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a b s t r a c t

Atomic layer precision in design of heterostructure tunnel diodes can be used to mimic an Ohmic

(linear) current–voltage characteristic over a range of voltage bias. This is achieved by manipulating

low energy electron transmission resonances. Calculations demonstrate how greater than 65 dB

dynamic range can be obtained in an optimized heterostructure tunnel device that is only 17 nm thick.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

High levels of control over the input–output characteristics of
electronic devices should be possible by simultaneously exploit-
ing the wave nature of the electron on a length scale less than a
characteristic inelastic mean free path, lin, and atomic layer
precision that is available in fabrication of heterostructure
devices. Because of the importance of Ohmic (linear) current–
voltage behavior in analog and mixed signal circuits, we explore
the extent to which it is possible to achieve such behavior in a
semiconductor heterostructure tunnel diode design with non-
equilibrium electron transport through an active region just a few
nm thick.

The mechanisms responsible for linear current–voltage beha-
vior in optimally designed tunnel diodes is different from those of
conventional resistors and nanowires. Conventional resistors rely
on near-equilibrium electron transport in relatively large struc-
tures (blin) and dissipative processes involving the emission of
phonons [1]. Nanowires rely on dimensional confinement and
non-equilibrium electron transport with no scattering in the
active region of the device giving a maximum electron conduc-
tance per spin of Gn ¼ e2=2p‘ [2]. Nano wires and carbon
nanotubes are, by their very nature, small and so of interest for
scaled electronic devices. However, inability to create low impe-
dance contacts to nanowires has limited their utility and applica-
tion to electronic devices. Depositing metal contacts directly onto
semiconductor nanowires effectively forms a Schottky barrier [3]
and failure to lower the contact resistance of single-walled carbon
nanotubes below tens of kO has driven the research community
ll rights reserved.
to consider use of larger, and less controlled, multiple-walled and
bundled nanotubes [4,5].

The design of optimized tunnel diodes considered here does
not suffer from these difficulties. We use elastic electron scatter-
ing from a precisely defined potential to control the current–
voltage characteristic of the device. The use of a single-crystal
semiconductor heterostructure allows atomic layer control of
composition and hence unique access to a wide range of conduc-
tion band potential profiles. Our work builds on previous studies
of optimized electron transmission [6,7] and current density [8]
by self-consistently solving the Schrödinger and Poisson equa-
tions to obtain the potential. Here we seek a proof-of-principle
calculation of achievable levels of control using optimal design. In
addition, physical mechanisms limiting feasibility of design are
explored and we show how material parameter choices impact
linearity (dynamic range).
2. Nonlinear current–voltage characteristic through single-
barrier semiconductor tunnel diodes

In general, non-equilibrium electron transport through a nano-
scale active region results in a nonlinear relation between current
and voltage bias. As an example, consider a single-crystal semi-
conductor heterostructure tunnel diode for which the material
consists of an intrinsic AlAs layer of thickness L0 grown between
two GaAs contacts each having n-type impurity concentration of
n¼1�1018 cm�3. At temperature T¼300 K an atomic monolayer
of the [001]-oriented crystal is d¼ 0:2827 nm thick and the
conduction band offset between AlAs and GaAs is 1.04 eV [9].

Calculation of current through the structure may be achieved
by self-consistently solving the Schrödinger and Poisson equa-
tions. The Schrödinger equation is solved using the propagation
matrix method [10] and the Poisson equation is solved using
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a predictor–corrector scheme [11]. Iterations between the two
equations are continued until the relative error in calculated
current density is less than g¼ 10�3, where current density is
calculated using the Tsu–Esaki formula [12]. Inelastic scattering
into accumulation region quasi-bound states is necessary for
generating charge within this region. We assume these bound
states to be in thermal equilibrium with the contact electrode
[13]. To prevent depletion of the emitter contact in the absence of
scattering a drifted Fermi distribution is used [14].

