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ABSTRACT 

Today, nano-science provides an overwhelmingly large number of experimentally accessible ways to configure the 
spatial position of atoms, molecules, and other nanoscale components to form devices. The challenge is to find the best, 
most practical, configuration that yields a useful device function. In the presence of what will typically be an enormous 
non-convex search space, it is reasonable to assume that traditional ad-hoc design methods will miss many possible 
solutions. One approach to solving this difficult problem is to employ machine-based searches of configuration space 
that discover user-defined objective functions. Such an optimal design methodology aims to identify the best broken-
symmetry spatial configuration of metal, semiconductor, and dielectric that produce a desired response. Hence, by 
harnessing a combination of modern compute power, adaptive algorithms, and realistic physical models, it should be 
possible to seek robust, manufacturable designs that meet previously unobtainable system specifications. Ultimately one 
can envision a methodology that simultaneously is capable of basic scientific discovery and engineering for 
technological applications. 
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1. INTRODUCTION 
For many years an ad-hoc approach to device design has successfully contributed to the development of technology. 
After identifying the cause of poor device performance one typically tries to create a solution by modifying a process or 
fabrication step. The result is usually a series of innovations heavily weighted towards incremental small changes in 
previous practice. The scaling of CMOS transistors to minimum features sizes of a few nm is a good example of the 
extraordinary power of such an approach1-2. On the other hand, when a new device or device concept is created it 
typically has a geometric structure that is highly symmetric. The development of radiation-pressure-driven opto-
mechanical resonators is a recent example in which device performance is directly related to the ability to fabricate a 
highly symmetric structure3. The creation of ultra-small semiconductor lasers, such as the microdisk laser4, is another. 

Rather than speculate on the reasons for the past success of an ad-hoc design methodology, it is more interesting to 
explore the possibility of an alternative path to design and discovery using new and emerging capabilities such as 
nanoscience and access to large computing resources. Part of the motivation comes from the fact that while nanoscience 
has successfully developed a large number of degrees of freedom with which to create new structures, much of what has 
been proposed (with the notable exception of quantum computing) is focused on replacing existing electronics and 
existing photonics devices such as transistors and lasers with their nearest nanotechnology equivalent. The shortcoming 
in such an approach is a failure to discover new functions, devices, and systems specific to and only achievable using 
nanoscience. 

The rapid and successful development of nanoscale fabrication methods has exposed a critical gap in understanding that 
appears to represent a very important barrier to a fully exploiting nanoscience. Absent from largely experimentally-
driven nanoscience research is a methodology or procedure to create new functionalities, new devices, and new system 
architectures. What is needed is a systematic experimental and theoretical approach that results in the efficient discovery 
of atom, molecular, and macro-molecular based configurations that exhibit the desired, user specified, functionality. It is 
the ability to provide made-to-order functions, devices, and systems that will enable the true potential of nanoscience and 
ensure its adoption in practical systems. 
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Two key elements of this approach to design are efficient adaptive search algorithms and realistic physical models. 
Combined they form the basis for the development of optimal design software for small quantum systems. This software 
is capable of discovering initially non-intuitive designs for a given functionality. Typically these designs are highly non-
symmetric and usually difficult to interpret. However, as will be illustrated in Section 2, sometimes it is possible to 
analyze the machine-generated solutions and gain new insight into the underlying physical mechanisms driving the 
system to a given optimal configuration. This potential for learning is another motivation to explore the possibilities of 
optimal design in nanoscience. 

2. EXAMPLE: OPTIMAL DESIGN OF ATOMIC CLUSTERS 
The density of electronic states in a solid is a basic attribute that plays a key role in determining material properties. For 
example, a singular behavior in the density of quasi-particle states can result in enhanced optical conductivity at a 
specific photon energy. In fact, a periodic array of atoms in a crystal gives rise to just such peaks in the density of states. 
This may be illustrated by considering a two-dimensional square lattice in the nearest neighbor tight binding 
approximation with s-orbitals and eigenenergies Ei. Crystal symmetry and interaction mechanism determine the density 
of states spectrum 
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In this case, there is a peak in the density of states at the center of the band. What we would like to do is find 
configurations of atoms that are not constrained by crystal symmetry. A key idea is that breaking the spatial symmetry of 
atom positions creates a truly vast number of possibilities making it feasible to find configurations of atoms with 
essentially any desired density of states. The ability to control the response of a material in a user-defined way is a 
powerful concept which has the potential to change the way one views materials, devices, and systems.  

