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                    Introduction 
 In this lecture, I will describe research focused on semicon-

ductor nanowires, although the time constraints will restrict 

this discussion to several key concepts and areas that we are 

pursuing at present. After providing a brief introduction to the 

types of nanomaterials that can serve as platforms for studying 

both fundamental science and advancing technology, I will 

focus on two basic areas of research. The fi rst describes our 

ability to control the synthesis of semiconductor nanowires  1–34

with respect to the very important problem of determining the 

limits of and new concepts for nano-enabled photovoltaics.  35–39

The second and very different area of discussion will focus on 

the exciting frontier between nanoelectronics and biology.  40–56

 Nanomaterials: What makes an ideal platform? 
 Several families of nanostructures have been described over the 

past several decades, including quantum dots,  57,58   semiconduc-

tor nanowires,  59–70   and carbon materials such as nanotubes and 

graphene,  71–73   where each of these classes of materials has been 

shown to exhibit interesting properties. Excellent properties 

are important motivation for investigating any specifi c system, 

although a single material with exceptional properties does not 

necessarily constitute a new technology. Specifi cally, the capa-

bility to create new nanostructures and assemblies with tunable 

composition and structure on many length scales is critical to 

and drives the scientifi c breakthroughs that enable revolutionary 

advances and future technologies. In other words, rather than 

exploring a single nanomaterial, many of the greatest oppor-

tunities lie with systems in which the structure, composition, 

and corresponding properties can be tuned. 

 In this regard, semiconductor nanowires serve as one of the 

most powerful platforms available today in nanoscience given 

that it is now possible to design structures  ab initio  and synthet-

ically realize these structures with the structure and composition 

controlled from the atomic scale and up. These capabilities—to 

design and synthetically realize complex nanowire materials—

are unique among nanomaterials and enable systems or building 

blocks to be created that have predictable physical properties 
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and enable testing fundamental limits of performance. It is 

also possible to assemble hybrid or multicomponent functional 

materials in novel environments using these diverse nanowire 

building blocks, allowing for rational exploration of the pos-

sible applications of multi-component materials. With these 

characteristics and capabilities, nanowires are ideal building 

blocks for exploring what is possible in nanoscience and also 

creating new technologies. This has been our focus over the 

past decade and continues to be so as we move forward in our 

research today. 

 An overview of the current status of nanowire synthesis 

is shown in   Figure 1  , which highlights fi ve distinct structural 

classes available today. The basic semiconductor nanowire 

structure (center,  Figure 1 ) consists of a uniform composition, 

one-dimensional (1D) structure with a diameter typically in the 

range of 3–500 nm. The fi rst work in this area defi ning a general 

pathway for nanowire synthesis  1   ,   2   showed that metal nanocluster-

catalyzed vapor-liquid-solid (VLS) growth could be used to 

grow silicon and germanium nanoscale wires in a controlled 

manner. In the growth process, which builds upon earlier work 

showing VLS growth of micrometer to millimeter diameter wires, 

the nanocluster catalyst forms a liquid solution with nanowire 

reactant component(s), and when supersaturated, acts as the nucle-

ation site for crystallization and preferential 1D growth. Within 

this framework, it is straightforward to synthesize nanowires 

with different diameters and compositions using the appropriate 

nanocluster catalysts. Soon after the initial report, we demon-

strated that this conceptual framework could be used to create 

nanoscale wires of virtually any uniform composition or alloy 

semiconductor from the main group of the periodic table.  2   ,   4   ,   59   ,   60       

 With the nanocluster-catalyzed growth formalism in hand, 

it has been possible to elaborate the basic nanowire structure in 

many new and sometimes unexpected directions. In early 2002, 

my group  13   and several other laboratories around the world  68   ,   69   

fi rst demonstrated that it was possible to synthesize structures 

in which the composition and/or doping were modulated along 

the nanowire axial or growth direction (lower left,  Figure 1 ). 

Later that same year,  15   we showed that composition and/or 

dopant modulation could be encoded in the radial direction 

with core/shell nanowire structures (upper left,  Figure 1 ). This 

core/shell nanowire structural motif has proven exceptionally 

powerful for a wide range of electronic and photonic device 

applications.  15   ,   23   ,   25   ,   27   ,   29   ,   31   ,   74   –   79   A third basic motif involves the 

synthesis of branched or tree-like nanowire structures using 

sequential nucleation of nanowires from a nanowire backbone 

(upper right,  Figure 1 ), where each generation of nanowire 

branches can have a unique diameter and composition.  17   ,   34   ,   69   

 More recently, we have shown that one can break from linear 

1D structures and the branched-linear motif to one in which 

topological centers are synthetically introduced in a controlled 

manner (lower right,  Figure 1 ).  33   In this latter direction, we 

demonstrated that iterative control over nucleation and growth 

leads to kinked or zigzag nanowires, in which the straight sec-

tions are separated by triangular joints and where doping can 

be varied at these topologically defi ned points. Moreover, new 

work  56   has shown that it is possible to control the stereochem-

istry of adjacent kinks in a manner that allows the synthesis of 

increasingly complex two- and three-dimensional structures 

akin to organic chemistry, thus opening up a great opportunity 

for the future in terms of designed synthesis.   

 Functional properties encoded through 
synthesis in core/shell nanowires 
 Historically, the fi rst core/shell nanowire structures were syn-

thesized from different combinations of germanium and silicon 

with a goal of creating new building blocks for nanoelectron-

ics devices.  15   For example, the basic structure consisting of a 

single-crystalline and dopant-free nanowire core of germanium 

capped with an ultrathin epitaxial silicon shell has proven to 

be a remarkable system for both conventional and quantum 

electonics.  25   ,   74   ,   75   ,   77   ,   79   This core/shell nanowire system provides 

a number of advantages compared to homogeneous silicon or 

germanium nanowires, including (1) the ability to control sur-

face defects and surface states, which are present in almost all 

nanoscale structures, (2) isolation of conducting nanowire core 

from substrate inhomogeneity, and importantly, (3) quantum 

confi nement of carriers within the germanium by the larger 

bandgap silicon shell.  15   ,   25   ,   74   

 Initial studies of these then new nanowires confi gured as 

fi eld-effect transistors (FETs) demonstrated the highest perfor-

mance nanowire devices, with performance exceeding the best 

silicon FETs from industry.  74   ,   79   This remarkable performance 

from a synthesized nanostructure was due to structural per-

fection that enabled germanium/silicon nanowire transistors 

to operate close to the fundamental ballistic transport limit. 