For simplicity we use a conduction band effective electron
mass m¼0.07�m0, where m0 is the bare electron mass, in all
heterostructure layers. We note that our model captures the
essential physics of electron transport through a few nm of
AlxGa1�xAs heterostructure material. Inclusion of other details
such as conduction band non-parabolicity [15] or attempts to
include inelastic scattering mechanisms [16] when total thickness
of the active region is less than lin can add significantly to the
complexity of the model. More complex models introduce new
ways in which current can flow through the device. However, so
long as the change in current is slowly varying with voltage, it
should be controllable by adjusting the conduction band potential
profile of the active region and hence have little effect on the
achievable degree of optimality.

Results of calculating the current–voltage characteristic of a
single-barrier AlAs/GaAs tunnel diode are shown in Fig. 1 for the
indicated values of L0. For small bias voltage 9Vbias9om, increasing
bias opens channels for current flow, causing an increase in
current. At temperature T¼300 K, the chemical potential of
electrons in the GaAs contacts is m¼ 38:9 meV. When 9Vbias9om
electron transmission probability through the tunnel barrier is
weakly dependent on Vbias. However, once the voltage bias begins
to enter the regime in which 9Vbias94m the majority of current
carrying states have been accessed. The slope @J=@Vbias then
decreases as changing current is now caused primarily by Vbias

lowering the potential energy of the AlAs barrier relative to the
energy of conduction band electrons in the cathode. Eventually,
with increasing voltage bias and 9Vbias9bm, the slope @J=@Vbias

increases exponentially. This change in physical mechanisms
controlling electron transport should be difficult to linearize,
providing a suitable test of achievable optimality.
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Fig. 1. Calculated current density through a single-barrier AlAs–GaAs tunnel diode of

thickness L0. Current is exponential for 9Vbias94m, the chemical potential of electrons

in the electrode. Simulation parameters are electron effective mass m¼ 0:07�m0,

temperature T¼300 K, and n-type impurity concentration n¼1�1018 cm�3. Vertical

scale is multiplied by the indicated value for each curve.
3. Optimal design of heterostructure diodes for linear
objective

Control necessary to linearize the current–voltage character-
istic shown in Fig. 1 may be achieved by introducing AlxGa1�xAs
layers with varying composition. We choose a device structure
consisting of one AlAs layer of thickness L0 followed by an integer
number, N, of AlxGa1�xAs layers, each of thickness Ld ¼ 4� d.
Total thickness of the active region is L¼ L0þNLd. The GaAs
contacts have n-type impurity concentration n¼1�1018 cm�3.
In this arrangement, the AlAs layer serves as the primary current-
limiter and the AlxGa1�xAs layers modify the current through the
AlAs layer. The relative permittivity of each AlxGa1�xAs layer is
assumed to vary as er ¼ 13:2�3:1� x [17].

The optimization parameters consist of L0 and the set of
AlxGa1�xAs conduction band offsets, fUjg, where the potential
energy of the jth AlxGa1�xAs layer is Uj ¼ 0:8355� x and the Al
alloy concentration is restricted to 0rxr0:42. The cost function is
defined as

C ¼
Xn

i ¼ 1

wiðJobjðV
i
biasÞ�JsimðV

i
bias,pÞÞ2, ð1Þ

where design parameters L0 and fUjg are contained in vector p and
wi is a weighting factor. Eq. (1) is a least squares measure of the
difference between simulated current density, Jsim, and the objective
function, Jobj. This form of cost function guarantees a continuous
derivative at local minima, enabling use of gradient-based methods
for optimization. The linear objective function is Jobj ¼ Vbias/r, where
r defines the slope of the objective function with units of O� mm2.
For a device of cross-sectional area A characterized by current
density J¼ Vbias=r, the resistance is R¼r/A. The optimization is
limited to 0rVbiasr0:5 V, and auxiliary parameters for optimiza-
tion are r and the number of AlxGa1�xAs layers N.