As a first step, consider an algorithm that seeks spatial configurations of atoms characterized by a user-specified or 
objective density of electronic states Nobj(E). The essential physics underpinning the approach is best illustrated by 
considering a long-range version of the tight-binding model with Hamiltonian 
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where †
ic  and ic  are creation and annihilation operators respectively at the atom site ri. The overlap integrals tij between 

an atom at position ri and an atom at position rj is parameterized by a power law / | |ij i jt t α= −r r . The choice of 
exponent α depends on details of the experimental situation. Here, the Hamiltonian matrix in the basis of single particle 
states is non-sparse because interaction with all atoms is included. For simplicity consider s-orbitals, so it is not 
necessary to include directionality of atomic electron wave functions. To demonstrate the power of this approach to 
quantum design consider the non-symmetric objective density of states spectrum in two dimensions Nobj(E) indicated in 
the lower left of Fig. 1. The optimization algorithm finds a spatial configuration of 16 atoms in an 8 × 8 area with 
periodic boundary conditions that has a density of states, N(E), essentially identical to the desired or objective spectrum5. 
The implication is both apparent and dramatic: A user who requires new material with a specific quasi-particle density of 
states can use optimal design software to discover configurations of atoms with the desired behavior. The objective 
functionality is obtained by broken symmetry so, in this sense, broken symmetry is function. 

It is clear from the atom positions indicated in Fig. 1 that one could not have guessed the result. However, the output of 
the computer program can be used to gain new insight into configurations that result in the desired spectrum Nobj(E). In 
this particular case, and as illustrated in Fig. 2, one learns that a hierarchy of primitive configurations exist that form the 
building blocks for any objective density of states. Dimers can be used for symmetric N(E), trimers and larger molecular 
configurations provide asymmetry to N(E). While, in a strict sense, these heuristics only apply to the dilute limit in 
which the normalized average spacing between atoms is much greater than unity, it is apparent one may appeal to this 
insight to explain the more complicated structures that occur in the dense limit. 

Remarkably, some aspects of the model have been confirmed experimentally using scanning tunneling microscopy 
(STM) to precisely position gold atoms on the surface of a nickel-aluminum crystal. STM measurements6 show that the 
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splitting in the value of eigenenergies Ei for Au dimers on NiAl depends inversely on Au atom separation corresponding 
to α = 1 in the expression tij = t / |ri – rj|α. 

 

Fig. 1. Optimized position of 16 atoms in square of dimension 8 × 8 (upper left) giving asymmetric density of states N(E) 
very close to the objective spectrum Nobj(E)5. Energy scale is in units of t. Contour plot of interaction potential for 
atoms in optimized positions is shown in lower right panel. In the calculations α = 3, periodic boundary conditions are 
used, and Γ = 0.2828 × t. Convergence as a function of modification number is shown in upper right panel. 

 

Fig. 2. Calculated5 density of states N(E) for dimer, trimer, and quadrumer with α = 3 and showing a hierarchy of non-
symmetric contributions as a function of atom separation L normalized to L0. Energy scale is in units of t. An isolated 
pair of atoms (dashed line) is symmetrically split (solid line) by a dimmer. A trimer forming an equilateral triangle 
(L/L0 = 1) has an asymmetric density of states (solid line) becoming essentially symmetric when L/L0 = 3 (dashed line). 
Peak positions for the quadrimer are also controlled by atom separation in the range L/L0 = 1 (solid line) to L/L0 = 3 
(dashed line). 
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3. DESIGN IN THE AGE OF QUANTUM TECHNOLOGY 
One of the greatest achievements of semiconductor technology has been the continuous reduction in transistor minimum 
feature size over the past 35 years. Often described as Moore’s Law1 or scaling, Fig. 3 illustrates the historical 
exponential reduction in CMOS gate length with time. Of course, at some point physical and other limitations will force 
such geometric scaling to end. Today there seems to be a consensus that a manufacturable technology with minimum 
feature sizes below 10 nm is achievable2. This confidence is based partly on improvements in lithography tools and 
partly on experience overcoming previously declared limits to scaling7. Never-the-less, sometime after 2020 Moore’s 
Law will come to an end and new paths to system innovation will have to be found. Our concern is not how to achieve 
minimum feature size below 10 nm but rather the approach to design when such capability is available because it is on 
these nm length scales that the best opportunities to exploit quantum effects will occur. 

