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bon nanotubes (SWNTs) have promise

as nanoscale light sources, in which
emission occurs by electron—hole recombi-
nation (EHR)." Electroluminescence (EL) in
SWNTs senses environmental changes,’ co-
rrelates to strongly bound excitons,”® and
moves along the length of SWNT with ap-
plied bias,*~” all with emission wavelengths
that depend on the SWNT diameter."® This
unique combination of optoelectronic pro-
perties might make SWNT light emitters
interesting for certain applications that can-
not be addressed in any other way."?'°
Traditionally, EL in SWNTs is achieved using
field-effect transistor (FET) structures, where
electrons and/or holes injected from source
and drain contacts create EL in the SWNT
channel (in ambipolar FETs,*>'"'2 and in
split-gate FETs, which are also known as
electrostatically doped p-i-n diodes'3). In
other forms of (unipolar) FETs,*~'” electrons/
holes created locally through impact excita-
tion enable EL in regions with high electric
field. Except for emitters fabricated as split-
gate FETs,'® which suffer from poor electron/
hole injection, the power conversion effi-
ciency in these light-emitting devices (LEDs)
is generally low. Another disadvantage is
that the structures all require three or more
terminals. Two-terminal SWNT-based LEDs
(2T-LEDs), powered by asymmetric contacts
with Fermi levels near the conduction and
valence bands of SWNTs offer a simpler
geometry, with improved electron/hole
injection.'® Nevertheless, the threshold cur-
rent for EL in such devices is relatively high
compared to LEDs based on split-gate
FETs."”®> The mechanisms for such high
threshold currents, the spatial locations for

P ast work suggests that single-wall car-
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ABSTRACT

High quantum efficiencies and low current thresholds are important properties for all classes

of semiconductor light emitting devices (LEDs), including nanoscale emitters based on single

wall carbon nanotubes (SWNTs). Among the various configurations that can be considered in

SWNT LEDs, two terminal geometries with asymmetric metal contacts offer the simplest

solution. In this paper, we study, experimentally and theoretically, the mechanisms of

electroluminescence in devices that adopt this design and incorporate perfectly aligned,

horizontal arrays of individual SWNTs. The results suggest that exciton mediated electron—

hole recombination near the lower work-function contact is the dominant source of photon

emission. High current thresholds for electroluminescence in these devices result from

diffusion and quenching of excitons near the metal contact.

KEYWORDS: Single-wall carbon nanotube - electroluminescence - asymmetric
contact - electron—hole recombination - exciton - luminescence quenching

EL along the SWNTs, and the diameter
dependence of EL in 2T-LEDs remain incom-
pletely understood.

In this paper, we analyze EL in 2T-LEDs
fabricated with perfectly aligned, horizontal
arrays of SWNTs grown by chemical vapor
deposition (CVD) on transparent quartz sub-
strates. A spatially resolved infrared imaging
system reveals the locations of EL and the
dependence of EL on diameters of the
SWNTs, in a way that yields statistically
relevant information. Responses from
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Figure 1. (a) Schematic illustration and (b) SEM image of a two-terminal light emitting device, consisting of Ca, Pd contacts,
and aligned SWNTs in horizontal arrays. Devices have contact separation L ~ 8 um and width W ~ 150 um. Electrolumines-
cence (EL) appears in such devices upon application of a bias V, at the Pd contact, while grounding the Ca contact. (c—f)
Dependence of spatial patterns of emission on V,, measured using a InGaAs CCD camera (wavelength detection range:
A ~ 800—1600 nm). The labeled schematic illustrations at the bottom of each of these images show the positions of the
contacts. Most EL appears near the Ca contact. At large V,, it is possible to observe EL at other locations, such as near the Pd

5 um

contact (e.g., white arrow in panel f).
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Figure 2. (a) EL intensity vs V, for several, representative emission spots near the Ca contact, as obtained from Figure 1c—f.
The threshold voltage for EL (V1,g,) is defined as the x-axis intercept of lines (such as the dashed one shown here) drawn at the
maximum of d(EL)/dV. (b) Distribution of Vy g determined from an analysis of ~100 emission spots.

individual SWNTs indicate that the voltages required
for EL (V1 g.) are always considerably higher than those
for current injection (V5), consistent with a high thresh-
old current for EL.'® We present a theoretical model
that captures the details of device operation, explains
the origin of EL, and postulates the quenching of
excitons near the metal contact with lower work-
function as the mechanism for the differences between
Vrand Vrg . Above Vrg, EL occurs near the lower work-
function metal contact and exhibits an emission spec-
trum with full-width half-maximum (FWHM) > 0.06 eV.