Since higher optimality is associated with lower cost, the
optimization is formulated as a minimization problem

min
p

C,

subject to physical constraints ð2Þ

0rUjr0:35 eV, ð3Þ

L0 ¼ n� d, nANþ : ð4Þ

Sufficient conditions for an optimal set of design parameters, pn,

are rpC9p ¼ pn ¼ 0, HpðCÞ9p ¼ pn 40, and pnAO, where O is the

feasible design space and Hp is the Hessian matrix, a matrix of

second derivatives with respect to design parameters p.
Initial device configurations consist of a random set fUjg and an

initial guess for L0 that ensures JðVbias ¼ 0:5 VÞ is of the same order
of magnitude as the objective function. Minimization of Eq. (1) is
completed using the Newton–Raphson method to find a local
minimum satisfying the above criteria, which requires evaluation
of the gradient rpC. The partial derivatives @C=@Uj and @C=@L0 are
efficiently calculated using the adjoint method [8,18]. Solution
space is non-convex and so the best of multiple optimizations
was selected for each objective.
4. Results

Device structures having N¼5, 7, 10, 12, 15, and 17 layers of
AlxGa1�xAs and values of r ranging from r¼ 10 kO� mm2 to
r¼ 100 MO� mm2 by factors of 10 were studied. Designs for
r¼ 1 kO� mm2 also yielded linear (Ohmic) behavior, but the 2–3
monolayer thicknesses of the AlAs layer in the design violated the



T
H

D
 a

nd
 s

pe
ct

ra
l i

nt
en

si
ty

, (
dB

)

-140

-40

-60

-110

-70

-80

-90

3�0

2�0

THD

-100

V = 0.25+Vp sin(�0t)

-120

-130

-50
-65 dB

K.C. Magruder, A.F.J. Levi / Physica E 44 (2011) 322–326324
assumption of an equilibrium distribution of electrons in the
accumulation region quasi-bound states [13].

The potential profile as a function of position x and relative
error in r for a design is shown in Fig. 2(a). Fig. 2(b) shows
current–voltage characteristics of the most optimal design for
each r. The currents have been scaled such that the objective
functions are equal and the curves overlap. It can be seen that
device designs spanning four orders of magnitude in r display
essentially linear behavior over the optimization range.

Linearity of the optimized designs is determined by calculating
total harmonic distortion (THD) and spectral intensity at frequen-
cies 2o0 and 3o0, where o0 is the frequency of the input signal.
The input signal applied to the diode is a sinusoidal voltage of
frequency o0 having constant offset voltage Vbias ¼ 0:25 V and
peak amplitude Vp (Vpp ¼ 2Vp). Fig. 3 shows the calculated
distortion for the diode in Fig. 2(a). Suppression of spectral
intensity at frequency 2o0 for Vpr0:1 V results from odd
symmetry in the differential resistance about Vbias ¼ 0:25 V.
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Fig. 2. (a) Optimized potential profile as a function of position x for a diode

characterized by r¼ 1 MO� mm2 and N¼12. The inset shows error in differential

resistance relative to r. (b) Overlay of simulated current through the most optimal

design for each r, with corresponding N indicated. Currents for r410 kO� mm2

have been scaled so that all curves overlap. Simulation parameters are electron

effective mass m¼ 0:07�m0, temperature T¼300 K, and impurity concentration

n¼1�1018 cm�3.
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Fig. 3. Spectral intensities at 2o0 and 3o0 and total harmonic distortion (THD) for

optimized diode shown in Fig. 2(a). The input voltage is a sinusoidal wave of

frequency o0 and amplitude Vp with constant offset voltage Vbias ¼ 0:25 V. Total

harmonic distortion of less than �65 dB indicates greater than 10 bit dynamic range.

Table 1
Deviation from objective, D, of the most optimal design for each N.