Fig. 3. Diagram illustrating reduction in CMOS gate length with time. Gate length has been decreasing, or scaling, 
consistently for the past 35 years. However, physical and other limitations to continued scaling will impact by about 
the year 2020 and geometric scaling will come to an end. As this end-point nears, fundamental changes in the approach 
to system innovation are required. 

When simple physical scaling of device geometry no longer provides a path to increased system functionality, improved 
device performance and function might be achieved by manipulating new quantum degrees of freedom. Examples might 
include controlling the single electron states of atomic and nm-sized particles via geometry8, using interacting electrons 
in the presence of the coulomb interaction to exploit collective excitations such as plasmons9, hybridization to control 
bonding and chemical specificity, using electron and orbital spin to control magnetic response10, strong light–matter 
interaction in nm-sized geometries11, and non-equilibrium processes on fs time scales12. 

Because of the large number of variables, it seems reasonable to consider avoiding ad-hoc design and trying to apply a 
systematic approach to problem solving and analysis. Such an approach is more likely to reap dividends as we move 
away from devices that behave semi-classically and into a less familiar quantum regime where our intuition might fail. 
However, to date, much of what has been explored in nanoscience is the result of curiosity-driven research with little 
direct connection to practical technology development. This common approach to discovery may not only be inefficient 
but may also be susceptible to replacement by more effective methods.   

3.1 Control of electron transmission through a tunnel barrier 

As a prototype system, consider the semiconductor AlxGa1-xAs which has a lattice constant 0.5653 nm and atomic layer 
separation 0.2827 nm. Atomically precise layer-by-layer crystal growth is possible using MBE and the AlxGa1-xAs alloy 
can be used to form heterojunctions with controlled conduction and valance band off-sets. 

As a specific example14, consider a rectangular potential barrier of energy V0 = 0.3 eV and thickness L = 4 nm that is 
illustrated in Fig. 4(a). The n-type electrodes either side of the barrier have carrier concentration n = 1018 cm-3. 
Application of a bias voltage, Vbias, depletes carriers in a region on the right side and accumulates carriers in a region on 
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the left side of the barrier. Electron motion though the potential V(x) is in the x-direction, normal to the barrier plane and 
there is no confinement in the y and z directions. The absence of lateral confinement avoids constraints imposed by 
quantized conductance13.  

Figure 4(b) shows calculated transmission probability T(Vbias) for the simple rectangular barrier as a function of Vbias 
when an electron of energy E = 26 meV is incident from the left. As expected, there are resonances and a rapid increase 
in overall transmission with increasing Vbias. It is because of this that the design of structures with linear and other 
power-law transmission-voltage characteristics likely involves broken-symmetry potential barrier profiles.  

 

 
                                                   (a)                                                                                    (b) 

Fig. 4. (a) A rectangular potential barrier of energy V0 = 0.3 eV and thickness L = 4 nm gives rise to rapid increase in 
electron transmission with increasing voltage bias, Vbias, and resonances. Effective electron mass is m = 0.07m0, where 
m0 is the bare electron mass. (a) Conduction band profile of the rectangular potential barrier for the indicated values of 
Vbias. (b) Calculated transmission probability as a function of Vbias for an electron of energy E = 26 meV incident from 
the left. 

Suppose one wishes to find a potential profile with a transmission function T(Vbias) that increases linearly with bias 
voltage in the range 0 V < Vbias < 0.25 V. Figure 5 shows the result of an exhaustive numerical search for a conduction 
band profile V(x) that gives a linear T(Vbias) characteristic14. The search for the optimal V(x) is performed on a grid with 
∆x = 2 nm (~ 8 monolayers of GaAs) spatial increments and ∆V = 0.01 eV energy increments. The barrier structure is 
limited to a total thickness L = 10 nm and the maximum allowed on-site potential is 0.3 eV measured from the GaAs 
conduction band minimum. 

The size of the non-convex search space is large (305 ~ 2.4 × 107). Each forward solve of the physical model takes about 
one second on an Intel Xeon processor with 3.2 GHz clock, 800 MHz front-side bus, 2 MB L2 cache, 2 × 1 GB ECC 
DDR-2 400 SDRAM, and running the Linux operating system. Calculations take less than five days on a cluster of thirty 
2-processor nodes at the USC HPCC15. 