RESULTS AND DISCUSSION

Figure 1a provides a schematic illustration of a 2T-
LED that uses Ca and Pd as the contacts. A scanning
electron microscope (SEM) image of part of a ~150 um
wide device (Figure 1b) shows arrays of aligned SWNTs
in between contacts separated by ~8 um. Separately
fabricated 2T-LEDs with individual semiconducting
SWNTs (s-SWNTs) allow studies of the statistical dis-
tribution of V7. In all cases, the devices operate with the
Ca contact electrically grounded and with a suitable
bias (V4) applied to the Pd contact. Figure 1 panels c—f
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show spatial profiles of EL at different V, measured in
air through the transparent quartz substrate with a
liquid nitrogen cooled InGaAs infrared camera.” EL al-
ways appears near the contact with lower work-function
(Ca), except for a few instances at high V5 where isolated
and random EL spots occur near the higher work-
function contact (Pd) (Figure 1ef). Since the SWNT
arrays have average densities of ca. 2—3 tubes per
um,"® with local values that can be higher, and the
diffraction limit of the IR camera is ~1.5 um,” each pixel
in the EL spatial profile may include contributions from
more than one SWNT. (Since metallic SWNTs only show
emission at very high lateral electric fields,2>?" all of the
EL effects studied here can be assumed to originate
from s-SWNTs.) Figure 2a plots the spatially integrated
EL intensity as a function of V, for different bright spots
near the Ca contact of Figure 1 panels c—f. The results
suggest negligible EL at V < V1 g, where the magnitude
of Vrg is defined by the x-axis intercept of a straight line
drawn at maximum d(EL)/dV, with matching slope
(dotted line in Figure 2a). The values of Vrg calculated
from ~100 EL spots near the Ca contact are distributed
between 2.5 and 6.5 V (Figure 2b).
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Figure 3. (a) I vs V, characteristics for three representative devices, each of which incorporates a single s-SWNT. The arrows
indicate the values of V; for each device. (b) Distribution of V; determined from an analysis of data collected from 30 such

devices.
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Figure 4. (a) Plot of energy-resolved EL measured along the width (i.e., perpendicular to the alignment direction of the SWNT
arrays) of a representative device near the Ca contact. The frame on the right shows the spatial profile of the integrated EL and
the labels below the frame show the positions of the contacts. The white dots correspond to the dashed white lines on the left.
EL spectra collected at various values of V at spots L1, L2, and L3 appear in panels b, ¢, and d, respectively. The insets in each
case show normalized data, which suggest negligible changes in emission profiles with V,.

The contact with low (high) work-function injects
electrons (holes) into the conduction (valence) band of
each s-SWNT."® These injected electrons and holes can
recombine near the Ca contact to produce EL. (Similar
EHR near metal contacts is also observed in LEDs made
with ambipolar FETs and SWNT networks, where elec-
trons injected as minority carriers from one contact
recombines with holes injected as majority carriers
from the other contact.’? As explained later, a similar
situation also arises in 2T-LEDs.) Therefore, the current
(i.e, rate of electron/hole flow) in 2T-LEDs is correlated
to EL intensity, and both are expected to have similar
dependence on V,. By contrast, current—voltage char-
acteristics of 2T-LEDs made with individual s-SWNTs?>
show conduction at V < Vrg (Figure 3a) and exhibit a
narrow distribution in Vi (Figure 3b), where the mag-
nitude of Vris considered to be the x-axis intercept of a
straight line drawn at the point of maximum d/,/dVy
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with matching slope (Supporting Information Figure 1).
Differences in V5 and Vr g, therefore, suggest negligible
conversion of EHR to EL at Vi < Vj < Vg, Although dark
noise in the imaging system has been identified as a
reason for similar differences (i.e., EL for Vy < Vo < Vg is
simply undetectable) in FET-based LEDs,*® the calcu-
lated (Supporting Information Figure 2a) and measured
(Supporting Information Figure 2b) noise levels in our
setups are much lower than those needed to explain the
differences that we observe here.

