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Abstract—While science has good knowledge of semiconductor 

bandgaps, there is not much information regarding the steepness 
of the band-edges. We find that a plot of absolute conductance, 
I/V versus voltage, V, in an Esaki diode or a backward diode will 
reveal a best limit for the band tails, defined by the tunneling 
joint density of states of the two band-edges. This joint density of 
states will give information about the prospective subthreshold 
swing voltage that could be expected in a tunneling field effect 
transistor. To date, published I-V characteristics indicate that the 
joint band-tail density of states is not steep enough to achieve 
<60mV/decade. Heavy doping inhomogeneity, among other 
inhomogeneities, result in a gradual density of states extending 
into the band gap. The steepest measured tunnel diodes have had 
a tunneling joint density of states >90mV/decade. 

Index Terms—Backward Diode, Band Tails, Density of States, 
Esaki Diode, Subthreshold Swing, Tunneling, Tunneling Field 
Effect Transistor (TFET), Urbach Tail 

I. INTRODUCTION 
hile science has good knowledge on the magnitude of 
semiconductor bandgaps, there is not much information 

regarding the sharpness of the band-edges. There is great 
interest in finding a band-edge steepness in the joint 
conduction/valence band density of states, sharper than the 
thermal Boltzmann limited value, 60meV/decade. This is 
important for designing a steep tunneling field effect transistor 
(TFET) [1] as well as a better backward diode[2]. 
Measurements of the optical Urbach tail (the rate at which 
optical absorption falls off for photon energies below the band 
gap), indicate a joint density of states of 23meV/decade for 
Si[3], and 17mV/decade for GaAs[4]. This seems somewhat 
promising but the results need to be validated by electrical 
transport measurements. Ideally, TFETs, Esaki diodes and 
Backward Diodes have current-voltage characteristics that are 
controlled by the band-edges, abruptly turning on when the 
conduction band on the n-side aligns with the valence band on 
the p-side of a tunneling junction[5], sometimes called the 
bandedge energy filtering mechanism. In actuality, the band 
edge is not perfectly sharp and there are states that extend into 
the band gap, affecting the current-voltage characteristics of 
TFETs, Esaki diodes and backward diodes[6]. We analyze 
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these current-voltage measurements to infer the joint 
conduction/valence band density of states.  
 Electrically measured joint density of states have generally 
indicated a steepness >90meV/decade, unlike the optical 
Urbach measurements which are <60meV/decade in good 
semiconductors. We attribute this smearing to the spatial 
inhomogeneity such as thickness fluctuations, poor interfaces, 
inhomogeneous electrostatics and doping inhomogeneity that 
appears in real devices. That same finite density of states will 
limit the subthreshold swing voltage of a TFET. Fortunately, 
these effects can possibly be eliminated, or ameliorated. 
 In intrinsic GaAs the optical absorption falls off at a 
semilog rate of 17meV/decade[4]. Doping the GaAs causes 
the absorption to fall off more gradually. When doped to 
p~1020 /cm3, the absorption falls of at a semilog rate 
>60meV/decade[7]. This means that if a TFET is heavily 
doped, it will never be able to use the density of states energy 
filtering mechanism to achieve a subthreshold swing voltage 
<60mV/decade! 

To interpret electrical transport measurements, we show 
that the absolute conductance, I/V versus bias voltage V, is 
proportional to the tunneling joint density of states in 
Section II. The tunneling joint density of states is the product 
the joint conduction/valence band density of states and the 
tunneling transmission probability. This means that two 
terminal current voltage measurements can be used to 
determine the steepness of the band edge.  

 Consequently, we can learn how steep a TFET could be 
without ever building the full TFET. In Section III, we analyze 
a variety of data from the literature to see what experimental 
band edge steepness has been achieved. Finally, in Section IV 
we show how this method can be applied to TFETs. 