N 5 7 10 12 15 17

D �4.23 �5.09 �5.62 �5.58 �4.97 �4.72
Excellent linearity is achieved, with THD of less than �65 dB for
Vpr0:2 V indicating greater than 10 bit dynamic range for signals
up to 0:4Vpp. Decreasing the relative error for convergence to
g¼ 10�5 produced similar results indicating the existence of
limits to achievable optimality for the system.

To compare optimality independent of the magnitude of cur-
rent, it is convenient to define the deviation from the objective as

D¼ log10ð1�R2
dÞ, ð5Þ

where R2
d is the coefficient of determination between the objective

and simulated current density, constrained to 0rR2
dr1 with R2

d ¼ 1
corresponding to Jsim ¼ Jobj. The logarithmic nature of this metric
coupled with R2

d � 1 for our designs makes this a very sensitive
measure of optimality. Presented in Table 1 is D for the most optimal
design for each value of N considered. As indicated in Fig. 2(b), N¼10
and N¼12 were the most successful values of auxiliary parameter N.
The deviation from objective of the design of Fig. 2(a) is D¼�5:58.
5. Discussion

Control over device behavior is accessible through manipula-
tion of quantum mechanical effects such as tunneling and
resonant electron transmission. The extent to which these fea-
tures can be accessed by thermally distributed electrons in the
electrodes and controlled by the design parameters for the given
range of Vbias and N determine feasibility of a given design.

For example, optimal AlxGa1�xAs region lengths of NL0 �

7212 nm restrict access to low-energy (om) resonances at small
Vbias. Low-energy resonances are necessary for control in the low
bias regime. Absence of these resonances is apparent in Fig. 2(a) by
the negative error in r for Vbiaso15 mV and increasing error with
decreasing Vbias. This feature is common to all optimized designs.
Access to these resonant states could be made available by including
InxGa1�xAs alloys and in this way allowing Ujr0 eV.
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Naively, one might expect that thicker devices, with more
degrees of freedom and access to additional resonances in the
electron transmission spectrum, would have more control and
hence higher optimality. However, for large values of N this is not
the case due to a reduced ability of Vbias to control resonant
spectra with a necessarily smaller electric field. Differential
resistance curves for optimized designs with N¼15 and N¼17
show that the amplitude of oscillations about the objective
resistance are enhanced.

The potential profile of Fig. 2(a) shows decreasing average Uj

along the device length. This feature is common to many
optimized designs with 7rNr12 and is selected by the optimi-
zation algorithm to set the background electron transmission
spectrum. Fitting the average conduction band offset within the
AlxGa1�xAs region of the structure considered in Fig. 2(a) to
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Fig. 4. (a) Histogram showing sensitivity of the optimal design of Fig. 2(a) to

errors in AlxGa1�xAs layer thickness, by calculating D with a single AlxGa1�xAs

layer perturbed by 71� d or 72� d. (b) Histogram showing sensitivity of

optimal design to alloy fluctuations and error in Al concentration. In each

simulation all AlxGa1�xAs layers were perturbed by a random potential energy

uniformly distributed between 73 meV. Simulation parameters are electron

effective mass m¼ 0:07�m0, temperature T¼300 K, and impurity concentration

n¼1�1018 cm�3.
UðxÞ ¼ 0:25 expð�ðx�L0Þ=16Þ eV, with x measured in nm, yielded
D¼�1:2 relative to a linear fit. Potential well features in the
exponentially decaying potential that are added by the optimiza-
tion algorithm form electron transmission resonances that further
linearize and fine-tune the current.

Sensitivity to errors in AlxGa1�xAs layer thickness is shown in
Fig. 4(a). The figure shows D calculated in the presence of 71� d
or 72� d perturbations in the thickness of individual AlxGa1�xAs
layers for the design considered in Fig. 2(a). Skew in the distribu-
tion is because electron scattering strength of the first four layers
from the AlAs layer is significant. These layers are responsible for
all bin counts in which D4�2. The third and fourth layers are
most responsible for formation of transmission resonances because
they are located near a quarter of the characteristic electron
(Fermi) wavelength in the system. The two leftmost layers help
the AlAs potential barrier set the scale of the current.