  
 Figure 1.      Basic semiconductor nanowire classes realized 

by nanocluster-catalyzed vapor-liquid-solid growth. (center) 

Parent nanowire structure consists of uniform composition 

and doping (green) and diameter; the nanocluster catalyst 

(golden) is highlighted at the left tip of the structure. (clockwise 

from lower left) Axial nanowire with composition and/

or doping (indicated by different colors) modulated during 

elongation of the structure; core/shell or coaxial nanowire 

with composition and/or doping (indicated by different colors) 

modulated by sequential two-dimensional shell growth 

following axial elongation; branched or tree-like nanowire with 

unique composition and/or doping branches are elaborated 

by sequential nanocluster-catalyzed growth; and a kinked-

nanowire with structurally coherent “kinks” introduced in a 

controlled manner during axial elongation.    
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These attractive room-temperature FET properties have also 

translated to good performance in low-temperature supercon-

ducting and quantum devices,  75   ,   77   where, for example, this core/

shell nanowire system is now recognized as an excellent test 

bed for exploring solid-state implementations of quantum bits 

for quantum computing.  77     

 Nanowire photovoltaics—limits and new 
concepts 
 The core/shell structure described previously as well as axial 

modulated nanowires can be elaborated to investigate a number 

of scientifi c problems in new and often unanticipated ways. 

One issue of particular interest is solar energy conversion 

using nanostructured photovoltaic devices, which can convert 

absorbed light into electrical energy. The use of nanowires 

as photovoltaic elements presents several key advantages.  36   –   39   

First, the principle of bottom-up design allows the rational 

control of key nanomaterial parameters, which will determine 

photovoltaic performance, including chemical/dopant compo-

sition, size, and morphology. Second, single or interconnected 

nanowire elements can be integrated with conventional elec-

tronics and/or nanoscale electronics to provide energy for low-

power applications. Third, and critical to our work, studies of 

fundamental photovoltaic properties at the single nanowire 

level will permit determination of the intrinsic limits, areas of 

improvement, potential benefi ts, and potentially new concepts 

for such nano-enabled energy conversion devices. 

 Two unique structural motifs that can yield functional pho-

tovoltaic devices at the single nanowire level are shown sche-

matically in   Figure 2  a. These include  p -type/intrinsic/ n -type 

( p-i-n ) dopant modulation in axial  37   and radial or core/shell  36   

geometries. In the axial structure, the active region of the device 

is located at the position of the  p-i-n  modulation, while in the 

core/shell radial nanowire, this active  p-i-n  interface extends 

along the entire length of the nanowire. Hence, the core/shell 

geometry enables collection of photo-generated charge carriers 

on a much shorter (radial) length-scale than in the axial struc-

ture, which, in principle, can lead to higher effi ciencies.     

 The axial and radial  p-i-n  photovoltaic nanowire structures 

were realized fi rst in silicon nanowires  35   ,   37   by rational design 

within the context of the nanocluster-catalyzed VLS growth 

model. For example, we modulated the dopant from  p- type to 

intrinsic to  n- type during axial elongation to create the  p-i-n  axial 

structures. Scanning electron microscopy images ( Figure 2b ) 

show that with as-synthesized nanowires, the designed active 

region is realized and is uniform in diameter after dopant-

selective etching.  37   On the other hand, if we change the growth 

conditions to lower pressure and higher temperature after 

nanowire elongation, we can switch from an axial growth to a 

two-dimensional homogeneous deposition and create the  p-i-n  

core/shell/shell structure, as shown in  Figure 2c . 

 Signifi cantly, studies of photovoltaic devices confi gured 

from both structural motifs yield exciting behavior,  36   –   39   although 

here we will focus on  p-i-n  core/shell silicon nanowire 

photovoltaic devices fi rst reported in 2007.  36   Dark current 

versus voltage ( I – V ) curves obtained from radial  p-i-n  devices 

(  Figure 3  a) exhibited good diode characteristics, including 

current rectifi cation for reverse bias voltage and a sharp current 

onset in forward bias.  36   Linear  I – V  curves from core–core (p1-p2) 

and shell–shell (n1-n2) electrode confi gurations demonstrate 

that ohmic contacts are made to both core and shell portions of 

the nanowires, and thus the observed diode characteristics are 

due to the synthetically encoded radial  p-i-n  core/shell structure.     

 Notably, the electrical characteristics of these single core/

shell silicon nanowire devices determined under 1-sun illumi-

nation ( Figure 3b ) showed classic photovoltaic device behavior 

with open-circuit voltages and short-circuit current densities 

  
 Figure 2.      (a) Schematics of two distinct motifs for nanowire 

photovoltaics where the single  p -type/intrinsic/ n -type ( p-i-n ) 

diodes are synthetically integrated in (top) axial and (bottom) 

core/shell structures. (b) Scanning electron microscopy (SEM) 

images of  p-i-n  silicon nanowires. (top) As-grown nanowire with 

nanocluster catalyst on right tip of nanowire. (bottom) Dopant-

selective etched nanowire highlighting the distinct  p-, i-,  and 

 n- type regions with lengths consistent with growth times. 

