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Brief Project Description:

Nanowire devices have numerous potential applications in the area of optoelectronics, 
high-power electronics and RF. Particularly, devices that can deliver high power and operate at 
very high frequencies while maintaining good signal stability under drastic thermal fluctuations 
are of particular interest to the AF for GSP applications were linear amplification is required.  To 
achieve ultra-high frequency modulation for broad-bandwidth applications, the amplifier’s 
transistor must be designed to enable high carrier motilities.

The main objective of our proposal was to conduct a first time experimental and 
theoretical investigation focused on evaluating a new physical phenomena in the quasi-quantum 
regime in which the hole mobility approached the electron mobility. The hypothesis was based 
on the fact that a dramatic reduction of the hole’s effective mass would occur under the
combined effects of two dimensional confinement coupled with strain. The specific conditions 
(confinement + strain/tensile) for observing this predicted phenomena required a very specific
device structure geometry. Our nanowire design consisted of a semiconductor (Si) nanowire 
core region that was conformably surrounded by slightly lattice mismatched larger-bandgap 
cladding material (dielectric SiO2). The Si/SiO2 lattice mismatch provided the necessary 
interfacial strain for the experiment. To thoroughly investigate the onset of this phenomenon we 
had proposed to investigate nanowire core diameters ranging from ~200nm down to ~10nm. The 
rationale gradually decreasing the crossectional area for the study was based on the fact that the 
interfacial strain only penetrates a few nanometers into the core region. Therefore in large 
diameter nanowires, we predicted the strain effects only surrounded the surface of the nanowires 
and relaxed at the center region atoms (unstrained). Due to the localized Coulomb charges the 
carriers likely would flowed through the unstrained center region in the larger diameter 
nanowires. However, as the diameter of the nanowires was reduced the strain closed-in from the 
both traverse directions, and therefore in the narrowest nanowires (~10nm) the strain 
conformally penetrated completely through the center, thus ensuring the confined carriers flowed 
through the strained region. In order to investigate experimentally the optical and electronic 
properties, the nanowires were configured in a two-terminal metal-semiconductor-metal (MSM) 
test structure. A metal-Semiconductor/nanowire-metal (MSM) configuration was proposed for 
this study due to its practicality in photonic and electronic parameter characterization. 
Characterization for this study included transient time response measurements using a modified 
version of the Haynes-Shockley experiment for directly evaluating the carrier mobility as a 
function of nanowire diameter size. Below we provide the results of these experiments with a 
theoretical model.

Approved for public release; distribution is unlimited.
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Summary of accomplishments:

In the past year we fully fabricated the nanowire test devices. Si nanowire diameters 
studied were ~195nm, ~125nm, ~75nm, ~50nm and ~10nm. Figure 1 shows SEM pictures 
of  the crossections of some of the Si nanowire studied that were surrounded by a 
thermally grown oxide. 

Fig. 1a.  Scanning electron microscope (SEM) picture of a wire structures (~195nm) after  
thermal oxidation.

Fig. 1b.  Scanning electron microscope (SEM) picture of a wire structures (~75nm) after  
thermal oxidation.

Fig. 1bl.  Scanning electron microscope (SEM) picture of a wire structures (~10nm) after  
thermal oxidation.

Approved for public release; distribution is unlimited.
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Fig 2a.

Fig 2b.
Figures 2a and 2b shows a picture of a typical completed device structures active region.

Device characterization experiments (DC current-voltage measurements and Time of 
flight measurements):

In order to gain insight to the photogenerated carriers and transport properties as a 
function of dimensional scaling nanowire core region, first dc current-voltage measurements 
were conducted as follows: 

Dark Currents and DC Photocurrents:

The dark current measurements were taken using a digital I-V curve tracer at room 
temperature. The room lights were turned off to ensure any photogenerated carriers were minimized 
and would not affect the measurement. The DC photocurrents measurements were conducted at 
λ=365nm. The laser beam spot was larger than the active area of the nanowire test devices, ensuring 
carriers were injected uniformly across the sample and provided an optimal signal-to-noise ration. 
The I-V data below shows the photocurrents measurements. The dark current were negligible and 
below the resolution of the measuring equipment. The reason the dark currents were extremely 
small (<<1nA) in these nanowires is due to the fact the nanowires

