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Physics-Based RTD Current-Voltage Equation 
J. N. Schulman, H. J. De Los Santos, Senior Member, IEEE, and D. H. Chow 

Abstract-An analytic expression for the current-voltage char- 
acteristics of resonant tunneling diodes is derived from basic 
principles. The form is ideal for insertion into circuit simulation 
models. It is demonstrated for a conventional InGaAsIAlAs RTD 
and for an InAslAlSbJGaSb RIT diode. The expression is based on 
the quantum tunneling formalism and contains parameters that 
originate from physical quantities, but which can also be treated 
as empirical. Empirical fitting is straightforward and results in an 
excellent match to the data. Additional levels of physical realism 
can be incorporated in a natural way. 

I. INTRODUCTION 

ROOF-OF-CONCEPT demonstrations of the application 
of resonant tunneling diodes (RTD's) to analog and digital 

circuits have been extensively documented in recent years 
[1]-[6]. This activity reflects the level of maturity achieved 
by RTD fabrication technology. To predict and explain circuit 
behavior, as well as to aid in selecting from the wide variety 
of RTD device structures/materials possibilities available, at- 
tempts to incorporate the RTD negative resistance into circuit 
simulation models have begun, usually based on SPICE-type 
CAD tools. Examples and further references can be found in 

A number of empirical RTD models have been advanced but 
they are basically curve fitting procedures which are loosely 
[4] or not at all [SI-[lo] based on the underlying device 
physics. Consequently, the fits achieved are either crude for 
the simpler models, or involve increasingly complex forms 
to achieve a better match with data. We have discovered that 
there is a natural expression derived directly from the quantum 
model which is simple and gives an excellent fit to the data. 
The expression contains physical quantities which can also 
be treated as empirical parameters for fitting purposes, as is 
done in this paper. This framework is flexible and allows the 
incorporation of increasing levels of physical realism. At this 
point the formalism is suitable for circuit design, but not device 
design. The eventual goal would be to provide a framework for 
device design by relating the parameters to device choices such 
as layer widths, doping profiles, and material composition. 

~71. 

11. DERIVATION 

Coon and Liu [ l l ]  (see also [4]) devised a simple model 
for negative resistance in the zero temperature limit. Our 
approach extends this to include the essential features of 
nonzero temperature and Fermi-Dirac statistics. We start from 

Manuscript received October 16, 1995; revised December 22, 1995. 
J. N. Schulman and D. H. Chow are with Hughes Research Laboratories, 

the standard formula [ 121 for the current in the effective mass 
approximation: 

The transmission coefficient is approximated by a Lorentzian. 
E is the energy measured up from the emitter conduction band 
edge. E, is the energy of the resonant level relative to the 
bottom of the well at its center. I? is the resonance width. 
This formula assumes equal width barriers and that half the 
voltage drop falls from the emitter to the center of the well. 
This assumption is not always valid. For better generality eV/Z 
can be replaced here and in the following equations by eVn 
with n determined from analysis or fitting. 

For small I?. the transmission coefficient is negligible except 
when E is close to the resonance, i.e., E 2 E, - eV/2 .  
Calculations show that I' is on the order of one meV or 
less for even quite thin barrier widths [13]. This is much 
less than k T  at room temperature. Therefore the substitution 
E = E, - e V / 2  can reasonably be made in the log term and 
it can be taken outside the integral. The integral is simple and 
the result is: 

This formula can be regarded as providing the correct form 
for the lineshape, but calculated in an oversimplified way. 
The physical quantities can be allowed to depart from their 
actual values so as to compensate for the approximations and 
omissions in the model. The following form is the result: 

1 1 + e(B-C+nlV)e /kT  

J1(v) = A  In [I + e ( B - C - n l V ) e / k T  

Malibu, CA 90265 USA. So far this form produces a peak current and a negative 
resistance, but there is no increasing valley current, which 
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Fig. 1. Comparison of measured InGaAdAlAs RTD I(V) and model fit. 

scattering. The simplest way to include a valley current 
contribution is to give it the form of tunneling through a higher 
resonance or thermal excitation over a barrier. For voltages 
below this higher energy channel, the additional current takes 
on the familiar diode form J z ( V )  = H(enaev/lcT - 1). Second 
or higher resonances can also be explicitly included if desired, 
using additional terms similar to 51. 