(c) SEM images of a  p-i-n  coaxial silicon nanowire at different 

magnifi cations. Images were recorded with the electron beam 

(left) perpendicular to the nanowire axis and (right) nearly end 

on. Adapted from References 36–38.    
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of ca. 0.26 V and 24 mA/cm 2 , respectively.  36   The product of 

these parameters is critical in determining the overall device 

effi ciency, and as such serves as a key metric to evaluate when 

comparing different materials, structures, and devices. For 

the initial radial  p-i-n  core/shell structures, the most remark-

able feature was the high short-circuit current density, which 

approached that of the best thin-fi lm silicon devices, whereas 

the open-circuit voltage was lower than ideal for a good silicon-

based photovoltaic device. Nevertheless, this combination led 

to the highest effi ciency (3.4%) from a nano-enabled photovol-

taic device at the time.  36   

 With the results and advances in hand, it was important to 

ask key scientifi c questions: What are the limits for these new 

nanowire photovoltaic structures, and how can we best assess 

these limits? These questions can be addressed by recognizing 

that the open-circuit voltage and short-circuit current can be 

addressed separately in terms of the material junction quality 

and light absorption, respectively. Focusing fi rst on open-circuit 

voltage, which was substantially lower in our initial work than 

possible for an ideal bulk structure, we investigated differ-

ent junction structures. Specifi cally, given the capability 

to grow highly controlled core/multi-shell 

structures, we designed a series of structures 

shown in  Figure 3c . These structures start from 

a simple core/shell  p / n  diode and advance to 

increasingly complex structures, in which we 

introduce intrinsic and  p -shell layers. It is pos-

sible to synthesize such nanowire structures by 

design in single-crystalline form with nanome-

ter control over the shell thicknesses.  41   Indeed, 

scanning electron microscopy (SEM) images 

show very sharp faceting, which is indicative of 

single-crystalline structures. Moreover, cross-

sectional high-resolution transmission electron 

microscopy (HRTEM) and electron diffraction 

studies demonstrate the high quality of these 

faceted core/shell nanowire materials. 

 This series of designed structures represents 

a unique and well-defi ned test bed for probing 

key factors affecting photovoltaic properties. 

Signifi cantly,  I–V  measurements recorded under 

1-sun illumination ( Figure 3d ) show a system-

atic increase in the open-circuit voltage, from 

about 0.2 V in the initial studies, up to almost 

0.5 V, which is approaching the limit that one 

might expect in a single-crystal silicon photo-

voltaic cell. Even though we are working on a 

structures with diameters of only 200–300 nm, 

which have much higher surface/interface 

areas than micron and larger scale structures, 

the intrinsic open-circuit voltage is approaching 

an ideal value. Hence, design and high-quality 

growth demonstrate that there are no intrinsic 

limitations on the open-circuit voltage for nano-

meter scale photovoltaic devices. 

 Turning to the second key photovoltaic metric, the short-

circuit current density, we have focused on measuring the 

absolute, wavelength-dependent properties. Overall, the new 

single-crystalline core/shell structures do not absorb light as 

effi ciently as the nanowire structures reported in 2007  36   and 

yield short-circuit current densities about a factor of two lower. 

This is not surprising, because the absorption through single-

crystal silicon is much lower than that for the nanocrystal-

line silicon that comprised the shells of the earlier work. 

One way to enhance absorption in the new single-crystalline 

nanowire photovoltaics involves using a refl ector layer on the 

back of the transparent device substrate. These structures yield 

nearly a two-fold increase in the short-circuit current density 

and overall effi ciencies >6%, which represents a breakthrough 

for nanoscale ultrathin structures. 

 What are the intrinsic limits of these nanoscale photovoltaic 

devices? This is a particularly interesting question, because 

there are some unique opportunities in nanoscale structures ver-

sus microstructures. To answer this question, we have measured 

the action spectrum or the photocurrent versus wavelength on 

single nanowire devices. By making these measurements in a 

  
 Figure 3.      (a) Dark current versus voltage ( I–V ) curves of a  p-i-n  core/shell device with 

contacts on core–core, shell–shell, and different core–shell combinations;  V  bias  is the 

applied voltage. Inset, optical microscope image of the device; scale bar, 5   μ  m. (b) Dark 

and light  I–V  curves recorded for the coaxial nanowire device, where the light curve was 

recorded under 1-sun illumination. (c) Cross-sectional schematics of four distinct core/

shell diode geometries investigated as standalone single nanowire solar cells. The core 

in all structures is  p -type. (d) Normalized (photocurrent/short-circuit photocurrent) light 

 I–V  characteristics of single nanowire solar cells corresponding to the four distinct diode 

geometries shown in (c). Adapted from Reference 36.    
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quantitative manner, it is possible to extract absolute external 

quantum effi ciencies and compare these measurements with 

simulations. For example, the absolute wavelength-dependent 

external quantum effi ciency (EQE), which is determined from 

these measurements, is highly structured, showing a number 

of well-defi ned peaks corresponding to maxima in the light 

absorption (black line,   Figure 4  ). In contrast, the wavelength-

dependent EQE for a thin fi lm of silicon of equal thickness 

is a much lower and unstructured absorption. Thus and per-

haps unexpected, these results show that considerably better 

performance can be obtained using a nanowire structure. The 

underlying explanation for these exciting results has been elu-

cidated by fi nite-difference time-domain (FDTD) simulations. 

Specifi cally, simulation of EQE (red dashed line,  Figure 4 ) for 

the measured core/shell nanowire has near quantitative agree-

ment with the experimental results. Importantly, the observed 

peaks can be associated directly with resonant cavity modes, 

either whispering gallery modes or Fabry-Pérot cavity modes, 

that are unique to the subwavelength diameter nanowire struc-

tures. These resonant modes exhibit enhanced electrical fi elds 

and corresponding enhanced absorption effi ciency relative to 

uniform silicon structures.     

 The really exciting implication of these new results can be 

readily understood by considering the solar spectrum. Specif-

ically, by changing the nanowire structure—diameter and/or 

morphology—it is possible to shift the positions of the res-

onance modes such that one can maximize absorption for a 

very thin structure. Hence, we now have a truly new concept 

for improving effi ciency in ultrathin photovoltaics unique to 

a nanoscale structure: tune these resonances through both the 

diameter and the morphology, and then combine optimized 

structures by assembly to yield photovoltaics using much 

less material than would be required by more conventional 

approaches. 

 This work represents a great opportunity for the future. 

