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We have characterized the fundamental photoluminescence (PL) properties of 
individual, isolated indium phosphide (InP) nanowires t o  define their potential 
for optoelectronics. Polarization-sensitive measurements reveal a striking an- 
isotropy in  the PL intensity recorded parallel and perpendicular t o  the long axis 
of a nanowire. The order-of-magnitude polarization anisotropy was quantita- 
tively explained in  terms of the large dielectric contrast between these free- 
standing nanowires and surrounding environment, as opposed t o  quantum 
confinement effects. This intrinsic anisotropy was used t o  create polarization- 
sensitive nanoscale photodetectors that may prove useful in  integrated pho- 
tonic circuits, optical switches and interconnects, near-field imaging, and high- 
resolution detectors. 

Optical studies of one-dimensional (ID) nano- corded at room temperature with the polar- 
structures have focused primarily on litho- ization of the exciting laser parallel (Fig. 1B) 
graphically and epitaxially defmed quantum and perpendicular (Fig. 1 C) to the nanowire 
wires (1-5) embedded in a semiconductor me- show a giant polarization anisotropy. Essen- 
dium. Free-standing nanowires have several at- tially, the observed PL turns from "on" to 
tractive differences from these systems, includ- "off" as the excitation polarization is rotated 
ing a large variation in the dielectric constant of from parallel to perpendicular. Integration of 
the surrounding media and a cylindrical, strong- the emission as a function of excitation angle 
ly confming potential for both electrons and shows that the intensity exhibits a periodic 
holes. Here we report optical studies of individ- (cos20) dependence on angle (Fig. 1, inset). 
ual free-standing InP nanowires that demon- From the nanowire PL image (Fig. lB), it is 
strate giant polarization anisotropy in PL mea- also evident that the emission intensity is 
surements and the use of these InPnanowires as relatively uniform along the wire axis. 
photoconductivity (PC)-based photodetectors. We recorded PL spectra (11, 12) from a 
We synthesized single-crystal InP nanowires number of individual wires as a function of 
via a laser-assisted catalytic growth (LCG) excitation (Fig. 2A) or emission (Fig. 2B) po- 
method described previously (6-8). Monodis- larization. In both cases, the ratio of parallel to 
perse nanowire samples with diameters of 10, perpendicular emission is greater than an order 
15, 20, 30, and 50 nm were suspended in eth- of magnitude. The order-of-magnitude polar- 
anol solution and later were dispersed onto ization anisotropy is exhibited over most of the 
quartz substrates for PL measurements. Atomic energy range of the PL peak (insets of Fig. 2, A 
force microscopy images show that individual and B) and for excitation with both 488- and 
and well-isolated nanowires are readily pro- 514-nm laser wavelengths. On average, the 
duced by this method (Fig. 1A). To probe the measured excitation and emission polarization 
PL and PC properties of a single InP nanowire, ratios, p = (I,, - I,)/(I,, + I,), of the intensi- 
we used a home-built, far-field epifluorescence ties parallel (I,,) and perpendicular (I,) to the 
microscope equipped with a charge-coupled de- wire axis are 0.91 ? 0.07. Many nanowires 
vice (CCD) and spectrometer to image and exhibited a polarization ratio of 0.96. The po- 
obtain luminescence spectra (9).In this way, we larization ratio was independent of nanowire 
avoid the averaging inherent in ensemble ex- diameter between 10 and 50 nm, but radial 
periments (5, 10). quantum confmement effects were observed for 

PL images of single InP nanowires re- diameters 5 2 0  nm. 
The ratio of PL intensities (I,,/I ) is at least 