Approved for public release; distribution is unlimited.
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are basically fully depleted due to the surrounding oxide. The oxide trapped charge, coupled with 
the interfacial charge resulting from the excess Si atoms not reacted with the oxygen and the
mismatch between the number of atomic bonds in the Si crystal surface are sufficient to deplete 
any carriers from the vicinity. Based on the literature, it is reasonable to expect that the 
depletion region in the Si nanowire core would extend to a depth of approximately ~40nm from 
the Si/SiO2 interfaces. Therefore leaving the entire nanowires fully depleted.
However, once the nanowires were illuminated with a laser spot, the photons striking the 
nanowire surface, generated electron-hole pairs. The plots below in Figure 3 show the current-
voltage characteristics of the nanowires.

Fig. 3a: ~190nm Si wire MSM device photocurrent-voltage characteristics for 150x150 m2 with 8 m gap 
interdigitated electrodes.

Fig. 3b: ~125nm Si wire MSM device photocurrent-voltage characteristics for 150x150 m2 with 8 m gap 
interdigitated electrodes.
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Fig. 3c: ~75nm Si wire MSM device photocurrent-voltage characteristics for 150x150 m2 with 8 m gap 
interdigitated electrodes.

Fig. 3d: ~50nm Si wire MSM device photocurrent-voltage characteristics for 150x150 m2 with 8 m gap 
interdigitated electrodes.

Fig. 3e: ~10nm Si wire MSM device photocurrent-voltage characteristics for 150x150 m2 with 8 m gap 
interdigitated electrodes.

From the photogenerated I-V plots above the conductivity values were calculated are 
plotted below in Figure 4 as a function of nanowire width.
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Fig. 4: Plot of conductivity as a function of dimensional scaling the wire diameter.

As can be noticed from the plot above, as the diameter of the nanowire decreased from 
~195nm to ~50nm, an increase in the conductivity was observed. The analysis of this 
observation will be provided in the time of flight section of this report.

Time of flight measurements:
As mentioned earlier the main focus of this proposal was to experimentally investigate the

carrier transport phenomenon as a function of scaling the cross-sectional area of the nanowires.
The experiment was based on a modified version of the Haynes-Schockley experimenti. When 
carriers are injected at a given place and time, their arrival at another point can be determined. 
From the measured signal the carrier mobility can be determined. In order to understand the 
physics of carrier transport a detailed drift-diffusion model was developed in the one-dimens ion 
for a pulsed optical signal propagating under an applied electrical field. The experimental carrier 
mobility results were then compared with this theoretical model in order to gain insight into the 
transport properties.

Experimental Setup:
Pulsed response measurements were taken using ~150-fs duration excitations at 400 nm 

from a cw mode-locked Ti:Al2O3 laser (doubled for the short wavelength, 0.24 mW average power 
at a 77 MHz repetition rate). The MSM devices were probe tested using an 18 GHz probe and a 
high-speed digital sampling oscilloscope with a ~1ps resolution capability. The laser spot size was 
<1 m in diameter and the electrode gaps were ~8 μm. Normal incidence, TM polarization relative 
to the structure wavevector was used for the experiment. The time response measurements were 
taken for low electric field strengths ~3x103 V/cm, (2.5V across 8 μm gap) thus avoiding velocity 
saturation and device burnout. See figure 5 below illustrating the setup.

10-1

100

101

102

0 50 100 150 200

 = 365nm; P
0
=0.2mW

Wire Diameter (nm)

Approved for public release; distribution is unlimited.
6



Fig. 5: Schematic of a time response setup configuration.

Experimental Analysis
The experimental time response results for the nanowires are provided below in Figures

6a (signal response) and 6b (rise time vs diameter) along with the theoretically modeled signal.
Measurements were taken on each side of the electrodes, by moving the beam spot while 
maintaining the bias polarity, in attempts to decouple the electron and hole signal components. 
The electrode fixed bias polarity is positive on the left electrode and the right electrode is 
ground. With this bias configuration once a pulsed of light with a spot size < 1 μm, as in the 
case of our experiment, strikes anywhere in the active region, the holes will travel towards the 
right side electrode and the electrons will travel towards the left side electrode. Figure 5 
illustrates the device characterization configuration pictorially with an applied bias of +2.5V. 

