ResearchGate

See discussions, stats, and author profiles for this publication at:

Absorption spectroscopy of individual
cadmium selenide nanowire

Article /n Applied Physics Letters - August 2012

DOI: 10.1063/1.4739786

CITATIONS
2

5 authors, including:

-

‘(‘f ,‘ Northwestern Polytechnical University

27 PUBLICATIONS 257 CITATIONS

SEE PROFILE

All content following this page was uploaded by

The user has requested enhancement of the downloaded file. All in-text references

READS

30

t‘fg Massachusetts Institute of Technology

23 PUBLICATIONS 521 CITATIONS

SEE PROFILE

on 09 April 2015.

and are linked to publications on ResearchGate, letting you access and read them immediately.

are added to the original document


https://www.researchgate.net/publication/257953481_Absorption_spectroscopy_of_individual_cadmium_selenide_nanowire?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/257953481_Absorption_spectroscopy_of_individual_cadmium_selenide_nanowire?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Fajun_Xiao?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Fajun_Xiao?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Northwestern_Polytechnical_University?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Fajun_Xiao?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yaqing_Bie?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yaqing_Bie?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Massachusetts_Institute_of_Technology?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Yaqing_Bie?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Fajun_Xiao?enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ%3D%3D&el=1_x_10&_esc=publicationCoverPdf

AlP | e

Absorption spectroscopy of individual cadmium selenide nanowire
Fajun Xiao, Kaihui Liu, Yaqging Bie, Jianlin Zhao, and Feng Wang

Citation: Applied Physics Letters 101, 093106 (2012); doi: 10.1063/1.4739786

View online: http://dx.doi.org/10.1063/1.4739786

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/101/9?ver=pdfcov
Published by the AIP Publishing

AIP Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2079205716/x01/AIP-PT/APL_ArticleDL_1213/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Fajun+Xiao&option1=author
http://scitation.aip.org/search?value1=Kaihui+Liu&option1=author
http://scitation.aip.org/search?value1=Yaqing+Bie&option1=author
http://scitation.aip.org/search?value1=Jianlin+Zhao&option1=author
http://scitation.aip.org/search?value1=Feng+Wang&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4739786
http://scitation.aip.org/content/aip/journal/apl/101/9?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
https://www.researchgate.net/profile/Fajun_Xiao?el=1_x_100&enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ==
https://www.researchgate.net/profile/Yaqing_Bie?el=1_x_100&enrichId=rgreq-6a26cdc3d4e73aef2b55cf9af4a77c17-XXX&enrichSource=Y292ZXJQYWdlOzI1Nzk1MzQ4MTtBUzoyMTYyOTg0NDY0MzAyMDhAMTQyODU4MDk3NjE5NQ==

APPLIED PHYSICS LETTERS 101, 093106 (2012)

Absorption spectroscopy of individual cadmium selenide nanowire

Fajun Xiao,"? Kaihui Liu,' Yaqing Bie," Jianlin Zhao,? and Feng Wang'*?
'Department of Physics, University of California at Berkeley, Berkeley, California 94720, USA
2School of Science, Northwestern Polytechnical University, Xi’ an 710072, China

3The Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 29 April 2012; accepted 16 July 2012; published online 29 August 2012)

We develop a technique to measure the absorption spectrum of individual nanowires with the
supercontinuum laser based Fourier transform spectroscopy. It employs photocurrent of a nanowire
as the signal for Fourier transform spectroscopy. We demonstrate this technique in obtaining
absorption spectrum of individual cadmium selenide nanowires, and determine the nanowires
absorption bandgap of 1.75eV. This technique has high detection sensitivity. Potentially it will be
able to measure absorption cross-section as small as 19 nm?* per um for a focus laser spot of 1 yum,
and could be a general method to detect the absorption spectrum of individual quasi-one-dimensional

nanomaterials. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4739786]

The quasi-one-dimensional (1D) nanostructures,
including carbon nanotubes, graphene nanoribbons, and
semiconductor nanowires, have attracted intensive attentions
in applications of electronics, optoelectronics, and
photonics.'™ In contrast to their bulk counterparts, the
fundamental physical properties of these nanomaterials are
extremely sensitive to their specific structures and surface
states. Therefore, the characterization at the single nano-
object level is highly desirable to understand structure-
specific properties of nanomaterials. Optical absorption, as
one of the most significant optical properties, provides
fundamental information on the electronics structure of
materials and evaluating the quantum efficiency for other
absorption related processes.” However, measurements of
optical absorption on individual nano-object are often chal-
lenging by conventional means mainly due to their small
absorption signal level.”'® Cadmium selenide (CdSe) nano-
wire is a prototype of quasi-1D semiconductor nanomaterials
with a bandgap in the visible range and a promising candi-
date for next generation solar cell materials.'' "3 However,
most absorption studies on CdSe nanowires are performed
on ensemble samples'*'® and reliable absorption measure-
ment at single-nanowire level is still missing.