10 times greater than the ratio fo; previously 
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tion ratios (p < 0.60) than we observed. In our 
case, the large polarization response can be 
accounted for in terms of the large dielectric 
contrast between the nanowire and its air or 
vacuum surroundings. We have modeled this 
effect quantitatively by treating the nanowire as 
an infinite &electric cylinder in a vacuum, be- 
cause the wavelength of the exciting light is 
much greater than the wire diameter (Fig. 2C). 
When the incident field is polarized parallel to 
the cylinder, the electric field inside the cylinder 
is not reduced. But when polarized perpendic- 
ular to the cylinder, the electric field amplitude 
is attenuated according to 

where E, is the electric field inside the cylin- 
der, E, the excitation field, and E (E,) is the 
dielectric constant of the cylinder (vacuum) 
(13). Using the dielectric constant for bulk 
InP of 12.4, we calculate a theoretical polar- 
ization ratio, p = 0.96, which is in excellent 
agreement with the maximum values deter- 
mined in our experiments. 

These calculations show that classical 
electromagnetic theory accounts well for the 
observed polarization anisotropy and suggest 
that quantum effects do not contribute sub- 
stantially. Moreover, these results suggest 
that by tailoring the environment around a 
nanowire, for example, by adsorption of mol- 
ecules or growth of inorganic layers with 
varying dielectric properties, it will be possi- 
ble to modify systematically the polarization 
response in a way not possible for surface- 
grown quantum wires. 

The extreme PL polarization anisotropy 
of these InP nanowires suggests that they 
could serve as photodetectors, optically 
gated switches, and light sources, and we 
have fabricated polarization-sensitive pho- 
todetectors in which an individual nano-
wire serves as the device element (Fig. 3A). 
Nanowires were dispersed onto silicon sub- 
strates, and electrical contacts were defined 
at the nanowire ends with the use of elec- 
tron beam lithography and followed by 
thermal evaporation of the metal elec-
trodes. The nanowire devices were then 
placed in the epifluorescence microscope 
used for PL imaging, and the change in 
conductance (G) of the nanowires was mea- 
sured via lock-in technique as a function of 
the laser intensity and polarization. 

In general, the conductance of individual 
nanowires increased by two to three orders of 
magnitude (Fig. 3B) with increasing excitation 
power density. The PC is reproducible and 
reversible with respect to changes in the exci- 
tation power. This response suggests that the 
increases are due to direct carrier collection at 
the nanowire-metal contact interface ver-
sus population of surface traps, which 
would effectively gate the nanowire. The 
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PC also shows a striking polarization an- 
isotropy with parallel excitation producing 
G that is over an order of magnitude larger 
than perpendicular excitation (Fig. 3B). 
The photoconductivity anisotropy ratio, 
a = (G,  - G,)/(G, + G,), where G,, 
(G,) is the conductance with parallel (per- 
pendicular) excitation, is 0.96 for the 
shown device (Fig. 3B, inset), in excellent 
agreement with the polarization ratio mea- 
sured from PL. The reproducibility of the 
PC polarization response is explicitly seen 
in plots of conductance recorded as the 
excitation polarization vector is continu- 

Moreover, the active device element in our 
nano-photodetector is substantially smaller 
than other polarization-sensitive quantum 
well-based detectors (1  7, l a ) ,  which are not 
smaller than 50 Fm by 50 pm and are often 
sensitive to only one wavelength of light. 

To gauge the sensitivity of these photode- 
tectors, we determined that the responsivities 
are as high as 3000 ampereslwatt (A/&') as a 
figure of merit. This represents a high value for 
our unoptimized device (19), and we believe 
that investigations of nanowire composition 
and contacts should lead to further improve- 
ments. For example, InP nanowire detectors 

ously rotated (Fig. 3C). We also note that incorporating Ge traps exhibit responsivities up 
the PC polarization anisotropy is expected to 10,000 AIW, although this comes at a cost of 
to be nearly wavelength-independent for reduced detector speed. In addition, these ex- 
energies larger than the nanowire band gap. tremely small devices open the possibility of 
By making a cross of two nanowires (14- creating high-speed detectors (20,21). 
16)  and independently measuring their Nanowire photodetectors could be exploited 
PCs, one could make a device to simulta- as optically gated switches, used to create very 
neously measure intensity and polarization. high-density optical interconnects, and incorpo- 