Approved for public release; distribution is unlimited.
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Fig. 6a:  Direct time of flight pulsed response measurements. 
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Fig. 6a:  (continued) Direct time of flight pulsed response measurements. 

Experimental data, we took the rise times of the signals and plotted them as a function of 
nanowire diameter.

(a) (b)

Fig. 6b: Rise time plots as a function of scaling wire diameter (a) left side illumination (hole 
transport dominant), (b) right side illumination (electron transport dominant).
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Experimental and theoretical analysis

From rise-time data nanowires devices we can get insight of the average carrier 
velocities. For example, for the stated biasing polarity, we know that when the optical 
pulse is incident upon the left side of the structures the holes move towards the right 
crossing the entire active region and the electrons towards the left and are collected at 
the electrode. The width of the measured pulse is therefore is limited due to the hole 
current. When the optical pulse is incident upon the right side of the structures the width of 
the pulse can be attributed to the electron current. However in order to better understand 
the physics of carrier transport we develop a theoretical model to simulate the carrier 
pulsed responses of the experiment as follows.

Fig. 7

Fig. 7:  Schematic of the nanowire devices.

For modeling purposes assume the center of the electrode gap as the origin of the coordinate system 
and the length of the film, wire or wall is 2x as shown in Fig 7.

We assume that the MSM device is under a constant DC bias. If at time t0 a narrow pulse 
of light with a beam spot ~ 1μm << active region length ~ 8 μm strikes within the electrode gap at 
a distance of x0 from the center then we generate electron-hole pairs in that regionii. At any point 
within the electrode gap the current consists of drift and diffusion components of current, therefore 
we use drift diffusion current equation as a first order approximationiii. Outside the depletion region 
the drift component is negligible while current is essentially due to diffusion and inside the 
depletion region the diffusion current is very small while the carriers are moving under the drift 
component. To understand the behavior of photo-generated carriers and electric fields in the 
metal-semiconductor-metal structuresiv, Poisson’s equation, and the continuity equation can be 
solved as followsv:

)NNnp(q ad
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t
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1

where, is the Permittivity (F/cm2), is the potential, q it the electron charge (C) , n and p are the 
electron and hole concentrations (cm-3), Nd+ and Na- are the ionized donor and acceptor impurit ies 
contents in the semiconductor (cm-3), Jn and Jp are the electron and hole current densities (A/cm2), 
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t is time (s), Gn and Gp are the generation terms and Rn and Rp are the recombination terms for 
electrons and holes per unit time respectively.

The generation terms Gn and Gp for illumination at one end of the wire can be written 
asvi,vii:

z
}

)tt(
{}

)xx(
{

0
pn eee

h
P

GG
2
t

2
0

2
x

2
0

where P0 is the peak optical power density incident upon the surface of the Si wires, h is the 
photon energy, is the quantum efficiency, t0 is the time at which the optical power peaks, x0 is 
the x-coordinate of the center of the beam spot, is the absorption coefficient, z is the penetration 
depth (for this analysis we ignore the z dependence due to the very small thicknesses of our active 
region structures), x and t are related to the pulse width FWHM, and 1/e2 defined beam diameter 
D asviii

22

D
x

and

2ln2
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t

The recombination rates Rp and Rn are given byix

n
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n
R
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p
p

p
R

where n and p are the electron and hole recombination lifetime.

The electron and hole current densities can be written as

nqDnEqJ nnn

and

pqDpEqJ ppp

where E is the electric field; n and p are the electron and hole mobilities; Dn and Dp are the 
electron and hole diffusion coefficients. We can rewrite the above equations in terms of drift 
velocities by substituting Ev nn and Ev pp as follows:
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- nqDnEqvJ nnn

and

pqDpEqvJ ppp

Now we made some substitution and after rearranging we get the following:
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To solve the above equations we need find the Green’s function for the problem. We can rewrite 
the above equations as follows:
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SS are the Source Terms

In order to get an expression for the current we have to solve the above equation. For that we
need to find the Green’s function for the equations,
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Rewriting n and p as functions of position and time Gn(x,t) and Gp(x,t) respectively,
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Now we take the Fourier Transform of equations,

And we get,
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Since nothing happens for t<t0, we can write t0=0.

