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Abstract

Unlike the top-down photolithographic CMOS VLSI pro-
cess, cost-effective bulk fabrication of nanodevices calls for
a bottom-up approach, generally called self-assembly. Self-
assembly, however, inherently lends itself to innate dispari-
ties in the structure of nominally identical nanodevices and,
consequently, wide inter-device variance in their functionality.
As a result, nanodevice characterization and testing calls for
a slow and tedious procedure involving a large number of
measurements. In this work, we discuss a statistical approach
which learns measurement correlations from a small set of fully
characterized nanodevices and utilizes the extracted knowledge
to simplify the process for the rest of the nanodevices. More
speci�cally, we employ various machine-learning methods
which rely on a small subset of measurements to i) predict the
performances of a fabricated nanodevice, ii) decide whether
a nanodevice passes or fails a given set of speci�cations,
and iii) bin a nanodevice with regards to several sets of
increasingly strict speci�cations. The proposed methods are
demonstrated and their effectiveness is assessed, within the
context of nanowire-based chemical sensing, using a set of
fabricated and fully characterized nanowires.

1. Introduction

Nanotechnology promises a broad range of new capabilities
and a revolution in the way that atom or molecule-scale science
and engineering will impact various aspects of our lives. These
promises have sparked tremendous research interest in this
area, with the majority of efforts directed in the physical
domain of developing and characterizing a single or a handful
of nanodevices. Yet, proliferation of nanoscale systems capable
of performing computationally interesting tasks will eventually
require general, robust, and well-understood structural and
behavioral models of these devices. A key challenge in this
quest stems from the uncertainty and randomness associated
with the batch fabrication of nanodevices. Indeed, with feature
dimensions between a fraction of a nanometer and a few
nanometers, nanodevice fabrication and placement is to date
not controllable to the precision we are accustomed to in a
CMOS VLSI process. Unlike the top-down photolithographic

approach, cost-effective bulk fabrication of nanodevices calls
for a bottom-up approach, generally called self-assembly. The
latter, however, inherently lends itself to innate disparities in the
structure of nominally identical nanodevices and, consequently,
wide inter-device variance in their functionality. Thus, each
nanodevice has to be individually characterized through a
laborious process that involves a large number of measurements
and performance computations.

In this paper, we aim to expedite and simplify the process
of nanodevice characterization through the use of statistical
analysis. Speci�cally, we exploit the ability of machine learn-
ing methods to examine a representative set of characterized
nanodevices and identify correlations between the various
measurements that are typically used for such characterization.
Assuming that the nanofabrication process yields nanodevices
whose performances belong to a distribution, the extracted
knowledge can then be leveraged to reduce the number of
required measurements and, thus, simplify the characterization
procedure for the rest of the nanodevices.

The effectiveness of the various statistical methods em-
ployed in this study is assessed on a set of nanowires that have
been fabricated and fully characterized within the context of
a nanowire-based chemical sensing application. The objective
of this application is to use nanowires that are functionalized
as chemical sensors, in order to distinguish among different
trigger elements. Such chemical sensing results in a shifting
of the I-V curve of the nanowire, the magnitude of which
depends on the sensed element. Interestingly, both the baseline
I-V curve and the shifted versions in the presence of a target
chemical vary widely even for nominally identical functional-
ized nanowires. Therefore, each fabricated nanowire has to be
characterized with respect to a given set of speci�cations that
it needs to comply to, in order to achieve the aforementioned
objective. To simplify this process, the statistical methods
proposed herein focus on the following three tasks:

� Performance Estimation: We examine the effectiveness
of using regression models to predict the performances
of a nanowire from a small subset of the measurements
that are typically obtained for characterization. As we
demonstrate experimentally, the average prediction error
is very small and remains within a small zone around the
actual performance value, while the number of required
measurements is drastically reduced.
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� Pass/fail Testing:We examine the effectiveness of using
the predicted performances to decide whether a nanowire
passes or fails a given set of speci�cations. We also
examine the effectiveness of various classi�ers, including
a Support Vector Machine (SVM) [1] and an Ontogenic
Arti�cial Neural Network (ONN) [2], to directly predict
the pass/fail label of a nanowire. As we demonstrate
experimentally, classi�cation accuracy of over 90% can
be achieved with a very small subset of measurements.
Moreover, a guardbanding method can further boost this
accuracy at the expense of obtaining the complete set of
measurements on a small fraction of the devices.

� Binning: We examine the effectiveness of using the
predicted performances to bin a nanowire with regards
to four sets of increasingly strict speci�cations. We also
examine the effectiveness of a multi-class classi�er to
achieve the same. As we demonstrate experimentally,
binning accuracy of over 80% and an average incorrect
binning distance of 1.2 can be achieved with a very small
subset of measurements.

The rest of the paper is organized as follows. In section
2, we provide an overview of the process through which
the nanowires employed in this study are fabricated and
functionalized. In section 3, we describe the target chemical
sensing application and we review the speci�cations that the
performances of the fabricated nanowires should satisfy, as
well as the process through which these performances are
currently computed. Then, in section 4, we assess the effec-
tiveness of the proposed statistical methods in predicting these
performances from a small number of measurements, as well
as the effectiveness of using the predicted performances for
testing and binning the nanowires. We should note that the
proposed statistical methods are motivated by and resemble
the speci�cation test compaction and alternate test methods
that have become popular in analog/RF circuits [3], [4], [5].

2. Nanowires as FETs and Sensors

We start by reviewing the general procedure through which
the nanowires employed in this study are fabricated, integrated,
and characterized to date. We also brie�y discuss the ability
of these nanowires to be functionalized and act as chemical
receptors in order to support the targeted sensing application.

2.1. Fabrication

The electronic and optoelectronic properties of semiconduct-
ing inorganic nanowires is the subject of intense contemporary
interest. Semiconducting crystals grown by highly anisotropic,
unidirectional methods have been known since the pioneering
works of Wagner et. al [6] and Hiruma et. al [7], and are a sub-
ject of concentrated research [8], [9], [10], [11], [12] because
they represent the limit of semiconductor crystalline solids.
These structures, termed nanowires (NWs), are typically single-
crystal, solid cylindrical structures nanometers in diameter and

Fig. 1. TEMs of GaN nanowires grown in Reed’s lab-
oratory: (a) The top illustrates the nucleating catalyst
at the end of the nanowire. The inset shows a cluster
of NWs on the growth substrate at lower magni�cation
(the ball in the center is a Ga pelllet). (b) The bottom
illustrates that the nanowires are grown in the 11�20
direction and are single-crystal hexagonal wurtzite.

microns in length and can be synthesized from a vast array of
traditional semiconducting materials (such as Si, GaN, ZnO,
and others). Over the last few years a wide variety of devices
have been demonstrated, such as diodes, FETs (and circuits),
LEDs, chemical and biological detectors, and even quantum
effect devices such as resonant tunneling diodes. Along with
carbon nanotubes, these structures are considered potential
candidates for post-CMOS electronic devices.

However, a number of limitations must be overcome before
these nanowires can be implemented in real applications. Typ-
ically, these structures (both nanowires and carbon nanotubes)
are synthesized by a bottom-up approach utilizing a catalyst in
a growth system such as an oven. An example of this process is
shown in Fig. 1. They are then transferred onto planar systems,
where they are ultimately integrated with electronic fanouts.
Thus, the integration challenge is severe, as the nanowires
must be laboriously manipulated and serially fabricated. Labor
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