Sensitivity to alloy fluctuations and errors in Al concentration
are simulated by perturbing Uj of all AlxGa1�xAs layers by a
random potential energy uniformly distributed within 73 meV.
A histogram of 200 of these simulations for the design considered
in Fig. 2(a) is shown in Fig. 4(b). Skew of this distribution toward
smaller D may be a result of the strongest scattering occurring in
4 of the 12 AlxGa1�xAs layers closest to the AlAs barrier.

Since the AlAs layer is the primary current limiter, the opti-
mized design displays enhanced sensitivity to errors in L0 thick-
ness. Current through the design of Fig. 2(a) is scaled roughly by a
factor of two for each monolayer change in L0 between 72� d.
Approximately linear behavior is preserved however, with a max-
imum deviation from objective of D¼�2:65 relative to a linear fit.

Changes in the Fermi–Dirac distribution with temperature will
alter the current–voltage characteristic of the tunnel diode. Linear-
ity of the current–voltage characteristic of the design in Fig. 2(a) as
a function of temperature is evaluated by computing the deviation
from objective with respect to a linear fit forced through the origin.
Approximately linear current–voltage behavior over the tempera-
ture range 250 KrTr350 K is obtained with a maximum devia-
tion from objective D¼�2:95 at temperature T¼350 K. Variation
of r over this temperature range is exponential with approximately
rðTÞ ¼ ð3:21 MO� mm2 � expð�T=257:3Þ.

Optimization with respect to temperature variation provides
an interesting direction for future work. A more advanced model
might incorporate additional scattering mechanisms, such as
electron–electron scattering, in which scattering rates increase
with temperature. It seems likely this would tend to increase the
resistance with temperature and hence counter the trend of
decreasing resistance for the model without temperature depen-
dent inelastic scattering effects.

We note that the high levels of linearity achieved in the
semiconductor heterostructure tunnel diode current–voltage char-
acteristics we have considered is possible because use of
AlxGa1�xAs layers provide the needed degrees of freedom in design
of the conduction band potential profile. An alternative approach
using a single AlAs tunnel barrier similar to that considered in
Fig. 1, but with very high n-type carrier concentration in the GaAs
electrodes, fails to attain the same level of performance. For
example, with 3� 1019 cm�3rnr1� 1020 cm�3 and L0 ¼ 12� d
one obtains DZ�3:3 and THD4�36 dB for Vpr0:2 V indicating
less than 6 bit dynamic range for signals up to 0:4Vpp.

The physical model we have used to describe electron trans-
port is highly simplified involving a single G-valley band structure
in GaAs. Use of a more sophisticated band structure that includes
conduction band non-parabolicity and the possibility of electron
transport via subsidiary L- and X-minima in GaAs will change the
calculated current–voltage characteristic. However, these changes
should be controllable and hence compensated for by varying the
AlxGa1�xAs layers used to fine-tune the optimal design.
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6. Conclusion

The design of electronic heterostructure devices can utilize
atomic layer precision in semiconductor fabrication to mimic an
Ohmic (linear) current–voltage characteristic over a limited, but
useful, range of voltage bias values. Even though electron transport
is dominated by tunneling, it is possible to manipulate low energy
electron scattering and resonances to approach a desired linear
current–voltage behavior. However, practical and materials con-
straints limit the degree of linearity that may be achieved. Here, we
demonstrate how greater than 62 dB (10 bit) dynamic range may
be obtained in design of an optimized semiconductor heterostruc-
ture tunnel device that is only 17 nm thick. This type of control, in
which there is no inelastic electron scattering in the active region
(linbL) , is only possible because of the wave nature of electrons.
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