111. RESULTS 

Fig. 1 shows a comparison between measured data and a 
least squares fit using the sum J ( V )  = J l ( V )  + Jz(V). The 
RTD is made from Ino,53Gao.47As/AlAs with 26 A barriers 
and a 48 8, well. 265 8, lightly doped spacer layers were 
sandwiched by highly doped contact layers. The fitting pa- 
rameters used were A = lo4,  B = 0.035, C = 0.1472, D = 
0.0052, n1 = 0.115, H = 1.411 x n2 = 0.1201. The 
fit is excellent. In particular, the low voltage turn on, the peak 
width and shape, and the form of the valley current are all 
well reproduced. The plateau structure between the peak and 
the valley is known to be due to oscillations in the negative 
resistance region and not the true DC characteristic. 

A second example, for an InAs/AlSb/GaSb resonant inter- 
band tunneling (RIT) diode, is shown in Fig. 2. It has 11 8, 
AlSb barriers and a 54 8, GaSb well. The sample had 420 
8, spacer layers. RIT diodes differ in that the resonant state 
is light holelike, which has a negative effective mass. The 
above derivation assumes that the resonant state has a positive 
mass and thus is not directly applicable to this case. Despite 
this, Fig. 2 does indeed also demonstrate an excellent fit. It 
can be seen to be capable of producing the characteristic 
RIT attributes of low peak voltage, wide valley, and linear 
behavior at small voltage. The fitting parameters used were 
A = lo4 ,  B = 0.0456, C = 0.0689, D = 0.0051, n1 = 
0.430, H = 1.43, nz = 0.4373. The success of this fit for 
the RIT case is probably due to the delta-function-like nature 
of the Lorentzian which selects out only the electrons very 
close to the resonance regardless of whether it has positive or 
negative mass. However, further analysis is needed. 

Here we demonstrate the application of the I-V formula 
by presenting results of a simple SPICE simulation for a third 
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InCaAsflnAIAs HBT-driver/RTD-load bipolar inverter transient anal- 

RTD, made from InGaAs/InAlAs. This sample was chosen for 
its low series resistance and was not optimized for high speed 
performance. Fig. 3 shows the results for a HBT-driverRTD- 
load bipolar inverter simulated using SPICE3f5 [7]. The RTD 
is modeled by a resistance in series with a parallel combination 
consisting of a nonlinear dependent current source and a 
nonlinear capacitor. For the RTD capacitance, the functional 
form Cj,/(l + IVl/&i)", with Cj, = 0.03 pF, Vbi = 0.0368 
V, and M = 0.19 was used, where the parameters were 
obtained from a fit to capacitance calculations based on our 
self-consistent numerical two-band model [ 141. Fig. 3 displays 
a plot of the inverter's transient response. 

IV. REFINEMENTS 

The values for the parameters n1,2 above serve to stretch 
out the voltage scale. In actuality, there is a significant voltage 
drop over the collector spacer layer which causes most of 
the stretching [15]. This is not explicitly included in the 
above derivation, but is mimicked by the low values for n 1 , 2  
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used for the InGaAsIAlAs RTD. The band bending can be REFERENCES 
a large effect, especially if the spacer layer is wide and its 
doping small. The formula can be made more realistic by 
adding in an explicit simple form for the band bending in 
the total depletion approximation. Then, it can be included 
as a series voltage drop. The total depletion approximation 
gives V, = ~&oF’/2eNd for the collector voltage drop. F is 
the electric field and is just V/d;  where d is the thickness 
of the barriers and wells together. This result just has the 
form v: = pV2. The total voltage across the device is 
then V, = V + V,. The new parameter p can be used as a 
replacement for or in addition to 111; which should return to 
a more physically realistic value. Note that the small voltage 
range of the RIT diode (Fig. 2) means that this refinement is 
not necessary, consistent with the fact that nl and are much 
closer to the ideal value of 0.5. 

There are additional physical effects which the above for- 
mulas omit at present, but which can be incorporated with 
only minor modifications. For example, the dependence of 
the transmission peak on voltage has been ignored. The 
simple formula T,,,, = JI - ( e ~ / 2 ~ , . ) 2  gives an excellent 
approximation for the decrease of the Lorentzian transmission 
peak to zero as the applied bias approaches the resonance 
condition and it can be incorporated in the above [16]. This 
is an illustration of how the physics based origin of this 
approach provides the flexibility to incorporate additional 
physical effects when desired. Although additional parameters 
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