As shown in Fig. 5, the optimal broken-symmetry conduction band profile V(x) is non-intuitive as are other less optimal 
designs. The non-convexity of the solution space is well illustrated by the fact that the two next best designs in the 
exhaustive search have a quadratic deviation within 10% of the optimal design but belong to different local minima. The 
combination of a large search space and a non-intuitive conduction band profile supports the idea that device synthesis 
tools, such as those used to solve this design problem, can be employed to discover functionalities that would not be 
found by other means. 

These and other results show it is possible to manipulate conduction band potential profiles to not only construct 
semiconductor nano-scale structures with desired linear and power-law electron transmission-voltage characteristics but 
also design current-voltage characteristics. In such devices elastic scattering limits extreme nonequilibrium electron 
current flow and dissipative relaxation processes are spatially separated and occur in the electrodes. This is very different 
from the physical mechanisms responsible for conventional devices exhibiting Ohms law in which current flow is 
impeded in the same region of space as dissipation takes place. 
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                                               (a)                                                                                             (b) 

Fig. 5. (a) Solution from an exhaustive numerical search for conduction band profile V(x) that yields a linear dependence of 
electron transmission as a function of bias voltage, Vbias. V(x) is constrained to a region that is 10 nm wide and the 
maximum local potential is 0.3 eV. The resulting T(Vbias) for an electron of energy E = 26 meV incident from the left 
are shown as solid line in (b). Broken line is objective response. The quadratic deviation of the solution is χ2 = 5.1 × 
10-7. 

 

 
                                                    (a)                                                                                       (b) 

Fig. 6. (a) Evolution from a single potential barrier to an array of barriers. (b) T(Vbias) for the potentials in (a). The 
superposition of broad resonances enables a linear transmission-voltage response. (i) Single rectangular barrier of 4 
nm, (ii) 4 nm wide barrier with a step, (iii) same as (ii) plus 1 nm wide small barrier, and (iv) optimized potential 
profile. 

Large electric fields in nanoscale semiconductor devices can result in tunneling and nonequilibrium electron transport. 
While nonlinear devices such as transistors may take advantage of these phenomena, what has been demonstrated is that 
it is also possible to create devices with linear response. Such devices are required because, for example, a linear resistor 
is a critical element for analog and low power circuit design. Optimal design has shown that linear response is not 
excluded by the exponential dependencies normally associated with electron tunneling in semiconductors. 

Using these device synthesis results to learn more about the physics enabling power-law transmission as a function of 
Vbias, consider a progressive evolution of solutions for the linear objective from a simple square barrier to the multi-
barrier profile of Fig. 5(a). As illustrated in Fig. 6(a) and (b), the dominant transmission features of the simple square 
well, i.e. the exponential behavior and resonances, are altered by the addition of steps in the potential barrier profile. It is 
observed that the superposition of broad resonances due to the presence of different potential steps helps linearize the 
transmission-voltage curve. It is also this superposition of broad scattering resonances that renders the solution stable 
against small monolayer perturbations in barrier thickness and potential14. 
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3.2 The need for improved physical models 

The elementary barrier transmission problem discussed in the previous section turned out to be quite rich in physical 
effects. However, it is obvious that the ability to discover useful new functions or improved performance will depend 
strongly on the realism of the physical model being used. Such models must be capable of providing sufficient richness 
in types of solutions that there is opportunity to explore non-intuitive designs that might lead to new functionality and 
new understanding.  

There is then, a need for the device physics community to create improved models of electron transport as well as the 
interaction of light with matter. Both present challenges that relate to many-body aspects of the problem. For example, 
recently a theory that describes the non-local linear dielectric response of nano-metal structures to an externally applied 
electric field has been developed16. Unlike the conventional phenomenological classical theory17 for light-metal 
interaction, the new model is able to describe the transition from classical to quantum response as well as the coexistence 
of classical and quantum response in structures of arbitrary geometry via the non-local response function ε(r, r', ω). This 
is of some practical importance because metallic nanoclusters can now be made sufficiently small such that non-local 
effects due to finite system size and cluster shape dominate the spectral response. In particular, when the ratio between 
the smallest characteristic length scale and the Fermi wavelength is comparable to or smaller than unity, these systems 
can fail to fully screen external driving fields. Also, in the quantum limit one needs to take into account discreteness of 
the excitation spectrum as well as the intrinsically strong damping of collective modes. The ability of a model to capture 
these single and many particle quantum effects is a first step towards accessing new regions of design space with their 
promise of new device functionality.  