Rearranging terms we get,
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In order to convert the above equations into an algebraic equation we need to take the Laplace 
Transform which gives,
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rearranging the left side we get,
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Rearranging so we get in standard form we multiply both numerator and denominator by the 
diffusion coefficient,
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We first need to find Gn(K,t), and in order to get that we need to take the inverse Laplace Transform 
which results as,
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To finalize we need G(x,t) which we can get from G(K,t) by taking its inverse Fourier Transform,
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After solving the integrals and rearranging we get,
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The carrier concentrations are calculated as follows,

dxS)t,x(G)t,x(n nn

(36)
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dxS)t,x(G)t,x(p pp

Since the light pulse was assumed to have a delta function profile, the carrier concentration as a 
function of position and time are for electrons are reduced to,
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and holes,
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Equations for n(x,t) and p(x,t) show the electron and hole concentration profiles as a function 
of position and time after for t>0. The equations describe carriers diffusing from the location 
they  are generated due to a gradient. In addition the exponential term containing the 
drift velocity component shows that if there is a presence of a electric field, then the carriers will 
also be subject to a drift force in addition to the diffusion. The results describe the physics of the 
drift and diffus ion transport.

In order to calculate the total current density we can write the current density equation as,
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The above current continuity model was used to analyze the transient time response 
experimental results for the nanowire devices. The theoretical model was compared with the 
experimental results by using the rise times (td) attained from the experimental data.

v(Carrier-Velocity) = 2x/td (cm/s)

(46)

(47)

(48)

(49)

(50)

(51)

(52)
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where 2x is the distance between the electrodes (gap) and td is the average time it takes for the 
signal to cross the electrode gap. To better understand the concept of carriers traveling through a 
semiconductor medium that experience drift and diffusion components, 

μavg = v(Avg Carrier-Velocity)/(Vbias/2x)

where Vbias is the external bias applied to the electrodes. 

The equation above can be rewritten as,

μavg = (2x)2/(td Vbias)

After calculating the electron mobility values (μn) and the hole mobility values (μp) we plotted 
these values as a function of the nanowire diameters (see Figure 8). 

Fig. 8. Electron mobility (blue) and hole mobility (red) plot ed as a function of nanowire diameter. 

As can be noticed from the plot in Fig. 8, both the electron and hole mobilities tend to 
increase in a confined nanowire. However, to date no where in literature it has been shown that 
the hole mobility matches and supersedes the electron mobility.  We are the first group to 
observe this phenomenon and we are currently in the process of theoretically developing a 

(53)

(54)
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quantum mechanical model to explain this new phenomenon based on the reversal splitting of 
light- and heavy- hole bands as well as the decrease of conduction-band effective mass by 
reduced Si bandgap energy, formulated in a microscopic model for explaining the experimentally 
observed enhancements in both conduction- and valence-band mobilities in reduced Si nanowire 
diameters. The role of the biaxial strain buffering depth is elucidated and its importance to the 
scaling relations, i.e., 1/L2 for electrons and 1/L for holes. Specifically, the enhancements of the 
valence-band and conduction-band mobilities are found to be associated with different aspects of 
the theoretical model.

In order to gain insight to the effects of the competing confinement effects and strain 
effects, we also conducted photoluminescence experiments. Figure 9 shows the results 
as follows:

Fig. 9:  (a) Measured photoluminescence intensity as a function of wavelength for five Si 
nanowires with different widths W. (b) Plot of experimentally-extracted photoluminescence-
peak wavelength versus W.

The results indicate that although confinement plays a key role in the enhancement of the carrier 
mobilities, the effects of strain dominate and are responsible, as predicted, for the dramatic 
reduction in the hole’s effective mass values. The reduction in the hole’s effective mass is 
responsible for it’s field dependent mobility to surpass the electron mobility. 

Proposed Extended Objective:

Based on the observed new physical phenomenon, we believe we are at the point where 
we have enough experimental data and theoretical model to begin writing a manuscript for 
potential submission to Physical Review B.  This will be done in the next few months.
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