EL spectra collected at different wavelengths (1)
provide insights into the possible roles of impact
excitation'>?*?* and blackbody radiation®>?° in the
operation. Figure 4a shows a spectrally resolved EL
image collected near the Ca contact (integrated in-
tensity over the detected wavelength range, 1 ~
1200—1600 nm, is shown right). The EL spectra at
different emission spots (Figure 4b,c) are characterized
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by single or multiple Lorenzian peaks with FWHM >
0.06 + 0.0025 eV (Supporting Information Figure 3b,c).
Using Eg = Eg — Epinding (Where Eg_ is the energy of EL,
E4 is the bandgap of a s-SWNT, and Eginging is the
binding energy for exciton dissociation), the emission
wavelengths can be correlated to the diameters of
s-SWNTs. Such correlation is performed both using
theoretical expressions for Ey ~ 0.84/d’?*® and
Ebinding,3 and using empirical expression of Er =~
1.11/(d + 0.11),2 where the units of energy and di-
ameter are in eV and nm, respectively. The calculation
suggests s-SWNTs with smaller d (ca. 0.63—0.82 nm, as
obtained theoretically; ca. 0.96—1.32 nm, as obtained
empirically) have emission peaks (Figure 4b,c) and
those with larger d (> 0.82 nm (theory), > 1.32 nm
(empirical)) have emission tails (Figure 4d) within the
measurement window. Although the EL intensities
depend on V,, the spectral shapes are symmetric and
do not depend on V, (insets of Figure 4b—d and
Supporting Information Figures 3,4); that is, have Vj
independent FWHM. Analysis shown in Supporting
Information Figure 3b,c suggests that these spectra
represent emission from one or multiple s-SWNTs'?
(each with FWHM ca. 0.06—0.09 eV) that lie within the
limit of spatial resolution (Syes ~ 1.5 um®) of the
imaging system. The FWHMs for single s-SWNTs
are somewhat larger than those reported in
literature,>'>'® though comparable to the values
observed for near contact EL,'? possibly due to
effects related to the proximity of the metal contacts
to the point of emission.'’?*> The observed peak
wavelengths of emission, the FWHMs, and the lack
of dependence on V, are incompatible with alter-
native mechanisms for emission-based on impact
excitation'*2%?* and blackbody radiation.?® The for-
mer leads to EL typically characterized by a diameter-
dependent peak wavelengths and FWHMs > 0.1 eV,
which remain steady and increase, respectively, with
increasing Va.'*2%2* Blackbody effects, by contrast, in-
volve wavelengths and FWHMs, which decrease and
increase, respectively, with increasing Va.2° By Wein's
law,?® the temperatures of the SWNTs would need to be
unrealistically high (~1500 °C) in order for radiation to
appear in the experimentally observed window. In
addition, emission at such temperatures would, by
Planck's law,*® have spectral widths of ~eV.2®

To summarize the experimental findings of
Figures 1—4: (i) EL occurs near the lower work-function
contact, (ii) EL has a large current threshold, and (iii) EL
parameters (such as Vi, Vrg) are characterized by
statistical distributions. A theoretical framework based
on a self-consistent solution of the Poisson and drift-
diffusion equations (Supporting Information Figure 5)
can account for these experimental observations in a
way that connects EL parameters to intrinsic properties
of s-SWNTs. Solution of the three-dimensional Poisson
equation captures effects of the thicknesses and

XIE ET AL.

widths of the contacts through their influence on
the electrostatics. The solution of the drift-diffusion
equation describes one-dimensional carrier transport
along the s-SWNTs. The mobility model®® used in the
drift-diffusion equation was calibrated against experimental
measurements reported elsewhere3%3' To facilitate
rapid simulation, carrier densities were calculated
using simple analytical equations®*** for different
positions of the Fermi levels within the bandgaps of
s-SWNTs (Supporting Information Figure 6). In addi-
tion, simulation captures the influence of (oxygen
and water induced) negatively charged interface
defects®* 3> on the electrostatics of s-SWNT by doping
the s-SWNTs with acceptors (simulation steps are
detailed in the Methods section).