Whether this leads to an advance in large-scale photovoltaics 

is a different question, but that is not the fundamental ques-

tion we have focused on. The present studies demonstrate that 

our approach could represent a new one for improving large-

scale solar energy conversion. Furthermore, recognizing that 

electronics in its many guises will be distributed on a smaller 

scale, we will need small power sources to effi ciently drive 

these devices. In 2007,  36   it was shown to be possible to take a 

single nanowire photovoltaic of modest effi ciency and use it to 

drive many nano-electronic devices, including a biosensor and 

logic circuit. Now we have the opportunity to consider not only 

large-scale power generation, but also the ability to assemble 

a unique combination of nanowire functional building blocks 

to build self-powered nanosystems.   

 Nanowire nanoelectronics/biology interface 
 As a second example of the potential of nanowires, I will review 

work focused on the interface between nanoelectronics and 

biology. Why is it important to merge nanoelectronics with 

biology? The answer to this question is readily apparent when 

one recognizes that the natural scale of communication in bio-

logical systems is the nanoscale, for example, using nanometer- 

scale ion channels of electrogenic cells and nanometer-scale 

macromolecules involved in signal transduction. Therefore, to 

build a seamless integrated interface between electronics and 

living biological systems, it is necessary to work at the same 

level as the biology, which is the nanoscale. If we are able to 

achieve this goal, we can open up numerous opportunities, 

from the creation of powerful new tools for conducting fun-

damental and applied studies to realization of completely new 

hybrid materials. 

 Work on the nanoelectronic–biology interface began with 

studies in early 2000, which were designed to exploit the high 

surface-to-volume ratio of emerging nanoelectronic FETs as 

biosensors.  40   Notably, these seminal studies demonstrated that 

functionalized silicon nanowire FETs could serve as exqui-

sitely sensitive detectors for recording changes in solution pH 

and measuring the binding of proteins with high sensitivity 

and specifi city.  40   This work was subsequently extended in a 

signifi cant manner, for example, by studies demonstrating mul-

tiplexed real-time detection of cancer marker proteins, includ-

ing detection in hundred-billion-fold excess proteins in blood 

serum, the detection of DNA and DNA mismatches relevant to 

disease, drug screening and discovery, and detection of single 

virus particles.  41   –   46   These studies have demonstrated a high 

degree of robustness and reproducibility for our concept of 

nanowire nanoelectronic sensors, and thus I believe one of the 

most important directions in this area should be toward that of 

commercialization. 

  
 Figure 4.      External quantum effi ciency (EQE) as a function of 

wavelength for a  p - i - n  nanowire (black curve) and simulated 

EQE spectrum (dashed red curve) produced with no adjustable 

parameter other than the size of the nanowire (height of 240 nm). 

Dashed green curve shows the simulated spectrum for the top 

240 nm of planar Si. (inset) Plot of electric fi eld intensity for a 

plane wave (  λ   = 445 nm) interacting with a Si nanowire (top) and 

thin fi lm (bottom). White line defi nes outline of nanowire and top 

surface of the thin fi lm. To the right are plots of total short-circuit 

current density ( J  SC ) as a function of position inside the nanowire 

and thin fi lm.     
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 In addition, there remain interesting scientifi c questions to 

address, including what are the limits of detection, and can 

nanoelectronic sensors function under physiological condi-

tions of high ionic strength? We have begun to 

address the fi rst fundamental question in two 

ways. First, we investigated the detection of 

single particles in virus sensing studies.  42   These 

studies showed unambiguously that it is possi-

ble to detect single viral particles with excellent 

signal-to-noise and high selectivity. Second, 

and more recently, we have investigated limits 

of nanowire FET detection sensitivity in both 

linear and subthreshold regimes of an FET.  51   

Both of these studies suggest substantial prom-

ise for future development of nanowire sensors 

as single-molecule detectors, which could have 

a large impact in many areas, including DNA 

sequencing. 

 I believe that one of the greatest oppor-

tunities lies at the more complex interface 

between nanoelectronic devices and cells and 

tissue. Motivation for this area is apparent 

when one examines, for example, the brain 

and the way in which it is “wired.” The cells 

in the brain—neurons—are interconnected by 

nanoscale synapses, not micron- and larger-

scale structures used in the past for building 

electronic interfaces.  48   ,   54   Hence, to communi-

cate with the network of neurons at the natu-

ral scale in which they communicate, we need 

nanoscale electronic devices. Initial work to 

realize this new concept showed that it was pos-

sible to create arrays of nanowire FET devices, 

culture neurons over these device arrays, and 

then record propagating action potentials fol-

lowing neuronal stimulation.  47   Moreover, we 

showed that it was possible to record multi-

ple signals from individual neurons using the 

nanowire device arrays and thus demonstrate 

not only artifi cial synapses but “wiring” (e.g., 

multiple interconnections/cell) very similar to 

nature. Nevertheless, a culture of cells on planar 

arrays of devices is far from natural. 

 A signifi cant breakthrough was made in 

2009 addressing the limits in our initial work.  50   

Specifi cally, we separated these two systems—

the nanoelectronic devices and cell arrays—at 

the initial stage of design and only brought 

them together later to form the key nanoelec-

tronic/cell interfaces as shown in   Figure 5  a. 

In this way, it is possible to design an ideal 

nanodevice array, whether that device is built 

on silicon or on a clear and fl exible plastic 

substrate, and optimize this array for a partic-

ular experiment independent of cell culture. In 

parallel, we “built” a cell/tissue sample that is biologically 

relevant by culturing cells or tissue on a biopolymer or scaffold 

not constrained by the device chip. The nanoelectronic device 

  
 Figure 5.      (a) (top left) Nanowire fi eld-effect transistor (NWFET) chip, where nanowire 

devices are located at the central region of the chip. The visible linear features (gold) 

correspond to nanowire contacts and interconnect metal. Zoom-in showing a source, 

S, and two drain electrodes, D, connected to a vertically oriented nanowire (green 

arrow) defi ning two NWFETs. (top right) Cells cultured on thin rectangular pieces of 

poly(dimethylsiloxane) (PDMS), where the black arrow highlights one piece in the culture 

medium, and the gray arrow indicates one piece being removed with tweezers. (bottom) 

PDMS piece with cultured cells oriented over the device region of a NWFET chip. The 

green needle-like structure indicates the probe used to manipulate the PDMS/cell 

substrate to specifi c nanowire device locations. (lower right) Optical micrograph of the 

assembly in cell medium for the area corresponding to the zoom-in in the image on the 

top left. (b) Optical micrograph showing three NWFET devices (NW1, NW2, NW3) in 

a linear array, where pink indicates the area with exposed devices; scale bar, 150   μ  m. 

