3=0.5 KΩ, R4 =0.5 KΩ in 
second stage is exhibited in Figure 5 (b). In this double PVCDR RTEC experimental structure, 
both PCD value and PVCDR value are less than those of single PVCDR RTEC element of 
either experimental result or simulating result. The double PVCCDR RTEC element is 
constructed by cascade of two single RTEC elements. The cascaded both single PVCDR RTEC 
elements will consumptive the operation current from the first RTEC element to the second 
RTEC element. This cause results in the higher PV and VV values, and declines the PCD value 
and PVCDR value even though the VCD value is also lessened down obviously. This 
phenomenon is normally like the results of semiconductor RTD. The more number of RTEC 
stage is, the more influence of multiple stages each other in PVCDR value is. The important 
issue in double PVCDR RTEC element is the similitude between the two NDR curves, but not 
PVCDR value. The triple PVCDR RTEC element is also similar with the phenomenon of double 
PVCDR RTEC element as above, as shown in Figure 5(c). Figure 5 (c) significantly exhibits 
three NDR curves with obvious three PVCDR values about 3.4, 3.8, and 6.0, respectively. The 
PVCDR values are reasonable values for the triple PVCDR RTEC element, because of 
cascading effect of multiple RTEC elements.  

Experimental I-V characteristics of triple PVCDR RTEC element with R1=3 KΩ, R2=3 
KΩ, R3=0.82 KΩ, R4 =5.6 KΩ in the first stage, with R1=6 KΩ, R2=3 KΩ, R3=0.5 KΩ, R4 =0.5 KΩ 
in the second stage, and with R1=13 KΩ, R2=4 KΩ, R3=1 KΩ, R4 =0.5 KΩ in the third stage is 
designed at optimum NDR characteristic after the passive element values in triple PVCDR 
RTEC is adjusted suitability.  
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Figure 5 (a) Experimental I-V characteristics of single PVCDR RTEC element with R1=3 KΩ, 
R2=3 KΩ, R3=1 KΩ and R4 =5 KΩ. (b) Experimental I-V characteristics of double PVCDR 
RTEC element with R1=3 KΩ, R2=3 KΩ, R3=0.82 KΩ, R4 =5.6 KΩ in first stage, and with 

R1=6 KΩ, R2=3 KΩ, R3=0.5 KΩ, R4 =0.5 KΩ in second stage. (c) Experimental I-V 
characteristics of triple PVCDR RTEC element with R1=3 KΩ, R2=3 KΩ, R3=0.82 KΩ, R4 
=5.6 KΩ in the first stage, with R1=6 KΩ, R2=3 KΩ, R3=0.5 KΩ, R4 =0.5 KΩ in the second 

stage, and with R1=13 KΩ, R2=4 KΩ, R3=1 KΩ, R4 =0.5 KΩ in the third stage. 
 

 

 
 

Figure 6. Physical diagram of experimental I-V characteristics in triple PVCDR RTEC element. 
 

 
Table 1. Comparison of I-V characteristic with simulation  

and experiment in single PVCDR RTEC elements. 
 
 
 
 
 
 
 
 
 

 
The PV and VV values in third stage of RTEC element are respectively about 2.5 V and 

2.8 V. Higher PV and VV values are acceptable in industry application. The consumption power 
is as high as about 37.1 µW, 52.0 µW, and 75.5 µW in every RTEC stage, that heat dissipation 
of RTEC device on chip must be considered. In short, the well-defined characteristics of 
experimental triple PVCDR RTEC element in this paper are proposed with well I-V 
characteristic, multiple NDR values, high PVCDR value, and high PCD value. The physical 
diagram of experimental I-V characteristics in triple PVCDR RTEC element is exhibited in  

I-V 
characteristic 

of 1st NDR 

Simulation 
(at optimum resistance values)  Experiment 

 
R1 R2 R3 R4 

PCD (mA) 17 25 38 33 0.045 
VCD (mA) 1.1 0.9 0.8 0.5 0.002 

PV (V) 1.0 1.0 1.0 0.9 1.3 
VV (V) 1.1 1.1 1.1 1.0 1.4 
VT(V) 0.6 0.7 0.7 0.6 0.6 

PVCDR 16 28 48 66 22.5 
Power(mW) 10 14 20 16 0.034 
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Figure 6. I-V measurement of experimental PVCDR RTEC element is by utilizing Kitheley 2400 
current-voltage instrument to obtain the NDR characteristic in low current measurement about 
µA in unit. The high resolution measurement in current and voltage is to precisely calculate 
PVCDR values in every stage of triple PVCDR RTEC element. 
 
 
4. Conclusions 

In this paper, the well-defined single PVCDR RTEC element by alter of passive element 
value in RTEC structure is achieved using simulating and experimental methods, as expressed 
in Table 1. The simulated PVCDR value reaches 66 and the experimental PVCDR value attains 
22.5. Experimental applied bias voltage both PV value and VV value are not more than 1.4 V, 
even though the values are more than those of simulating results. Lower VT about 0.6 V in 
single PVCDR RTEC element both simulating result and experimental result is beneficial in 
communization to fall down the consumption power. Low enough VV values of both simulating 
research and experimental research are the successful key factor for high performance RTEC 
element applied in digital and analog systems. Afterwards, the single PVCDR RTEC element 
with regulated suitable resistors is composed to triple PVCDR RTEC element which the 
remarkable triple NDR curves is exhibited.  
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