In this letter, we demonstrate a method to measure the
absorption spectrum of individual CdSe nanowires using a
supercontinuum laser light source based Fourier transform
(FT) photocurrent spectrometer. FT photocurrent spectros-
copy as a sensitive method has been used to determine the
spectral resolved absorption coefficient of thin film solar
cell.'” Recently, this technique is also demonstrated as a
powerful tool in high resolution photocurrent mapping'® as
well as the characterization of self assembled quantum-dot'®
and nanowire ensemble based devices.”’ Combining with the
supercontinuum laser source, the FT photocurrent spectros-
copy exhibits several unique advantages in our single nano-
wire absorption measurement. (1) The supercontinuum light
source is commercially available nowadays. It has broad
spectral range (450-1600 nm) like a light bulb, and has high
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brightness as a laser. It can be readily focused down to the
diffraction limited size, which is prerequisite to study indi-
vidual nanomaterials. (2) FT spectroscopy employs the pho-
tocurrent of individual CdSe nanowires as the signal in this
study. Since the photocurrent is directly proportional to the
number of absorbed photons,®'*!” this FT technique is back-
ground free. It is a great advantage over the conventional
approach in measuring the small transmission change in a
large transmission background, where the background fluctu-
ations usually bury the small signal. In addition, FT spectros-
copy is highly compatible with broadband illumination with
its intrinsic high throughput advantage, and it has high spec-
tral resolution (better than 0.1nm in visible range).?' Using
this technique, we obtained absorption spectra of individual
CdSe nanowires. It shows a nanowire absorption bandgap of
1.75eV. This bandgap value is in agreement with independ-
ent photoluminescence measurement on the same nanowire.
Further analysis on the detection limit shows that our method
can be applied to measure the absorption spectrum of general
individual quasi-1D nanomaterials.

Figure 1 presents the supercontinuum light source based
FT spectrometer setup for measuring absorption spectra of
semiconductor nanowires. Similar as conventional FT spec-
trometers, the key component of our setup is a Michelson
interferometer consisting of a beam splitter (BS), a fixed mir-
ror (M), and a movable mirror (M,). The linear stage carry-
ing the movable mirror has position resolution of 25 nm and
travel range of 20 cm that enable our setup perform in the
visible range with relative high spectral resolution.?’ The
source light emitted from the supercontinuum laser entries
into the interferometer and interferes at the output. The inter-
fered light is directed by a mirror (M3) and focused onto the
sample (S) through a 20 x objective (O), which can enhance
the signal level and permits the illumination only on the
nanowire. The focused light is absorbed by nanowire sample
that generates a photocurrent signal accordingly. As the
movable mirror scans, we obtain a frequency encoded photo-
current signal as a function of position. To record the posi-
tion of movable mirror, we simultaneously introduce a He-
Ne laser into interferometer. The interfering He-Ne laser is
reflected by a mirror (My) and focused by a Len (L). It is

© 2012 American Institute of Physics
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FIG. 1. Experimental scheme of supercontinuum laser based Fourier trans-
form spectrometer for absorption measurement of quasi-one-dimensional
individual nanomaterial. BS, beam splitter; M, mirror; O, objective; S, sam-
ple; L, lens; PD, silicon photodiode.

finally collected by a silicon photodiode (PD) to extract the
stage position. The spectrum of absorbed light is obtained by
processing the position dependent photocurrent signal with
Fourier transform algorithm by a computer. Similarly,
replacing the sample with a silicon photodetector with well-
defined absorption response, we can deduce the spectrum of
the light source. Absorption spectra of the sample can then
be derived by normalizing the Fourier transform of photocur-
rent signal against the spectrum of the light source.

In the following, we demonstrate this technique to mea-
sure absorption spectra of individual CdSe nanowires. The
nanowires were grown by chemical vapor deposition (CVD)
method following Ref. 22. Briefly, we use CdSe powder
(99.999%) as feedstock and gold nanoparticle as catalyst for
CVD growth at 700 °C. The as-grown nanowires have diam-
eter in the range of 200nm to 2 um with average value of
800 nm. To guide the photocurrent flow of the nanowire, we
use standard electron beam lithography followed by metal
evaporation to fabricate two electrodes (Au/Cr of 80/10nm)
on individual CdSe nanowires. In the inset of Fig. 2(a), we
show an optical microscopic image of our device. The hori-
zontal black line is the nanowire and the left and right ends
are metal electrodes.

Due to the depolarization effect arising from structure
anisotropy, optical absorption in the nanowire can be signifi-
cantly modified by geometric effect for light polarization
perpendicular to the nanowire. However, absorption for light
polarization along the nanowire will not be affected in the
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quasi-1D structure with large aspect ratio.”> Therefore, we
have set the light polarization parallel to the nanowire axis in
our measurement. We first characterize photocurrent behav-
ior of the CdSe nanowire device. The photocurrent vs volt-
age (I-V) curve of nanowire is shown in Fig. 2(a), where the
nanowire is illuminated by a supercontinuum laser with in-
tensity varying from O to 1.7 mW/,umz. It can be seen that
the nanowire device is highly insulating at dark state and the
photocurrent increases monotonically with laser power.