(c) Representative conductance versus time signals recorded from spontaneously beating 

cardiomyocytes by NW1, NW2, and NW3. Inset, high-resolution comparison of the 

temporally correlated peaks highlighted by the dashed box. Adapted from Reference 50.    
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and cell/tissue structures can then be brought together and reg-

istered at the subcellular level ( Figure 5a ).     

 This approach was originally demonstrated in studies of 

cardiac cells in 2009.  50   For example, multiplexed measurements 

using a linear array of three nanowire devices ( Figure 5b ) in 

contact with a spontaneously beating monolayer of cardiomyo-

cyte cells yielded very stable and high S/N ( ∼ 10) peaks corre-

sponding to the extracellular signals ( Figure 5c ). If we examine 

the peaks recorded at each of the three devices at a specifi c time, 

we can see that the beating is not coherent. Rather, there is an 

excitation wave propagating from right to left, from nanowire 

3 to nanowire 1 and, moreover, with these equidistant devices, 

we can see that the time differentials between devices are not 

equal. Therefore, we can conclude that there is a resistance in 

the propagation in the signal from 3 to 2, and it is more effi cient 

from 2 to 1 due to differing cell-to-cell communication. 

 The limits of extracellular multiplexed recording can also 

be pushed to a higher density such that it is 

possible to literally “image” the excitation 

wave within a single cell. To accomplish 

this feat, we have synthesized axial modulation–

doped nanowires (see  Figure 1 ), where the 

modulated region defi nes the active device 

size, and the pitch between these regions defi nes 

device density.  28   Measurements on cardio-

myocyte cells have demonstrated several key 

points in these new studies. First, the tempo-

ral width of individual recorded peaks,  ∼ 0.5 ms, 

is similar to that for which individual sodium ion 

channels are open during an action potential. 

Second, it is possible to record measurable 

time differences between peaks recorded from 

a single cell, and thus image the propagation 

of an action potential within one cell. Taken 

together, these results demonstrate the potential 

for electrical interfacing with submicron spa-

tial resolution and microsecond time resolution, 

which together are unprecedented in recording 

compared to other available electrical or opti-

cal methods. 

 We have also exploited this approach and 

our nanowire device arrays as powerful tools for 

investigating the neural circuitry associated with 

olfaction.   Figure 6  a illustrates a brain slice ori-

ented over a two-dimensional array of nanowire 

devices such that the devices are in contact with 

the cortical region of the slice. This region is 

involved in the processing of signals from the 

olfactory bulb, and an understanding of this pro-

cessing is critical to our understanding of smell.  52   

A schematic of the organization and input 

circuit of the slice in this region ( Figure 6b ) 

highlights the myelinated axon fi bers, which 

carry signals from the olfactory bulb and the 

synaptic connections with the dendrites from 

the neurons in the cortical processing region. Elucidation of 

the transmission and processing of signals within this cortical 

region is diffi cult, because conventional techniques can provide 

either high spatial resolution or high temporal resolution, but 

not both at the same time.     

 We have exploited the high-resolution recording capability of 

the nanowire FETs in 2D arrays to probe the activity patterns of 

layer neurons in this cortical region when stimulating different 

sets of axon fi bers. In a representative experiment ( Figure 6c ), 

eight nanowire devices within a four by four array were used 

to record from the brain slice following stimulation at eight 

different positions (a–h) in the bundle of axons. Notably, two-

dimensional maps of the neural activity recorded from the eight 

nanowire devices in the array for each of the eight stimulation 

positions ( Figure 6d ) provide new information. First, visual 

inspection of these maps clearly demonstrates how heteroge-

neous activity can be resolved. For example, stimulation at 

  
 Figure 6.      (a) Overview of a nanowire fi eld-effect transistor (NWFET) array fabricated on 

a transparent substrate with an acute brain-slice oriented with the pyramidal cell layer 

over the devices. (b) Laminar organization and input circuitry of the piriform cortex in the 

region of the brain slice oriented over the NWFET array. (c) Optical image of an acute slice 

over a 4  ×  4 NWFET array. Signals were recorded simultaneously from the eight devices 

indicated on the image. Crosses along the lateral olfactory tract fi ber region (dark band at 

bottom of image) of the slice mark the stimulation spots a–h. Scale bar is 100   μ  m. (d) Maps 

of the relative signal intensity or activity for devices 1–8 obtained following near threshold 

stimulation at sites a–h. Adapted from Reference 52.    
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spot b is strongly coupled to most regions except those mon-

itored by device 1, while stimulation at spot f is weakly coupled 

to most regions. Second, comparison also shows very different 

pair-wise correlations for activity at nearby stimulation points. 

These results show clearly the potential of our nanowire nano-

electronic arrays for addressing critical neurobiology problems. 

For example, plasticity of the olfactory system suggests that 

the neural network is dynamic, and thus our highly localized 

direct recording could enable visualization of the dynamic and 

provide information necessary to understand the circuits and 

plasticity in this and other neural systems.   

 Synthesis enabling paradigm changes 
 One of the limitations in interfacing cells with the nanoelec-

tronic devices described previously is that we are recording 

on the outside of the cell and using this information to under-

stand what is happening on the inside. It would be preferable 

to record biological processes directly inside a cell. Existing 

probes capable of intracellular sensing and recording include 

a single-terminal glass micropipette. The single electrical con-

nection facilitates design and mechanical insertion into cells, 

but the requirement of direct ionic and/or electrical junctions 

between probe tips and cell interior also introduces limitations, 

including (1) a relatively large (>0.2   μ  m) tip size to enable accurate 

recording, (2) exposure of the intracellular region to electrolytes 

in the micropipette probe, and (3) the intrinsically passive nature 

of the devices compared with active FET devices. 