II. INFORMATION FROM ABSOLUTE CONDUCTANCE  
As an example we consider the current-voltage 

characteristics of two InAs mesa homojunction Esaki diodes 
that were grown by MBE [8]. The semilog I-V curves are 
plotted in Fig. 1(a) and the absolute conductance (I/V) is in 
Fig. 1(b). The log{absolute conductance} varies smoothly at 
V=0, offering the prospect for a physical interpretation in 
terms of fundamental semiconductor properties. Contrariwise, 
in Fig. 1(a), the semilog plot, log{current} versus V, diverges 
at V=0, preventing direct interpretation. Likewise, a plot of 
log{differential conductance} diverges on a semilog plot at the 
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Fig. 1: (a) The I-V curves for two InAs Esaki diodes are plotted [8]. The diode 
was formed through MBE growth and mesa isolation. The p-side doping is 
1.8×1019/cm3. At V=0, log{current} diverges and so the logarithmic slope is 
meaningless. (b) Alternatively, log{absolute conductance} passes smoothly 
through the origin. Increasing the doping results in a significant worsening of 
semilog conductance swing voltage in mV/decade. 

 
Esaki peak, preventing direct physical interpretation. Thus a 
log{current} or a log{differential conductance} plot does not 
give us the information we want. By contrast, in Fig. 1(b), the 
log{absolute conductance}, log{I/V}, smoothly decreases 
from reverse bias, through the origin, and all the way to the 
forward Esaki region. Consequently, we can interpret the 
number of millivolts required to get a decade change in 
conductance. We will now show that the smoothly varying 
absolute conductance measures the tunneling joint density of 
states. 

We consider the following model for the tunneling current: 

∫ ∂×××−∝ EEDffI JVC )()( T  (1) 

The difference between the Fermi occupation probabilities on 
the p and n sides is (fC-fV). T is the tunneling probability 
across the junction and DJ(E) is the joint density of states 
between the valence band on the p-side and the conduction 
band on the n-side. We are interested in measuring the 
tunneling joint density of states T×DJ(E) in the integrand of 
Eq. (1).  The different components of the current integral are 
illustrated in Fig. 2(c)-2(f), for different bias points. The 
decreasing tunneling probability is illustrated in Fig. 2(c). The 
joint density of states, DJ(E), is plotted in Figs. 2(d)-2(f). The 
joint density of states is the product of the band tail in the 
conduction band density of states, DC(E), and the band tail in 
the valence band density of states, DV(E), as shown in 
Fig. 2(d)-2(f). Going from bias point I to point III, the joint 
density of states exponentially increases. To measure 
T×DJ(E), we need to divide out the effect of the Fermi 
functions, fC-fV. Since the area under the curve fC-fV is 
proportional to the applied voltage, dividing by the voltage 
approximately eliminates its effect. 

We quantitatively see this by multiplying and dividing 
Eq. (1) by the integral of the Fermi levels: 

 
Fig. 2: The I-V curve (a) and conductance (b) for an Esaki diode is plotted. 
The tunneling probability at different biases is shown in (c). The band 
diagram, Fermi occupation difference and joint density of states at bias points 
I, II and III are plotted in (d), (e) and (f) respectively. (For simplicity, we 
show conduction, DC(E), and valence, DV(E), band edges with equally sloping 
band tails.) Even though the band edges do not overlap, the band tails still 
overlap, resulting in a finite joint density of states. The joint density of states 
exponentially increases when shifting the bias from point I to III and is 
proportional to absolute I/V. To show this, we need to divide out the effect of 
the Fermi functions, fC-fV from the current. Since the area under the curve fC-fV 
is proportional to the voltage, dividing by the voltage eliminates its effect, 
approximately. I/V in (b) decreases exponentially at forward bias as the joint 
density of states decreases its overlap and the tunneling probability decreases. 
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The second term looks like a weighted average of T×DJ(E) 
over the Fermi functions. 

,)(EDqVI J××∝ T  (3) 
This is illustrated in Fig. 3. 
In our method we pay little attention to the shape of the Fermi 
functions. As seen in Fig. 4(a) the ratio (fC-fV)/V barely 
changes for V<4kBT. This means that in this range, any change 
in I/V is due mainly to the change in T×DJ(E). Consequently, 
measuring I/V will give us exactly what we are interested in, 
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Fig. 3: The current integral Eq. (1)-(3) is graphically illustrated. (The Fermi 
functions and joint density of states on the right, are rotated 90° from Fig. 2). 
The integral is essentially given by an average of T×DJ(E) over an energy 
range of 4kBT as indicated by the shaded region. 