Fig. 1. PL characterization of InP 
nanowires. (A) Atomic force microscopy 
image of nanowires dispersed on a sub- 
strate for PL measurements, showing 
that the individual nanowires are 
monodisperse and well separated from 
one another on the surface. Scale bar. 5 
Fm. (B) PL image of a single 20-nm InP 
nanowire with the exciting laser polar- 
ized along the wire axis. Scale bar, 3 
Fm. (C) PL image of the same nanowire 
as in (B) under perpendicular excitation. 
Intensity scale is identical to  (B). Inset, 
variation of overall photoluminescence 
intensity as a function of excitation po- 
larization angle with respect to  the f 650 
nanowire axis. The PL images were re- 

gration times of 2 s. 
corded at room temperature with inte- - 

W 1 250 - 

rated into photonic-based circuits, where polar- 
ization detection could vastly increase the in- 
formation bandwidth. Combined with the abil- 
ity to synthesize nanowires out of virtually any 
group IV, 111-V, or 11-VI semiconductor mate- 
rial (6), we believe that this work opens up 
exciting opportunities for the creation of a wide 
range of detectors and high-resolution detector 
arrays for different spectral regimes, including 
the 1.5-pm regime important in current optical 
communications. 

Fig. 2. Polarized excitation and emission spec- 
tra of nanowires. (A) Excitation spectra of a 
15-nm-diameter InP nanowire. These spectra 
were recorded with the polarization of the ex- 5 
citing laser aligned parallel (solid line) and per- 

f pendicular (dashed line) to the wire axis. The 
polarization ratio, p, is 0.96. Inset, plot of the r 
polarization ratio as a function of energy. (B) 
Emission spectra of the same wire as in (A). 
These spectra were taken with the excitation 1.2 1.4 1.6 1.8 1.2 1.4 1.6 1.8 
parallel to  the wire, while a polarizer was placed Energy (eV) Energy (9'4 
in the detection optics. The polarization ratio of 
the parallel (solid line) to  perpendicular (dashed 
line) emission is 0.92. The spectra were taken 
with integration times of 10 s. Inset, plot of the 
polarization ratio as a function of energy. (C) 
Dielectric contrast model of polarization an- 
isotropy. The nanowire is treated as an infinite 
dielectric cylinder in a vacuum while the laser 
polarizations are considered as electrostatic 
fields oriented as depicted. Field intensities 
(IEI2) calculated from Maxwell's equations clearly show that the field is strongly attenuated inside 
the nanowire for the perpendicular polarization, E,, whereas the field inside the nanowire is 
unaffected for the parallel polarization, E,,. 
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Fig. 3. Polarized hotodetection using individual 
InP nanowires. (Ar Schematic depicting the u w d  
a nanowire as a photodetector by measuring the 
change in PC as a function of incident light inten- 
sity and polarization. Inset, field-emission scan- 
ning electron microscopy image of a 20-nm-di- 
ameter nanowire and contact electrodes for PC 
measurements. Scale bar, 2 km. Nanowires were 
first dis~ersed in ethanol and then de~osited onto 
silicon iubstrates (600-nm oxide, 1 td 10 ohm-cm 
resistivity). Electrical contacts to the wires were 
defined using electron beam lithography, and Ni l  
InIAu contact electrodes were thermally evapo- 
rated. (B) Conductance, C, versus excitation pow- 
er density. Shown is the PC response when the 
illumination is polarized parallel (black) and per- 
pendicular (red) to the wire. Inset, PC anisotro y, 
IY, versus excitation power calculated from &). 
The measured anisotropy for the shown device is 
0.96. (C) Conductance versus polarization angle 
as the polarization was manually rotated while 
measuring the PC. All PC measurements were 
done at room temperature. Current collected at 
drain electrode was measured using standard 
lock-in techniques, with an excitation voltage of 
50 mV at 31 Hz. No gate voltage was applied. An 
excitation wavelength of 514.5 nm was used for 
these measurements. 
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termination of either Td or T^ is extremely dif