Figure 5a illustrates the current conduction and EL
mechanisms for 2T-LEDs. Differences in the work func-
tions of the contacts (5.1 eV for Pd®® and 3.5 eV for
Ca*" %) enable injection of electrons and holes from
the two sides of the devices, when V, is above V7. (As
shown in the inset of Supporting Information Figure 7b,
Vr decreases with increasing s-SWNT diameter, due
to a reduction in the bandgap, and by consequence,
the electron barrier near the Ca contact (®g,), and the
hole barrier near the Pd contact (Pgpq).) Simulation
suggests that injected holes from the Pd side reach the
Ca contact and cannot flow over (current component
Io1 in Figure 5a) or tunnel through (/p; in Figure 5a)
the Schottky barrier near the Ca contact, whereas
injected electrons from the Ca side remain near the
metal contact because of the energy barrier ®gc,. As a
result, most carriers recombine near the Ca contact
(Figure 5b), where exciton formation precedes photon
emission. (Strong electron—hole interactions during
EHR in one-dimensional s-SWNTs lead to excitons?
with diameter dependent binding energies.) How-
ever, only a fraction of these excitons contribute
to EL. At low V,, ®gc, is much larger than kgT/qg
(Figure 5c), where kg is the Boltzmann constant and
q is electron charge, that restricts EHR near the Ca
contact (Figure 5d). Excitons formed near the Ca
contact can diffuse, with diffusion lengths of ca.
9-600 nm,**** toward the Ca contact, where they
are quenched, thereby suppressing EL. (Such quench-
ing effects have been studied extensively in the con-
text of organic optoelectronic devices.****) Quenching
can also occur near the Ca contact via unintentional
doping of the SWNT,***¢ or due to exciton—exciton
annihilation.” In the simulation, we consider such
exciton quenching up to Lq = 250 nm away from the
Ca contact. As V increases above Vr g, g ¢, decreases
and becomes comparable to kgT/q (Figure 5c). In this
circumstance, electron flow extends further away from
the quenching sites through thermal excitation, there-
by leading to EHR in those regions. Excitons formed in
these regions can recombine and result in EL. The
s-SWNT diameter controls the magnitude of ®g, at
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Figure 5. (a) Schematicillustration of the energy band diagram (Ec, conduction band; Ey, valence band) vs distance (x) along a
s-SWNT in a device with Ca and Pd contacts on the left and right, respectively. (b) Computed currents associated with
electrons (I,) and holes (I,) for s-SWNTs with different diameters (d) suggest EHR and exciton generation near the Ca contact,
and negligible contributions from flow of holes over the Schottky barrier (1) or tunneling through the barrier (/,5). (c) The
calculated electron barrier height near the Ca contact (Pg ,) decreases with V, and becomes comparable to kz7/q at room
temperature (RT) for large d. (d) Plot of calculated EHR rate vs x suggests that exciton generation can occur at positions
beyond a quenching length (Ly ~ 250 nm) for Vs > V3¢ (= 2.4 V for d = 1 nm). These excitons can lead to EL. (e) Calculated
electric fields (Egeq) Vs x for different d at V4 ~ 10 V (higher than the V, used in measurements) are lower than the critical

values needed for impact excitation.?
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Figure 6. Simulated (a) /5 vs V4 and (b) integrated EHR rate vs V, for s-SWNTs with different d suggest different probability
distribution functions (PDF) for V3 and V1 g (insets). These distributions, as well as the behaviors of I, vs V, and integrated EHR

rate vs Vj, are similar to the experimental observation.

fixed V, (Figure 5c), therefore, an increase in diameter
results in a decrease in Vrg_ (inset of Supporting
Information Figure 7d).

Figure 6a,b shows the computed dependence of I
on V, and the spatially integrated (from Lq to L + Syes)
rate for EHR in 2T-LEDs having s-SWNTs with different
diameters. Simulations include the entire diameter
distribution of s-SWNTs (Supporting Information Figure 7a),
with plotted results selected to correspond to the
range of diameters that gives rise to detectable EL, as
set by the quantum efficiency (QE) of the IR camera
(Supporting Information Figure 7c). The computed

XIE ET AL.

diameter dependence of Vi (from I vs V) and Vrg
(from integrated EHR rate vs V,), the measured diam-
eter distribution of the s-SWNTs, and the QE of the
camera enable calculation of distributions in V¢ and
V1. The results appear in the insets of Figure 6a,b.
(Supporting Information Figure 7 outlines the calcula-
tion procedures.) These simulated distributions, as well
as the computed Ip,—V, and EL—V, relationships, show
excellent agreement with the measurements of Figures 2
and 3. The only exception is that the results do not capture
effects of saturation that are observed in I, at large Vj
for certain 2T-LEDs (Supporting Information Figure 1a).
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This discrepancy is likely due to the absence of effects
of contact resistance,*” carrier backscattering,*” or self-
heating*®“? in the models. Concerning the potential
role of impact excitation, simulations suggest that
the peak electric fields (Eqelq) along the s-SWNTs
(even at V5 = 10 V, which is larger than the volt-
ages used during measurement) are smaller than
those?® needed for impact excitation for s-SWNTs
with d in the experimental range (0.6—3 nm)
(Figure 5e). The relatively rare observations of EL
near the Pd contact (arrows in Figure 1e,(f) and at
locations in between the Ca and Pd contacts
(Supporting Information Figure 8) are likely related
to defects in the SWNTs, impurities, or trapped
charges®® that can lead to sufficiently high local
increases in Eqelq (hot spots).