As another example, consider a heterostructure bipolar transistor in which extreme nonequilibrium electron transport 
occurs. Modeling the transfer characteristics of such a transistor without including the possibility of inelastic scattering is 
unrealistic because the existence of base current requires such processes. However, elastic quantum mechanical 
reflections from an abrupt change in potential at a heterostructure interface strongly influences inelastic scattering rates18 
and so the wave nature of the electron must be included in any model of electron transport. In fact, it has been known for 
some time that under these conditions base and collector regions may no longer be treated separately19 and one should 
model the structure as a single inhomogeneous anisotropic scatterer. Within linear response this requires evaluation of 
the non-local dielectric response ε(r, r', ω) for the entire transistor structure. Unfortunately, not only can elastic quantum 
mechanical reflections strongly influence inelastic scattering rates, dissipative processes can in turn modify quantum 
reflection and transmission rates. This type of feedback is driven by unitarity20 and is beyond the self-consistent 
perturbation theory used so far to calculate non-local dielectric response. An additional difficulty is creating a theory 
capable of self-consistently including the contribution of non-equilibrium electron distributions to scattering rates. 
Ultimately, what is needed is a new approach to describing quantum electron transport in modern devices to replace the 
old semi-classical methods that are no longer either adequate or valid. 

Even if a physically realistic model exists that exhibits a suitably rich functionality in its solution space, it is essential 
that the model be computationally efficient. This is because optimal design will typically require many evaluations of the 
forward problem. 

3.3 Advanced optimization 

The core task of optimal design is the numerical search of configurations resulting in global minima (or maxima) in 
solution space with respect to a user defined objective function. Typically, a non-convex solution space might consist of 
a shallow landscape with many local minima. Local measures of curvature around the minima might give an indication 
of robustness of a given solution with respect to small variations in control parameters. Applying these basic ideas to 
synthesize a device design, one might program according to the flowchart shown on the left in Fig. 7. 

The input to the flowchart in Fig. 7 is the objective function and a set of initial parameter values. One might think that it 
is easy to specify the objective function, however, the fact of the matter is this is usually neither the case nor desirable. 
For example, one does not want to specify a particular transistor transfer characteristic that is inaccessible, rather one 
would prefer to be presented with a family of characteristics that are both accessible and insensitive to small variations in 
design parameters. As indicated on the right-hand side of Fig. 7, advanced optimization specifies a set-valued objective 
instead of a single objective. In addition, one will usually be concerned with the robustness of the solutions. The subject 
of robust optimization in a non-convex solution space is today a focus of much research activity21. 
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Fig. 7. Conventional optimization flowchart (left) and areas where additional adaptivity might assist in the exploration of 

solution space (right). 

Measures of distance can have a dramatic influence on the convexity of the cost function. For example, it makes a 
difference if the cost function is evaluated using the magnitude of differences or the quadratic deviation. Typically a 
forward solve of the physical model is relatively computationally expensive while evaluation of the cost function is not. 
Hence, calculating and comparing the performance of, and choosing between, different cost functions can be an effective 
strategy to improve efficiency. 

Because, at least initially, the user probably doesn’t know the best objective function to request, a feature of advanced 
optimization should also be its adaptivity. As indicated on the right-hand side of Fig. 7, inclusion of on-the-fly 
modification of the cost function, model, and related decision making tools, has the potential to create an adaptive 
optimization paradigm in which at the end of the calculation both the problem and the algorithm have changed.   

4. CONCLUSION 
Control of material composition at the atomic scale has potential to dramatically increase electronic and photonic device 
design space in part due to quantum effects that provide vast new degrees of design freedom. As a step towards quantum 
engineering, synthesis tools and realistic physical models should be developed to efficiently explore the non-intuitive 
parts of this space to learn about and discover the best possible device designs for electronic systems. Ultimately one can 
envision a methodology that is capable of basic scientific discovery while simultaneously engineering technological 
applications. The merging of these two traditionally distinct activities into a unified effort is an opportunity for increased 
efficiency in 21st century science and technology. 
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