For FT spectroscopy, the sampling speed should be
slower than the photocurrent response to avoid the signal
overlapping. Figure 2(b) shows the time-dependence of the
nanowire photocurrent signal with laser illumination. Here,
the bias voltage is fixed at 2 V, and the light with intensity of
1.7 mW/um? is modulated by a square wave at a frequency
of 200 Hz. The rise and decay tails obey the logarithmic
behavior of I=1y[1 —exp(—t/t,;)] and I=Ipexp(—t/T4ec),
with a rise and decay time constant of t,;,,=34 us and
Tgec = 230 pus, respectively. We thereby choose 300 us sam-
pling period in the following FT spectrum measurement. In
fact, for nanowire with even longer response time, the FT
setup can also work well in the step-scan mode to avoid the
detection distortion.

The direct Fourier transform of the frequency encoded
CdSe nanowire photocurrent is displayed as the solid curve
in Fig. 3(a). The spectrum of the supercontinuum light
source is shown as the dashed curve in Fig. 3(a), which is
calibrated by using a Si photodiode with known absorption
response in place of the CdSe nanowire. The ratio between
the CdSe photocurrent response and supercontinuum spec-
trum yields the absorption spectrum of the nanowire, which
is illustrated as the solid curve in Fig. 3(b). The absorption
spectrum shows a clear cutoff at around 710nm, it corre-
sponds to an absorption bandgap of 1.75eV. This bandgap
values can be further verified by obtaining independent pho-
toluminescence spectrum of the same nanowire (dashed
curve in Fig. 3(b)). The luminescence spectrum shows a
clear peak centered at the same bandgap energy of 1.75eV
(i.e., wavelength of 710nm). The drop of absorption at
shorter wavelength region is attributed to the decreased effi-
ciency of electron-hole pair separation for high energy pho-
ton, which is also observed in other nanowire devices.>*%
The slightly higher fluctuation at shorter wavelength has its
origin from the instability of the interferometer, which dete-
riorates the signal more at shorter wavelengths.?' The travel-
ling distance of our movable mirror is 2.5 mm, which leads

FIG. 2. (a) I-V Curves of CdSe nanowire
under light illumination with varying inten-
sities. The inset shows the optical micro-
scopic image of single CdSe nanowire
electrical device. (b) Photoresponse time of
the nanowire device under a 200 Hz square
modulated light illumination. The light in-
tensity is 1.7 mW/um?, and the bias voltage
is 2V. It shows a photocurrent response
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encoded CdSe nanowire photocurrent (solid
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(dashed line); (b) Normalized FT spectrum
by the laser spectrum, i.e., absorption spec-
trum spectrum of CdSe nanowire (solid
line). The dashed line shows photolumines-
cence spectrum of the same CdSe nanowire.
The bandgap was determined to be 1.75eV
by the cutoff wavelength in the absorption
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to a spectral resolution better than 0.1 nm. This spectral reso-
lution can be further improved by increasing the movable
mirror travelling distance if required.”'

Our technique should be generally applicable to differ-
ent quasi-1D materials, although we demonstrated here a
study of individual CdSe nanowires. Next, we provide a the-
oretical estimation on the sensitivity of our approach.
Assuming an excitation laser focused down to 1 um, the
smallest absorption cross-section of a nano-object that we
can measure is determined by?°

Iph hv

UzﬁenP

e))

Here, 1, is the smallest photocurrent that we can measure,
which is limited by the current noise in the system, e is the
electron charge, Av is the incident photon energy, i is the
quantum efficiency of photon-carrier conversion, and P is
the laser power. In our measurement, the laser power is about
1.3 mW and the current noise is 900 pA. Using a typical
quantum efficiency of 1 = 10%,”*® the detection limit of the
absorption cross-section in our setup is around 19 nm? per
um length for a 1 um-size laser spot in 1 s average. Such sen-
sitivity is already high enough to measure most of the quasi-
ID nanomaterials, such as single-wall carbon nanotube
which has typical absorption cross-section of 110 nm? per
pm length.*’

In conclusion, we developed a method to detect the
absorption spectrum of individual quasi-1D nanomaterials
with supercontinuum laser based Fourier transform spectros-
copy. We demonstrated our method by measuring the
absorption spectrum of single CdSe nanowires. A bandgap
energy of 1.75eV was found and further confirmed by inde-
pendent photoluminescence measurement. Our method has
high absorption cross-section detection sensitivity and can
be used to detect small absorption signals of other individual
quasi-1D nanomaterials.
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spectrum, which is consistent with the peak
wavelength of photoluminescence.
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