 
Fig. 4: The normalized Fermi occupation probability, (fC-fV)/V, is plotted at 
T=300K. This illustrates the energy range over which T×DJ(E) is averaged. 
(a) For small biases less than 4kBT/q the shape barely changes and so the 
change in I/V is only due to the change in T×DJ(E). (b) At larger biases, the 
Fermi function width starts to increase and is given by V. T×DJ(E) is 
changing exponentially while (fC-fV)/V is changing linearly. Therefore I/V still 
primarily gives the change in T×DJ(E). 

 
T×DJ(E). Fig. 4(b) shows (fC-fV)/V starts to broaden and the 
height decreases for V>4kBT, but even at V=400mV there is at 
most a 4× correction, which can safely be neglected with 
respect to the exponential changes illustrated in Fig. 2 

The steepness of the tunneling joint density of states in 
mV/decade is given by: 

( ) 11
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This is called the semilog conductance swing voltage. 
Measuring the number of millivolts required to get a decade 
change in conductance, gives the steepness of T×DJ(E) and 
thus the tunneling junction. 

A. Interpreting the Tunneling Joint Density of States 
The voltage dependence of T×DJ(E) can be dominated by 

either the tunneling probability, T, or the joint density of 
states, DJ(E). Toward forward bias, both the tunneling 
probability and the density of states will decrease to turn off 

 
Fig. 5: (a) J versus V and (b) G=J/V versus V for GaAs mesa diodes[8]. The 
diodes were grown by MBE at ND=3x1019/cm3. The semilog conductance 
swing voltage=130mV/decade and then gets worse at heavier doping. 

 
the tunneling.  

Whether T or DJ(E), is the most dominant influence on 
current will depend on the particular geometry and current 
level. We distinguish the effects of the T and DJ(E) by 

approximating: 〈T×DJ(E)〉≈〈T〉×〈DJ(E)〉 [9]. Evaluating 
Eq. (4), the semilog conductance swing voltage, ST×D(E), gives 
the sum of the logarithms: 
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SDOS measures the steepness of the joint band edge density of 
states in mV/decade: SDOS≡[d log〈DJ(E)〉/dV]-1. As seen from 
Fig. 2(d)-2(f), the energy averaged joint density of states 
changes exponentially with bias. SDOS measures the joint 
density of states steepness, which is the band tail steepness. 

Stunnel is the semilog slope measuring how steeply the 
tunneling conductance pre-factor changes with respect to bias:

[ ] 1/log −= dVdStunnel T . Using the WKB exponential[10] 
to evaluate Stunnel for a typical pn junction gives[11, 12]: 
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With both mechanisms present in any specific case, the 
observed ST×D(E) will be steeper than with one mechanism 
alone, and consequently places a lower limit, SDOS>ST×D(E) and 
Stunnel>ST×D(E). At high current density, T is close to 1, and 
|log(T)| is small, leading to an undesirably large Stunnel. 
Achieving a high steepness will then depend entirely on SDOS. 
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Fig. 6: (a) J versus V and (b) G=J/V versus V for a silicon Esaki diode formed 
by implantation to about n~p~1020/cm3 is plotted (Sample PN-BF2–Q8 
in [14]). The semilog conductance swing voltage=140mV/decade regardless 
of the temperature. It appears to be limited by inhomogeneities and the 
presence of random dopant ions. 
 
 Unfortunately, we observe that the experimental data is 
actually not very steep at all, calling into question the common 
optimistic predictions[1, 13], based on a perfectly steep band 
edge. The key point is that SDOS, which is undoubtedly 
important at high current density, is even worse than the 
measurements, SDOS>ST×D(E). Therefore, experimentally 
observed bandedge steepness is inadequate for the goal of a 
steep device at high current, irrespective of tunnel thickness 
modulation, which sometimes performs well at low current 
density. 