 Nanoscale transistors could function as point-like, mechani-

cally non-invasive probes capable of entering cells through 

natural pathways as can occur with similar sized viruses and 

nanoparticles, and process input/output information without 

the need for direct exchange of solution (as occurs in micro-

pipettes). The requirement of two electrical contacts to a FET 

makes design of 3D probes and their minimally invasive inser-

tion into a cell or tissue a substantial challenge, although con-

ceptually it is possible to relax this geometric constraint of 

typical FETs by creating a nonlinear or bent nanowire FET 

structure.  33   ,   56   

 Signifi cantly, this new concept was realized synthetically 

with the novel synthesis of kinked nanowire structures shown 

schematically in  Figure 1 .  33   We demonstrated a “nanotectonic” 

approach that provides iterative control over the nucleation 

and growth of nanowires and used it to grow kinked or zig-

zag nanowires in which the straight sections are separated 

by triangular joints, as illustrated in   Figure 7  a, a SEM image of a 

silicon nanowire with five kinks with equal length arms 

between the kinks.  33   By controlling the growth time between 

kinks, it is also possible to precisely vary the lengths of the 

straight sections. In addition, we have grown dopant-modulated 

structures in which specifi c device functions, including  p - n  

diodes and fi eld-effect transistors, can be precisely localized 

at the kinked junctions in the nanowires. For example, scan-

ning gate microscopy studies of a double-kink device with 

dopant modulated only at one of the two kinks ( Figure 7b ) 

demonstrated that an active transistor could be synthetically 

localized by design at a specifi c topological site on the device. 

We can thus create by design, for the fi rst time in a nano-

structure, electronically functional stereocenters akin to the 

  
 Figure 7.      (a) Scanning electron microscopy (SEM) image of a 

multiply kinked two-dimensional silicon nanowire with equal ca. 

0.8   μ  m arm segment lengths. The nanocluster catalyst is evident 

at the right end as the bright/high-contrast dot. (b) Atomic force 

microscopy (top) and scanning gate microscopy (SGM) (bottom 

panels) images of one dopant-modulated double-kinked silicon 

nanowire structure. The SGM images were recorded with a tip-

voltage,  V  tip , of +10 V (left) and –10 V (right). The dark and bright 

regions correspond to reduced and enhanced conductance, 

respectively. The black dashed lines mark the nanowire position, 

and the arrows point to the position of the lightly doped active 

region of the device. (c) Schematics of 60°  cis  (top) and  trans  

(bottom) confi gurations for double-kinked nanowires. The blue 

and pink regions designate the source/drain (S/D) and nanoscale 

fi eld-effect transistor (FET) channel, respectively. (right) SEM 

image of a double-kinked nanowire with a  cis  kink confi guration. 

 L  is the length of segment between two adjacent kinks. Adapted 

from References 33 and 56.    
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chemically functional centers that have proved 

so powerful in molecular organic chemistry and 

biochemistry.     

 We have used this new synthetic advance 

to create two-terminal FET probes that can be 

inserted into single cells.  56   While it is possible 

to do so with a single kinked structure, the 120º 

kink angle is not ideal. Hence, we fi rst focused 

on incorporating two  cis -linked kinked units 

to yield probe tip angles of 60º, as shown 

in  Figure 7c . Because two  trans -linked units 

( Figure 7c , bottom) would yield an unusable 

probe tip, the selective synthesis of  cis -linked 

units is central to our probe geometry design. 

A representative SEM image of an 80 nm diam-

eter, double-kinked silicon nanowire with an 

intervening segment length ( L ) of  ∼ 160 nm 

between kink units showed a well-defi ned  cis -

linkage and an overall 60º tip angle ( Figure 7c ). 

To investigate our ability to synthesize this 

 cis -linkage of kink structural units reproduc-

ibly, we analyzed their fraction as a function 

of  L  in double kinked structures. Notably, the 

plot of  cis /( cis  +  trans ) as  L  was varied from 

 ∼ 700 to 50 nm and shows that the  cis  con-

formation becomes dominant as  L  decreases, 

with a yield of  ∼ 70% for  L   ∼  50 nm.  56   Finally, 

by modulating the dopant during the growth 

process, it is further possible to introduce 

nanoscale FETs at the probe tip during over-

all synthesis. 

 To use the new kinked nanowire FET probes 

in cells (  Figure 8  a), we coated them with phos-

pholipid bilayers, since previous studies had 

shown that these bilayers can form on a vari-

ety of nanostructured inorganic materials and 

also fuse with cell membranes.  80   Fluorescence 

microscopy images of dye-labeled phospholipid 

modifi ed probes showed that the lipid formed a continuous 

shell on the nanoprobes. We then monitored the calibrated 

potential change of the phospholipid-modifi ed nanowire FET 

probe while an isolated HL-1 cell  81   was moved into contact 

and then away from the nanoprobe using a glass micropipette 

under microscopy visualization ( Figure 8b ). The micropipette 

was also used to fi x the intracellular potential at ca. –50 mV. 

Notably, measurement of the potential versus time from the 

probe shows a sharp  ∼ 52 mV drop within 250 ms after cell/tip 

contact. While the nanoprobe tip is within the cell, the recorded 

potential maintains a relatively constant value of ca. –46 mV, 

and then returns to baseline when the cell was detached from 

the nanowire probe end. Interestingly, nanowire probes of 

similar sensitivity that were not coated with a phospholipid 

bilayer modifi cation exhibited only baseline fl uctuations 

(< ±1 mV), as the HL-1 cell was brought into contact and then 

retracted, showing that the biochemical state of the nanowire 

probe surfaces is critical for assisting access to the intracellular 

region. This biomimetically driven internalization of the nano-

probes is distinct from larger, more rigid probes commonly used 

for intracellular electrical recording where mechanical forces 

are used to disrupt the cell membrane.     