ficult for superconducting devices because in 

each measurement only a single device, rather 

than an ensemble of identical devices, is avail

able for signal detection. Furthermore, prior to 

this work no time-domain measurement with 

resolution comparable to the decoherence time 

scale of SQ has been demonstrated. For these 

reasons, no time-resolved measurement of Td 

(or T ^ has been reported yet. Recent attempts 

to determine the effective damping resistance of 

a Josephson junction in a SQUID were incon

clusive due to the questionable method of data 

analysis used and the indirect nature of the 

measurement technique (19, 20). We present 

time-resolved measurements of Td in a NbN/ 

AIN/NbN Josephson junction. The measured 

decoherence time, Td > 10 |JLS at T = 0.55 K, 

corresponds to a qubit quality factor Td/Top ~ 

104 (where Top ~ 1 ns is the typical gate time of 

SQUID qubits), demonstrating strong potential 

for QC employing NbN SQUID qubits (12). 

The equation of motion for a current biased 

Josephson junction, Cd2Qldt2 + R~ld<&/dt = 

—dU/d<3>, is homologous to that of a particle of 

mass C moving in a washboard potential 

U($) = -Ih<3>-E5 COS(2TT^>/4>0) with damping 

constant R~l, where C is the junction capaci

tance, R is the shunt resistance, 4>0 = hlle is the 

flux quantum, E3 = 7C4>0/2TT is the magnitude 

of maximum Josephson coupling energy, Ic is 

the critical current of the junction, Ih is the bias 

current, and 4> = (<P/2TT)<I>0, where 9 is the 

phase difference across the junction. For zb = 

Ih/Ic < 1, the potential has a series of metastable 

wells. The dc voltage across the junction is zero 

when the particle is trapped in a potential well. 

The depth of the potential well decreases as zb is 

increased and becomes zero for ih > 1. In the 

presence of thermal/quantum fluctuations, a 

junction initially trapped in the zero-voltage 

state can escape from the potential well to enter 

the finite-voltage state. 

Previous experiments have demonstrated 

Time-Resolved Measurement of 
Dissipation-Induced 

Decoherence in a Josephson 
Junction 

Siyuan Han , 1 * Yang Yu, 1 Xi Chu,2 Shih-I Chu,2 Zhen W a n g 3 

We determined the dissipation-induced decoherence time (DIDT) of a super

conducting Josephson tunnel junction by time-resolved measurements of its 

escape dynamics. Double-exponential behavior of the time-dependent escape 

probability was observed, suggesting the occurrence of a two-level decay-

tunneling process in which energy relaxation from the excited to the ground 

level significantly affects the escape dynamics of the system. The observation 

of temporal double-exponential dependence enables direct measurements of 

the DIDT, a property critical to the study of quantum dynamics and the 

realization of macroscopic quantum coherence and quantum computing. We 

found that the DIDT was Td > 11 |JLS at T = 0.55 K, demonstrating good 

prospects for implementing quantum computing with Josephson devices. 

Use of solid-state devices (SSD) is regarded as dissipation (with decoherence time Td) and 

one of the most promising approaches for the phase relaxation (with T ) lead to decoherence 

development of quantum computers (QC), due (11-15). Realization of QC will depend criti-

to the relative ease of circuit design, fabrication, cally on our ability to create and preserve co-

and scaling up (1-10). However, coupling be- herent superposition states so that decoherence 

tween SSD and the environment results in dis- presents the most fundamental obstacle (11-

sipation, and hence decoherence. Here, deco- 16). One way to increase the decoherence time 

herence refers to processes that lead to expo- in SSD is to use superconducting qubits (SQ) 

nential decay of superposition states into inco- based on superconducting quantum interference 

herent mixtures. The severity of decoherence is devices (SQUIDs) (flux qubits) or single-pair 

characterized by the decoherence time—the tunneling devices (charge qubits) (3-10). For 

time constant T of the exponential decay. Both both types of SQ, the Josephson junction is the 

key element and it is the dissipation of the 
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