III. ANALYZING PUBLISHED DATA 
In this section we analyze the absolute conductance of 

several different published tunnel diodes to determine the 
band-tail steepness. In Fig. 1 we show the current and 
conductance for an InAs homojunction diode at two different 
doping levels[8]. Since the conductance is proportional to 
tunneling joint density of states, we can measure the inverse of 
the semilog slope of the conductance, ST×D(E), to find the 
steepness of the tunneling joint density of states in 
mV/decade. This is indicated by the inverse slope of the 
diagonal lines in Fig. 1(b). When the n-side doping is 
increased from 3×1018/cm3 to 1 ×1019/cm3

, ST×D(E) drastically 
increases from 180mV/decade to 570mV/decade. This clearly 
illustrates the dangers of smearing a band-edge by doping too 
heavily1. 
In Fig. 5 we show the current and absolute conductance for a 
series of mesa GaAs homojunction diodes that were grown by 
MBE[8]. The n-side doping is 3×1019/cm3 and the p-side 
doping varies from NA=5×1018/cm3 to NA=5×1019/cm3. As the 
doping, NA, is changed, the absolute conductance changes by 
three orders of magnitude because the tunneling barrier 
thickness/depletion region thickness is changing. Nonetheless, 

1 Contact resistance might present problems at the highest conductance. If 
we assume the peak conductance is limited by the contacts, measuring at a 
point where the conductance has decreased by a decade means that the 
contacts will have at worst a 10% effect. 

 
Fig. 7: (a) I versus V and (b) G=I/V versus V for a germanium backward 
diode[16]. The semilog conductance swing voltage=92mV/decade is the 
steepest tunnel diode conductance swing voltage we could find in the 
literature for which an I-V curve was provided. 

 
the semilog conductance swing voltage only changes from 
130mV/decade to 165 mV/decade. This small change in swing 
accompanied by a large change in current indicates that the 
steepness cannot be a result of barrier thickness modulation. 
The barrier thickness modulation swing would have a strong 
dependence of current/tunneling probability as indicated by 
Eq. (6). The conductance smoothly passes through the origin 
of voltage, revealing the tunneling joint density of states, as 
predicted by Eq. (3). In the negative differential resistance 
regime, oscillations can occur during measurement that result 
in unrealistically sharp features. Consequently, in Fig. 5(b), 
we measure an average swing through the entire Esaki regime. 

In Fig. 6 we show the current and conductance for a silicon 
Esaki diode formed by implantation to about 1×1020/cm3 
(sample PN-BF2–Q8 in [14]). Here we show the measurement 
at 295K and 103K. Similar to Fig. 5, the semilog conductance 
swing voltage is 140mV/decade. 

In addition to analyzing Esaki diodes we can also consider 
backward diodes which are tunneling diodes optimized to turn 
on around zero bias. Backward diodes are usually specified by 
a Figure-of-Merit, the curvature coefficient γ, that can used to 
estimate the semilog conductance swing voltage. γ is given by: 

0
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In order to relate Eq. (7) to the semilog conductance swing 
voltage, we need a simple model for the current. From Fig. 2, 
T×DJ(E) changes exponentially with bias and is therefore 
proportional to exp(-V/V0) where V0 is the exponential slope 
and gives the tunneling steepness. The negative sign is 
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Fig. 8: (a) J versus V and (b) G=I/V versus V for an InAs/AlSb/Al0.12Ga0.88As 
heterojunction backward diode [15]. This diode has one of the highest 
reported curvature coefficients, γ, and consequently lowest semilog 
conductance swing voltage reported in the literature. It also has one of the 
lowest doping levels of 1.4×1017/cm3 near the tunneling junction. 

 
associated with Backward diode action. Replacing T×DJ(E) 
with exp(-V/V0) in the current, Eq. (1), gives: 

∫ ∂××−∝ − EeffI VV
VC 0/)(  (8) 

At small biases we can Taylor expand the Fermi functions 
such that fC-fV ∝V and so we get: 

0/VVeVI −×∝  (9) 
Plugging Eq. (9) into Eq. (7) gives 

0/2 V−=γ  (10) 
V0 can be converted to mV/decade to give ST×D(E): 

ST×D(E)=ln(10)×V0. Combining this with Eq. (10) gives: 
γ/2)10ln()10ln( 0)( ×=×=× VS EDT  (11) 

To do better than 60mV/decade the Backward Diode 
curvature coefficient should be γ>80. This is twice the typical 
goal of γ>40 for Backward diodes. This can be seen from the 
fact that we need to model the current as I∝ V × exp(-V/V0) 
rather than I∝ exp(-V/V0)-1. The extra factor of V gives an 
extra factor 2 when taking the derivative. 