 We have also investigated the formation of intracellular 

interfaces between the kinked nanowire probes and spontane-

ously beating cardiomyocyte cells, discussed earlier in terms 

of extracellular recording using conventional nanowire FETs. 

Conceptually, individual cells are positioned over phospholipid 

bilayer-modifi ed vertical kinked nanowire probes such that the 

synthetically integrated FET transitions from extracellular to 

intracellular positions as the probe is internalized (  Figure 9  a). 

Representative data recorded from a nanoprobe initially in 

gentle contact with a spontaneously beating cardiomyocyte 

cell showed a sequence of distinct features ( Figure 9b ). Initially, 

we observed regularly spaced peaks consistent with the beating 

  
 Figure 8.      (a) Schematics of a nanowire probe as it (left) approaches and (middle) contacts 

the outer membrane surface and (right) enters a cell. Dark purple, light purple, pink, and 

blue colors denote the phospholipid bilayers, heavily doped nanowire segments, active 

sensor segment, and cytosol, respectively. (b) Differential interference contrast microscopy 

images (upper panels) and electrical recording (lower panel) of an HL-1 cell and 60° kinked 

nanowire probe as the cell approaches (left), contacts and internalizes (middle), and is 

retracted from (right) the nanoprobe. A pulled-glass micropipette (inner tip diameter  ∼ 5   μ  m) 

was used to manipulate and voltage clamp the HL-1 cell. The dashed green line corresponds 

to the micropipette potential. Scale bars, 5   μ  m. Adapted from Reference 56.    
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cardiomyocyte ( Figure 9b ). After a relatively brief ( ∼ 40 s) 

period, the initial extracellular signals disappeared, with a con-

comitant decrease in baseline potential and emergence of new 

peaks that had an opposite sign, much greater amplitude, and 

longer duration ( Figure 9b ).     

 Detailed analysis of the latter steady-state 

peaks ( Figure 9c ) shows fi ve characteristic 

phases of a cardiac intracellular action poten-

tial,  82   including (a) resting state, (b) rapid depo-

larization, (c) plateau, (d) rapid repolarization, 

and (e) hyperpolarization. In addition, a sharp 

transient peak (blue star) and a notch (orange 

star) ( Figure 9c ) associated with the inward 

sodium and outward potassium currents can 

be resolved. These results confi rm that electrical 

recording arises from the highly localized, point-

like nanoFET near the probe tip ( Figure 9d ), 

which initially records only extracellular poten-

tial, simultaneously records both extracellular 

and intracellular signals as the nanoFET spans 

the cell membrane, and records only intracellular 

signals when fully inside the cell. 

 More generally, these intracellular record-

ings using nanoscale FET probes represent the 

fi rst new cell electrical recording technology 

since the 1970s. While work remains in order 

to develop this breakthrough nanoprobe as a 

routine tool, there are already clear advantages: 

Electrical recording with kinked nanowire 

probes is simple and eliminates the need for resis-

tance or capacitance compensation; the nano-

probes are less invasive than other intracellular 

measurement methods (e.g., there is no solution 

exchange); the small size and biomimetic 

coating allows for a natural interface between 

the nonliving/living systems; the nanowire 

FETs can achieve the highest spatial and 

temporal resolution during recording; and 

surface functionalization could open up the 

real-time measurement of biological species 

within the cell.   

 A look to the future: 
Nanoelectronic-biology frontier 
 It is interesting to consider how these novel 

nanoelectronic tools might be used in a broader 

sense. Specifi cally, my idea has been to consider 

the development of a new form of matter—

hybrid materials in which we merge 3D nanowire 

transistor arrays seamlessly together with 

the tissue. Conceptually, this involves (1) the 

design and synthesis of the nanowire nano-

electronic device, (2) integration of these 

devices into a three-dimensional nanoelec-

tronic extracellular matrix or scaffold, and 

(3) culture of cells within the nanoelectronic matrix to yield 

a living three-dimensional nanoelectronic tissue. Indeed, 

incorporation of and culture of cardiomyocyte cells within 

a three-dimensional nanowire-based matrix yields cardiac 

tissue hundreds of microns in thickness and innervated with 

  
 Figure 9.      (a) Schematics of cellular recording highlighting the extracellular (left) and 

intracellular (right) nanowire/cell interfaces. The cell membrane and nanowire lipid coatings 

are marked with purple lines. (b) Electrical recording from beating cardiomyocytes: (top) 

extracellular recording and (bottom) steady-state intracellular recording. The red-dashed 

box indicates the region selected for (c). (c) Single high-resolution action potential peak 

recorded with the kinked-nanowire bioprobe. Blue and orange stars designate features 

that are associated with inward sodium and outward potassium currents, respectively. The 

letters a–e denote fi ve characteristic phases of a cardiac intracellular potential, as defi ned 

in text. The red-dashed line is the baseline corresponding to intracellular resting state. 

(d) Schematic of a kinked-nanowire electronic sensor probing the intracellular region of a 

cell. Adapted from Reference 56.    
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the nanoelectronic network at a scale never before achieved 

( Figure 10b ).     

 To summarize our emerging vision for the future of the 

nanoelectronic/biology frontier, consider the following analogy 

to advances in computing. In the late 1940s and 1950s, the fi rst 

electronic computers, which used vacuum tubes, were consid-

ered to be very powerful, yet as we know today, the advent of 

the transistor and integrated circuits revolutionized comput-

ing in a way perhaps unimagined at that earlier time. Today, 

biologists and bioengineers have powerful tools available for 

bridging and making electrical measurements on cells and tis-

sue, but they are all microscale devices and for the most part 

involve passive electronic recording. Our new advances, where 

we have merged nanoelectronic transistor devices with cells for 

the fi rst time, will start the same type of revolution by blurring 

the distinction between electronics and living cells and tissue.   