METHODS

Experiment. Fabrication of 2T-LEDs starts with the growth of
aligned SWNTs via chemical vapor deposition (CVD) on a stable
temperature (ST)-cut transparent quartz substrate using proce-
dures described elsewhere.”? Contacts are deposited (1 nm
Ti/40 nm Pd on one side by electron beam deposition using
Temescal FC-1500 and 5 nm Ca/30 nm Al on the other side in
argon ambient by thermal evaporation within an MBRAUN
glovebox system (H,O < 0.1 ppm, O, <5 ppm)) onto the
substrate in regions defined by photolithography. Here, the
1 nm layer of Ti improves adhesion of Pd with quartz®? and the
30 nm layer of Al protects Ca against oxidation.>® Etching of
SWNTs in regions outside the device by O, plasma (Plasma
Therm; 100 mTorr pressure, 20 sccm flow, 100 W RF power)
using a photolithographically defined mask isolates the
2T-LEDs. All devices have contact separation L ~ 8 um and
width W ~ 150 um (Figure 1a). In addition to these array-
based 2T-LEDs, we built similar devices with individual
s-SWNTs?? using procedures identical to those described
above. An additional step involves removal of SWNTs every-
where except for a narrow strip of width ~1.5 um defined by
photolithography. SEM imaging allows identification of de-
vices with single SWNTs. The yield of working devices con-
taining single s-SWNTs is ~3%."°

EL in 2T-LEDs is measured in air from the back of the
transparent quartz substrate using a liquid nitrogen cooled
InGaAs infrared camera (detected wavelength range: 1 ~
800—1600 nm).> For measuring EL spectra of Figure 5, a
spectrometer (with grating 150 grooves/mm and blaze
1250 nm) is placed before the IR camera to disperse the
incoming light from the LED. Resultant EL spectra span a
wavelength range of ca. 1200—1600 nm.

Modeling. Simulation of a 2T-LED containing a single s-SWNT
of diameter d involves self-consistent solution of electrostatics
and current flow. (Supporting Information Figure 5 outlines
the procedure for simulation.) To obtain conduction (Ec) and
valence (Ey) band profiles (Figure 5a), electron (n) and hole (p)
concentration profiles, and Egelq (= dEc/dx; Figure 5e) profile
along the length of the tube (x), and barriers for carrier injection
(Pgpa, Ppca; Figure 5a,c), we solve electrostatics using the
Poisson equation:

V-(VV) = —qlp —n —N;) (1)

where Vis the electrostatic potential, ¢ is the dielectric constant,
and N, is the ionized impurity used to capture the influence of a
negatively charged interface defect®*** on the electrostatics of
s-SWNT. Supporting Information section 1 contains expressions
for p, n,and N;.

XIE ET AL.

CONCLUSIONS

We examine the mechanisms of EL in s-SWNTs
using a simple two-terminal device geometry, with
asymmetric contacts. Analysis of devices of this
type, with both isolated SWNTs and parallel ali-
gned arrays of them, suggests that emission results
from exciton-mediated, electron—hole recombina-
tion near the lower work-function metal contact.
Although the devices offer efficient injection of
electrons and holes, emission is suppressed at
low current levels due to quenching of excitons near
the metal contact with low work function. Reducing
the exciton diffusion length by enhancing the di-
electric screening®®' may have potential to reduce
the threshold current and increase the emission
efficiency.

To simulate the electron (/,) and hole (/) currents
(Figure 5b), total current (/5 = I, + I; Figure 6a), and EHR rate
(Figure 5d), the following drift-diffusion equations are solved:

1dl 1dl
—— —R+Gsgr,n = 0; ——2+R —Gpr,p =0 (2)
q dx g dx

dn dav dp

dv
In = —qnuee aﬂLan ax lp = ~ APire g *qua (3)

In eqs 2—3, R = Bnp — n?) is the EHR rate for direct band-to-
band recombination,”** B is the coefficient of EHR, ue is the
mobility that depends on Egelg and d2%3" and D) is the
diffusion coefficient for electrons (holes). Gsgrn@) in €q 2 is
used to represent electron (hole) tunneling through the
Schottky barriers near the contacts.>>*® Supporting Infor-
mation section 1 contains the expressions for ug, Dn(p) and
Gsgr,n(p)- Information obtained from the self-consistent simu-
lation of Poisson and drift-diffusion equations at different Vj
are used to calculate EL intensity (Figure 6b) by integrating
EHR rate from Lq to Lq + Ses (since EHR is quenched for
positions within x = 0 ~ L).
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