The best backward diode curvature coefficient appears to be 
γ=47 [15] and γ=50 [16]. One paper claimed a γ=70 [17], but 
did not show the I-V curve. In all cases they fall short of a 
semilog conductance swing voltage steeper than 
60mV/decade. 

In Fig. 7 a germanium backward diode with γ=50 is shown. 
Using Eq. (11) to calculate the semilog conductance swing 
voltage gives 92mV/decade, corresponding exactly to the 
measured value in Fig. 7(b).  
In Fig. 8 we show an InAs/AlSb/Al0.12Ga0.88Sb 

 
Fig. 9: (a) ID versus VD and (b) G=ID/VD versus VD for an In53Ga0.47As TFET 
[18]. The measured subthreshold swing voltage = 216mV/decade while the 
semilog conductance swing voltage = 165mV/decade. Since the ID-VD 
characteristic is not limited by the gate oxide, it reveals the junction’s steeper 
intrinsic tunneling properties. 

 
heterojunction backward diode [15] with γ=47 and a semilog 
conductance swing voltage of 98 mV/decade. In this diode the 
tunneling barrier thickness is fixed by the AlSb thickness and 
so the conductance steepness is entirely due to the joint 
density of states. While various non-idealities or leakage 
currents may be limiting the device, this is the steepest turn on 
that has been measured in the InAs/AlSb/AlGaSb system. 

IV. ANALYZING TFETS 
We can apply the same analysis that we have done so far to 

TFETs. In a TFET we can either make a two terminal source-
drain measurement, or a three terminal ID-VG measurement. In 
either case, the current is given by Eq. (1). In a three terminal 
measurement the Fermi occupation probability, fC-fV, is fixed 
by source-drain voltage, VDS, while T×DJ(E) is changed by 
the applied gate bias. This means that measuring the 
subthreshold swing voltage will give the tunneling joint 
density of states. However, some voltage is lost across the gate 
oxide and so the subthreshold swing voltage is increased by a 
poor gate efficiency. 

If we want to avoid any gate issues, we can also do a two 
terminal measurement. If the critical tunneling junction is the 
source-channel junction, we need to fix the VG-VD voltage 
while measuring ID-VS. Since the gate potential will have a 
strong influence on the channel potential, the drain will not be 
able to effectively control the source-channel junction. On the 
other hand, if the critical tunneling junction is at the channel-
drain junction, we want to measure ID-VD while fixing the 
VG-VS voltage. 

In Fig. 9, we analyze the ID-VD characteristics of an 
In0.53Ga0.47As TFET at fixed VG-VS voltage. The measured 
subthreshold swing voltage is 216 mV/decade owing to the 
poor gate oxide[18]. The measured ID-VD semilog 
conductance swing voltage=165mV/decade. Since the ID-VD 
characteristic is not limited by the gate oxide deficiencies, it 
reveals the junction’s steeper intrinsic tunneling properties.  

This shows the value of using the semilog conductance 
swing voltage to analyze a TFETs potential performance when 
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the gate oxide has poor quality. 
In TFETs, subthreshold swing voltages less than 

60 mV/decade have been measured, but only at extremely low 
current densities of ~1nA/µm[19-23]. We now explain why 
this has not been observed in in backward diodes and Esaki 
diodes. These diodes need heavy doping which moves the 
band overlap threshold to forward bias, where any steep 
response is obscured by leakage current. Contrariwise, in a 
transistor, the gate potential can ensure a narrow tunneling 
barrier with less doping and under reverse bias. 2-terminal 
measurements on a 3-terminal device are needed, with the gate 
acting only to adjust Fermi Levels. Furthermore, the diode 
electrostatics are not optimized for barrier thickness 
modulation, while the sub-60 TFET results are likely to be due 
to barrier thickness modulation [11, 12]. 

V. CONCLUSIONS 
The absolute conductance, I/V, of either a tunneling diode 

or of a TFET source-drain I-V, is proportional to the tunneling 
joint density of states. This is true even as the applied voltage 
passes through zero. The Joint-Density-of-States behaves 
poorly, which will limit the prospective subthreshold swing 
voltage that we can expect from TFET’s. This is likely due to 
the many non-idealities that smear the band edges. As a first 
step, doping which is inherently inhomogeneous, should be 
eliminated. Ultimately, a sharp threshold may even require 
structural reproducibility at the single atom level. 
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