 Conclusions 
 To summarize, the work done by our group and other groups 

around the world has shown that semiconductor nanowires 

are a true platform material. The morphology, structure, and 

composition of nanowires can be modulated on many length 

scales by design and at a level that exceeds other nanoscale 

material systems. This capability of design and synthesis has 

enabled and will continue to enable the exploration of physical 

limits of nanostructures, investigating a broad range of scientifi c 

problems, discovering and/or uncovering new concepts, and 

ultimately driving technologies of the future. If we as scientists 

and engineers stay focused on identifying and tackling these 

challenges, we will make revolutionary advances in science 

that truly benefi t society.     
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10th International Conference on Nitride Semiconductors  |  August 25-30, 2013  

Gaylord National Hotel and Convention Center—Washington, D.C.

Join us for the 10th International Conference on Nitride Semiconductors 2013 (ICNS-10). Hosted just outside 

historic Washington, D.C., the conference will present high-impact scientific and technological advances in materials 

and devices based on group-III nitride semiconductors. The conference will feature plenary sessions, parallel topical 

sessions, poster sessions and an industrial exhibition. Mark your calendars today and plan to attend ICNS-10!

Scientific Program

The six-day conference will concentrate on the following topical categories:

 Bulk Crystal Growth

 Epitaxial Growth

 Optical and Electronic Properties

 Processing and Fabrication

 Defect Characterization and Engineering

 Structural Analysis

Conference Venue

ICNS-10 will be held at the beautiful National Harbor, located on the banks of the Potomac River. This unique, ever 

expanding complex, offers something interesting and different for everyone in the family. Featuring numerous shopping, 

dining and entertainment venues, the waterfront community brings the finest options from land or water. Just minutes 

from the harbor, find one of the world’s cultural, government and historic epicenters—Washington, D.C. The architecture, 

monuments, museums and cultural diversity add up to one ideal conference and vacation destination.

 
For the most up-to-date information on ICNS-10, visit www.ICNS10.org.

S AV E  T H E  D AT E

 Theory and Simulation

 Nanostructures 

 Light Emitting Devices

 Electron Transport Devices

 Photovoltaics and Energy Harvesting

 New Materials and New Device Concepts
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2012 Electronic Materials Conference

MARK YOUR CALENDAR
The Electronic Materials Conference (EMC) is the premier annual forum on the preparation and characterization 

of electronic materials. EMC 2012, held June 20 – 22, at scenic Pennsylvania State University, will feature 

plenary sessions, parallel topical sessions, poster sessions and an industrial exhibition. Papers submitted by 

students will be eligible for “Best Student Paper Awards.” Mark your calendars today and plan to attend!

IMPORTANT DATES

Abstract Submission Ends  

February 1, 2012

Preregistration Opens  

February 20, 2012

Preregistration Ends  

June 5, 2012

June 20-22, 2012  |  Pennsylvania State University  |  Penn Stater Conference Center, University Park, PA, 16802, USA

CONFERENCE VENUE
Pennsylvania State University (PSU) is consistently ranked one of the leading universities for materials science and engineering by the National 

Science Foundation, making it an ideal conference location. Still, there is so much to do at PSU, it can be a delightful vacation destination. The 

campus is nestled among the beautiful Pennsylvania countryside, and is rich with trails to explore. Whether it’s hiking, dirt bike riding, cycling, ATVing 

or just leisurely walking, Penn State has something for everyone. Enjoy the family-friendly atmosphere with weekly arts festivals, fine boutiques and 

historic sites. Take a trip to the famous Penn State Creamery, the largest university creamery in the U.S., for one of their 100 flavors of ice cream. 

From sightseeting to action-packed adventures, you won’t want to miss a moment. After all, it’s not called the “Happy Valley” for nothing!
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2 SCIENTIFIC PROGRAM

The three day conference will feature oral and poster presentations covering:

Conference Organizer  
Christian Wetzel 

Rensselaer Polytechnic Institute 

Student participation in this conference is partially supported 

by a grant from the TMS Foundation.

Program Organizer  
Andrew Allerman 

Sandia National Laboratories

www.mrs.org/EMC2012

Energy Conversion & Storage Materials

 Photovoltaics—Organic and Hybrid

  Next-Generation Solar Cell Materials and Devices

  Thermoelectrics and Thermionics 

  Ionic Conductors for Solid-Oxide Fuel Cells and Batteries

  Highly Mismatched Dilute Alloys

Wide Bandgap Materials

   Group-III Nitrides—Growth, Processing, Characterization,  

Theory and Devices

   Silicon Carbide—Growth, Processing, Characterization,  

Theory and Devices

   Indium Nitride—Growth, Processing, Characterization,  

Theory and Devices

   Oxide Semiconductors—Growth, Doping, Defects,  

Nanostructures and Devices

  Point Defects, Doping and Extended Defects

Enabling Technologies

  Metamaterials

  Materials for THz, Plasmonics and Polaritons

  Flexible and Printed Thin-Film Electronics

   Organic Thin-Film and Crystalline Transistors— 

Devices, Materials and Processing

  Nano-Magnetic, Magnetic Memory and Spintronic Materials

   Contacts to Semiconductor Epilayers, Nanowires,  

Nanotubes and Organic Films

   Epitaxial Materials and Devices

   Narrow Bandgap Materials and Devices

   Embedded Nanoparticles and Rare-Earth Materials  

in III-V Semiconductors

   Dilute Nitride Semiconductors

   Nondestructive Testing and In-Situ Monitoring and Control 

   Semiconductor Processing—Oxidation, Passivation, and Etching

   Materials Integration—Wafer Bonding and Engineered Substrates

   Oxide Thin-Film Integration—Alternative Dielectrics, Epitaxial 

Oxides, Multifunctional Oxides, Superlattices and Metal Gates

   Compound Semiconductor Growth on Si Substrates  

and Si-Based Heterojunctions 

   Biomaterials and Interfaces

Nanoscale Science and Technology in Materials

   Graphene and Carbon Nanotubes 

   Low-Dimensional Structures—Quantum Dots, Wires and Wells

   Nanotubes and Nanowires 

   Nanoscale Characterization—Scanning Probes, Electron Microscopy 

and Other Techniques

   Molecular Electronics—Devices, Materials and Sensors


